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Haversian remodeling is the resorption and subsequent replacement of cortical
bone, resulting in the formation of secondary osteons. Remodeling is a process that
allows the skeleton to maintain structural integrity and adapt to mechanical loading
throughout life. However, exactly how closely remodeling is tied to loading parameters
such as strain magnitude, frequency, and mode is not entirely understood. This
dissertation addresses three main questions about bone remodeling: [1] Is the majority
of bone remodeling throughout the skeleton targeted to microdamage caused by
mechanical loading, or is it non-targeted, occurring more stochastically to aid in mineral
homeostasis? [2] How closely do the density and distribution of secondary bone reflect
the loading history (i.e., strain magnitude, frequency, mode)? [3] Is there variation in
secondary bone density and distribution within the skeleton, and can variation be
explained by the unique loading parameters of different skeletal elements?
This project used histological methods to assess osteon population density
(OPD), relative osteonal area (%HAV), and osteon cross-sectional area (On.Ar) across
taxa, within different skeletal elements, and within different regions of skeletal elements.
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The main findings are as follows: [1] loading frequency has a stronger effect on bone
remodeling activity than previously appreciated under strict interpretation of the
mechanostat model of bone adaptation; [2] the spatial distribution of secondary osteons
corresponds to strain distributions in bones with low load complexity, and regions of
compression have more secondary bone than regions of tension; [3] the occurrence of
Haversian remodeling might be lifespan-dependent, such that mammals with very short
lifespans do not experience Haversian remodeling. The results suggest that bone
remodeling in the examined bones is targeted, is closely related to loading parameters,
and that it varies throughout the skeleton according to the unique loading history of
individual bones. Together this means that the density and distribution of secondary
bone may be a useful tool, in some contexts, for making behavioral inferences in past
populations.
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CHAPTER 1
INTRODUCTION
The following dissertation is concerned with understanding the functional
relationships between an animal’s behavior and patterns of bone remodeling in the
skeleton. To this end, three main questions regarding bone remodeling are addressed.
[1] There is thought to be a distinction between remodeling that is targeted to regions of
microdamage resulting from mechanical loading, and that which is nontargeted (i.e.,
stochastic) and mediates mineral homeostasis (Martin et al. 2015), but how likely is it
that the observed remodeling in a given region of the skeleton is targeted rather than
nontargeted? Identifying the relative amount of targeted and nontargeted remodeling
throughout the skeleton will determine how reliable remodeling may be for interpreting
distributions of stress and strain, and, ultimately, the behavioral patterns of the animal to
which the skeletal materials belong. [2] To what extent do specific aspects of
mechanical loading, including load magnitude, load frequency, and strain mode, each
contribute to the mediation of targeted remodeling? In other words, how accurately and
precisely does remodeling reflect load history? Identifying the specific contexts under
which targeted remodeling tends to occur may allow for unambiguous interpretations of
remodeling data in terms of load history and behavior. [3] How much does remodeling
vary throughout an individual’s skeleton, and can variation be explained by the unique
loading environments of different skeletal elements? This final question is important for
determining if remodeling is equally useful for inferring load history in all parts of the
skeleton.
The ultimate goal in addressing these issues is to determine the utility of bone
remodeling for inferring the loading regimes of bones for which in vivo strain gage data
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cannot be obtained. Such cases include analysis of fossil skeletal material, especially
that of primates, and skeletal remains from bioarchaeological contexts, and even cases
in which it is unethical or methodologically challenging to place strain gages in vivo. The
capacity to remodel is an evolutionary adaptation, but the degree to which bone is
remodeled is a norm of reaction, occurring during life. For this reason, the amount and
distribution of secondary bone may be particularly informative for interpreting load
history because it is, presumably, directly reflective of the behaviors an individual was
doing during life. Additionally, Rabey et al. (2015) showed that bone microstructure may
be a more reliable indicator of locomotor activity than gross morphological measures,
such as muscle attachment morphology. Histological methods have already been used
to examine the microstructure of fossil and ancient bone in order to infer various life
history variables. These include age at death (Abbott et al. 1996; Streeter et al. 2010)
and developmental patterns of fossil hominins (e.g., Bromage 1989; Rosas and
Martinez-Maza 2010), and even ontogenetic changes in dinosaurs (e.g., Chinsamy
1990; Chinsamy 1993; Chinsamy 1995; Chinsamy 1997). Variations in patterns of bone
remodeling have also been documented in past populations of Homo (Abbott et al.
1996; Pfeiffer 1998; Pfeiffer et al. 2006; Pfeiffer and Zehr 1996; Sawada et al. 2004;
Streeter et al. 2010) and have even been used to roughly infer activity patterns (Burr et
al. 1990; Mulhern and Van Gerven 1997). Resolving questions about the nature of bone
remodeling will establish its usefulness as a tool for inferring load history. Such
inferences may allow us to extrapolate the behavioral patterns of extinct animals and
past human populations, such as how they moved around their environment or what
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types of foods they ate. These behavioral inferences are important for reconstructing
the past and making hypotheses about evolutionary processes.
A Brief Introduction to Bone Remodeling
Bone remodeling is a process that requires coordinated activity of osteoclasts
and osteoblasts to first resorb existing bone and then replace it with newly formed bone.
Remodeling has two known primary functions: [1] allowing the skeleton to adapt to its
mechanical environment and [2] maintaining mineral homeostasis. Mechanical loads
are applied to bone through regular activity. This regular loading causes fatigue over
time and can result in microdamage in the form of microscopic cracks. Remodeling
removes and replaces this damaged bone, serving a repair function that maintains the
structural integrity of the skeleton (Burr 2002; Burr and Martin 1993; Burr et al. 1985;
Carter 1984; Carter and Hayes 1977a; Mori and Burr 1993). In addition to repairing
damaged bone, remodeling also alters the mechanical properties of bone (Carter and
Hayes 1977b; Carter et al. 1976; Currey 1959; Reilly and Burstein 1974) and, by
forming secondary osteons, may increase bone’s toughness (Martin et al. 2015;
Piekarski 1970; Pope and Murphy 1974). This can reduce the capacity for cracks to
spread, preventing or reducing further damage accumulation. Thus, one function of
remodeling is to allow bone to adapt to its mechanical environment by repairing it and
preventing further damage. The mineral homeostasis function of remodeling is less
biomechanical and more tied to systemic metabolic factors. Remodeling serves as a
mechanism for regulating mineral homeostasis by liberating calcium reservoirs in bone
(Bouvier and Hylander 1996; Burr 2002; Martin et al. 2015).
Remodeling can be considered to be either targeted or nontargeted (Martin et al.
2015) depending on which of these functions it serves in a given area of the skeleton.
17

The mechanically induced remodeling is called targeted because it is a localized
response to events (i.e., microdamage, osteocyte apoptosis) that signal the activation
process of remodeling (Allen and Burr 2014). Targeted remodeling is thought to be
efficient because bone is remodeled only when and where necessary, rather than at a
systematic rate throughout the skeleton. Remodeling related to mineral homeostasis is
nontargeted because it is not site-specific but is somewhat stochastic (Burr 2002),
potentially occurring anywhere in the skeleton as long as it is not detrimental to
structural integrity. Osteocyte apoptosis, which can be caused by microdamage or
hormonal changes, is the most common way of activating osteoclasts and initiating the
resorption phase of remodeling. When microdamage causes osteocyte apoptosis,
undamaged osteocytes further from the area of microdamage produce antiapoptotic
signals, which guide the basic multicellular unit (BMU) to the area of microdamage
(Allen and Burr 2014). Burr (2002) estimated that only 30% of remodeling targets
microdamage, which leaves 70% to be nontargeted, but a theoretical model by Martin
(2002) suggests that all intracortical remodeling, in the absence of trauma, is associated
with microdamage.
The new bone produced by remodeling is called secondary bone because it
replaces primary bone. It can also be called osteonal bone, because it is laid down in
concentric layers (lamellae) that surround a Haversian canal (through which vasculature
passes), and these structures are known as secondary osteons. Secondary osteons are
visibly distinguishable from the surrounding lamellar bone because of the presence of
the cement or reversal line, which is visible under a microscope. The cement line is the
interface between the osteon and the surrounding matrix, and is a remnant of the
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reversal from bone resorption to formation. Secondary osteons are not to be confused
with primary osteons, which appear similar but lack a cement line because they are
produced during bone formation that is not preceded by resorption (Crowder and Stout
2012). Blood vessels that have been incorporated into compact bone during growth are
also sometimes referred to as primary osteons.
Remodeling can be quantified using histological methods in which osteons are
viewed in cross-section. The size, density, and distribution of osteons in a given region
of bone can be measured in this view. Several variables indicative of remodeling activity
were measured for the purposes of this dissertation: osteon population density (OPD),
osteon cross-sectional area (On.Ar), and percent osteonal area (%HAV). OPD is the
number of intact secondary osteons plus the number of fragmentary osteons per area of
bone. Fragmentary osteons, also referred to as interstitial bone, are the remnants of
previously formed secondary osteons that have been partially resorbed and replaced by
newer osteons. A fragmentary osteon that has lost its Haversian canal is only
recognizable by the presence of a cement line. On.Ar is the area contained inside the
cement line. %HAV is the combined area of all intact and fragmentary osteons (the area
of fragmentary osteons is also that which is contained by the cement line) divided by the
total area of the bone, and multiplied by 100.
Format of the Dissertation
What follows this introduction is a background chapter, which includes a
historical review of the study of bone remodeling and a review of the literature on bone
remodeling and osteon morphology that pertains to the hypotheses tested. Then there
are five chapters presented in a modular format, meaning that each presents an
independent study but they address interrelated issues regarding bone remodeling.
19

Following that are discussion and conclusion chapters that summarize and combine the
results of the dissertation as a whole. Brief descriptions of each chapter are presented
below.
Chapter 2. This chapter provides the background information for the dissertation
and is divided into two sections. The first is a historical review of bone biology, including
the paradigms of Wolff’s Law, Frost’s Mechanostat, and their theoretical underpinnings,
and a discussion of how bone remodeling fits into these paradigms. The second section
is a review of Haversian remodeling, the activation-resorption-formation (ARF)
sequence and the cells that make up the BMU, and the differences between remodeling
and modeling.
Chapter 3. The third chapter describes the thin sectioning, imaging, and data
collection methods common to subsequent chapters of the dissertation. There is a brief
discussion of targeted and non-targeted remodeling.
Chapter 4. This chapter examines OPD, On.Ar, and %HAV in midshaft thin
sections of the femur and humerus in four cercopithecid species from Taï Forest, Côte
d’Ivoire: Colobus polykomos, Piliocolobus badius, Cercopithecus diana, and
Cercocebus atys. These species differ in their locomotor behaviors, especially in
leaping frequency. The null hypothesis is that measures of bone remodeling do not vary
among the species. There are several alternative hypotheses. [1] If remodeling depends
on the magnitude of loading, then the species that leap often (C. polykomos and P.
badius) should have greater remodeling in their limbs than low frequency leapers since
leaping requires high propulsive and braking forces, during takeoff and landing,
respectively. [2] If remodeling depends more on load frequency, then the magnitude of
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loads is less important than the overall proportion of the energy budget spent moving.
Cercopithecus diana is significantly more active than the other species, and is thus
expected to have the most secondary bone. [3] If phylogenetic effects, unrelated to
locomotion or activity budget, determine the rate of remodeling, then the amount of
secondary bone is likely to be similar among species belonging to the same subfamily.
In this case, Colobus polykomos and Piliocolobus badius should be similar to each
other, as they are both colobines, but different from Cercopithecus diana and
Cercocebus atys, which are both cercopithecines. [4] If remodeling is primarily
nontargeted in these species then no taxonomic differences are expected, or at least
none that align with behavioral differences. This aim of this chapter is to set up
hypotheses to be tested in subsequent chapters, based on the results, and to generally
test whether remodeling can be tied to aspects of behavior. Results that align with the
third or fourth hypothesis would suggest that further testing for behavioral explanations
for remodeling might not be fruitful.
Chapter 5. Limbs that are involved in locomotion are generally thought to be
loaded in bending, meaning that opposite sides of the cortex are under different modes
of strain (e.g., tension versus compression). The null hypothesis is that the amount of
secondary bone does not differ between regions of the femoral and humeral midshaft
despite any differences in strain mode. The alternative hypothesis is that regional
differences in secondary bone (OPD, On.Ar, and %HAV) correspond to differences in
local strain mode. Cortical bone is generally weaker under tension than compression,
potentially accumulating more microdamage, and it has been proposed that osteons of
different sizes are optimal for different strain modes. The sample used here is identical
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to that describe for the previous chapter; however, the midshaft is divided into
quadrants (anterior, posterior, medial, lateral) in order to test for differences among
them. The goal of this chapter is to examine how localized remodeling is (i.e., whether
remodeling varies within a single skeletal element) and if it can be tied to strain mode. If
bone remodeling is closely tied to strain mode then more specific behavioral
interpretations can be made from it.
Chapter 6. This chapter compares OPD, On.Ar, and %HAV in the tibia, fibula,
femur, and rib of five Macaca fascicularis individuals. The null hypothesis is that there
are no differences in the amount of secondary bone in different skeletal elements.
Under this hypothesis, there is a systemic rate of remodeling that does not depend on
the loading environments of individual bones. This would represent nontargeted
remodeling. The alternative hypothesis is that there will be variation in secondary bone
among skeletal elements because of their unique loading histories. This would be
targeted. If the latter hypothesis is supported, then two more hypotheses can be
addressed. The first is that load magnitude determines the amount of targeted
remodeling. Under this hypothesis, elements loaded predominantly by gravitational
forces (i.e., femur, tibia) will have more secondary bone than those that are not weight
bearing (i.e., rib, fibula). The tibia-fibula comparison may be particularly informative
because the tibia is weight bearing, whereas the fibula is not, but they are presumably
loaded with the same frequency; i.e., every time a step is taken. The second hypothesis
is that the amount of secondary bone depends on load frequency. Under this
hypothesis, the rib should have more secondary bone than any of the limb bones since
it is presumably loaded constantly in synchronization with respiration. Other
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expectations under this hypothesis are that the tibia and fibula should have fairly similar
amounts of secondary bone since the frequency of loading in these two bones should
be the same, despite the difference in load magnitude.
Chapter 7. This chapter also tests the hypothesis that load frequency is the
primary factor related to remodeling. Whereas the previous chapter tests this notion
within an individual skeleton, this chapter will examine OPD, On.Ar, and %HAV in
Cercocebus atys femora from wild and captive individuals. The premise is that wild
individuals are much more active than their captive conspecifics, so the frequency of
loading in their femora should differ. The magnitude of loading should be relatively
similar given that they are similar in body size and in their locomotor behavior. If the wild
individuals have more secondary bone, then it can be interpreted that their more active
lifestyle results in more microdamage, and thus more targeted remodeling. If there is no
difference between wild and captive, then secondary bone may not be an ideal measure
for inferring activity level.
Chapter 8. Chapter 8 examines the bone microstructure of two rodents: Rattus
norvegicus and Cavia porcellus. It is generally taken for granted that rodents do not
have secondary osteons. However, reports on comparative mammal bone
microstructure in the literature provide conflicting information about the presence of
secondary osteons in rats (cf. Martiniaková et al. 2006; Singh et al. 1974). These
previous studies examined rats that were considered adults but were only 4-6 months of
age. The rats examined in this chapter are 2 years of age. Microdamage accumulates
with age, so examining older individuals increases the likelihood of osteon formation.
Guinea pigs are slightly larger rodents that have much longer lifespans than rats. The
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guinea pigs used in this sample, while adults, are much younger than the rats at 3
months of age. Older guinea pigs were not available. This chapter is a discussion of
why osteons form in some animals and not others. Factors that influence remodeling
may include body size, life span, and the size of the bones. Understanding which
animals do have osteons, and generally how much Haversian remodeling occurs in
those animals, may help determine the minimum requirements for microdamage to
occur and for remodeling to be a necessary response. This may help identify for which
fossil animals secondary bone may be a useful tool for behavioral inference.
Chapter 9. Chapter 9 synthesizes the results and findings of chapters 4-8 and
bridges topics discussed in each. The implications of the dissertation as a whole are
discussed in the context of the three main questions presented at the beginning of this
chapter.
Chapter 10. The final chapter presents the conclusions and main points of the
dissertation. New questions and future directions are proposed.

24

CHAPTER 2
BACKGROUND
Historical Review of Bone Biology and Biomechanical Adaptation
This dissertation largely concerns the biomechanical factors that influence bone
remodeling in the primate skeleton. The idea that the mechanical environment
determines bone form, to some extent, is not new — it has long been accepted that the
skeleton has biomechanical functions. However, the biomechanical functions were
thought to be secondary to bone’s role in mineral homeostasis, and that bone
architecture is constrained by non-mechanical factors. A new paradigm of bone biology
emerged and took hold in the second half of the 20th century that recognizes that both
non-mechanical and mechanical factors influence bone architecture, but gives
dominance to the biomechanical function of bone. Below is a brief history of how this
paradigm came to be and some of its limitations.
Wolff’s Law
The notion that bone adapts to its mechanical environment during life dates to at
least as early as Galileo (1638). In the early 1800’s it was proposed that trabecular bone
architecture is influenced by mechanical forces acting upon it, that its organization
optimizes bone strength in relation to the amount of material used (Bell, 1827; Bourgey,
1832), and that excess bone does not form where it does not need to be (Ward, 1838).
In 1866, engineer Karl Culmann and anatomist Hermann von Meyer noticed similarities
between the principal stresses of a crane and the trabecular architecture within a
proximal femur, and hypothesized that bone trabeculae are aligned in the direction of
principal stresses (Martin et al., 2015). This became known as the Culmann-Meyer
stress-trajectory hypothesis. During this time, the concepts of homeostasis and self-
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regulation were new (Cooper, 2008), and Wilhelm Roux (1881) applied them to bone
and proposed that bone cells form and resorb bone in response to mechanical stimuli,
resulting in the trabecular architecture that lines up with the principal stress directions.
The implication of this was that bone is a dynamic tissue, rather than just an optimally
designed structure. Julius Wolff (1892) synthesized all of these concepts into the idea
that bone is a dynamic tissue that responds to its physiological and mechanical
environments and is able to modify its structure by sensing mechanical loads. He
thought that there were mathematical laws defining bone structure in relation to loading.
The mathematical rules were later found to be false because Wolff modeled bones as
solid, homogenous structures under static loads, none of which is true (Cowin, 2001),
but the field of bone biology has since been largely based on this general idea, which is
called Wolff’s Law. Wolff did not originally propose the individual components of the
concept, but he is credited with integrating them and was a prolific writer on the topic.
The modern understanding of Wolff’s Law, often referred to as “bone functional
adaptation” (Ruff et al., 2006), can be summarized by three main concepts (Roesler,
1981, 1987) based on the works of the early researchers noted above: [1] bone strength
is optimized with respect to its weight, [2] bone trabeculae are aligned with principal
stress directions, and [3] bone structure is regulated by cells within bone that respond to
mechanical stimuli.
The New Bone Biology
A large body of bone biology research was inspired by Wolff’s Law, and by the
middle of the of the 20th century the idea that the primary function of bone is mechanical
load bearing and that other functions, such as calcium storage and homeostasis, are
secondary (Frost, 1998; Jee, 2005; Stout and Crowder, 2012) was taking hold. The
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literature revolving around this new paradigm grew rapidly in large part because of the
work of Harold Frost, an orthopedic surgeon who published over 500 articles on bone
biology since the 1950s. Frost’s earlier works contributed to bone histology
methodology and to what are now considered basics of bone histomorphology and
characteristics of bone remodeling (e.g., Frost, 1958, 1960b, 1960a, 1964, 1969). He
later proposed the mechanostat hypothesis and was a leading figure of what would
become known as the “Utah Paradigm.”
The mechanostat hypothesis
Thompson (1961) first proposed that bone adaptation is a response to
mechanical deformation (i.e., strain). Frost claimed that strain magnitude was the signal
to which bone cells respond and proposed the mechanostat (Frost, 1987) as an analogy
for the mechanisms that determine bone mass through bone growth, modeling, and
remodeling. A thermostat is set to an ideal temperature and is programmed to turn on
when there is an error, meaning the ambient temperature differs from the set ideal, or
off when there is no error (i.e., no departure from the ideal temperature). Similarly, the
mechanostat is set to maintain optimum strain level in bone, and is dependent on bone
mass relative to applied load. Bone mass is maintained unless strain increases, in
which case more bone is deposited and strain returns to the optimum range, or strain
decreases, in which case bone is resorbed until strain increases and returns to the
optimum range (Figure 2-1). Minimum effective strains (MES) (Frost, 1983) are the
thresholds above and below which bone formation and resorption are activated or
suppressed. As long as strains are above the MES, bone will be retained (Frost, 1997,
1998), meaning the resorption rate will not exceed the rate of formation. This is called
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the conservation mode. However, if strains drop below the MES, bone resorption
increases, resulting in pathological conditions.
Frost did recognize that hormonal factors can affect bone cells but gave primacy
to biomechanical loads as moderators of bone mass. According to his hypothesis
hormones can alter the MES set points (Frost, 1987), tricking bone cells into thinking
there is an error when there is not (e.g., parathyroid hormone increases osteoblast
sensitivity, thus causing bone formation at lower strain levels). However, the stimulus for
bone formation or resorption is still dependent on strain magnitude.
A series of workshops held at the University of Utah in the 1990’s resulted in the
Utah paradigm (Frost, 1998; Jee, 2005; Stout and Crowder, 2012). The Utah paradigm
established Frost’s mechanostat as the leading hypothesis for how bone achieves and
maintains structural integrity under mechanical loading. It was generally accepted that
the load-bearing performance was dependent on mechanical stimuli, and that while
non-mechanical factors such as hormone and mineral levels, sex, and age can
influence bone architecture and strength, these are not primary drivers of bone
architecture (Frost, 2000).
Since the mechanostat hypothesis was proposed, there have been several
critiques, or amendments to it. Turner (1999) pointed out a problem with the
mechanostat: the mechanostat states that when strains are below the MES, resorption
occurs but it does not explain why non-weight-bearing bones, which may lack a strong
mechanical stimulus, do not undergo disuse remodeling to the extent that they resorb
away completely. Turner proposed the Principle of Cellular Accommodation Theory
which states that bone cells adapt to their mechanical environment so that MES is site
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specific, dependent on local strain. Under this hypothesis, weight-bearing elements will
have higher MES than non-weight-bearing elements. Evidence from the macaque face
(Hylander and Johnson, 1997) and rat ulnae (Hsieh et al., 2001) that strain thresholds
are greater in areas that habitually experience greater strain supports this hypothesis.
Another alteration of the mechanostat was the osteocyte inhibitor hypothesis.
Frost (1960b) hypothesized that when cracks destroy part of the osteocyte canaliculi
network, osteocytes signal the activation phase of remodeling. Burr (2002) suggested
that the system of intact osteocyte canaliculi actually sends signals that inhibit
osteoclast activity and that osteocyte apoptosis disrupts that signal and allows
remodeling to occur.
The mechanostat and bone remodeling
Bone remodeling can be thought of as “fine-tuning” the skeleton by replacing
damaged bone and preventing future damage to maintain mechanical efficiency (Martin
et al., 2015). These functions comply with the general concept of bone functional
adaptation but there are some issues with how bone remodeling fits into the
mechanostat model. This dissertation aims to better understand the biomechanical
factors that incite bone remodeling in order to better understand the role of remodeling
in bone functional adaptation.
The mechanostat model describes modeling as the overloading response and
BMU-based remodeling as the underloading response (Frost, 1987). Remodeling is
thought to be potentially detrimental in areas of high strain because the presence of
resorption cavities increases bone porosity such that the mechanical integrity could be
at risk. Under this model remodeling should only occur in areas of low strain, but this
does not account for the remodeling that occurs to repair microdamage caused by high
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strains. The mechanostat does not adequately account for the remodeling that does
occur in high strain regions because it does not explain how high strain both inhibits and
stimulates remodeling (Martin, 2000).
Another critique of the mechanostat is that it gives primacy to strain magnitude
as the important signal influencing bone adaptation, whereas other factors may be
equally or more important. Several key experimental studies (Hert et al., 1969; Hert et
al., 1971; Liskova and Hert, 1971; Hert et al., 1972; Rubin and Lanyon, 1984)
demonstrated that dynamic or cyclic loads are necessary to maintain bone mass,
meaning that one loading event, even if strain is high, is not sufficient. Other studies
have demonstrated that strain rate (i.e., the amount of deformation with respect to time)
is also critical, and that high strain rate results in increased bone formation (O'Connor et
al., 1982; Turner et al., 1995; Mosley and Lanyon, 1998; Deere et al., 2012).
Additionally, there seems to be a point past which bone formation ceases to increase in
response to additional loading cycles per day (Rubin and Lanyon, 1984; Umemura et
al., 1997). This is because the mechanical signal saturates quickly and then the bone
cells become desensitized after repeated bouts (Burr et al., 2002). Thus, there are
many other factors involved in the regulation of bone mass aside from strain magnitude.
Finally, Burr (2002) estimates that that 30% of bone remodeling is targeted to
areas of microdamage or high strain, leaving the other 70% to be non-targeted. The
non-targeted remodeling occurs for metabolic reasons and is not truly stochastic but is
not usually site-specific. Other estimates (Martin, 2002) suggest that most intracortical
bone remodeling is targeted, but if Burr is correct, then there is a lot of remodeling that
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is unexplained by biomechanical factors, and therefore unaccounted for by the
mechanostat.
Non-mechanical factors
Much of modern bone research has been based on the idea that bone
morphology is dependent on mechanical loading. Anthropologists in particular are
interested in bone biology for what it can reveal about behavior, pathology, and age in
past populations (Crowder and Stout, 2012) and tend to heavily emphasize
biomechanics and mechanobiology. However, more recent research in cellular biology
and evolutionary and developmental biology is highlighting the importance of genetic
and hormonal determinants of bone morphology. Wallace et al. (2015) have
demonstrated that genetic differences in strains of mice can result in differential
responses in bone formation, structural geometry, and mechanical properties to
exercise, and Wallace et al. 2012 demonstrated that bone morphology is determined by
a combination of genetic composition and mechanical loading. Lovejoy et al. (2002) and
Lovejoy et al. (2003) have even argued that to assume bone morphology is largely a
reflection of loading history is faulty. They argue that instead it is determined by gene
expression and that “the entirety” of Wolff’s Law must be completely reassessed
(Lovejoy et al., 2003). Karsenty and Ferron (2012) present a review of recent research
into the functions of bone and other organs at the cellular and molecular level. They
describe how the skeleton can be thought of in terms of whole organism physiology and
that the genetic revolution has revealed that many organs have more functions than
previously thought, and that these can be identified with a whole-organism approach. A
whole-organism approach means that (1) a given physiological function is not
determined by one organ by itself, (2) homeostasis occurs when multiple organs have
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opposing effects on that given function, serving to regulate it, and (3) regulatory
molecules appear in evolutionary history with the functions they regulate and not after.
Bone both affects and is affected by fat accumulation, energy metabolism, and
reproduction. It has long been known that bone is influenced by endocrine factors but in
molecular and cellular biology, bone is now thought to be an endocrine organ (Ducy et
al., 2000; e.g., Burguera et al., 2001; Thomas and Burguera, 2002; Harada and Rodan,
2003; Elefteriou et al., 2004; Lee et al., 2007; Sato et al., 2007; Fukumoto and Martin,
2009; DiGirolamo et al., 2012; Guntur and Rosen, 2012; Karsenty and Ferron, 2012).
It is important to acknowledge factors other than loading history when studying
bone morphology, but the fact that genetic and hormonal factors are important does not
negate the role of biomechanics in shaping bone. Environmental and genetic factors are
both responsible for the full variation in bone morphology (see review by Ruff et al.
[2006]) and one of the goals of this dissertation is to determining the extent to which the
former influences remodeling. This dissertation tests hypotheses about the effects of
loading parameters on bone remodeling, but also addresses null hypotheses (i.e., that
mechanical loading does not affect bone remodeling).
Haversian Remodeling
Bone remodeling is the resorption of old bone and subsequent formation of new
bone by the coupled activity of osteoblasts and osteoclasts. In intracortical bone this
results in the formation of secondary osteons (i.e., Haversian systems) and in trabecular
bone, the formation of hemiosteons (partial osteons) (Parfitt, 1994). It is one way that
bone ‘adapts’ to its mechanical environment. Adaptations are features that allow an
organism to balance its biological role and the selection pressures imposed by the
environment (Bock, 1980). For the purposes of this dissertation adaptation refers to
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physiological (i.e., somatic) adaptation rather than evolutionary adaptation, unless
otherwise specified. Evolutionary adaptation is shaped by natural selection and entails
changes in the genetic makeup of the organism, which are heritable. Physiological
adaptation occurs during the lifetime of an individual in response to an environmental
stimulus. It has a genetic basis as well.
Bateson (1963) argued that physiological adaptation is necessary for survival
because evolutionary adaptation happens too slowly to allow for flexibility. He used the
classic example of altitude acclimation to explain physiological adaptation: People who
move from sea level to high altitudes experience increased heart rate and shortness of
breath, which restricts behavioral and somatic flexibility. Then physiological adjustments
take place (e.g., the proportion of red blood cells increases), and respiration and heart
rate return to normal. This physiological adaptation allows for flexibility; since heart rate
and respiration have returned to normal, the organism can survive and the range of
flexibility is reserved for another “emergency” situation. Other examples of physiological
adaptations are norms of reaction such as the development of calluses on the feet or
tanning of the skin in the sun.
Bone morphology is a good example of the interaction between evolutionary and
physiological adaptations. Some aspects of bone morphology have been determined
over evolutionary time, i.e., the fibrolamellar structure, the range of bone
stiffness/toughness (Currey, 2003) and even the ability to repair microdamage via
remodeling. Other aspects of bone morphology develop during ontogeny as a response
to mechanical loading. These include modeling, to some extent, and remodeling. The

33

remodeling that occurs during an individual’s life is a physiological adaptation, but the
ability to remodel is an evolutionary adaptation.
A description of bone cells, the basic multicellular unit, the activation-resorptionformation sequence in cortical bone, and a discussion of remodeling and modeling are
provided below. This overview is based on texts by Currey (2002), Crowder and Stout
(2012), and Martin et al. (2015), unless otherwise indicated.
The ARF Sequence
There are four types of bone cells: osteoclasts are responsible for bone
resorption; osteoblasts for bone formation; and osteocytes and bone lining cells, which
are both responsible for bone maintenance and signaling. Each plays a role in the
Activation-Resorption-Formation (ARF) sequence of bone remodeling. ARF begins with
the initiation of a basic multicellular unit (BMU) at the site of osteocyte apoptosis.
Osteoclasts derive from hematopoietic stem cells which differentiate into osteoclast
precursors and travel through the vasculature to reach basic multicellular unit initiation
(BMU) sites, where they begin to remove bone. The arrival of osteoclasts in a given
region of bone is the activation phase. The resorption phase begins when the
osteoclasts then tunnel through bone, forming a cutting cone (Figure 2-2), which is
cylindrical and roughly circular in cross-section. In humans a typical cutting cone is
~200μm in diameter and cortical bone is resorbed at a rate of 40μm per day
longitudinally and 5μm per day radially. The resorption period lasts approximately three
weeks. There is a lag between resorption and subsequent refilling (formation phase) of
the cutting cone, called the reversal period. The reversal period lasts several days,
during which osteoblast precursors begin to migrate to the BMU and differentiate into
osteoblasts.
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The formation phase consists of osteoblasts lining the cutting cone and laying
down bone lamellae from the outside-inward, so that the result looks sort of like a bull’seye in cross-section. Osteoclasts and osteoblasts require vascular supply to survive, so
the center of the cutting cone is not refilled, and remains open as a canal through which
blood vessels pass. This canal is called the Haversian canal and the blood vessels
passing through remain after ARF is complete to supply osteocytes. In humans the
Haversian canal is ~40-50μm in diameter. Refilling occurs at a rate of 1-2μm per day,
radially. The formation period lasts about 3-4 months in adult humans. The final result, a
tube of concentric lamellae with a central Haversian canal, is called a secondary osteon
(usually visualized 2-dimensionally in cross-section), Haversian system (conceptualized
three dimensionally), or basic structural unit (BSU). Secondary osteon is the term
predominantly used throughout this dissertation. (It should be noted that remodeling in
cancellous bone involves similar processes and results in hemiosteons, which are also
referred to as BSUs, but this is not Haversian remodeling as no canal forms.)
The bone laid down by osteoblasts is unmineralized matrix (i.e., osteoid) and
mineral is deposited in two phases beginning about 10 days after formation ends. The
first phase, primary mineralization, mineralizes 60-70% of the osteoid and occurs within
three weeks. Secondary mineralization takes place over about a year at a decreasing
rate over time. As a result, newly formed osteons often have very different mechanical
properties compared to older osteons, as a result of different mineral content.
Once ARF is complete, some osteoblasts die but many “retire” as either
osteocytes or bone lining cells. Osteocytes are osteoblasts that have become trapped in
the bone matrix, whereas bone lining cells reside on the surfaces of bone. Both function
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as bone maintenance cells interconnected by a network of canaliculi, though which
signals are transmitted to surrounding cells. Continuous signaling among living
osteocytes and bone lining cells inhibits the activation phase of remodeling. Osteocyte
apoptosis or disruption of the canaliculi between them by either mechanical (e.g.,
microdamage) or hormonal (e.g., decreased estrogen) factors eliminates the inhibitory
signal and allows ARF to begin (Martin, 2000).
Remodeling Versus Modeling
Remodeling should not be confused with modeling, which also entails bone
resorption and formation by osteoclasts and osteoblasts but is distinct in several ways.
Modeling involves growth and shaping of bones. During development long bones grow
in length and diameter, and can also change shape. This requires the addition of new
bone via endochrondral ossification (length) and periosteal appositional ossification
(diameter), but also the removal of bone by osteoclasts on existing surfaces and
addition of bone by osteoblasts in other areas to “sculpt” the bone’s shape. Modeling
differs from remodeling in several ways. [1] The actions of osteoclasts and osteoblasts
that sculpt bone during modeling are not strictly coupled the way they are in remodeling.
[2] Modeling alters the size and shape of bones by removing and/or adding bone de
novo. Remodeling does not change gross bone morphology but replaces pre-existing
bone. [3] Modeling continues through growth and development but ceases, for the most
part, with skeletal maturity, whereas remodeling continues throughout life. [4] Modeling
is more-or-less continuous, while remodeling episodes are intermittent with more
defined beginnings and ends.
Haversian remodeling results in the formation of secondary osteons, whereas
modeling does not result in such structures. Primary bone does have longitudinal
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(primary osteons) and transverse (Volkmann’s) vascular canals. Primary osteons form
as blood vessels on the bone surface become incorporated into newly laid bone during
the modeling process. The canal of a primary osteon is also called a Haversian canal
and concentric lamellae can be present. However, secondary osteons can be easily
distinguished from primary osteons in histological thin sections by the presence of the
cement line. The cement line (also referred to as the reversal line) is a remnant of the
reversal stage of remodeling; the lag between resorption and formation. The cement
line remains fairly unmineralized and lines the outer circumference of an osteon,
separating its concentric lamellae from the surrounding primary bone. Volkmann’s
canals also lack a cement line and tend to run perpendicular to the more longitudinally
oriented secondary osteons.
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Figure 2-1. Feedback model of the mechanostat in which error from the normal strain
range causes bone deposition or bone resorption when strains are higher or
lower, respectively, than the normal range. Modified from Ruff et al. (2006).

Figure 2-2. Bone remodeling cutting bone formed by the basic multicellular unit (BMU)
in two different cross-sectional views. The multinuclear cells (spotted circles)
are osteoclasts (bone resorbing cells), and the single nucleus cells (black
circles) are osteoblasts (bone forming cells). The front of the cutting cone
resorbs bone at a rate of ~40μm per day.
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CHAPTER 3
BONE HISTOMORPHOLOGY METHODS
Thin Section Preparation
Bones and species included in the samples are described in their respective
chapters. Small portions of the diaphysis were cut from each bone at selected sites and
embedded in Buehler Epoxicure Resin and allowed to set for a minimum of eight hours.
The resin protects the bone from damage during cutting. The embedded bone was
attached to the arm of a Buehler Isomet low speed saw (Illinois Tool Works, Lake Bluff,
IL) equipped with a diamond wafering blade and a 100μm thick thin section was cut
from each one. In cases where the embedded bone was difficult to cut to the
appropriate thickness (i.e., too delicate or slipping off the blade), a thicker section
(1mm) was cut and then ground to 100μm using a Buehler MetaServ 250 grinderpolisher. Once the thin sections were the appropriate thickness, as determined by digital
micrometer, they were polished using the grinder-polisher and a diamond suspension
fluid in order to remove any debris or striations from the saw. Thin sections were stored
in a solution of 70% ethanol and 30% distilled water until they were stained. To stain the
sections, they were first hydrated in distilled water for 15 minutes and then placed in
10ml water with two drops Toluidine Blue O solution for 10 minutes. Once removed from
the stain they were rinsed in distilled water for three minutes and then dried between
two microscope slides lined with Kimwipes, with a small weight placed on top to prevent
warping. Each thin section was either secured between two clean 3” x 1” x 1mm
microscope slides, or mounted to a microscope slide using Cytoseal 60 and covered
with a Xylol-dipped coverslip. The sections placed between 2 slides were removed from
the slides, dipped in Xylol, and quickly placed between the slides again before
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microscopy to increase clarity. For bones in which quadrants were being compared,
each section was divided into four equal quadrants (anterior, posterior, medial, lateral),
which were marked on the top slide with a thin permanent marker. After imaging the
sections were stored in a microscope slide box.
Imaging and Data Collection
Each thin section was photographed under a compound light microscope at 100x
magnification, requiring a series of photographs to capture the total area of the bone
cortex. A 1mm scale bar was photographed under the same magnification settings as
each thin section. Images were imported into ImageJ (Abramoff et al., 2004) and set to
scale using the photograph of the scale bar. The total area of the bone cortex in each
photograph was measured using the ImageJ tracing tool. The number and crosssectional areas (measured using the tracing tool in ImageJ) for all secondary osteons
and fragmentary osteons were recorded. Careful attention was paid to the areas where
images overlapped so as not to measure the same area or feature twice. The cortex
areas were summed to get total cortical bone area of each thin section, and also a total
area for each quadrant, when relevant. Osteon population density (OPD), osteon crosssectional area (On.Ar), and relative osteonal area (%HAV) were then measured as the
data for analysis. OPD is the total number of secondary and fragmentary osteons per
square millimeter of cortical bone. On.Ar is the measured area of each complete
secondary osteon. %HAV is the total area of secondary bone (both complete and
fragmentary osteons) per square millimeter of bone, expressed as a percentage.
Targeted Remodeling
Burr (2002) described remodeling that occurs in response to microdamage and
high strain ‘targeted’, and remodeling related to mineral homeostasis as ‘non-targeted’.
40

Some percentage of remodeling throughout the skeleton is targeted and some nontargeted. Burr estimated these relative proportions were 30% and 70%, respectively,
whereas Martin (2002) suggested that nearly all Haversian remodeling in the skeleton is
spatially associated with microcracks, with exception to cases of disease or trauma. The
exact proportions of targeted and non-targeted remodeling are unknown, and this
presents a problem for interpreting load history from osteon densities. There is no
difference in appearance between secondary osteons that form during targeted versus
non-targeted remodeling. In this dissertation, it is assumed that most Haversian
remodeling is targeted, however null hypotheses account for the possibility that results
will not meet expectations of remodeling patterns if mechanical loading accounts for it.
In other words, if remodeling does not correspond to loading parameters then it is likely
that it is non-targeted.
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CHAPTER 4
THE INFLUENCE OF LEAPING FREQUENCY ON SECONDARY BONE IN
CERCOPITHECID PRIMATES
Introduction
Bone is a complex, durable, and dynamic tissue capable of mechanically
adapting to unique loading histories. One way bone adapts is via intracortical
remodeling (i.e., Haversian remodeling), which is the coordinated activity of osteoclasts
and osteoblasts to resorb and replace older bone with new bone, resulting in the
formation of secondary osteons. Secondary osteons are concentric layers of bone (i.e.,
lamellae) surrounding Haversian canals and are roughly circular in cross-section.
Cement lines—which are artifacts of the reversal from bone resorption to bone
formation during remodeling—delineate secondary osteons from the surrounding
lamellar bone. Cement lines also distinguish secondary osteons from primary osteons.
Primary osteons are typically the result of bone formation around vascular canals, but
unlike the formation of secondary osteons, primary osteon formation does not follow a
resorption phase (Crowder and Stout, 2012).
Remodeling can occur as either a targeted or non-targeted process (Burr et al.,
1985; Burr, 1993; Mori and Burr, 1993; Burr, 2002; Martin et al., 2015). Non-targeted
remodeling is fairly stochastic, regarding its location in the skeleton, and plays a role in
maintaining mineral homeostasis by liberating calcium. Targeted remodeling, on the
other hand, is site-specific; occurring in areas with sufficiently large amounts of
microdamage, likely caused by the mechanical deformation of bone due to external
loading. Thus, targeted remodeling likely serves a repair function. In addition to
targeting microdamage, remodeling may also increase overall bone toughness.
Remodeled bone is generally more compliant than primary lamellar bone, because it is
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less mineralized (Currey, 1959; Reilly and Burstein, 1974; Reilly et al., 1974; Carter et
al., 1976; Carter and Hayes, 1977). Increased compliance means that less energy is
required to initiate a crack, but more energy is necessary to propagate it (Martin et al.,
2015). Additionally, cement lines on the boundaries of osteons can stop or deflect a
crack and, in areas of tension, osteons can “pull-out”, a phenomenon in which an
osteon separates from the surrounding matrix along the cement line and bridges a crack
(Piekarski, 1970). Consequently, densely-packed osteons can increase overall bone
toughness by reducing crack propagation (Moyle and Bowden, 1984; Gibson et al.,
2006; Mohsin et al., 2006; Martin et al., 2015). Remodeling thus functions to maintain
the structural integrity of bone throughout an individual’s life by repairing microdamage
and preventing crack propagation.
The extent to which bone has been remodeled can be determined by measuring
the density and distribution of secondary osteons in histological sections of bone (e.g.,
Crowder et al., 2012). Investigating these measures of remodeling and the behavioral
regimes of various animals may allow for a better understanding of how closely
remodeling reflects the specific load cases applied to bones. Bone microstructure is not
the only technique employed to understand the relationships between load history and
skeletal form. Others include trabecular bone architecture (e.g., Macchiarelli et al.,
1999; Ryan and Ketcham, 2005; Pontzer et al., 2006; Tsegai et al., 2013) and bone
cross-sectional geometry (e.g., Ruff et al., 1999; Trinkaus and Ruff, 1999a, 1999b; Polk
et al., 2000; Stock and Pfeiffer, 2001); however, it is recommended that the latter be
used with caution (Pearson and Lieberman, 2004) as in vivo strain gage data show that
the orientation of maximum stiffness often does not correspond to the primary axis of
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bending in long bones (Szivek et al., 1992; Demes et al., 1998; Lieberman et al., 2004).
Understanding the nature and limitations of the relationships between these aspects of
skeletal morphology, including bone microstructure, and behavior in extant taxa may
find application to paleontology and bioarchaeology in reconstructing the behavior of
fossil taxa and past human populations, respectively.
Schaffler and Burr (1984) first examined taxonomic differences within primates in
bone remodeling as they relate to skeletal function. They calculated percent osteonal
bone in the femoral cortex of twenty species and found that it corresponded to general
locomotor categories: arboreal quadrupedalism, terrestrial quadrupedalism, suspensory
locomotion, and bipedalism. Bipeds had the greatest percent osteonal bone, followed by
suspensory primates, then terrestrial quadrupeds, and finally arboreal quadrupeds. The
authors concluded that differences in percent osteonal bone were the result of the
loading regimes specific to each generalized locomotor pattern. Schaffler and Burr
(1984) suggested that locomotor differences resulted in loading regimes that incite bone
remodeling to differing degrees. However, there were three major limitations in their
study. [1] The sample size for each species was only a single individual, which is not
ideal because it does not account for within-species variation and it is uncertain if the
sampled individuals are typical representatives for each taxon. [2] The locomotor
categories used were very coarse and idealized; that is, a wide range of activities is
included in each category. For example, there are various types and frequencies of
walking, running, leaping, and climbing that fall within the locomotor repertoires of
different arboreal quadrupeds (Napier and Napier, 1967; Hunt et al., 1996). Broad
locomotor categories can hinder functional interpretations of morphology because some
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biologically meaningful locomotor variation is overlooked, meaning that potential
morphological implications may be missed (Ripley, 1967; Hunt et al., 1996). [3] The
non-human primates used were all captive zoo animals. Captive primates tend to have
lower activity levels than their wild counterparts (Altmann and Muruthi, 1988) and zoo
primates may also have other altered behaviors (Hosey, 2005). Some studies have
suggested that these captivity-altering behaviors can result in unusual bone structure
(e.g., Fleagle and Meldrum, 1988).
Since Schaffler and Burr’s (1984) study, bone remodeling in varying behavioral
contexts has been relatively under-explored in non-human primates (but see Paine and
Godfrey, 1997; McFarlin et al., 2008; Warshaw, 2008; Skedros et al., 2011; Lad et al.,
2016; Keenan et al., 2017). Given that broad locomotor categories tend to obscure
potentially informative locomotor differences between taxa, it is worthwhile to examine
secondary bone in the limbs of species traditionally placed within the same locomotor
category, but still differing in some dimension of their locomotor repertoire. This
naturally enables the isolation of specific locomotor behaviors in the study of bone
loading and remodeling.
Four sympatric cercopithecid species from the Taï Forest, Côte d’Ivoire provide
such an opportunity because their locomotor behaviors are well documented (McGraw,
1998a, 2007). While all four species examined here are primarily quadrupedal, they
differ in the relative proportions of leaping, climbing, running, and walking in their overall
locomotor budget (Table 1). Napier and Napier (1967) described the colobine clade as
having evolved a type of arboreal quadrupedalism characterized by leaping and some
arm-swinging, while cercopithecines are divided into two categories of quadrupedalism:
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those adapted to ground walking and running, and those that engage in branch walking
and running, which also includes climbing. These generalizations are also true of the
members of these clades at Taï; the colobines Piliocolobus badius (red colobus) and
Colobus polykomos (black and white colobus) are more frequent leapers than the
cercopithecines (McGraw, 1998b, 1998a, 2007). Colobus polykomos is also the only Taï
cercopithecid that engages in bounding quadrupedalism, a gait in which the two
forelimbs move and contact the substrate simultaneously, followed by the two
hindlimbs, which also move and contact the substrate in unison (Mittermeier and
Fleagle, 1976). Among the cercopithecines, Cercopithecus diana (Diana monkey) is an
agile monkey that engages in frequent arboreal climbing while Cercocebus atys (sooty
mangabey) is primarily a terrestrial quadruped. Although the leaping frequencies
reported for Colobus polykomos are intermediate between those of Piliocolobus badius
and Cercopithecus diana, the leaping frequencies in Table 1 do not include bounding.
Bounding is thought to require high propulsive forces in the hindlimb compared to
running (Morbeck, 1976; McGraw and Daegling, 2009). Thus, we divide the taxa into
two categories: the frequent leapers (Colobus polykomos and Piliocolobus badius) and
the lower-frequency leapers (Cercopithecus diana and Cercocebus atys).
The central question addressed here is whether bone remodeling activity is
functionally linked to species-specific locomotor behaviors. If it is, then differences
among species in the amount of secondary bone in the limbs should be expected. The
main hypothesis addressed is that load magnitude is primarily responsible for the
microdamage that incites bone remodeling. Leaping generates high magnitude forces in
the hindlimbs as they propel the body off the substrate (Kimura et al., 1979; Demes et
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al., 1994; Franz et al., 2005). High-frequency leapers are expected to encounter these
high magnitude forces in their hindlimbs repeatedly. Under this hypothesis, highfrequency leapers are expected to have more femoral bone remodeling than the lowfrequency leapers as a result of presumably greater accumulation of bone
microdamage.
If the forelimbs are used heavily for braking during landing, then remodeling
differences among taxa in the humerus are expected to match those predicted for the
femur. However, takeoff forces are greater than landing forces (Demes et al., 1999) and
the nature of landing and the frequency with which the forelimbs are used to brake
during landing may differ widely among the Taï cercopithecids (McGraw, 1998a,
1998b). As a result remodeling in the humerus might not follow the same pattern as the
in the femur.
An alternative hypothesis is that load frequency (i.e., how often the limbs
experience locomotor forces, regardless of the magnitude of those forces) is the
ultimate instigator of bone remodeling. In this scenario, Cercopithecus diana should
have the most remodeled bone. Even though the two colobines have more frequent
high magnitude forces in their hindlimbs (due to higher leaping frequency),
Cercopithecus diana has more frequent loading of both the hind- and forelimbs as a
result of spending more time traveling and foraging (Table 2) (McGraw, 2007).
Another possibility is that remodeling differences fall along phylogenetic lines and
are not due not to locomotor differences. Species that are closely related to each other
tend to have higher trait similarity than distantly related species because of common
descent, and are thus not statistically independent (Felsenstein, 1985). Similar traits
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found in closely related taxa are considered to have high phylogenetic signal (Harvey
and Pagel, 1991; Blomberg and Garland, 2002) and potentially high phylogenetic signal
in the rate of bone remodeling cannot be ruled out. Piliocolobus badius and Colobus
polykomos belong to subfamily Colobinae whereas Cercocebus atys and Cercopithecus
diana belong to Cercopithecinae. Classification of the four species into two leaping
frequency groups (i.e., high or low), as described for the load magnitude hypothesis
presents a potential problem because doing so creates groups that correspond with
subfamily affiliation. Thus, there may be three plausible explanations for any observed
differences between the two subfamilies: 1) unspecified phylogenetic effects, 2) leaping
frequency differences, or 3) some combination of the two. Statistical methods
accounting for phylogeny are therefore appropriate for this analysis.
Aside from functioning to maintain the structural integrity of bone, remodeling
also facilitates mineral homeostasis (Bouvier and Hylander, 1996; Burr, 2002; Martin et
al., 2015). Therefore, some remodeling in the body is not directly related to
biomechanical loading. If the results of our analyses do not conform to expectations
based on locomotor differences, then it is possible that non-mechanical factors have a
stronger effect on the mediation of remodeling in the humerus and femur of these
species.
Following from above, we identify the following hypotheses and alternative
explanations. [1] The null hypothesis states that bone remodeling is primarily random
and non-targeted, and that its primary function is to aid in mineral homeostasis. Under
this hypothesis no taxonomic differences in remodeling are expected, as there is no
reason to assume the rate of non-targeted remodeling should differ among them. [2]
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The working hypothesis is that the magnitude of loading is primarily responsible for the
accumulation of microdamage that instigates bone remodeling. In this case, the species
with high leaping frequency (i.e., Piliocolobus badius and Colobus polykomos) are
expected to have more remodeled bone in the examined long bones than the two that
leap less frequently (i.e., Cercopithecus diana and Cercocebus atys). This prediction
follows from the high magnitude of forces leaping generates in both takeoff and landing.
[3] An alternative hypothesis is that load frequency—regardless of magnitude—is
primarily responsible for microdamage accumulation and, consequently, bone
remodeling. This hypothesis predicts that leaping frequency does not matter, but the
proportion of the overall activity budget spent moving does. In this scenario
Cercopithecus diana would be expected to have the most secondary bone, since the
other species are significantly more sedentary. [4] Another possibility is that unspecified
phylogenetic effects, which are unrelated to locomotor behaviors, cause different
degrees of bone remodeling. Remodeling differences are expected to fall along
subfamily lines if this is the case. Methods that account for phylogeny are described
below to avoid conflating phylogenetic effects with the behavioral effects expected for
hypothesis [2].
Methods
The skeletal sample consists of femora and humeri of four species (Colobus
polykomos, Piliocolobus badius, Cercocebus atys, and Cercopithecus diana) collected
from Taï National Forest, Côte d’Ivoire. All individuals (N = 5 for each species) died of
natural causes. Sex and age at death are uncertain due to the opportunistic nature of
specimen collection but no juveniles were used, as determined by epiphyseal fusion.
Midshaft blocks were cut from humeri and femora (N = 5 each per species) using a
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Buehler Isomet low speed saw with diamond wafering blade (Illinois Tool Works, Lake
Bluff, IL), then embedded in resin following the methods of Crowder et al. (2012). Thin
sections (100μm) were cut from the embedded bone and polished using a Buehler
Meta-Serv 250 grinder-polisher to remove any dust and markings from the blade. They
were then stained in a Toluidine Blue O solution for 10 minutes to improve the visibility
of the cement lines under the microscope. Each section was dried under a weight to
keep it flat and was then mounted on a slide. The entire cross-section was
photographed at 100x magnification under a compound light microscope (Figure 4-1).
Measurements were taken from the photographs, carefully aligning them so as not to
measure the same area twice.
Three variables representing the number and size of secondary osteons, as well
as the overall amount of remodeled bone, were measured: osteon population density
(OPD), osteon cross-sectional area (On.Ar), and relative osteonal area (%HAV). OPD is
defined as the number of intact and fragmentary secondary osteons per mm 2 of bone.
Fragmentary osteons are remnants of older complete osteons and are indicative of
iterative remodeling within a particular section of bone. Some fragmentary osteons have
lost their Haversian canals, but can be identified by the presence of a cement line.
On.Ar is total area of bone contained within the cement line of individual intact osteons,
reported in mm2. %HAV is the total area of secondary bone (the area of all intact and
fragmentary osteons combined) relative to the total area of the thin section, reported as
a percentage. These variables were measured from the thin section photographs in
ImageJ (Abramoff et al., 2004).
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Shapiro-Wilk normality tests (Shapiro and Wilk, 1965) were performed to assess
whether data were normally distributed. The data for all three variables in the femur
violated assumptions of normality (Table 4-3). All data from the humerus were normally
distributed. Data that violated assumptions of normality were z-rank transformed using
the R package ‘GenABEL’ (Aulchenko et al., 2007) prior to any other statistical analysis.
Since leaping frequency (i.e., high or low) classification coincides with phylogenetic
affiliation (i.e., subfamily), statistical methods that account for phylogeny were employed
in an attempt to avoid conflating leaping frequency and phylogenetic effects as agents
responsible for any observed differences between groups. A generalized linear mixed
model (glmm) in which the fixed effect was leaping frequency (high or low) and the
random effect was phylogenetic distance was fitted to the data for each variable using
Markov Chain Monte Carlo (MCMC) methods. The MCMC was performed with the R
package ‘MCMCglmm’ (Hadfield, 2010) using a phylogenetic tree downloaded from
10kTrees (Arnold et al., 2010), pruned to include only the species in the sample (i.e.,
Piliocolobus badius, Colobus polykomos, Cercopithecus diana, Cercocebus atys).
250,000 iterations of an MCMC were run with a burn in of 3,000 and a thinning rate of
50 to obtain a posterior distribution including 4941 models. Each iteration in the Markov
chain can be thought of as a unique model, whose parameters are tweaked using
information about model fit derived from the immediately preceding models. Each model
explains a mathematical relationship between the projected dependent variable (e.g.,
OPD) and the independent variables (i.e. leaping frequency and phylogenetic position).
The model is used to predict dependent variables for each individual based on
phylogenetic position and leaping frequency. The model-derived and empirically
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measured dependent variables are then compared and models that minimize
differences between them are assigned a high likelihood score. The MCMC maximizes
the fit between the predicted and empirical measures, so the models with high likelihood
scores are favored. The burn in refers to the first portion of the Markov chain during
which the model parameters are adjusted without much information on previous model
performances. These initial models are the most affected by the ‘priors’ (i.e., initial
model assumptions). To guard against these initial assumptions conditioning the results,
models generated during the burn in are discarded and not included in hypothesis
testing. The thinning rate is the number of steps in the Markov chain between sampled
models (i.e., thinning at a rate of 50 iterations is to sample every 50th model). A
properly-large thinning parameter assures that each sampled model is independent
from the previously sampled model. Thus, models in the posterior distribution will be
independent of each other, and will not suffer from autocorrelation-derived sampling
bias. Heidelberger-Welch diagnostics (Heidelberger and Welch, 1983) were performed
on the posterior distributions of the MCMCs (Table 4-4) and demonstrate that the
sampled models came from stationary distributions, meaning that the Markov chain
settled on a narrow set of models with similar parameters in terms of both the number
and the coefficients of those parameters. The number of iterations and burn in were
extended on an individual model basis until the model passed the Heidelberger-Welch
test. MCMC trace and density plots are displayed in Figures 3-2 through 3-7.
Two additional analyses were performed post hoc. First, paired t-tests compared
OPD and %HAV in the femur and humerus. Second, a nested Generalized Linear
Model (GLM) tested for correlations in OPD and %HAV between the femur, humerus,
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and mandible (data from [Lad et al., 2016]) of the same individuals in order to test
whether the rate of remodeling is systemic and unique to any individual or species, as
opposed to depending on mechanical factors.
Results
The glmm MCMCs for femoral OPD (p = 0.049) and femoral %HAV (p = 0.042)
showed significant results (Figure 4-8). Thus, there is more secondary bone in femora
of high-frequency leapers than in low-frequency leapers, even when controlling for
phylogenetic affiliation. In the high-frequency leapers, mean OPD and %HAV are about
twice the mean OPD and %HAV in low-frequency leapers. Generally speaking, %HAV
is a function of OPD and On.Ar. Here, greater osteon densities, rather than larger
individual osteons, drive differences in relative osteonal area in the high-frequency
leapers. By species, Colobus polykomos has the greatest OPD and %HAV, followed by
Piliocolobus badius, then Cercocebus atys and Cercopithecus diana (Table 4-5). None
of the MCMCs returned significant results for the humerus, meaning any differences in
the amount of secondary bone between the two groups are spurious (Figure 4-9). Data
are summarized by species in Table 4-5.
The paired t-tests demonstrated that OPD (P = 0.009) and %HAV (P = 0.002) are
significantly greater in the humerus than femur. Results of the nested GLM were
significant for OPD (P < 0.001) and %HAV (P = 0.009), indicating differences between
the femur, humerus, and mandible within the same individuals (Figure 4-10).
Discussion
What follows is an evaluation of the results organized around the proposed
hypotheses and alternative explanations, followed by a discussion of the remodeling
measures employed and a summary of the ideas explored.
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Null Hypothesis: Mineral Homeostasis
The null hypothesis stated that mineral homeostasis, rather than biomechanical
factors, is the primary cause of bone remodeling in the limbs of the species examined
here. This hypothesis seems unlikely given the variation in OPD and %HAV among
species in the femur, and between the humerus and femur in all species. Remodeling
that is related to the balance of mineral concentrations is not generally thought to be
localized in the manner that strain-related remodeling is, but rather to be more or less
stochastically encountered throughout the body (Burr, 2002). There is no reason to
assume that this type of remodeling would preferentially occur in the femur of colobines,
or in the humerus rather than the femur of all species.
Load Magnitude
In the femur, OPD and %HAV are correlated with greater leaping frequency,
even when using methods that account for phylogenetic affiliation. On.Ar is not
significantly different between taxa and is discussed in further detail below. The results
for OPD and %HAV seem to suggest that leaping, and thus high magnitude forces on
the hindlimbs, incites remodeling in the femur and is consistent with the working
hypothesis that load magnitude mediates bone remodeling. The results for the humerus
do not follow this narrative. If the forelimbs of the colobines are often involved in braking
during landing, then the colobines are expected to also have greater humeral
remodeling than the cercopithecines; however, there is no relationship between
secondary bone in the humerus and load magnitude. This finding is similar to that of
Terranova (1995) who determined that among strepsirhines, cross-sectional parameters
of the femur – but not the humerus – were correlated with leaping frequencies. The fact
that the humerus does not match the pattern observed for the femur may reflect varied
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use of the forelimb for leaping among the species examined here. Data on the braking
forces in the forelimbs of the species examined here would clarify whether the pattern of
remodeling in the humerus matches locomotor behaviors as related to load magnitude.
Another factor to consider is that colobines tend to be clumsy and imprecise in landing,
often ‘crashing’ into supports and grasping with both fore- and hindlimbs (McGraw,
1998a). Imprecision in landing in any of these taxa may result in different or more
unpredictable loading patterns in the humerus compared to the femur, which may result
in different degrees of microdamage. This could explain the different patterns of
remodeling in the two bones. Studies on remodeling as it relates to strain mode in these
species are forthcoming.
Load Frequency
An alternative explanation was that load frequency determines the degree of
bone remodeling in limb bones. This hypothesis is not supported by locomotor
differences between taxa because Cercopithecus diana should have more bone
remodeling than all other taxa, due to being more active overall, yet C. diana has
relatively low OPD and %HAV. However, the notion that bone remodeling depends on
the frequency of loading cannot be completely ruled out. The humerus has significantly
greater OPD and %HAV than does the femur (Table 4-5, Figure 4-10). The finding that
remodeling is greater in the humerus than the femur is consistent with previous reports
on quadrupedal Old World monkeys (Paine and Godfrey, 1997; McFarlin et al., 2008).
In quadrupedal primates, the hindlimbs experience relatively higher peak loads than the
forelimbs, whereas the opposite is true in quadrupedal non-primate mammals (Kimura
et al., 1979; Kimura, 1985; Demes et al., 1994; Schmitt, 1999; Schmitt and Lemelin,
2002; Schmitt, 2003; Hanna et al., 2006). Additionally, takeoff forces, for which the
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hindlimbs are predominantly responsible, are greater than landing forces in leaping
strepsirhines (Demes et al., 1999). The finding that the humerus has more secondary
bone than the femur of not only the Taï monkeys but also other primate quadrupeds,
despite quadrupedal primates being hindlimb-driven, is counter to what would be
expected if load magnitude controls remodeling, but may be compatible with the idea
that load frequency is responsible. In primates, the role of the hindlimb is limited to
mostly locomotion, but the forelimb is involved in not only locomotion but also many
other activities (e.g., foraging, food processing, grooming, play). Because of this, the
humerus may be loaded more frequently than the femur in all species, even though load
magnitude is presumably higher in the femur. The more frequent loads in the humerus
in all species could swamp the load magnitude signal, explaining the disparity between
the two limbs (humerus having greater remodeling) and the lack of taxonomic
differences in the humerus. Studies on forelimb movement in the Taï monkeys show
that differences in non-locomotor activities between species correspond to differences
in scapular and humeral morphology (e.g., Dunham et al., 2015, 2016). Therefore, it is
not unreasonable to expect that these non-locomotor activities may be manifesting in
the bone microstructure. Further, a comparison of femoral and humeral bone
remodeling in forelimb-driven quadrupedal mammals would help determine whether
hindlimb and forelimb-drive are important factors for bone remodeling.
Phylogenetic Effects
A second alternative explanation was that unspecified phylogenetic effects
account for differences in remodeling, predicting that differences will fall along subfamily
lines. Although the methods used here account for phylogenetic affiliation, they do not
completely eliminate the possibility that factors other than leaping frequency play some
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role in our observed results. One such scenario could be that the femoral bone of
cercopithecines is stiffer than that of colobines. Stiff bone has higher yield strength than
more compliant bone, requiring higher loads to structurally deform it and to initiate
cracks. Compliant bone is more inclined to deform and crack but it may have greater
toughness because it reduces crack propagation (see pages 356, 446, and Figure 7.12
in Martin et al., 2015). Stiffer bone could thus result in a reduced need for remodeling if
fewer cracks form. Elastic modulus data from the femoral midshaft would help
determine whether this hypothesis has any bearing. Data have been collected from one
individual each of Piliocolobus badius and Colobus polykomos (Galluscio et al., 2016)
but not from either of the cercopithecines. Another scenario could be that these two
subfamilies have different systemic rates of remodeling, unrelated to behavioral activity.
In relation to this idea, the results here mirror those of Lad et al. (2016), who reported
greater remodeling in the postcanine mandible of colobines than cercopithecines in a
sample comprised of individuals from the same populations measured here. The
combined results raise the possibility that there is a systemic rate of remodeling within
an individual or within a species (i.e., if remodeling is high in the femur of one individual,
it may be that the remodeling rate is high in all bones throughout the body of that
individual). If this were the case, then the observed results could be due to higher
systemic rates of remodeling in colobines dependent on some aspect of colobine
biology unrelated to each individual’s unique behavior. For example, the colobines in
this sample are more folivorous than the cercopithecines (Wachter et al., 1997;
Korstjens et al., 2002; Korstjens et al., 2007; McGraw et al., 2011; Kane and McGraw,
2017) and dietary composition may alter mineral homeostasis (see reviews by Setchell
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and Lydeking-Olsen, 2003; Mundy, 2006) and basal metabolic rate (McKnab, 1986).
However, osteon population densities for the mandible, humerus, and femur within each
individual included in both the present sample and in Lad et al. (2016) (two Cercocebus
atys, three Cercopithecus diana, and three Colobus polykomos) suggest this is not the
case (Figure 4-10). It appears that remodeling in any one of these bones is not
necessarily correlated with remodeling in another bone from the same individual. In
other words, the individual with the greatest OPD in the mandible does not necessarily
have the highest OPD in the humerus and/or femur. This was confirmed by the nested
GLM. If there were a systemic rate of remodeling, individuals with high osteon densities
in one bone would have correspondingly high densities in others. Furthermore, while
there are taxonomic differences for the femur, the humerus does not match this pattern.
Since there is no evidence that the rate of remodeling is consistent throughout the
skeleton of the individuals used here, it seems unlikely that phylogenetic effects, outside
of behavior, play a significant role in the observed results.
General Remarks
Analysis of bone remodeling in the present sample does not provide support for
the null hypothesis of non-targeted remodeling or the alternative explanation of
phylogenetic effects, and there is conflicting support for hypotheses regarding load
magnitude and frequency. Bone remodeling must depend on some interplay among
load magnitude, load frequency, and the need to maintain mineral homeostasis, but
these factors are not easy to parse. For example, both a single loading event of high
magnitude, and frequent loading of very low magnitude may be insufficient to incite a
remodeling response. Obviously in this particular sample, isolating the effects of load
magnitude and load frequency is complicated. Future work needs to test the effects of
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load magnitude and load frequency on bone remodeling independently of each other.
One way to test the load frequency hypothesis could be a comparison of remodeling in
the bones of captive and wild conspecifics under the assumption that captive primates
have much lower activity levels than their wild counterparts because they do not have to
forage for food (Altmann and Muruthi, 1988). Load magnitude would presumably be
similar if body size and locomotor behaviors are comparable. The load magnitude
hypothesis could be tested by comparing remodeling in the tibia and fibula. These two
bones should have roughly the same loading frequency, but load magnitudes should be
higher in the tibia since it is weight-bearing, whereas the fibula is not. Such comparisons
may provide some insight on the relative contributions of load magnitude and frequency
to remodeling activity.
Osteon cross-sectional area (On.Ar) is a measure of individual osteon size.
On.Ar was not significantly different between colobines and cercopithecines for either
bone. Therefore, it does not seem to be related to load frequency or magnitude.
Instead, the size of individual osteons may depend more on the mode of strain (i.e.,
tension versus compression). If the limbs of the species examined here experience
roughly similar spatial distributions of tension and compression, then the design of this
study was unable to compare bone remodeling in regions of different strain mode.
There are several hypotheses about why different sized osteons would be ideal for
different strain modes. [1] A high density of smaller osteons may more effectively resist
damage accumulation than a smaller number of large osteons because there are more
cement lines to act as barriers to crack propagation (Gibson et al., 2006; Mohsin et al.,
2006). [2] Osteon pullout, a phenomenon in which an individual osteon becomes
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separated and “pulled out” from the surrounding matrix, increases bone’s toughness by
increasing the amount of energy required to propagate a crack (Piekarski, 1970) but it
only occurs in regions of tension, not compression (Moyle et al., 1978; Hiller et al.,
2003). Large osteons are more likely to debond from the surrounding matrix and pull out
prior to failure than small osteons are (Pope and Murphy, 1974) but densely packed
smaller osteons increase the number of osteons to be pulled out (Moyle et al., 1978;
Martin et al., 2015). [3] The formation of smaller osteons may just be less likely to affect
the overall strength of the bone in regions with the highest strain (i.e., compression
cortices) because they require smaller resorption cavities (van Oers et al., 2008).
Studies of osteon size in artiodactyl and perissodactyl bone have found that osteons
tend to be smaller in regions of compression, rather than tension (Skedros et al., 1994;
Skedros et al., 1997; van Oers et al., 2008). The limbs of the primate species examined
here are presumably loaded in bending, and thus may also have consistent
compression and tension cortices, however the load history of a particular bone is
usually more complex than pure bending (Skedros, 2012). Future work will address
strain mode and compare osteon size and density among regions of the limb bone
diaphysis in these species.
Finally, some limitations of this study should be acknowledged. First, due to the
nature of conducting destructive analyses the sample size per species is small. Second,
only adults were used in this study but since the skeletal materials were
opportunistically collected from the forest floor, age at death is uncertain. At the time of
epiphyseal fusion (the feature used to define skeletal maturity) the diaphysis contains
primary bone tissue of differing ages due to the process of modeling drift (Enlow, 1962;
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Epker and Frost, 1965; Frost, 2001). The younger tissue may have very few to no
secondary osteons (Maggiano et al., 2011), and consequently there can be a delay
before remodeling actually reflects habitual loading (Gocha and Agnew, 2016). If the
individuals in this sample had only just reached skeletal maturity at the time of death
then the observed remodeling may not completely reflect behavioral differences.
Additionally, secondary osteons are known to accumulate with age in humans (Robling
and Stout, 2000), so significantly older individuals may have greater OPD and %HAV
than young adults. If any of the individuals in this sample are very old, high OPD and
%HAV could be interpreted as an effect of behavior, when in reality they are due to
advanced age. Finally, Skedros et al. (2013) demonstrate that collagen fiber orientation
(CFO) and osteon morphotypes may be much more sensitive to load history than the
measures used here. It is possible that OPD and %HAV do not provide high enough
resolution to pick up on differences in load history, in terms of magnitude and frequency,
between the examined taxa.
Conclusion
The amount of secondary bone in the femoral midshaft varies among Taï Forest
cercopithecids. Colobines have greater osteon population densities and relative
osteonal area than cercopithecines. This variation corresponds to frequencies of high
magnitude forces applied to the femur as a result of species-specific leaping behaviors,
even though all species can be characterized as primarily quadrupedal. However, the
lack of taxonomic variation in remodeling of the humerus suggests this interpretation
should be accepted with caution. Further, the greater amount of secondary bone in the
humerus relative to the femur suggests that the frequency of loading is also important,
as the forelimb is presumably more active than the hindlimb, due to its recruitment into a
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greater number of behaviors aside from locomotion. Future work is needed to parse out
the independent effects of load magnitude and load frequency. The lack of differences
in osteon cross-sectional area suggest that this variable is unrelated to load frequency
or magnitude, but we propose, as others have suggested (Moyle et al., 1978; Skedros
et al., 1994; Skedros et al., 1997; Hiller et al., 2003; Gibson et al., 2006; Mohsin et al.,
2006; van Oers et al., 2008), that osteon size may be associated with specific modes of
strain applied to different regions of limb bone midshafts.
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Table 4-1. Species locomotor profiles1
Subfamily
Colobinae
Colobinae
Cercopithecinae
Cercopithecinae

Species
Piliocolobus badius
Colobus polykomos
Cercopithecus diana
Cercocebus atys

Leaping
17.8
14.5
10.4
1.2

Climbing
17.0
14.3
19.4
12.5

Running2
8.2
29.4
10.8
5.7

Walking
53.1
41.8
59.3
80.7

1Data

are percentages of overall locomotion sourced from Table 9.4 of McGraw (2007).
includes bounding, the synchronized takeoff of both hindlimbs, and then
touchdown of both forelimbs, upon a substrate. Bounding is thought to require higher
propulsive forces than running, more similar to leaping. In this sample, bounding is
unique to C. polykomos.
2Running

Table 4-2. Activity budgets1 of Taï monkey species (from McGraw, 2007)
Species
Piliocolobus badius
Colobus polykomos
Cercopithecus diana
Cercocebus atys

Traveling
18.9
15.1
28.5
10.3

Foraging
15.8
10.8
28.3
24.5

Resting
29.9
33.9
8.8
18.5

Social
6.3
5.3
1.2
7.9

Feeding
29.1
34.9
33.2
38.8

N
4196
3538
3461
1343

1Data

in each column are percentages of total time spent doing each activity. Traveling
is uninterrupted movement, foraging is movement while feeding, and feeding, resting
and social are all stationary activities. C. diana has the highest percentages of traveling
and foraging, while the other species have high percentages of stationary activities.

Table 4-3. Results of Shapiro-Wilk normality tests for each variable for the femur and
humerus. OPD = osteon density, On.Ar = osteon cross-sectional area, %HAV
= relative osteonal area. *Indicates data that violate assumptions or normality
and were z-rank transformed for the MCMC.
Variable
Femur
OPD
On.Ar
%HAV
Humerus
OPD
On.Ar
&HAV

p-value
0.007*
0.001*
0.003*
0.814
0.385
0.543
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Table 4-4. Heidelberger-Welch results for tests of stationarity and interval halfwidth of
the MCMCs for each variable per bone. OPD = osteon density, On.Ar =
osteon cross-sectional area, %HAV = relative osteonal area.
Variable
Femur
OPD
On.Ar
%HAV
Humerus
OD
On.Ar
%HAV

Stationary start

Interval halfwidth

Test

p-value

Test

p-value

passed
passed
passed

0.335
0.439
0.867

passed
passed
passed

0.014
0.016
0.027

passed
passed
passed

0.540
0.307
0.162

passed
passed
passed

0.024
<0.001
0.001

Table 4-5. Summary of the data for each variable by species for the femur and humerus
Species
Piliocolobus
badius
Colobus
polykomos
Cercopithecus
diana
Cercocebus
atys
Piliocolobus
badius
Colobus
polykomos
Cercopithecus
diana
Cercocebus
atys

Mean

OPD
S.D.

5.293

5.034

5.587

2.279

2.289

3.615

2.818

2.786

5.838

1.263

8.147

3.205

7.145

2.091

6.328

2.042

Range
1.370 –
11.142
1.927 –
8.107
1.114 –
9.357
0.527 –
7.634
4.171 –
7.501
4.496 –
11.724
4.914 –
10.149
3.346 –
8.437

On.Ar (in mm 2)
Mean S.D.
Range
Femur
0.003 –
0.019 0.012
0.091
0.003 –
0.018 0.011
0.081
0.004 –
0.020 0.013
0.108
0.003 –
0.018 0.012
0.100
Humerus
0.002 –
0.023 0.016
0.129
0.002 –
0.017 0.009
0.100
0.003 –
0.022 0.013
0.114
0.004 –
0.023 0.013
0.138
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Mean

%HAV
S.D.
Range

9.743

8.974

10.211

4.528

5.481

5.680

5.057

4.872

13.411

4.621

13.104

4.026

15.155

3.589

14.178

3.718

2.899 –
19.905
3.729 –
16.258
2.460 –
15.620
1.438 –
13.590
8.267 –
19.817
7.964 –
17.809
10.017 –
19.911
8.715 –
17.133

Figure 4-1. A Piliocolobus badius femoral midshaft thin section at 100x magnification,
highlighting some secondary osteons (shaded blue) and osteon fragments
(shaded red).
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Figure 4-2. Trace (at left) and density plots (at right) for the model parameters of the
femoral osteon population density (OPD) MCMC posterior distribution.
“Fuzzy” appearance of the trace plots demonstrates lack of autocorrelation
among the posterior models. Density plots show avoidance of severe
skewness, or contacting model-space boundary.
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Figure 4-3. Trace (at left) and density plots (at right) for the model parameters of the
femoral osteon cross-sectional area (On.Ar) MCMC posterior distribution.
“Fuzzy” appearance of the trace plots demonstrates lack of autocorrelation
among the posterior models. Density plots show avoidance of severe
skewness, or contacting model-space boundary.
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Figure 4-4. Trace (at left) and density plots (at right) for the model parameters of the
femoral relative osteonal area (%HAV) MCMC posterior distribution. “Fuzzy”
appearance of the trace plots demonstrates lack of autocorrelation among the
posterior models. Density plots show avoidance of severe skewness, or
contacting model-space boundary.
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Figure 4-5. Trace (at left) and density plots (at right) for the model parameters of the
humeral osteon population density (OPD) MCMC posterior distribution.
“Fuzzy” appearance of the trace plots demonstrates lack of autocorrelation
among the posterior models. Density plots show avoidance of severe
skewness, or contacting model-space boundary.

69

Figure 4-6. Trace (at left) and density plots (at right) for the model parameters of the
humeral osteon cross-sectional area (On.Ar) MCMC posterior distribution.
“Fuzzy” appearance of the trace plots demonstrates lack of autocorrelation
among the posterior models. Density plots show avoidance of severe
skewness, or contacting model-space boundary.
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Figure 4-7. Trace (at left) and density plots (at right) for the model parameters of the
humeral relative osteonal area (%HAV) MCMC posterior distribution. “Fuzzy”
appearance of the trace plots demonstrates lack of autocorrelation among the
posterior models. Density plots show avoidance of severe skewness, or
contacting model-space boundary.
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Figure 4-8. Osteon population density (OPD), osteon cross-sectional area (On.Ar), and
relative osteonal area (%HAV) in the femur of low (Cercocebus atys and
Cercopithecus diana) and high frequency (Colobus polykomos and
Piliocolobus badius) leapers, with p-values from the MCMC for each of the
four variables. All data are z-rank transformed. The bottom and top of the
boxes indicate the interquartile range (IQR), the horizontal line represents the
median, and the whiskers represent the minimum and maximum data points.
*Indicates significant result.
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Figure 4-9. Osteon population density (OPD), osteon cross-sectional area in (On.Ar),
and relative osteonal area (%HAV) in the humerus of low (Cercocebus atys
and Cercopithecus diana) and high frequency (Colobus polykomos and
Piliocolobus badius) leapers, with p-values from the MCMC for each of the
four variables. The bottom and top of the boxes indicate the interquartile
range (IQR) and the horizontal line represents the median. The whiskers
represent the minimum and maximum data points, and the open circles
represent outliers. Note that the y-axes do not begin at 0.
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Figure 4-10. Osteon population density (OPD) in the femur, humerus, and mandible
within the same individuals. Comparison of the three bones reveals little-to-no
intra-individual correlation of OPD among the sampled bones. Mandible data
are from Lad et al. (2016). No P. badius individuals were used in both studies.
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CHAPTER 5
SPATIAL DISTRIBUTION AND SIZE OF SECONDARY OSTEONS IN FEMORAL AND
HUMERAL MIDSHAFTS OF CERCOPITHECID PRIMATES
Intracortical bone remodeling, or Haversian remodeling, is the resorption and
subsequent replacement of older bone with new bone. This serves three functions
(Martin et al., 2015). First, it helps maintain mineral homeostasis by redistributing
calcium reserves (Enlow, 1962a). Second, it replaces damaged bone by targeting areas
of microdamage caused by mechanical deformation (Burr et al., 1985; Burr, 1993; Mori
and Burr, 1993; Burr, 2002; Martin et al., 2015). Third, it increases bone toughness via
its material properties and its microstructural composition. Remodeled bone is more
compliant than primary bone since it is less mineralized (Currey, 1959; Reilly and
Burstein, 1974; Reilly et al., 1974; Carter et al., 1976; Carter and Hayes, 1977b) and
greater energy is required to propagate cracks through a compliant material than a stiff
one (Martin et al., 2015). Additionally, the accumulation of secondary osteons, which
are formed during remodeling, can prevent crack propagation (Moyle and Bowden,
1984; Gibson et al., 2006; Mohsin et al., 2006; Martin et al., 2015).
Secondary osteons are cylindrical structures comprised of concentric lamellae
surrounding a central (Haversian) canal, which houses a neurovascular bundle. Each
secondary osteon can be distinguished from the surrounding matrix in cross-section by
the presence of the cement line on its outer perimeter. The cement line is a remnant of
the reversal from the bone resorption phase of remodeling to the bone formation phase.
The cement line is also used to distinguish secondary osteons from primary osteons,
the formation of which does not follow a resorption phase (Crowder and Stout, 2012).
Strain mode and magnitude can differ between regions of the same bone
(Lanyon et al., 1979; Biewener et al., 1986). Limb bones are often modeled as
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cylindrical beams loaded in a combination of axial compression, due to gravitational and
ground reaction forces, and simple bending, which results in compressive strain in one
aspect of the cortex and tensile strain in the opposing aspect (Lanyon and Baggott,
1976; Biewener and Bertram, 1993; Lieberman et al., 2003; Skedros et al., 2013). The
mechanical properties, fracture properties, and microdamage effects of cortical bone
are known to differ under tension versus compression (Burstein et al., 1972; Reilly and
Burstein, 1975; Carter and Hayes, 1977a; Carter et al., 1981; Burr et al., 1998; Reilly
and Currey, 1999, 2000; Hiller et al., 2003). For example, microdamage accumulates
more rapidly in regions of tension than compression (Burr et al., 1998) because bone
under tension has a lower yield strength (Burstein et al., 1976; Cezayirlioglu et al.,
1985). However, cracks tend to be longer in regions under persistent compression (Burr
et al., 1998). Since removing and preventing microdamage are functions of bone
remodeling, secondary bone characteristics, such as osteon density and size, can be
predicted to also differ under disparate strain modes.
Main (2007) and Skedros (2012) warn that osteon density alone may not reliably
predict strain mode, especially in bones that have complex load histories, but there is
some evidence that the spatial distribution of osteons, in terms of both density and size,
corresponds to distributions of tension and compression in stereotypically bent limb
bones. In the calcaneus, smaller osteon areas and greater osteon densities have been
found in the compression (cranial) cortex than in the tension (caudal) cortex of sheep
and deer (Skedros et al., 1994), horse, elk, and sheep (Skedros et al., 1997). Smaller
osteon areas were also found in the compression region of mule deer calcaneus
(Skedros et al., 2001). Mason et al. (1995) found greater osteon density in the
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compression (caudal) region than in the tension (cranial) region of the horse radius, but
did not find differences in mean osteon area.
The relationship between strain and osteon density is theoretically
straightforward if osteons form as a response to osteocyte apoptosis caused by crack
formation (Allen and Burr, 2014), but the relationship between strain and osteon size
may be less direct. Moyle and Bowden (1984) found that work-to-fracture is minimal for
human osteons approximately 180μm in diameter, but increases for both larger (210220μm) and smaller (150-160μm) osteons. This suggests that osteon size may affect
the overall strength of bone, and both small and large osteons have even been
proposed to be adaptations for preventing microdamage, although the mechanism by
which osteon size is determined is unclear. The cement line can prevent the spreading
of cracks through bone, so a large number of small osteons concentrated in a given
area can increase the number of barriers to crack propagation (O'Brien et al., 2005;
Gibson et al., 2006; Mohsin et al., 2006). Thus, densely packed, small osteons may
reduce the amount of damage a crack can cause and increase the energy required to
fracture the bone in areas where microdamage tends to accumulate. However, larger
osteons may also increase bone toughness through a phenomenon known as “osteon
pull-out”. When a crack encounters a cement line, the osteon can become separated
from the surrounding matrix and get “pulled-out” so that it bridges the crack, increasing
the amount of energy required to propagate it (Piekarski, 1970). Osteon pull-out only
occurs under tension, not compression (Moyle et al., 1978; Hiller et al., 2003) and there
is some evidence that large osteons are more likely to de-bond from the surrounding
matrix and pull out prior to failure than small osteons are (Pope and Murphy, 1974).
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Together, these two lines of evidence suggest that larger osteons should be found in
regions of tension. On the other hand, smaller osteons can be more densely packed
and could increase the number of osteons available to be pulled out (Moyle et al., 1978;
Martin et al., 2015). Another factor to consider is that the overall strength of the bone,
especially in regions of high strain (i.e., regions under compression in bones under
combined axial and bending loads), may be compromised during the formation of large
osteons, which require large resorption cavities. van Oers et al. (2008) have even
argued that osteocytes may be able to sense strain magnitude and inhibit resorption –
resulting in smaller osteon diameters – when strains are high, particularly in areas of
compression.
The present study investigates whether secondary osteon density and size vary
among regions of primate long bone midshafts under the assumption that these bones
are loaded in habitual, stereotypical bending. Osteon density, relative osteonal area,
and osteon cross-sectional area are measured in cercopithecid femoral and humeral
midshafts to determine whether these characteristics vary among midshaft regions, and
if they do, whether the patterns correspond to hypotheses of load distribution. In
quadrupedal mammals, long bones are known to be habitually loaded in bending
(Carter and Vasu, 1981; Biewener, 1983; Szivek et al., 1992; Demes et al., 1998;
Demes et al., 2001; Demes and Carlson, 2009). Theoretical analyses using free body
diagrams predict mediolateral and anteroposterior bending in the chimpanzee
(Preuschoft, 1970) and macaque (Badoux, 1974) femur, but there have been no in vivo
analyses of the femur or humerus in primates to inform these theoretical models. Thus,
hypotheses and expectations are based on Badoux’s (1974) theoretical distribution of
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stresses in the quadrupedal macaque femur, which predicts compression in the
posterior cortex and tension in the anterior cortex. Based on results of previous studies
(Skedros et al., 1994; Mason et al., 1995; Skedros et al., 1996; Skedros et al., 2001),
the compression cortex (posterior) of the femur is expected to have greater osteon
density and smaller osteons than the tensile (anterior) cortex. Predictions for the
humerus are less clear but it should be safe to assume the humerus is also loaded in
bending, as long bones typically are (Martin et al., 2015).
Methods
Histological thin sections were prepared from one femur and one humerus each
from five individuals each of four cercopithecid species from Taï Forest, Côte d’Ivoire:
Cercocebus atys (sooty mangabey), Cercopithecus diana (Diana monkey), Colobus
polykomos (western black and white Colobus), and Piliocolobus badius (western red
Colobus). All species are quadrupedal and all are predominantly arboreal, with the
exception of Cercocebus atys, which spends most of its time on the ground. Sex and
age at death are uncertain since all skeletal material was collected opportunistically in
the field. Bone was only sampled from skeletally mature individuals, as determined by
epiphyseal fusion. Thin sections were prepared from femoral and humeral diaphyses at
50% of the length of the whole bone. Blocks were cut from this region and embedded in
resin following Crowder et al. (2012). Thin sections were cut from the embedded bone
to 100μm thick using a Buehler Isomet low speed saw equipped with a diamond
wafering blade (Illinois Tool Works, Lake Bluff, IL). Each section was polished using a
Buehler Meta-Serv 250 grinder-polisher and stained with a toluidine blue O solution to
improve visibility of osteon cement lines. The sections were dried under weight to keep
them flat and then mounted on microscopy slides. Four equal quadrants (anterior,
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posterior, medial, and lateral) were marked on the slides (Figure 5-1) and the sections
were photographed under a compound light microscope at 100x magnification.
The thin section photographs were imported into ImageJ software (Abramoff et
al., 2004) which was used to measure osteon population density (OPD), osteon crosssectional area (On.Ar), and relative osteonal area (%HAV) within each quadrant of each
thin section. The quadrants were predicted to have different OPD, On.Ar, and %HAV if
these bones are loaded in bending at the midshaft, with the posterior (compression)
quadrant containing the greatest OPD and %HAV, and smallest On.Ar. OPD was
measured as the number of intact and fragmentary secondary osteons per mm 2 of
cortical bone. Fragmentary osteons are the remnants of osteons that have been
partially resorbed and replaced by new osteons, and can be identified by the presence
of a cement line even if the Haversian canal has been resorbed. On.Ar data were
collected by tracing the cement line of each intact osteon and measuring the area
within. Osteon fragment areas were also measured and the combined area of intact and
fragmentary osteons was divided by the total quadrant area and multiplied by 100 to
calculate %HAV. The photographs were carefully aligned using unique sets of
identifiable landmarks so that no area was measured more than once.
Shapiro-Wilk tests (Shapiro and Wilk, 1965) (Table 5-1) showed that no femoral
data, with the exception of OPD in Colobus, were normally distributed. In the humerus,
%HAV was non-normal for all species. All data that violated assumptions of normality
were z-rank transformed using the R package ‘GenABEL’ (Aulchenko et al., 2007) prior
to any other statistical analysis.

For On.Ar, nested ANOVAs were performed for the

femur and humerus within each species, with factor ‘quadrant’ nested within ‘individual’
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in order to test for differences among quadrants both within individuals and also among
individuals of the same species. Resampled Analyses of Variance (ANOVAs) were
performed to test for differences in OPD and %HAV between midshaft quadrants within
the femur and humerus for each species separately. The resampled ANOVAs were
implemented by first calculating the mean OPD or %HAV of each quadrant for each
individual so that for each species there were 20 means, five for each of the four
quadrants. A one-way ANOVA was performed using these means as the dependent
variable and quadrant as the grouping variable. The F-ratio was recorded. The means
were then resampled without replacement to create a new sample equivalent in size to
the observed sample. The first five values of this new sample were assigned to an
anterior quadrant group, then next five to the posterior group, and so on such that the
resulting sample simulated the empirical one, but with the regional assignment
randomized. A one-way ANOVA was then performed on this new sample and the Fratio was recorded. This resampling process was repeated for 10,000 iterations and the
proportion of F-ratios greater than the observed F-ratio was reported. If that proportion
was 5% or less then the result was considered statistically significant, as the F-ratio for
the empirical means was not likely due to chance.
Results
All data are summarized in Tables 5-2 and 5-3. The resampled ANOVAs
returned no significant differences in OPD or %HAV between quadrants of the femur or
humerus of any species except Cercocebus atys, in which OPD (P = 0.001) and %HAV
(P = 0.002) were significant for the humerus (Table 5-4). In this species, the lateral
quadrant of the humerus had the greatest mean OPD and %HAV and the medial had
the least (Figure 5-2 and 5-3).
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The nested ANOVAs for On.Ar were all significant except for the ‘quadrant’ level
for the Cercocebus atys humerus (Table 5-5). This means that On.Ar differs among
quadrants within individuals, but also that individuals within a species differ from each
other. The quadrants with the greatest and least mean On.Ar are not consistent among
the four species (Tables 5-2 and 5-3; Figure 5-4 and 5-5) or even among individuals
within a species. For example, in the humerus, mean On.Ar is greatest in the lateral
quadrant and least in the anterior quadrant of Piliocolobus badius, but in Colobus
polykomos mean On.Ar is lowest in the posterior and lateral quadrants and greatest in
the medial and anterior quadrants. Similar incongruities occur between individuals of the
same species. This indicates that there is no consistent pattern in the distribution of
small and large osteons among midshaft quadrants in either the femur or humerus.
Discussion
Load Complexity
Osteon density and relative osteonal area are fairly homogenous (i.e., across
quadrants) throughout the femoral and humeral midshafts of the quadrupedal
cercopithecids examined here. The only exception to this is the humerus of Cercocebus
atys, for which OPD and %HAV are significantly different among regions, with the lateral
quadrant having the most secondary bone and the medial quadrant the least. The lack
of differences among quadrants is in contrast to the results of previous studies
demonstrating heterogeneous distributions of osteons in the limb bones of other
quadrupedal mammals (Skedros et al., 1994; Mason et al., 1995; Skedros et al., 1997;
Skedros et al., 2001). However, these other studies all examined long bones of
digitigrade or unguligrade taxa that specialize in high-speed terrestrial locomotion (e.g.,
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horse, greyhound), unlike primates. This difference in locomotion type might result in
differences in load complexity in the limb bones.
Skedros (2012) proposed that some bones have “high habitual load-complexity”,
whereas others have low load complexity. High load complexity is characterized by less
stereotypical or less predictable loading. This usually entails a combination of multidirectional bending in which the neutral axis frequently shifts, unsymmetric bending,
and/or torsion. Low load-complexity equates to unidirectional bending with distinct
tension and compression regions separated by a predictable, non-shifting neutral axis.
Regional variation in osteon density and size was expected in the present sample under
the assumption that the femur and humerus have distinct, habitual tension and
compression cortices. In other words, that they have low load complexity. Given the lack
of variation in remodeling, however, this may not be the case. If the femur and humerus
have high load complexity, in terms of overlap of tension and compression regions, then
regionally-specific manifestations of bone microstructure would not occur. Furthermore,
torsion tends to occur in curved bones under axial loads and results in ‘diffusely
distributed shear’, in which there are no cross-sectional spatial differences in strain
mode (Skedros, 2012). There is evidence that bones with high load-complexity lack
regional adaptation in terms of collagen fiber orientation (Skedros and Hunt, 2004),
osteon morphotypes (Skedros et al., 2009), and secondary osteon density (Main, 2007).
Thus, one way to interpret the present results is that load-complexity is high in femoral
and humeral midshafts; the load histories are not characterized by habitual and
regionally-specific compression and tension cortices as hypothesized above. This
means that there is no cause for differential remodeling regionally because there is
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presumably uniform microdamage accumulation throughout the cortex. The femoral and
humeral midshafts of these species possibly fall into the high load complexity category
of Skedros’s (2012) load complexity chart, whereas the limb bones of the digitigrade
taxa examined in previous studies have been placed in the low load complexity
categories.
The Cercocebus atys humerus was an exception in this sample in that there are
regional differences in OPD and %HAV. If load complexity explains the lack of regional
variation in all other taxa, then the loading environment of the Cercocebus atys humerus
may be less complex and more stereotyped, causing the humeral midshaft of this
species to show regional variation in bone remodeling. There are several reasons why
load complexity may be lower in Cercocebus atys.
[1] All taxa in this sample are quadrupedal but Cercocebus atys is unique in that
it is primarily terrestrial, spending 85% of travel and 71% of foraging time on the ground,
whereas the next most terrestrial species in the sample, Cercopithecus diana, spends
1.7% of travel and 2.3% of foraging on the ground (McGraw, 2007). Demes and Carlson
(2009) demonstrated that the capuchin forelimb has greater variability of resultant
directions and bending moments in the frontal plane in a simulated arboreal
environment than in a terrestrial one, and suggested that arboreal locomotion is
associated with greater variation in loading of long bones because arboreal substrates
are less stable than the ground. Substrate differences may thus equate to differences in
load complexity in the limb bones.
[2] In addition to moving about on a less stable substrate the predominantly
arboreal taxa have more variable locomotor repertoires than Cercocebus atys. They all
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engage in more climbing, running, and leaping than Cercocebus atys, for which 80.7%
of the locomotor budget is walking (McGraw, 1998, 2007). Employing a variety of
locomotor behaviors presumably results in more complex loading of the humerus of the
other species.
[3] Cercocebus atys engages in unique terrestrial, manual foraging behaviors
involving the forelimb. This species sifts through the leaf litter on the forest floor in
search of fallen fruits and seeds, requiring frequent inferior food retrieval and raking
motions. Of all food retrieval movements, 73.9% are inferior retrieval, compared to
15.6% parallel retrieval and 10.5% superior retrieval (Dunham et al., 2015, 2016). The
other three species spend larger percentages on parallel and superior retrieval, and
none have been observed to rake, which constitutes 69% of all forelimb behaviors for
Cercocebus atys. Raking is a motion in which the forelimb repeatedly alternates
between flexion and extension while the forearm supinates and pronates (Dunham et
al., 2015). As a result, Cercocebus atys engages in minimal overhead movements and
the movements of the forearm during foraging are not a far departure from those during
locomotion. In other words, the movements are repetitive and consistent. Cercocebus
atys shows a number of forelimb and shoulder adaptations for stability in terrestrial
locomotion and manual foraging not seen in other closely related taxa or other Taï
species, including a broad deltoid plane and proximally-extending supinator crest
(Fleagle and McGraw, 1999, 2002), and relatively greater projection of the greater
tuberosity superior to the humeral head (Dunham et al., 2015, 2016). Thus, it is not
surprising that this species has bone microstructural patterns related to these
stereotypical behaviors.
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In sum, the regional variation in remodeling in the Cercocebus atys humerus may
be a result of restricted, relatively invariant loads, which is the result of utilizing a stable,
terrestrial substrate and having a relatively narrow range of locomotor and positional
behaviors. That is, foraging for the primary food source, Sacoglottis, is a stereotypical
movement resulting in low load complexity in the Cercocebus atys humeral midshaft.
Age at Death
Another possible explanation for the results has to do with age and accumulated
load history. At a given time, the diaphysis may contain primary bone of varying ages
(Enlow, 1962b; Epker and Frost, 1965; Frost, 2001) and bone remodeling activity is
positively correlated with age (e.g., Robling and Stout, 2000). Young bone tissue may
contain very few secondary osteons (Maggiano et al., 2011) because remodeling
patterns do not simply reflect the loading parameters at death; rather they are the
results of accumulated load history over the individual’s lifetime. For patterns to emerge
there must be time for the effects of load history to accrue. Unfortunately the ages-atdeath of the individuals in the sample are unknown due to the opportunistic nature of
collecting wild specimens. It is certain that all individuals were skeletally mature prior to
death, as determined by epiphyseal fusion, but it is possible that these are very young
adults. If this is true then even if the femur and humerus are loaded in a very
stereotypical fashion in all species, loading patterns will not be revealed in the
distribution of osteons because the effects have not had time to accumulate. However,
this does not seem to be a likely explanation for the lack of remodeling patterns
because the osteon densities relative osteonal areas reported here are not lower than
those reported in other non-human primate samples (Schaffler and Burr, 1984; Paine
and Godfrey, 1997; McFarlin et al., 2008).
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Osteon Cross-sectional Area
Osteon cross-sectional area varies among quadrants of the femoral and humeral
midshafts of individuals, with the exception of the Cercocebus atys humerus. The nature
of the heterogeneity, however, is not consistent among individuals of each species. The
quadrant with the greatest On.Ar is not the same in different individuals. If osteon size is
closely tied to load history, this result implies that individuals of the same species are
consistently engaging in behaviors different enough to result in disparate load cases.
There are no behavioral data to support this notion. While osteons of varying sizes may
be ideal for resisting crack propagation under different strain modes or magnitudes,
there is no known mechanism regulating osteon size in such a way. The present results
suggest that osteon size may not be a very reliable indicator of strain mode.
Additional Considerations
The thin sections examined here were prepared from the mid-diaphysis, which
may have high load complexity, rather than discrete tension and compression regions.
Other aspects of these bones, such as the proximal diaphysis or neck, may experience
different loading patterns. Human (Lovejoy et al., 2002) and chimpanzee (Skedros et
al., 2011) femoral necks have been modeled as cantilevered beams with clear opposing
compression and tension regions. Skedros (2012) suggested that the horse radius can
be modeled as “a curved beam with longitudinal loading” and that curvature heightens
bending effects. The same could be true of the femoral diaphysis, but the degree of
curvature would have to be very large to significantly amplify bending effects.
Analyses of secondary bone distribution in bones for which the loading
environment has been better characterized may shed light on the results presented
here. Demes et al. (2001) demonstrated via in vivo strain gage analyses that the
87

macaque tibia is loaded in bending in an anterolateral–posteromedial plane, with the
anterior and part of the medial cortex in tension, and the posterior and part of the lateral
cortex in compression. In vivo analyses of the macaque ulna (Demes et al., 1998)
demonstrated mediolateral bending with some torsion. The medial cortex was
characterized by compressive strain, and the lateral, tensile strain. The macaque tibia
and, to a lesser extent, ulna are thus likely to have low load-complexity because they
have discrete tension and compression regions due to bending, and Skedros (2012)
even placed the macaque ulna into a low-intermediate category in terms of loadcomplexity. The tibia may be considered to have lower load-complexity since torsion is
minimal. If bone remodeling is tied to strain mode, patterns may be more likely to be
present in these bones, especially the tibia, than in the femur or humerus. The
presence of such patterns would support a relationship between strain mode and bone
remodeling activity, and support the interpretations of load complexity in the Taï monkey
sample.
Conclusion
There are no clear patterns in the distribution of secondary osteons, in terms of
density or cross-sectional area, in the femoral and humeral midshafts of the
cercopithecid monkeys examined. The one exception was the humerus of Cercocebus
atys. The lack of regional variation in secondary osteon distribution may reflect a
complex strain environment in which there are no clear tension and compression
regions because of the variable behaviors of these taxa, and/or predominant torsion due
to the curvature of the femoral midshaft, which results in evenly distributed shear across
the femoral cross-section. Cercocebus atys may have a less variable range of
locomotor and positional behaviors in addition to adhering to a more stable substrate.
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These factors may be responsible for the patterns in secondary osteon density and
relative osteonal area in this species. Future studies will compare secondary remodeling
in more proximal regions of the femur, and also in other bones, such as the tibia, which
have lower load-complexity and for which in vivo strain distributions are known, in hopes
that such analyses will shed light on the interpretation of these results in particular and
the mechanical role of secondary bone in general.
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Table 5-1. Results of the Shapiro-Wilk normality tests for each variable within femoral
and humeral midshafts of each species. OPD = osteon population density,
On.Ar = osteon cross-sectional area, %HAV = relative osteonal area.
Bone
Femur

Humerus

Species
Colobus polykomos
Piliocolobus badius
Cercocebus atys
Cercopithecus diana

OPD
P = 0.062
P = 0.004*
P = 0.002*
P < 0.001*

On.Ar
P < 0.001*
P < 0.001*
P < 0.001*
P < 0.001*

%HAV
P < 0.001*
P = 0.004*
P = 0.011*
P < 0.001*

Colobus polykomos
Piliocolobus badius
Cercocebus atys
Cercopithecus diana

P = 0.377
P = 0.086
P = 0.290
P = 0.461

P < 0.001*
P < 0.001*
P < 0.001*
P < 0.001*

P = 0.476
P = 0.141
P = 0.289
P = 0.431

*Indicates significant result (i.e., data violate assumptions of normality). Non-normal
data were z-rank transformed.
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Table 5-2. Summary of osteon population density (OPD), osteon cross-sectional area in
mm2 (On.Ar), and relative osteonal area (%HAV) data for each region of the
femur for each species sampled.
Mean

OPD
S.D.

Anterior

4.57

3.011

Posterior

6.90

1.367

Medial

6.06

5.234

Lateral

4.72

2.359

Anterior

5.38

6.718

Posterior

6.14

3.838

Medial

5.28

6.998

Lateral

3.85

3.700

Anterior

1.99

2.540

Posterior

4.58

3.277

Medial

2.57

3.848

Lateral

1.60

1.524

Anterior

1.29

2.373

Posterior

4.68

3.862

Medial

1.59

2.056

Lateral

2.79

5.369

Species

Region

Colobus
polykomos

Piliocolobus
badius

Cercocebus
atys

Cercopithecus
diana

Range
0.000
–
7.593
5.128
–
8.399
1.041
–
14.678
0.599
–
6.167
0.244
–
13.100
2.957
–
11.083
0.200
–
14.693
0.278
–
8.903
0.000
–
6.364
1.735
–
10.147
0.000
–
9.158
0.135
–
3.947
0.000
–
5.509
1.729
–
11.478
0.000
–
4.993
0.000
–
12.379
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On.Ar (mm2)
Mean S.D. Range
0.004
0.017 0.009
–
0.054
0.003
0.019 0.012
–
0.081
0.004
0.018 0.011
–
0.077
0.004
0.020 0.011
–
0.059
0.003
0.018 0.012
–
0.081
0.004
0.020 0.012
–
0.091
0.004
0.016 0.012
–
0.077
0.004
0.020 0.013
–
0.068
0.005
0.019 0.010
–
0.069
0.003
0.019 0.012
–
0.087
0.004
0.014 0.012
–
0.100
0.006
0.019 0.012
–
0.056
0.006
0.020 0.011
–
0.048
0.004
0.021 0.015
–
0.108
0.004
0.021 0.013
–
0.075
0.006
0.020 0.010
–
0.059

Mean

%HAV
S.D.
Range

7.43

4.516

0.000 –
11.665

13.04

2.480

10.126
–
16.296

12.67

15.274

1.145 –
38.849

8.97

4.544

1.438 –
13.468

9.53

12.083

0.299 –
22.975

12.65

8.183

4.632 –
21.932

8.52

11.750

0.269 –
25.562

7.44

6.877

0.576 –
17.586

3.54

5.165

0.000 –
12.611

8.90

5.571

4.910 –
18.617

3.93

5.167

0.000 –
12.700

4.17

4.746

1.349 –
9.516

2.57

3.856

0.000 –
8.969

8.83

4.530

4.816 –
16.377

3.06

3.556

0.000 –
8.389

5.59

10.184

0.000 –
23.751

Table 5-3. Summary of osteon population density (OPD), osteon cross-sectional area in
mm2 (On.Ar), and relative osteonal area (%HAV) data for each region of the
humerus for each species sampled
Mean

OPD
S.D.

Anterior

9.61

3.067

Posterior

6.36

6.126

Medial

7.11

6.577

Lateral

9.16

3.680

Anterior

6.53

1.930

Posterior

4.81

2.622

Medial

5.23

6.868

Lateral

7.49

2.553

Anterior

7.42

3.405

Posterior

4.22

2.968

Medial

1.73

1.932

Lateral

11.73

3.479

Anterior

7.91

4.500

Posterior

6.14

4.706

Medial

3.93

1.863

Lateral

10.22

5.067

Species

Region

Colobus
polykomos

Piliocolobus
badius

Cercocebus
atys

Cercopithecus
diana

Range
6.624
–
13.847
0.832
–
13.686
0.445
–
16.025
5.459
–
14.822
4.147
–
9.485
0.847
–
8.068
0.114
–
16.980
5.497
–
11.338
3.346
–
11.176
0.193
–
7.153
0.193
–
4.958
7.683
–
17.168
0.307
–
12.182
0.443
–
12.058
1.451
–
6.165
4.936
–
18.435
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On.Ar (mm2)
Mean S.D.
Range
0.004
0.017 0.009
–
0.067
0.003
0.016 0.011
–
0.082
0.004
0.017 0.009
–
0.064
0.002
0.016 0.009
–
0.100
0.021

0.015

0.022

0.016

0.022

0.013

0.025

0.016

0.022

0.012

0.025

0.014

0.022

0.011

0.022

0.013

0.021

0.011

0.023

0.013

0.026

0.017

0.021

0.013

0.004–
0.096
0.002
–
0.129
0.005
–
0.071
0.005 0.109
0.004
–
0.138
0.005
–
0.094
0.007
–
0.060
0.004
–
0.085
0.004
–
0.073
0.004
–
0.079
0.003
–
0.114
0.005
–
0.092

Mean
15.93

9.67

13.87

14.26

14.05

10.41

8.28

19.12

17.94

10.40

3.97

25.49

16.38

13.00

10.06

20.10

%HAV
S.D.
Range
8.364
6.414
–
23.357
1.481
8.404
–
19.289
0.913
12.723
–
27.597
6.662
5.208
–
19.823
7.044
7.414
–
23.233
1.377
5.902
–
16.679
0.080
6.627
–
16.541
11.160
10.312
–
37.043
7.010
10.767
–
31.774
0.413
6.736
–
17.778
0.164
3.920
–
9.783
20.866
5.232
–
34.277
0.583
9.490
–
25.858
0.561
7.719
–
19.721
6.264
4.638
–
17.485
12.037
5.913
–
26.489

Table 5-4. Results of the resampled ANOVAs testing for differences in osteon
population density (OPD) and relative osteonal area (%HAV) between
quadrants of the femur and humerus in each species. Both OPD and %HAV
are significant for the Cercocebus atys humerus.
Species
Colobus polykomos
Piliocolobus badius
Cercocebus atys
Cercopithecus diana

Femur
OPD
P = 0.657
P = 0.863
P = 0.246
P = 0.318

%HAV
P = 0.306
P = 0.734
P = 0.351
P = 0.183

Humerus
OPD
P = 0.687
P = 0.728
P = 0.001*
P = 0.157

%HAV
P = 0.702
P = 0.162
P = 0.002*
P = 0.181

*Indicates significant P-value

Table 5-5. Results of the nested ANOVAs testing for differences in osteon crosssectional area (On.Ar) between quadrants of the femur and humerus within
each individual. On.Ar is significantly different between individuals of each
species and between quadrants within individuals, with the exception of the
Cercocebus atys humerus. The quadrants with the greatest and least On.Ar
were not consistent among taxa or even among individuals of the same
taxon.
Species
Colobus polykomos
Piliocolobus badius
Cercocebus atys
Cercopithecus diana

Quadrant
P < 0.001*
P < 0.001*
P < 0.001*
P = 0.012*

Femur On.Ar
Individual
P < 0.001*
P < 0.001*
P = 0.020*
P < 0.001*

*Indicates significant P-value
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Humerus On.Ar
Quadrant
Individual
P < 0.001*
P < 0.001*
P < 0.001*
P < 0.001*
P = 0.108
P < 0.001*
P < 0.001*
P < 0.001*

Figure 5-1. Schematic representation of long bone cross-section divided into the four
quadrants among which OPD, %HAV, and On.Ar data were compared.
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Figure 5-2. Osteon population density (OPD) in the four quadrants of Cercocebus atys
humeral midshaft. The medial quadrant had the lowest mean OPD and
%HAV while the lateral quadrant had the highest. The horizontal line inside
each box represents the median and the diamond represents the mean.
*Indicates significant P-value from resampled ANOVAs.
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Figure 5-3. Relative osteonal area (%HAV) in the four quadrants of Cercocebus atys
humeral midshaft. The medial quadrant had the lowest mean OPD and
%HAV while the lateral quadrant had the highest. The horizontal line inside
each box represents the median and the diamond represents the mean.
*Indicates significant P-value from resampled ANOVAs.
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Figure 5-4. Osteon cross-sectional area (On.Ar) in the four midshaft quadrants of the
femur in Cercocebus atys, Cercopithecus diana, Colobus polykomos, and
Piliocolobus badius. Differences in On.Ar between quadrants were significant
for all species, but the quadrants with highest and lowest mean On.Ar are not
consistent among the species. All data are non-normally distributed and were
thus z-rank transformed. The horizontal line inside each box represents the
median and the diamond represents the mean. *Indicates significant P-value
from nested ANOVAs.
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Figure 5-5. Osteon cross-sectional area (On.Ar) in the four midshaft quadrants of the
humerus in Cercocebus atys, Cercopithecus diana, Colobus polykomos, and
Piliocolobus badius. Differences in On.Ar between quadrants were significant
for all species, with the exception of Cercocebus atys, but, as was the case in
the femur, the quadrants with highest and lowest mean On.Ar are not
consistent among the species. Data for all species, except Colobus
polykomos, were non-normally distributed and were thus z-rank transformed.
*Indicates significant P-values from nested ANOVAs.
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CHAPTER 6
BONE REMODELING IN THE MACAQUE (Macaca fascicularis) SKELETON: THE
EFFECTS OF STRAIN MODE, MAGNITUDE, AND FREQUENCY
Introduction
Haversian bone remodeling is a process by which cortical bone is resorbed and
replaced via the coupled activity of osteoblasts and osteoclasts, resulting in the
formation of secondary osteons. This process allows bone to maintain structural
integrity throughout life by replacing microdamage resulting from mechanical
deformation (Burr et al., 1985; Burr, 1993; Mori and Burr, 1993; Burr, 2002; Martin et al.,
2015), and by preventing further damage. The latter function is a result of increased
bone toughness due to the lower mineral content of newly formed bone (Currey, 1959;
Reilly and Burstein, 1974; Reilly et al., 1974; Carter et al., 1976; Carter and Hayes,
1977b), making it more compliant (Martin et al., 2015), and the presence of osteon
cement lines which can serve as barriers to prevent crack propagation (Moyle and
Bowden, 1984; Gibson et al., 2006; Mohsin et al., 2006; Martin et al., 2015). Bone
remodeling also aids in mineral homeostasis by releasing calcium reserves (Enlow,
1962).
Strain is the amount of mechanical deformation, or the relative change in
dimension of a bone when a load is applied. Microdamage can occur when strain is of
great magnitude (Rubin and Lanyon, 1985; Mullender and Huiskes, 1995; Bouvier and
Hylander, 1996; Turner and Pavalko, 1998), or when it occurs repeatedly or cyclically
(i.e., fatigue damage) (Carter and Hayes, 1977a). Strain can also occur in different
modes: tension, compression, and shear. While each of these factors (strain magnitude,
frequency, and mode) are thought to contribute to microdamage accumulation to some
extent, and thus the activation of bone remodeling, the relative contributions of each are
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not entirely understood. This study is set up in two parts: the first part tests hypotheses
about strain magnitude and frequency by examining secondary bone in several bones
from the macaque skeleton, and the second tests hypotheses about strain mode by
analyzing secondary bone in different regions within the macaque femur and tibia.
Strain Magnitude and Frequency
Lad et al. (2016) found that colobines, which have relatively high mastication
frequencies, have greater Haversian remodeling than cercopithecines in the postcanine
mandible, even though one species, the sooty mangabey (Cercocebus atys), engages
in powerful (high force magnitude) bites while consuming the very hard seed Sacoglottis
gabonensis. The authors hypothesized that strain frequency may have a stronger
mechanical signal than strain magnitude for activating remodeling. Chapter four of this
dissertation presented conflicting evidence about load magnitude and load frequency in
the femur and humerus of cercopithecid primates. The femur of leaping species was
found to have more secondary bone than in species that leap less, suggesting that high
propulsive forces engender more remodeling. However, in all species there was more
secondary bone in the humerus than the femur, despite the hindlimbs routinely
experiencing greater peak loads than the forelimbs. This was attributed to the more
varied use of the forelimbs, suggesting that load frequency, if load magnitude is low, is
an important factor for activating remodeling.
Here, hypotheses about load magnitude and frequency are tested by comparing
the amount of secondary bone in the cortices of different bones in the macaque
skeleton: femur, tibia, fibula, and rib. The femur and tibia are weight-bearing bones and
thus endure higher gravitational loads and impact forces than either the fibula or rib.
The fibula bears a fraction of the axial loads applied to the femur and tibia (Lambert,
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1971; Goh et al., 1992; Wang et al., 1996) but is loaded with the same frequency as
those bones, with each step taken. The ribs are not weight-bearing and do not
experience impact loads. Strain amplitudes in the ribs (Cagle, 2011) do not even
approach peak strains in the limbs, but they are loaded cyclically with breathing at a rate
of 33 times per minute in macaques (Crosfill and Widdicombe, 1961), which is
continuous throughout life. Loading of the ribs is thus high frequency and not particularly
high magnitude, compared to the limbs. Consequently, with regards to strain, the femur
and tibia are categorized as high magnitude bones, whereas the fibula and rib are low
magnitude. The rib is high frequency, whereas the others are low frequency. The tibia
and fibula are assumed to have the same strain frequency, but different strain
magnitudes. Both strain magnitude and strain frequency are expected to contribute to
microdamage formation, and thus bone remodeling is potentially linked to the interaction
of these variables, which can be summarized as strain rate (i.e., deformation over time,
or the change in strain that occurs in a given time) (O’Connor et al., 1982; Turner et al.,
1995; Mosley and Lanyon, 1998). However, the goal here is to illuminate the respective
contributions of load magnitude and frequency to remodeling activity. Three hypotheses
can be tested by comparing the relative amount of secondary bone in each of these four
bones.
Null Hypothesis 1. Neither strain magnitude nor strain frequency has an effect
on the amount of secondary bone in the macaque skeleton, but instead there is a
systemic rate of remodeling throughout the skeleton. If this hypothesis is true, then
there will be no differences in secondary bone among the femur, tibia, fibula, and rib.
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Alternative Hypothesis 1a. Haversian remodeling activity depends
predominantly on strain magnitude, rather than strain frequency. Under this hypothesis,
the femur and tibia are expected to have more secondary bone than the fibula or rib,
which have lower strain magnitude.
Alternative Hypothesis 1b. Haversian remodeling activity depends
predominantly on strain frequency, rather than strain magnitude. If this hypothesis holds
true, then the rib should have more secondary bone than all other bones because of its
high strain frequency, and the fibula and tibia should have fairly even amounts of
secondary bone, because although the tibia has greater strain magnitude, the two
bones are loaded with the same frequency.
Strain Mode
Cortical bone is known to have different mechanical properties, fracture
properties, and microdamage effects under different strain modes, especially in tension
versus compression (Burstein et al., 1972; Reilly and Burstein, 1975; Carter and Hayes,
1977a; Carter et al., 1981; Burr et al., 1998; Reilly and Currey, 1999, 2000; Hiller et al.,
2003). With regards to microdamage, bone in tension has a lower yield strength
compared to bone under compression (Burstein et al., 1976; Cezayirlioglu et al., 1985)
and fatigue life is shorter than that of bone under compression at the same load
magnitude (Caler and Carter, 1989; Pattin et al., 1996). Microdamage tends to
accumulate more rapidly in regions of tension but microcracks that form under
compression tend to be longer, are less often obstructed by osteon cement lines, and
cross lamellae, whereas cracks in tension are more likely to debond lamellae from each
other (Carter and Hayes, 1977a; Burr et al., 1998). Different rates of microdamage
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accumulation and microcrack growth may result in correspondingly different rates of
bone remodeling.
There is some evidence that the spatial distribution of secondary osteons in limb
bones corresponds to regional strain modes, with greater secondary osteon densities
found in regions of compression than tension (Skedros et al., 1994; Mason et al., 1995;
Skedros et al., 1997). Main (2007) and Skedros (2012) caution that such patterns will
only be found in bones with what the latter refers to as “low load complexity”. Low load
complexity equates to very stereotyped unidirectional bending with distinct, opposing
tension and compression cortices. In bones with high load complexity, loading is not as
predictable and usually involves multidirectional bending and/or torsion. If strain mode
were not consistent in a given region of bone, then there would be no cause for spatial
patterns in remodeling to occur. The bones examined in the above studies have low
load complexity, thus patterns in remodeling are apparent.
Chapter five of this dissertation quantified secondary bone in quadrants of
cercopithecid femora, finding no spatial differences in the amount of secondary bone.
This was attributed to high load complexity. The macaque femur is also expected to lack
regional differences in secondary bone, given that macaques are quadrupedal primates
like the cercopithecid primates examined in chapter five. The exact load case for the
primate femur is unknown given the difficulty of in vivo strain gage placement. However,
strain distribution is known for the macaque tibia. Demes et al. (2001) reported that the
macaque (Macaca mulatta) tibia is loaded in bending such that the anterior and part of
the medial cortex are under tension and the posterior and part of the lateral cortex are
under compression. Torsion is minimal. Thus, the tibia is considered to have low load
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complexity and may be more likely than the femur to exhibit regional differences in
remodeling.
Null Hypothesis 2. Strain mode has no effect on remodeling activity in the
macaque skeleton. Under the null hypothesis, quadrants of both femoral and tibial
midshafts are expected to have no differences in amount of secondary bone.
Alternative Hypothesis 2. Bone remodeling is influenced by strain mode (i.e.,
tension versus compression) and spatial patterns in secondary bone distribution
correspond to strain distributions in bones with low load complexity. The tibia has lower
load complexity than the femur because it has distinct regions of compression and
tension, whereas the femur has high load complexity. Thus, quadrants within the tibial
midshaft are expected to differ in amounts of secondary bone, and quadrants within the
femur are not. Regions of compression (i.e., posterior, and part of lateral, according to
Demes et al. [2001]) are expected to have the most secondary bone within the tibial
midshaft.
Methods
Sectioning Methods and Data Collection
The sample comprises the left femur, tibia, fibula, and one mid-level rib from
each of five female macaque (Macaca fascicularis) skeletons belonging to the primate
skeletal collection at The Ohio State University Department of Anthropology. Individuals
are known to be adults but exact age-at-death is unknown. Thick sections of bone were
cut from each bone at 50% the length of the whole bone for the femur, tibia, and fibula,
and from the middle third of each rib. Each thick section was embedded in epoxy resin
to protect it during cutting. The embedded sections were then cut to 100μm using a
Buehler Isomet low speed saw (Illinois Tool Works, Lake Bluff, IL) and diamond
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wafering blade. The thin sections were then polished on a Buehler MetaServ 250
grinder-polisher to remove debris and markings from the saw blade. The sections were
stained with a toluidine blue O solution to increase visibility of secondary osteon cement
lines, and dried under weight to prevent warping. Thin sections were mounted to
microscopy slides with a cover slip. Four equal quadrants (anterior, posterior, medial,
and lateral) were marked on the femur and tibia slides.
Each thin section was photographed under compound light microscopy at 100x
magnification. A series of overlapping photographs was taken to capture the entire thin
section cortex. The photographs for each section were compiled into one composite
image using PTGui Photo Stitching Software. A 1mm scale bar was also photographed
and used to set the scale for size measurements.
The composite images were analyzed using ImageJ (Abramoff et al., 2004). The
entire cortex was traced to measure total area, and each secondary osteon and
fragmentary osteon was counted and traced to measure area. For the femur and tibia
these measures were taken for each quadrant. Three variables were calculated from
these measurements: osteon population density (OPD), relative osteonal area (%HAV),
and osteon cross-sectional area (On.Ar). OPD is the total number of secondary osteons
and osteon fragments divided by total cortex area. %HAV is the total area of secondary
bone (area of all bone within the cement lines of secondary osteons and fragmentary
osteons) divided by the total bone area, multiplied by 100 and expressed as a
percentage. OPD and %HAV were also measured with respect to quadrant area for the
purposes of comparing tibial and femoral quadrants. On.Ar is the area of a complete
secondary osteon reported in mm2.

105

Statistical Analysis
Shapiro-Wilk tests for normality (Shapiro and Wilk, 1965) were performed on all
data and those that failed to meet assumptions of normality were z-rank transformed
using R package GenABEL. Analyses of variance (ANOVAs) were performed with OPD,
%HAV, and On.Ar as dependent variables and bone as the independent variable to test
for differences in means among femora, tibiae, fibulae, and rib. Post-hoc pairwise t-tests
were performed to determine which bones differed from each other. To test for
differences among quadrants of the femur and tibia, ANOVAs were performed for OPD
and %HAV with quadrant as the dependent variable. Nested ANOVAs were performed
with On.Ar for each quadrant as the dependent variables and quadrant nested within
specimen as the independent variables. Post-hoc pairwise t-tests were performed for
OPD in the tibia.
Results
Among Bone Comparisons
OPD and %HAV data for all bones are presented in Table 6-1, and On.Ar means
for all bones are in Table 6-2. OPD and On.Ar failed the Shapiro-Wilk tests (Table 6-3)
and were z-rank transformed to normal distributions. The ANOVAs for all bones
returned significant results for OPD (P = 0.010) and On.Ar (P < 0.001), but not for
%HAV (P = 0.101). Post-hoc pairwise t-tests revealed that for OPD (Table 6-4) the
femur is significantly different from the rib and tibia, and the tibia and rib are significantly
different from each other. Fibula-rib, and tibia-fibula comparisons were not significant.
The femur has the lowest mean OPD, followed by the tibia, fibula, and then rib (Figure
6-1). Pairwise t-test results for On.Ar (Table 6-5) showed that the femur is significantly
different from all other bones and that the rib is significantly different from all other
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bones. The order of mean On.Ar from smallest to greatest is rib, femur, fibula, and tibia
(Figure 6-2). The lowest On.Ar is the same in all bones: 0.004mm2. However, the
laregest On.Ar is 0.129mm2 in the femur, 0.122mm2 in the tibia, 0.075mm2 in the fibula,
and 0.059mm2 in the rib.
Femur and Tibia Quadrants
A summary of OPD and %HAV data for quadrants of the femur and tibia are
provided in Table 6-6. Femoral OPD and tibial OPD and %HAV failed the Shapiro-Wilk
tests (Table 6-3) and were z-rank transformed to normal distributions. On.Ar data
summary is presented in Table 6-7. The ANOVAs (Table 6-8) revealed that OPD (P =
0.448) and %HAV (P = 0.544) do not differ among quadrants within the femur (Figures
6-4 and 6-5), but that there are significant differences among quadrants in the tibia (P =
0.004 and P = 0.007, respectively). Pairwise t-tests (Table 6-9) showed that in the tibia
the posterior quadrant is significantly different from all other quadrants in both OPD and
%HAV. The other quadrants do not differ from each other. The posterior quadrant has
the greatest OPD (Figure 6-6) and %HAV (Figure 6-7) in the tibia. The lateral quadrant
has greater mean OPD and %HAV than in the anterior and medial quadrants but the
difference is not statistically significant.
On.Ar in the tibia and femur failed the Shapiro-Wilk tests for normality (Table 6-3)
and were z-rank transformed. The nested ANOVAs for On.Ar returned significant results
for quadrants within specimen but not among specimens in the femur, and significant
results for both quadrants within specimen and among specimens in the tibia (Table 610). This means that quadrants within each specimen differ from each other in both
femur and tibia, but that tibia specimens also differ from each other. However, the order
of quadrants from least to greatest On.Ar in each specimen is different in both femur
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and tibia (Figures 6-6 and 6-7). Thus, there is no consistent pattern of secondary osteon
distribution in regards to cross-sectional area, in either bone.
Discussion
Strain Magnitude and Frequency
Null Hypothesis 1, that strain magnitude and frequency do not affect bone
remodeling, can be rejected because there were differences in the amount of secondary
bone among the femur, tibia, rib, and fibula. This result suggests that the load case of
these bones may have some effect on remodeling activity. Alternative Hypothesis 1a,
which stated that strain magnitude is predominantly responsible for remodeling activity,
can also be rejected because the two weight-bearing bones (femur and tibia) did not
have more secondary bone than the non-weight-bearing fibula and rib. Rather, the
opposite was found: the rib, which has the greatest loading frequency, but does not
bear body weight or impact forces, has more secondary bone than either the tibia or the
femur. The fibula does not differ significantly in OPD from the tibia, to which it has equal
loading frequency but endures only a fraction of the gravitational forces experienced by
the tibia. The relatively high OPD in the rib and fibula provides strong support for
Alternative Hypothesis 1b: remodeling activity depends predominantly on strain
frequency, rather than strain magnitude.
The greater OPD in the fibula than the femur is surprising if loading frequency is
equal, yet axial loads are greater in the tibia. However, gravitational forces are not the
only stimulus for bone adaptation; muscular activity can also cause significant bone
deformation (Robling, 2009). It is possible that while the fibula does not experience the
same gravitational loading that the tibia does, it might experience high strains due to
soft tissue actions, and this would explain the relatively high OPD.
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The finding that mean On.Ar and maximum On.Ar were lower in the rib than all
other bones may be a result of the much narrower cortex in the rib than other bones.
Resorption space dimensions are limited by cortical thickness, because resorption
space diameters near to cortical thickness jeopardize the structural integrity of the bone
(Currey and Shahar, 2013). The fact that osteons do not get nearly as big as they do in
other bones, and that the size range is consistently narrow, suggests this biomechanical
constraint occurs in ribs.
Strain Mode
Osteon population density and relative osteonal area
Null Hypothesis 2, that strain mode does not affect bone remodeling within
quadrants of long bone midshafts, can be rejected because quadrants within the tibial
midshaft differed in OPD and %HAV. This result, combined with the lack of significant
differences in the femoral midshaft, support Alternative Hypothesis 2. These results
were expected because the midshaft of the tibia has low load complexity, as defined by
Skedros (2012), compared to the femoral midshaft because it has distinct and
consistent regions of tension and compression. If strain mode affects bone remodeling,
patterns in secondary bone distribution are only expected to emerge if patterns of strain
are consistent. In Chapter five the lack of differences in secondary bone within
quadrants of the femur was attributed to high load complexity, and bones known to have
lower load complexity were predicted to have regional differences. Here, that
interpretation is supported. There is a differential remodeling response dependent on
strain mode, but the loading of the femoral midshaft is too complex for patterns in
remodeling to be detected.
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The greater OPD and %HAV in the posterior quadrant of the tibia is consistent
with prediction based on strain distributions in the macaque tibia (i.e., compression in
the posterior and part of the lateral cortex) (Demes et al., 2001). Demes et al. (2001)
also reported that part of the lateral aspect of the tibia was included in the compression
region. The results here do not show significant differences between the lateral
quadrant and the medial or anterior quadrants but mean OPD and %HAV are greater in
the lateral quadrant. The lack of significant differences may be due to the fact that the
entire lateral cortex is not part of the compression region. Most of the osteons in the
lateral quadrant are located in the posterior portion, but this is also true of the osteons in
the medial quadrant.
These results are also consistent with previous analyses of secondary bone
distribution in long bones that found greater secondary osteon densities in regions of
compression (Mason et al., 1995; Skedros et al., 1997), which was attributed to higher
strains in compression regions (Su et al., 1999). Although bone is weaker under tension
(Caler and Carter, 1989; Pattin et al., 1996; Burr et al., 1998), compressive strains tend
to be higher in long bones loaded in bending because axial loading causes additional
compression across the cortex (see 2 in Lieberman et al. [2004]). However, Demes et
al. (2001) found that in the macaque tibia compressive strains were not consistently
higher than tensile strains across individuals and gaits, which suggests that factors
other than strain magnitude are the cause for more remodeling.
There may be more secondary bone in regions of compression because of the
way microdamage spreads. Microdamage caused by compression often occurs in the
form of longer cracks that obliquely split lamellae and tends to spread easily, compared
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to microdamage caused by tension, which is usually less extensive and tends to debond
cement lines and lamellae, rather than split them (Carter and Hayes, 1977a; Burr et al.,
1998). Cracks are less likely to propagate though osteonal bone compared to interstitial
bone because osteon cement lines act as barriers to crack propagation (O'Brien et al.,
2005; Gibson et al., 2006; Mohsin et al., 2006; Mullins et al., 2009). However, explaining
the higher OPD in regions of compression as an adaptation for preventing the spread of
microcracks should be done with caution. While the prevention of crack propagation
may be a function of secondary osteons, the benefit is plausibly a side effect of osteons
forming for another reason. If microdamage is more extensive under compression, in
terms of crack length and propensity to spread, then cracks in these areas might
interrupt more osteocytes and osteocyte canaliculi. This in turn may result in more
signaling for remodeling activation. Testing this hypothesis versus the hypothesis that
osteons are adaptations for barring crack propagation would require knowing the
proportion of osteons that form as a direct response to microdamage versus osteons
that form in accidental association with microcracks. This information might not be
attainable but Martin (2002) proposed that practically all basic multicellular units (BMUs)
target microdamage, even if they originate several millimeters away from the targeted
microcrack, suggesting that the crack barrier function is likely a side effect.
Osteon Cross-Sectional Area
The results for On.Ar resemble those of Chapter five in that there is regional
variation in osteon size within individuals, but no consistent pattern across individuals in
terms of which quadrants have the largest and smallest osteons. This suggests that
either On.Ar is directly tied to strain mode and that typical locomotor behavior varies
wildly across individuals, resulting in different strain distributions, or that On.Ar is not
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closely related to strain mode. The latter seems more likely given osteon density results
and what is known about primate behavior. Osteon size may only be limited by cortex
width, given the smaller cross-sectional areas in the rib compared to other bones.
Conclusion
Bone remodeling in the macaque skeleton appears to depend more on the
frequency of mechanical loading, rather than the magnitude. The rib has more
secondary bone than bones for which load frequency is lower, even among weightbearing bones. There is also evidence that remodeling is tied to regional differences in
strain mode in bones with low load complexity, and that more remodeling occurs in
regions under compression than tension. Exact reasons for this disparity are unknown,
but it seems likely that longer cracks and greater crack propagation interrupt more
osteocyte lacunae in compression regions, causing greater remodeling activation
frequency. No evidence was found for a relationship between osteon size and strain
magnitude, frequency, or mode. Osteon size may only be limited by the width of the
bone cortex, so as not to introduce deleterious effects.
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Table 6-1. Osteon population density (OPD) and relative osteonal area (%HAV) in
midshaft thin sections of macaque (Macaca fascicularis) long bones.
Bone
Femur

Tibia

Fibula

Rib

Specimen
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36

OPD
5.59
3.86
8.29
3.70
5.56
7.33
4.64
13.49
6.00
9.07
9.59
6.42
25.49
3.87
18.64
15.78
15.12
20.09
16.25
19.69

%HAV
11.66
8.71
17.26
7.62
11.89
12.31
10.38
31.88
13.50
23.16
18.28
14.89
51.06
6.55
43.21
28.78
25.33
26.05
23.10
36.79

Table 6-2. Osteon cross-sectional area (On.Ar) in midshaft thin sections of macaque
(Macaca fascicularis) long bones.
Bone
Femur

Tibia

Fibula

Rib

Specimen
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36

Mean On.Ar
0.021
0.023
0.022
0.021
0.022
0.018
0.023
0.025
0.023
0.027
0.02
0.024
0.023
0.019
0.025
0.019
0.018
0.014
0.014
0.019
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SD
0.0117
0.0128
0.0125
0.0118
0.0133
0.0092
0.015
0.0119
0.0153
0.0169
0.0118
0.0154
0.0124
0.0118
0.0148
0.0115
0.007
0.0068
0.0074
0.0096

Table 6-3. Shapiro-Wilk normality test results for all data.
Sample
all bones

femur quadrants

tibia quadrants

Variable
OPD
%HAV
On.Ar
OPD
%HAV
On.Ar
OPD
%HAV
On.Ar

P-value
0.033*
0.068
<0.001*
0.144
0.291
<0.001*
0.022*
0.038*
<0.001*

Result
failed
passed
failed
passed
passed
failed
failed
failed
failed

Table 6-4. Pairwise t-test p-values for osteon population density (OPD) in the femur,
tibia, fibula, and rib. OPD is significantly lower in the femur than in the fibula
and rib, but not significantly different from the tibia. The tibia is significantly
lower than the rib, but not different from the fibula. The fibula and rib are not
significantly different.
Fibula
Rib
Tibia

Femur
0.018*
0.002*
0.156

Fibula
0.269
0.265

Rib
0.035*

Table 6-5. Pairwise t-test p-values for osteon cross-sectional area (On.Ar) in the femur,
tibia, fibula, and rib. On.Ar is significantly lower in the rib than in all other
bones. The tibia and fibula do not differ from each other but both have
significantly greater On.Ar than the femur.
Fibula
Rib
Tibia

Femur
0.0292*
<0.001*
0.003*

Fibula
<0.001*
0.880
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Rib
<0.001*

Table 6-6. Osteon population density (OPD) and relative osteonal area (%HAV) in
quadrants of macaque (Macaca fascicularis) femoral and tibial midshaft thin sections.
Bone
Femur

Quadrant
Anterior

Lateral

Medial

Posterior

Tibia

Anterior

Lateral

Medial

Posterior

Specimen
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
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OPD
8.49
5.01
9.88
2.39
8.55
2.24
3.50
8.20
5.13
3.00
8.05
3.35
7.79
1.96
6.24
3.03
3.69
7.11
5.47
4.62
3.73
1.83
8.44
0.90
3.68
3.60
4.38
14.85
2.24
10.64
3.86
0.00
7.58
1.89
3.50
16.59
10.06
21.71
14.81
16.43

%HAV
15.74
11.25
18.95
5.19
17.88
5.64
7.34
19.17
7.95
6.04
14.96
7.44
16.48
4.39
12.53
9.40
8.95
14.22
13.23
10.98
4.20
2.77
21.11
1.14
11.94
5.74
8.98
35.63
4.22
24.80
6.97
0.00
18.46
3.81
9.57
29.94
24.46
49.44
34.79
40.62

Table 6-7. Osteon cross-sectional area (On.Ar) in quadrants of macaque (Macaca
fascicularis) femoral and tibial midshaft thin sections.
Bone
Femur

Quadrant
Anterior

Lateral

Medial

Posterior

Tibia

Anterior

Lateral

Medial

Posterior

Specimen
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
29
31
32
I30
I36
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Mean On.Ar
0.019
0.024
0.019
0.022
0.021
0.026
0.02
0.025
0.015
0.022
0.018
0.022
0.022
0.022
0.021
0.031
0.025
0.02
0.025
0.023
0.011
0.015
0.025
0.013
0.037
0.017
0.02
0.026
0.019
0.025
0.019
N/A
0.024
0.02
0.028
0.019
0.026
0.024
0.025
0.025

SD
0.0111
0.0141
0.0108
0.0081
0.01
0.0132
0.0098
0.0153
0.0079
0.0106
0.0085
0.0135
0.012
0.0105
0.0089
0.0151
0.0136
0.0105
0.0145
0.02
0.0056
0.0045
0.0127
0.0052
0.0277
0.0074
0.0127
0.0148
0.0064
0.0163
0.012
N/A
0.0115
0.0086
0.01
0.0092
0.0165
0.01
0.0164
0.0145

Table 6-8. ANOVA results for osteon population density (OPD) and relative osteonal
area (%HAV) in femur and tibia quadrants. Quadrants are significantly
different in the tibia, but not in the femur.
Variable

Bone

OPD

Femur

Degrees of
Freedom

Sum of
Squares

Mean
Square

F value

p-value

Region
Residuals

3
16

17.5
100.1

5.834
6.254

0.933

0.448

Region
Residuals

3
16

10.473
8.298

3.491
0.519

6.732

0.004*

Region
Residuals

3
16

52.7
380.4

17.58
23.77

0.739

0.544

Region
Residuals

3
16

9.860
8.911

3.287
0.557

5.901

0.007*

Tibia

%HAV

Femur

Tibia

Table 6-9. Pairwise t-test p-values for osteon population density (OPD) and relative
osteonal area (%HAV) in quadrants of the tibia. OPD and %HAV are
significantly greater in the posterior quadrant than in any other quadrant. The
anterior, lateral, and medial quadrants do not differ.
Variable
OPD

%HAV

Lateral
Medial
Posterior
Lateral
Medial
Posterior

Anterior
0.184
0.800
0.002*
0.161
0.959
0.002*

Lateral
0.119
0.031*
0.147
0.049*

Medial
0.001*
0.002*

Table 6-10. Nested ANOVA results for femoral and tibial Osteon cross-sectional area
(On.Ar). Specimen:Quad has only 14 degrees of freedom because the medial
quadrant of specimen 31 has no secondary osteons, and thus no On.Ar data.
Bone

Degrees of
Freedom

Sum of
Squares

Mean
Square

F value

p-value

4
15
742

2.5
36.5
714.8

0.629
2.431
0.963

0.653
2.524

0.625
0.001*

4
14
778

47.9
36.5
704.8

11.965
2.608
0.906

13.207
2.879

<0.001*
<0.001*

Femur
Specimen
Specimen:Quadrant
Residuals
Tibia
Specimen
Specimen:Quadrant
Residuals
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-1

0

1

p=0.010*

-2

z-rank transformed OPD

2

OPD in Macaque Bones

Femur

Fibula

Rib

Tibia

Bone
Figure 6-1. Boxplot of osteon population density (OPD) in macaque femora, tibiae, ribs,
and fibulae. OPD is significantly different among the bones (see Table 6-4 for
pairwise comparisons). OPD is z-rank transformed. The bottom and top of the
boxes indicate the interquartile range, the horizontal bar is the median, the
diamond is the mean, and the whiskers represent minimum and maximum
data points. *Indicates significant ANOVA result.
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On.Ar in Macaque Bones

0
-2

-1

On.Ar

1

2

3

p<0.001*

Femur

Fibula

Rib

Tibia

Bone
Figure 6-2. Boxplot of osteon cross-sectional area (On.Ar) in macaque femora, tibiae,
ribs, and fibulae. On.Ar is significantly different among the bones (see Table
6-8 for pairwise comparisons). The bottom and top of the boxes indicate the
interquartile range, the horizontal bar is the median, the diamond is the mean,
and the whiskers represent minimum and maximum data points. *Indicates
significant ANOVA result.
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50

%HAV in Macaque Bones

30
10

20

%HAV

40

p=0.101

Femur

Fibula

Rib

Tibia

Bone
Figure 6-3. Boxplot of relative osteonal area (%HAV) in macaque femora, tibiae, ribs,
and fibulae. %HAV is not significantly different among the bones, although
pairwise comparisons returned significant results for femur-rib and femurfibula comparisons (see Table 6-7). The bottom and top of the boxes indicate
the interquartile range, the horizontal bar is the median, the diamond is the
mean, and the whiskers represent minimum and maximum data points.
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p=0.448

Medial
Lateral
Anterior
Posterior

6
2

4

OPD

8

10

OPD in Femur Quadrants

Medial

Lateral

Anterior

Posterior

Quadrant
Figure 6-4. Boxplot of osteon population density (OPD) in femoral midshaft quadrants.
OPD is not significantly different among the quadrants. The bottom and top of
the boxes indicate the interquartile range, the horizontal bar is the median,
the diamond is the mean, and the whiskers represent minimum and maximum
data points.
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Medial
Lateral
Anterior
Posterior

p=0.544

10
0

5

%HAV

15

20

%HAV in Femur Quadrants

Medial

Lateral

Anterior

Posterior

Quadrant
Figure 6-5. Boxplot of relative osteonal area (%HAV) in femoral midshaft quadrants.
%HAV is not significantly different among the quadrants. The bottom and top
of the boxes indicate the interquartile range, the horizontal bar is the median,
the diamond is the mean, and the whiskers represent minimum and maximum
data points.
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2

OPD in Tibia Quadrants

0

p=0.004*

-2

-1

z-ranked OPD

1

Medial
Lateral
Anterior
Posterior

Medial

Lateral

Anterior

Posterior

Quadrant
Figure 6-6. Boxplot of osteon population density (OPD) in tibial midshaft quadrants.
OPD is significantly different among the quadrants. Pairwise t-tests revealed
that the posterior quadrant is significantly different from all other quadrants
(Table 6-10). The bottom and top of the boxes indicate the interquartile range,
the horizontal bar is the median, the diamond is the mean, and the whiskers
represent minimum and maximum data points. *Indicates significant ANOVA
result.

123

2

%HAV in Tibia Quadrants

0

p=0.007*

-2

-1

z-ranked %HAV

1

Medial
Lateral
Anterior
Posterior

Medial

Lateral

Anterior

Posterior

Quadrant
Figure 6-7. Boxplot of relative osteonal area (%HAV) in tibial midshaft quadrants. %HAV
is significantly different among the quadrants. Pairwise t-tests revealed that
the posterior quadrant is significantly different from all other quadrants (Table
6-10). The bottom and top of the boxes indicate the interquartile range, the
horizontal bar is the median, the diamond is the mean, and the whiskers
represent minimum and maximum data points. *Indicates significant ANOVA
result.
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-0.2

0.0

0.2

0.4

Medial
Lateral
Anterior
Posterior

-0.4

mean z-ranked On.Ar

0.6

Femur On.Ar Specimen-Quadrant Interaction

29

31

32

I30

I36

Specimen
Figure 6-6. Femoral mean z-ranked osteon cross-sectional area (On.Ar) interaction plot.
The plot depicts the interaction between factors ‘specimen’ and ‘quadrant’
from the nested ANOVA. Quadrants differ in On.Ar but the interaction plot
demonstrates that the ordering of quadrants with greatest to least On.Ar
depends on specimen. Thus, there is no clear pattern of On.Ar distribution in
macaque femora.
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Tibia On.Ar Specimen-Quadrant Interaction

0.0
-0.5
-1.0

mean z-ranked On.Ar

0.5

Anterior
Lateral
Medial
Posterior

29

31

32

I30

I36

Specimen
Figure 6-7. Tibial mean z-ranked osteon cross-sectional area (On.Ar) interaction plot.
The plot depicts the interaction between factors ‘specimen’ and ‘quadrant’
from the nested ANOVA. Quadrants differ in On.Ar but the interaction plot
demonstrates that the ordering of quadrants with greatest to least On.Ar
depends on specimen. Thus, like the femur, there is no consistent pattern of
On.Ar distribution in macaque tibiae. The medial region for specimen 29 is
represented by a light blue triangle because a lack of On.Ar data in the medial
quadrant of specimen 31 caused a discontinuity in the medial (light blue) line.
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CHAPTER 7
HAVERSIAN REMODELING IN WILD AND CAPTIVE SOOTY MANGABEYS
(Cercocebus atys)
A number of factors are thought to influence the amount of remodeling that
occurs in a bone. These include loading magnitude, loading frequency, and strain mode
(i.e., whether bone is loaded in tension, compression, or shear). All of these contribute
to the formation of microdamage, which stimulates the activation of remodeling.
Haversian remodeling is resorption and replacement of primary cortical bone by new
bone, as a way of repairing microdamage (Burr et al., 1985; Burr, 1993; Mori and Burr,
1993; Burr, 2002; Martin et al., 2015), preventing future damage (Moyle and Bowden,
1984; Gibson et al., 2006; Mohsin et al., 2006; Martin et al., 2015), and aiding mineral
homeostasis (Enlow, 1962). It results in the formation of secondary osteons, or
Haversian systems, which are cylindrical structures formed by concentric bone lamellae
surrounding a neurovascular canal. Measuring the density and area of secondary
osteons can be used to quantify how much remodeling has occurred in a given area of
bone.
Previous work suggested that loading frequency might have a stronger influence
on bone remodeling activity than previously appreciated. Lad et al. (2016) reported a
greater incidence of secondary bone in the postcanine mandible of colobine monkeys
than cercopithecine monkeys. The colobines have higher mastication frequencies than
the cercopithecines due to their highly folivorous diet. Even the sooty mangabey
(Cercocebus atys), which engages in powerful bites during removal of the hard casing
of the Sacoglottis gabonensis seed had a lower incidence of secondary bone than the
colobines. This finding implied that loading frequency might be an important regulating
factor of remodeling activity. Previous chapters of this dissertation also discussed this
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hypothesis. Chapter 4 reported that among cercopithecoids there is more secondary
bone in the humerus than in the femur, despite the fact that higher peak loads are found
in the hindlimbs compared to the forelimbs. The forelimbs, however, are used for a
wider variety of behaviors than the hindlimbs, which are mostly restricted to locomotion,
and may thus have greater loading frequency. Chapter 6 addressed the loading
frequency hypothesis more directly and found supporting evidence by demonstrating
that the macaque rib has more secondary bone than the femur or tibia. The femur and
tibia are weight-bearing bones with presumably greater applied loads than the rib, which
has a high loading frequency because it is loaded continuously with breathing.
Chapter 6 tested the loading frequency hypothesis in different bone within the
skeleton. Here this hypothesis is tested again, but between two populations of the same
species that have different activity levels. The amount of secondary bone in the femoral
midshaft is compared between captive and wild sooty mangabeys (Cercocebus atys).
The captive population is the low loading frequency group and the wild population is the
high loading frequency group. Because all individuals are adults of the same species,
loading magnitude is not expected to differ between them. The wild group is expected to
have more femoral secondary bone than the captive group if bone remodeling activity
depends on loading frequency.
In the wild C. atys spends much of its time on the forest floor foraging in the leaf
litter. The activity budget of the wild population is 10.3% traveling, 24.5% foraging,
18.5% resting, 7.9% social, and 38.8% feeding (McGraw, 2007). C. atys is a quadruped
that predominantly engages in terrestrial walking, with little climbing and leaping
compared to sympatric species. Captive primate populations are assumed to have
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lower activity levels than wild populations, especially for locomotor behaviors, because
they have smaller home ranges. Home range size is limited in captive animals because
travel-related activity is restricted by enclosure size and because foraging-related travel
is unnecessary since food is provisioned (Altmann and Muruthi, 1988). While the exact
activity-levels of the captive C. atys population examined here are unknown, it can be
assumed that this group follows the general trend among captive primates.
Methods
The sample comprised one femur each of nine adult sooty mangabeys
(Cercocebus atys). Five of the individuals were from a wild population from Taï Forest,
Côte d’Ivoire, and four were from a captive colony at Yerkes National Primate Research
Center. Histological thin sections were prepared from the femoral midshaft at 50% the
length of the whole bone. Small sections of the midshaft were cut and embedded in
epoxy resin, and then thin sections (100μm in thickness) were cut from the embedded
bone using a Buehler Isomet low speed saw (Illinois Tool Works, Lake Bluff, IL)
equipped with a diamond wafering blade. The thin sections were polished using a
Buehler MetaServ 250 grinder-polisher to remove markings and dust from the
sectioning process. Polished thin sections were stained with a Toluidine Blue O
solution, which enhances the visibility of osteon cement lines, and dried under weight to
prevent warping. The thin sections were mounted to microscopy slides with Cytoseal 60
and a cover slip.
The thin sections were photographed at 100x magnification under a compound
light microscope. Because the field of view does not include the entire thin section, a
series of photographs were taken for each specimen, and then stitched together using
PTGui Photo Stitching Software. A 1mm scale bar was photographed under the same
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settings to set the scale for the photographs. The stitched images were analyzed using
ImageJ (Abramoff et al., 2004). The entire bone cortex was measured to get total
cortical area. The number and sizes of secondary osteons, identifiable by the presence
of a cement line, were recorded. Size was measured as area, by tracing each
secondary osteon and measuring the area inside the circumference. The same was
done for fragmentary osteons, which are older secondary osteons over which new
remodeling has occurred. While some fragmentary osteons no long have their
Haversian canals, they are identifiable by their cement lines. Osteon population density
(OPD) was calculated as the total number of secondary osteons and fragmentary
osteons divided by total cortical area. Relative osteonal area (%HAV) was calculated as
the sum of the area of all secondary and fragmentary osteons divided by total cortical
area, expressed as a percentage.
Shapiro-Wilk normality tests were performed to assess whether data violated
distributional assumptions. Data that failed these tests were z-ranked transformed to a
normal distribution using the R package GenABEL. ANOVAs were performed for both
OPD and %HAV with origin (i.e., captive or wild) as the grouping variable.
Results
OPD and %HAV for wild and captive Cercocebus atys specimens are presented
in Table 7-1. A summary of the data is found in Table 7-2. Both wild and captive
populations have a wide range of variation, each with one individual with very high OPD
and %HAV (Figures 7-1 and 7-2), but with low median values. OPD failed the ShapiroWilk normality tests (P = 0.020) and was z-rank transformed. Results of the ANOVAs
were non-significant for OPD (P = 0.444) and %HAV (P = 0.358), thus there were no
differences between the two populations.
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Discussion
There are no differences in femoral secondary bone between wild and captive
populations of C. atys. Since wild primates have greater activity levels, especially
related to travel, this finding seems to suggest that the frequency of loading does not
affect bone remodeling. However, Chapter 6 presented convincing results that loading
frequency is a very important factor, given the ribs and the hindlimb bones. The most
likely explanation for the lack of differences between the wild and captive groups is that
the activity levels of the two groups are not as different as assumed. The disparity in
loading frequency between the ribs and the lower limb might be much greater than the
disparity between femora from these captive and wild populations.
There are some additional factors that should be acknowledged that could have
influenced the results. The first is that age is unknown for all individuals, and age could
be important if all of the captive individuals were older than the wild individuals. Bone
remodeling increases with advanced age (Kerley, 1965) so if all captive individuals lived
to advanced ages, then this could result in greater osteon densities than would be
expected if all individuals were roughly the same age. A number of primate species tend
to live longer in captivity than in the wild (Tidière et al., 2016), so it is possible that the
average age of the captive population was higher than that of the wild population.
Another factor is that the health status of the individuals in both populations is
unknown. Captive or semi-provisioned macaques and baboons are known to have
greater growth rates than wild primates because food is a limiting factor for wild
populations (Altmann and Alberts, 1987). Furthermore, obesity is common among
captive primates as a result of a high energy diet combined with little energy
expenditure (Schwitzer and Kaummanns, 2001) and Cercocebus atys, in particular, is
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prone to obesity in captivity (Leigh, 1994). Increased body weight results in higher levels
of leptin, which is known to directly affect osteoclast and osteoblast activity, resulting in
increased bone formation (Ducy et al., 2000; Reid et al., 2006; Hamrick and Ferrari,
2008). Furthermore, 30% of zoos studied by Kuhar et al. (2013) have at least one
diabetic primate and 51% of those diabetic primates are Old World monkeys. Many of
the individuals from Yerkes National Primate Research Center are diabetic (personal
communication with W. S. McGraw). In the wild, a large portion of the C. atys diet is
comprised of Sacoglottis gabonensis (McGraw et al., 2011), an oily seed used to treat
diabetes in humans (Schmelzer and Gurib-Fakim, 2008). One hypothesis (Eggers et al.,
2014) for the high prevalence of diabetes in captive C. atys is that they do not have
access to the Sacoglottis plant, which would otherwise prevent the disease. Diabetes
has been associated with decreased osteoblast activity and increased osteoclast
activity (Karsenty and Ferron, 2012; Wu et al., 2015). Thus, obesity (via increased
leptin) is associated with increased bone formation and diabetes (reduced insulin
receptors) is connected to increased resorption. The obesity and diabetes status of the
individuals in this sample are currently unknown, but those factors could have
influenced the results of this study.
It seems likely that the lack of differences in secondary bone density and area
between a wild and captive population are due to faulty assumptions about the
magnitude of differences in activity levels. Future research will ideally test hypotheses of
loading frequency in different populations in which differences in activity levels are
better defined, and in which factors such as age, body mass, and health status are
known. Such comparisons could be made using captive animals with more restrictive
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enclosures, and in species for which wild populations engage in more travel than
Cercocebus atys, to make for a more extreme comparison. Data are available for wild
Cercopithecus diana (see Chapter four of the dissertation), which is a much more active
species in the wild than Cercocebus atys, spending more than half of its energy budget
on travel and foraging (McGraw, 2007). A comparison of this more active species to a
captive population of conspecifics might be a better test of the loading frequency
hypothesis.

133

Table 7-1. Osteon population density (OPD) and relative osteonal area (%HAV) data for
wild and captive Cercocebus atys.
Status
Captive

Wild

Specimen
1
2
3
4
5
22-13
94-9
94-21
2023
2138

OPD
1.61
3.77
7.84
1.01
2.90
1.86
2.51
7.63
1.56
0.53

%HAV
4.35
8.45
17.73
2.13
9.48
3.20
4.21
13.59
2.85
1.44

Table 7-2. Summary of osteon population density (OPD) and relative osteonal area
(%HAV) in femoral midshafts of wild and captive Cercocebus atys.
Measure
OPD
%HAV

Status
Captive
Wild
Captive
Wild

Median
2.90
1.86
8.45
3.20
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Mean
3.43
2.82
8.43
5.07

SD
2.696
2.786
5.998
4.872

1

2

3

4

5

Captive

1

2

3

4

5

Wild

Figure 7-1. Osteon population density (OPD) in wild and captive Cercocebus atys
femoral midshafts. There is no significant difference between the two
populations (P = 0.444).
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Figure 7-2. Relative osteonal area (%HAV) in wild and captive Cercocebus atys femoral
midshafts. There is no significant difference between the two populations (P =
0.358).
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CHAPTER 8
THE ABSENCE OF SECONDARY OSTEONS IN AGED RATS
Introduction
Haversian remodeling is the resorption and replacement of primary intracortical
bone, resulting in the formation of secondary osteons (i.e., Haversian systems).
Secondary osteons are concentric bone lamellae surrounding a central Haversian canal
and are characterized by a cement line, which is a remnant from the reversal from the
resorption to formation phase of remodeling. Haversian remodeling serves several
functions: [1] aiding in mineral homeostasis by liberating calcium reserves in bone
(Enlow, 1962a); [2] replacing bone damaged via strain (Burr et al., 1985; Burr and
Martin, 1993; Mori and Burr, 1993; Burr, 2002; Martin et al., 2015); [3] toughening bone
via the formation of secondary osteons, which may increase bone compliance (Currey,
1959; Reilly and Burstein, 1974; Reilly et al., 1974; Carter and Hayes, 1976, 1977) and
provide barriers to crack propagation (Moyle and Bowden, 1984; Gibson et al., 2006;
Mohsin et al., 2006). Because of these latter two functions, Haversian remodeling is
thought to be one of the primary methods by which bone adapts to its mechanical
loading environment and is considered essential for maintaining bone structural
integrity. Despite serving these essential functions, Haversian remodeling does not
occur in all animals. Generally speaking, non-mammals do not exhibit secondary
osteons, although some birds, large reptiles, early amphibians, and dinosaurs have
evidence of Haversian remodeling (Currey, 2002). Original histological descriptions of
mammal bone (Foote, 1916; Enlow and Brown, 1958) indicate that secondary bone is
present in primates, artiodactyls, perissodactyls, carnivores, lagomorphs, xenarthrans,
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proboscideans, sirenians, and cetaceans but the orders Monotremata, Insectivora,
Chiroptera, Cingulata, and Rodentia generally lack Haversian remodeling.
While rodents are generally considered to lack intracortical Haversian
remodeling, whether they have the capacity to remodel is uncertain. The answer to this
question has been controversial and is of importance because it may have implications
for the utility of rodents as models for human skeletal biology and disease (Frost and
Jee, 1992; Shipov et al., 2013). Singh et al. (1974) reported “osteon-like structures” in
rats aged three months, but these do not appear to be secondary osteons because
there are no clear cement lines. More recently Chow et al. (1993) reported that
resorption and formation are not coupled in rat trabecular bone in a site-specific way,
meaning that while increased resorption and increased formation are linked, formation
does not necessarily follow resorption at the same site the way it does in Haversian
remodeling. Martiniaková et al. (2006) found no secondary osteons in rats, aged four to
six months. However, Baron et al. (1984) and Erben (1996) claimed that rats do
demonstrate coupled resorption and formation in trabecular bone as evidenced by
cement lines — suggesting formation of hemiosteons, which were more numerous in
older individuals.
A number of studies have demonstrated that trabecular bone remodeling (i.e.,
resorption followed by formation) can been initiated in rat limbs under extreme
conditions, such as in ovariectomied rats injected with prostaglandin E2 (Jee et al.,
1990; Jee et al., 1991). Bentolila et al. (1998) found that supraphysiological loading
results in intracortical remodeling as evidenced by the appearance of resorption spaces
after microdamage was induced but did not provide evidence of secondary osteons.
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Dietary calcium deprivation, however, does appear to induce the formation of
intracortical Haversian systems (Ruth, 1953). de Winter and Steendijk (1975) found
osteon-like structures in the femoral diaphysis of rats on a low calcium diet. These
structures differed in shape and the manner in which bone was deposited after
resorption, compared to Haversian systems, but are nevertheless not normally found in
rat cortical bone. This is evidence that rats may have the capacity for remodeling, even
if they do not utilize the process under typical physiological conditions. Furthermore, rat
limb bones do accrue microdamage under normal physiological loading (O'Brien et al.,
2005), so the stimulus for Haversian remodeling should at least theoretically be present.
If rats have the capacity for bone turnover, and the microdamage stimulus for
activating remodeling is present, then lack of conclusive evidence for intracortical
Haversian remodeling is perplexing. One explanation could be that the rats examined in
previous studies were too young for Haversian remodeling to occur. Rats examined in
previous studies were relatively young in age (usually 3-6 months, but 18 months at the
oldest). In humans Haversian remodeling activity increases with advanced age as
microdamage accumulates and bone mineral density decreases as a result of repeated
bouts of remodeling (Robling and Stout, 2000), and it may take time for patterns in
secondary bone to reflect habitual loading (Gocha and Agnew, 2016). It is unclear
whether rat bone density decreases with age outside of experimental conditions (Ruth,
1953; Jee et al., 1990; Jee et al., 1991; Kalu, 1991), but older rats have been subjected
to habitual mechanical loading over a longer period of time and may be more likely to
accumulate the microdamage that incites Haversian remodeling.
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The presence of Haversian remodeling is also uncertain in guinea pigs, which
have been studied far less than rats in the context of bone turnover. Foote (1916)
described guinea pig femoral bone as having “poorly developed Haversian systems”
and Enlow and Brown (1958) wrote that in guinea pig mandibular bone “limited areas
are found that contain longitudinal canals, most of which are in the form of indistinct,
poorly differentiated, secondary osteons”. Fiala (1978) found only a few “true osteons”
in the endochondral bone of the femur of “very old” guinea pigs, but it is unclear what is
meant by either “true osteons” or “very old”, as the ages are not given. The figures
provided in these works do not provide definitive evidence of secondary osteons (i.e.,
no cement lines) in guinea pig bone so it is difficult to understand what this means
exactly. Thus, it is unclear whether Haversian remodeling occurs in guinea pigs.
Domesticated guinea pigs tend to be longer-lived and are larger in body size than rats,
possibly making them more likely candidates, among rodents, in which to find
secondary osteons. Domesticated guinea pigs have lifespans reaching 8 to 10 years
(Grzimek, 1990; Richardson, 2000), compared to ~4 years in rats (Nowak, 1991; Weigl,
2005), and weigh 600 to 1000 grams (Grzimek, 1990), whereas rats weigh 200 to 400
grams (Nowak, 1991).
The present study examines femora of aged laboratory Norway rats (Rattus
norvegicus), 24 months old, and femora of domesticated guinea pigs (Cavia porcellus),
aged 3 months (sexually mature), for the presence of secondary osteons in order to
determine whether Haversian remodeling occurs in these animals under normal
physiological conditions. If rodents have the capacity for intracortical Haversian
remodeling and the appearance of secondary osteons depends on age, the aged rat
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femora are expected to contain secondary osteons. Finding clear secondary osteons in
guinea pig bone would confirm that remodeling occurs in guinea pigs. The presence of
secondary osteons in guinea pig bone but absence in rat bone might suggest that
Haversian remodeling is body mass dependent, given the larger size yet younger age of
the guinea pigs compared to the rats.
Methods
Previously frozen partial cadavers of 11 male laboratory Norway rats (Rattus
norvegicus), aged 24 months, and 11 male domesticated guinea pigs (Cavia porcellus),
3 months of age, were thawed and the left femur was dissected out of each. Body mass
was not measurable because the cadavers were not whole. The femora were
macerated with dish soap and water, and air-dried. Histological thin sections were
prepared from the midshaft of each rat and guinea pig femur at ~50% the length of the
whole bone, and also from the distal diaphysis of the rat femora at ~75% the length of
the whole bone (Figure 8-1). To prepare the thin sections, blocks of bone were cut at
the specified locations and then embedded in resin. Thin sections were cut to 100μm
using a Buehler Isomet low speed saw and diamond wafering blade (Ilinois Tool Works,
Lake Bluff, IL). The thin sections were polished using a Buehler Meta-Serv 250 grinder
polisher to remove any debris, and then stained with a Toluidine Blue O solution to
improve the visibility of secondary osteon cement lines. The stained thin sections were
dried under weight to prevent warping and then mounted to a microscopy slide with
Cytoseal 60 under a slipcover. The thin sections were examined for presence of
osteons using a compound light microscope at 100x magnification.
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Results
No secondary osteons were observed in any of the rat femoral thin sections
(Figure 8-2). Portions of the cortex were characterized by non-vascular bone (Figure 83). Rat bone had a number of transverse (Volkmann’s) vascular canals toward the
endosteal surface, especially in the distal diaphysis (Figure 8-4). The Guinea pig bone
had some primary osteons but no secondary osteons were found (Figure 8-5). There
was also some nonvascular bone. These observations are consistent with previous
descriptions of rat and guinea pig bone.
Discussion
There are no secondary osteons, and thus no Haversian remodeling, in either
aged rat or three-month-old guinea pig femora. Thus, the hypothesis that older rats will
have accumulated sufficient microdamage to incite Haversian remodeling is not
supported. Further, it cannot be concluded from the guinea pig results that slightly larger
rodents do remodel. The question remains: why do rats not exhibit Haversian
remodeling, despite accruing bone microdamage and even in older individuals?
The absence of Haversian remodeling in rat intracortical bone may be due to the
relatively short lifespan. Rats live up to four years, whereas animals known to have
significant Haversian remodeling live much longer lives. Although microdamage does
occur in rat bone (O'Brien et al., 2005) it may not accrue at a rate that would
compromise the structural integrity of their limb bones. Thus, Haversian remodeling
would not be energetically efficient for a short-lived animal that will not live long enough
to suffer from the fatigue effects of accumulated microdamage. Testing this hypothesis
would require examining cortical bone of other small-bodied but long-lived rodents, such
as the naked mole-rat (Heterocephalus glaber). Naked mole-rats weigh ~35 grams
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(Nowak, 1991) and can live for more than 17 years (Weigl, 2005) and up to 28 years in
captivity (Buffenstein and Jarvis, 2002), much longer than expected for their body size,
and are often used as models for studies of resistance to aging. Another option would
be to examine older guinea pigs that lived closer to 10 years. Finding secondary
osteons in these rodents would suggest that Haversian remodeling is lifespan
dependent, rather than dependent on body size or phylogenetic factors.
Another factor to consider is that bone modeling is more or less continuous
throughout a rat’s lifetime. Modeling is a process that, like remodeling, involves bone
resorption and formation, but the actions of osteoclasts and osteoblasts are not coupled
in the way they are in remodeling. Modeling changes the size, shape, and/or position of
bones, whereas remodeling replaces bone locally without altering size or shape. An
individual is considered skeletally mature when all long bone epiphyses have fused,
which occurs after the cessation of growth/modeling (Parfitt, 2002), but remodeling
continues throughout life. In male rats, long bone epiphyses can remain unfused up to
30 months of age (Dawson, 1925), suggesting that modeling could continue for that
duration as well.
The Optimization Model (Lieberman et al., 2003) hypothesizes that the transition
of modeling to remodeling as the predominant response to loading is a tradeoff between
increasing bone strength relative to bone mass. In other words, modeling continues until
adding more bone becomes energetically inefficient and then remodeling becomes a
more efficient response to loading. Based on this model, the rat lifespan may be so
short that modeling continues for most of it, so the transition to predominant remodeling
does not occur. Even among animals that do remodel, in regions of newly laid bone
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there are very few osteons, compared to older bone (McFarlin et al., 2008), presumably
because fatigue damage has not occurred. Therefore, rat bone throughout most of the
cortex may be too young for remodeling to occur, even in older individuals, because
modeling continues so late into life.
Long bone diaphyses contain primary bone of varying ages due to modeling drift
(Enlow, 1962b; Epker and Frost, 1965; Frost, 2001). It seems likely that a larger
proportion of the bone cortex of rats is young compared to that of larger-bodied adult
mammals because modeling continues late into life in rats, and other animals cease
bone growth at a younger age, relative to total lifespan. Younger bone is less
mineralized and therefore more compliant than older bone. Compliant bone is tougher
than stiff bone, meaning more energy is required for microcracks to propagate within it
(Martin et al., 2015). Stiffer bone is more brittle and microcracks are more likely to travel
further. If rats have more compliant bone because the cortex is comprised of younger
bone then remodeling might not be necessary because microcracks do not spread
easily.
Body size seems to be a less likely explanation for the absence of Haversian
remodeling in rats. The principle of Dynamic Strain Similarity (Rubin and Lanyon, 1984)
states that regardless of body mass or mode of locomotion the limb bones of all animals
have essentially the same peak strains (between 2000-3000 microstrain). Thus, small
animals elicit higher strains relative to their body size than larger animals. These strains
should be sufficient for inducing microdamage and resulting in a remodeling response,
as occurs in large-bodied mammals. However, the fact that Haversian remodeling only
definitively occurs in larger-bodied (and longer-lived) mammals suggests that bones of
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smaller mammals must accommodate high strains in another manner. Possible
explanations are related back to life span. Small, short-lived mammals might deal with
high strain and fatigue loading via modeling, since it continues through most of life.
Modeling adds bone mass, extending fatigue life by lowering stress and consequently
reducing strain. Additionally, small mammals might not suffer the effects of fatigue
loading to the extent that longer-lived mammals do because of their short lifespans.
Furthermore, osteon cross-sectional area in limb bones scales with negative
allometry to body size among mammals, meaning that osteons are absolutely larger in
big mammals but are larger relative to body size in small mammals (Felder et al., 2017).
The size of a resorption space is limited by cortical thickness, because having a
resorption area diameter close or equal in size to cortical thickness would have
deleterious effects (Currey and Shahar, 2013). The animal with the lowest body mass
but that still had secondary osteons examined by Felder et al. (2017) was the slow loris,
which had a cortical thickness of 600-850μm. Cortical thickness of the rat femoral
midshaft falls within that range (Komatsu et al., 2009; Zhang et al., 2010). Secondary
osteons have also been found in other primates (Warshaw, 2008) comparable in body
weight to the 200-400 gram range in Norway rats: Galao senegalensis (173-315g) and
Mirza coquereli (304-326g), which each have only a few secondary osteons, and
Callithrix geoffroyi (330-360g), Nycticebus coucang (626-1100g), and Saimiri sp. (6621020g), which all have numerous secondary osteons. Therefore, size is unlikely to
impose a constraint on secondary osteon formation.
To rule out the possibility that the lack of remodeling is due to some phylogenetic
factor limiting remodeling activity in all rodents, other rodents with varying lifespans and
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body sizes should be examined for the presence of secondary osteons. Naked molerats (Heterocephalus glaber) would be ideal because, as mentioned above, they have
long lifespans but are similar in body size to rats. Larger-bodied rodents, such as
beavers (Castor canadensis; 19.6kg; 23.4yrs maximum lifespan), capybaras
(Hydrochoerus hydrochaeris; 55kg; 15.1yrs), and nutrias (Myocastor coypus; 7.2kg;
8.4yrs) (Ernest, 2003; Weigl, 2005), should also be studied. However, the dietary
calcium deprivation studies (Ruth, 1953; de Winter and Steendijk, 1975) suggest that
the capacity for Haversian remodeling is present in rodents but just does not occur
under normal physiological conditions.
A final hypothesis to consider is that rats, and other animals that lack Haversian
remodeling, may have an alternative bone repair process. Seref-Ferlengez et al. (2014)
demonstrated that diffuse damage (clusters of very small microcracks, as opposed to
larger, linear microcracks) that occurred in creep-loaded rat ulnae was reduced within
14 days of initiation. There was no evidence of intracortical remodeling activation,
suggesting that another repair process was responsible, the mechanism of which is
unknown. Whether the same process repairs the larger, linear microcracks observed in
rats by O'Brien et al. (2005) is also unknown, but it can be hypothesized that rats, and
other animals without Haversian remodeling, may have alternative bone repair
mechanisms that are not yet appreciated.
Conclusion
Twenty-four month old rats lack the reparative process of Haversian remodeling
under normal physiological conditions, despite their advanced age compared to rats
examined in previous studies. This is perplexing since the limb bones of small rodents
theoretically experience strains as high as those in larger animals (Rubin and Lanyon,
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1984), and microdamage is known to occur in rat bones (O'Brien et al., 2005) while
similarly-sized primates are known to exhibit secondary osteons (Warshaw, 2008;
Felder et al., 2017). The following hypotheses related to the short lifespan of rats may
be likely explanations: 1) rats do not live long enough for Haversian remodeling to be
energetically efficient; 2) modeling continues until well into adulthood in rats (Dawson,
1925) meaning that there may not be a modeling-remodeling transition as proposed by
the Optimization Model (Lieberman et al., 2003); 3) continuous modeling may result in a
lot of young, less mineralized bone which may be more compliant and resistant to crack
propagation than the older, more mineralized bone found in adults of longer-lived
animals. Long-lived yet small-bodied rodents, such as naked mole-rats, should be
examined to further test the lifespan hypothesis. However, other rodents should be
examined to rule out an order-wide lack of remodeling that would suggest phylogenetic
constrains are at play.
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Figure 8-1. Rat bone depicting points on the diaphysis from which thin sections were
prepared. One midshaft (M, ~50% length of the whole bone) thin section was
prepared from each rat and guinea pig femur, and one distal diaphysis (D)
thin section was prepared from each rat femur.
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Figure 8-2. Composite image of thin sections prepared from the distal diaphysis of a rat
femur. No secondary osteons were present, as determined by the absence of
cement lines surrounding concentric lamellae and a Haversian canal, in any
rat thin section.
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Figure 8-3. Posteromedial portion of a thin section from the distal diaphysis of a rat
femur depicting some non-vascular bone in the upper right corner of the
image. The presence of non-vascular bone is consistent with previous
descriptions of rat bone.
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Figure 8-4. Posterolateral portion of a thin section from the distal diaphysis of a rat
femur depicting transverse (Volkmann’s) vascular canals near the endosteal
surface.
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Figure 8-5. Lateral portion of a thin section from the midshaft of a guinea pig femur
depicting primary osteons. No secondary osteons were present in any guinea
pig thin section, as determined by the absence of cement lines.
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CHAPTER 9
DISCUSSION
The goal of this dissertation was to contribute to the understanding of three main
questions about Haversian remodeling. [1] What is the likelihood that observed bone
remodeling in the skeleton is targeted (i.e., occurring in regions affected by
microdamage due to mechanical loading) versus non-targeted (i.e., stochastic and
occurring for non-mechanical reasons)? [2] What are the respective contributions of
loading magnitude, loading frequency, and strain mode to the mediation of bone
remodeling? Or, how closely does the distribution of secondary bone reflect the loading
history of a bone? [3] How much variation in bone remodeling is there within the
skeleton, and can this variation be explained by the unique loading parameters of
individual bones? Collectively, the answers to these questions will help determine
whether Haversian remodeling patterns are useful tools for making behavioral
inferences in past populations, including fossil animals. What follows is a summary of
the hypotheses tested and results of the dissertation, and a discussion of how those
results shed light on these main questions.
Summary and Recap
Chapter 4. This chapter tested the hypothesis that bone remodeling is primarily
induced by high magnitude loads, likely encountered during leaping/bounding
behaviors. Osteon population density (OPD), osteon cross-sectional area (On.Ar), and
relative osteonal area (%HAV) were measured from femoral and humeral midshaft thin
sections of four cercopithecids: Colobus polykomos, Piliocolobus badius, Cercopithecus
diana, and Cercocebus atys. All species are generalized quadrupeds but vary in leaping
frequency and overall activity budget. Differences between taxa with high (C. polykomos
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and P. badius) and low leaping frequency (C. diana and C. atys) were assessed via a
phylogenetically informed generalized linear mixed model using Markov Chain Monte
Carlo methods. Femoral OPD and %HAV are greater in the high frequency leapers than
in low frequency leapers, suggesting that frequent high magnitude loads engender
remodeling, however there is no similar pattern in the humerus, which presumably also
experiences high magnitude loads during leaping. Additionally, OPD and %HAV are
greater in the humerus than the femur, despite load magnitude being presumably higher
in the femur. These results provide conflicting support for hypotheses about load
magnitude and load frequency as they respectively relate to bone remodeling activity.
Chapter 5. In bones stereotypically loaded in bending, predictable tension and
compression cortices exist, and this regional specificity is thought to be reflected by
osteon size and density. This hypothesis was tested by examining the spatial
distribution of secondary osteons throughout femoral and humeral midshafts of
quadrupedal cercopithecid primates. OPD, On.Ar, and %HAV were measured from four
equal quadrants of femoral and humeral midshaft thin sections of Cercopithecus diana,
Cercocebus atys, Colobus polykomos, and Piliocolobus badius individuals. Resampled
Analyses of Variance (ANOVAs) were performed on OPD and %HAV, and nested
ANOVAs were performed on On.Ar to test for differences among quadrants. The only
significant results for OPD and %HAV were in the Cercocebus atys humerus, in which
both were greatest in lateral and least in medial quadrants. On.Ar was significant among
quadrants but also among individuals (except in the Cercocebus atys humerus)
indicating that while osteon size is heterogeneous, there was no consistent pattern from
thin section to thin section within a species. The lack of heterogeneity in OPD and
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%HAV may indicate that the midshafts of these bones have high ‘load-complexity’,
meaning that given natural variability in locomotion, the load case is not stereotypical.
The significant regional differences in the Cercocebus atys humerus might reflect lower
load-complexity (i.e., habitual, predictable bending) resulting from the repetitive and
consistent locomotor and foraging behaviors unique to this species.
Chapter 6. This chapter examined OPD, %HAV, and On.Ar in the femur, tibia,
fibula, and rib in macaques to test two sets of hypotheses. Null Hypothesis 1 stated that
neither strain magnitude nor strain frequency influences the amount of secondary bone
in the macaque skeleton, with the expectation that the four bones would not have
different amounts of secondary bone. The implication of this hypothesis was that bone
remodeling is a systemic process that occurs at the same rate throughout the skeleton.
There were two alternative hypotheses that both expected there to be differences in
remodeling among the bones. The first alternative hypothesis stated that remodeling
activity primarily depends on strain magnitude, and predicted that the femur and tibia,
being weight-bearing bones, would have more secondary bone than the fibula and rib,
which are not directly weight bearing. The second stated that remodeling depends
predominantly on strain frequency, and predicted that the rib would have the most
secondary bone because it is loaded at a much higher frequency than the lower limb
bones. Results showed OPD to be greatest in the rib and lowest in the femur; the fibula
also had greater OPD than the tibia. This result supported the second alternative
hypothesis, that there is a strong effect of loading frequency on bone remodeling. An
additional finding was that On.Ar is lower in the rib than the other bones, possibly
because the narrower cortex presents a limit to osteon size.
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Bone remodeling was also examined in quadrants of the femoral and tibial
midshafts to test the second set of hypotheses. The second null hypothesis was that
strain mode (i.e., compression and tension) does not influence bone remodeling,
predicting that there will be no differences in secondary bone among quadrants of either
bone. The alternative hypothesis was that strain mode does influence bone remodeling
and that secondary bone accumulates in regions of compression more so than in
regions of tension. The expectations under this hypothesis were that the tibia, which has
consistent tension and compression cortices, will have spatial differences in secondary
bone with greater OPD and %HAV in the compression region, whereas the femur,
which has a more complex loading history, will have no spatial differences. The results
supported the alternative hypothesis: more secondary bone was found in the
compression region (i.e., posterior quadrant) in the tibia, whereas there were no
differences in the femur.
Chapter 7. This chapter also tested the hypothesis that bone remodeling is
dependent on loading frequency but by comparing femoral OPD and %HAV between
wild and captive populations, rather than different bones within the skeleton that have
different loading histories. Captive primates have presumably lower overall activity
levels compared to wild primates because they are restricted in their travel by the size
of their enclosures and because they do not need to travel for foraging purposes. Thus,
the hindlimbs of captive sooty mangabeys (Cercocebus atys) experience presumably
lower loading frequencies. The femora of captive individuals were expected to have less
secondary bone than femora from a wild population. This hypothesis was not supported,
as there was no difference in OPD or %HAV between captive and wild mangabeys.
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Given the strong support for the frequency hypothesis in Chapter 6, the assumptions of
loading frequency disparities between wild and captive populations might be faulty.
Chapter 8. Haversian remodeling is localized bone resorption coupled with
formation, resulting in secondary osteons. This process is known to play roles in mineral
homeostasis and in repair of microdamage caused by mechanical loading. Rodents can
be useful models for human bone biology, but rodent bone is generally thought to lack
intracortical Haversian remodeling despite its presumed mechanical and metabolic
benefits. One reason definitive secondary osteons have not been observed in rodent
bone, except in dietary-calcium-deprived rats, may be that examined individuals were
too young. Rat limb bones accrue microdamage and theoretically experience peak
strains similar to those of larger mammals, but secondary osteons typically form in older
bone and osteon density is known to increase with advanced age in humans. Older
individuals are more likely to have older bone and have experienced repeated
mechanical loading, which can induce microdamage. To test whether Haversian
remodeling depends on age in rodents, histological thin sections were prepared from
the femoral midshaft and distal diaphysis of aged rats (24 months) and young guinea
pigs (three months) and examined for secondary osteons. None were found, suggesting
that although rats may have the capacity for Haversian remodeling, it does not occur
under normal physiological conditions, regardless of age. A likely explanation is that
modeling continues through most of the short rat lifespan. Thus, even in older
individuals, the limb bone cortices likely contain mostly young primary bone. The short
lifespan of rats is a likely explanation for the lack of Haversian remodeling.
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Implications of Combined Results
Hypotheses
The combined results of this dissertation provide convincing support of several
hypotheses about Haversian remodeling. The first is that the frequency of loading has a
strong influence over how much remodeling will occur in a bone. The finding that the rib,
which has a high loading frequency, has more secondary bone than bones of the lower
limb, which have lower loading frequency but greater loading magnitude (Chapter 6)
was the most convincing evidence of this. But other chapters provided additional
supporting evidence. The greater incidence of secondary bone in the humerus than the
femur in all cercopithecid species examined in Chapter 4 also supported this
hypothesis, because even though the hindlimbs experience greater peak propulsive
forces than the forelimbs (i.e., greater loading magnitude), the forelimbs are involved in
a wide variety of behaviors compared to the hindlimbs, which are restricted to locomotor
and positional functions. This means that the humerus might have greater loading
frequency than the femur, due to more varied use.
This dissertation finds evidence that loading frequency is more important than
previously appreciated. There was some evidence that loading magnitude also affects
bone remodeling, which was apparent in the greater incidence of remodeled bone of the
leaping species than in the species that leap less often, as described in Chapter 4.
Chapter 7 provided some seemingly conflicting results regarding loading frequency in
wild and captive populations. Perhaps differences in wild and captive populations
should not have been expected based on presumed activity levels, given that
Cercopithecus diana did not have the higher osteon density than all of the other species
in the Taï monkey sample of Chapter 3, despite being more active than the others
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(McGraw, 2007). The disparity in loading frequency between ribs and lower limb bones
might be much greater than the disparity in loading frequency due to different activity
levels between closely related species, or wild and captive populations of the same
species. This seems to be a likely explanation for these combined results.
This dissertation also found support for the hypothesis than bone remodeling is
dependent on strain mode. In Chapter 5 more secondary bone was found in the
compression cortex than in the opposing tension cortex of the macaque tibia. This
finding was consistent with previous reports in lower limb bones of sheep and deer
(Skedros et al., 1994), horses (Mason et al., 1995), and horses, elk, and sheep
(Skedros et al., 1997). The greater amount of remodeled bone in compression regions
might be related to the way that microdamage manifests under compression compared
to tension. This also prompts the question of whether the function of osteons as barriers
to crack propagation is a byproduct of osteon formation, or an adaptation.
An important caveat about strain mode and remodeling is that it appears that
spatial patterns in osteon distribution only occur in bones that have low load complexity.
This explains why there were differences among quadrants of the tibia but not the
femur. High load complexity equates to a shifting neutral axis, meaning that there are no
consistent tension and compression regions, and often significant torsion (Main, 2007;
Skedros, 2012). Skedros (2012) has begun to compile of list of high, intermediate, and
low complexity bones and this dissertation supports his idea that load complexity is
important to know when attempting to use bone microstructure to infer load history.
Research aiming to characterize load distributions in primate bones to add to this list will
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provide new candidates to test hypotheses about strain mode and bone remodeling in
other parts of the primate skeleton.
There was also some preliminary evidence presented in Chapter 8 that the
presence of Haversian remodeling in mammals depends on lifespan. Rats lack
secondary osteons, even aged rats, and this might be because modeling continues
throughout most of their short life. In animals that live longer and cease modeling
relatively earlier in life, secondary remodeling might be more likely to occur. This is a
hypothesis that will require further testing in other mammals of varying lifespans.
Main Questions
The three main questions addressed by the dissertation can now be evaluated in
light of the results. [1] What is the likelihood that observed bone remodeling is targeted
versus non-targeted? Burr (2002) estimated that only 30% of bone remodeling is
targeted to areas affected by microdamage due to mechanical loading, but Martin
(2002) hypothesized that virtually all intracortical remodeling is targeted, in the absence
of trauma. The results of this dissertation overall suggest that Haversian remodeling, in
the elements of the primate skeleton examined, is tied to mechanical loading
parameters. Thus, this dissertation does not support the notion that very little
remodeling is mechanically mediated. There was no evidence presented in this
dissertation that remodeling occurs at a systemic rate throughout the skeleton. Instead,
it seems to depend very much on strain frequency and strain mode, with high
incidences of remodeling found in parts of the skeleton with high loading frequencies,
and in within regions of bone loaded in compression.
[2] How closely does the distribution of secondary bone reflect the loading history
(i.e., strain magnitude, frequency, mode) of a bone? This question was partly answered
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by the dissertation. There were several lines of evidence to suggest that strain
frequency has a stronger influence on bone remodeling than was previously
appreciated. Strain mode was also found to be important, and patterns of secondary
bone distribution were shown to reflect strain mode in bones with low loading
complexity. Such patterns may not be detectable in bones with more complex loading
histories. The contribution of strain magnitude to the mediation of bone remodeling is
still somewhat unclear. Results of the dissertation suggest that high strains do not
generate the extent of remodeling that low strain but high frequency loading does, and
bones loaded with the same frequency but different strain magnitudes do not seem to
have predictable amounts of remodeling (e.g., the fibula has more secondary bone than
the tibia). This throws some doubt on the mechanostat model’s (Frost, 1987) emphasis
on minimum effective strains as the primary impetus for remodeling activation.
[3] How much variation in bone remodeling is there within the skeleton, and can
this variation be explained by the unique loading parameters of individual bones? The
answer to this question is that there is considerable variation in remodeling throughout
the skeleton, and this variation is, for reasons discussed above, reflective of the unique
loading histories of individual bones, especially of loading frequency.
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CHAPTER 10
CONCLUSION
This dissertation addressed several questions about Haversian remodeling in
primate cortical bone. As discussed in the previous chapter these questions have been
partially answered. Below is a reflection on the ultimate goal of the dissertation within
the scope of biological anthropology: determining whether the density and distribution of
secondary bone are useful tools for making behavioral inferences in past populations,
particularly in the primate fossil record. Future directions are also discussed, as this
dissertation resulted in some incompletely answered questions and generated some
new questions to be addressed post-dissertation.
Bone Remodeling as a Tool for Behavioral Inferences
The ultimate goal of this dissertation was to be able to assess the utility of
secondary bone density and distribution as tools for inferring load history in cases in
which it cannot be measured directly. Such cases might be in bones of extant animals
for which it is difficult or unethical to obtain in vivo strain gage data, but this is primarily
of interest in the context of interpreting behavior in past populations. This goal is of
interest to biological anthropologists, paleontologists, and bioarchaeologists alike. Bone
remodeling is a good candidate for such a tool because it is theoretically directly tied to
the behaviors of an individual during life, and because measures of cross-sectional
geometry (Pearson and Lieberman, 2004) and muscle attachment size (Rabey et al.,
2015) might not be as reliable as once assumed.
Regarding this goal, loading frequency appears to be a strong mediator of bone
remodeling, perhaps even more so than strain magnitude. This fact might help
illuminate answers to debates about behavior in the fossil record that have been
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unanswerable based on other measures of morphology. For example, there has been
much discussion over interpretations of the hyper-robust feeding apparatus of
Paranthropus (Jolly, 1970; Du Brul, 1977; Kay, 1985; Ungar et al., 2008; Constantino et
al., 2009; Cerling et al., 2011; Pampush et al., 2013), predominantly revolving around
whether robust australopiths were adapted to hard-object consumption or a tough diet.
Hard and tough diets are both mechanically challenging. Tough diets require more
prolonged mastication than hard diets, but hard diets require more forceful mastication.
Lad et al. (2016) pointed out, in light of the finding that folivorous monkeys have more
secondary bone in the mandible than frugivorous monkeys, including the durophagous
sooty mangabey, that the low incidence of remodeling in the mandible of Paranthropus
robustus (Daegling and Grine, 2007) might reflect a low mastication frequency. They
also hypothesized that if microwear analysis (Ungar et al., 2008) correctly suggested
that Paranthropus boisei was not durophagous but instead consumed a fibrous diet,
then this species would be expected to have a high secondary osteon density. This
dissertation provides support for this hypothesis and a histological analysis of the
mandible of P. boisei would shed light on the issue of diet and feeding behavior in this
species.
Similarly, in an analysis of shearing quotients among Miocene apes, Ungar and
Kay (1995) found that most taxa fell within the diversity of extant apes. Ouranopithecus
macedoniensis was an outlier, falling below this range. They interpreted this as
evidence of hard object feeding in Ouranopithecus and used the presence of thick
enamel as supporting evidence of their claim. Thick enamel has since been
demonstrated to be homoplastic in primates (Pampush et al., 2013), having evolved as
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an adaptation for both hard-object feeding (to prevent cracking), and tough or abrasive
diets (to accommodate a lot of wear). Thus, thick enamel might not be the best feature
to use as additional support for an interpretation of hard object feeding. An analysis of
mandibular secondary bone could be an additional line of evidence supporting the
durophagy hypothesis if Ouranopithecus has low secondary osteon density.
The results with regard to the strain mode hypothesis also have implications for
use in the fossil record. Secondary bone density is greater in regions of compression
than tension in bones with low load complexity. This information might also be useful for
making inferences about behavior. For example, loading is more varied in arboreal
locomotion than terrestrial locomotion (Demes and Carlson, 2009), because arboreal
substrates are less stable and more variable than the ground. Thus, load complexity
may be lower in predominantly terrestrial species than arboreal species, as
demonstrated in the sooty mangabey humerus compared to the humerus of sympatric
species that spend most of their time in the trees. This could serve as one line of
evidence in determining whether quadrupedal fossil primates were predominantly
arboreal or terrestrial.
Future Directions
The completion of this dissertation has resulted in more new questions than
answered questions. Outlined below are several lines of future work based on new
hypotheses prompted by results of the dissertation.
Compressive strain and microdamage. One result of this dissertation was a
high incidence of secondary bone in regions of consistent compressive strain compared
to regions of tension. The result was consistent with previous comparisons of opposing
cortices (Skedros et al., 1994; Mason et al., 1995; Skedros et al., 1997) that also
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suggested a relationship between osteon density and strain mode. According to Demes
et al. (2001), strains are not consistently higher in compression regions than tension
regions in the macaque tibia, which was the bone in question. Thus, why the
compression region has more secondary bone is unknown. It might be related to the
way that microdamage manifests under compression compared to tension. Although
bone is weaker under tension (i.e., it fails more quickly than bone under tension and
microdamage accumulates more rapidly) (Reilly and Burstein, 1974,1975; Caler and
Carter, 1989; Burr et al., 1998), microdamage formed by compression tends to be more
extensive, more likely to spread, with oblique cracking and longitudinal splitting of
lamellae. Cracks that form under tension tend to be shorter and cause debonding
(separation) of lamellae or at cement lines (Carter and Hayes, 1977; Burr et al., 1998).
The higher incidence of secondary bone in compression regions might be a response to
the more extensive microdamage that occurs there. Furthermore, the function of
secondary osteons as barriers to crack propagation is often discussed with language
implying it is an adaptation, rather than a by-product of Haversian remodeling. An
examination of remodeling activity in response to different types of microdamage might
shed light on this issue.
Strain magnitude. The mechanostat model depends on mediation of bone
mass, including remodeling, by minimum effective strains (Frost, 1987), but this
dissertation provided evidence that loading frequency is a stronger mediator of
remodeling activity. Even in two bones with similar loading frequencies (tibia and fibula),
the one with presumably lower strains had more remodeling, which is in direct contrast
to what should be predicted by the mechanostat. This contributes to building skepticism
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about the mechanostat’s utility for characterizing bone remodeling (Martin, 2000) and
bone formation and mineralization (Rubin et al., 2001). The role of strain magnitude
needs to be further investigated.
Lifespan. Femora of rats aged 24 months were shown to be devoid of secondary
osteons, despite their advanced age, the theoretical assumption that the rat skeleton
experiences high strains (Rubin and Lanyon, 1984) and does accumulate microdamage
(O'Brien et al., 2005). Reasons for this are most likely related to the short rat lifespan
combined with the fact that modeling continues throughout most of life.
Furthermore, small-bodied primates are known to exhibit secondary osteons (Warshaw,
2008; Felder et al., 2017). Other small-bodied rodents with longer lifespans, such as
naked mole-rats, should be examined for evidence of Haversian remodeling to further
test the lifespan hypothesis. Other rodents should be examined also, to rule out a
phylogenetic explanation (i.e., all rodents lack remodeling).
Age and bone remodeling patterns. Age was repeatedly mentioned throughout
this dissertation as a possible confounding factor in the interpretation of results.
Unknown age-at-death is a limitation of studies using wild populations from which
skeletal materials are opportunistically collected. While most studies on age and bone
histomorphology have focused on humans, McFarlin et al. (2008) demonstrated that
among primates there are different patterns of secondary bone distribution in the
femoral and humeral midshafts across taxa and age groups, and between bones,
largely due to the effects of modeling and cortical drift. The outer portion of the cortex is
younger (i.e., more recently deposited) than the middle and inner portion, thus younger
individuals have fewer secondary osteons in this region. If younger individuals, even if
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adults, have fewer osteons than older individuals, it is possible that patterns that reflect
loading history do not become apparent until later in life. On the other end of the
spectrum, remodeling is known to increase with advanced age in humans (Kerley, 1965;
Stout and Paine, 1992). Since age is known to affect bone remodeling patterns on both
ends of the age spectrum, the likelihood that age is an important factor in a sample of
non-human primates is good information to have. An analysis of secondary bone in nonhuman primates in an ontogenetic series ranging from juvenile to senescent, for which
ages-at-death are known (e.g., the Cayo Santiago macaque skeletal collection), might
illuminate whether having young individuals or very old individuals is likely to affect
interpretations of loading history.
Remodeling across taxa. Secondary osteon density ranges and patterns of
spatial distribution should be documented for many skeletal elements in a variety of
primate taxa that engage in different behaviors (and should thus have different strain
distributions, loading frequencies, and load magnitudes) in order to characterize how
different behaviors manifest in bone microstructure. This would provide a range of
patterns against which to compare patterns in fossil taxa, allowing for behavioral
interpretations through the use of modern analogs. Studies on loading patterns and
strain distributions should be consulted to determine which bones are likely to have low
load complexity versus high.
Micro-CT imaging of bone histomorphology. Micro-computed tomography
(micro-CT) methods for visualizing secondary bone should be used for two purposes.
[1] Histological methods are destructive and applying them to rare specimens (fossils,
especially) is often met with resistance. Micro-CT provides and opportunity to view bone
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microstructure without causing any damage to the specimen. There should be an
investigation into whether this is possible in fossil bone. [2] Dechow et al. (2008) used
nano-CT to measure length and splitting patterns in osteon networks and Maggiano et
al. (2016) used synchrotron nano-CT to create three-dimensional reconstructions of
Haversian systems. Continuing to use this method of visualizing Haversian systems will
provide a more efficient way to characterize of osteon branching, trajectories, lengths,
and would provide a new perspective from which to assess patterns of remodeling that
cannot be achieved with two-dimensional histological methods.
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