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Abstract 

 

The objective of this research was to test the hypotheses that ontogenetic patterns 

of change in tibial subchondral trabecular and cortical bone microstructure are age and 

condyle site-specific due to differential loading associated with changing joint kinetics 

and body mass.  High-resolution computed tomography (HR-CT) images were acquired 

for 31 human tibiae, ranging in age from 8 to 37.5 years. The skeletal samples are from 

Norris Farms #36 site, a cemetery mound in the central Illinois River valley associated 

with the Oneota culture, dating to A.D. 1300. This bioarchaeological sample was chosen 

for this study because of its cultural and biological homogeneity, high number of subadult 

individuals, extensive archaeological context, and excellent preservation. Proximal 

epiphyses were digitally isolated for analysis as regions of interest (ROIs) using Avizo 

Fire 6.2 and 8.1.1. 3D resolution-corrected morphometric analysis of subchondral bone 

architecture was performed for 11 cubic volumes of interest (VOIs) using the BoneJ 

plugin for ImageJ. VOIs were positioned within and between the tibial condyles within 

the epiphyseal region. The analysis of the subchondral cortical plate was accomplished 

through dual-threshold cortical masking.  

Ontogenetic patterns in the epiphysis of the proximal tibia were described using 

eight 3D morphological parameters: bone volume fraction (BV/TV), mean trabecular 

thickness (Tb.Th), mean trabecular spacing (Tb.Sp), structure model index (SMI), 
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connectivity density (Conn.D), degree of anisotropy (DA), trabecular number (Tb.N), and 

cortical thickness (Ct.Th) in the subchondral cortical plate. Kruskal-Wallis and Wilcoxon 

signed rank tests were used to examine the association between region, age, and each of 

the eight structural parameters. For analysis, individuals were divided into four age 

categories: child, adolescent, young adult, and middle age. The findings of this study 

indicate that age-related changes in mechanical loading have heterogeneous effects on 

trabecular bone morphology within the proximal tibia. Specifically, there were significant 

differences in BV/TV (α = 0.033), Conn.D (α = 0.001), DA (α = 0.012), and Plate Ct.Th 

(α = 0.000) across age. With age, subchondral trabecular microstructure increased in bone 

volume fraction and degree of anisotropy, and decreased in connectivity density. In the 

subchondral cortical plate, there is an age-related increase in thickness. When comparing 

condylar regions, only the degree of anisotropy significantly differed (α = 0.004) between 

medial and lateral condyles. The trabeculae in the medial condyle were more anisotropic 

than the lateral region.  

These results indicate that age-related changes in loading have varied effects on 

subchondral cortical and trabecular bone morphology within the proximal tibia. More 

specifically, trabeculae in the medial condyle are likely more directly influenced by 

loading than trabeculae in the lateral condyle during growth. Ultimately, trabeculae in the 

epiphyseal region are likely more directly influenced by mechanical forces during 

growth. The differential response of trabecular bone to changing mechanical loads during 

growth and development serves as a powerful tool to evaluate the significance of 

mechanical loading on adult trabecular bone morphology. Understanding the spatial 
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specifics of ontogenetic processes during subchondral bone development can offer 

insights into adult morphological variation in joint health and disease. 
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CHAPTER 1:  

RESEARCH CONSIDERATIONS FOR STUDY OF SUBCHONDRAL 

BONE MICROARCHITECTURE 
 

 

Introduction 

The use of three-dimensional (3D) bone architecture for reconstructing the 

paleobiology of past humans and other primates has become popular in recent years 

(Fajardo and Müller 2001; MacLatchy and Müller 2002; Richmond et al., 2004 Maga et 

al. 2006; Gosman and Ketcham, 2009; Griffin, 2008; Mazurier et al., 2010; Ryan and 

Walker, 2010; Raichlen et al., 2015; Ryan and Shaw, 2015; Saers et al., 2016).The 

effectiveness of bone, especially subchondral bone, for reconstructing behavioral and 

locomotive patterns depends on a better understanding of the relationships among bone 

structure, biomechanical loading, and behavior as well as an understanding of the 

mechanical role of bone in various joints (Ahluwalia, 2000; Su, 2011). Adult bone 

morphology incorporates structural features established during ontogeny and modified by 

biological factors and functional adaptive changes during maturation (Wang et al., 2011; 

Rauch, 2012). The response of bone to mechanical loading, especially during 

development plays an important role in skeletal adaptation, and determines much of adult 

bone morphology (Turner and Robling, 2003; Duren et al., 2013). Experimental studies 

have demonstrated that the 3D arrangement of trabecular bone reflects variation in 

mechanical properties at specific anatomical locations (Huiskes et al., 2000; Mittra et al., 



2 

 

2005; Ryan et al., 2007; Saparin et al., 2011; Raichlen et al., 2015; Goliath et al., 2016). 

Understanding the spatial specifics of ontogenetic processes during bone development, 

therefore, can offer insights into normal and pathognomonic morphological variation. 

This understanding also has implications in activity patterns, locomotion, and mechanical 

load within and between populations. 

This dissertation examines subchondral bone microarchitecture changes during 

growth and development in subadult and young adult skeletal remains associated with the 

Oneota (Norris Farms) archaeological population. More specifically, this study aims to 

explain the trabecular and cortical tissue level changes that occur in proximal tibia 

subchondral bone in both the medial and lateral condylar regions. Structural parameters 

used to describe the bone microarchitecture include, bone volume fraction (BV/TV), 

degree of anisotropy (DA), trabecular thickness (Tb.Th) and trabecular spacing (Tb.Sp). 

These parameters are calculated directly from high-resolution computed tomography 

(HR-CT) scans using Avizo® Fire, a data analysis and visualization software, and BoneJ, 

a plugin of ImageJ. Derived structural variables, such as trabecular number (Tb.N), 

connectivity density (Conn.D), and structural model index (SMI) are calculated using 

BoneJ. These methods enable a quantification of the ontogenetic patterning that 

distinguishes the developmental timing and variation in subchondral bone. Bone volume 

fraction and degree of anisotropy serve as a reflection of the growth and development 

associated with onset and maturing of normal functional activities (i.e. walking), and 

changing body mass. Before addressing the goals and hypotheses of this study, a review 
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of the morphology and function of subchondral bone, previous ontogenetic studies, and 

micro-CT analysis, will be discussed. 

Morphology of the Subchondral Bone 

Structure 

A number of studies (Müller-Gerbl, 1998; Carlson and Patel, 2006; Intema et al., 

2010; Su, 2011; Bousson et al., 2012; Burr and Gallant, 2012; Henrotin et al., 2012; 

Hamann et al., 2013) have established that the anatomy of subchondral bone is highly 

variable. The term “subchondral bone” remains ambiguous. It has been used to refer to 

several structural features: the calcified tissue immediately below the tidemark of the 

articular cartilage; the thin cortical lamella directly underneath the radiologically visible 

joint space; the dense trabecular bone immediately adjacent to the cortical lamella; the 

subarticular tissue; and/or a combination of these features (Müller-Gerbl, 1998; Madry et 

al., 2010). Duncan et al. (1987) defined the subchondral plate as a zone which separates 

the articular cartilage from the marrow cavity and consists of two layers: the calcified 

region of the articular cartilage and a layer of lamellar bone. Müller-Gerbl (1998) further 

defined “the subchondral zone” or “subchondral bone plate” as the bony lamella lying 

beneath the calcified zone of the articular cartilage. Depending upon the joint, this varies 

in thickness. The trabeculae arising from this bony lamella are referred to as “supporting 

trabeculae” (Madry et al., 2010). In this study, “subchondral bone” is defined as both the 

cortical subchondral bone plate directly beneath the calcified cartilage of the articular 

cartilage and the underlying supporting trabeculae, referred to as subchondral trabecular 

bone (subarticular spongiosa).  
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Osteochondral Junction 

Subchondral bone is a part of the osteochondral junction. In a normal joint, the 

osteochondral junction comprises the deeper non-calcified cartilage, calcified cartilage, 

and the underlying subchondral bone (Figure 1.1). The calcified zone interfaces with the 

non-mineralized cartilage and is separated by the tidemark and the subchondral region 

(Suri and Walsh, 2012; Martin et al., 2015). At the line of contact between the 

subchondral plate and the articular cartilage there is a discrete band of mineralized 

cartilage, which is more radio-dense than the adjacent bone. It is referred to as the 

tidemark. The tidemark is a three-dimensional structure having a distinct anatomical 

appearance from the calcified cartilage and subchondral bone plate (Lyons et al., 2005; 

Lyons et al., 2006). Immediately beneath the calcified cartilage is a 1–3 mm thick plate of 

highly vascularized bone that is physiologically similar to cortical bone but less stiff. 

Distal to the plate is the subchondral trabecular bone. It is more porous and has a lower 

volume and density than the cortical plate (Imhof et al., 2000; Henrotin et al., 2012; Burr 

and Gallant, 2012).  
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Figure 1.1: Photomicrograph showing osteochondral junction in a medial tibial plateau. 

Note: NCC: non-calcified cartilage; CC: calcified cartilage; SCB: subchondral bone; 

Arrows denote tidemark; Dashed line indicates the osteochondral junction (Modified 

from Suri and Walsh, 2012). 

 

 

In normal joint articular tissue, the subchondral bone is composed of large 

trabecula with little trabecular space (Martel-Pelletier et al., 2007). The thickness of the 

subchondral plate varies within and between joints. These variations include the contour 

of the tidemark, the composition of the subchondral bone plate, and differences in the 

trabecular structure and their mechanical properties. In most joints, the center of the 

cavity is associated with a much thicker subchondral plate than found peripherally 

(Dewire and Simkin, 1996). In the case of the tibial plateau, the subchondral bone is 

thicker in the center than at the periphery (Duncan et al., 1985). Regional differences in 

the density distribution (mineralization) of the subchondral bone can also be recognized 
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and greater density is regularly found in the more heavily loaded regions of the joint 

surface (Müller-Gerbl, 1998). Several studies (Noble and Alexander, 1985; Odgaard et al. 

1989; Milz and Putz; 1994; Madry et al., 2010) have found greater subchondral bone and 

plate density in the medial rather than in the lateral part of the plateau. At places within 

the joint where the stress is assumed to be the greatest, the density is higher, the thickness 

is greater, and the vascularization is more strongly developed (Clark and Huber, 1990; 

Müller-Gerbl, 1998; Ahluwalia, 2000). 

Function of the Subchondral Bone 

The subchondral bone provides support and protection for its adjacent cartilage. 

Mechanical integrity of the cartilage and its resistance to injury depends on its 

communication with the underlying subchondral bone (Burr, 1998; Martin et al., 2015). 

Both structures, the cartilage and its supporting subchondral bone, have corresponding 

mechanical functions. The cartilage serves as the weight bearer and the subchondral bone 

serves as a structural support and shock absorber (Duncan et al. 1987; Layton et al. 1988; 

Lories and Luyten, 2011; Hamann et al., 2013; Hamann et al., 2014).  According to 

Radin and Rose (1986), the subchondral bone absorbs a majority of the mechanical load 

transmitted by synovial joints. Due to the greater stiffness and strength of the subchondral 

bone in comparison with the articular cartilage (Gordon et al., 2003; Barr et al., 2015), it 

is generally established that the subchondral bone plays an important role in intra-

articular load transmission (Choi et al. 1990; McKinley and Bay 2001; Gomoll et al., 

2010; Suri and Walsh, 2012). The subchondral region exhibits the strongest architectural 
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response to differences in joint loading regimes (Pontzer et al., 2006) and serves to 

maintain joint shape. 

Cartilage-bone interface 

Articular cartilage and subchondral bone act as a functional unit. Each of these 

anatomically closely related tissues is affected by any alteration in the mechanical 

properties of the other. The purpose of the cartilage-bone interface is to maintain 

structural integrity of the osteochondral unit during which tensile, compressive, and shear 

forces are transmitted from the viscoelastic articular cartilage layer to the much stiffer 

mineralized end of the long bone. The biological interaction and mechanical mutual 

support make subchondral bone and cartilage a functional unit that cannot be separated 

(Hoemann et al., 2012; Zhang et al., 2012). The cartilage-bone interface is a boundary 

composed of mineralized blood vessels and type I and II collagen. Calcified cartilage and 

bone tissue in the adult subchondral bone have a similar mineral content (Hoemann et al., 

2012). Cartilage and subchondral bone are in close proximity. Both the short diffusion 

distance and permeability of the calcified cartilage suggest that nutrients, cytokines, 

signal molecules (prostaglandin E2, nitric oxide) and glucose exchange in either direction 

(Duncan et al. 1985; Lyons et al., 2006; Pan et al., 2009; Funck-Bretano and Cohen-

Solal, 2011). Some authors have also suggested that deeper layers of the cartilage are 

metabolically influenced by subchondral capillaries (Milz and Putz, 1994; Müller-Gerbl, 

1998). Taken together, these findings indicate that, the subchondral bone fulfills both 

mechanical and metabolic functions and is an active site of remodeling. 
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Subchondral Bone Influence on Osteoarthritis (OA) 

Even though it is not the primary focus of this research, it is important to note the 

role of subchondral bone in osteoarthritis development and progression. Osteoarthritis is 

a multifactorial disease characterized by the degeneration of cartilage and modification of 

the structural and material properties of subchondral bone. Microarchitectural changes in 

subchondral bone influence the onset and progression of osteoarthritis in later life 

(Kamibayashi et al., 1995; Ding et al, 2003; Bobinac et al., 2003; Buckland-Wright, 

2004; Suri and Walsh, 2012; Li et al., 2013; Funck-Bretano and Cohen-Sol, 2015). 

Osteoarthritis has been associated with a variety of causal factors, including physical 

activity (Jurmain, 1999), bone metabolism (Hunter and Spector, 2003), anatomical 

variation (Hunter et al., 2005), body size (Jurmain, 1999; Weiss, 2006), genetic 

predisposition (Chapman and Valdez, 2012), and hormonal levels (Dumond et al., 2003) 

(Weiss and Jurmain, 2007; Klaus et al., 2009).  

In the development of osteoarthritis, there is increased subchondral osteoclast 

activity at the osteochondral junction, and increasing vascularity due to proteolysis (Suri 

and Walsh, 2012). Inoue (1981) suggested that initial charges occur around the tidemark 

and osteochondral junction because stresses are concentrated at these sites. Increased 

subchondral osteoclastic activity permits the cutting of vascular channels through the 

subchondral plate and into the non-calcified cartilage. As a result, subchondral and 

synovial compartments become compromised and resulting fracturing leads to structural 

change across the whole joint. Increases in subchondral bone thickness and reduced 

density of trabecular bone beneath the subchondral plate occur early (Kamibayashi et al., 
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1995; Hayes et al., 2001; Buckland-Wright, 2004; Goldring, 2009; Suri and Walsh, 

2012). As cartilage breaks down during osteoarthritic pathogenesis, cartilage thickness 

diminishes and radiographic joint space decreases (Mahjoub et al., 2012; Holland et al., 

2013).  

Primary versus Secondary Osteoarthritis 

There are two types of osteoarthritis, primary and secondary. Primary 

osteoarthritis is generally associated with aging and mechanical stress, or the “stress 

hypothesis” (Jurmain, 1977a; Larsen et al., 1995; Klaus et al., 2009; Larsen, 2015). It is 

argued that osteoarthritis results from a long-term physiological imbalance between 

mechanical stress placed on joint tissue and the ability of joint tissues to withstand that 

stress (Radin, 1982). Under and over-loading in joints both increase enzyme production, 

especially matrix metalloproteinases (MMPs). Sclerotic subchondral bone stimulates 

MMP production (Suri and Walsh, 2012). MMPs attack the cartilaginous matrix and 

disrupt cartilage homeostasis. While enzyme inhibitors are produced, they cannot keep 

pace with the proteolytic process. The cartilage begins to erode and break down into 

fibrils allowing proteoglycans and collagen fragments to be released into the joint space. 

The presence of these breakdown products ultimately produces an inflammatory response 

in the synovial membrane involving increased production of enzymes and cytokines that 

destructively diffuse into the cartilage. Over time, bone overgrowth results from an 

attempt to repair the joint (Waldron, 2007; Suri and Walsh, 2012; Sharma et al., 2013).  

Secondary osteoarthritis, in contrast, tends to develop relatively early in life after 

a specific cause, such as an injury to the joints (Jurmain, 1999). In cases of injury, the 
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normal vascular barrier between cartilage and subchondral bone can become breached by 

fibrillation. Capillaries then penetrate into the subchondral plate and the deep calcified 

zone of articular cartilage, which allows for the migration of osteocytes (Jurmain, 1999). 

When cartilage becomes denuded, subchondral bone is destroyed resulting in 

subchondral resorption and joint surface porosity (Ortner, 2003). It is difficult, if not 

impossible, to differentiate between primary and secondary osteoarthritis in an 

archaeologically-derived skeletal series. Both types of osteoarthritis leave very similar 

skeletal changes, including osteophytes (growth of new bone on margins), erosion of 

bone on joint surfaces, porosity, and severe surface polishing due to bone-on-bone 

contact (eburnation) (Ortner, 2003; Larsen, 2015). The best way to solve the problem of 

etiology of osteoarthritis is through more clinical research on living people. Studies of 

archaeological populations can be valuable, but they will never be able to match the 

diagnostic ability of clinical studies in which many more factors such as body mass, 

actual activity patterns, diet, patient history, genetics, and history of injuries can be 

accurately measured and taken into account (Pearson and Buikstra, 2006; Weiss and 

Jurmain, 2007). However, the clinical literature has conflicting and complex findings 

about the associations between osteoarthritis and activity. For example, it has been 

reported that many joints are able to maintain strenuous, long-term loading from distance 

running and other activities without developing osteoarthritis (Hoffman, 1993; Lane et 

al., 1993; Panush and Lane, 1994; Pearson and Buikstra, 2006). Also, part of the 

difficulty in applying clinical studies of osteoarthritis to bioarchaeological studies is the 

fact that physicians define osteoarthritis in different terms and conditions than 
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anthropologists. In clinical settings, the breakdown of cartilage in joints, damage to the 

subchondral bone, and narrowing of the joint capsule are all used to diagnose 

osteoarthritis (Jurmain, 1999; Weiss and Jurmain, 2007) However, many 

bioarchaeologists include the development of osteophytes and lipping around the joint 

capsule in their definitions of OA severity. This occurrence is not clinically relevant 

unless the osteophytes interfere with the joint’s function (Jurmain, 1999; Pearson and 

Buikstra, 2006).  

Jurmain (1977a; 1977b; 1999) urges anthropologists to pay special attention to the 

age of onset of osteoarthritis in specific joints in comparisons between sexes and 

populations. He concluded that investigating patterning in multiple joints, using the total 

available skeletal sample, is essential to accurate interpretations. A problem with 

studying age of onset arises from the fact that in clinical studies, injury to a joint, 

particularly in childhood, emerges as a major risk factor for OA later in adulthood 

(Micheli and Klein, 1991; Jurmain, 1999, Pearson and Buikstra, 2006), i.e. secondary 

osteoarthritis. Other concerns include non-standard data recording protocols (Buikstra 

and Ubelaker, 1994) and misinterpretations (Bridges, 1992). While osteoarthritis is 

clearly related to mechanical stress, it should be critically interpreted and not taken as a 

straightforward indicator of lifestyle (Bridges, 1992). A variety of studies suggest that 

different joints may develop osteoarthritis in response to dissimilar stimuli (Jurmain, 

1999). The practice of inferring specific physical activities from OA patterns is improper 

and risky; rather, bioarchaeologists should be examining patterns of more habitual 

movements. These observations are more readily available and are the appropriate 
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conclusions gained from the study of osteoarthritis (Pearson and Buikstra, 2006). 

Understanding the developmental patterns of subchondral bone microarchitecture can 

elucidate some of the questions that still exist regarding osteoarthritic onset in clinical 

joint research, as well as, disease classification in bioarchaeological studies. 

Ontogeny 

Bogin (1999: 155) defines ontogeny as “the process of growth, development, and 

maturation of an individual organism from conception to death.” Ontogenetic change in 

human and non-human bone has been a topic of considerable research (Kneissel et al., 

1997; Glorieux et al., 2000; Ryan and Krovitz, 2006; Ryan et al., 2007; Cunningham and 

Black, 2009; Gosman and Ketcham, 2009; Gosman et al., 2013; Terhune et al., 2013; 

Acquaah et al., 2015; Goliath et al., 2016). Most studies of human and non-human 

ontogeny use micro-CT and geometric morphometric methods. These methods allow for 

quantification of complex 3D forms across body sizes and developmental ages. In studies 

of ontogeny, these methods are useful as they can be used to describe a trajectory of 

ontogenetic shape change in a particular sample population. In regards to bone 

microarchitecture, ontogenetic patterns provide major insights into the form and structure 

of bone. Growth is the most opportune time to modify the mass of the skeleton (Frost, 

2003). More specifically, growing bone exhibits the greatest functional responsiveness to 

mechanical stimulation, with tissue sensitivity diminishing rapidly once skeletal maturity 

is attained (Gosman et al., 2011; Forwood, 2013). Infancy and childhood are periods of 

rapid bone growth and development. These early periods of ontogeny have a significant 

influence on bone strength during old age (Javaid et al., 2011; Acquaah et al., 2015). 
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Growth is a heavily regimented process controlled by hormones of the endocrine 

system (Bogin, 1999). Postnatal growth initiates rapidly and slowly stabilize at around 3 

years of age. During puberty, there is a period of peak growth that slows until epiphyseal 

fusion occurs (Bogin, 1999). The development of secondary sexual characteristics is 

signaled by the adolescent growth spurt.  It coincides with the onset of puberty and 

menarche in females. However, these processes do not exactly correspond to each other. 

Females begin their increase in the velocity of growth about 1 year (at 10 years of age) 

before they develop the external signs of developing maturity. The male growth spurt 

occurs at around 12 years of age, at least 6 months after their bodies have begun to 

develop (Cameron and Demerath, 2002). Growth is a highly sensitive indicator of health 

and it is affected by many factors (Gray and Wolfe, 1996; Larsen, 2015).  The physical 

growth and development of children is an indicator of the social and economic 

environment in which they live in (Bogin and Loucky, 1997). It is important to note that 

the bone we acquire as children may have later effects on the adult bone structure and its 

ability to adapt to mechanical loads (Oliver et al., 2007).  Size and shape have a strong 

genetic component but are also influenced by the environment in which individuals 

develop (Tanner, 1981; Goodman and Martin, 2002). Even in the same environment, 

there will be intrapopulation variation (Vercellotti et al., 2011). The final growth outcome 

of an individual is the result of a complex interaction between genetic and environmental 

factors. This is one of the main advantages in studying subadults (Bogin, 1999; Goodman 

and Martin, 2002).  
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Growth Studies in Archaeological Skeletal Samples 

During the past decade, there has been an increase in the study of children and 

childhood in anthropology. The initial interest began with the rise of feminist approach in 

the 1970s (Baxter, 2008). Studies of past childhood growth have been used to provide 

valuable information on nutritional stress, prolonged skeletal growth, and delayed 

maturation (Saunders, 2008; Halcrow and Tayles, 2011). Johnston (1962) was the first to 

attempt to study growth using archaeological skeletal samples. These samples did not 

represent the normal healthy children, but those who had died. Saunders and Hoppa 

(1993) addressed this issue by examining the literature on survivors and non-survivors 

and found that mortality bias had little effect on bone measurements in juvenile skeletons. 

As mentioned earlier, bones undergo dramatic changes in size, shape, and organization. 

Different skeletal elements grow at different rates during the different phases of 

development (Bogin, 1999; Vercellotti, 2011). Lovejoy et al. (1990) developed a method 

to measure growth velocity in archaeological populations. This method estimated 

diaphyseal length in each age category and attempted to control for genetic variability in 

growth within each sample. However, factors such as disease and malnutrition can stop 

or alter these growth rates. The timing and duration of these growth perturbations can 

lead to short-term or permanent alterations. As a consequence, different growth histories 

can produce skeletal variation among individuals (Bogin, 1999). Despite the scale of 

analysis used in this study, growth histories can provide insight into epiphyseal 

architectural response to ontogenetic loading, especially, in association with increasing 

body mass. 
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Trabecular Bone 

Ontogenetic studies of trabecular architecture in archaeological skeletal samples 

do have a presence in the anthropological literature. Kneissel et al. (1997) studied 

trabecular bone structure in both growing and aging lumbar spine in a Medieval Nubian 

population. They found that trabecular bone structure in children consisted of a dense 

network of small rod-like trabeculae. During adolescence came a period of the greatest 

bone volume with more small plate-like trabeculae and the adult form developed a large 

plate-like trabecular structure.  Early postnatal development (0-3years) of the femur 

(Glorieux et al., 2000; Ryan and Krovitz, 2006) is characterized by an increase in 

trabecular thickness and bone volume, and a decrease in trabecular number with age. 

Ryan and Krovitz (2006) using the Norris Farms 36 skeletal series, demonstrated that 

bone volume fraction, trabecular number, and degree of anisotropy decrease between 6 

months and 12 months old and by 2-3 years of age, the bone volume, thickness, and 

degree of anisotropy increase slightly in the femur. Moreover, Ryan et al. (2007) 

demonstrated mechanically significant structural differences between the femur and 

humerus during development. Gosman and Ketcham (2009) examined the ontogenetic 

patterning of trabecular bone microstructure in proximal tibiae of a subadult skeletal 

sample from SunWatch Village using various quantitative parameters of trabecular 

structure such as bone volume fraction (BV/TV), degree of anisotropy (DA), trabecular 

number (Tb.N), and trabecular thickness (Tb.Th). Gosman and Ketcham (2009) reported 

that bone volume fraction and degree of anisotropy are highest at birth, followed by a 

rapid decrease during the first year of life and a subsequent increase until late childhood.  
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Trabecular number was found to decrease continuously from birth to skeletal maturity. 

However, trabecular thickness increases continuously during development. Rauch (2012) 

suggests differential remodeling rates exist between the metaphysis and diaphysis during 

pubertal growth. He suggested that as growth in length accelerates, there is less time for 

cortical thickening through trabecular coalescence. With increasing load requirements, 

periosteal apposition rates in the diaphyses are only a fraction of the apposition rates in 

the more stagnant metaphysis. This leads to a differential remodeling rate between 

metaphyseal bone and diaphyseal bone. 

Cortical bone 

Cortical bone growth, measured by examining cortical thickness, provides 

complementary data for long-bone growth and health (Garn et al., 1964a; b; Larsen, 

2015). However, Ruff (2000a) has argued that such interpretations are too simplistic and 

based on flawed methods. Cortical, periosteal, and medullary areas have been shown to 

follow very different growth trajectories, with cortical thickness being more influenced 

by mechanical loading than nutritional health (Daly et al., 2004). Goldman et al. (2009) 

examined mid-shaft cortical drift direction in 14 juvenile femoral shafts and identified 

with age a posterior and medial drift that later shifted to an antero-lateral direction similar 

to adult -like geometry. They suggested that cortical growth was more rapid during 

toddler stage and puberty and slowed in late childhood and later adolescence.  Gosman et 

al. (2013) quantified diaphyseal cortex shape development of the tibia and femur using 

the Norris Farms 36 skeletal series. They noted that select locations in both the tibial and 

femoral diaphyses become increasingly less round (more asymmetrical) in cross section 
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in association with growth-related cortical drift and likely in response to increasing, 

location-specific, mechanical load-bearing demands. Long bone proportions can change 

constantly during growth, both externally and internally, due to differential sensitivity to 

mechanical influences. However, mechanical loads during adulthood have little effect on 

the external linear dimensions of long bone diaphyses (Frost, 2003; Ruff, 2005; Ruff et 

al., 2006).  According to Ruff (2005), diaphyseal cross-sectional strength appears to be 

much more responsive to changes in mechanical loads.  

Growth Studies in Modern Humans 

Modern studies of growth are complicated by numerous variables, including 

socioeconomic status, genetics, environment, and cultural practices that are difficult to 

control for and add confusion to the picture (Larsen, 2015). However, modern growth 

studies do provide invaluable information that can be used to assess the health status of 

children in past populations. Stini (1969) examined the growth status of modern 

Colombian children who were under continual stress from protein-deficiency. He found 

that females had the ability to make up this growth (catch-up) in pre-adolescence, but that 

males were more severely delayed, resulting in less pronounced sexual dimorphism in the 

adult stature. In the 1970s, Garn et al. (1972) examined the surface-specific changes that 

accompany bone growth and development and advanced our understanding of sex 

differences in bone development using radiographic data. Garn et al. (1972) proposed that 

boys experienced more periosteal apposition compared with girls, and that girls 

experience more endocortical apposition. However, this theory cannot be applied to all 

skeletal sites because the study focused on non-weight bearing metacarpals. Bogin and 
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Loucky (1997) demonstrated the relationship between genetics and nutrition in growth 

attainment.  They studied children born to Guatemalan immigrants in California. These 

children are genetically shorter than their African-American, Mexican-American and 

European-American peers but due to parental economic status, they are taller than 

children born in Guatemala (Goodman and Martin, 2002).   

In regards to bone microstructure, Cunningham and Black (2009) examined 

trabecular bone structural organization in human newborn ilium and determined that a 

systematic and regional organization of internal architecture was established at a very 

early growth stage in the ilium. Glorieux et al. (2000) found similar results to Ryan and 

Krovitz (2006). They noted an increase in bone volume and trabecular thickness in 

modern human femora. Reissis and Abel (2012) demonstrated, using fetal stillborn aged 

between 4 and 9 months, that during fetal development an increase in trabecular thickness 

and a decrease in trabecular number is apparent in the humerus and femur. Duren et al 

(2013) found phenotypic sex differences in second metacarpal bone diameter and cortical 

thickness at an early age with males having wider and longer metacarpals compared to 

females throughout most of life. Acquaah et al. (2015) showed that gestation was 

characterized by increasing bone volume fraction while infancy had significant bone loss 

in vertebrae. Several studies (Ding and Hvid, 2000; Ding et al., 2003; Cui et al., 2008; 

Chen et al., 2013) have examined post maturity trabecular microstructural changes at the 

proximal tibia and proximal femur. These changes include a decrease in BV/TV, Tb.Th, 

and connectivity density (Conn.D), as well as an increase in trabecular separation (Tb.Sp) 

and structural model index (SMI). The decline in bone volume fraction (BV/TV) and 
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thickness (Tb.Th) with aging was similar for women and men. These studies noted that 

the age-related decrease in trabecular number (Tb.N) for women was nearly twice that in 

men. Age-related bone loss at the proximal tibia in women is considered to be due to 

decreases in both Tb.N and Tb.Th, whereas in men, the primary mechanism for the 

decrease in BV/TV was trabecular thinning. 

 The variable, age at peak height velocity (APHV), is also commonly used as an 

indicator of maturity in longitudinal studies of childhood and adolescent growth (Gabel et 

al., 2015) and is highly correlated with sexual maturation. APHV refers to age when 

maximum linear growth in height occurs and generally occurs in boys and girls when 

approximately 90-92% of adult stature has been achieved (Bailey, 1997; Bailey et al., 

1999; Gabel et al., 2015). In a recent study, Gabel et al. (2015) noted that boys had 

greater cortical bone accrual rates on periosteal and endocortical surfaces compared with 

girls due to accelerated periosteal apposition during adolescence. 

Studies in Subchondral Bone Ontogeny 

Human Studies 

Given that microarchitectural changes in subchondral bone influence joint maintenance in 

later life (Bobinac et al., 2003; Buckland-Wright, 2004; Li et al., 2013; Funck-Bretano 

and Cohen-Sol, 2015), it is surprising that so little research has been directed toward the 

structure and variation in human subchondral bone during ontogeny. Age-related 

alterations in the structure and material properties of subchondral trabecular bone in the 

proximal tibia have been investigated in a small number of studies (Ding et al., 1997; 

Ding et al., 2002; Gosman, 2007; Gosman and Ketcham 2009; Chen et al., 2011). Ding et 
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al. (2002) investigated normal age-related (16-85 years) changes in trabecular 

microstructural properties. Ding et al. (2002) demonstrated that the decrease in 

mechanical properties of trabecular bone in the proximal tibia with aging is a 

consequence of the loss of trabecular material. The study showed that bone volume 

fraction and mean trabecular volume decreased significantly with age; connectivity did 

not have a general relationship with age; and the degree of anisotropy increased with age. 

These age-related changes had the same trend and pattern for both the medial and lateral 

condyles of the tibia (Ding et al., 1997; Ding et al., 2002; Ding, 2010). Gosman and 

Ketcham (2009) found that in young adult individuals from SunWatch Village (16-20 

years old), subchondral bone had a decrease in trabecular number and degree of 

anisotropy, and an increase in bone volume fraction with age. Chen et al. (2011) 

examined proximal tibia structural parameters in elderly Japanese populations. Similar to 

Ding and colleagues (2002), they found a decrease in BV/TV and Tb.Th with age in both 

women and men.   

In a recent study by Goliath et al. (2016) using Norris Farms individuals, 

ontogenetic changes to trabecular bone structure in the metaphysis and epiphysis 

(subchondral) of the proximal tibia were compared using six morphological parameters: 

bone volume fraction (BV/TV), mean trabecular thickness (Tb.Th), mean trabecular 

spacing (Tb.Sp), structure model index (SMI), connectivity density (Conn.D), and degree 

of anisotropy (DA). These findings indicated that age-related changes in mechanical 

loading had heterogeneous effects on trabecular bone morphology within the proximal 

tibia. Specifically, there were significant differences in BV/TV, SMI, and DA between 
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epiphyseal and metaphyseal trabeculae. With age, trabecular microstructure is 

distinguished by higher values in BV/TV and Tb.Th in the epiphysis and shows that the 

epiphysis tolerates higher loads than the metaphysis. Trabeculae in the epiphyseal region 

are likely more directly influenced by mechanical forces than trabeculae in the 

metaphyseal region during growth. Differential rates of modeling and remodeling 

between the epiphyseal and metaphyseal trabecular bone may also contribute to the 

observed differences.  

Non-human Studies 

Researchers have primarily focused on cartilage morphogenesis and physical 

activity in non-human development (Tanck et al., 2001; Brama et al, 2002; Ding et al., 

2006; Tanck et al., 2006; Isaksson et al., 2009; Jiao et al., 2010; Barak et al., 2011; 

Holland et al., 2011; Turunen et al., 2012; Hamann et al., 2013). Radin (1982) compared 

the effects of changes in loading impulse magnitude in the distal femora of sheep. Their 

results show that trabecular architecture became more longitudinally oriented 

(anisotropic) in response to the harder surface. Tanck et al. (2001) examined trabecular 

response to mechanical loading in the vertebrae and proximal tibiae of juvenile pigs and 

found bone volume increase occurred early in development but architecture adapted later. 

Brama et al. (2002) noted that equine subchondral bone biochemical and structural 

alterations of the collagen network develop during the first six months post-partum. Ding 

et al. (2006) showed in 3-6-month-old guinea pig samples that subchondral trabecular 

bone volume and cortical plate thickness increased significantly with age, while structural 

model index decreased, with trabeculae reflecting a more plate-like structure.  Jiao et al. 



22 

 

(2010) demonstrated that the rapid developmental changes of rat subchondral bone 

primarily occurred before 4 months of age, resulting in thinner cartilage but larger and 

thicker subchondral bone. They also noted that formation of subchondral bone was faster 

in female than in male rats. Barak et al. (2011) examined trabecular bone adaptation in 

two sheep groups (active and sedentary) and found significantly higher bone volume 

fraction (BV/TV), trabecular number (Tb.N), and trabecular thickness (Tb.Th), lower 

trabecular separation (Tb.Sp), and less rod-shaped trabeculae in the exercised than 

sedentary sheep. Hamann et al. (2013) found that for both subchondral trabecular bone 

and its cortical plate, bone volume fraction (BV/TV) and trabecular thickness (Tb.Th) 

increased in the tibiae of rats. This study indicates that condensation of the subchondral 

bone does not solely occur during the development of osteoarthritis but is actually a 

physiological process during development. However, comparisons between studies are 

difficult due to differences in species, anatomical location, and experimental conditions. 

These ontogenetic studies establish a context for the present study, by showing that 

trabecular and cortical bone ontogeny, may be quantified, but cannot be characterized by 

any singular developmental trend, even within a skeletal element or region. 

High Resolution X-Ray Computed Tomography 

The method of Computed Tomography (CT) scans, originally named CAT 

(Computerized Axial/Assisted Tomography) scans, was established in 1972 by Godfrey 

Hounsfield following the invention of modern computers (Hounsfield, 1973; Bart and 

Wallace, 2013). Traditional CT scanners pass an x-ray beam through a specimen onto a 

detector that captures the x-ray image created by the scattered photons. Either the 
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specimen or the x-ray detection unit is rotated in such a way as to obtain multiple scans 

of the specimen at every angle. These x-ray scans are then processed using computer 

software and combined into multiple 2D image “slices” of the region of interest (ROI) of 

that specimen. The 2D image slices are stacked and converted into a 3D reconstruction. A 

voxel is the 3D discrete unit of the scan volume that is the result of the CT reconstruction. 

It is a 3D volume representing two dimensions within the slice and the slice thickness. 

The smallest voxel size (i.e., highest scan resolution) is ideal, however higher-resolution 

scans require longer acquisition times and create larger data sets. Additionally, 

differences in voxel size have little effect on the assessment of structures with relatively 

high thickness (i.e. 100 to 200 μm), such as cortical bone or trabeculae in humans 

(Bouxsein et al., 2010).  High-resolution computed tomography (HR-CT) is an emerging 

non-invasive method with an average voxel (3D pixel) size of 50 μm. This method 

permits quantification of geometric, microstructural and mechanical properties of cortical 

and trabecular bone (Burghardt et al., 2013). The highest resolution (1μm-10μm) 

machines are Micro-Computed Tomography (Micro-CT) scanners (Burghardt et al., 

2011; Bart and Wallace, 2013). The electromagnetic radiation from a CT scanner used to 

collect x-rays falls between 0.001 to 10 nanometers in wavelength. Because x-rays can 

detect differences in tissue density as photons pass through tissue, CT scans are 

particularly helpful as a diagnostic tool. More dense tissue prevents photons from passing 

through, and as such CT scanning is ideal to study bone (Burghardt et al., 2011; Bart and 

Wallace, 2013). 
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Bone exists as a multi-level material. Each level of structure is organized in a 

different fashion from the one above it. Bone is arranged hierarchically in size from 

collagen and mineral nanostructures, to bone cells, to trabecular and cortical tissue, and 

finally bone as a whole organ. These levels of structural hierarchy will be described in 

more detail in Chapter 2. Study of trabecular and cortical structures through micro-CT 

provides insight into the tissue scale structural properties. 3D analysis of the micro-CT 

images provides quantification of the morphometry, connectivity, and anisotropy in bone 

(Peyrin, 2011). In both anthropology and healthcare, CT scans are used to determine the 

3D structure of opaque material. These studies track skeletal development, examine 

human growth and adaptation, examine the microstructures of bone and teeth, track bone 

damage, examine trabecular structures, evaluate bone health to study disease progression, 

study metabolic disease, and evaluate bone integrity. (Lazenby et al., 2011; Burghardt et 

al., 2011).  This investigative technique involves analyzing a specific region of interest 

(ROI) with a larger bone sample and focused volumes of interest (VOIs) within that 

region. The three dimensional (3D) images obtained from high resolution CT are used to 

understand bone microarchitecture in several ways. Such methods include the use of 

computer assisted image processing to measure bone density or connectivity and to count 

trabeculae or other features directly from the image (Hildebrand and Rüesegger, 

1997a;b).  In anthropology, CT has primarily been used to analyze and measure many 

different variables related to bone structure including, bone volume fraction (BV/TV) 

trabecular thickness (Tb.Th), structure model index (SMI) trabecular spacing (Tb.Sp) 

trabecular number (Tb.N), and cortical architecture (e.g. thickness, density). Chen et al. 
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(2013) recently studied post maturity age-related changes in trabecular and cortical bone 

microstructure based primarily on HR-CT and micro-CT. Chen and colleagues focused 

on the vertebrae, femoral neck, and distal radius, which are common osteoporotic fracture 

sites. In older individuals, they found a decrease in trabecular bone is caused by thinning 

of the trabeculae and that trabecular bone loss over life was one-half at the vertebra and 

one-quarter at the femur, radius, and tibia (Chen et al, 2013). 

Micro-CT Analysis in Comparison to Traditional Histology 

The use of 2D histomorphometry is the gold standard for assessing bone 

microstructure because it is the only method for direct in situ analysis of bone cells and 

their activities but it does have limitations. Sectioning followed by histology can image 

bone interior but is destructive, lengthy and semi-quantitative, with some subjectivity in 

defining microstructural features. Moreover, it cannot discriminate an increase in the 

number of remodeling events from an individual event nor can a full 3D volumetric 

measurement be obtained (Parfitt, 2002; Vanderoost and van Lenthe, 2014).  In contrast, 

Micro-CT is a fast and non-destructive technique allowing longitudinal studies of bone 

growth (Peyrin, 2011). It reduces the need to use bone histology for measuring interior 

microanatomy of bone, but histology is still necessary to image bone cells. Micro-CT 

cannot provide direct information on cellular function and remodeling activity because 

analysis is quantified using a reconstructed image (Burghardt et al., 2011; Particelli et al., 

2012; Martin et al., 2015). Higher resolution micro-CT technology (synchrotron) has 

opened the possibility to examine bone structure from macro to nano and should be 

incorporated with current 2D histomorphometric techniques (Cooper et al., 2012). 



26 

 

Aims and Hypotheses 

The specific aims of this study were to investigate normal age-related variations 

in the microstructural properties of human trabecular and cortical subchondral bone, to 

assess whether age-related trends in the properties differ for the medial and the lateral 

condyles, and to evaluate the relationship between microstructural properties and 

population. 

Hypothesis 1: With the increase in body mass and developing adult gait, all 

subchondral bone structural parameters will be affected by age. 

1A: In subchondral trabecular bone, there is an increase in bone volume fraction 

(BV/TV), anisotropy (DA), structural model index (SMI), and trabecular thickness 

(Tb.Th) with age. 

1B: In trabecular subchondral bone, there is a decrease in connectivity (Conn.D), 

trabecular separation (Tb.Sp), and the number of trabeculae (Tb.N) with age. 

1C: In cortical subchondral plate, there is an increase in the thickness (Plate Ct.Th) with 

age. 

Subchondral trabecular bone is expected to follow the same ontogenetic processes 

as other trabecular regions of the skeleton, a subsequent functional condensation of the 

underlying subchondral bone due to endochondral ossification with an increase in the 

degree of anisotropy (Gosman, 2007).  In assessing subchondral bone at different ages 

during growth, it would be expected that subchondral bone becomes denser with 

increasing age due to increasing trabecular thickness. Bone volume fraction will have a 

slight increase with decreases in trabecular number. These patterns have also been 
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reported by other researchers examining trabecular ontogeny (Ryan and Krovitz; 2006; 

Gosman, 2007; Gosman and Ketcham 2009; Gosman, 2012).  Because the subchondral 

bone absorbs a majority of the joint mechanical load, loading is the primary factor in 

explaining its orientation (Wolff, 1892; Pearson and Lieberman, 2004; Sugiyama et al., 

2010; Gosman, 2012). The ontogenetic changes seen in bone mass thickness and density 

occur with increases in load amount and duration. The changes seen in the distribution of 

trabeculae and their patterns are based on the direction of the load (Pearson and 

Lieberman, 2004; Gosman and Stout, 2010). The remodeling of trabecular architecture 

includes an increase in the bone volume fraction (BV/TV), an increase in trabecular 

thickness, and a decrease in the number of trabeculae (Ryan and Krovitz 2006; Gosman 

and Ketcham, 2009; Gosman, 2012).   

In regards to the subchondral plate, there is an expected increase in thickness due 

to similar mechanical forces affecting the underlying subchondral trabecular region. Hvid 

(1988) claimed that the dense subchondral bone plate serves to distribute the forces 

transmitted through the menisci and cartilage to the subchondral trabecular bone. During 

growth and in the presence of increased loading, cortical bone increases to adapt to 

maintain equilibrium strain homeostasis (Frost, 2003; Ding et al., 2006).  

Hypothesis 2: Due to increasing mechanical load and changing joint kinetics with 

development, there is a significant difference in subchondral trabecular bone and 

cortical plate structural parameters between the medial and lateral condyle. 

2A: The medial condyle is better adapted to increasing load and body mass, with greater 

thickness, connectivity, bone volume fraction, and anisotropy than the lateral condyle.  
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2B: The lateral condyle will have greater trabecular separation and trabecular number. 

It is well established that development of the knee angle shifts from bowlegged 

(varus) in the infant stage to knocked knees (valgus) in early childhood and stabilizes to a 

less valgus alignment as part of normal and physiological development (Engel and 

Staheli, 1974; Salenius and Vankka, 1975; Cheng et al., 1991; Heath and Staheli, 1993; 

Saini et al., 2010). The development of the tibiofemoral angle (TFA) can be divided into 

three phases: Phase I: knee alignment changes from an infantile varus alignment to 

maximum valgus; Phase II: valgus knee alignment decreases in amount; and Phase III: 

knee alignment remains stationary and the adult pattern of genu valgus is established. 

However, the age ranges at which these phases come in children and adolescents has 

been found to be differ with different ethnic groups (Cheng et al., 1991; Heath and 

Staheli, 1993; Cahuzac, 1995; Arazi et al., 2001; Oginni et al., 2004; Yoo et al., 2008; 

Saini et al., 2010). These age-related changes in the limb alignment at the knee shifts 

weight from medial condyle to lateral condyle and then back to medial (Hurwitz, et al., 

1998).  Because of the genu valgus knee alignment, is has been argued that the medial 

condyle is stronger and denser than the lateral condyle. As mentioned earlier, several 

studies (Hvid et al, 1985; Hvid and Hansen 1985; Harada et al., 1988; Milz and Putz, 

1994; Ding et al., 1997; Müller-Gerbl, 1998; Ding et al., 2002) have shown that the 

medial condyle of the tibial plateau is much stronger than the lateral condyle, and that in 

both regions the strength decreases rapidly with the distance from the surface. On 

average, the maximum density in the medial compartment is about 200 HU (Hounsfield 

unit) greater than the lateral (Müller-Gerbl, 1998).  Gosman et al. (2011) suggested that a 
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higher bone volume fraction (BV/TV) in the lower limb is influenced by the load-bearing 

mechanical forces. These mechanical forces may be stronger on the medial condyle due 

to the anatomical positions of the distal femur and proximal tibia. 

Summary 

In this introductory chapter, the theoretical and experimental bases for an 

ontogenetic subchondral bone research project have been discussed. The principles 

behind the use of high resolution and micro-CT technology for quantifying and analyzing 

skeletal microarchitecture were also discussed. Hypotheses were developed based on 

bone functional theory, recent animal models, and human studies. These methods are 

applied to an archaeological subadult and young adult skeletal series from Norris Farms 

36 skeletal collection, an Oneota cemetery assemblage. The results of this study are 

expected to contribute to the development of new quantitative reference data for the 

ontogenetic patterning of human subchondral bone.  

Organization of Dissertation 

This dissertation consists of seven chapters including this general introduction and 

statement of hypotheses. Chapter 2 places subchondral bone into the broader context of 

skeletal biology and cartilage morphogenesis.  Chapter 3 is the historical bone biology 

background chapter, including the origins and development of the theory of bone 

functional adaptation, the tenets of the Utah Paradigm of skeletal physiology, and the 

principles of the mechanostat theory. Chapter 4 provides a review of the Oneota culture, 

an examination of relevant archaeological investigations of Morton Village and Norris 

Farms 36 and also presents a summary of the bioarchaeological research data on Norris 
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Farms skeletal remains. Chapter 5 discusses the materials (Norris Farms 36 tibiae) that 

form the basis for this investigation, age-at-death estimation, and body mass calculation. 

It also details the methods of the research including high resolution CT scanning 

acquisition and protocol, the structural analysis program Avizo Fire, and statistical 

procedures/tests used for hypothesis testing. Chapter 6 is a compilation of the results with 

a visual interpretation of the quantitative data. Chapter 7 provides an interpretative 

framework for an understanding of the meaning of the quantitative patterns of 

subchondral bone ontogeny and the various potential sources of error, strengths, and 

limitations of the study design and execution. The Conclusion summarizes the results of 

this project and places them into the broader context and significance of skeletal research.  

Two appendices are included for reference: Appendix A includes tables of all data 

collected and calculated for all specimens included in the study. Appendix B includes all 

supplemental SPSS statistical output tables. 
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CHAPTER 2:  

SKELETAL BIOLOGY AND JOINT MORPHOGENESIS 
 

Skeletal Formation 

Throughout childhood, adolescence, and early adulthood our bones undergo 

changes in size, shape, and organization through the process of modeling and remodeling 

(Goldman et al., 2009). The development of the adult skeleton is achieved by longitudinal 

growth, modeling, and remodeling. In bone, both growth hormone (GH) and insulin-like 

growth factor-1 (IGF-1) are essential for the development, longitudinal growth of the 

skeleton, and maintenance of bone mass. IGF-1 mediates most of the effects of GH on 

skeletal metabolism, promotes chondrogenesis, and increases bone formation by 

regulating the functions of the differentiated osteoblasts. GH regulates somatic growth 

and development as well as carbohydrate and lipid metabolism (Giustina et al, 2008). 

Notch is also a critical regulator of skeletal development, but its role in remodeling of the 

adult skeleton is unclear (Liu et al., 2016). During the 3rd to 8th week of embryonic 

development, the mesodermal layer of the embryo forms the beginnings of the skeletal 

system (Yang, 2013). Skeletal formation proceeds through two major mechanisms: 

intramembranous and endochondral ossification. In intramembranous ossification, 

osteochondral progenitors differentiate directly into osteoblasts to form membranous 

bone. The development of cortical and trabecular bone in the long bones is a result of the 



32 

 

endochondral ossification process in the presence of loading (Frost and Jee, 1994; 

Gosman, 2012; Martin et al., 2015).   

Endochondral Ossification 

During endochondral ossification, osteochondral progenitors differentiate into 

chondrocytes (cartilage cells) to form a cartilage template of the developing bone. (Yang, 

2013). Indian hedgehog (IHH) and bone morphogenetic proteins (BMP2) are essential for 

function in endochondral ossification. IHH and BMP2 are proteins that regulate 

proliferation and differentiation of chondrocytes and induces osteoblast differentiation in 

the perichondrium (Yang, 2013).  During endochondral ossification, a cartilaginous 

model (anlagen) is converted into bone. This cartilage model is formed from 

chondroblasts and is surrounded by connective tissue (perichondrium), except at its ends. 

In a long bone, the primary center of ossification is in the middle of the cartilage model. 

At almost the same time, three events occur: 1) mesenchymal cells form osteoblasts, 

which lay down bone just outside the cartilage core, creating a periosteal collar, 2) the 

chondrocytes within the cartilage core undergo hypertrophy and as their lacunae enlarge, 

the matrix is compressed to thin septa, which calcify; 3) blood vessels form the 

periosteum and penetrate the cartilage core accompanied by hematopoetic cells, 

osteoprogenitor cells, and osteoclasts. In the interior of the cartilage model, the 

osteoprogenitor cells differentiate to become osteoblasts, which begin to deposit bone on 

the septa of calcified cartilage, creating trabeculae. These primary trabeculae (primary 

spongiosa) soon become remodeled and replaced by secondary trabeculae (secondary 
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spongiosa) of lamellar bone or are replaced by marrow (Mackie et al., 2011; Martin et al., 

2015) (Figure 2.1). 

 

 

 

 
Figure 2.1: Process of Endochondral Ossification. (Anatomy & Physiology, Connexions. 

http://cnx.org/content/col11496/1.6). 

 

 

 

Longitudinal Growth 

 

Longitudinal growth of bones occurs in a nonmineralized region of growth near 

the end the bone. This region is referred to as the growth plate or physis. The physis 

separates the bony epiphysis from the bony metaphysis. New cartilage is constantly 
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formed by chondrocytes within the growth plate. The growth plate is divided into zones, 

each representing a stage in the life cycle of chondrocytes. The processes that occur 

during this temporal sequence through the growth plate are largely directed by a protein 

called Sox9, in collaboration with Indian hedgehog (Ihh) and parathyroid hormone (PTH) 

proteins (Leung et al., 2011). Sox9 is the master regulator for chondrogenesis (Hino et 

al., 2014). The hedgehog family of proteins are important for tissue differentiation during 

limb development. Parathyroid hormone related protein (PTHrP) regulates endochondral 

bone growth by proliferating chondrocytes and delaying their differentiation 

(Kronenberg, 2006; Yang, 2013).  

The process of longitudinal length occurs in 4 zones, each zone representing a 

different stage in the life cycle of the chondrocytes. These zones include: the reserve 

zone, proliferative zone, hypertrophic zone, and the zone of calcification (Figure 2.2). In 

the reserve zone, stem cells differentiate into chondrocytes. Cells of moderate size are 

scattered irregularly throughout this zone, which is anchored to the bone of the epiphysis 

and receives nourishment from epiphyseal blood vessels. These cells are not resting, but 

are dividing slowly to provide chondrocytes for the remainder of the growth plate. Type 

II collagen content is high in this region, and the fibrils are randomly arranged (Martin et 

al., 2015). 

 In the proliferative zone, these chondrocytes divide repeatedly and arrange 

themselves into columns.  They also become disk-like, similar to a stack of coins.  In this 

zone, the chondrocytes produce collagen and molecules needed in the development of the 

extracellular matrix. This is the region where most of the growth in length occurs in the 
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bone, primarily due to cell proliferation rather than cellular activity itself (Hunziker et al., 

1987). Chondrocyte proliferation and maturation is permitted by suppression of Type X 

collagen production by the protein Sox9 (Leung et al., 2011; Hino et al., 2014). Each 

chondrocyte produces about two times its own volume in new matrix during its lifetime 

(Hunziker et al., 1987). The collagen fibers are aligned parallel to the cell columns. The 

chondrocytes produce large amounts of proteoglycan and other molecules needed for the 

mechanical integrity of the surrounding extracellular matrix (ECM). As chondrocytes 

decline in proliferation, they mature and increase in size due to glycogen accumulation in 

the hypertropic zone. They also increasing their volume and surface area by 4–10 times 

(Horton, 1993; Horton et al., 1998). Chondrocytes in this zone are in the early stages of 

apoptosis (programmed cell death). They stop producing cartilage matrix and begin 

producing molecules that prepare the adjacent cartilage for calcification. Eventually, they 

begin the process of apoptosis while preparing adjacent cartilage for calcification.  In the 

zone of calcification, the degenerative chondrocytes continue to hypertrophy and the 

surrounding cartilage matrix begins to calcify (Martin et al., 2015). As they reach the 

limit of this zone, where the growth plate ends and the metaphysis begins, the 

chondrocytes go through apoptosis.  Simultaneously, the surrounding cartilage matrix is 

calcified (Mackie et al., 2011; Martin et al., 2015). Longitudinal growth ceases with the 

closure of the growth plates at the end of the growing period (Robling and Stout, 2008).   
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Figure 2.2: Zones of the Epiphyseal Growth Plate (Anatomy & Physiology, Connexions. 

http://cnx.org/content/col11496/1.6). 

 

 

Proximal Tibial Epiphysis Development 

During the first trimester, the tibia begins as cartilage model and starts to ossify 

during the eighth week in utero (O’Rahilly et al., 1957). Toward the end of the third 

trimester the proximal epiphysis begins to ossify. Epiphyseal trabeculae are formed from 

the secondary ossification center. Kuhns and Finnstrom (1976) reported that in North 

American and Swedish populations the epiphysis is radiographically visible between 2 

and 5 postnatal weeks. It is always present by 3 months postpartum (Paterson, 1929; 
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Francis et al., 1939; Pyle and Hoerr, 1955; Hansman, 1962; Scheuer and Black, 2004). 

Girls advance faster than boys during the whole of postnatal development of the proximal 

epiphysis. At birth, the proximal epiphysis appears as a porous, oval nodule similar in 

morphology to the mature shape.  During the second year, the osseous expansion causes 

inferior flattening and the growth plate becomes established, while superiorly there is an 

extension towards the tibial spines. By 3-4 years of age, the articular surfaces begin to 

become distinct with a rounded, pitted superior surface and a roughly oval outline.  The 

intercondylar eminence also becomes observable around this time. These features 

become more distinct as rapid growth continues and the articular surfaces become 

smoother throughout childhood (Scheller, 1960). By 6-7 years old, the condyles have 

reached their characteristic adult shape, the lateral being circular and the medial 

elongated anteroposteriorly. By 7 years in girls and 9 years in boys, the epiphyseal and 

metaphyseal diameters are equal in width (Pyle and Hoerr, 1955). By 11-13 years, the 

epiphysis is very substantial in size. Both the medial and lateral sides of the epiphysis cap 

the metaphysis. During early adolescence, the proximal epiphysis is identified by the 

presence of a large tuberosity that extends perpendicular to the condylar surface. The 

distal portion of the tibial tuberosity unites with the proximal epiphysis at 12 to 14 years 

of age. The proximal epiphysis fuses between 13 and 17 years in females and between 15 

and 19 in males (Scheuer and Black, 2004; Baker et al., 2005). The proximal epiphysis is 

responsible for about 57% of growth in length of the bone (Digby, 1915; Gill and Abbott, 

1942; Anderson et al., 1963). The commencement of fusion is 13 years in females and 

15.5 years in males, with completion about 1.5 years later (Pyle and Hoerr, 1955). Other 
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observations have rather later times for complete fusion extending to 17 years in females 

and 19.5 years in males. McKern and Stewart (1957), reported, in males, early stages of 

union at 17-19 years old and that complete fusion did not occur until 23 years (Scheuer 

and Black, 2004). 

Influence of Mechanical Loading on Epiphyseal Morphology 

Mechanical loading during ontogeny plays a significant role in the development 

of epiphyseal morphology (Carter, 1987; Carter and Wong, 1988; Carter et al., 1989; 

Carter et al., 1996; Shefelbine et al., 2002; Ruff, 2003; Ryan and Krovitz, 2006; Garzon-

Alvarado et al., 2010; Barak et al., 2011; Mirtz et al., 2011; Peinado Cortes et al., 2011; 

Guevara et al., 2016). There are mechanical influences on the rate of endochondral 

ossification fronts, the appearance of secondary ossification centers, and the geometry of 

the growth plates. Cartilage loading at the bone ends are also responsible for the 

stabilization of the subchondral growth at skeletal maturity and are a key factor in 

establishing the thickness of the articular cartilage covering the joint surfaces (Carter et 

al., 1996; Hamrick, 1999; Peinado Cortes et al., 2011). By the end of gestation, the 

epiphyses undergo a series of developmental changes with the formation of secondary 

ossification center. Finally, between the ages of five and six secondary ossification center 

enlarges until a complete epiphyseal ossification is achieved (Long and Ornitz, 2013; 

Guevara et al., 2016). There is a clear shift from highly variable to highly predictable 

joint angles with locomotive maturity that lead to a significant change in load orientations 

(anisotropy) throughout growth and development (Raichlen et al., 2015). However, some 

studies suggest that the joint response to loading patterns depends on the bone/region 
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(Carlson et al., 2008; Wallace et al, 2013). Carlson et al. (2008) and Wallace et al. (2013) 

suggested that joints more constrained in their range of motion show lower trabecular 

response in anisotropy to loading patterns than joints that have higher degrees of 

freedom/motion in murine studies (Wallace et al., 2013).  

Hierarchical Structure of Bone 

Bone is a hierarchically organized material that is constructed as a fiber-

reinforced composite material. Bone is arranged hierarchically according to structure at 

size scales ranging from nanometers (collagen and minerals) to microns (trabecular 

plates) to milli- and centimeters (bone as an organ) (Figure 2.3). Structure at each level 

imparts a unique mechanical adaptation (Fratzl and Weinkamer, 2007). At the 

histological level, bone is either dense cortical (compact) bone, or more porous trabecular 

(cancellous) bone. The tissue that forms these microscopic architectures can be lamellar 

(sheet-like) or completely disorganized. Bone microstructure is often in layers, 

alternating between regions with highly oriented mineral and adjacent interlamellar 

regions (Martin et al., 2015). At the microscopic level, secondary osteons (Haversian 

systems) about 200 μm in diameter can acts as strong fibers embedded in a matrix 

composed of interstitial lamellae. At the nanoscale, bone matrix is composed of cross-

linked collagen fibers interspersed with mineral platelets, with non-collagenous proteins 

that control the assembly and size of these components. This organizational structure 

produces a composite material with mechanical properties superior to those of any of its 

constituents, including an ability to resist structural failure through the fatigue process 

incurred by a lifetime of repetitive loading (Martin et al., 2015). 
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Figure 2.3: Hierarchical scale in bone structure. (Modified from Cowin et al., 1987) 

 

Cortical and Trabecular bone 

Cortical bone (compact bone) is the dense bone found in shafts of long bones and 

the cortex around vertebral bodies and flat bones. It is strong and provides both support 

and protection. It is less porous than trabecular bone but porosity increases with age and 

with osteoporotic changes to the skeleton. It consists of Haversian canals that are aligned 

to the long axis of the bone and contain blood vessels and nerve fibers. They are about 50 

μm in diameter. Volkmann’s canals are short, transverse canals connecting Haversian 
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canals to each other and to the outside surfaces of the bone. These canals also contain 

blood vessels and nerve fibers.  

Trabecular bone (cancellous bone) is porous bone found inside vertebrae, carpal bones, 

flat bones, and the ends of long bones. The pores are interconnected and filled with blood 

marrow. The trabecular bone presents a porous structure of which the microarchitecture 

is characterized by a complex arrangement of thin (100 – 200 μm) strong plates and struts 

or rods (Raux et al., 1975; Singh 1978; Hayes and Snyder, 1981; Odgaard, 1997). The 

bony structures recognizable in a single section through this network, give a qualitative 

impression of the alignment of the plates and rods in trabecular bone (Eckstein et al., 

2000). Trabecular bone tissue has much lower density than cortical bone and allows the 

skeleton to build large but lightweight conical volumes of bone at the end of long bones 

that carry the large loads of the joints. (Martin et al., 2015).  

Woven and Lamellar Bone 

Bone can be further characterized as primary and secondary bone. Cortical and 

trabecular bone contain two types of bone tissue: woven and lamellar. Woven bone is 

quickly formed and poorly organized tissue with collagen fibers and mineral crystals are 

more randomly arranged. Woven bone is common in a fracture callus and is formed early 

in the healing process to help stabilize the broken bone. In general, woven bone can be 

made more quickly than lamellar bone, but it is weaker (Stout and Crowder, 2012; Martin 

et al., 2015). Lamellar bone is slowly formed and highly organized. It consists of parallel 

layers of lamellae comprising a matrix of collagen fibers with mineral plates. Primary 

lamellar bone results from the resorption of existing bone and replacement by new 
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lamellar bone. There may be a variety of patterns of lamellar arrangement at the level of 

the collage fibrils, and likely each have important mechanical implications (Ascenzi and 

Bonucci, 1970; 1976; Reisinger et al., 2011; Stout and Crowder, 2012) 

Bone Cells 

There are four types of bone cells: osteoclasts, osteoblasts, osteocytes, and bone 

lining cells. Osteoclasts are the cells that resorb bone. They are multinucleated cells that 

are derived from the monocyte/macrophage lineage under the stimulation of RANKL 

(Receptor Activator of NFκB Ligand) and M-CSF (Macrophage-Colony Stimulating 

Factor). The molecule RANKL that binds to the RANK receptor is produced by 

osteoblasts, thus, osteoclasts differentiation and function is regulated by osteoblasts or 

osteoblast progenitors. Parathyroid hormone (PTH) and 1,25 hydroxyl vitamin D also 

stimulate RANKL production. Resorption occurs along a ruffled border of the cell, which 

is sealed to the bone surface by a peripheral clear zone. Osteoclasts erode their way 

through bone by demineralizing the adjacent bone through acidification of the bone 

mineral. This exposes the collagen which is then decomposed by the enzymes cathepsin k 

and matrix metalloproteinases (MMPs). These enzymes are produced by the osteoclasts. 

Once resorption is complete, osteoclasts die by apoptosis and disappear (Boyce and Xing, 

2008; Teti, 2011; Martin et al., 2015). 

Osteoblasts are mononuclear cells that produce osteoid, the organic portion (Type 

I collagen) of the bone matrix. Osteoblasts develop from mesenchymal precursor cells 

from the bone marrow that differentiate under the influence of bone morphogenetic 

proteins (BMPs), Runx2 and osterix, which regulate osteoblasts function by coordinating 
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Wnt-signaling pathway, transcription growth factor beta (TGF-B) and BMPs. Wnt 

signaling stimulates Runx2 gene expression. Runx2 is the master transcription factor that 

stimulates osteoblast differentiation and regulates bone formation (Boyce and Xing, 

2008). Full differentiation of osteoblasts also requires some level of mechanical stress, 

one reason that bone formation is impaired in cases of disuse or during spaceflight 

(Robling and Turner, 2009). Osteoblasts express osteocalcin (OC) and alkaline 

phosphatase (AP) which can be measured in blood serum. Osteoblasts also express 

osteoprotegrin (OPG) which is the naturally occurring inhibitor of RANKL. OPG when 

bound to the RANKL receptor halts osteoclasts differentiation and prevents bone 

resorption. The concentrations of these molecules are indicative of the rate of bone 

formation and mineralization. Osteoblasts have extensive communications with each 

other and cells on bone surfaces (bone lining cells), within the bone matrix (osteocytes) 

and in the bone marrow through cellular processes that connect at gap junctions (inter-

cellular channels) with processes from neighboring cells (Boyce and Xing 2008; Robling 

and Turner, 2009; Teti, 2011). 

Osteocytes, which make up 90-95% of all cells in bone, are former osteoblasts 

that have become buried in the bone which they and their neighbors have made. 

Osteocytes sit in cavities called lacunae and communicate with each other and with 

osteoblasts via narrow canals called canaliculi. Canaliculi cover a large surface area of 

bone and with osteocytes are important for both transporting mineral into and out of 

bone, and also in transduction of mechanical signals (mechanotransduction) (Bonewald, 

2011; Bonewald, 2013; Martin et al., 2015). Osteocytes form a functional group of cells 



44 

 

that connects cells on the bone surface with those in bone marrow and with those in blood 

cells. They form an mechanosenory network that is able to detect and respond to changes 

in mechanical stress. They detect load through strain induced fluid flow within the 

canaliculi which alters the cell processes. During normal physical activity, osteocytes 

produce a protein called sclerostin that inhibits Wnt signaling and suppresses bone 

formation. When high levels of mechanical loading are detected, sclerostin expression is 

suppressed, stimulating osteoblast differentiation and increasing bone formation (Robling 

and Turner, 2009; Bonewald, 2013; Martin et al., 2015). When bone is damaged or non-

loaded, osteocytes begin to die by apoptosis. Either the apoptotic osteocytes (Kennedy et 

al., 2012), or healthy osteocytes adjacent to the dying ones produce RANKL, which, as 

previously mentioned, is important for the differentiation and activation of osteoclasts. 

These osteoclasts remove the damaged/non-loaded bone.  

Bone lining cells are quiescent (dormant) osteoblasts. These are the osteoblasts 

that escaped being buried in newly formed bone and remained on the surface when bone 

formation ceased. As production of bone matrix stops, bone lining cells become quiescent 

and flattened against the bone surface. They maintain communication with osteocytes and 

each other via gap junctions and also maintain their receptors for hormones and other 

chemical signals. Like osteocytes, they are also responsible for transfer of mineral into 

and out of bone (Robling et al., 2006; Martin et al., 2015). 
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Growth and Modeling 

Growth is defined as the accrual of bone mass through processes of bone formation 

during development. It does not account for bone shape, except in length, and does not 

involve resorption of tissue. During the growth phase, portions of the endosteal and 

periosteal surfaces are under continuous resorption and other portions are under 

continuous formation, a process known as modeling. Bone modeling sculpts the shape 

(architecture) and size (mass) of bone via modeling drifts by adding bone in some places 

and removing it in others (Frost 1992; Robling and Stout, 2008). Growth and modeling 

result in the production of organized parallel sheets of primary bone, circumferential, and 

endosteal lamellae (Robling and Stout, 2008). During modeling, some blood vessels in 

the periosteum become incorporated into the circumferential lamellae being deposited, 

producing primary vascular canals (Robling and Stout, 2008). Modeling is necessary 

because the longitudinal growth process does not produce a bone with the correct shape 

for an adult. Modeling occurs by activation-formation (A-F) or activation-resorption (A-

R) sequence. Modeling is defined as either bone formation or bone resorption, but not 

both, at a given site. Modeling is continuous and prolonged during growth but is greatly 

reduced after skeletal maturity (Seeman, 2009; Martin et al., 2015). Modeling also occurs 

during fracture healing occurs occasionally. 

Bone Remodeling 

Remodeling is the process by which the skeleton is continuously renewed. It results in the 

turnover of lamellar bone without causing large changes in bone quantity, geometry, or 

size (Frost, 1969). The purpose of remodeling is to adjust the skeleton to changes in 
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mechanical demands, to prevent accumulation of fatigue damage, to repair micro 

fractures, to ensure the viability of the osteocytes, and to allow the skeleton to participate 

in the calcium homeostasis (Parfitt 1983; Burr, 1993; Stout and Crowder, 2012). Bone 

remodeling is a surface phenomenon and occurs on all bone surfaces. In bone, four 

different surfaces or envelopes can be identified: the periosteal, intracortical, endosteal, 

and the trabecular surfaces. Besides a variation in remodeling activity between different 

skeletal sites, there is also variation in the remodeling activity and bone balance between 

the different envelopes in individual bones (Parfitt, 2002). In healthy individuals, 

remodeling is a uniform process that begins in early childhood and continues throughout 

life. Remodeling is considered to exist in two basic forms: systemic and targeted. 

Systemic remodeling is stochastic and serves a metabolic function (e.g., mineral 

homeostasis). The second form of bone remodeling is primarily biomechanical in 

function and targeted to repair microdamage in bone (Parfitt 1983; Burr, 1993; Bentolila 

et al., 1998). The breakdown and renewal of bone that occurs during remodeling aids in 

skeletal maintenance, and helps bone adapt to mechanical stresses such as weight, 

posture, and physical activity (Wolff, 1892; Woo et al., 1981; Kumar et al., 2005). Bone 

remodeling occurs as a sequence of events (ARF sequence) performed by a team of cells 

called the basic multicellular unit (BMU) of remodeling (Frost 1969; Stout and Crowder, 

2012).  
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Basic Multicellular Unit (BMU) 

The basic multicellular unit (BMU) consists of two coupled cells (osteoclasts and 

osteoblasts). A BMU consists of about ten osteoclasts and several hundred osteoblasts. 

There are three principal stages in a BMU’s lifetime: activation (A), resorption (R), and 

formation (F). The A-R-F process can be divided into six sequential phases. Activation, 

Resorption, Reversal, Formation, Mineralization, Quiescence. The osteoclasts resorb a 

volume of bone in the form of a cutting cone (cortical) or bone compartment (trabecular). 

In cortical bone, the BMU forms a complex structure, which bores holes through the 

bone, creating a longitudinal tunnel. In front is the cutting cone, where osteoclasts resorb 

bone during the resorption phase. In between the resorption and formation phases, there 

is a reversal period. During this period, at the edges of the resorptive bay, mononuclear 

cells lining the resorptive bay and deposit a special thin layer of matrix called a reversal 

(cement) line. Closely following the osteoclasts comes a capillary loop with endothelial 

cells and mesenchymal cells, which are osteoblast progenitors.  This initiates the closing 

cone, in which the longitudinal tunnel is refilled by new bone. During the formation 

phase, osteoblasts then move in and begin to lay down new matrix in concentric lamellae, 

starting from the edges of the resorptive bay is left (Frost, 1969; Parfitt, 1990; 1994; 

Stout and Crowder, 2012; Martin et al. 2015).  Cortical bone canals are known as 

Haversian canals, and they house blood vessels and nerves. The entire structural unit of 

reversal line, lamellae, and Haversian canal formed by this process is known as an osteon 

or Haversian system (Cooper et al., 1966; Frost, 1969; Widmaier et al., 2001).  The 

amount of remodeling and the basic structural units (BSUs) created (osteons) help us to 
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predict age (Stout and Simmons, 1979).  Through the process of bone remodeling several 

types of secondary osteons develop, such as type 1, type II, double zonal, and drifting 

osteons. (Stout and Crowder, 2012). These units form the basis for most 

histomorphometric age estimation techniques. Formation is much slower than resorption. 

Resorption period is about 3 weeks and the formation period is about 3 months. 

Completed BMU’s create secondary osteons in cortical bone and hemi-osteons in 

trabecular bone. This process is about 4–6 months (Sims and Martin, 2014; Harrison and 

Cooper, 2015; Martin et al., 2015). 

In trabecular bone, the BMU is similar, but moves across the trabecular surface, 

where the osteoclasts dig a trench (bone remodeling compartment) rather than a tunnel. In 

trabecular bone, the BMU can be viewed as a cortical BMU cut through the middle and 

are referred to as a hemi-osteon in this process (Stout and Crowder, 2012). Remodeling 

of individual trabeculae within trabecular bone, which occurs frequently in both children 

and adults, rarely produces a complete osteon because the 200 μm diameter osteon is too 

large to fit within most trabecula which have an average diameter of 100–150 μm. One 

surface of the hemi-osteon borders the marrow cavity, and the remaining surface is 

separated from older bone within the trabeculae by a cement line just as whole osteons 

are separated from their surroundings in cortical bone (Sims and Martin, 2014; Martin et 

al., 2015). 
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Factors Affecting Bone Remodeling 

Disease 

Numerous pathological conditions can affect remodeling rates and, in turn, age 

estimations. Histological research on archaeological human remains focuses on 

histomorphological features that reflect remodeling rates  to determine systemic 

disturbances and pathologies (Schultz, 2001). These patterns help bioarchaeologists 

reconstruct past behaviors and life histories (Stout, 1989). Remodeling rates are 

influenced by a variety of diseases and nutritional disorders. For example, diabetes tends 

to slow down remodeling, while secondary hyperparathyroidism tends to accelerate it 

(Robling and Stout, 2008). Histologically determined ages are only reliable when the 

individual is free from metabolic disturbances. These factors have received considerable 

attention in the literature, and a number of researchers have attempted to account for 

pathological conditions in age estimations (Ericksen, 1991; Paine and Brenton, 2006; 

Robling and Stout, 2008).  

Diet and Subsistence 

Diet may also be a factor affecting remodeling rates. Using mice, Cao et al. 

(2010) suggest that obesity induced by a high fat diet increases bone resorption, which 

may dampen any positive effects of increased body weight on bone. Paine and Brenton 

(2006) reported that malnutrition also influences age estimation by creating an 

underestimated age for black South Africans. Overall, osteon size and Haversian canals 

were larger in the malnourished individuals. Greater remodeling rates have been found in 

maize agriculturalists when compared to hunter-gatherers (Stout, 1978; 1983; 1989; Stout 
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and Lueck, 1995). Stout (1983) suggested that the greater remodeling rates in the maize 

agriculturalists might be due to low calcium serum ratios. This is a result of 

overproduction of the parathyroid hormone and is a characteristic of maize-based diets in 

modern populations (Stout, 1983). These same results were found in a study done by 

Ericksen (1980). Ericksen performed a comparative histomorphometric study on three 

populations with varying subsistence strategies. Ericksen examined the Eskimo 

(carnivores), Arikara (horticulturalists), and Pueblo Indians (intensive agriculturalists). 

Ericksen (1980) found a high degree of variability in osteon morphology and structure 

between these populations, especially in the frequency of Type II osteons. Type II 

osteons are structures that represent sites of hyper-calcification. They include a smaller 

complete Haversian system within a larger parent osteon (Robling and Stout, 2008). 

Ericksen (1980) argues that this variation is due to diet. Eskimos, who consumed mostly 

meat, had higher frequencies of Type II osteons when compared to the Arikara and 

Pueblo Indians who subsisted on a more plant-based diet.  

Mechanical Load 

This section provides a general overview of the influence of mechanical loading 

on bone. Its influence on bone and cartilage properties are discussed in more detail in 

Chapter 3. It is well established that mechanical factors play a fundamental role in both 

fetal and postnatal skeletal ontogeny (Schoenau et al., 2003). Several studies have 

provided evidence that growing bone has a greater response to increased mechanical 

loading than adult skeletons (Forwood, 2013). Like the overall size and morphology of 

skeletal elements, the mechanical environment also influences cortical and trabecular 
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remodeling at the microscopic level. The peak attained bone mass and final architecture 

are controlled by adaptive mechanisms sensitive to mechanical factors (Forwood, 2013). 

Mechanical loading history itself is a major factor in regulating skeletogenesis and factors 

which regulate musculoskeletal developmental mechanics persist throughout life (Carter 

et al., 1996). Hamrick (1999) suggests that mechanical loading associated with the 

postnatal onset of locomotor and postural development may provide an important 

stimulus for the progression of ossification and the formation of articular cartilage in the 

epiphyses of growing mammals.  In a computational study, Guevara et al., (2016) 

suggested that mechanical stimuli may affect growth plate and epiphyseal ossification. 

Within the growth plate, variations due to stimuli appear during each stage of bone 

development. Therefore, they suggest that mechanical stimuli may play different 

regulation roles on growth plate behavior through normal long bone development. 

Trabecular architecture is both responsive and highly sensitive to its mechanical 

loading environment (Ryan and Ketcham, 2002; Pontzer et al., 2006; Barak et al.,2011; 

Wallace et al., 2013; Raichlen et al., 2015). One of the primary functions of trabecular 

bone is to transmit loads generated during activity/movement through struts oriented to 

best resist these loads (Raichlen et al., 2015). Researchers have suggested a relationship 

between limb usage, loading patterns and trabecular architecture in human and non-

human primates (MacLatchy and Müller, 2002; Ryan and Ketcham, 2002; Richmond et 

al., 2004; Fajardo et al., 2007; Gosman and Ketcham, 2009; Scherf et al., 2013; Su et al., 

2013; Raichlen et al., 2015), and experimentally in guinea fowl (Pontzer et al., 2006), 

mice (Carlson et al., 2008; Wallace et al., 2013), and sheep (Barak et al., 2011). 
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However, there is some evidence that loading patterns are not always reflected in 

trabecular architecture (e.g., Carlson et al., 2008; Wallace et al., 2013). With increased 

mechanical loading in cortical bone, osteocytes act as strain receptors and tranducers 

(Bonewald, 2011). They communicate with each other through a system of canaliculi at 

gap junctions. Together, osteocytes throughout a bone form a complex cellular network 

(CCN) that includes cells along the periosteal and endosteal membranes which surround 

the external and internal surface of surfaces of the bone (Pearson and Lieberman, 2004; 

Bonewald, 2011).  The potential outcomes are either quiescence, modeling, (periosteal 

and/or endosteal deposition or resorption), or Haversian remodeling (bone turnover) 

(Pearson and Lieberman, 2004). Low levels of loading can lead either to no response 

(quiescence) or to resorption through activation of osteoclasts. 

Mechanical load, in and of itself is not a cultural factor, but can be influenced by 

cultural factors that can differ between cultural groups. Heavy mechanical loading, for 

example can accelerate remodeling rates in certain bones and thus potentially yield 

estimates above actual age (Wolff, 1892; Woo et al., 1981, Kumar et al., 2005). 

Additionally, remodeling rates can be altered through decreased levels of physical 

activity or decreased responsiveness to loading (Kohrt, 2001; Pearson and Lieberman, 

2004). Moreover, individuals with high levels of mechanical loading have higher 

osteonal densities (Robling and Stout, 2003). When comparing archaic Pecos Pueblo 

Indian femora with other modern humans (20th century Euro-Americans), Burr et al. 

(1990) found distinct patterns of variation between the two groups. Pecos adult females 

had smaller Haversian canals and males had higher osteon densities when compared to 
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the modern American groups. Burr and colleagues (1990) hypothesized that these Pecos 

Indians had a more active lifestyle than individuals in the modern population.  

Cortical bone mass 

 

Several studies have found an association between delayed growth, indicators of 

nutritional stress, and reduced cortical mass (Huss-Ashmore et al., 1982; Saunders and 

Melbye, 1990; Mays, 2000). Cortical bone growth, measured by examining cortical 

thickness, provides complementary data for long-bone growth and health (Garn et al., 

1964a; b; Larsen, 2015). However, Ruff (2000a) has argued that such interpretations are 

too simplistic and based on flawed methods. Cortical, periosteal, and medullary areas 

have been shown to follow very different growth trajectories, with cortical thickness 

being more influenced by mechanical loading than nutritional health (Daly et al., 2004). 

In order to truly examine bone loss as the result of malnutrition, Ruff (2000b) suggests 

that non-weight-bearing bones of the upper limb and body mass also need to be taken 

into account. Sciulli (1994) has also pointed out that long bones will react differently to 

external stimuli, with the rapidly growing bones of the lower limb showing greater 

developmental delay than the upper limbs in periods of stress (Chapskie, 2006). 

Age-Related Bone Loss 

 

Normal bone mass in humans, after growth has ceased, is maintained by the balance 

between bone formation by osteoblasts and bone resorption by osteoclasts. With age, 

starting around the third decade of life, after peak bone mass has been reached there is a 

slow and steady loss of bone that occurs in all mammalian species. Females lose more 

bone and at a faster rate than males (Grynpas, 2003). Both cortical and trabecular bone 
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are loss with age. Cortical loss is indicated by reduction in the thickness of the cortex. 

Trabecular reduction in the fraction of marrow space occupied by bone (trabecular bone 

volume) Previous work suggests that the ability of adult bone to remodel in response to 

applied loads is diminished not only in cortical bone (Lieberman et al., 2003; Pearson and 

Lieberman, 2004), but also in trabecular bone. There is a conversion of trabecular plates 

to rods (Christiansen et al., 2000; Keaveny and Yeh, 2002; Knopp et al., 2005; Pontzer et 

al., 2006; Jacobs et al., 2010; Wu et al., 2011). The surface/volume increases 

progressively as bone becomes more porous and is always higher in trabecular than in 

cortical bone, but a decrease in surface area in trabecular bone (Parfitt, 1983; Seeman 

2008). An increase in activation frequency leads to an increase in the number of ongoing 

remodeling cycles. This increases the remodeling space and proportionally decreases the 

amount of bone. A negative balance leads to cortical and trabecular thinning (Seeman 

2008). In trabecular bone, there is a decrease in the number of trabeculae with age; this 

decrease leads to a loss of connectivity in the trabecular network. In cortical bone, the 

thinning leads to trabecularization along the interior surface (Parfitt, 1984; Seeman 2008; 

Morse et al., 2014). 

Joint Morphogenesis 

In the limbs, mesenchyme accumulations within the growing limb bud will 

become a hyaline cartilage model for each of the limb bones. A joint interzone will 

develop between these areas of cartilage. Mesenchyme cells at the margins of the 

interzone will give rise to the articular capsule, while cell death at the center forms the 

space that will become the joint cavity of the future synovial joint. The hyaline cartilage 
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model of each limb bone will eventually be converted into bone via endochondral 

ossification. However, hyaline cartilage will remain, covering the ends of the adult bone 

as the articular cartilage. Joints form during embryonic development in conjunction with 

the formation and growth of the associated bones. The first sign of joint formation is the 

appearance of an interzone at a potential joint site. Synovial joints arise through a non-

cartilaginous region called the interzone. The interzone becomes an important signaling 

center which regulates growth through such factors as GDF-5. The interzone also 

expresses bone morphogenetic proteins (BMPs) and their antagonist, noggin. 

Overexpression of BMPs, or the loss of noggin leads to joint fusions. The interzone also 

expresses Wnt-14, which appears to be specific for the developing anlagen, and regulates 

its non-chondrogenic nature (Archer et al., 2003; Decker et al., 2014).   

The interzone is made of mesenchymal cells that are in close proximity to each 

other and connected by gap junctions. With time, the interzone thickens and the interzone 

cells give rise to chondrocytes that are at each epiphyseal end (Pacifici et al., 2006). 

Joints are formed in the cartilaginous condensations when chondrogensis is arrested, and 

a joint interzone is induced. One of the earliest gene markers of interzone cells is growth 

and differentiation factor-5 (Gdf-5), whose expression becomes strong at each 

presumptive synovial joint limb site (Storm and Kingsley, 1996; Decker et al., 2015). 

Several mice studies (Rountree et al., 2004; Koyama et al., 2008; Decker et al., 2015) 

have showed that joint progenitor cells with a Gdf-5 lineage, including those within and 

surrounding the histological interzone, gave rise to multiple joint tissues over time, 

including the articular cartilage, synovial lining, and intrajoint ligaments.  
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Articular Cartilage 

 

There are three types of cartilage: hyaline, elastic, and fibrocartilage. Hyaline 

cartilage is the most prevalent type of cartilage. It is found in the ventral ends of ribs, 

tracheal rings, and covering the joint surfaces of bones (articular cartilage). In addition, 

the growth plates are composed of this type of cartilage. Elastic cartilage is found in the 

external ear, eustachian tubes, and epiglottis. It has greater flexibility and elasticity than 

hyaline cartilage. Fibrocartilage is the type of cartilage occurring in intervertebral disks, 

pubic symphysis, menisci, and in the body attachments of certain tendons. It also may 

form when hyaline cartilage is damaged (Fox et al., 2009; Martin et al., 2015). For the 

purposes of this study, the primary focus will be on hyaline (articular) cartilage.  

Adult cartilage is avascular, and chondrocytes obtain nutrients through diffusion. 

The nutrients are derived from the synovial fluid whose diffusion is facilitated during 

joint loading. With joint loading, some of the water in cartilage is squeezed out into the 

synovial space. When the joint is unloaded, the hydrophilic properties of the cartilage 

proteoglycans cause the water to be sucked back into the cartilage. As the water returns to 

the cartilage, diffusion of nutrients from the synovial fluid is facilitated (Fox et al., 2009; 

Martin et al., 2015). 

Structure and Function 

 

Articular cartilage is highly specialized connective tissue of synovial (diarthrodial) joints. 

The purpose of this tissue is not to serve as a shock absorber, but to provide a suitable 

surface for lubrication and wear prevention. Its principal function is to provide a smooth, 

lubricated surface for low friction articulation and to facilitate the transmission of loads 
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to the underlying subchondral bone. Articular cartilage is unique in its ability to 

withstand high cyclic loads, demonstrating little or no evidence of damage or 

degenerative change (Mankin, 1982; Buckwalter, 1998; Fox et al., 2009. It is composed 

of an extracellular matrix (ECM) with a sparse distribution of chondrocytes. The ECM is 

made up of water, collagen, and proteoglycans. Water is the most abundant component of 

articular cartilage. The relative water concentration decreases from about 80% at the 

superficial zone to 65% in the deep zone (Buckwalter and Mankin, 1997). The flow of 

water through the cartilage and across the articular surface helps to transport and 

distribute nutrients to chondrocytes, in addition to providing lubrication (Fox et al., 

2009).  Articular cartilage is lubricated by hydrodynamic loading, lubricin, and 

hyaluronic acid. Hydrodynamic loading is loading of the articular cartilage that forces 

water out of the cartilage. This fluid forms an aqueous layer that separates and protects 

the opposing surfaces. Lubricin, a glycoprotein, is produced by synovial lining cells and 

binds to articular cartilage to create a protective layer of water molecules. Hyaluronic 

acid is also produced by synovial lining cells and lubricates the contact surface between 

synovium and cartilage (Moore et al., 2011). 

Water makes up 65% to 80% of mass of the cartilage and accounts for 80% of the 

weight near the surface. At deep zone, it is about 65%. Water content decreases with 

normal aging and increases with osteoarthritis. Increased water content leads to increased 

permeability and decreased strength/ Collagen makes up 10 to 20% of total cartilage 

mass. Type II is most abundant, collagen accounting for 90% to 95% of the total collagen 

content. Small amounts of types V, VI, IX, X, and XI collagen are also present. Collagen 
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provides the framework and tensile strength. Proteoglycans make up 10 to 15% of 

cartilage and provide compressive strength. Proteoglycans also retain water and aggrecan 

is the most responsible for hydrophilic behavior. Proteoglycans are produced by 

chondrocytes and are composed of glycoaminoglycans subunits which are mainly 

chondroitin sulfate and keratin sulfate. 

 

Articular cartilage is composed of four zones (layers): superficial (tangential) zone, 

middle (transitional) zone, deep (radial) zone, and calcified zone (Fox et al., 2009) 

(Figure 2.4). 

 

 
 

Figure 2.4: Zones of Articular Cartilage with Chondrocyte Morphology and Collagen 

Fiber Orientation. (Modified from Müller et al., 2014). 
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The superficial (tangential) zone is a thin layer that protects deeper layers 

from shear stresses and makes up approximately 10-20% of articular cartilage thickness. 

The collagen fibers of this zone (primarily, type II and IX collagen) are packed tightly 

and aligned parallel to the articular surface (Figure 4). The superficial layer contains a 

relatively high number of flattened chondrocytes, and the integrity of this layer is 

imperative in the protection and maintenance of deeper layers. This zone is in contact 

with synovial fluid and is responsible for 

most of the tensile properties of cartilage, which enable it to resist the sheer, tensile, and 

compressive forces imposed by articulation (Fox et al., 2009). 

Immediately deep to the superficial zone is the middle (transitional) zone, which 

provides an anatomic and functional bridge between the superficial and deep zones. The 

middle zone represents 40-60% of the total cartilage volume, and it contains 

proteoglycans and thicker collagen fibrils. In this layer, the collagen is organized 

obliquely, and the 

chondrocytes are spherical and at low density. Functionally, the middle zone is the first 

line of resistance to compressive forces (Fox et al., 2009). 

The deep zone is responsible for providing the greatest resistance to compressive 

forces, given that collagen fibrils are arranged perpendicular to the articular surface. The 

deep zone contains the largest diameter collagen fibrils in a radial disposition, the highest 

proteoglycan content, and the lowest water concentration. The chondrocytes are typically 

arranged in columnar orientation, parallel to the collagen fibers and perpendicular to the 

joint line. The deep zone represents approximately 30% of articular cartilage volume. The 
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tide mark distinguishes the deep zone from the calcified cartilage. The calcified layer 

plays an integral role in securing the cartilage to bone, by anchoring the collagen fibrils 

of the deep zone to subchondral bone (Buckwalter and Mankin, 1998; Hayes et al., 2001; 

Fox et al., 2009; Müller et al., 2014). 

Synovial Joints 

Synovial joints provide essentially frictionless motion between limb segments 

while transmitting relatively high loads between them (Mow et al., 1992; Martin et al., 

2015). The synovial fluid is manufactured by cells in the synovial membrane, which lines 

the interior of the fibrous joint capsule. The articular capsule consists of an external 

fibrous layer and an internal synovial membrane that lines the internal surfaces of the 

articular cavity not covered with cartilage. Fatty deposits separate these layers. The 

capsule is attached to the margins of the articular surface. This fibrous layer creates a 

tight seal preventing the release of synovial fluid. The synovial membrane lines the 

internal aspect of the fibrous capsule (Figure 2.5). The synovial tissue secretes synovial 

fluid to lubricate the joint and nourishes the avascular structures. Inside the synovial 

membrane are fluid-filled sacs called bursae. Generally, these bursae aid in the movement 

of tendons that glide over bone or over other tendons (Moore et al., 2011). Since most 

muscles have a much shorter lever arm than the forces exerted from outside, the joint 

reaction force is in general several times higher than the body weight. Therefore, the 

tissues which form the joints are subjected to considerable mechanical stresses and 

strains. However, the structure of the joints and the material properties of the connective 

tissues allow them, under ideal conditions, to maintain their mechanical functions 
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adequately for decades in spite of the high loading. This is at least in part achieved by the 

growth, differentiation and regeneration processes being under the control of regulatory 

feedback mechanisms which guarantee their dynamic adaptation to the mechanical 

requirements, and an optimization of their functions during daily use (Eckstein et al., 

2000). 

 

 

Figure 2.5: Example of a synovial joint. (Anatomy and Physiology, Connexions. 

http://cnx.org/content/col11496/1.6/). 
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Tibiofemoral Joint (Knee Joint) 

 

The tibiofemoral joint is a modified hinge type of synovial joint. It is made up of 

an articular capsule, which surrounds three bones, the distal end of the femur, proximal 

end of the tibia, and the patella, as well as joints between these skeletal structures. The 

tibiofemoral joint is a hinge joint between the tibia and the femur. The joint contains 

three articulations, two articulations between the lateral and the medial femoral and tibial 

condyles and one articulation between the patella and the femur along the patellar groove. 

During flexion and extension of the knee, facets on the posterior surface of the patella 

articulate with the patellar surface of the femur. On the articular surface of the tibia, lies 

the medial meniscus and lateral meniscus. They deepen the articular surface and serve as 

shock absorbers. The most important muscle in stabilizing the knee joint is the quadriceps 

femoris, particularly the fibers of the vastus medialis and vastus lateralis.  Flexion and 

extension are the main knee movements. The modified hinge movement of flexion and 

extension is combined with gliding and rolling, and with rotation. When the leg is fully 

extended with the foot on the ground, the knee locks because of the medial rotation of the 

femur on the tibia. This position makes the lower limb a solid beam and more adapted for 

weight bearing. When the knee is locked, the thigh and leg muscles can relax briefly 

without making the knee joint too unstable. To unlock the knee, the popliteus muscle 

contracts, rotating the femur laterally on the tibial plateau so that flexion of the knee can 

occur. The menisci must be able to move on the tibial plateau as the points of contact 

between the femur and the tibia change. The popliteus, semimembranosus, and pes 

anserinus (semitendinosus, gracilis, sartorius) muscles are important structures in 
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resisting excessive external tibial rotation and maintaining the neutral tibial rotation 

(Moore et al., 2011). 

Impact of Knee Joint Kinematics and Locomotion on Skeletal Loading 

 

As infants grow into children and eventually into adults, normal knee alignment 

changes occur. Because of varied feet and hip positions, there are valgus/varus 

alignments at the knee (Han et al., 2013). The “normal knee” tibial joint line is in varus 

(toward midline) and the “normal knee” femoral joint line is in valgus (away from 

midline) (Figure 2.6). As varus alignment increases there is an increase in medial 

tibiofemoral compartment load, while an increase in valgus alignment leads to an 

increase in lateral tibiofemoral compartment load (Sharma et al., 2010). The development 

of the knee can be divided into three phases: Phase I: knee alignment changes from an 

infantile varus alignment to maximum valgus; Phase II: valgus knee alignment decreases 

in amount; and Phase III: knee alignment remains stationary and the adult pattern of genu 

valgus is established (Saini et al., 2010). Most children have varus alignment when they 

start to walk. Usually by the age of 2-3 years, the knee alignment becomes more valgus. 

The valgus alignment peaks in the next 1-2 years. After six years of age, the knees will 

assume a straighter alignment. By 12 years of age, the genus valgus alignment adult 

configuration will be attained (Saini et al., 2010). These shifts in knee alignment create a 

mechanical shift in skeletal loading from medial to lateral during early childhood and 

back to medial in the adult configuration. 
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Figure 2.6: Example of knee alignments. (http://what-when-how.com/wp-

content/uploads/2012/05/tmpa83a73_thumb2.png). 

 

 

 

Locomotion has a major impact on skeletal loading and bone growth during 

development (Raichlen et al., 2015). Modern human locomotor behavior undergoes 

major modifications from infancy to adulthood. Early in locomotor development there is 

an inherent instability in bipeds (Sutherland et al., 1980; Adolph et al., 2003; Raichlen et 

al., 2015).  Researchers agree that increased strength and postural control are the primary 

cause of improvement in the development of walking. Changes in body growth affect 

strength and balance by changing the biomechanical constraints on movement (Adolph et 

al., 2003). Walking infants take small unsteady steps with their legs spread apart and their 

toes pointing externally to the sides. There is high variability from step to step, and the 

distance each leg travels is not symmetrical. Because of their instability on one foot, most 

new walkers plant their entire foot down immediately or walk on their toes. As walking 

improves, infants take larger steps, maintain a smaller lateral distance between their feet, 
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and display a heel-toe progression (Adolph et al., 2003). As gait matures, stance width 

diminishes, normal arm swing appears, and step length and walking velocity increase 

(Sutherland et al., 1980; Cowgill et al., 2010). Movement of the lower limb during 

walking is divided into alternating swing and stance phases. The stance phase begins with 

a heel strike, when the heel hits the ground and begins to adopt the body’s full weight and 

ends with a push-off from the forefoot. The swing phase begins after push-off, when the 

toes leave the ground, and ends when the heel strikes the ground. The primary muscles 

involved are of the lower leg (gastrocnemius, soleus, tibialis anterior/posterior, and 

peroneals), and the thigh/knee (vastus lateralis/medialis, obliques, and rectus femoris). 

(Moore et al., 2011). 

Key stages in locomotor development include the adoption of an upright stance 

and bipedal locomotion at about 12–14 months (Hallemans et al., 2005), and the 

attainment of an adult patterns of locomotion between 5 and 9 years old (Sutherland et 

al., 1980; Adolph et al., 2003). These shifts in positional and locomotor behaviors 

coincide with, or are preceded by, morphological changes in the pelvis (Abel and Macho, 

2011). Since both cortical bone and trabecular bone respond to changes in loading 

patterns, the response of bone structure to early irregular loading and then to more 

predictable loading during late childhood provide a unique morphological indicator of 

development in mature and stable gaits (Raichlen et al., 2015). Past research has 

indicated that the ontogenetic patterns of change in tibial trabecular bone 

microarchitecture can be associated with locomotor behavior. Shifts from unstable to 

stable locomotion leave markers on bone during growth and development (Raichlen et 
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al., 2015). Cowgill et al (2010) found that mediolateral forces are significantly higher in 

young children than in adults, reflecting mediolateral instability in early walkers. 

Raichlen et al. (2015) compared locomotor kinematics with trabecular bone 

measurements in the distal tibia found less intra-individual variation and higher values in 

anisotropy as age increased (Raichlen et al., 2015). 

Therefore, normal changes in gait patterns across ontogeny are linked to changes in long 

bone shape during growth. The biomechanical loading produced during early walking 

likely differs from that of mature gait, and differences between the loads result in 

differential modeling of the lower limb in young children and adults (Cowgill et al., 

2010). 

Additionally, recent work shows that trabecular architecture in the tibia 

differentiates loading patterns in bipedalism and quadrupedalism (MacLatchy and Muller, 

2002; Ryan and Ketcham, 2002; Ryan and Shaw 2012; Barak et al., 2013; Raichlen et al., 

2015). In guinea fowl, femora are clearly altered following experimentally induced 

changes due to their locomotor behavior (Pontzer et al., 2006). Barak et al. (2011) 

examined BV/TV and DA of trabecular bone in the head and neck of the proximal femur 

and the proximal humerus in bipedal humans and other primates. They found significant 

differences in trabecular orientation and DA in species with different locomotor 

repertoires. Species who load their joints primarily in one direction have more anisotropic 

trabecular structure and less with more generalized locomotor behaviors (Barak et al., 

2011). Trabecular morphology may provide a sensitive marker of changes in locomotor 

stability, since the architecture of trabecular struts may hold more detailed information 
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regarding both the magnitude and orientation of loading patterns during development 

(Pontzer et al., 2006; Barak et al., 2011).  

Determinants of Degenerative Joint Disease 

Degenerative diseases of the joints have become tremendously more common 

during the twentieth century as a result of the considerable elongation of life expectancy 

(Eckstein et al., 2000). Degenerative joint disease, specifically osteoarthritis, is a 

multifactorial disorder characterized by degeneration of cartilage and modification of the 

structural and material properties of subchondral bone.  Multiple risk factors for the 

development of osteoarthritis have been identified, including age, sex, prior joint injury, 

obesity, genetic factors, mechanical influences (mal-alignment), and abnormal joint shape 

(Oliveria et al., 1995; Hashimoto et al., 1998; Chapman and Valdes, 2012). Defining 

arthritic changes to joint surfaces can encompass a variety of chronic, age-progressive, 

inflammatory, and degenerative processes. Osteoarthritis is the result of intricate 

biochemical alterations to normal cell metabolism, which promote altered cartilage repair 

and cartilage loss (Lajeunesse, 2002). Moreover, it is probable that both genetic and 

environmental factors play some part in the etiology of most cases of degenerative joint 

disease (Weiss and Jurmain, 2007).  While aging-related changes occur in joint tissues of 

all individuals, osteoarthritis does not manifest in all individuals, even at advanced age 

(Temple-Wong et al., 2009; Goekoop et al., 2011). Aging is not the cause for 

osteoarthritis, however the risk factors for osteoarthritis do increase with age. Ortner 

(2003) notes that older individuals are more likely to manifest aspects of the disorder. 

Aging-related changes provide a basis upon which osteoarthritis can be initiated. Aging 
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creates an imbalance between stressors that cause damage and the mechanisms that repair 

or protect against damage (Kirkwood, 2005). For these reasons, degenerative joint 

disease is both a disease process, as well as, a product of senescence.  

It has been previously stated that osteoarthritis is a disorder that hinders and distorts the 

function of articular cartilage. However, the effects of senescence can also alter many of 

the factors influencing articular cartilage function.  

Senescence 

Senescence is a process of decline in the ability to adapt to environmental stress 

(Bogin, 1999). The pattern of decline varies greatly between individuals, but specific 

molecular, cellular, and organ level changes can be measured and described. There are 

many effects of aging on the cellular and extracellular level of articular cartilage (Lotz 

and Loeser 2012). Aging-associated cellular changes in articular cartilage include cell 

density depletion due to apoptosis and non-programmed cell death, impaired response to 

extracellular stimuli, and abnormal gene expression and cell differentiation.  

Chondrocytes are required for cartilage tissue homeostasis, and cell dysfunction could be 

a primary factor leading to cartilage failure. With increasing age, chondrocytes become 

less responsive to growth factors, develop anomalies due to reactive oxygen species, and 

lose their ability to cope with mechanical stress (Lotz and Loeser, 2012). Senescent 

chondrocytes are more vulnerable to accumulation of aberrant proteins and metabolic 

waste (Vicencio et al., 2008) and decrease in proteoglycan content. The ability of the 

joint to withstand compressive load is primarily due to proteoglycans. Senescent 

chondrocytes stimulate pro-inflammatory factors and excessive production of matrix 
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metalloproteinases (MMPs) due to SASP (senescence-associated secretory phenotype) 

(Kraan and Berg, 2012). Because of this, there is increased proteolytic activity, which 

increases collagen molecule degradation. AGE (advanced glycation end products), 

promoted by elevated glucose levels, increase with age, increase stiffness and increased 

susceptibility to fatigue failure. AGE receptors on articular chondrocytes stimulate 

catabolic signaling, upregulation of MMP, and chondrocyte hypertrophy (Cecil et al., 

2005; Yammani et al., 2006; Steenvoorden et al., 2006).  

Inflammation 

Inflammation may be another factor influencing articular cartilage function.  Subchondral 

osteoclastic activity is associated with replacement of the subchondral bone marrow by 

fibrovascular tissue including macrophages and lymphocytes. This immune response is 

driven by cytokine expression in the subchondral bone spaces. Interleukin-1 is an enzyme 

expressed in the subchondral bone spaces. It inhibits proteoglycan production, mediates 

inflammatory response, and stimulates matrix metalloproteinases (MMPs). Moreover, 

there is greater stimulation of chondrocyte production of inflammatory mediators and 

ECM degrading enzymes (Lotz and Loeser, 2012). There is also an up-regulation of 

vascular endothelial growth factor, which exposes chondrocytes to differentiation factors 

from tissue (Pan et al., 2012). 

Trauma/Fracture 

In cases of injury, the normal vascular barrier between cartilage and bone can 

become breached by fibrillation. Capillaries then penetrate into the subchondral plate and 

the deep calcified zone of articular cartilage, which allows for the migration of 
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osteocytes. When cartilage has eroded, subchondral bone is destroyed resulting in 

subchondral resorption and joint surface porosity (Ortner, 2003). With disruption in the 

tidemark, subchondral tissues become exposed to factors produced by articular 

chondrocytes nearer the joint surface, such as vascular endothelial growth factor (VEGF) 

(Pan et al., 2012). Abnormal force on normal articular cartilage due to trauma is 

responsible for ‘surface irregularities’ (Mitchell and Cruess, 1977). Injurious mechanical 

loading may be a stimulus for excessive reactive oxygen species production in cartilage. 

The superficial zone is where the earliest changes occur in human articular cartilage 

aging (Temple-Wong et al., 2009) and is also the most susceptible to mechanical injury 

(Otsuki et al., 2008; Carames et al., 2012).  

Genetics 

Genetics also plays a role in the development of OA. It appears from molecular 

studies that genetic influences have no or little heritability in the presence versus absence 

of osteoarthritis, but genes affect the severity of the osteoarthritis present (Spector and 

MacGregor, 2004). Geneticists have identified some single gene disorders of the hip, but 

have had difficulty in identifying the genetics of many of the common causes of 

degenerative hip diseases. The heterogeneity of the phenotypes studied is part of the 

problem (Hamilton and Jamieson, 2012). Two genes significantly associated with OA: 

MCF2L and GPR22/7q22. The MCF2L gene is significantly associated with large joint 

OA and GPR22/7q22 are several genes found to be associated with OA (Hamilton and 

Jamieson 2012; Meulenbelt, 2012).  
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Summary 

This chapter has provided background on current concepts in skeletal 

ontogenetics, with special focus on the role of mechanics in development of the long 

bones. The highly sensitive process of long bone formation and longitudinal growth is 

responsible not only for the general process of bone enlargement, but also the origins of 

several fundamental characteristics of long bone geometry and microarchitecture. The 

ongoing modification of bone tissue via cellular mechanisms (modeling and remodeling) 

of independent and coupled deposition and resorption is subject to a complex system of 

controlled feedback mechanisms that are governed by mechanical loading, genetic pre-

programming, diet, age, anatomical site, hormones, and other factors.  
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CHAPTER 3:  

THEORETICAL IMPLICATIONS FOR FUNCTIONAL INTERPRETATION OF 

BONE MICROARCHITECTURE 

 
Historical Perspectives in Bone Functional Adaptation 

As mentioned in Chapter 2, bone models and remodels in response to the mechanical 

stresses it experiences, resulting in a lightweight structure that is adapted to its applied 

loads (bone functional adaptation). Therefore, bone form reflects its mechanical loading 

history during life. The idea that bone senses and adapts to its mechanical environment is 

an old concept. In 1638, Galileo first noted that mechanical stimuli contributed to bone 

shape and bone strength regulation. In 1827, Sir Charles Bell observed that trabecular 

structure had forces acting on it. Both Sir Bell and Jean Baptiste Marc Bourgery (1832) 

recognized that trabecular architecture was influenced by mechanical forces and 

maximum strength efficiency. In 1838, F.O. Ward compared the trabecular arrangement 

in the femoral neck to a street lamp and its holding bracket. Ward’s comparison is 

significant because he recognized that bone structure can be analogous to engineered 

structures (Martin et al., 2015).  

In the mid-1800s, Hermann Von Meyer (1867) and Karl Culmann (1866) 

observed that trabeculae were orientated along principal stress lines. Von Meyer 

proposed the concept that trabecular architecture followed the direction of principle 

compressive and tensile stresses in a similarly shaped trabecular structure. Culmann 

developed a graphical method to calculate principal stress directions using a Fairbairn 
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steam crane. He found that trabeculae are oriented in the principal direction of stresses in 

a curved crane-like shape of adaptation along the stresses. Later John Koch (1917), 

resolved some of the issues regarding the comparison of Culmann’s stress trajectories for 

the Fairbairn crane with a human femur. Koch calculated the stress trajectories in a 

human femur based on actual anatomic measurements. He was able to demonstrate that 

trabecular orientations are similar to mathematical calculations of stress trajectories for a 

homogeneous structure of the same shape; density should be highest in areas of highest 

shear stress. 

At the end of the nineteenth century, Wilhelm Roux (1885), influenced by 

Darwin, hypothesized that organisms possessed the ability to adapt to changes in their 

living conditions. Roux proposed that the ability of bone to align trabeculae with stress 

trajectories was accomplished by cells forming and resorbing bone according to 

variations in a functional stimulus (mechanical load). He proposed that bone obtains 

maximum mechanical efficiency with minimum mass and in summary bone changes in 

relation to the loading stresses placed on it. Independent of Roux, Julius Wolff (1892) 

introduced a theory (Wolff’s Law) that states the final mass and trabecular architecture of 

bone is determined by a bone’s mechanical environment. The form of bone follows its 

function in a mathematically manner, and adapts to its mechanical environment. 

However, the mechanisms by which this change occurs was not stated by Roux or Wolff 

(Frost, 2004; Ruff et al., 2006). It was not until Alfred Glücksmann (1942) that evidence 

for these theories was produced. Glücksmann constrained the growing limbs of chick 

embryos to create bending loads and found increased ossification along principal lines of 
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tensile stress. Wolff’s Law relied on a mathematical model that bone was similar to a 

metal beam and has now been falsified but the general idea influenced later researchers 

and the concept of bone functional adaptation (Ruff et al., 2006).   

In summary, nineteenth-century researchers provided three key concepts 

regarding bone’s ability to adapt to changing mechanical loads: bone structure optimizes 

strength with respect to the amount of material used; trabeculae line up with principal 

stress directions; and these things are accomplished by a self-regulating system of bone 

cells responding to a mechanical stimulus.  

Mechanostat Theory 

More recently, the mechanism of bone functional adaptation was introduced by 

Frost (1987; 2003) and several others (Lanyon and Rubin, 1984; Skerry, 2006; Martin, 

2007). Harold Frost (1987), an orthopaedic surgeon, proposed the mechanism that 

controls changes in mass during longitudinal growth, modeling, and remodeling is a 

mechanical feedback system called the mechanostat. Similar to a thermostat, the 

mechanism that controlled bone mass would be turned on or off in response to strain 

from an applied load. Frost argued that the aim of bone adaptation is to keep habitual 

strain within the bone within defined thresholds. The strain thresholds, called minimum 

effective strains (MES) can initiate or suppress remodeling and modeling and also 

determine when and where these activities are activated or deactivated (Frost 1987) and a 

subsequent increase in bone mass. Strains below the minimum effect strain for modeling 

(MESm) suppress the activation of bone modeling and result in no additional formation of 

bone. Above another threshold, in which bone is exposed to greater than typical peak 
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mechanical loads, bone formation occurs on the existing structure to increase bone 

strength (Frost, 2003).  However, minimum effective strain for remodeling (MESr) keeps 

remodeling in a conservation state and bone is retained. If the strains fall below the 

MESr, as in immobilization or hypogravity, bone remodeling increases, permanently 

removing bone, primarily from the endosteal envelope (Frost, 1998). The thresholds 

separating these zones or ranges are termed “setpoints.” As with any homeostatic control 

system, bone’s mechanostat is constrained by several independent components, 

hormones, nutrition, behavior and environmental factors all influence the regulator. 

These setpoints are determined by those factors, and so cannot be viewed as fixed at a 

particular strain level. However, Frost does not explain how skeletal sites are regulated 

differently. Thus, bone tissue has an intrinsic “mechanostat” which regulates bone 

functional adaptation. With increasing load, modeling is increased and remodeling is 

inhibited and with decreased loading, modeling is inhibited and remodeling is increased 

based on mechanical strain and set points in a hormonal and metabolic environment.  

Utah Paradigm 

Supplementing the 1960 paradigm of skeletal physiology, the University of Utah 

hosted a series of Hard Tissue Workshops in the mid-1990’s focused on biomechanics 

and tissue level mechanisms (Frost, 2000). These workshops established an agreement 

between the subfields of skeletal biology and addressed the lack of a multidisciplinary 

approach to skeletal research. As a result of these workshops, the Utah Paradigm was 

created. This paradigm proposed that bone effector cells (osteoblasts and osteoclasts) 

ultimately determined bone health (Frost, 1998; 2000). This paradigm also focused on the 
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topics of bone mechanical property and how the mechanostat could be used to explain 

how load-bearing skeletal elements attain mechanical competency. This paradigm also 

specified that mechanical factors, especially voluntary loads and strains that come from 

muscle forces rather than body weight, are the driving force behind load-bearing skeletal 

architecture and that non-mechanical factors (hormones, sex, age), alter how, when, and 

where bone is deposited (Frost, 2000). It is important to note that these non-mechanical 

factors do not control bone strength, and that bone strength is ultimately controlled by 

mechanical loads (Morse et al., 2014).  

Mechanical Properties of Bone and Cartilage 

The mechanical properties of a structure depend on both its geometry and the 

properties of the material inside. The primary mechanical function of bone is to provide a 

rigid attachment for muscles, and to remain as light as possible for movement. To 

accomplish this bones must adapt their shape and architecture (Turner and Pavalko, 

1998). However, there are many extrinsic and intrinsic factors that affect bone’s 

mechanical properties in response to loading. Extrinsic factors include the mode of strain, 

the duration of the strain, and the rate of the strain. Intrinsic factors include the degree of 

mineralization, and the organization of the tissue (Pearson and Lieberman, 2004). Age is 

also a factor in how bones deal with mechanical forces. Younger individuals, generally 

exhibit strong modeling and remodeling responses to loading, while older individuals 

exhibit a weaker response (Pearson and Lieberman, 2004) In older individuals, 

osteoblasts are less responsive to strains than osteoblasts in growing individuals (Stanford 

et al., 2000; Donahue et al., 2001; Jacobs et al., 2010; Wu et al., 2011). Additionally, 
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comparative studies reveal that after exercise mechanical loading only stimulates 

periosteal growth in mostly individuals prior to skeletal maturity, and acts to slow down 

the rate of bone loss in older individuals (Kohrt, 2001).  Mechanical loading also affects 

bone structural features differently. Case in point, loading magnifies the structural 

changes produced during growth (Bass et al., 2002).  

The skeletal system is anisotropic and subject to a variety of different types of 

forces in such a way that the bone receives loads in different directions. There are loads 

produced by weight, gravity, muscle forces, and external forces. The loads are applied in 

different directions producing forces that may vary from five different types: 

compression, tension, shear, curvature and torsion. Bone is considered viscoelastic 

because it responds differently when it receives loads in different speeds. When it 

receives the load quickly, the bone responds more rigidly, and may handle a higher load 

before it breaks. When it receives the load slowly, the bone is not so rigid or strong, 

breaking under lesser loads. The bone tissue starts to deform permanently and eventually 

breaks if the load continues in the non-elastic phase. Thus, when the load is removed, the 

bone tissue does not retake the original extent and is permanently elongated (Holtrop, 

1975). Another way to assess the behavior of the bone or any other material when 

subjected to load is to measure the stress, or the load by area, and deformation (strain) or 

change in the length or angle. When bones are loaded in compression, tension, or torsion, 

bone tissue is deformed. Deformation of tissue, or the relative change in length of bone 

tissue, is referred to as strain. The stress-strain curve and the load-deformation curve 

illustrate the performance strength characteristic of a material when subjected to the load. 
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When the load is applied, there is an initial elastic response that eventually reaches a 

yield point, getting into the plastic response where the material is deformed permanently 

or is broken. The strength of the material is determined by the energy or area under the 

curve. The hardness of a material, called elasticity module (Young’s modulus) is 

determined by the inclination of the curve during the elastic response phase (Figure 3.1). 

 

 
Figure 3.1: Stress (MPa)-Strain (%) curve for a ductile material. 

 

 

 

Cartilage 

Bone is sensitive to its mechanical environment. Cartilage is less adaptive (Martin 

et al., 2015). Articular cartilage is a thin layer of specialized connective tissue with 

unique viscoelastic properties. Its principal function is to provide a smooth, lubricated 

surface for low friction articulation and to facilitate the transmission of loads to the 
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underlying subchondral bone. It is able to transfer loads from one bone to another while 

simultaneously allowing the load-bearing surface to articulate with very low friction 

(Martin et al., 2015). The biomechanical behavior of articular cartilage is best understood 

when the tissue is viewed as a two-phase medium. Articular cartilage consists of 2 

phases: a fluid phase and a solid phase. Water is the principal component of the fluid 

phase, contributing up to 80% of the weight of the tissue. Inorganic ions such as sodium, 

calcium, chloride, and potassium are also found in the fluid phase. The solid phase is 

characterized by the extracellular matrix, which is porous and permeable (Fox et al., 

2009). 

The relationship between proteoglycan aggregates and interstitial fluid provides 

compressive resilience to cartilage through negative electrostatic repulsion forces. The 

initial and rapid application of articular contact forces during joint loading causes an 

immediate increase in interstitial fluid pressure. This local increase in pressure causes the 

fluid to flow out of the extracellular matrix generating a large frictional drag on the 

matrix. When the compressive load is removed, interstitial fluid flows back into the 

tissue. The low permeability of articular cartilage prevents fluid from being quickly 

squeezed out of the matrix. The 2 opposing bones and surrounding cartilage confine the 

cartilage under the contact surface. These boundaries are designed to restrict mechanical 

deformation. 

It is well established that bone responds to mechanical loading during growth 

however the specific role of mechanical loading in determining articular surface area is 

unclear. The development and maintenance of cartilage structure and mechanical 
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characteristics are tied directly to the effect of mechanical loading on the biology of the 

cartilage cells and their ECM. Patterns of stress, strain, and fluid flow created in the joint 

can affect the micro and macro morphology of articular cartilage (Wong and Carter, 

2003). Compared to congenitally or neonatally paralyzed limbs, joints in normal limbs 

developed greater diameters, greater radii of curvature and surface areas, thicker capsules 

and ligaments, and more subchondral bone to support their articular cartilage (Frost, 

1999). Plochocki and Organ (2003) tested the hypothesis that a growth mechanism 

responsive to mechanical stresses allows articular surface area to adapt to it mechanical 

environment. Their data supported the hypothesis that articular surface area is responsive 

to differential loading during growth. Articular surface area at the proximal femur and 

proximal tibias are significantly greater in exercised pigs relative to controls.  Plochocki 

et al. (2009) propose that the joint surface growth is regulated by hydrostatic compressive 

stress in articular cartilage. In this study, they used a computational approach to evaluate 

the theory. Their results indicated that magnitude showed increased joint congruence, 

increased articular cartilage stresses, and enlarged articular contact. The chondral 

modeling theory may allow scientists to more accurately infer the magnitude and 

direction of habitual peak joint loadings. During growth, epiphyseal trabeculae are 

usually thicker, fewer, and farther apart than the secondary spongiosa. Throughout life, 

the loads on epiphyseal spongiosa transfer to the metaphyseal spongiosa (Frost and Jee, 

1994) 

Articular cartilage is viscoelastic and exhibits time-dependent behavior when 

subjected to a constant load or deformation Two types of mechanisms are responsible for 
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viscoelasticity in articular cartilage: flow dependent and flow independent. Articular 

cartilage also exhibits a creep and stress-relaxation response. When a constant 

compressive stress is applied to the tissue, its deformation increases with time, and it will 

deform or creep until an equilibrium value is reached (Fox et al., 2009). Under loading 

and elevated loading in joints increases enzyme production, especially matrix 

metalloproteinases (MMPs). MMPs attack the cartilaginous matrix and disrupt cartilage 

homeostasis. While enzyme inhibitors are produced, they cannot keep pace with the 

proteolytic process. The cartilage begins to erode and break down into fibrils allowing 

proteoglycans and collagen fragments to be released into the joint space. The presence of 

these breakdown products ultimately produces an inflammatory response in the synovial 

membrane involving increased production of enzymes and cytokines that destructively 

diffuse into the cartilage. Over time, bone overgrowth results from an attempt to repair 

the joint (Waldron, 2007; Suri and Walsh, 2012). 

Mechanical Loading Effects on Bone Surfaces 

The competing architectural demands of remodeling and modeling show that 

mechanical adaptation occurs at both the structural level and at the tissue level, and these 

processes must be somehow coordinated. Shape and size changes are effected on external 

(i.e., periosteal and endosteal) bone surfaces, where there is more modeling than 

remodeling during growth, and less capacity for change in adults (Frost, 1986). On the 

other hand, changes in material properties are effected on internal (i.e., Haversian and 

trabecular) bone surfaces. Internal bone surfaces are governed primarily by remodeling 

throughout life (Frost, 1986; Martin et al., 2015). Carpenter and Carter (2008) argue that 
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periosteal surface loads may be an important component of a group of mechanical 

stimuli, which has implications for the development of bone cross-sectional shapes. In 

response to mechanical loading the periosteal cells respond by increased cell 

proliferation, angiogenic response, and release of nitric oxide and PGE2 (Prostaglandin 

E2) production. This response stimulates bone formation (Turner and Robling, 2004; 

Robling et al., 2006; Gosman et al., 2011). Increased mechanical loading leads to greater 

subperiosteal expansion of long bone cortices prior to puberty, and greater endosteal 

narrowing afterward (Bass et al., 2002; Ruff, 2005). This process changes with the onset 

of puberty; estrogen production begins to inhibit periosteal apposition and stimulates new 

bone acquisition on the internal surface (Bass et al, 2002). Ausk and colleagues (2012) 

reported that in the absence of loading (transient muscle paralysis), the periosteal surface 

maintains its morphology. However, cortical bone loss is achieved through rapid 

endosteal expansion. Szulc and Delmas (2007) reported these same findings in elderly 

men. With age, there was higher endosteal bone loss and the periosteal apposition rate 

remained constant.  

Biomechanically, morphological variation in both cortical (Bass et al., 2002; 

Shaw, 2011; Stock, 2006) and trabecular bone (Lambers et al., 2013b; Morgan et al., 

2003; Schulte et al., 2013) strongly correlates with the loading environment (Christen et 

al., 2014). Osteons affect the mechanical properties of the cortex in several ways: 

replacing highly mineralized bone matrix with less calcified material, increasing cortical 

porosity, and introducing cement line interfaces that have different mechanical properties. 

If a cement line is disrupted by stress in cortical bone, the disruption is contained within 
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the bone, but in trabecular bone it may propagate to the surface, disconnecting the 

structural unit from the parent trabecula. Thus, remodeled cortical bone structure may be 

inherently more damage resistant than remodeled trabecular bone structure. Three 

determinants of trabecular bone mechanical properties are the magnitude of the porosity, 

anisotropy of the trabecular architecture, and the material properties of the tissue in the 

individual trabeculae (Martin et al., 2015). In trabecular bone, soft tissue dominates the 

space, and anisotropy is governed by trabecular orientation. The relative numbers and 

sizes of trabeculae oriented in different directions control the anisotropy of the 

macroscopically measured material properties.  

Critiques of Bone Functional Adaptation 

Although many of these studies have some idea for how bone responds to loading, 

it is clear that the mechanisms underlying bone functional adaptation are not fully 

understood (Currey, 2012) and that many other factors may contribute to changes in bone 

morphology. The general concept that bone adapts to its mechanical environment during 

life can be used to explore differences in past mechanical environments. However, debate 

exists about the potential systemic impact on other areas of the skeleton when one 

bone/region is loaded  (Lieberman, 1996; Sample et al., 2008; Sugiyama et al., 2010; 

Wallace et al., 2010; Cresswell et al., 2016), and how bone remodeling changes in 

response to differences in age (Pearson and Lieberman, 2004; Ruff et al., 2006; Nikander 

et al., 2010), muscle (Robling, 2009) versus joint reaction loading (Judex and Carlson, 

2009; Schipilow et al., 2013) force (Christen et al., 2014; Schulte et al., 2013), and even 

how these factors are balanced against the role of the bone in maintaining homeostasis 
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(Currey, 2003; Dempster and Raisz, 2015; Stephens et al., 2016). Moreover, bone is not 

an idealized isolated unit in response to mechanical load ii is also affected by surrounding 

muscles and connective tissue. 

Summary 

This chapter provided background information regarding the historical context of 

bone biology research, including the origins and development of the theory of bone 

functional adaptation, the key concepts of the Utah Paradigm of skeletal physiology, and 

the principles of the mechanostat theory. Moreover, the impact of mechanical loading on 

bone and cartilage development is elucidated. Finally, this chapter ends with a critical 

review of bone functional adaptation and its use in bone biology research. 
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CHAPTER 4: 

THE PEOPLE OF THE ONEOTA TRADITION 
 

Oneota Tradition 

The Oneota people occupied much of the Midwestern United States from the late 

10th through early 17th centuries A.D. Evidence of this culture can be found throughout 

the country, including portions of Illinois, southern Michigan, northwestern Indiana, 

Iowa, Wisconsin, southern Minnesota, northern Missouri, and eastern Nebraska (Green, 

1995; Berres, 2001). Oneota groups are distinguished from surrounding Mississippian 

societies, such as Cahokia of the American Bottom and the Fort Ancient tradition of the 

Middle Ohio River region, by their horticultural adaptation to the Prairie Peninsula, a 

distinct region exhibiting a mosaic of grassland, forest, and aquatic/wetland resources 

(Transeau, 1935; Geis and Boggess, 1968; Berres, 2001). The Oneota were more reliant 

on wild resources than is the case for Mississippian peoples (Schroeder, 2004).    

Broad-Spectrum Subsistence 

The Oneota villagers were horticulturalists who maintained broad-spectrum 

subsistence economies that involved slash-and-burn cultivation of maize supplemented 

by a wide range of seasonally available wild foods from the forest and prairie. A vital 

part of Oneota emergence was the efficient exploitation of forests, prairies, and wetlands 

and areas conducive to horticulture. Their hunting, gathering, and fishing economy was 

supplemented by horticultural strategies combining cultivation of C3 plants, such as 
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squash and small-seeded annuals, with limited maize horticulture (Brown, 1982; 1990). 

Maize agriculture intensified through time (Overstreet, 1981), giving rise to elaborate 

ridged fields in southeastern Wisconsin to promote cultivation (Boszhardt et al., 1985; 

Overstreet, 1981). At the same time, reliance of maize seems less intense in some other 

areas, possibly because of lower population densities or greater dependence on wild 

resources (Gibbon, 1972). Animal procurement (hunting and fishing) was geared to the 

exploitation of a wide variety of species. Large terrestrial species, such as white-tailed 

deer and elk, were viewed as representing important components in Oneota economy 

(Gibbon, 1986: 332), but the varied aquatic/wetland resources near the villages (e.g., fish, 

waterfowl, mussel, and turtle species) were the main target of exploitation (Gibbon, 

1986; Berres, 2001). Among Oneota in general, small mammals (e.g. squirrels, beaver, 

and muskrat) as well as birds, amphibians, reptiles, fishes, and freshwater mussels were 

likely as important as upland game such as deer and elk (Emerson and Brown, 1992; 

Berres, 2001). In terms of plant food remains, Oneota sites reflect relatively diverse plant 

exploitation with three distinct components: wild-plant gathering, nut collecting, and 

plant cultivation (Gibbon, 1986: 333). Gathered wild plants, such as wild fruits and 

American lotus, were collected from a variety of environmental contexts (woodland, 

wetland, and disturbed habitats) and represented an important secondary food source 

(Santure et al., 1990). 

Oneota Settlement 

The broad-spectrum subsistence strategies often involved settlement movements 

in response to wide seasonal fluctuations in food availability and unpredictable migration 
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patterns of elk and bison (Arzigian et al., 1989).  The general Oneota settlement 

subsistence system has two distinct phases of an annual seasonal cycle: relatively large, 

semi-permanent horticultural villages, which were usually in riverine settings and were 

occupied from spring through the late fall or early winter, and outlying hunting camps, 

found in upland settings, which were occupied by nuclear family units during the winter 

(Berres, 2001). Whether near a lake or river, the Oneota main settlements were never far 

from forest, prairie, and aquatic/wetland resources (Brown, 1982; 1990). Villages were 

located on elevated terraces within proximity of extremely productive aquatic/wetland 

environments and prairie-forest ecotones as well as highly fertile horticultural forest soils 

that could be easily worked with a digging stick or hoe (Stoltman, 1986; Schroeder, 

2004). The village inhabitants had access to local chert sources (for tools) exposed as 

glacial cobbles in stream beds or present in beds of limestone along the valley of bluffs 

(Santure et al., 1990; Kreisa, 1993; Berres, 2001). Oneota peoples were more sedentary 

than Late Woodland societies but moved their settlements more frequently than appears 

to have been the case for the people living at the large Mississippian mound sites further 

to the south (Schroeder, 2004).  

Sociopolitical Organization and Division of Labor 

Oneota societies are characterized as having a tribal level of sociopolitical integration, 

much like Woodland societies. Oneota villages had access to similar resources, making 

them relatively self-sufficient, which may explain, the limited power of leaders. Politico-

economic systems were embedded in kin-based social organizations (Green, 1995). Male 

and female Oneota leaders helped direct many ritual and economic activities, while group 
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consensus played a vital role in decision-making matters. Such shared decisions resulted 

in behavioral uniformity within social groups (Berres, 2001). Among Oneota peoples, 

men did most of the hunting and fishing, butchering, quarrying, metalworking, land 

clearing, raiding, boatbuilding, housebuilding, and work in bone, horn, shell, and wood. 

Women were engaged in such activities as pottery production, cooking, gardening, 

gathering shellfish, hide-working, preservation of meat and fish, burying the dead, child 

care, and producing clothing (Benn, 1995). 

Oneota Material Culture 

The Oneota material culture consists of a variety of worked bone, antler, shell, and lithic 

artifacts. Oneota made distinctive globular jars with tall (high) rims, tempered with 

crushed shell from freshwater mollusks. They were often decorated with curvilinear 

trailed lines and chevrons and are distinctly different from the grit tempered cord-marked 

vessels that are classified as Late Woodland. Artifact assemblages from Oneota sites are 

also characterized by relatively large numbers of end scrapers that were used for 

processing and cleaning hides (Boszhardt and McCarthy, 1999; Schroeder, 2004), as well 

as, small triangular projectile points with some miscellaneous stemmed and un-stemmed 

knives (Overstreet, 1995; Esarey and Conrad, 1998; Berres, 2001). 

Norris Farms 36 Cemetery (11FO2167) and Morton Village (IAS 11F1) 

Norris Farms 36 cemetery is the burial mound associated with Morton village, a Bold 

Counselor Phase habitation site (A.D. 1300-1450). The proximity of the village to the 

burial mound suggests that the individuals interred at Norris Farms 36 resided at the 

Morton village site. The duplication of many domestic pottery design elements on burial 
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vessels strongly supports this theory (Santure, 1990a). Both Norris Farms 36 cemetery 

and Morton Village make up the Morton site complex. The Morton site complex is 

located in Liverpool Township of Fulton County, Illinois. The site is situated on a 1.6km 

long section of the western bluff of the Illinois River valley. Norris Farms 36 cemetery 

was completely excavated in 1984 and 1985 by the Illinois State Museum, and 

approximately 264 well-preserved skeletons (122 adults, 142 children) were recovered. In 

this study, 31 of the 264 skeletons were used.  Most of the graves were located in a low 

mound in slightly alkaline loess soil. The excavated mound is approximately a 2,078m2 

area (Figure 4.1). The age and sex distribution of the skeletons correspond to expected 

human mortality patterns in traditional societies (Milner et al., 1989), which suggests that 

most community members were buried in this cemetery (Santure et al., 1990).  It is one 

of the earliest Oneota sites discovered in the area, and is thought to represent an intrusive 

population that originated from Oneota groups in the Upper Mississippi River Valley 

(Esarey and Santure, 1990). There is little evidence of biological interaction between the 

Bold Counselor Phase Oneota and surrounding Mississippian groups (Steadman, 1998). 

However, there is strong ceramic evidence of coexistence and cohabitation of both 

Oneota and Mississippian peoples (Esarey and Conrad, 1998; Steadman, 2008).  
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Figure 4.1: Norris Farms 36 Cemetery.  

Note: Burials of the individuals used in this study are indicated. Males (Blue), Females 

(Red), Juveniles (Green) (Adapted from Santure et al., 1990) 

 

 

 

Bold Counselor Phase 

 

The Bold Counselor phase is the occupation of a spatially restricted section of the 

central Illinois River valley by an intrusive, Oneota-derived population. Five Bold 

Counselor Phase components are presently known in the central Illinois River valley 

(Figure 4.2). Bold Counselor Phase refers to the evidence for an Oneota group that 

migrated from somewhere in the upper Mississippi River valley to the central Illinois 
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River valley during the middle to late 13th century. While artifacts are used as the primary 

means of identifying this shift in cultural identity, the Oneota society does not seem to 

have been as organizationally complex as its Mississippian predecessor. Regional 

specialists interpret the Oneota sites as an intrusion of people into the valley, and this 

particular ceramic tradition persisted into the 15th century A.D. (Esarey and Santure, 

1990; Milner et al., 1991a). Other than the use of shell-tempering in pottery, little 

similarity in material culture can be seen between the 14th and 15th century Bold 

Counselor Phase and late Middle Mississippian occupations of the region. The hallmarks 

of the Bold Counselor ceramics are: 1) a high frequency of jars with horizontal trailing, 

2) low incidence of lip stamping on jars, 3) production of bowls which have lip stamping, 

4) the presence of a broad, shallow bowl formed with flared, concave handles, and 5) the 

presence of Mississippian style plates with Oneota motif decorations (Esarey and Conrad, 

1998) (Figure 4.3). The close spacing of the Bold Counselor Phase villages and the lack 

of secondary sites were strongly dictated by social factors. The concentration of most of 

the population into intensively occupied villages certainly had a debilitating impact upon 

general health. Constrained zones due to constant threat of violence, as well as, 

immediately sequential sites, may have restricted their availability of local faunal and 

floral resources and their efficient exploitation. Morton, C.W. Cooper, and Sleeth, sites 

were found to be coexisting, and therefore increased intercommunity contact may have 

further contributed to a decline in the health of the population by facilitating the spread of 

disease (Esarey and Santure, 1990; Esarey and Conrad, 1998). There is evidence 

indicating total abandonment of the Illinois River by A.D. 1450. Morse and Morse (1983: 
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282) suggest that after about A.D. 1400 further nucleation of populations in the central 

Mississippi Valley took place, leaving many areas empty (Esarey and Santure, 1990). 

Given the evidence for major changes in the lifeways of the Illinois River valley between 

A.D. 1250-1400 and the lack of any evidence for continued Bold Counselor Phase or 

Middle Mississippian occupation of the area after A.D. 1450, it seems likely that both 

groups finally withdrew from the valley and/or disappeared as distinct cultural entities 

altogether. There is no local evidence of post A.D. 1450 cultural activities, and continuity 

of populations is very unlikely. It seems most likely that the various disruptive factors 

affecting the inhabitants of the central Illinois River valley caused an end to the former 

lifeway by A.D. 1450 (Esarey and Santure, 1990). 

 

 

 

Figure 4.2:  Bold Counselor Phase Oneota Sites of the Central Illinois River Valley.  

Note: ★ = Norris Farms 36 Cemetery (Adapted from Lieto and O’Gorman, 2014).  
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Figure 4.3: Bold Counselor Phase Jar Fragment from Morton Village with example tall 

rim and curvilinear trailed lines. (Morton Village Archaeological Project). 

 

 

 

Faunal and Floral Resources at Morton Village 

Regionally, the subsistence economy of the late prehistoric Oneota peoples is 

comprised of a broad spectrum of wild and cultivated resources (Styles and King, 1990). 

The diversity of available resources at Morton Village is consistent with Oneota sites but 

unlike other Oneota groups, early floral and faunal analyses suggested a relatively 

restricted subsistence base, with an emphasis on maize cultivation and white-tailed deer. 

In comparison to the preceding Mississippian component at Morton site, the Oneota 

component appears to have more acorn nutmeats, more maize, and a greater number of 

other domestic plants and potential cultigens, and more wild fruit. 
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Faunal remains from Morton village suggest a focus on woodland and Illinois 

River flood plain resources, particularly deer and fish. Bone artifacts from woodland and 

aquatic/semi-aquatic taxa were present. Marine gastropods (Marginella apicina), 

freshwater pelecypods (Campeloma sp), domestic dog (Canis familiaris), turkey, 

freshwater drum (Aplodinotus grunniens), white-tailed deer, goshawk (Accipter gentilis), 

freshwater mussels (Anodonta spp), trumpeter swan (Cygnus buccinator), channel catfish 

(Ictalurus punctatus), bowfin (Amia calva), common snapping turtle (Chelydra 

serpentina), softshell turtle (Trionyx sp), and elk were represented. The absence of bones 

from migratory waterfowl in village refuse and the large proportion of fish, suggest a 

warm weather occupation occurring between the spring and fall waterfowl migrations 

(Styles and King, 1990). 

Plant remains from Morton village indicate diverse plant usage. Small wild seeds 

of native taxa knotweed (Polygonum erectum), chenopod (Chenopodium spp.), little 

barley (Hordeum pusillum) occur in small quantities at Morton site. Wild fruits are well 

represented in Oneota sites, particularly American plum (Prunus americana) and nuts 

were common. These include hickory nuts (Carya spp.), acorns (Quercus spp.), black 

walnut, butternut (Juglans cinerea), and hazelnut. The relatively large amount of acorn 

nutmeats recovered from the Morton site is unique among the Oneota sites (Styles and 

King, 1990). However, it is clear that Oneota agriculture was well established and 

included the cultivation of corn (Zea mays), beans (Phaseolus vulgaris), squash 

(Curcurbita pepo), and sunflower (Helianthus annuus) (Tubbs and O’Gorman, 2005; 

Tubbs, 2013).  
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Isotopic samples from Norris Farms 36 suggested that maize was slightly less 

important than it was to the nearby Mississippians (Hollinger, 1995; Buikstra and Milner, 

1991). There is lower consumption of maize by the Bold Counselor Oneota population 

interred at Norris Farms 36 in relation to the Middle Mississippians. Oneota were getting 

less of their dietary protein from maize than the Middle Mississippians at Orendorf 

(Steadman, 1998; Tubbs, 2013). Isotopic values also suggest that the diet at Norris Farms 

36 was much more diverse in food resources, similar to traditional Oneota diet. The 

increased maize consumption at Morton Village relative to other Upper Mississippian 

groups may be a response to cultural contact with Middle Mississippians. Moreover, 

there is a general trend for higher consumption of maize by females (Tubbs, 2013).  

Mortuary Behavior and Grave Distribution of Norris Farms 36 

The Norris Farms 36 cemetery consisted of many graves, most containing single 

individuals that collectively formed an elongated asymmetrical oval. Grave shape was 

elliptical, and depth varied from 31 centimeters to almost 2 meters below surface level. 

Another meaningful pattern is the presence of burned areas or hearths near some graves. 

They represent the remains of graveside fires that aided the spirit of the deceased on its 

journey to the otherworld (Santure, 1990b). Skeletal orientation was dependent on 

topography rather than celestial orientation, although groups of individuals are oriented 

alike. The center of the cemetery was preferred for infants, while the outer rings of graves 

primarily held adults. The distribution of males and females appears to represent time of 

death rather than specific burial precincts, although females were more common in outer 

rows on the eastern edge of the cemetery. The preferred location for the internment of 
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warfare victims was at the cemetery edge in reopened graves. Most individuals were 

buried in a fully articulated (95%), extended (86%), and supine (81%) position (Santure, 

1990c; Emerson and Brown, 1992).  There are more adult females than males in the 

cemetery sample; however, this difference between the sexes is not significant. The 

overall demographic picture is consistent with the interment of most or all of the village 

dead in a community cemetery.  

The pattern of mortuary behavior at Norris Farms 36 reflected both group and 

individual emphases. In some instances, individuals were treated in terms of their group 

affiliations. Such an example includes simple familial relationships, where relatives were 

buried either together or in close proximity to one another. Individualized emphasis 

seemed to be expressed by the placement of several burials with little indication of clans 

or moieties (Santure and Esarey, 1990). Grave goods were associated with individuals of 

all ages and both sexes and generally consisted of common artifacts such as shell spoons 

with complete ceramic vessels. The association of shell spoons with complete vessels 

indicates that pots were filled with food at the time of burial (Santure and Esarey, 1990: 

106). Based on the distribution of artifacts, males were important members of Bold 

Counselor Phase society. Artifacts reflective of daily tasks (weapons, lithic tools, 

processing tools, and raw materials) were almost exclusively associated with males, as 

were status ornaments and ritual equipment. There is also a widespread age distribution 

of individuals with arrow points. At Norris Farms 36, individuals from 8 to 50+ years old 

were buried with arrow points. Seventy percent of adult males had arrow points in their 

graves. The high frequency of arrow points combined with the wide age range of 
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individuals perhaps emphasized the significance this weapon had to ensure day-to-day 

group survival (Santure and Esarey, 1990). 

Physical Anthropology of Norris Farms 36 

The human remains from Norris Farms 36 represent the largest existing well-

preserved and adequately documented Oneota skeletal collection. The Norris Farms 36 

skeletal series was derived from a completely excavated cemetery. The Oneota burial 

sample consists of 42% adults (n =112), 4% adolescents (n = 10), and 54% children and 

infants (n = 142). In general, the Oneota skeletons were complete and well preserved.  

However, osteological and archaeological evidence indicates that the Oneota were 

victims of local warfare in the form of malnutrition, nutrition-related disease, and 

warfare-related trauma such as cut marks from scalping and projectile points embedded 

in bone (Santure, 1990b; Milner et al., 1991a). Of the 264 individuals buried in this 

cemetery, 50 show evidence of violent death. The violent deaths were probably the result 

of intermittent raids upon the associated Oneota village that left the dead mutilated for 

status-enhancing trophies (Milner et al., 1991a: 594) and further supports the claim that 

the Oneota were an intrusive population that was in conflict with neighboring 

Mississippian villages. This conflict may have affected the frequency and/or range of 

physical activity among the Oneota. With constant raiding, there was limited movement 

to obtain geographically available resources. Moreover, the danger with venturing away 

from the settlement prevented parents from bringing their children during food obtaining 

activities. These precautionary behaviors and sedentary lifestyle may have influenced the 

locomotive patterns of the group as a whole. 
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Warfare and Lethal Trauma 

One of the more notable aspects of the Norris Farms 36 skeletal series is the high 

level of social conflict documented by skeletal evidence of lethal trauma. The victims 

tended to die in small-scale surprise attacks.  Fifty individuals (19 males, 23 females, 2, 

children, 1 adolescent, 5 indeterminate), or 19% of the burial population, were victims of 

intermittent raids. Among the adult victims, females and males are equally represented. 

The low frequency of children may indicate that children were rarely killed or they were 

killed without impacting the skeleton. Evidence of violence consisting of arrow wounds, 

parry fractures, scalping, decapitation, and other mutilation was observed on the skeletal 

remains of these individuals. Complete or partially articulated remains were interpreted 

as raid victims who were not immediately recovered for burial at their death. In general, 

victims of violent death were interred in peripheral areas of the cemetery, and buried with 

other victims in mass or reopened graves (Santure et al., 1990) 

The Oneota population from Norris Farms 36 differ from modern groups in that 

both males and females experienced an equivalent risk of violent death. The nature of the 

wounds and the dispersal of the graves are suggestive of a pattern of warfare featuring 

opportunistic raids. These findings are consistent with death occurring as a result of the 

ambush of solitary individuals or small groups of people who were at some distance from 

the protection of the main settlement. Moreover, two patterns were present: 1) more adult 

victims than juveniles and 2) victims with skeletal evidence of old age or debilitating 

conditions often occurred in the violent death category (Milner and Smith, 1990; Milner 

et al., 1991a). 
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The ever-present threat of raids and warfare adversely affected their ability to 

exploit the abundant edible plant and animal species in the region. This is particularly 

true of resources that were most efficiently exploited by small groups or people or those 

located some distance from the protection of the main settlement. The impact of conflict 

on the adaptive success of this population is perhaps best reflected by a comparatively 

low level of community health, as indicated by various markers of disease stress, 

including dental disease, porotic hyperostosis, and periosteal lesions (Milner et al., 

1991a). These interpretations are coupled with Milner and Smith’s (1990) observations of 

the high incidence of dental caries and evidence of vitamin deficiency (Styles and King, 

1990). It is possible that a socially induced disruption of subsistence practices contributed 

to circumstances favoring considerable disease load experienced by the Norris Farms 36 

community members (Milner et al., 1991b). This community must have also participated 

in interactions with other social groups. The existence of such intergroup ties is indicated 

by Mississippian-style burial goods (Santure and Esarey, 1990; Milner et al., 1991b). 

Genetics of Norris Farms 36 Population 

Genetics is a significant component when understanding joint and bone 

ontogenetic development. Genetic studies also provide the strongest evidence for 

reconstructing prehistoric residence (Hollinger, 1995).  In regards to the Norris Farms 36 

collection, previous studies have extracted both mitochondrial DNA (mtDNA) and 

nuclear DNA from this collection (Stone and Stoneking, 1993; 1998; 1999; Stone et al., 

1996). DNA preservation was excellent, with about 70% of the samples producing 

mtDNA results and approximately 15% yielding nuclear DNA data from 108 individuals 
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in this collection. (Stone and Stoneking, 1998).  There is a fairly high number of related 

lineages, due to inbreeding, but a large amount of mtDNA diversity was found in the 

prehistoric Norris Farms population (Stone and Stoneking, 1998). All four of the major 

Amerindian mtDNA haplogroups were found, in addition, to a fifth Mongolian 

haplogroup in Norris Farms. Sequences of the first hypervariable region of the mtDNA 

control region revealed a high level of diversity in the Norris Farms population (Stone 

and Stoneking, 1999). The mtDNA haplogroup and sequence diversity at Norris Farms 

are similar to those found in other Amerind populations (Stone and Stoneking, 1999). 

Despite the probable inclusion of related individuals in the sample, the Norris Farms 

population has a high level of mtDNA diversity, equivalent to that found in such modern 

groups as the Nuu Chah Nulth, Embera, and Mapuche (Stone and Stoneking, 1999). The 

Norris Farms population does have a high percentage of singleton mtDNA types (73.9%) 

compared to other modern Amerindian populations (Avg. = 45.4%). This could reflect 

some loss of diversity in modern populations due to the decrease in population size 

associated with European contact (Thornton, 1987; Ubelaker, 1988; 1992). Additionally, 

Stone and Stoneking (1993) found genetic evidence suggesting that at least some of the 

males may have come into the group by marriage or by being captured in conflict. 

Perhaps these sites were involved in some of the earliest movements toward matrilocal 

residence.  

Summary 

The Norris Farms 36 skeletal series provides physical anthropologists and 

archaeologists alike with an unparalleled opportunity to identify the demographic 
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structure of a late prehistoric Midwestern population. It also allows us to determine the 

level of community health, and to evaluate the correspondence between health and the 

adaptive stance of this particular society. Studies of the human skeletal remains from 

Oneota contexts at Norris Farms 36 suggest that sociopolitical stress may have been 

important factor influencing subsistence and other activities locally. Maize cultivation is 

clearly important; but the diversity of wild plant foods, including both upland and aquatic 

resources, and apparently nuts, fruits, seeds, indicates that collecting of wild resources 

was also an important part of subsistence.  Subsistence pursuits may have been limited by 

the threat of raids. Reduced red-meat consumption, coupled with heavy utilization of 

maize, could have contributed to the poor health of these people. Overall, this was a 

highly-stressed population when compared with many other groups reported in the 

literature on the health of the prehistoric peoples of the Eastern Woodland (Milner and 

Smith, 1990). Despite being a stressed population, the scale of analysis used to interpret 

subchondral bone microarchitecture should not be affected. Moreover, the Norris Farms 

skeletal series has a semi-permanent village lifestyle for subadults which is closer to 

modern groups than compared to hunter gatherer populations which makes this ideal for 

future data comparison with clinical studies. 
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CHAPTER 5: 

MATERIALS AND METHODS 
 

Norris Farms Oneota Skeletal Sample 

 

High-resolution computed tomography (HR-CT) scans of Norris Farms tibiae 

specimens from 31 individuals (12 males, 11 females, 8 subadults), ranging in age from 8 

to 37.5 years old, (Average: 22.6 years), were used to examine subchondral trabecular 

bone and cortical plate ontogenetic changes. Demographic information for the selected 

samples is found in Table A.1 in Appendix A. The skeletal series was chosen for this 

study because of its cultural and biological homogeneity, high number of subadult 

individuals, extensive archaeological context, and excellent preservation. The proximal 

tibia has been chosen for this study because it is a skeletal region that is primarily 

controlled by axial compressive and tensile stresses and is commonly used in clinical and 

research studies of joint development and disease. As previously mentioned, the Norris 

Farms 36 site is an Oneota cemetery from the central Illinois River Valley dating to 

approximately A.D. 1300 with graves containing individuals associated with the Oneota 

cultural tradition of village agriculturalists (Santure et al., 1990). The burial population 

consists of 264 individuals. The individuals range in age from fetal to 50+ years as 

determined by dental formation, sequence of epiphyseal closure, and age-associated 

changes (Milner and Smith, 1990). No physical analysis of the actual skeletal samples 

was conducted in the present investigation; all work was conducted via analysis of HR-
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CT images. Data analysis was performed using Avizo® Fire versions 6.2 and 8.1.1, a 

data analysis and visualization software from FEI, and the macros BoneJ. BoneJ is a 

macros plugin for bone image analysis in java-based ImageJ (v. 1.51f) (National 

Institutes of Health, http://rsbweb.nih.gov/ij/). BoneJ provides open source tools for 

trabecular geometry and whole bone shape analysis (Kontulainen et al., 2007; Doube et 

al., 2010).  

Age-at-death and Sex Estimation 

 

All age-at-death and sex estimations for the Norris Farms 36 skeletal series were 

determined in a previous project (Milner et al., 1989). Age-at-death for individuals in the 

Norris Farms 36 samples was estimated according to standard methods for macroscopic 

skeletal age estimation (Milner et al., 1989; Milner and Smith, 1990). Milner et al. (1989) 

relied upon dental development (Moorrees et al., 1963a; 1963b; Thoma and Goldman, 

1960; Ubelaker, 1978) and epiphyseal closure (Ubelaker, 1978) to estimate age-at-death 

in subadults, while adult ages were assessed via pubic symphysis morphology, 

endocranial suture closure, and auricular surface morphology (Milner et al., 1989). The 

Norris Farms 36 series was also seriated according to developmental and maturity stages. 

Adult skeletons were sexed using aspects of skeletal morphology described in Krogman 

(1962), Brothwell (1963), Acsadi and Nemeskeri (1970), Bass (1971), Ubelaker (1978), 

and Stewart (1979). Most adult Oneota skeletons were estimated as either male or female. 

Sixty-two (54.4%) were females and 52 (45.6%) were males (Milner and Smith, 1990). 
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Body Mass Estimation 

Skeletal measurements used to calculate subadult body mass estimates in this 

study are based on past Norris Farms 36 skeletal series research carried out by Bernadette 

Perchalski, Dr. Zac Hubbell, and Dr. Colin Shaw. Femoral head diameter measurements, 

used for adult body mass calculations, were performed by Dr. Colin Shaw, using digital 

calipers on the actual skeletal material. Polar second moments of area (J) used for body 

mass estimation of sub-adults aged 8 to 11.99 years were previously acquired by Hubbell 

(2016) using the BoneJ plugin for ImageJ (Doube et al., 2010), which provides maximum 

(Imax) and minimum (Imin) second moments of area. The sum of these values equals the J 

value of the cross-section (Larsen, 2015; Hubbell, 2016).  

While established methods for adult body mass estimation from skeletal remains 

exist (Ruff et al., 1991; Ruff et al., 1997; Auerbach and Ruff, 2004), only recently have 

reliable methods been established for body mass estimation in subadults skeletons (Ruff, 

2007; Robbins et al., 2010; Robbins Schug et al., 2013). Ruff (2007) developed the first 

reliable protocol for subadult body mass estimation using geometric properties of the 

lower limb and pelvis. Ruff created regression equations for estimating body mass for 

individuals aged 1 to 17 years using femoral head diameter, distal femoral metaphysis 

breadth and bi-iliac pelvic dimensions from the longitudinal Denver Child Growth Study 

data (McCammon, 1970). These individuals were of European ancestry and of upper and 

middle socioeconomic classes (Ruff, 2007; Hubbell, 2016). Ruff’s (2007) equation is 

age-specific in order to account for the changing body proportions during stages of 

growth and development. Robbins Schug et al. (2013) published a related study using the 
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Denver Child Growth Study data and presented a series of regression-derived subadult 

body mass estimation equations that produced results without reference to independent 

age data, thus eliminating a potential source of error with skeletal age-at-death estimates. 

For this research study, Robbins Schug et al. (2013) subadult regression formulae were 

used to estimate subadult body mass and femoral head diameter (FHD) regression 

formulae from Ruff et al., 1997 were used for estimating adult body mass.  

The actual regression formulae used for the Norris Farms Oneota sample body mass 

(BM) calculations are provided here.  

 

For subadults aged 8 to 11.99 years: ln{BM} = 2.0683 - 0.3126*ln{J} + 0.0477*ln{J}2 

(Robbins Schug et al., 2013; J is the mean of the right and left sides polar second 

moments of area) (Robbins Schug et al., 2013).  

For individuals aged 15 to 37.99 years, body mass estimations are based on the mean of 

values from three formulae (two for sex-pooled samples and a sex-specific formula) from 

Ruff et al. 1997. The formulae are as follows: Equation 1) BM = 2.239 x FHD - 39.9; 

Equation 2) BM = 2.268 x FHD - 36.5; Equation 3: males) BM = 2.741 x FHD - 54.9; 

Equation 4: females) BM = 2.426 x FHD - 35.1.  

Tables A.2 (subadults aged 8 to 11.99 years), and A.3 (individuals aged 15 to 37.99 

years) in Appendix A show the relevant measurements and corresponding body masses 

for each individual.  

 

 

Principles and Procedures for CT Data Acquisition 

 

Segmentation Process and Thresholding 

The segmentation process (thresholding) is an essential step in the analysis of CT 

scan images. It involves separating bone from non-bone structures for subsequent 
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quantitative analyses. This technique allows for visualizing and quantifying CT scan images 

by establishing a grayscale value to represent the density between bone (white) and non-bone 

(black) in a CT reconstructed image (Coleman and Colbert, 2007). The goal of selecting a 

threshold is to obtain results that are physically accurate (i.e. similar to the original 

structure). Threshold values used during the post-acquisition phase for image segmentation 

have major effects on quantitative analyses (i.e. calculating thickness, connectivity, and 

volume) (Hara et al., 2002; Buie et al., 2007; Bouxsein et al., 2010; Christiansen, 2016). 

Errors due to inaccurate segmentation artifacts can cause misinterpretation of volume or 

connectivity morphometric data in trabecular bone (Buie et al., 2007; Bouxsein et al., 

2010; Christiansen, 2016). Care must be taken when selecting a threshold in studies 

where bone mineralization may not be constant (i.e. growth and development). Thus, it is 

necessary to use specimen specific thresholds or local segmentation methods (Bouxsein 

et al., 2010). In this study, grayscale values were determined using specimen specific 

auto thresholding in ImageJ (Optimise Threshold) for standardization of each specimen 

and to remove possible subjectivity. However, in some scans, bone and deeply embedded 

loess (soil) were not always sufficiently distinguished to allow for auto thresholding. 

These thresholds were adjusted and optimized by visual inspection. When necessary, 

manual thresholding of a binary scan image was done to ensure that no loess was 

included in the segmentation (Figure 5.1) (Buie et al., 2007; Particelli et al., 2012). 

Threshold values were determined for all subchondral trabecular VOIs extracted from the 

epiphyseal region and for the subchondral cortical plate during the process of cortical 
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masking. The process of VOI extraction and cortical masking will be discussed later in 

this chapter. All threshold values are reported in Tables A.6 and A.8 in Appendix A. 

 

 

 

Figure 5.1: Example of visual segmentation procedure using ImageJ. Binarized (left 

image), Grayscale (right image). 

 

 

Limitations of CT reconstruction 

While the use of CT scans in anthropology is not without its benefits, there are 

disadvantages and limitations for its use. Extraction of quantitative structural information 

can be difficult in CT scans; result vary depending on the threshold of the instrumentation 

used, the image processing techniques, or resolution issues.  
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Resolution effects 

As previously mentioned, the resolution can greatly affect the quality of a scanned 

image and more specifically, the smaller the specimen, the higher the resolution that is 

needed (Bouxsein et al. 2010). Industrial scanners can accommodate objects with a wide 

range of sizes, shapes, and materials but the resolution in a CT image is determined by 

the size and number of detectors, the size of the X-ray focal point, and the source to 

object and source to detector distances (Badea and Panetta, 2014; Rueckel et al., 2014). 

Resolution choice is a compromise between the detail of the reconstructed image and the 

amount of data obtained and time needed for processing (Bouxsein et al. 2010). Selection 

of voxel size/resolution for image acquisition should be based upon the size and detail of 

the specimen being scanned and adjusted based on time and/or data storage constraints 

(Badea and Panetta, 2014). The effect of different scanning and reconstruction/voxel size 

on trabecular parameters was examined by Kim et al. (2004). This study found a large 

difference in trabecular thickness between resolution/voxel size quality in the same 

instrument and they suggested that morphometry studies using low resolution systems 

need to be reevaluated (Stock, 2011). Thick structures like human cortical and trabecular 

bone are unaffected by low resolutions because even large voxels are much smaller than 

cortical and trabecular minimum thickness in adults (Bouxsein et al. 2010). In contrast, 

Gosman and Ketcham (2009) found significant differences in trabecular bone properties 

between lower- and higher-resolution scans while analyzing micro-CT resolution effects. 

For these reasons, scan resolutions used for the Norris Farms No. 36 skeletal series vary 
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by specimen size. In this study, proximal tibiae for each individual were scanned as two 

halves (medial and lateral) for the best possible resolution. 

Artifacts 

Artifacts can also seriously degrade the quality of CT images. These are any 

discrepancies between the reconstructed image and the true object. CT images are more 

prone to artifacts than conventional radiographs because the image is reconstructed from 

several independent detector measurements. The reconstruction technique assumes that 

all the measurements are consistent, so any error of measurement will reflect as an error 

in the reconstructed image (Bouxsein et al., 2010). The most frequently encountered 

artifact in CT scanning is beam hardening, which causes the edges of an object to appear 

brighter than the center, even if the material is the same composition throughout. The 

artifact is caused by the increase in mean X-ray energy, or ‘‘hardening’’ of the X-ray 

beam as it passes through the scanned object (Ketcham and Carlson, 2001). Beam-

hardening artifacts are also frequently manifested in the air that surrounds an attenuating 

object, creating dark or occasionally light streaks (Ketcham and Hanna, 2014).  Ring 

artifacts are caused by errors in output from individual detectors or sets of detectors, and 

appear as full or partial circles on the CT reconstruction. A number of factors can cause 

these such as, changes in temperature or beam strength, too much dust on the detector, or 

damaged pixels in camera capture (Ketcham and Carlson, 2001; Bouxsein et al., 2010). A 

variety of other artifacts can also arise: streaking, star-burst, and shading. Streaking is due 

to an inconsistency in a single measurement (i.e. beam hardening, metal exposure). Metal 

exposure in the scan causes total absorption of the X-ray beam, yielding star-shaped 
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artifacts in the reconstructed image. Shading is due to a group of views deviating from 

the true measurement (i.e. patient/specimen motion). (Ketcham and Carlson, 2001; 

Barrett and Keat, 2004; Ketcham and Hanna, 2014). Only very faint ring artifacts were 

noted in a few of the Norris Farms 36 scan samples. These were so minor that once the 

scans were binarized and segmented in ImageJ for measurement they had little impact on 

quantitative data in this project. 

Pennsylvania State University CQI Scanning Protocol 

All skeletal analysis for this project was performed using three-dimensional (3D) 

digital models derived from high resolution CT scans. All Norris Farms specimens were 

scanned at the Center for Quantitative X-Ray Imaging (CQI) at Pennsylvania State 

University using a Universal OMNI-X HD-600 Industrial High Resolution X-ray CT 

system (Bio-Imaging Research, Inc., Lincolnshire, IL). The Norris Farms 36 skeletal 

series was scanned by Tim Stecko at the Pennsylvania State University Center for 

Quantitative X-ray Imaging under the direction of Dr. Tim Ryan. Both full (whole 

plateau) and half (condyle) scans of the proximal tibia were created. Resulting scans had 

voxel sizes ranging from 0.013 to 0.117 mm depending on specimen size (with the larger, 

adult bones having the largest voxel dimensions). For better resolution and quality, initial 

whole bone scans were divided into half scans by condylar region when possible. In all 

cases, scans were collected at the maximum resolution obtainable based on size (Ryan 

and Milner, 2006; Ryan and Krovitz, 2006). Scanning procedure involved foam mounting 

each specimen with foam to stabilize the bone inside a thin-walled plastic tube. With 

energy settings of 180 kilovolts (kV), 0.11 milliamps (mA), 2,800 projections, and using 
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a Feldkamp reconstruction algorithm, transverse cross-sectional slice images were 

collected for each whole tibia Image reconstructions resulted in 1,024 by 1,024 pixel, 16-

bit TIFF images (Gosman et al., 2013; Hubbell, 2016). Following scan data collection, 

the 16-bit images were converted to 8-bit TIFFs using ImageJ, ensuring that the grayscale 

values were in the same way for all images in each specimen's dataset. Image stacks 

(which comprise whole-bone datasets) include between 860 and 3,707 slices per bone 

(depending upon bone size and scan resolution). Most voxel dimensions resulting from 

the scans are isotropic (i.e. voxels are perfect cubes), but some larger bones were 

reconstructed with anisotropic voxel dimensions (i.e. voxels are not cubes; voxel height is 

different from length and depth measurements). All voxel dimensions are reported in 

Table A.4 in Appendix A. 

Digital image rendering in Avizo Fire 

Once scan data were acquired, it was necessary to render digital images from the 

raw CT scans for examination of specimen condition. During this stage of the process, 

any scanned skeletal element found to be damaged or corrupted such that the anatomical 

region of interest was affected was marked for exclusion from the study. Images were 

sample in Avizo® Fire versions 6.2 and 8.1.1, a material science data analysis and 

visualization software package from FEI. This section details the steps used for digital 

model rendering. All Norris Farms 36 CT scans used in this study were originally 

acquired as part of an NSF funded project (BCS-1028793 and BCS-1028904) 

investigating trabecular bone ontogeny in association with locomotor development. This 

was designed and executed by co-principal investigators James Gosman, Tim Ryan, and 
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David Raichlen. As such, scan data received from Pennsylvania State University had in 

some cases already been converted to various data formats. Most acquired scan data were 

in the form of DICOM files, which can be loaded in Avizo Fire as image stacks. Some 

scan data was in raw format, which requires that scan information (e.g. x/y/z voxel 

dimensions) be provided when the raw scan file is opened in Avizo Fire. 

Regardless of data format, once a bone scan dataset is successfully loaded in 

Avizo Fire, an isosurface rendering, an image reconstruction, must be generated in order 

to visualize the external surface of the bone image. For this study, isosurface properties 

were set at a threshold of 2800 (determined previously to be the best level form showing 

the bone surface and eliminating noise in the rendering) and with the downsample option 

checked and set to 4 in each dimension (Figure 5.2). Once an isosurface rendering was 

complete, a three-dimensional image of the scanned bone would appear in the Avizo Fire 

viewer window (Figure 5.3) 
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Figure 5.2: Example of the isosurface properties menu in Avizo Fire 8.1.1. 

 

 

 

Figure 5.3: Isosurface rendering of a 16 year old proximal tibia (anterior view). 
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Region of Interest (ROI) Placement 

The region of interest (ROI) is the portion of a bone that was identified as 

containing the structural features of interest. When setting up the scan acquisition, it is 

critical to ensure that a sufficient amount of the sample is scanned to allow for reliable 

and reproducible morphology and density measurements. The region of interest (ROI) 

should be defined based on the location of the start point of the scan or the contoured 

region of interest and the size (ie, length) of the region. Because any 3D model generated 

from CT scan data is made of stack of images (slices), scan datasets are stored as a 

sequence of individual files comprised essentially of 2D images (with a resolution-based 

height that makes up the voxels’ “z” dimensions) that are numbered, distally to 

proximally. Thus, ROIs can be identified in terms of the number of slices that comprise 

them and their place in the slice stack sequence In the case of this study, the ROI is the 

proximal epiphyseal region of the tibia. All samples comprised the subchondral cortical 

bone immediately under cartilage and subchondral trabecular bone. ROI length and 

number of slices are reported in Table A.4 in the Appendix A of this document (Bouxsein 

et al., 2010; Hubbell, 2016).  
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Figure 5.4: Example of the selected ROI (orange box) with VOIs (blue boxes) placed in 

the epiphyseal region. 

 

 

Volume of Interest (VOI) Placement and Extraction 

For analysis of the subchondral trabecular bone, eleven cubic volumes of interest 

(VOIs) were collected from the medial and lateral condyle of the proximal tibia using 

Avizo Fire 6.2 (Figures 5.5 & 5.6). For half scans, the number of VOIs were divided in 

half (Figure 5.7) Bone morphometric measurements were obtained for each VOI in the 

sample using the java-based ImageJ (v. 1.51f) (National Institute of Health) and BoneJ 

macros plug-in (Doube et al., 2010). (Figure 5.3). VOIs were positioned within and 

between tibial condyles within the epiphyseal region, just inferior to the proximal tibia’s 

contact area with the distal femur. There are compressive forces in the proximal tibia 
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during bipedal stance and locomotion (Figure 5.8). By contrast, no direct compression is 

exerted upon VOIs between the condyles (i.e. central unloaded VOIs) during weight-

bearing.  Previous researchers (Kim et al., 2004; Kivell et al. 2011: Saers et al., 2016) 

have noted the importance of VOI size and location and on trabecular properties, so the 

largest VOI possible was placed in order to ensure that each VOI is reflective of 

structural variation between joints. Because certain properties (connectivity and structure) 

are impacted by VOI size, each specimen’s VOI was adjusted to the individual (Lazenby 

et al., 2011) by using epiphyseal condylar breadth and the anteroposterior breadth of the 

proximal femoral metaphysis as the size standard. Each VOI size was calculated as 25% 

of the anteroposterior breadth of the proximal femoral metaphysis, resulting in cubic 

VOIs ranging in size from 4.0 to 8.178 mm, reflecting size increases in growth of the 

tibia across age (Raichlen et al., 2015). Epiphyseal breadth dimensions and VOI cube 

sizes are reported (Tables A.4 and A.5) in Appendix A. Multiple VOIs are used because 

the microarchitecture of trabecular and cortical bone is spatially mixed and is highly 

dependent on VOI position and size (Gosman and Ketcham, 2009). Once created, the 

cubic VOI was saved as a stack of DICOM and TIFF files and imported into ImageJ 

(version 1.51f) (National Institutes of Health, http://rsbweb.nih.gov/ij/) to calculate the 

trabecular properties. The sequence of CT image slices (DICOM format) corresponding 

to the ROI of the bone is imported into ImageJ, with the image sequence option selected 

in the pop-up window (Figure 5.9). 
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Figure 5.5: Placement of 11 VOIs in the proximal tibia (superior view).  

Note: VOIs 1-4 are within the medial condyle; VOIs 8-11 are within the lateral condyle; 

VOIs 5-7 are between the condyles.  A = Anterior; P = Posterior; M = Medial; L = 

Lateral 

 

 

  

Figure 5.6: Example of an isolated trabecular (15.5 yr old) VOI using ImageJ.                 

Note: Scale: 1mm 
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Figure 5.7: Proximal Tibia Half Scan VOI Placements. 

Note:(Left Image – Lateral Condyle, Right Image – Medial Condyle  

19.5 yr old Left Tibia, Superior View 

A = Anterior; P = Posterior 

 

 

 

Figure 5.8: Example of compressive forces between distal femur and proximal tibia. 

Note: anterior view. 
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Figure 5.9: Example of importing image stack into ImageJ. 

 

 

Once the image stack was imported, the stack was then converted into an 8-bit binary for 

subsequent analyses. Once binarized, a “set scale” using an individual scan voxel size 

was added for quantification of the trabecular bone morphometric parameters (Figure 

5.10). Using BoneJ, bone volume fraction, mean trabecular thickness, mean trabecular 

separation, connectivity density, degree of anisotropy, and structural model index were 

quantified. One parameter (trabecular number) was derived from the variables, bone 

volume fraction and trabecular thickness. 
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Figure 5.10: Example of set scale for quantifying bone parameters. 

 

 

Subchondral Bone Structural Analysis 

Trabecular Bone Morphometric Parameters 

For analysis of the ontogenetic patterns in the subchondral trabecular bone, eight bone 

morphometric variables were quantified using the ImageJ bone analysis macros plugin 

BoneJ (Doube, 2010). The morphometric parameters used are indicators of bone 

mechanical properties, microarchitecture, and functional adaptation to loading history 

(Burghardt et al., 2011).  

Bone volume fraction (BV/TV, %)  

Bone volume fraction is the amount of trabecular bone volume in proportion to the total 

reference VOI. It is represented as a percentage (Hildebrand et al., 1999; Lazenby et al., 

2011). The material comprising the bone volume fraction is often referred to as bone 
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tissue. Trabecular BV/TV is one of the most important and fundamental architectural 

properties of trabecular bone (Ding et al., 2002). 

Trabecular Thickness (Tb.Th, mm) 

Trabecular thickness is a measure of the average thickness of trabecular struts as defined 

by binarization within the VOI (Hildebrand and Rüegsegger, 1997a; (Lazenby et al., 

2011). Trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp) are calculated 

using mode independent distance transform methods (Hildebrand and Rüegsegger, 

1997a; Dougherty and Kunzelmann, 2007). 

Trabecular Separation (Tb.Sp, mm) 

Trabecular separation is a measure of the average width of space between trabecular 

struts as defined by binarization within the VOI. Trabecular separation is calculated 

independently in three dimensions using the same method outlined for trabecular 

thickness.  The average width of spaces between adjacent trabeculae in a VOI 

(Hildebrand and Rüegsegger, 1997a; Dougherty and Kunzelmann, 2007; Lazenby et al., 

2011). 

Connectivity Density (Conn.D, mm-3)  

Connectivity Density is a measure of the ‘connectedness’ of trabeculae to one another 

within the VOI.  Connectivity density was calculated using the Euler characteristic, a 

typological approach that incorporates both the number of particles (components) of a 

structure and the number of enclosed cavities to determine connectivity (Odgaard and 

Gundersen, 1993; Toriwaki and Yonekura, 2002).   

Degree of anisotropy (DA, unitless) 
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Degree of anisotropy is a measure of the directional orientation of trabeculae.  Anisotropy 

values are reported as a dimensionless value ranging from 0 (fully isotropic to 1 (fully 

anisotropic). Anisotropic structures have a preferred orientation while isotropic structures 

demonstrate symmetry of orientation in 3D space (Lazenby et al., 2011). Degree of 

anisotropy (DA) was determined using the mean intercept length (MIL) method 

(Odgaard, 1997). 

Structural Model Index (SMI (unitless) 

Structure model index is a dimensionless measure of the plate-like or rod-like geometry 

in respect to trabecular strut morphology within in a VOI.  A value of 0 indicates plate-

like shape; while a value of 3 indicates rod-like shape.  The SMI is calculated by means 

of three-dimensional image analysis based on a differential analysis of the triangulated 

bone surface in relation to bone volume (Hildebrand and Rüegsegger, 1997b; Lazenby et 

al., 2011). However, Salmon et al. (2015) has demonstrated that the commonly used 

parameter may not be suitable for use on real bone geometries because it is strongly 

influenced by BV/TV. 

Trabecular Number (Tb.N, mm-1) Tb.N = (BV/TV)/Tb.Th 

Trabecular number is the ratio of bone volume fraction to trabecular thickness a measure 

of the number of traversals across a trabecular or solid structure made per unit length on a 

linear path through a trabecular bone region (Lazenby et al., 2011). 

Cortical Masking 

For analysis of the subchondral plate, a cortical mask was necessary to ascertain 

cortical subchondral properties. Proximal tibia half scans for each individual were used to 
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examine thickness in each condylar region (Figure 5.11). Once a range of slices was 

identified as the ROI for a particular bone, a truncated image stack comprised only those 

slices numbers was imported into Avizo Fire version 8.1.1. for masking of the cortical 

component of the bone image. This procedure was necessary in order to facilitate a later 

step in the data collection process to ascertain subchondral bone cortical plate properties. 

Dr. Tim Ryan developed a custom separation script, which serves the purpose of digitally 

separating the cortical region from the rest of the volume, such that any ROI may be 

separated into trabecular and cortical volumes which may be saved as independent 

datasets. This script is similar to the dual threshold technique developed by Buie et al. 

(2007), which automatically segments cortical and trabecular compartments. The script 

works through a 3-step manual process of visually distinguishing bone verse non-bone in 

the digital image by referencing transverse slices. It is executed on the basis of grayscale 

thresholds that are defined by the user as belonging either to bone or non-bone (Figure 

5.12). This was accomplished by adjusting the threshold levels pertaining to each step in 

the script execution process. This required multiple attempts to ensure the proper material 

was not excluded from the separation. Table A.8 (Appendix A) provide threshold values 

in steps 1-3 of the masking process for each specimen (Hubbell, 2016).  
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Figure 5.11: Example of a proximal tibia CT half scan.  

Note: 16 year old Lateral Condyle, Anterior View 
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Figure 5.12: Cortical masking script (TOP) and threshold (BOTTOM) properties. 
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The ROI separation process begins by loading the ROI image stack in Avizo Fire 8.1.1, 

orienting the image with the distal margin visible (XY plane orientation) and loading Dr. 

Ryan’s script into the program. The Avizo Fire properties window displays all options 

and commands for an active script or tool. The first step is to adjust the threshold 

maximum and minimum values such that only bone was highlighted in the viewer 

window (Figure 5.12). In this step, it is allowable to leave some of the less dense 

trabeculae unselected. Once the levels are properly set, “OK” is selected in the dialogue 

box. Next, non-bone area inside the cortical margins is highlighted in the viewer window 

by the same threshold adjustment technique as in the first step (Figure 5.13). 

 

 

 

 

Figure 5.13: Step one of separation script execution (highlighting bone) 

Note: Bone material selected via threshold adjustments; 16.5 year old tibia cross-section 

shown 
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Figure 5.14: Step two of separation script execution (highlighting air space). 

Note: Air space selected via a second set of threshold adjustments. 16.5 year old tibia 

cross-section shown 

 

 

 

During the second step of the cortical masking procedure, it is usually not 

possible to select all the air space in the image without also selecting some bone, but it is 

important to leave some air space unselected if necessary so that no bone is highlighted in 

this step. Once these levels are properly set, “OK” is again selected in the dialogue box. 

After processing is completed following this step, the viewer window displays an outline 

of the ROI cross-section, filled in entirely in red (Figure 5.14). At this point in the 

process, no additional threshold adjustments are necessary; the filled cross-section serves 

to highlight the entire ROI volume (including bone and non-bone), and will automatically 
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have a lower threshold set to 1 and an upper threshold set to 53. These numbers remain 

and “OK” is selected in the dialogue box for the final time (Hubbell, 2016). 

 

Once lengthy processing finishes in the final step of the separation protocol, a 

new image appears onscreen, showing the original grayscale cross-section with a partially 

transparent blue overlay that delineates the newly isolated trabecular ROI (Figure 5.15). 

In the Avizo “Main Panel” or pool window, teal modules represent newly created 

datasets; one for the cortical and one for the trabecular ROI and these can be saved as a 

new image dataset. It is also possible to create an isosurface rendering created with the 

cortical dataset (Figure 5.16). In BoneJ, the cortical dataset can be imported as an image 

sequence to determine thickness. Once the dataset is loaded, the brightness of the image 

stack is adjusted for the purpose of visualizing the bone VOI; this is done by selecting 

“Image” from the ImageJ menu bar, then “Adjust” then “Brightness/Contrast.” The stack 

was then converted into an 8-bit binary for subsequent analyses. Once binarized, a “set 

scale” using an individual scan voxel size was added for quantification of the plate mean 

cortical thickness (Ct.Th). Cortical thickness mean values for each individual are reported 

in Table A.9 in Appendix A of this document.  

 

 

 



129 

 

 

Figure 5.15: Final product of cortical masking procedure (transverse view) with dataset 

output. 

Note: Blue area represents the isolated trabecular bone section of the original ROI. 16.5 

year old tibia cross-section shown 

 

 

 

 

Figure 5.16: Final isosurface rendering following the cortical masking procedure 

Note: 16.5 year old full tibia cortical shell  
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Statistical Analysis 

Statistical analyses were performed using SPSS version 24 (IBM SPSS Statistics 

24.0 IBM, Armonk, NY). For the purpose of statistical analysis, age-at-death estimates 

given as a range (e.g. 10 to 12 years) were converted to their mid-range value (e.g. 11 

years). Based on prior research studies, all VOIS located in between condyles (VOIs 5, 6, 

7) were removed from further analyses. The VOIs associated with each region (Lateral 

and Medial) were averaged for each individual for analyses. All variables were tested for 

normality using the Shapiro-Wilk test (Table B.1). Of the nine variables, three (Age, 

Tb.Sp, Conn.D) were not normally distributed and therefore nonparametric test were used 

for all further analyses. Significance level was set at alpha (α) = 0.05 for all statistical 

tests. Any outliers that were more than two standard deviations away from the mean were 

removed from further analyses. Descriptive statistics for all variables are reported in 

Table B.2 in Appendix B.  

Hypothesis 1 

With the increase in body mass and developing adult gait, all subchondral bone 

structural parameters will be affected by age. 

To test age-related influences on all structural parameters, the sample was divided into 

four age groups/categories: 

1.) Child (8 – 13.99 years, N = 6) 

2.) Adolescent (14 –19.99 years, N = 10) 

3.) Young Adult (20 – 30.99 years, N = 4) 

4.) Middle Age (31 – 37.99 years, N = 11) 
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Justification for Age Categories 

Age categories are based on sample demographics, tibial development, and previous 

growth studies.  

Child 

In humans, trabecular structure of the tibia reaches an adult-like pattern (BV/TV, 

anisotropy) at approximately 8 years old (Ryan and Krovitz, 2006; Gosman and 

Ketcham, 2009; Raichlen et al., 2015). Thus, overall trabecular architecture appears to be 

optimized later in life (Huiskes et al., 2000; Tanck et al., 2001; Ryan and Krovitz, 2006; 

Cunningham and Black, 2009; Kivell, 2016). At ages 8-13 the distal part of the tuberosity 

starts to ossify from one or more centers (Scheuer and Black, 2004). At approximately 8 

years, the pattern of BV/TV and DA settle into the range of adult values (Gosman and 

Ketcham, 2009). Individuals of this category have increased body mass, adult gait 

pattern, and independent activity. 

Adolescent 

Individuals in this category have increased body mass related to pubertal growth spurt 

with a fully active adult lifestyle (Gosman, 2007). The proximal epiphysis begins to fuse 

in 13 years in females and 15.5 years in males, with later times extending to 17 years in 

females and 19.5 years in males (Scheuer and Black, 2004).  

Young Adult 

Individuals in this category have reached their peak attained bone mass and final attained 

height. Individuals have increased body mass with cessation of growth.  
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Middle Age 

Individuals in this category continue to maintain their final attained height and body mass 

but there are decreases in bone mass due to endo-trabecular deficit of bone replacement 

during remodeling. Normal, age-related bone loss in trabecular bone begins to occur in 

men and women after age 30–35 (Martin et al., 2015). 

Body mass estimations are provided in Table A.3 in Appendix A of this document. 

Mean differences for each bone structural parameter were tested across age 

categories by using an independent samples Kruskal-Wallis Test and a Bonferroni 

correction post-hoc test. A Kruskal-Wallis test is a rank-based nonparametric test that can 

be used to determine if there are statistically significant differences between two or more 

groups of an independent variable on a continuous or ordinal dependent variable. A 

Kruskal-Wallis test cannot differentiate which specific groups of independent variables 

are statistically significantly different from each other; so, a post hoc test must be 

performed.  

Hypothesis 2 

Due to increasing mechanical load and changing joint kinematics with development, 

there is a significant difference in subchondral trabecular bone and cortical plate 

structural parameters between the medial and lateral condyle. 

To test regional differences in parameters, mean bone structural differences were tested 

across condyle location using related samples pairwise Wilcoxon Signed Rank test. The 

Wilcoxon signed rank test shows if observed difference between locations (Lateral and 

Medial) are significant for all structural variables.  
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Influence of Sex on Structural Parameters 

Sex is another variable examined in this sample. For analyses between parameters 

and sex the Mann Whitney test was used. It is a non-parametric test that is used to 

determine if the mean of two groups are different from each other. This test was used to 

determine if subchondral bone architecture differs between males and females in the later 

age categories. 

Summary 

In this chapter, the details of all Norris Farms 36 CT data collection procedures, 

including materials preparation and statistical evaluations have been explained. Methods 

pertaining to the age-at-death estimations, as well as details regarding body mass 

estimations and bone measurements. This chapter as provided the protocols for CT 

acquisition as well as, the advantages and limitations of HR-CT scanning technology. 

Additionally, bone morphometric structural parameters were defined. Moreover, step-by-

step procedures for Avizo Fire and ImageJ were provided for digital image manipulation, 

ROI and VOI identifications and extraction, and cortical masking. Finally, Chapter 5 

included a discussion of the statistical methods used for evaluation of this research, the 

results of which are presented in the following chapter. 
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CHAPTER 6: 

RESULTS 

 
The structural parameter values that come from VOIs located in the loaded 

condylar regions, including BV/TV (α = 0.033), Conn.D (α = 0.001), DA (α = 0.012), 

and Plate Ct.Th (α = 0.000) significantly differed across age categories (Table B.3). 

When comparing age categories, BV/TV was higher in Age Category 3 (20.0-30.99 

years) compared to Age Category 1 (8.0-13.99 years). Bone volume fraction increased 

with age from childhood to adult and then remained constant in middle age. DA was also 

greater in Age Category 4 (31.0-37.99 years) compared to Age Category 1. Trabecular 

subchondral bone became more anisotropic with the adult form. Conn.D was less in both 

Age Categories 3 & 4 compared to Age Category 1.  A decline in overall trabecular 

connectivity density is present in both adult categories. Subchondral plate cortical 

thickness was greater in the Age Categories 3 & 4 (20.0 -37.99 years) when compared to 

Age Categories 1 & 2 (8.0-19.99 years). This trend was present also between Age 

Categories 2 & 3. This represents an increase in subchondral plate cortical thickness with 

age. Mean values of all variables across age categories are reported in Table B.4.  

Pairwise related-samples Wilcoxon signed ranks tests were performed on all structural 

parameters means comparing medial and lateral condylar regions. In the subchondral 

cortical plate, the medial condyle was thicker in average than the lateral condyle, but 

there was no significant difference (α = 0.638) found. In regards to the subchondral 
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trabecular bone, only DA significantly differed (α = 0.04) between medial and lateral 

condylar regions (Table B.5). Wilcoxon signed-rank test, revealed that the medial 

condyle ranked higher than the lateral condyle in the majority of paired cases for degree 

of anisotropy. Overall, the medial condyle had a larger mean value for BV/TV and Tb.Th 

compared to the lateral. The lateral condyle had a larger mean value in Tb.Sp, SMI, and 

Conn.D.  Mean values for all variables based on condyle location are reported in Table 

B.6.  

As predicted, age and condyle specific variation does occur in the subchondral 

bone and plate, however, all structural parameters did not refute the null hypothesis of no 

change with age and location. These results indicate that statistical change only occurred 

with BV/TV (α = 0.033), Conn.D (α = 0.001), DA (α = 0.012), and Plate Ct.Th (α  = 

0.000) with age. Additionally, only DA significantly differed (α = 0.04) between medial 

and lateral condylar regions. 

Sex was also examined as a possible variable in the later age categories. A Mann 

Whitney U test was performed to examine the relationship between subchondral bone 

architecture and sex in the loaded condylar regions. SMI (α = 0.007) was found to differ 

between males and females. BV/TV had a weak (α = 0.056) statistical relationship. 

Overall, males had a higher bone volume fraction (i.e. more bone tissue) while women 

had higher SMI (i.e. more rod-like morphology) in the later age categories (Table B.7).  
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Quantification of Subchondral Bone Structure 

Child 

The child age is group is typified by having the lowest mean bone volume fraction (0.234 

mm), mean trabecular thickness (0.282 mm), mean degree of anisotropy (0.6155), mean 

structural model index, and mean trabecular number (0.826 mm-1) of the four age groups. 

This group has the highest mean trabecular separation (0.858 mm) and mean connectivity 

density (4.132 mm-3) and thinnest mean subchondral cortical plate (0.887 mm).  

Adolescent 

The adolescent age group is typified by an increase in trabecular thickness, bone volume 

fraction, anisotropy, and subchondral plate thickness when compared to the child age 

group. There is a general decline in connectivity density.  

Young Age 

The young adult age group is typified by having the highest mean bone volume fraction 

(0.290 mm), highest mean trabecular thickness (0.332 mm), highest mean trabecular 

number (0.8733 mm-1), and highest degree of anisotropy (0.686) There is a decline in 

connectivity and an increase in subchondral plate thickness.  

Middle Age 

The middle age group is typified by the highest mean structure model index (1.29) with a 

decline in bone volume fraction and trabecular thickness from the young adult group. The 

subchondral plate mean thickness (1.644 mm) is highest in this group.  
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Condyle Differences 

The medial condyle had a higher mean bone volume fraction (0.275 mm), 

trabeculae thickness (0.317 mm), degree of anisotropy (0.694), and thicker cortical plate 

(1.339 mm). However, the condyles only statically differed in degree of anisotropy, with 

the medial condylar region being more anisotropic. Lateral condyle had higher mean 

values in trabecular separation (0.853 mm), structural model index (1.16), and 

connectivity density (3.08 mm-3). These results are similar to Ding and colleagues (Ding 

and Hvid, 2000; Ding et al., 2002). A majority of this study’s samples fit in the young 

age range (16-39 yrs.) from Ding’s research. They found that all the microarchitectural 

properties from the medial and lateral condyles had the same age-related trends. In 

normal individuals, the strength and density of the medial condyle are significantly 

greater than those of the lateral condyle (Hvid and Hansen, 1985). These results are 

consistent with higher loading at the medial condyle (Ding et al., 1997).  

Sex Differences 

Males and females statistically differ in only structural model index, and to a 

lesser extent bone volume fraction. Adult men had greater bone volume fraction than 

adult women. Adult women had trabeculae that were more rod-like in structure. This 

greater BV/TV has been found in other studies (Harada et al., 1988; Chen et al., 2011). 

Harada et al. (1988) found that in both condyles, the mean bone strength is greater in men 

than in women (Muller-Gerbl, 1998). Chen et al. (2011) showed that men had higher 

BV/TV and lower trabecular separation (Tb.Sp) in the old age and elderly groups 

compared to women. 
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Visualization of Data 

The next section provides visual representations from each age category (Figures 6.1 – 

6.16). The aim of this section is to provide visual examples of the microarchitectural 

changes that are occurring across the age categories.  

AGE CATEGORY 1: 

 9.0-year-old (821006) 

 

 

 

 

Figure 6.1: VOI 1 Lateral Condyle (LEFT) and VOI 6 Between Condyles (RIGHT).  

Note: Scale: 1mm. 
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Figure 6.2: Medial Condyle Mid-Condyle Sagittal Rendering.  

Note: Scale: 5mm. 



140 

 

 
Figure 6.3: Medial Condyle Posterior View Isosurface Rendering (TOP) and 2-D Micro-

CT Image (BOTTOM). Note: Scale: 5mm. 
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Figure 6.4: Lateral Condyle Superior View Isosurface Rendering (TOP) and 2-D Micro-

CT Image (BOTTOM). Note: Scale: 5mm. 
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AGE CATEGORY 2 

16-year-old male (819964) 

 

 

 

  

Figure 6.5: VOI 1 Medial Condyle (LEFT) and VOI 5 Between Condyles (RIGHT). 

Note: Scale: 1mm. 

 

 

 

 
Figure 6.6: Lateral Condyle Mid-Condyle Sagittal Rendering. Note: Scale: 5mm. 
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Figure 6.7: Medial Condyle Posterior View Isosurface Rendering (TOP) and 2-D Micro-

CT Image (BOTTOM). Note: Scale: 5mm. 
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Figure 6.8: Lateral Condyle Superior View Isosurface Rendering (TOP) and 2-D Micro- 

CT Image (BOTTOM).  Note: Scale: 5mm. 
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AGE CATEGORY 3 

26-year-old 820735 male 

 

 

Figure 6.9: VOI 2 Medial Condyle (LEFT) and VOI 7 Between Condyles (RIGHT).  

Note: Scale: 1mm. 

 

 

 
Figure 6.10: Medial Condyle Mid-Condyle Sagittal Rendering. Note: Scale: 5mm. 
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Figure 6.11: Lateral Condyle Posterior View Isosurface Rendering (TOP) and 2-D Micro-

CT Image (BOTTOM). Note: Scale: 5mm. 
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Figure 6.12: Medial Condyle Superior View Isosurface Rendering (TOP) and 2-D Micro-

CT Image (BOTTOM). Note: Scale: 5mm. 
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AGE CATEGORY 4 

37.5-year-old male (820740) 

 

  
Figure 6.13 VOI 3 Medial Condyle (LEFT) and VOI 7 Between Condyles (RIGHT)  

Note: Scale: 1mm. 

 

 

 
Figure 6.14: Lateral Condyle Mid-Condyle Sagittal Rendering. Note: Scale: 5mm. 
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Figure 6.15: Lateral Condyle Posterior View Isosurface Rendering (TOP) and 2-D Micro-

CT Image (BOTTOM). Note: Scale: 5mm. 
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Figure 6.16: Lateral Condyle Superior View Isosurface Rendering (TOP) and 2-D Micro- 

CT Image (BOTTOM). Note: Scale: 5mm. 



151 

 

Summary 

Subchondral bone structural parameters results across condyle location, age 

category, and sex are graphed in boxplots (95% CI) (Figures 6.17 – 6.26). When 

examining all structural parameter differences across the age categories in the loaded 

condylar regions, BV/TV (α = 0.033), Conn.D (α = 0.001), DA (α = 0.012), and Plate 

Ct.Th (α  = 0.000) significantly differed with age. Bone volume fraction increased with 

age from childhood to adult and then remained constant in the middle age category. 

Trabecular subchondral bone became more anisotropic with the adult form. Moreover, a 

decline in overall trabecular connectivity density is present in both adult categories. 

Additionally, there was an increase in subchondral plate cortical thickness with age.  

Pairwise related-samples Wilcoxon signed ranks tests were performed on all 

structural parameters means comparing medial and lateral condylar regions. The average 

mean thickness was greater in the medial condyle however, no significant difference (α = 

0.638) between medial and lateral condyle subchondral plate thickness was found. In 

regards to the subchondral trabecular bone, only DA significantly differed (α = 0.004) 

between medial and lateral condylar regions, with the medial condyle being more 

anisotropic than the lateral condyle. 

Finally, using a Mann Whitney test, SMI and to a lesser extent BV/TV were 

found to differ between males and females. Males had higher bone volume fraction (i.e. 

more bone tissue) while women had higher SMI (i.e. more rod-like morphology) in the 

later age categories. 
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Figure 6.17: Bone volume fraction (%) across age categories. 

 

 

 

 
Figure 6.18: Trabecular Thickness (mm) across age categories 
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Figure 6.19: Trabecular separation (mm) across age categories. 

 

 

 

 
Figure 6.20: Structural model index (-) across age categories. 
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Figure 6.21: Connectivity Density (mm-3) across age categories. 

 

 

 

 
Figure 6.22: Degree of anisotropy (-) across age categories. 



155 

 

 

 
Figure 6.23: Trabecular number (mm-1) across age categories. 

 

 

 

 
Figure 6.24: Subchondral plate thickness (mm) across age categories 
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Figure 6.25: Bone volume fraction (%) sex differences across age 

 

 

 
Figure 6.26: Structural model index (-) sex differences across age. 
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CHAPTER 7:  

DISCUSSION AND CONCLUSIONS 

 
In comparing these cortical and trabecular bone quantifications with other 

proximal tibia subchondral studies (Ding et al., 2002; Gosman and Ketcham, 2009; Chen 

et al., 2011) there are some general similarities but due to differences in sample 

demographics and population there are differences. Ding and colleagues (2002) 

observations were geared toward much older individuals than are present in this study. In 

their younger individuals, they found no major changes in any structural parameters, but 

noted bone volume fraction and trabecular thickness decrease significantly after the age 

of 60, with an increase in structural model index (i.e. trabeculae shifting to a rod-like 

microstructure). Gosman and Ketcham (2009) found that in young adult individuals from 

the Fort Ancient site, SunWatch Village (16-20 years old), subchondral bone had an 

increase in bone volume fraction with age and decrease in trabecular number. However, 

this study also noted a decrease with degree of anisotropy. Chen and colleagues (2011) 

focused on a much older population with Japanese subjects ranging in age from 57-98 

years old. They noted trabecular bone mineral density, bone volume fraction (BV/TV), 

and trabecular thickness (Tb.Th) decreased between the middle-aged and elderly groups 

in both men and women. In comparison with non-human tibial subchondral studies, 

similar results were found in rats (Hamann et al., 2013). Hamann et al. (2013) found that 

for both subchondral trabecular bone and its cortical plate, bone volume fraction 
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(BV/TV) and trabecular thickness (Tb.Th) increased in the tibiae of rats. Studies of 

trabecular bone growth and development in pigs have also demonstrated gradual 

increases in bone volume fraction, anisotropy, trabecular number, and trabecular 

thickness with age (Tanck et al., 2001).  

When looking broader at trabecular ontogenetic studies, there are similar patterns. 

Abel and Macho (2011) examined ontogenetic variation in modern human iliac trabecular 

anisotrophy and found that ilia trabecular tissue in infants is relatively isotropic, while 

that of adults is highly anisotropic. Acquaah et al (2015) examined the ontogeny of 

vertebral trabecular architecture during the developmental period between 6 months 

prenatal and 2.5 years postnatal in a 19th century juvenile skeletal collection. In early 

childhood, a pattern of development appeared where BV/TV remained constant but the 

DA continued to increase. In the proximal femur (Ryan and Krovitz, 2006), changes in 

trabecular number, thickness, and degree of anisotropy propose a gradual change from 

varying loading patterns to the more stable morphology associated with bipedal walking 

(Ryan and Krovitz, 2006). The proximal tibia (Gosman and Ketcham, 2009) also shows a 

change in trabecular number and thickness, along with more highly oriented struts, with 

age. These structural alterations are along with more predictable loading patterns 

associated with locomotor maturation (Gosman and Ketcham, 2009).   

The results of this research bolster previous findings by other studies of trabecular 

bone local responses to changes in loading patterns. The loss of tissue during infancy 

may be essential for developing a highly-orientated structure that can resist loads 

efficiently with minimal bone mass. It is easier to take away surplus material than add 
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new bone tissue, which also provides greater phenotypic plasticity and may be a response 

to developing postural and locomotor loads (Acquaah et al., 2015). It is expected that 

both trabeculae and overall bone shape probably respond in tandem to mechanical loads 

during ontogeny (Ruff et al., 2006), but that microstructural properties may continue after 

the adult shape has been attained. Moreover, these results suggest that subchondral bone 

microstructural properties are remarkably heterogenous. 

Sex was another variable examined but only SMI was found to differ significantly 

between males and females, with women having a more rod-like structure. Eckstein et al., 

(2007) compared sex differences in trabecular bone microstructure across multiple 

skeletal sites and found males had thicker trabeculae, higher connectivity, and a higher 

degree of anisotropy in the femoral trochanter, but these results were not found in other 

skeletal sites in the same sample. However, Salmon et al. (2015) has demonstrated that 

the commonly used parameter of SMI may not be suitable for use on real bone 

geometries because it is strongly influenced by BV/TV. 

Characteristics of Subchondral Bone and Plate Ontogeny 

The human skeleton optimizes it microarchitecture by elaborate adaptations to 

mechanical loading during growth and development. During skeletal development, the 

processes of growth, modeling (shape change) and remodeling (turnover) work together 

to adapt bone for its typical peak biomechanical demands (Stout and Crowder, 2012). 

This concept can be applied to subchondral bone growth. The spatial distribution of the 

strength across the planes of the tibia seems to be consistent with the expected pattern of 

the load distribution and with contiguity of the trabecular bone. With age, both mineral 
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crystal and collagen undergo biochemical changes that diminish their capacity to provide 

the strength and toughness that bones need (Akkus et al., 2004; Pearson and Lieberman, 

2004). With increasing body mass (Table A.3), the subchondral bone increases in bone 

volume with age. Because of this additional loading, trabecular thickness also increases. 

Lereim et al. (1974) noted that the strength of a normal tibial condyle increases with age. 

A decline in overall trabecular connectivity density is present in both adult categories. 

There is also an observed increase in anisotropy.  

As a consequence of aging and decline in connectivity, the aging trabeculae seem 

to align more strongly to the primary direction, becoming more anisotropic. Highly 

anisotropic trabecular bone is thought to signify a locomotor pattern that restricts joint 

mobility to a particular direction, whereas more isotropic trabecular structure is 

considered to signal locomotor behavior involving greater joint mobility (Wallace et al., 

2013). The degree of trabecular anisotropy reflects repetitive joint loading and, by 

extension, locomotor repertoire variability (Ryan and Ketcham, 2002; Ruff, 2005; Griffin 

et al., 2010; Wallace et al., 2013). These results support the hypothesis that trabecular 

struts grow to align with the orientation of peak compressive forces, at least in growing 

juveniles. Further, these results lend support to previous studies proposing the orientation 

of trabeculae in adults is a function of repeated loading during ontogeny (Hert, 1992), and 

that trabecular orientation reflects the orientation of peak compressive stress (Biewener et 

al., 1996; Carter and Beaupre, 2001; Pontzer et al., 2006). The structure adapts in 

response to an altered loading regime; allowing it to become more efficient at resisting 

compressive loads along an inferior–superior axis (Acquaah et al, 2015). 



161 

 

Bone volume fraction increased with age from childhood to adult and then remained 

constant in the middle age category. Trabecular thickness follows the same trend and 

begins to decline in middle age group. Chen et al. (2011) noted that bone volume fraction 

(BV/TV) and trabecular thickness (Tb.Th) decreased between the middle-aged and 

elderly groups similarly in women and men.  There was an increase in subchondral plate 

cortical thickness with age. Age-related plate thickness has been found in non-human 

studies (Ding et al al, 2006) in guinea pigs, but thickening of subchondral bone plate has 

also been associated with the onset of osteoarthritis (Zamil et al., 2014; Zamil et al., 

2016). Because of its relatively greater stiffness and strength in comparison with the 

overlying cartilage (Brown and Vrahas 1984; Choi et al. 1990; Lotz et al. 1991), the 

subchondral plate is generally believed to play an important role in juxta articular load 

transmission. It appears to be the result of the greater potential for modelling of 

trabecular tissue during later stages of development (and into adulthood perhaps), i.e. 

once modelling of external bone shape has slowed⁄ ceased (Abel and Macho, 2011). 

Since both cortical bone and trabecular bone respond to changes in loading patterns, the 

response of bone structure to early irregular loading and then to more predictable loading 

during late childhood provide a unique morphological indicator of development in mature 

and stable gaits (Raichlen et al., 2015). Past research has indicated that the ontogenetic 

patterns of change in tibial trabecular bone microarchitecture can be associated with 

locomotor behavior. Shifts from unstable to stable locomotion leave markers on bone 

during growth and development (Raichlen et al., 2015). Distal tibia gait studies 

conducted by Raichlen et al. (2015) found intra-individual variation in DA was generally 
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high at young ages, likely reflecting variation in loading due to kinematic instability. 

With increasing age, mean DA converges on higher values and becomes less variable 

across the distal tibia. Similar to Raichlen et al. (2015), these results suggest that early in 

development, subchondral bone seems well structured to manage the disorganized 

loading patterns created by variation in lower limb segment angles from step to step. It is 

only after maturation occurs, and individuals become more stable and consistent walkers, 

that trabecular struts and cortex become consistently more highly oriented and that 

orientation converges on a single more vertical direction across the joint. It is also 

noteworthy, that the most substantial increase in muscle mass occurs after the pubertal 

growth spurt (Bogin, 1999), mediated by an increase in growth hormones and after linear 

growth has ceased. Implication are that morphological shape changes observed during 

late adolescence⁄ early adulthood are mainly accepted by the internal structures (Abel and 

Macho, 2011). 

Implications of this Study 

This research represents a novel approach to quantifying subchondral bone 

microarchitecture and can potentially inform multiple areas of human skeletal research, 

including bioarchaeology and skeletal mechanobiology, the ontogeny of bone structure 

maturation, and clinical studies of skeletal health and joint disease. The present study 

builds on recent research that highlights the complex nature of trabecular and cortical 

development. Bioarchaeologists who employ the principles of bone functional adaptation 

theory to the study of human skeletons as indicators of physical activity often analyze 

cortical and trabecular bone separately. For example, Gosman and et al., (2013) examined 
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diaphyseal cortex shape development of the tibia and femur using the Norris Farms 

skeletal series. Gosman et al. (2013) identified site-specific patterns in cross-sectional 

cortical bone shape change across ontogeny, noting that both the tibial and femoral 

diaphyses become increasingly asymmetrical in cross section in association with growth-

related cortical mechanical load-bearing demands. However, little is known about the 

intimate intersection present in the subchondral bone. In order to assess mechanical 

loading history in archaeological bone, it is vital that modern technological advancements 

that capitalize on methods of non-destructive analysis be implemented in the study of 

internal bone structures. High resolution CT is perfectly suited to this task, and directly 

quantifying mechanical integrity of skeletal microstructures represents a powerful new 

direction for bioarchaeological research. With the advances in technology it is possible to 

analyze multiple VOIs (Su et al., 2013) or the entire internal trabecular structure (Gross et 

al., 2014) to gain a greater understanding of how trabecular bone varies throughout an 

epiphysis.  

This study provides a significant advance in our understanding of the 

complexities of tissue level growth dynamics in the proximal tibia. The sample provides a 

rare opportunity to study the effects of childhood bone growth on subchondral 

microstructural organization that may have effects on bone’s mechanical properties well 

into adulthood. This study provides both consistencies and variability in patterns and 

tissue type distribution within age categories, and demonstrate their relationship to 

changing microarchitectural properties of tibial subchondral bone through ontogeny. The 

trends highlighted in the current study provide important baseline information that can be 
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used in future comparative studies of subchondral bone growth, important in both 

archaeological and orthopaedic contexts.  

A review of the literature, establishes that physiological distribution of the 

structural parameters (thickness, mineralization, and density) of the subchondral region 

may reflect the long-term stresses with a joint surface imposed by the loading acting upon 

it. This leads to the conclusion that the evaluation of any one of these parameters is able 

to provide information on how a particular joint is stressed. Quantitative distribution of 

both subchondral bone density and cartilage thickness is a direct indication of local 

adaptation to the pressure transmitted through the joint (Müller-Gerbl, 1998). It has been 

argued that during growth, a joint’s size is directly proportional to the size of its total 

loads. Therefore, its size at skeletal maturity is an indicator of those loads at the time of 

maturity. Once mature, the joint tissue does not increase in size but throughout life their 

supporting subchondral bone can decrease or increase in strength and mass to adapt to the 

changing loads that occur after skeletal maturity. An adult joint’s size reflects the size of 

the loads it adapted to at skeletal maturity, while the cross-sectional area of its supporting 

bone at any later age could reveal the size of those loads at the time of death (Lanyon, 

1992; Frost, 1999). Results of this study have lent support to previous clinical reports of 

architectural differences in the subchondral region and allow for comparisons in 

degenerative joint disease between living and archaeological populations. This study 

provides a novel age range of childhood to middle age, which is not found in other 

studies of subchondral bone. Moreover, the Norris Farms skeletal series represents a 

semi-sedentary population whose activity patterns are closer to contemporary groups 
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which can bridge clinical research. However, the lack of consensus among studies 

suggests we must use caution when interpreting trabecular bone.  

Limitations 

 

The most significant potential limitation to this study is the size and positioning of 

the volumes of interest. Previous analyses have clearly shown significant variation in 

bone structure within a single bone (Ryan and Krovitz, 2006; Ryan and Walker, 2010). 

However, this study provides an alternative approach by positioning multiple volumes 

throughout the epiphyseal region with the idea of characterizing structure across the 

entire region. Moreover, the VOIs created were scaled to the size of each individual. The 

use of multiple volumes has been successful in previous analyses (Fajardo et al., 2007), 

but presents a challenge in comparing different bones with distinctly different shapes and 

sizes (Ryan and Walker, 2010). Christiansen (2016) found in mice that parameters such 

as trabecular thickness and connectivity density are strongly affected by scan voxel size, 

while other parameters such as trabecular number and trabecular separation are less 

dependent on voxel size. 

There are inherent biases in examining human remains in an archaeological 

context. Human remains from archaeological sites may represent a biased portion of the 

population from which they came. These are usually groups containing multiple 

generations of individuals and not biological populations. These groups typically include 

individuals who died at different times and under different circumstances, and individual 

remains are from different segments of the population (Larsen, 2015). For example, 

individuals may represent different class statuses, sexes, or age groups.  Moreover, 
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taphonomic processes can lead to differential rates of preservation within these 

assemblages on the microscopic and macroscopic scale (Bell, 2012). Additionally, 

inaccuracies in age estimation and sex identification can result in distorted demographic 

profiles (Jackes, 1993). All of these biases are of concern to bioarchaeologists attempting 

to reconstruct and interpret past behavior based on human remains.  

Understanding the developmental and morphological variation that exists in 

humans can help bioarchaeologists better define stress and lifestyle in past populations. 

However, there are inherent assumptions in interpreting growth and development in 

archaeological populations. There is the assumption of biological uniformitarianism, 

stationary populations, and the ability to determine accurate age estimates from skeletal 

material (Saunders, 2008; Roksandic and Armstrong, 2011). Moreover, there are biases 

in sample size, aging methodology, sex estimation, and preservation status that need to be 

addressed when performing analyses. Unfortunately, this and other similar studies are 

hindered by a scarcity of data. Few children die in the older age categories and until 

puberty, it is not possible to accurately determine the sex of skeletal remains. Therefore, 

developmental studies of older age categories are often based on small sample sizes and 

are potentially biased by a disproportionate number of males or females in one or other of 

the samples (Saunders, 2008; Larsen, 2015).  

Growth studies provide invaluable information on the health status of children in 

past populations. They indicate how the differences in environment and exposure to 

stress can affect the growth outcome of these individuals. For those who survive into 

adulthood, the childhood stress will have an impact on the general health of that 
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population as adults. Despite being an informative area of research, growth studies 

present a number of challenges. By comparing modern growth standards with 

archaeological samples, we are comparing the growth of children who died to that of 

healthy living children from populations known to have had secular increases in height in 

recent decades. Also, it is difficult to determine if the growth of the children in the 

archaeological record accurately reflects the growth of those who became adults. In 

regards to methodology, when comparisons of growth are made between different 

archaeological samples it is important to limit inter-observer error by using the same 

aging criteria. In order to limit some of the errors inherent in regression formulae derived 

from archaeological populations, only comparisons between samples, of similar genetic 

backgrounds, should be implemented when trying to assess environmental impact on 

growth. In archaeological samples, growth data is obtained by measurements of the 

diaphyseal length (cross-sectional data), before epiphyseal fusion of the long bones. 

However, due to the nature of archaeological data, studies of deceased individuals do not 

provide true growth curves, nor can they provide information on a child’s growth 

velocity. Rather, we compare the growth profiles of individuals who died within each age 

category to a modern healthy population, or with the growth profiles of a contrasting 

archaeological group (Chapskie, 2006; Saunders, 2008).  

Behavioral reconstructions using subchondral bone structure in archaeological 

populations require a fundamental understanding of the link between ontogenetic changes 

in bone architecture and the mechanical loads experienced during locomotion and other 

behaviors. The response of trabecular bone to changing mechanical loads during growth 
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and development serves as a powerful experiment to evaluate both the significance of 

mechanical loading on adult trabecular bone morphology and ultimately the utility of 

trabecular bone structure for behavioral reconstruction. Moreover, there are still concerns 

regarding making expectations based solely on subchondral bone, such as what role does 

the articular cartilage play in the initial development, as well as, should we examine these 

regions of the body as a functional joint-subchondral bone unit or as separate 

components. 

Conclusion and Future Directions 

Age-related changes in mechanical loading have varied effects on subchondral 

bone morphology within the proximal tibia. This research uses bone functional adaptation 

theory to focus on the structural changes that occur at the cartilage-bone interface. The 

proposed application of 3D morphological analysis in a skeletal series with a wide range 

of ages is a novel means of explaining mechanical adaptedness within the context of 

skeletal growth, when bones are most sensitive to mechanical stimuli. Additionally, this 

research provides insights into the interrelationship between genetic control and 

functional response in cortical and trabecular microarchitecture. Thus, this study will 

advance knowledge on the role of mechanical loading in the bone microstructure 

development and augment the analytical repertoire of bioarchaeologists and bone 

scientists investigating the relationship between skeletal form and function.  

The nature of the structural response to mechanical stimuli may also provide 

valuable information about the relationship between joint disease and bone 

microstructure, especially in the weight-bearing skeleton. This project established a 
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baseline for future investigations of the role of physical lifestyle in shaping skeletal 

morphology. Through elucidation of the general pattern of developmental and mid-life 

trends associated with trabecular and cortical structural change, the findings of the study 

can be compared with other archaeological skeletal samples with differing physical 

lifestyles (i.e. more mobile groups) in order to further clarify the mechanical sensitivity 

and functionality adaptive nature of subchondral bone in the weight-bearing skeleton. 

With ongoing conflict with the Mississippians and constant raiding, the Oneota of Norris 

Farms had limited mobility and limited frequency/range in physical activity and food 

procurement activities. This sedentary lifestyle and precautionary behavior provide a 

context for the overall locomotive patterns present among the group. Further, this study 

can lend an additional perspective to the impact of physiological and nutritional stress on 

skeletal development, as the Norris Farms people are known to have experienced chronic 

warfare and considerable hardship.  

Future investigations include comparing the results of proximal tibia subchondral 

research to other skeletal regions in the Norris Farms #36 skeletons. Moreover, the 

comparison of this research with other groups can allow us to begin to characterize the 

role environment may play in the development and maintenance of skeletal 

microstructures. Finally, implementing Geographic Information Systems (GIS) analysis 

for mapping structural parameter patterns for all volumes of interest across time and 

regions, would provide another perspective of ontogenetic patterning in this region. It is 

clear that new methods for detecting variances in bone morphology must be added to pre-
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existing ones to refine our understanding of the relationship between behavior, loading 

environment, function, and skeletal response. 
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Continued 

Table A.1: Demographic information for individuals in this study. Stature estimation is 

based on Trotter and Gleser (1958) “Mongoloid” formulae. “--’’ = no data 

 

Individual 
Burial 

# 

Catalog 

# 

Tibia 

Side 

(R=right, 

L=left)  

Age 

Estimate 

(Years) 

Average 

Age 

(Years) 

SEX 

(male=0, 

female=1) 

Stature 

Estimation 

(cm) 

1 209 821216 R 7-9 8 -- -- 

2 77 820686 L 8-10 9 -- -- 

3 113 821006 L 8-10 9 -- -- 

4 103 820732 R 8-11 9.5 -- -- 

5 89 820711 R 9-12.5 10.5 -- -- 

6 155 821078 L 10-12 11 -- -- 

7 95 820721 R 13-17 15 -- -- 

8 56 820608 R 14-17 15.5 0? -- 

9 11 819915 R 15-17 16 1 166.773 

+/- 3.27 

10 42 819964 R 15-17 16 0 -- 

11 228 821246 R 15-17 16 -- -- 

12 170 821101 R 16-17 16.5 1? 158.647 

+/- 3.27 

13 20 819932 L 17-19 18 1 160.162 

+/- 3.24 

14 37 819957 L 18-21 19.5 1 154.664 

+/- 3.18 

15 66 820652 L 18-21 19.5 1? 156.380 

+/- 3.24 

16 69 820658 L 18-21 19.5 1 164.058 

+/- 3.18 

17 44 819977 R 20-23 21.5 0 160.398 

+/- 3.18 

18 49 819994 L 20-25 22.5 0 171.744 

+/- 3.18 

19 105 820735 R 25-28 26.5 0 163.720 

+/- 3.18 

20 132 821042 L 25-30 27.5 1 165.034 

+/- 3.18 
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21 27 819941 L 30-35 32.5 1 162.838 

+/- 3.18 

22 33 819951 L 30-35 32.5 1 158.568 

+/- 3.18 

23 50 819996 L 30-35 32.5 0 171.500 

+/- 3.18 

24 63 820647 L 30-35 32.5 0 166.742 

+/- 3.18 

25 80 820696 R 30-35 32.5 1 163.814 

+/- 3.18 

26 216 821228 L 30-35 32.5 0 167.962 

+/- 3.18 

27 217 821230 L 30-35 32.5 0 169.304 

+/- 3.18 

28 90 820715 L 30-40 35 1 158.332 

+/- 3.24 

29 45 819983 L 35-40 37.5 0 174.306 

+/- 3.18 

30 71 820668 L 35-40 37.5 0 169.914 

+/- 3.18 

31 106 820740 L 35-40 37.5 0 170.768 

+/- 3.18 
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Catalog # 

Age 

(Yrs.

) 

Side 

(Imin) 

Imin 

(mm^4) 

Imax 

(mm^4) 
J (mm^4) 

Mean J 

(mm^4) 

Body 

Mass 

(kg) 

821216 8 
R 2085.018 2696.502 4781.521 4781.521 

 
17.182 

L -- -- -- 

820686 9 
R 5214.989 5745.356 10960.345 10960.345 

 
26.786 

L -- -- -- 

821006 9 
R -- -- -- 6534.055 

 
20.152 

L 3094.351 3439.704 6534.055 

820732 9.5 
R 1172.755 1368.279 2541.034 2541.033 

 
12.802 

L -- -- -- 

820711 10.5 
R 3841.802 4169.577 8011.379 8011.379 

 
22.475 

L -- -- -- 

821078 11 
R 3228.41 3515.047 6743.457 

6738.253 20.481 
L 3223.398 3509.651 6733.049 

 

Table A.2: Body mass estimation calculations for individuals aged 8 to 11.99 years (see 

Chapter 5 for a complete description). Imin = minimum bending moment; Imax = maximum 

bending moment; J = polar second moment of area. “--’’ = no data 
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Catalog 

# 

Age 

(Yrs.) 

SEX 

male=0, 

female=1 

FHD 

(mm) 
E1 E2 

E3 or 

E4 

Body 

Mass 

(kg) 
820721 15 

 
35.96 40.61444 45.05728 

 
33.68676 

820608 15.5 0? 37.59 44.26401 48.75412 48.13419 36.5615 

819915 16 1 36.47 41.75633 46.21396 53.37622 34.54931 

819964 16 0 41.63 53.30957 57.91684 59.20783 44.90081 

821246 16 
 

38.94 47.28666 51.81592 
 

39.14796 

821101 16.5 1? 34.55 37.45745 41.8594 48.7183 31.40682 

819932 18 1 37.55 44.17445 48.6634 55.9963 49.61138 

819957 19.5 1 41.24 52.43636 57.03232 64.94824 58.13897 

820652 19.5 1? 42.6 55.4814 60.1168 68.2476 61.28193 

820658 19.5 1 38.97 47.35383 51.88396 59.4412 52.89299 

819977 21.5 0 44.02 58.66078 63.33736 65.7588 62.58564 

819994 22.5 0 50.47 73.10233 77.96596 83.43827 78.16885 

820735 26.5 0 46.18 63.49702 68.23624 71.67938 67.80421 

821042 27.5 1 39.6 48.7644 53.3128 60.9696 54.34893 

819941 32.5 1 41.6 53.2424 57.8488 65.8216 58.97093 

819951 32.5 1 41.82 53.73498 58.34776 66.35532 59.47935 

819996 32.5 0 45.3 61.5267 66.2404 69.2673 65.67813 

820647 32.5 0 42.16 54.49624 59.11888 60.66056 58.09189 

820696 32.5 1 43.2 56.8284 61.4776 69.7032 62.66973 

821228 32.5 0 48.72 69.18408 73.99696 78.64152 73.94085 

821230 32.5 0 47.37 66.16143 70.93516 74.94117 70.67925 

820715 35 1 43.59 57.69801 62.36212 70.64934 63.56982 

819983 37.5 0 47.7 66.9003 71.6836 75.8457 71.47653 

820668 37.5 0 45.79 62.62381 67.35172 70.61039 66.86197 

820740 37.5 0 49.32 70.52748 75.35776 80.28612 75.39045 

 

Table A.3 Body mass estimation calculations for individuals aged 15 to 37.99 years (see 

Chapter 5 for a complete description). FHD = femoral head diameter; E1 = 1st sex-pooled 

estimate; E2 = 2nd sex pooled estimate; E3 = male estimate; E4 female estimate 
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ID 

Voxel 

Size (z) 

Proximal 

Scan 

Voxe

l Size 

(z) 

Full 

Scan 

Epiphyse

al 

Condyle 

Breadth 

(mm) 

VOI 

Cube 

Size 

(mm) 

VOI 

Lengt

h (# of 

slices)  

# of 

Slices 

FULL 

SCA

N 

# of Slices 

Lateral 

Condyle 

(ROI)  

# of 

Slices 

Medial 

Condyle 

(ROI) 

821216 0.04 0.081 46.95 4.72 119 2628 1104 1101 

820686 0.05 0.094 58.43 4.4 89 
 

1104 828 

821006 0.04 0.081 50.61 5.16 130 3099 1071 1074 

820732 0.04 0.081 44.82 4 101 2574 962 956 

820711 0.05 0.094 55.38 5.5 111 2902 1126 1126 

821078 0.05 0.094 51.35 5.7 115 
 

1123 1119 

820608 0.05 0.081 62.85 6.55 132 4478 830 799 

819915 0.05 0.094 68.43 6.2 124 3870 1213 1215 

819964 0.05 0.094 67.05 4.35 88 3573 1094 1126 

820721 0.05 0.094 55.05 5.6 113 3336 1126 1126 

821246 0.05 0.094 67 6.15 124 3833 1210 1211 

821101 0.05 0.094 63.56 6.3 127 3522 911 914 

819932 0.056 0.117 68.58 5.684 103 
 

1078 1074 

819957 0.057 0.117 67.53 5.015 89 
 

1116 745 

820652 0.056 0.117 70.02 6.322 114 
 

992 992 

820658 0.056 0.117 66.63 6.438 116 
 

992 992 

819977 0.057 0.117 76.72 7.772 137 
 

1117 1117 

819994 0.056 0.117 83.88 8.178 147 
 

704 706 

820735 0.056 0.117 79.14 8.12 146 
 

992 992 

821042 0.056 0.117 69.61 6.148 111 
 

992 992 

819941 0.056 0.117 75.42 6.902 124 
 

992 992 

819951 0.057 0.117 74.64 6.844 121 
 

1116 1116 

819996 0.057 0.117 80.27 5.684 101 
 

1117 1117 

820647 0.056 0.117 74.11 6.554 118 
 

808 809 

820696 0.056 0.117 69.51 6.264 113 
 

992 992 

821228 0.056 0.117 77.08 8.294 149 
 

841 1051 

821230 0.056 0.117 76.94 6.438 116 
 

992 1110 

820715 0.056 0.117 71.17 6.728 121 
 

855 752 

819983 0.057 0.117 81.66 7.328 130 
 

1126 1126 

820668 0.056 0.117 78.6 7.192 129 
 

992 992 

820740 0.056 0.117 82.48 7.598 137 
 

831 671 

 

Table A.4: VOI size and position data. Blank space = bone excluded. All measurements 

are in millimeters (mm).  
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Catalog# 
Age 

(Yrs.) 

Epiphyseal 

Condyle 

Breadth 

(mm) 

Tibia 

Diaphyseal 

Length 

(mm) 

Average 

Length by 

Age (mm) 

821216 8 46.95 196.992 196.992 

820686 9 58.43 279.838 
251.416 

821006 9 50.61 222.993 

820732 9.5 44.82 185.49 185.49 

820711 10.5 55.38 241.862 241.862 

821078 11 51.35 208.413 208.413 

820721 15 55.05 278.052 278.052 

820608 15.5 62.85 323.919 323.919 

819915 16 68.43 318.284 

313.365 819964 16 67.05 301.928 

821246 16 67 319.882 

821101 16.5 63.56 288.392 288.392 

819932 18 68.58 339.768 339.768 

819957 19.5 67.53 294.021 

314.106 820652 19.5 70.02 283.725 

820658 19.5 66.63 364.572 

819977 21.5 76.72 -- -- 

819994 22.5 83.88 333.684 333.684 

820735 26.5 79.14 327.132 327.132 

821042 27.5 69.61 325.026 325.026 

819941 32.5 75.42 360.126 

332.564 

819951 32.5 74.64 299.052 

819996 32.5 80.27 336.843 

820647 32.5 74.11 330.642 

820696 32.5 69.51 320.697 

821228 32.5 77.08 339.534 

821230 32.5 76.94 341.055 

820715 35 71.17 300.69 300.69 

819983 37.5 81.66 359.073 

346.008 820668 37.5 78.6 339.183 

820740 37.5 82.48 339.768 

 

Table A.5: Postcranial metrics for all individuals in this study. “--’’ = no data. All 

measurements are in millimeters (mm). 
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Catalo

g # 
Condyle 

VOI 

# 

Thres-

hold 
BV/TV 

Tb.Th 

Mean 

(mm) 

Tb.Sp 

Mean 

(mm) 

SMI 

Conn.D 

(mm^-

3) 

DA 
Tb.N 

(mm^-1) 

821216 

LAT 

1 2951 0.259 0.434 1.047 0.751 2.15 0.507 0.59677419 

2 2822 0.217 0.329 1.116 0.858 2.606 0.532 0.65957446 

3 3180 0.473 0.492 0.705 1.408 3.087 0.119 0.96138211 

4 2817 0.174 0.229 0.888 1.251 4.567 0.422 0.759825328 

MID 

5 2726 0.129 0.385 1.564 1.69 1.234 0.478 0.335064935 

6 2740 0.156 0.315 1.211 1.514 1.736 0.578 0.495238095 

7 2919 0.238 0.578 1.539 1.126 1.032 0.485 0.411764706 

MED 

1 2868 0.164 0.222 0.959 1.118 3.284 0.743 0.738738739 

2 3102 0.356 0.481 0.903 1.208 3.009 0.426 0.74012474 

3 2922 0.191 0.244 0.986 1.023 4.535 0.697 0.782786885 

4 3021 0.292 0.396 1.142 1.325 3.459 0.359 0.737373737 

820686 

LAT 

1 3128 0.247 0.278 0.796 0.869 3.083 0.545 0.888489209 

2 3105 0.21 0.267 0.874 1.07 3.054 0.794 0.786516854 

3 3123 0.226 0.263 0.816 0.962 3.49 0.657 0.859315589 

4 2962 0.166 0.243 0.993 1.333 2.666 0.689 0.683127572 

MID 

5 3064 0.104 0.334 2.219 1.471 0.508 0.94 0.311377246 

6 2973 0.129 0.307 1.634 1.553 1.024 0.565 0.42019544 

7 3298 0.166 0.349 1.448 1.387 0.957 0.75 0.475644699 

MED 

1 3242 0.178 0.279 1.254 0.95 1.441 0.785 0.637992832 

2 3137 0.183 0.257 1.073 0.874 1.796 0.813 0.712062257 

3 3272 0.153 0.294 1.268 1.388 1.403 0.591 0.520408163 

4 3176 0.199 0.257 0.973 0.861 2.038 0.761 0.774319066 

821006 

LAT 

1 3300 0.173 0.208 0.834 1.172 4.637 0.593 0.831730769 

2 3228 0.192 0.219 0.754 1.162 5.598 0.554 0.876712329 

3 3227 0.182 0.243 0.819 1.172 5 0.538 0.748971193 

4 3233 0.21 0.214 0.683 1.007 6.291 0.66 0.981308411 

MID 

5 3186 0.181 0.224 0.912 1.072 4.124 0.504 0.808035714 

6 3297 0.143 0.211 0.959 1.394 3.64 0.492 0.677725118 

7 3194 0.184 0.255 0.994 1.02 2.689 0.653 0.721568627 

MED 

1 3777 0.269 0.274 0.682 0.667 5.224 0.632 0.981751825 

2 3464 0.235 0.274 0.768 0.79 4.765 0.717 0.857664234 

3 3856 0.294 0.287 0.671 1.17 5.686 0.563 1.024390244 

4 3399 0.204 0.233 0.797 0.876 4.907 0.738 0.875536481 

Continued 

 

Table A.6: Threshold and bone morphometric values for all VOIs in each condylar region 

for all individuals. LAT = Lateral Condyle; MID = Between Condyles; MED = Medial 

Condyle. 
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Table A.6 Continued 

 

820732 

LAT 

1 3325 0.222 0.213 0.664 1.059 6.988 0.608 1.042253521 

2 3169 0.187 0.193 0.735 1.148 6.627 0.5 0.968911917 

3 3353 0.191 0.196 0.674 1.22 7.17 0.677 0.974489796 

4 3171 0.16 0.178 0.715 1.388 7.307 0.552 0.898876404 

MID 

5 3229 0.139 0.201 0.89 1.52 4.143 0.301 0.691542289 

         

6 3065 0.163 0.209 0.827 1.369 4.576 0.535 0.779904306 

7 3359 0.155 0.2 0.836 1.459 5.141 0.363 0.775 

MED 

1 3180 0.178 0.188 0.706 1.266 7.629 0.674 0.946808511 

2 3413 0.22 0.204 0.615 1.06 8.039 0.572 1.078431373 

3 3437 0.192 0.19 0.658 1.185 8.131 0.627 1.010526316 

4 3610 0.242 0.221 0.594 0.901 8.426 0.679 1.095022624 

820711 

LAT 

1 3108 0.264 0.258 0.636 0.876 5.683 0.544 1.023255814 

2 3096 0.217 0.234 0.745 0.969 4.688 0.532 0.927350427 

3 3159 0.232 0.237 0.679 0.971 5.807 0.594 0.978902954 

4 3071 0.2 0.22 0.769 0.967 4.856 0.599 0.909090909 

MID 

5 2857 0.166 0.249 0.956 1.357 3.124 0.575 0.666666667 

6 2918 0.207 0.266 0.893 1.076 3.844 0.522 0.778195489 

7 2840 0.152 0.252 1.036 1.484 2.564 0.589 0.603174603 

MED 

1 3199 0.218 0.256 0.795 0.954 3.985 0.626 0.8515625 

2 3514 0.292 0.305 0.719 1.173 3.889 0.692 0.957377049 

3 3200 0.189 0.265 0.918 1.053 3.004 0.711 0.713207547 

4 3588 0.325 0.369 0.746 1.408 3.678 0.434 0.880758808 

821078 

LAT 

1 2925 0.193 0.233 0.842 0.918 3.84 0.646 0.82832618 

2 3360 0.293 0.307 0.659 0.355 5.806 0.54 0.954397394 

3 3191 0.22 0.318 0.802 0.827 4.418 0.78 0.691823899 

4 3514 0.34 0.377 0.624 1.137 6.017 0.589 0.901856764 

MID 

5 2857 0.195 0.294 1.028 1.046 1.993 0.75 0.663265306 

6 2852 0.22 0.295 0.976 0.875 2.18 0.659 0.745762712 

7 3374 0.209 0.545 1.062 0.583 1.9 0.617 0.383486239 

MED 

1 3210 0.415 0.488 0.79 1.008 4.094 0.543 0.850409836 

2 2813 0.283 0.337 0.897 1.304 3.64 0.543 0.839762611 

3 3547 0.332 0.401 0.834 1.305 4.544 0.564 0.827930175 

4 3280 0.253 0.379 1.364 1.298 3.773 0.59 0.667546174 

Continued 
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Table A.6 Continued 

820721 

LAT 

1 3147 0.436 0.392 0.788 -

0.233 

4.241 0.404 1.112244898 

2 2996 0.278 0.424 1.455 0.277 1.742 0.539 0.655660377 

3 3202 0.393 0.378 0.748 -

0.638 

4.327 0.587 1.03968254 

4 3087 0.182 0.412 2.495 0.505 0.826 0.875 0.441747573 

MID 

5 2831 0.16 0.39 1.559 1.489 1.173 0.367 0.41025641 

6 2949 0.253 0.463 1.325 0.767 1.296 0.704 0.546436285 

7 3007 0.22 0.472 1.297 1.153 1.167 0.542 0.466101695 

MED 

1 3065 0.286 0.383 1.019 0.217 2.176 0.691 0.746736292 

2 3240 0.324 0.313 0.826 0.95 4.66 0.603 1.03514377 

3 3026 0.263 0.429 1.269 0.47 1.582 0.711 0.613053613 

4 3258 0.322 0.34 0.743 0.335 3.933 0.718 0.947058824 

820608 

LAT 

1 3506 0.468 0.477 0.734 0.935 1.404 0.632 0.981132075 

2 3051 0.303 0.39 0.888 0.522 1.969 0.525 0.776923077 

3 3383 0.4 0.369 0.702 0.653 2.555 0.688 1.08401084 

4 3031 0.301 0.364 0.885 0.44 1.952 0.672 0.826923077 

MID 

5 2569 0.149 0.269 1.188 1.459 1.739 0.611 0.553903346 

6 2535 0.186 0.259 1.04 1.738 2.267 0.755 0.718146718 

7 2714 0.182 0.305 1.007 1.453 2.198 0.399 0.596721311 

MED 

1 3013 0.275 0.301 0.795 0.549 3.653 0.614 0.913621262 

2 3145 0.353 0.33 0.683 0.776 4.048 0.637 1.06969697 

3 3284 0.334 0.347 1.128 0.449 3.632 0.434 0.962536023 

4 3299 0.364 0.396 2.287 0.239 2.957 0.336 0.919191919 

819915 

LAT 

1 2865 0.263 0.253 0.647 0.768 6.114 0.426 1.039525692 

2 2960 0.238 0.242 0.702 0.847 4.932 0.644 0.983471074 

3 2998 0.242 0.243 0.696 0.838 5.672 0.585 0.995884774 

4 3049 0.235 0.231 0.713 0.741 5.273 0.637 1.017316017 

MID 

5 2812 0.184 0.269 1.01 1.266 2.544 0.473 0.68401487 

6 2845 0.228 0.275 0.818 0.997 2.665 0.821 0.829090909 

7 2859 0.195 0.27 1.011 1.098 2.737 0.638 0.722222222 

MED 

1 3628 0.339 0.341 0.655 0.914 4.439 0.691 0.994134897 

2 3187 0.272 0.273 0.694 0.527 5.162 0.649 0.996336996 

3 3617 0.327 0.326 0.667 1.19 4.096 0.73 1.003067485 

4 3181 0.23 0.267 0.75 0.836 4.264 0.724 0.861423221 

Continued 
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819964 

LAT 

1 2706 0.309 0.416 0.985 0.654 1.83 0.502 0.742788462 

2 2733 0.246 0.401 1.251 0.996 1.408 0.583 0.613466334 

3 2718 0.293 0.362 0.85 0.831 2.641 0.449 0.809392265 

4 2843 0.227 0.357 1.163 1.071 1.438 0.728 0.635854342 

MID 

5 2724 0.133 0.26 1.29 1.521 1.498 0.535 0.511538462 

6 2771 0.176 0.263 1.125 1.004 1.724 0.783 0.669201521 

7 2888 0.168 0.299 1.275 1.287 1.427 0.544 0.56187291 

MED 

1 3156 0.263 0.27 0.783 0.609 3.137 0.646 0.974074074 

2 3068 0.233 0.242 0.811 0.724 3.528 0.699 0.962809917 

3 3272 0.295 0.267 0.665 0.458 4.431 0.631 1.104868914 

4 3117 0.25 0.237 0.738 0.58 4.365 0.735 1.054852321 

821246 

LAT 

1 2578 0.206 0.279 0.811 1.228 3.223 0.505 0.738351254 

2 2672 0.186 0.255 0.854 1.289 2.994 0.575 0.729411765 

3 2544 0.16 0.23 0.955 1.279 3.03 0.739 0.695652174 

4 2705 0.15 0.24 1.033 1.27 2.597 0.757 0.625 

MID 

5 3339 0.529 0.884 0.935 1.663 0.882 0.34 0.59841629 

6 2988 0.228 0.539 1.359 1.512 0.835 0.682 0.423005566 

7 3267 0.469 0.683 0.854 1.344 1.343 0.271 0.686676428 

MED 

1 2801 0.187 0.279 0.82 1.267 3.672 0.667 0.670250896 

2 2998 0.268 0.303 0.768 0.61 3.295 0.798 0.884488449 

3 2978 0.242 0.398 0.836 1.347 2.861 0.698 0.608040201 

4 3006 0.278 0.35 0.758 0.237 3.378 0.773 0.794285714 

821101 

LAT 

1 3070 0.358 0.347 0.623 0.224 3.766 0.654 1.031700288 

2 3176 0.422 0.41 0.65 0.363 2.539 0.618 1.029268293 

3 2933 0.297 0.28 0.653 0.42 4.786 0.682 1.060714286 

4 2918 0.272 0.29 0.759 0.483 3.488 0.693 0.937931034 

MID 

5 2630 0.198 0.305 0.988 1.24 2.351 0.54 0.649180328 

6 2836 0.301 0.492 0.926 0.925 1.941 0.354 0.611788618 

7 2470 0.186 0.255 0.902 1.245 3.233 0.48 0.729411765 

MED 

1 3219 0.416 0.352 0.58 0.346 3.841 0.588 1.181818182 

2 3409 0.391 0.359 0.642 0.437 3.033 0.75 1.08913649 

3 3066 0.369 0.362 0.658 0.689 3.212 0.639 1.019337017 

4 3338 0.338 0.331 0.679 1.029 4.304 0.633 1.021148036 
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Table A.6 Continued 

819932 

LAT 

1 2898 0.232 0.292 0.82 1.623 2.965 0.797 0.794520548 

2 3358 0.35 0.375 0.721 1.079 3.022 0.647 0.933333333 

3 3177 0.252 0.316 0.827 1.71 3.119 0.639 0.797468354 

4 3517 0.387 0.385 0.663 0.952 3.513 0.507 1.005194805 

MID 

5 2632 0.197 0.309 1.102 2.024 1.782 0.566 0.637540453 

6 2593 0.21 0.312 1.065 1.949 1.812 0.682 0.673076923 

7 2780 0.236 0.301 0.863 1.79 2.964 0.631 0.784053156 

MED 

1 2754 0.27 0.28 0.764 1.334 3.663 0.574 0.964285714 

2 2711 0.225 0.275 0.874 1.743 2.637 0.751 0.818181818 

3 2947 0.251 0.275 0.757 1.726 4.188 0.551 0.912727273 

4 2752 0.205 0.261 0.819 2.057 3.977 0.483 0.785440613 

819957 

LAT 

1 2839 0.234 0.3 0.923 1.727 2.169 0.74 0.78 

2 2769 0.277 0.343 0.895 1.431 2.323 0.715 0.807580175 

3 2958 0.236 0.309 1.077 1.252 1.594 0.688 0.763754045 

4 2817 0.244 0.315 1.015 1.437 1.859 0.601 0.774603175 

MID 

5 2171 0.126 0.27 1.427 2.213 1.229 0.654 0.466666667 

6 2392 0.221 0.297 0.917 1.879 1.877 0.76 0.744107744 

7 2223 0.134 0.27 1.347 2.264 1.644 0.516 0.496296296 

MED 

1 3125 0.253 0.288 0.804 1.335 3.049 0.794 0.878472222 

2 2773 0.17 0.243 0.962 2.053 3.019 0.705 0.699588477 

3 3145 0.265 0.294 0.758 1.468 3.758 0.68 0.901360544 

4 2964 0.168 0.248 1.007 1.988 2.727 0.737 0.677419355 

820652 

LAT 

1 2952 0.182 0.3 1.154 1.954 1.731 0.731 0.606666667 

2 2916 0.186 0.297 1.575 1.77 1.827 0.712 0.626262626 

3 3118 0.199 0.284 0.937 1.88 2.728 0.586 0.700704225 

4 3027 0.213 0.282 0.953 1.727 2.875 0.71 0.755319149 

MID 

5 2375 0.196 0.301 1.027 1.845 2.097 0.562 0.651162791 

6 2709 0.244 0.354 1.057 1.54 1.471 0.778 0.689265537 

7 2608 0.208 0.299 1.013 1.768 2.046 0.468 0.695652174 

MED 

1 2907 0.252 0.295 0.824 1.426 2.846 0.659 0.854237288 

2 2647 0.201 0.289 0.998 1.767 2.013 0.715 0.69550173 

3 3180 0.237 0.296 0.836 1.62 3.279 0.598 0.800675676 

4 2553 0.173 0.263 0.953 2.066 2.632 0.575 0.657794677 

Continued 
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Table A.6 Continued 

820658 

LAT 

1 3050 0.306 0.316 0.725 1.141 2.912 0.771 0.96835443 

2 3019 0.368 0.411 0.68 0.992 3.258 0.615 0.895377129 

3 3138 0.278 0.286 0.743 1.224 3.795 0.703 0.972027972 

4 3207 0.315 0.304 0.703 0.948 4.053 0.631 1.036184211 

MID 

5 2620 0.231 0.292 0.889 1.655 2.588 0.704 0.79109589 

6 3062 0.332 0.379 0.796 1.117 2.337 0.693 0.875989446 

7 2724 0.211 0.322 1.039 1.77 2.03 0.641 0.655279503 

MED 

1 3143 0.362 0.334 0.669 0.658 3.118 0.699 1.083832335 

2 2933 0.302 0.325 0.755 1.248 3.065 0.662 0.929230769 

3 3289 0.32 0.348 0.74 1.127 3.534 0.614 0.91954023 

4 2725 0.193 0.259 0.91 1.878 3.264 0.619 0.745173745 

819977 

LAT 

1 3126 0.372 0.421 0.723 1.06 2.517 0.582 0.883610451 

2 3146 0.377 0.435 0.761 0.861 1.985 0.566 0.866666667 

3 3066 0.278 0.313 0.779 1.341 2.846 0.648 0.888178914 

4 3088 0.272 0.311 0.856 1.176 2.427 0.727 0.874598071 

MID 

5 2904 0.268 0.396 0.939 1.671 1.852 0.531 0.676767677 

6 2711 0.306 0.363 0.736 1.561 3.02 0.255 0.842975207 

7 3015 0.218 0.317 0.966 1.776 2.113 0.545 0.687697161 

MED 

1 2893 0.177 0.268 1.016 1.762 1.965 0.792 0.660447761 

2 3409 0.302 0.368 0.85 0.867 2.205 0.744 0.820652174 

3 3126 0.219 0.312 0.982 1.639 1.958 0.74 0.701923077 

4 3655 0.401 0.495 0.721 0.536 2.151 0.76 0.81010101 

819994 

LAT 

1 2955 0.298 0.341 0.841 1.139 2.074 0.653 0.873900293 

2 2875 0.305 0.331 0.765 1.208 2.962 0.296 0.921450151 

3 3064 0.262 0.314 0.893 1.224 2.243 0.664 0.834394904 

4 3085 0.261 0.312 0.884 1.298 2.479 0.678 0.836538462 

MID 

5 2803 0.184 0.336 1.358 1.709 1.027 0.63 0.547619048 

6 2658 0.219 0.344 1.252 1.422 1.283 0.674 0.636627907 

7 3056 0.249 0.412 1.175 1.348 0.935 0.78 0.604368932 

MED 

1 3305 0.342 0.355 0.795 0.487 1.817 0.701 0.963380282 

2 2888 0.246 0.308 0.943 1.272 1.974 0.769 0.798701299 

3 3530 0.346 0.378 0.832 0.388 1.714 0.762 0.915343915 

4 3248 0.244 0.314 0.929 1.208 1.763 0.813 0.777070064 

Continued 
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Table A.6 Continued 

820735 

LAT 

1 2681 0.331 0.373 0.742 1.119 2.894 0.536 0.887399464 

2 2636 0.279 0.326 0.849 1.244 2.393 0.623 0.855828221 

3 2709 0.313 0.306 0.745 0.798 2.782 0.726 1.022875817 

4 2754 0.272 0.288 0.821 3.35 2.806 0.647 0.944444444 

MID 

5 2562 0.24 0.37 1.038 1.472 1.872 0.641 0.648648649 

6 2501 0.284 0.328 0.837 1.224 2.494 0.577 0.865853659 

7 2643 0.229 0.344 1.047 1.486 1.739 0.564 0.665697674 

MED 

1 2786 0.279 0.297 0.823 0.878 2.12 0.818 0.939393939 

2 3076 0.345 0.35 0.769 0.349 1.555 0.825 0.985714286 

3 2775 0.204 0.289 0.933 1.564 2.424 0.757 0.705882353 

4 3146 0.38 0.401 0.719 0.248 2.066 0.794 0.947630923 

821042 

LAT 

1 3020 0.284 0.307 0.799 0.785 2.386 0.773 0.925081433 

2 2761 0.266 0.295 0.772 1.591 3.133 0.605 0.901694915 

3 3025 0.258 0.289 0.793 1.398 3.255 0.6 0.892733564 

4 2993 0.295 0.299 0.71 1.225 3.523 0.689 0.986622074 

MID 

5 2531 0.203 0.311 0.972 1.997 2.089 0.65 0.652733119 

6 2555 0.245 0.315 0.914 1.594 2.163 0.665 0.777777778 

7 2374 0.192 0.29 0.935 2.114 2.462 0.329 0.662068966 

MED 

1 3144 0.327 0.325 0.685 1.129 3.673 0.77 1.006153846 

2 2553 0.219 0.272 0.78 1.929 3.252 0.616 0.805147059 

3 3522 0.347 0.366 0.779 1.798 3.57 0.642 0.948087432 

4 2858 0.169 0.285 0.956 2.37 2.617 0.646 0.592982456 

819941 

LAT 

1 2969 0.239 0.317 0.907 1.512 1.764 0.793 0.753943218 

2 2897 0.248 0.379 0.969 1.771 2.004 0.577 0.654353562 

3 2976 0.207 0.313 1.069 1.718 1.899 0.667 0.661341853 

4 3060 0.255 0.305 0.928 1.109 2.064 0.746 0.836065574 

MID 

5 2320 0.158 0.282 1.17 2.065 1.606 0.601 0.560283688 

6 2391 0.235 0.298 0.836 1.734 2.796 0.469 0.788590604 

7 2337 0.116 0.278 1.436 2.371 1.226 0.52 0.417266187 

MED 

1 2912 0.243 0.306 0.878 1.51 2.177 0.713 0.794117647 

2 2450 0.182 0.29 1.039 1.947 1.997 0.728 0.627586207 

3 3048 0.224 0.311 0.939 1.597 2.091 0.691 0.720257235 

4 2562 0.135 0.274 1.254 2.202 1.388 0.755 0.49270073 
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Table A.6 Continued 

819951 

LAT 1 3043 0.302 0.499 1.08 1.298 1.271 0.664 0.605210421 

2 3105 0.28 0.344 0.938 1.017 1.625 0.747 0.813953488 

3 3104 0.268 0.4 1.054 1.203 1.473 0.851 0.67 

4 3118 0.251 0.324 1.058 0.954 1.409 0.848 0.774691358 

MID 5 2464 0.149 0.469 1.836 2.417 0.647 0.638 0.317697228 

6 2390 0.146 0.37 1.684 2.115 0.919 0.541 0.394594595 

7 2606 0.156 0.372 1.698 2.042 0.713 0.618 0.419354839 

MED 1 2733 0.225 0.404 1.352 1.281 0.816 0.771 0.556930693 

2 2709 0.216 0.51 1.447 1.871 0.631 0.747 0.423529412 

3 2882 0.212 0.397 1.27 1.412 1.035 0.757 0.534005038 

4 2686 0.177 0.416 1.521 2.043 0.717 0.479 0.425480769 

819996 

LAT 1 3209 0.29 0.332 0.888 1.04 1.689 0.756 0.873493976 

2 2944 0.284 0.306 0.787 1.342 2.798 0.638 0.928104575 

3 3066 0.255 0.274 0.826 1.288 3.099 0.746 0.930656934 

4 3014 0.281 0.286 0.753 1.2 3.135 0.73 0.982517483 

MID 5 2630 0.24 0.325 1.039 1.531 2.01 0.478 0.738461538 

6 2860 0.346 0.345 0.722 1.049 2.862 0.49 1.002898551 

7 2565 0.192 0.3 1.237 1.79 1.839 0.583 0.64 

MED 1 3184 0.336 0.323 0.748 0.569 1.882 0.844 1.040247678 

2 2990 0.309 0.301 0.762 0.867 2.323 0.755 1.026578073 

3 3251 0.333 0.309 0.716 0.644 2.851 0.694 1.077669903 

4 2942 0.263 0.272 0.794 1.136 2.85 0.747 0.966911765 

820647 

LAT 

1 3089 0.296 0.323 0.825 1.067 2.141 0.751 0.916408669 

2 3095 0.339 0.342 0.723 0.991 3.07 0.369 0.99122807 

3 3158 0.284 0.29 0.785 1.119 3.307 0.676 0.979310345 

4 3279 0.313 0.308 0.789 0.78 2.903 0.685 1.016233766 

MID 

5 2809 0.255 0.364 1.123 1.385 1.649 0.647 0.700549451 

6 3687 0.171 0.338 1.254 2.141 0.995 0.739 0.50591716 

7 2817 0.228 0.351 1.262 1.432 1.447 0.42 0.64957265 

MED 

1 3423 0.386 0.357 0.726 0.209 2.228 0.839 1.081232493 

2 3039 0.317 0.386 0.852 0.975 2.108 0.689 0.821243523 

3 3759 0.374 0.402 0.74 0.55 2.804 0.716 0.930348259 

4 3097 0.241 0.313 0.956 1.337 2.213 0.751 0.769968051 

Continued 
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Table A.6 Continued 

820696 

LAT 

1 3718 0.23 0.289 0.827 1.94 2.744 0.611 0.795847751 

2 3437 0.258 0.282 0.701 2.129 4.134 0.553 0.914893617 

3 3750 0.264 0.315 0.791 1.73 3.147 0.665 0.838095238 

4 3448 0.216 0.296 0.888 1.958 2.765 0.705 0.72972973 

MID 

5 3289 0.095 0.242 1.474 2.639 1.404 0.511 0.392561983 

6 3377 0.094 0.253 1.817 2.736 1.342 0.607 0.371541502 

7 3056 0.169 0.307 1.186 2.175 1.553 0.554 0.550488599 

MED 

1 3343 0.193 0.27 0.95 1.872 2.311 0.712 0.714814815 

2 3385 0.32 0.394 0.855 1.191 1.831 0.733 0.812182741 

3 2732 0.282 0.348 0.945 1.086 2.468 0.722 0.810344828 

4 3586 0.314 0.353 0.776 1.118 2.542 0.745 0.889518414 

821228 

LAT 1 3941 0.103 0.256 1.498 2.434 1.099 0.505 0.40234375 

2 3952 0.217 0.388 1.175 2.096 1.607 0.333 0.559278351 

3 3381 0.359 0.351 0.761 1.044 4.868 0.494 1.022792023 

4 3847 0.209 0.31 1.052 1.666 2.009 0.695 0.674193548 

MID 5 3445 0.102 0.239 2.801 2.679 2.262 0.372 0.426778243 

6 3519 0.192 0.269 1.226 2.229 4.079 0.424 0.713754647 

7 3421 0.122 0.271 1.932 2.648 2.177 0.424 0.450184502 

MED 1 2760 0.254 0.356 1.179 0.695 0.719 0.826 0.713483146 

2 3270 0.341 0.373 1.025 0.852 5.268 0.434 0.914209115 

3 2909 0.274 0.36 1.082 0.611 1.093 0.805 0.761111111 

4 3548 0.184 0.249 1.103 2.286 4.242 0.572 0.738955823 

821230 

LAT 

1 2646 0.232 0.283 0.963 1.508 2.421 0.728 0.819787986 

2 2643 0.266 0.288 0.772 1.46 3.198 0.518 0.923611111 

3 2621 0.236 0.258 0.887 1.532 4.053 0.733 0.914728682 

4 2791 0.291 0.281 0.718 1.096 3.392 0.729 1.035587189 

MID 

5 2398 0.182 0.306 1.128 1.917 1.739 0.622 0.594771242 

6 2412 0.213 0.31 1.035 1.667 1.854 0.657 0.687096774 

7 2339 0.16 0.298 1.312 1.997 1.362 0.663 0.536912752 

MED 

1 2981 0.318 0.34 0.795 0.923 2.149 0.712 0.935294118 

2 2740 0.291 0.353 0.824 1.227 2.222 0.773 0.824362606 

3 3410 0.249 0.271 0.756 1.556 3.682 0.783 0.918819188 

4 3422 0.316 0.35 0.771 2.28 3.158 0.651 0.902857143 
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Table A.6 Continued 

820715 

LAT 

1 3071 0.36 0.458 0.857 1.068 1.865 0.557 0.786026201 

2 4070 0.205 0.27 0.985 1.987 3.584 0.376 0.759259259 

3 3138 0.293 0.307 0.752 1.137 3.165 0.688 0.954397394 

4 3598 0.282 0.299 0.721 1.336 3.431 0.686 0.943143813 

MID 

5 2607 0.229 0.353 1.034 1.934 1.785 0.41 0.648725212 

6 2648 0.271 0.361 0.891 1.789 2.276 0.451 0.750692521 

7 2518 0.204 0.316 1.064 1.837 1.797 0.472 0.64556962 

MED 

1 3352 0.314 0.347 0.793 0.892 2.424 0.706 0.904899135 

2 2903 0.272 0.305 0.782 1.348 2.688 0.682 0.891803279 

3 3456 0.31 0.353 0.773 1.051 2.99 0.696 0.878186969 

4 2853 0.202 0.282 0.935 1.757 2.358 0.731 0.716312057 

819983 

LAT 

1 2763 0.352 0.352 0.694 0.995 2.901 0.485 1 

2 2796 0.353 0.34 0.611 1.343 4.134 0.47 1.038235294 

3 2830 0.33 0.307 0.704 0.752 2.94 0.701 1.074918567 

4 2869 0.339 0.33 0.688 0.976 3.216 0.545 1.027272727 

MID 

5 2468 0.222 0.314 0.97 1.714 1.867 0.63 0.707006369 

6 2362 0.239 0.302 0.883 1.653 2.309 0.751 0.791390728 

7 2632 0.293 0.353 0.814 1.383 2.428 0.463 0.830028329 

MED 

1 3246 0.369 0.347 0.678 0.443 2.85 0.749 1.063400576 

2 2756 0.244 0.28 0.827 1.329 2.596 0.8 0.871428571 

3 3185 0.379 0.354 0.651 0.516 3.416 0.639 1.070621469 

4 2809 0.247 0.314 0.881 1.437 2.235 0.742 0.786624204 

820668 

LAT 

1 2591 0.258 0.281 0.777 1.376 2.584 0.644 0.918149466 

2 2451 0.284 0.273 0.661 1.412 4.303 0.58 1.04029304 

3 2647 0.238 0.256 0.732 1.588 4.164 0.757 0.9296875 

4 2673 0.277 0.263 0.632 1.421 4.662 0.753 1.053231939 

MID 

5 2292 0.215 0.288 0.889 1.876 2.499 0.574 0.746527778 

6 2416 0.249 0.314 0.858 1.56 1.968 0.669 0.792993631 

7 2341 0.205 0.3 0.938 2.001 2.496 0.444 0.683333333 

MED 

1 2865 0.322 0.31 0.694 0.856 3.002 0.741 1.038709677 

2 2637 0.266 0.283 0.767 1.27 2.707 0.761 0.939929329 

3 2885 0.274 0.297 0.716 1.432 4.007 0.68 0.922558923 

4 2599 0.209 0.254 0.784 1.9 4.096 0.673 0.822834646 
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Table A.6 Continued 

820740 

LAT 

1 2718 0.254 0.303 0.964 1.032 1.772 0.598 0.838283828 

2 2634 0.27 0.3 0.819 1.312 2.73 0.556 0.9 

3 2861 0.237 0.282 0.962 1.079 2.084 0.732 0.840425532 

4 2855 0.285 0.287 0.829 0.814 2.725 0.716 0.993031359 

MID 

5 2389 0.166 0.295 1.269 1.834 1.345 0.58 0.562711864 

6 2457 0.19 0.295 1.193 1.542 1.454 0.728 0.644067797 

7 2495 0.218 0.297 1.041 1.581 2.164 0.623 0.734006734 

MED 

1 3393 0.364 0.338 0.716 0.235 2.525 0.73 1.076923077 

2 3023 0.24 0.292 0.944 1.147 2.363 0.793 0.821917808 

3 4198 0.409 0.415 0.643 1.901 2.904 0.707 0.985542169 

4 3265 0.304 0.336 0.848 0.639 2.039 0.754 0.904761905 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



225 

 

Catalog 

# 

Age 

(Yrs.) 
Condyle BV/TV 

Tb.Th 

Mean 

(mm) 

Tb.Sp 

Mean 

(mm) 

SMI 

Conn.D 

(mm^-

3) 

DA 
Tb.N 

(mm^-1) 

821216 8 

LAT 0.281 0.371 0.939 1.067 3.103 0.395 0.757412399 

MID 0.174 0.426 1.438 1.443 1.334 0.514 0.408450704 

MED 0.251 0.336 0.998 1.169 3.572 0.556 0.74702381 

820686 9 

LAT 0.212 0.263 0.87 1.059 3.073 0.671 0.80608365 

MID 0.133 0.33 1.767 1.47 0.83 0.752 0.403030303 

MED 0.178 0.272 1.142 1.018 1.67 0.738 0.654411765 

821006 9 

LAT 0.189 0.221 0.773 1.128 5.381 0.586 0.85520362 

MID 0.169 0.23 0.955 1.162 3.484 0.55 0.734782609 

MED 0.251 0.267 0.73 0.876 5.146 0.663 0.940074906 

820732 9.5 

LAT 0.19 0.195 0.697 1.204 7.023 0.584 0.974358974 

MID 0.152 0.203 0.851 1.449 4.62 0.4 0.748768473 

MED 0.208 0.201 0.643 1.103 8.056 0.638 1.034825871 

820711 10.5 

LAT 0.228 0.237 0.707 0.946 5.259 0.567 0.962025316 

MID 0.175 0.256 0.962 1.306 3.177 0.562 0.68359375 

MED 0.256 0.3 0.795 1.147 3.639 0.616 0.853333333 

821078 11 

LAT 0.262 0.309 0.732 0.809 5.02 0.639 0.84789644 

MID 0.208 0.378 1.022 0.835 2.024 0.675 0.55026455 

MED 0.321 0.401 0.971 1.229 4.013 0.56 0.800498753 

820721 15 

LAT 0.322 0.402 1.372 -

0.022 

2.784 0.601 0.800995025 

MID 0.211 0.442 1.394 1.136 1.212 0.538 0.477375566 

MED 0.299 0.366 0.964 0.493 3.088 0.681 0.816939891 

820608 15.5 

LAT 0.368 0.4 0.802 0.638 1.97 0.63 0.92 

MID 0.172 0.278 1.078 1.55 2.068 0.588 0.618705036 

MED 0.332 0.344 1.223 0.503 3.573 0.505 0.965116279 

819915 16 

LAT 0.245 0.242 0.69 0.799 5.5 0.573 1.012396694 

MID 0.202 0.271 0.946 1.12 2.649 0.644 0.745387454 

MED 0.292 0.302 0.692 0.867 4.49 0.699 0.966887417 

819964 16 

LAT 0.269 0.384 1.062 0.888 1.829 0.566 0.700520833 

MID 0.159 0.274 1.23 1.271 1.55 0.621 0.580291971 

MED 0.26 0.254 0.749 0.593 3.865 0.678 1.023622047 

821246 16 

LAT 0.176 0.251 0.913 1.267 2.961 0.644 0.701195219 

MID 0.409 0.702 1.049 1.506 1.02 0.431 0.582621083 

MED 0.244 0.333 0.796 0.865 3.302 0.734 0.732732733 

Continued 

 

Table A.7: Average bone morphometric values in each condylar region for all 

individuals. LAT = Lateral Condyle; MID = Between Condyles; MED = Medial 

Condyle. 
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Table A.7 Continued 

 

821101 16.5 

LAT 0.337 0.332 0.671 0.373 3.645 0.662 1.015060241 

MID 0.228 0.351 0.939 1.137 2.508 0.458 0.64957265 

MED 0.379 0.351 0.64 0.625 3.6 0.653 1.07977208 

819932 18 

LAT 0.305 0.342 0.758 1.341 3.155 0.648 0.891812865 

MID 0.214 0.307 1.01 1.921 2.186 0.626 0.697068404 

MED 0.238 0.273 0.804 1.715 3.616 0.59 0.871794872 

819957 19.5 

LAT 0.248 0.317 0.978 1.462 1.986 0.686 0.782334385 

MID 0.16 0.279 1.23 2.119 1.583 0.643 0.573476703 

MED 0.214 0.268 0.883 1.711 3.138 0.729 0.798507463 

820652 19.5 

LAT 0.195 0.291 1.155 1.833 2.29 0.685 0.670103093 

MID 0.216 0.318 1.032 1.718 1.871 0.603 0.679245283 

MED 0.216 0.286 0.903 1.72 2.693 0.637 0.755244755 

820658 19.5 

LAT 0.317 0.329 0.713 1.076 3.505 0.68 0.963525836 

MID 0.258 0.331 0.908 1.514 2.318 0.679 0.779456193 

MED 0.294 0.317 0.769 1.228 3.245 0.649 0.927444795 

819977 21.5 

LAT 0.325 0.37 0.78 1.11 2.444 0.631 0.878378378 

MID 0.264 0.359 0.88 1.67 2.328 0.444 0.735376045 

MED 0.275 0.361 0.892 1.201 2.07 0.759 0.761772853 

819994 22.5 

LAT 0.282 0.325 0.846 1.217 2.44 0.573 0.867692308 

MID 0.217 0.364 1.262 1.493 1.082 0.695 0.596153846 

MED 0.295 0.339 0.875 0.839 1.817 0.761 0.87020649 

820735 26.5 

LAT 0.299 0.323 0.789 1.628 2.719 0.633 0.925696594 

MID 0.251 0.347 0.974 1.394 2.035 0.594 0.723342939 

MED 0.302 0.334 0.811 0.76 2.041 0.799 0.904191617 

821042 27.5 

LAT 0.276 0.298 0.769 1.25 3.074 0.667 0.926174497 

MID 0.213 0.305 0.94 1.902 2.238 0.548 0.698360656 

MED 0.266 0.312 0.8 1.807 3.278 0.669 0.852564103 

819941 32.5 

LAT 0.237 0.329 0.968 1.528 1.933 0.7 0.720364742 

MID 0.17 0.286 1.147 2.057 1.876 0.53 0.594405594 

MED 0.196 0.295 1.028 1.814 1.913 0.722 0.66440678 

819951 32.5 

LAT 0.275 0.392 1.033 1.118 1.445 0.778 0.701530612 

MID 0.15 0.404 1.739 2.191 0.76 0.599 0.371287129 

MED 0.208 0.432 1.398 1.652 0.8 0.689 0.481481481 

819996 32.5 

LAT 0.278 0.3 0.814 1.218 2.68 0.718 0.926666667 

MID 0.259 0.323 0.999 1.457 2.237 0.517 0.801857585 

MED 0.31 0.301 0.755 0.804 2.477 0.76 1.029900332 

Continued 
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Table A.7 Continued 

820647 32.5 

LAT 0.308 0.316 0.781 0.989 2.855 0.62 0.974683544 

MID 0.218 0.351 1.213 1.653 1.364 0.602 0.621082621 

MED 0.33 0.365 0.819 0.768 2.338 0.749 0.904109589 

820696 32.5 

LAT 0.242 0.296 0.802 1.939 3.198 0.634 0.817567568 

MID 0.119 0.267 1.492 2.517 1.433 0.557 0.445692884 

MED 0.278 0.341 0.882 1.317 2.288 0.728 0.815249267 

821228 32.5 

LAT 0.222 0.326 1.122 1.81 2.396 0.507 0.680981595 

MID 0.139 0.26 1.986 2.519 2.839 0.407 0.534615385 

MED 0.263 0.335 1.097 1.111 2.831 0.659 0.785074627 

821230 32.5 

LAT 0.256 0.278 0.835 1.399 3.266 0.677 0.920863309 

MID 0.185 0.305 1.158 1.86 1.652 0.647 0.606557377 

MED 0.294 0.329 0.787 1.497 2.803 0.73 0.893617021 

820715 35 

LAT 0.285 0.334 0.829 1.382 3.011 0.577 0.853293413 

MID 0.235 0.343 0.996 1.853 1.953 0.444 0.685131195 

MED 0.275 0.322 0.821 1.262 2.615 0.704 0.854037267 

819983 37.5 

LAT 0.344 0.332 0.674 1.017 3.3 0.55 1.036144578 

MID 0.251 0.323 0.889 1.583 2.201 0.615 0.777089783 

MED 0.31 0.324 0.759 0.931 2.774 0.733 0.956790123 

820668 37.5 

LAT 0.264 0.268 0.701 1.449 3.928 0.684 0.985074627 

MID 0.223 0.3 0.895 1.812 2.321 0.562 0.743333333 

MED 0.268 0.286 0.74 1.365 3.453 0.714 0.937062937 

820740 37.5 

LAT 0.262 0.293 0.894 1.059 2.328 0.651 0.894197952 

MID 0.191 0.296 1.168 1.652 1.654 0.644 0.64527027 

MED 0.329 0.345 0.788 0.981 2.458 0.746 0.953623188 
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Catalog # 
Age 

(Yrs.) 
Condyle 

Voxel 

Size 

PROX 

(mm) 

# of 

slices 

Min 

1 

Max 

1 

Min 

2 

Max 

2 

Min 

3 

Max 

3 

821216 

 

8 

 

LAT  0.04 201 3200 7504 1926 2231 1 53 

MED 0.04 201 3200 7275 1893 2093 1 53 

820686 

 

9 

 

LAT  0.05 301 3200 8074 1806 2000 1 53 

MED 0.05 300 3200 9691 1894 2040 1 53 

821006 

 

9 

 

LAT  0.04 201 3200 8216 2100 2718 1 53 

MED 0.04 201 3200 8346 1945 2070 1 53 

820732 

 

9.5 

 

LAT  0.04 201 3200 8361 2137 2954 1 53 

MED 0.04 204 3200 8762 1976 2305 1 53 

820711 

 

10.5 

 

LAT  0.05 201 3200 7868 1833 2129 1 53 

MED 0.05 301 3200 8081 1762 1944 1 53 

821078 

 

11 

 

LAT  0.05 220 3200 7719 1799 1973 1 53 

MED 0.05 224 3200 7725 1800 1916 1 53 

820721 

 

15 

 

LAT  0.05 227 3200 6989 1694 1859 1 53 

MED 0.05 301 3200 7668 1704 1859 1 53 

820608 

 

15.5 

 

LAT  0.05 300 3200 6917 1744 1931 1 53 

MED 0.05 300 3200 7035 1669 1788 1 53 

819915 

 

16 

 

LAT  0.057 214 3200 8434 1965 3107 1 53 

MED 0.057 301 3200 8040 1994 3107 1 53 

819964 

 

16 

 

LAT  0.05 300 3200 6463 1874 2068 1 53 

MED 0.05 327 3200 6722 1845 1977 1 53 

821246 

 

16 

 

LAT  0.05 301 3200 6286 1862 2037 1 53 

MED 0.05 301 3200 6511 1887 2076 1 53 

821101 

 

16.5 

 

LAT  0.05 301 3200 7971 1764 1960 1 53 

MED 0.05 301 3200 7711 1863 2120 1 53 

819932 

 

18 

 

LAT  0.056 301 2920 7829 1677 1864 1 53 

MED 0.056 271 2915 7773 1700 1821 1 53 

819957 

 

19.5 

 

LAT  0.057 301 2547 7997 1627 1840 1 53 

MED 0.057 301 2698 7894 1686 1889 1 53 

820652 

 

19.5 

 

LAT  0.056 301 2593 7639 1681 1892 1 53 

MED 0.056 301 2581 7745 1649 1864 1 53 

820658 

 

19.5 

 

LAT  0.056 301 2742 8364 1645 1988 1 53 

MED 0.056 301 2605 8364 1645 2125 1 53 

Continued 

 

Table A.8: Tibial threshold values used in the cortical masking procedure for steps 1-3 of 

dual thresholding/segmentation in Avizo Fire 8.1.1. LAT = Lateral condyle; MED = 

Medial condyle; PROX = Proximal Scan 
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Table A.8 Continued 

819977 

 

21.5 

 

LAT  0.057 301 2904 7952 1728 1936 1 53 

MED 0.057 318 3116 7520 1693 1897 1 53 

819994 

 

22.5 

 

LAT  0.056 301 3200 8222 1875 2163 1 53 

MED 0.056 331 2700 8268 1821 2172 1 53 

820735 

 

26.5 

 

LAT  0.056 361 2615 7422 1696 1979 1 53 

MED 0.056 341 2508 8135 1627 1966 1 53 

821042 

 

27.5 

 

LAT  0.056 351 2407 8596 1581 1856 1 53 

MED 0.056 351 2444 8800 1606 1955 1 53 

819941 

 

32.5 

 

LAT  0.056 301 2921 7553 1639 1852 1 53 

MED 0.056 301 2669 7859 1705 2150 1 53 

819951 

 

32.5 

 

LAT  0.057 301 2369 8368 1777 2221 1 53 

MED 0.057 301 2717 8530 1811 2189 1 53 

819996 

 

32.5 

 

LAT  0.057 301 2564 8049 1780 2136 1 53 

MED 0.057 301 2738 7935 1800 2106 1 53 

820647 

 

32.5 

 

LAT  0.056 309 3200 8920 1845 2200 1 53 

MED 0.056 331 2616 8895 1794 2242 1 53 

820696 

 

32.5 

 

LAT  0.056 301 2937 7583 1776 2459 1 53 

MED 0.056 301 2992 7576 1846 2419 1 53 

821228 

 

32.5 

 

LAT  0.056 342 3153 7950 1642 1905 1 53 

MED 0.056 381 3124 7484 1598 1889 1 53 

821230 

 

32.5 

 

LAT  0.056 331 2412 8041 1608 1876 1 53 

MED 0.056 331 2503 7927 1599 1947 1 53 

820715 

 

35 

 

LAT  0.056 341 2673 8493 1750 2123 1 53 

MED 0.056 353 2869 8986 1812 2341 1 53 

819983 

 

37.5 

 

LAT  0.057 327 2744 7317 1829 2150 1 53 

MED 0.057 366 2769 7545 1661 2007 1 53 

820668 

 

37.5 

 

LAT  0.056 301 2531 8055 1687 2000 1 53 

MED 0.056 343 2542 8499 1670 2034 1 53 

820740 

 

37.5 

 

LAT  0.056 332 2420 8400 1708 2206 1 53 

MED 0.056 361 2558 8277 1655 2031 1 53 
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Catalog # Age Condyle 

Voxel 

Size 

PROX 

(mm) 

# of 

slices 

Subchondral 

Plate Mean 

Thickness 

(mm) 

Subchondral 

Plate Max 

Thickness 

(mm) 

821216 8 
LAT 0.04 201 0.528 0.973 

MED 0.04 201 0.567 1.6 

820686 9 
LAT 0.05 301 1.446 3.28 

MED 0.05 300 1.198 2.604 

821006 9 
LAT 0.04 201 0.534 1.052 

MED 0.04 201 0.666 1.815 

820732 9.5 
LAT 0.04 201 0.507 1.04 

MED 0.04 204 0.61 1.604 

820711 10.5 
LAT 0.05 201 0.79 2.229 

MED 0.05 301 0.952 2.216 

821078 11 
LAT 0.05 220 1.289 2.492 

MED 0.05 224 1.568 3.342 

820721 15 
LAT 0.05 227 1.31 3.169 

MED 0.05 301 1.372 3.523 

820608 15.5 
LAT 0.05 300 2.146 6.9 

MED 0.05 300 1.129 3.13 

819915 16 
LAT 0.057 214 0.821 1.887 

MED 0.057 301 0.822 1.961 

819964 16 
LAT 0.05 300 1.083 2.955 

MED 0.05 327 1.213 3.225 

821246 16 
LAT 0.05 301 0.995 2.737 

MED 0.05 301 1.219 3.348 

821101 16.5 
LAT 0.05 301 1.367 2.961 

MED 0.05 301 0.873 1.921 

819932 18 
LAT 0.056 301 2.429 5.813 

MED 0.056 271 2.584 6.105 

819957 19.5 
LAT 0.057 301 1.108 2.797 

MED 0.057 301 1.018 2.052 

820652 19.5 
LAT 0.056 301 1.192 2.897 

MED 0.056 301 1.158 2.636 

820658 19.5 
LAT 0.056 301 1.777 3.315 

MED 0.056 301 1.588 3.186 

                                                                                                                       Continued 

     Table A.9: Subchondral plate mean thickness and max thickness for all individuals. 

All measurements are in millimeters (mm). LAT = Lateral condyle; MED = Medial 

condyle;   PROX = Proximal Scan 
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         Table A.9 Continued 

 

819977 21.5 
LAT 0.057 301 2.758 6.506 

MED 0.057 318 3.354 8.754 

819994 22.5 
LAT 0.056 301 1.314 3.248 

MED 0.056 331 1.654 3.495 

820735 26.5 
LAT 0.056 361 1.79 4.072 

MED 0.056 341 1.695 3.936 

821042 27.5 
LAT 0.056 351 1.572 3.829 

MED 0.056 351 1.573 4.021 

819941 32.5 
LAT 0.056 301 1.327 2.607 

MED 0.056 301 1.659 5.688 

819951 32.5 
LAT 0.057 301 1.237 2.861 

MED 0.057 301 1.24 2.843 

819996 32.5 
LAT 0.057 301 1.394 3.666 

MED 0.057 301 1.479 3.429 

820647 32.5 
LAT 0.056 309 6.041 12.477 

MED 0.056 331 2.373 7.074 

820696 32.5 
LAT 0.056 301 3.026 9.259 

MED 0.056 301 1.54 3.721 

821228 32.5 
LAT 0.056 342 2.163 5.279 

MED 0.056 381 2.119 6.032 

821230 32.5 
LAT 0.056 331 2 5.163 

MED 0.056 331 3.076 8.424 

820715 35 
LAT 0.056 341 2.223 6.077 

MED 0.056 353 1.876 4.313 

819983 37.5 
LAT 0.057 327 1.763 4.262 

MED 0.057 366 1.743 4.332 

820668 37.5 
LAT 0.056 301 1.257 2.709 

MED 0.056 343 1.39 4.56 

820740 37.5 
LAT 0.056 332 1.025 2.617 

MED 0.056 361 1.439 3.778 
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APPENDIX B: Supplemental Tables from SPSS Statistics 
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Variable (unit) Statistic df Sig. 

Age (years) 0.910 57 0.000 

BV/TV (%) 0.992 57 0.977 

Tb.Th (mm) 0.983 57 0.625 

Tb.Sp (mm) 0.902 57 0.000 

SMI (-) 0.984 57 0.640 

Conn.D (mm-3) 0.937 57 0.005 

DA (-) 0.966 57 0.110 

Tb.N (mm-1) 0.979 57 0.429 

Plate Ct.Th (mm) 0.982 53 0.588 

Table B.1: Shapiro-Wilk Test for Normality Note: Bolded values are significant 

(non-parametric) 
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Variables (unit) N Minimum Maximum Mean 

Std. 

Deviation 

Age (years) 61 8.0 37.5 22.852 9.6843 

BV/TV (%) 59 0.176 0.379 0.270164 0.0470426 

Tb.Th (mm) 59 0.195 0.4020 0.313000 0.0456384 

Tb.Sp (mm) 57 0.640 1.372 0.841175 0.1406745 

SMI (-) 60 0.3730 1.939 1.168300 0.3695452 

Conn.D (mm-3) 56 1.445 5.50 3.043298 0.8912423 

DA (-) 58 0.5070 0.799 0.662810 0.0666419 

Tb.N (mm-1) 59 0.654412 1.079772 0.86349443 0.106614712 

Plate Ct.Th (mm) 53 0.507 2.373 1.31994 0.450680 

 

Table B.2: Descriptive Statistics for Variables in Lateral and Medial Condylar Regions 
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Test Statisticsa,b  

 BV/TV Tb.Th (mm) Tb.Sp (mm) SMI 

Conn.D 

(mm^-3) DA 

Tb.N 

(mm^-1)  

Plate 

Ct.Th 

(mm) 

Chi-Sq 8.752 4.711 .547 5.418 17.345 10.934 .515 26.861 

df 3 3 3 3 3 3 3 3 

Asymp. 

Sig. 

.033 .194 .908 .144 .001 .012 .916 .000 

a. Kruskal Wallis Test  

b. Grouping Variable: Age Category  

 
BV/TV                                                                  Conn.D 

 
 
DA                                                                       Plate Ct.Th 

  
 
Table B.3: Age Category Independent Sample Kruskal-Wallis Test with Bonferroni 

correction  
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Variables Age Category N Mean Std. Deviation Std. Error Mean 

BV/TV 

1 11 .234182 .0443031 .0133579 

2 20 .277500 .0562677 .0125818 

3 8 .290000 .0190338 .0067295 

4 20 .274700 .0329531 .0073685 

Tb.Th Mean (mm) 

1 11 .282364 .0681077 .0205352 

2 20 .319200 .0482271 .0107839 

3 8 .332750 .0239628 .0084721 

4 20 .315750 .0249671 .0055828 

Tb.Sp Mean (mm) 

1 11 .842455 .1546249 .0466212 

2 19 .858632 .1862377 .0427259 

3 8 .820250 .0455561 .0161065 

4 19 .831789 .1103734 .0253214 

SMI 

1 11 1.079909 .1219307 .0367635 

2 19 1.052474 .4748600 .1089404 

3 8 1.226500 .3547285 .1254155 

4 22 1.291364 .3286175 .0700615 

Conn.D (mm^-3) 

1 8 4.132500 .9539245 .3372633 

2 19 3.144474 .8382980 .1923188 

3 8 2.485375 .5140617 .1817483 

4 21 2.680476 .5735647 .1251621 

DA 

1 10 .615500 .0577163 .0182515 

2 19 .653947 .0473268 .0108575 

3 8 .686500 .0783527 .0277019 

4 21 .684333 .0713375 .0155671 

Tb.N (mm^-1)  

1 10 .82582481 .096622620 .030554755 

2 20 .86980033 .123957639 .027717771 

3 8 .87333461 .052685707 .018627210 

4 21 .87167808 .111063898 .024236130 

Subchondral Plate Mean 

Thickness (mm) 

1 12 .88792 .390111 .112615 

2 16 1.15356 .240299 .060075 

3 6 1.59967 .162080 .066169 

4 19 1.64458 .389856 .089439 

Table B.4: Mean Statistics for All Variables by Age Category 
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Ranks 

 N Mean Rank Sum of Ranks 

BVTV MED - BVTV LAT Negative Ranks 10a 18.75 187.50 

Positive Ranks 19b 13.03 247.50 

Ties 0c   

Total 29   

a. BVTV MED < BVTV LAT 

b. BVTV MED > BVTV LAT 

c. BVTV MED = BVTV LAT 

 

Test Statisticsa 

 BVTV MED - BVTV LAT 

Z -.649b 

Asymp. Sig. (2-tailed) .516 

a. Wilcoxon Signed Ranks Test 

b. Based on negative ranks. 

 

Ranks 

 N Mean Rank Sum of Ranks 

TBTH MED - TBTH LAT Negative Ranks 12a 15.13 181.50 

Positive Ranks 16b 14.03 224.50 

Ties 1c   

Total 29   

a. TBTH MED < TBTH LAT 

b. TBTH MED > TBTH LAT 

c. TBTH MED = TBTH LAT 

 

Test Statisticsa 

 TBTH MED - TBTH LAT 

Z -.490b 

Asymp. Sig. (2-tailed) .624 

a. Wilcoxon Signed Ranks Test 

b. Based on negative ranks. 

                                                                                                                       Continued 

 

Table B.5: Pairwise Related Samples Wilcoxon Signed Ranks Test for All Structural 

Parameters 
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Table B.5 Continued 

 

Ranks 

 N Mean Rank Sum of Ranks 

TBSP MED - TBSP LAT Negative Ranks 13a 13.35 173.50 

Positive Ranks 13b 13.65 177.50 

Ties 0c   

Total 26   

a. TBSP MED < TBSP LAT 

b. TBSP MED > TBSP LAT 

c. TBSP MED = TBSP LAT 

 

Test Statisticsa 

 TBSP MED - TBSP LAT 

Z -.051b 

Asymp. Sig. (2-tailed) .959 

a. Wilcoxon Signed Ranks Test 

b. Based on negative ranks. 

 

 

Ranks 

 N Mean Rank Sum of Ranks 

SMI MED - SMI LAT Negative Ranks 17a 14.71 250.00 

Positive Ranks 13b 16.54 215.00 

Ties 0c   

Total 30   

a. SMI MED < SMI LAT 

b. SMI MED > SMI LAT 

c. SMI MED = SMI LAT 

 

Test Statisticsa 

 SMI MED - SMI LAT 

Z -.360b 

Asymp. Sig. (2-tailed) .719 

a. Wilcoxon Signed Ranks Test 

b. Based on positive ranks. 

                                                                                                                   Continued 
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Table B.5 Continued 

 

Ranks 

 N Mean Rank Sum of Ranks 

CONND MED - CONND LAT Negative Ranks 13a 15.31 199.00 

Positive Ranks 13b 11.69 152.00 

Ties 0c   

Total 26   

a. CONND MED < CONND LAT 

b. CONND MED > CONND LAT 

c. CONND MED = CONND LAT 

 

Test Statisticsa 

 CONND MED - CONND LAT 

Z -.597b 

Asymp. Sig. (2-tailed) .551 

a. Wilcoxon Signed Ranks Test 

b. Based on positive ranks. 

 

Ranks 

 N Mean Rank Sum of Ranks 

TBN MED - TBN LAT Negative Ranks 17a 13.24 225.00 

Positive Ranks 11b 16.45 181.00 

Ties 0c   

Total 28   

a. TBN MED < TBN LAT 

b. TBN MED > TBN LAT 

c. TBN MED = TBN LAT 

 

Test Statisticsa 

 TBN MED - TBN LAT 

Z -.501b 

Asymp. Sig. (2-tailed) .616 

a. Wilcoxon Signed Ranks Test 

b. Based on positive ranks. 

                                                                                                                 Continued 
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Table B.5 Continued 

 

Ranks 

 N Mean Rank Sum of Ranks 

DA MED - DA LAT Negative Ranks 7a 10.93 76.50 

Positive Ranks 21b 15.69 329.50 

Ties 0c   

Total 28   

a. DA MED < DA LAT 

b. DA MED > DA LAT 

c. DA MED = DA LAT 

 

Test Statisticsa 

 DA MED - DA LAT 

Z -2.881b 

Asymp. Sig. (2-tailed) .004 

a. Wilcoxon Signed Ranks Test 

b. Based on negative ranks. 

 

Ranks 

 N Mean Rank Sum of Ranks 

CT TH MED - CT TH LAT Negative Ranks 10a 15.70 157.00 

Positive Ranks 16b 12.13 194.00 

Ties 0c   

Total 26   

a. CT TH MED < CT TH LAT 

b. CT TH MED > CT TH LAT 

c. CT TH MED = CT TH LAT 

 

Test Statisticsa 

 CT TH MED - CT TH LAT 

Z -.470b 

Asymp. Sig. (2-tailed) .638 

a. Wilcoxon Signed Ranks Test 

b. Based on negative ranks. 
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Group Statistics 

 Condyle 

No N Mean Std. Deviation 

Std. Error 

Mean 

BV/TV 1 30 .265167 .0468498 .0085536 

2 29 .275345 .0449796 .0083525 

Tb.Th Mean (mm) 1 30 .309133 .0505253 .0092246 

2 29 .317000 .0404713 .0075153 

Tb.Sp Mean (mm) 1 31 .853839 .1623057 .0291510 

2 26 .826077 .1108169 .0217330 

SMI 1 31 1.160677 .4054650 .0728237 

2 30 1.136500 .3943512 .0719984 

Conn.D (mm^-3) 1 30 3.082600 1.0485846 .1914445 

2 26 2.942308 .6384574 .1252118 

DA 1 30 .634067 .0577969 .0105522 

2 28 .693607 .0623398 .0117811 

Tb.N (mm^-1) 1 31 .86355597 .108360157 .019462059 

2 28 .86342629 .106633756 .020151886 

Subchondral Plate 

Ct.Th (mm) 

1 26 1.30046 .466891 .091565 

2 27 1.33870 .442581 .085175 

 

Table B.6: Mean Statistics for All Variables by Condyle Region 

Note: Lateral Condyle = 1, Medial Condyle = 2 
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Test Statisticsa  

 BV/TV 

Tb.Th 

Mean 

(mm) 

Tb.Sp 

Mean 

(mm) SMI 

Conn.D 

(mm^-3) DA 

Tb.N 

(mm^-1) 

Plate 

Ct.Th 

Mann-Whitney U 113.00

0 

130.000 163.000 100.00

0 

149.000 172.50

0 

124.000 116.00

0 

Wilcoxon W 266.00

0 

266.000 394.000 353.00

0 

402.000 343.50

0 

277.000 287.00

0 

Z -1.924 -1.361 -.153 -2.664 -.798 -.465 -1.784 -1.671 

Asymp. Sig. (2-

tailed) 

.054 .174 .878 .008 .425 .642 .074 .095 

Exact Sig. [2*(1-

tailed Sig.)] 

.056b .181b .892b .007b .438b .646b .077b .098 

a. Grouping Variable: SEX   

b. Not corrected for ties.  

Table B.7: Mann Whitney Test Comparing Structural Parameters Between Sexes 

 

 

 

 

 

 

 

 

 

 
 
 

 

 
 

 

 

 


