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CHARACTERIZATION OF BONE AND BONE MARROW LESIONS 

IN THE OSTEOARTHRITIC HIP 

YOUNG GUANG 

ABSTRACT 

 Bone marrow lesions (BMLs) are common in osteoarthritis (OA) of the hip and 

knee and present as cysts in computed tomography scans. BMLs in knee OA are 

associated with pain, cartilage loss, and attrition of subchondral bone, suggesting that 

they play a key role in progression of OA. However, the etiology of BMLs remains 

unclear. The goal of this study was to better understand the changes that occur in bone in 

OA, through the characterization of BMLs, bone microarchitecture, and bone stiffness. 

Femoral heads obtained from patients undergoing total hip arthroplasty because of 

end-stage OA were imaged using micro-computed tomography (µCT) to identify the 

cysts. The bone volume fraction (BV/TV), bone mineral density (BMD), and tissue 

mineral density (TMD) were evaluated for two volumes of interest: an area immediately 

surrounding the cysts and a cylindrical core from the primary load-bearing region of the 

femoral head. Further, the cylindrical core was modeled using finite element analysis in 

order to evaluate the stiffness of this mechanically critical region. After imaging, the 

heads were sectioned and stained for histological analysis.  

Overall, the specimens exhibited wide variation in the number of cysts and cyst 

volume normalized by total volume of the femoral head (CV/TV). The cysts were found 

primarily in the subchondral bone underlying regions of damaged cartilage. The µCT 

images and histological sections revealed the presence of sclerotic bone around the cysts. 
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The lesions themselves contained fibrous, fatty, osseous, and cartilaginous tissues. 

Lesions were absent from the cylindrical cores, and no correlations were found between 

core stiffness and any cyst properties. The cores were also found to have a higher bone 

volume fraction compared to values from published studies on cadaveric samples 

obtained from a pool of donors not specifically limited to those with end-stage OA. The 

cores also exhibited a modestly different dependence of apparent modulus on volume 

fraction, as compared to those published data. 

A pilot study was next carried out on the femoral necks from four of the patients.  

This study consisted of using nanoindentation to measure the modulus of cortical, 

trabecular, and periosteal bone. These preliminary results suggested that the moduli 

varied substantially among patients, and that the modulus of cortical tissue was in some 

locations for some patients, lower than that of trabecular tissue, despite published reports 

to the contrary in non-OA bone.   

The results of this project demonstrate that cysts associated with severe OA 

involve extensive perturbations in local bone morphology and cellular activity, and yet 

comparatively minimal disruption to the primary load-bearing region of the femoral head. 

These findings suggest that despite the association of cysts with symptoms of OA in the 

knee, cysts in hip OA are not strongly associated with a global loss of function of the 

primary bony structure of the joint. Further study of these cysts is necessary to identify 

their mechanistic relationship with the progression of hip OA.   
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CHAPTER 1: INTRODUCTION 

Joint Anatomy 

 Joints are where two bones meet, and they help provide mechanical stability while 

allowing for motion. For the hip joint, the femoral head sits inside the acetabular cup 

forming a synovial joint. Synovial joints have three major structures: a joint capsule, a 

synovial cavity and articular cartilage. These three major structures facilitate smooth yet 

controlled motion within the joint. The hip joint also has muscles, tendons, and ligaments 

that effect and control motion. 

 The joint capsule is a membranous layer that encapsulates the entire joint. The 

membrane is made from two layers, a fibrous tissue layer on the outside and a secreting 

layer on the inside. Within the capsule is the synovial cavity, which is a space between 

the bones containing synovial fluid. The synovial fluid is secreted by the inner layer of 

the joint capsule in order to reduce friction and improve articulation between the two 

bones. The composition of synovial fluid, made up of hyaluronan and lubricin, allows it 

to reduce friction, acting as lubricants between the surfaces [Hui 2012].  For the hip the 

joint capsule encompasses the femoral head and part of the neck on the femur side, and 

attaches at the acetabular cup. 

 Articular cartilage is found on the surface of bones within a joint. They are a 

hyaline cartilage, consisting of an extracellular matrix (ECM) composed of collagen II 

and sulfated glycosaminoglycans (GAGs) with chondrocytes. The fibrous collagen II 

helps provide structure and stiffness to the cartilage, while the GAGs aid with water 

retention due to their highly polar nature arising from the negatively charged sugar 
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groups that attract water. The water retention gives rise to the viscoelastic nature of 

cartilage, which helps with lubrication and load distribution. As mentioned earlier, OA 

was originally thought to be a disease of the cartilage, but a consensus exists that the 

disease is more systemic, extending to the bone as well as the synovial fluid secreting 

membrane. 

Bone Microarchitecture 

 Underneath the articular cartilage is the subchondral bone. In the subchondral 

bone, there are two types of bone, cancellous and cortical bone. Cancellous bone, which 

is also known as trabecular or spongy bone, is highly porous and fills the ends of long 

bones such as the femur. The cancellous bone is always covered with a layer of dense 

cortical bone (also known as compact bone), often referred to as the cortical shell. 

Cortical bone and cancellous bone have different material properties, primarily due to 

their differences in porosity.  

 The mineralized tissue of cancellous bone is composed of plates and rods referred 

to as trabeculae. In addition to having intrinsically anisotropic material properties, 

trabeculae can exhibit preferential alignment [Whitehouse 1974]. The orientation of 

trabeculae is thought to be optimized such that it follows the primary compressive and 

tensile stresses [von Meyer 1867]. Wolff’s law expands on this idea, and explains the 

changes through adaptive remodeling of bone in response to changes in loads [Wolff 

1986]. Within the femoral head, trabeculae are patterned into a primary (or principal) 

compressive group and a primary tensile group (Figure 1-1) that together transfer forces 

arising from contact between joint surfaces to the rest of the femur [Koch 1917]. As a 
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result the compressive group has the densest trabecular bone in the body [Ciarelli 2000]. 

 

Osteoarthritis 

Osteoarthritis (OA) is the most common form of degenerative joint disease. 

Common patient symptoms of OA include joint pain, decreased range of motion, and 

mechanical irregularities. Approximately 630 million people, primarily the elderly and 

obese, suffer from OA worldwide [Inui 2013]. In the US alone, approximately 27 million 

people live with symptomatic OA [Lawrence 2008], and epidemiological models predict 

that 25% of the today’s population will present with symptomatic hip OA in their lifetime 

[Murphy 2010]. This number is expected to rise due to an aging population, which will 

increase the economic burden of treating OA.  

Osteoarthritis has no known cure. Treatments instead target only the associated 

pain and decreased mobility. OA in the lower extremities is especially debilitating due to 

Figure 1-1 The various orientations of trabeculae within the femoral head [Browner 2014] 
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decreases in mobility. Treatment of OA currently is focused primarily on managing the 

symptoms, with a particular focus on pain. To help with the pain, patients often use 

nonsteroidal anti-inflammatory drugs (NSAIDs). Additionally physicians often prescribe 

physical therapy as a treatment for OA, and while studies have shown effectiveness in 

increasing mobility and reducing pain for knee OA [Deyle 2005, McQuade 2011], studies 

regarding the efficacy of physical therapy for hip OA remain inconclusive [Iversen 2010, 

Bennell 2014]. When the disease has developed to end-stage OA, and the patient is 

unable to bear the pain despite treatment options, the only recourse is often replacement 

of the entire joint. 

Diagnosis of OA is most often performed radiologically. Using X-ray or magnetic 

resonance imaging (MRI), physicians primarily look for evidence of joint space 

narrowing, which is measured as the distance between the two joints. Figure 1-2 shows 

images of a healthy joint and one with a narrow joint space. In addition to quantification 

of joint space narrowing, physicians also use the Kellgren & Lawrence (K&L) grading 

system to assess severity and progression of OA. In the K&L system for knee OA 

specifically, there are four features to assess: 1) formation of osteophytes (bony growths, 

also known as bone spurs, which form within the joint, protruding from the diseased 

bone); 2) joint space narrowing; 3) presence of sclerotic (abnormally dense) bone; and 4) 

bone attrition (flattening or depression of the normal curvature of the bone surface at the 

joint). The abundance and presence of these features allows physicians to score the 

severity from 0-4 with 0 being no evidence of OA and 4 being severe end stage OA. A  
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K&L score >2 is the threshold for radiographic OA. Additionally, OA is commonly 

characterized by thinning and destruction of the articular cartilage that lies on top of 

bones in the joint; this process is often referred to as cartilage degradation. Another 

characteristic of OA is thinning of synovial fluid, where the synovial membrane is not 

releasing as many of the friction reducing molecules. In addition to the thinning of the 

fluid itself, fragments of cartilage invade the fluid space, which can also cause an 

increase in friction between the joints. These common changes due to OA can be seen in 

figure 1-3.   

Figure 1-2 X-ray radiography images of the hip joint with a normal 

joint space in A, and a hip join with evidence of joint space narrowing 

in B [Altman 2006] 

A B 
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In the progression of OA, there are two main phases: a destructive and a 

progressive phase. During the destructive phase, bone and cartilage in the affected joint 

are damaged, necessitating resorption to try to repair the damage; common characteristics 

of the destructive phase are cyst formation, joint space narrowing, and joint flattening. 

The productive phase is characterized by pathological bone formation, resulting in 

osteophytes at the margins of the joint surface and sclerosis of the bone underlying the 

articular cartilage. The osteophytes may serve as a physical mechanism to stabilize the 

joint, and the sclerotic bone may be a response to focally increased stress. While there are 

two distinct phases, the two can coexist within the same joint [Li 2013]. Better 

understanding of the characteristics of the progression and what causes the phases can 

lead to better treatment of OA.  

A number of risk factors increase the likelihood of developing OA. The risks can 

be broken into two categories: systemic level and joint level. The systemic level factors 

can be further categorized into controllable and non-controllable [Johnson 2014]. One of 

the most prominent risk factors is age, though the mechanisms behind why age OA is so 

prevalent in the elderly remain unclear [Felson 2000, Li 2013]. Another non-controllable 

Figure 1-3 A) a representation of a healthy knee joint; B) a representation of a knee joint 

with OA. Images from the National Institute of Health: Handout of Osteoarthritis 

A B 
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systemic risk factor is sex, with females having higher rates of OA with increased 

severity when compared to males, especially after menopause [Hanna 2004]. The two 

major systemic, controllable risk factors are obesity and diet. Particularly for load-

bearing joints such as the hip and knee, obesity is one of the most important risk factors 

for OA, though there is more evidence supporting a relationship between weight and 

body mass index (BMI) with knee OA than with hip OA [Karlson 2003, Lohmander 

2009].  

Joint-level risk factors are generally all controllable and include muscle strength, 

physical activity and joint mechanics. Muscle strength has been shown to be a predictor 

of development of OA, specifically, weaker quadriceps have been associated with 

development of knee OA. Consequently, increasing the quadriceps strength leads to 

better patient outcomes for knee OA with reduction in pain and improved mobility 

[Bennell 2013]. In terms of physical activity, repeated joint use is associated with 

increased risk of developing OA in the joint in question [Johnson 2014]. The repeated use 

refers to both low-impact activity such as that involved in manual labor, along with high-

impact activity as seen in elite athletes [Hunter and Eckstein 2009, Croft 1992]. 

Regarding joint mechanics, there are a multitude of factors that have been shown to be 

coincident with OA. Trauma to the joint can initiate damage that often leads to OA. 

Misalignment of the joint can cause a change in the loading, causing OA to increase in 

severity. Better understanding of risk factors and markers for OA can lead to treatment 

options and prevention of OA. 

Historically, OA has been considered a disease of the articular cartilage, but is 
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now considered a more systemic disease. As a result, research in OA has been primarily 

focused on degeneration of articular cartilage, though recent interest has been in 

characteristics of the subchondral bone. Of particular interest are the presence of 

subchondral bone cysts (SBCs) which have also been called bone marrow lesions 

(BMLs). 

 

Bone Marrow Lesions and Subchondral Bone Cysts 

 Bone marrow lesions have been recognized as a common feature in OA. BMLs 

can be imaged using either MRI or computed tomography (CT) techniques due to the 

presence of bone edema within the lesion. In MRI scans, BMLs appear as fluid-filled 

sacks while in CT scans BMLs are characterized as subchondral bone cysts (SBCs) 

surrounded by sclerotic bone (figure 1-4). Generally, BMLs occur prior to SBCs, and are 

a strong predictor of SBC formation [Crema 2010].  Importantly, studies have shown a 

correlation between pain and the presence of BMLs in the knee [Hunter 2013, Felson 

2001, Davies-Tuck 2009, Felson 2007, Lo 2008]. Additionally, other studies have shown 

Figure 1-4 shows the difference in the appearance of the BMLs using MRI 

[Ahedi 2013] (A) and clinical CT [Homma 2014] (B).  

A B 
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a correlation of BML occurrence and size with cartilage loss [Zanetti 2001, Dore 2010, 

Kothari 2010].  

 BMLs have been studied primarily in the knee [Hunter 2009, Hunter 2013, Felson 

2001, Lowitz 2013, Dore 2010], though they are known to occur in hip OA [Chiba 2012, 

Inui 2010, Ahedi 2013, Landells 1953, Freund, 1940]. In knee OA, Hunter et al. (2009) 

showed that bone surrounding BMLs exhibited elevated bone volume fraction (BV/TV) 

and average trabecular thickness (Tb.Th) but decreased tissue mineral density (TMD) when 

compared to regions not containing lesions (figure 1-5). In hip OA, Chiba et al. has shown 

a similar relationship for the mineralization, but no significant differences for BV/TV or 

Tb.Th. While these studies have examined relationships between the presence of BMLs 

and local alterations in the bone microarchitecture, they do not examine how the size and 

location of BMLs vary with respect to characteristics of the more distant bone or patient 

demographics.  

A 

Figure 1-5 3D renderings of regions of interest from Hunter et al (2009) that 

were evaluated for the bone microarchitecture properties. 
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Two major hypotheses exist regarding the etiology of BML formation. One 

suggests synovial fluid leaks into the marrow space through subchondral channels that 

form due to cartilage damage, thereby enlarging the marrow space which forms a lesion 

[Landells 1953]. Another hypothesis suggests that articular cartilage deterioration leads to 

uneven loading, causing microfractures within the trabecular bone that enlarge over time 

due to increased stress [Freund 1940]. 

To date, very few studies have examined the location of BMLs in relation to size 

in osteoarthritic femoral heads, with most studies focusing on the knee. While some studies 

have noted the location of cysts, they did so qualitatively, defining the location as 

subchondral or basal, thus recognizing that cysts can differ in location [Tumerzei 2014]. 

Other studies have examined the size of cysts in µCT, but only correlated size to bone 

microstructure properties [Chiba 2012]. 

Objectives of this Thesis Project 

 The role of BMLs in OA along with mechanical properties of OA femoral heads 

are the primary focus of this thesis. The objectives are: 

a) To evaluate the size and location of BMLs for the purposes of establishing 

relationships with trabecular bone morphology and patient demographics. 

b) To determine nano-scale moduli of different types of bone tissue in OA hips 
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CHAPTER 2: µCT ANALYSIS OF BMLS 

INTRODUCTION 

BMLs have recently linked with the progression OA and more importantly with 

pain in OA. Among OA patients, women present with greater pain than do men, but the 

sex-related differences in BMLs have not been reported [Fillingim 2009]. Similarly, the 

relationships of BMLs to other risk factors such as age, weight, and tobacco use are not 

well understood [Lawrence 2009]. Without quantitative methods to characterize the 

BMLs, it is difficult to determine how important osteoarthritic factors such as cartilage 

loss and thickening of the bone trabeculae might be related to the spatial and volumetric 

distribution of lesions within the femoral head. Investigating the concomitant relationship 

between OA and bone marrow lesions is an important step in advancing the 

understanding of OA etiology.  

The presence of BMLs is generally shown in the subchondral bone, and for this 

reason, BMLs are often referred to as subchondral bone cysts (SBCs). Many studies of 

SBCs have been in the knee, and it is unknown whether the presentation of the cysts is 

different in the hip [Dore 2010, Hunter 2009]. A previous study of SBCs in the hip using 

synchrotron radiation micro-computed tomography (µCT) has shown evidence for high 

bone turnover in the subchondral bone surrounding the cysts, but fails to examine bone 

located distant from the cysts [Chiba 2012]. As the subchondral trabecular bone plays a 

critical role in distributing forces from the joint surface to the rest of the bone, the 

increase in density associated with OA may alter the nature of load transfer and, in 

particular, may reduce the amount of strain energy that is stored and/or dissipated within 
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the subchondral bone. However, it is unknown if the bone compensates elsewhere in the 

trabecular compartment.  

This study aims to quantify the size and location of the lesions in order to 

characterize the cysts for the purpose of identifying correlations with bone 

microarchitecture and better understanding relationships between cysts and patient 

demographics. Additionally, the study investigates the relationship between spatial 

location and size to provide insight on the formation and pathology of the cysts. Finally, 

this study aims to quantify the changes in load-bearing capability of the femoral head in 

relation with the cyst characteristics. 

 

METHODS 

Imaging and Image Processing 

Femoral heads were scanned using a µCT imaging system (SCANCO medical 

µCT 80) with a nominal resolution of 30µm per voxel at 70mV and 113mA with an 

integration time of 800ms. Scans were performed in air in order to visualize the articular 

cartilage.  
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An algorithm was applied to the scanned set of images that had been adapted from 

that used by Chiba et al. (2011). Because the image set is so large, the scans needed to be 

scaled down by a factor of two before applying the algorithm leading to a nominal 

resolution of 60 µm/voxel. The algorithm involved segmenting the image with a 

threshold of 15.5% of the maximum intensity as determined by adaptive thresholding. 

From the segmentation, a script in IPL (SCANCO Medical) determined the local value of 

trabecular thickness by determining at each point along the skeletonized version of the 

segmented trabecular structure the diameter of the largest sphere that could fit entirely 

within the trabecula [Hildebrand and Ruegsegger 1997]. Voxel with a value less than 150 

µm were then deleted. Afterwards, the segmented image was dilated by 0.48mm and then 

Figure 2-1 shows the steps in order to identify cysts. A) and B) show the 

segmentation and deletion steps. C) and D) show the dilation and erosion in 

order to close marrow space. E) shows an overlay of what is labeled as a cyst 

after the algorithm with the gray material being the cysts. F) shows an overlay 

after manual deletion of non-cysts. 

A B 

E D 
F 

C 
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eroded by the same amount. The dilatation and erosion closes any marrow space less than 

0.96mm in diameter, so the smallest labeled lesion must have a diameter greater than 

0.96mm (figure 2-1). The lesions were then manually selected based on their size and 

presence of sclerotic bone in a 3D visualization program (Amira) in order to exclude false 

positives.  

Adaptive thresholding was performed again for each sample image with a new 

greyscale inclusion threshold of 5% of the maximum intensity in order to create a mask 

containing only the articular cartilage layer (See figure 2-2). Cartilage masks were then 

manually edited to remove non-cartilaginous soft tissues and points of ligament 

attachment (e.g., fovea region). Following the obtainment of cartilage masks, a 

SCANCO-based bone morphology algorithm was used to generate three-dimensional 

cartilage thickness maps for each femoral head sample. The cartilage thickness maps and 

cyst images were then concatenated to investigate the spatial relationship between cyst 

occurrence and cartilage thinning (figure 2-3).  

Figure 2-2  Cartilage profile acquisition process shown for one slice of a femoral 

head sample. Image A) demonstrates the overlaying of the exclusive cortical bone 

contour (inner green contour) and the inclusive articular cartilage contour (outer 

green contour). In image B), excluded image data is represented in blue and 

included data is shown in black.  
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Measurements 

The size of a lesion was quantified based on the number of voxels the lesion 

contains. The lesions were categorized by size into three groups based on order of 

magnitude. Small lesions had a volume of less than 10mm3, medium lesions had a 

volume between 10mm3 and 100mm3, and large lesions had a volume of more than 

100mm3. In addition to pooling all the cyst data together, the medium and large cysts 

characteristics were also examined, as many of the small cysts could be false positives 

due to inadequate closing of marrow space. The location was quantified using a spherical 

coordinate system in which the origin is the center of the best-fit sphere to the cortical 

Figure 2-3. Concatenation procedure for determining the relationship between 

cartilage thickness and cyst presence. A cartilage thickness heatmap (A) is 

overlaid with an image of the cysts for the corresponding sample (B). 

A B 
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shell (figure 2-4).  In order to standardize the coordinate system, the z-axis was aligned 

with the principal direction of the primary compressive group. Lesion depth was defined 

using two different metrics. One was minimum depth, which is the minimum 

Figure 2-4. A cross section overlaying the best fit sphere (in red) with a 

segmented image of the bone and labelled cysts. 

 

Figure 2-5 A) 3-D representation of minimum depth, with all values of zero labelled 

black. B) 3-D representation of the centroid depth. 

A B 
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displacement vector between the surface of a lesion and the cortical shell (figure 2-5A). 

The second was the centroid depth, determined by the difference in radius between the 

centroid of a given lesion and the cortical shell along the same polar and azimuth angles 

(figure 2-5B). Calculation of the spherical coordinate system and determination of lesion 

depth was performed using MATLAB (Mathworks, Natick, MA, USA).  

The principal direction was identified in the µCT images by using the mean 

intercept length method to compute the fabric tensor, and defining the eigenvector 

associated with the largest fabric eigenvalue as the principal direction [Whitehouse 

1974].  After rotating the scans to align with the principal direction, a cylindrical mask 

containing the primary compressive group with a diameter of 8mm and a height of 10-

14mm parallel to the principal direction was identified. Each cylinder was used as a 

volume of interest (VOI) for bone morphology, determining values such as mean 

Figure 2-6 A) Primary compressive region in the femoral head. The diameter of 

the selected cylinder was 8mm [Tanck 2009] B) Three-dimensional, voxel based, 

reconstruction of a primary compressive group core. 

A B 
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trabecular thickness (Tb.Th), BV/TV, and tissue mineral density (TMD) etc. as done by 

Tanck et al (figure 2-6). 

A second VOI containing bone that is 0.5mm away from the surface of the cyst, 

referred to as the peri-cyst region is also used for bone morphological evaluation. The 

peri-cyst VOI is obtained by generating a mask from the identified cysts, dilating the 

mask by 0.5mm, excluding any area outside the femoral head and any area identified as 

part of a cyst (figure 2-7). 

Finite Element Simulation 

 The cylindrical core VOI was also used in a linear finite element (FE) simulation 

(Abaqus FEA, Dassault Systemes, Vélizy-Villacoublay, France). The mesh for the FE 

simulation was voxel-based, with every voxel from the core defined as a hexahedral 

element. Due to computing power constraints, the cores were cropped to 10mm in height, 

but maintaining the same diameter. Unconnected regions of trabeculae within the cores 

Figure 2-7 A) A two-dimensional slice of a µCT image with the peri-cyst region 

within the green contours B) A three-dimensional representation of the bone in 

the peri-cyst region that is outlined in A. 



19 

 

 

were deleted. A tissue modulus of 18 GPa for trabecular bone was used in the simulation; 

however, because the simulation was fully linear, the apparent modulus can be scaled 

linearly. An apparent strain of 0.01 was applied for the simulation. All computing was 

done on the Boston University Shared Computing Cluster (Holyoke, MA, USA). From 

the simulation results (figure 2-8), the reaction forces at the ends of the core were 

summed and this sum was divided by the entire cross-sectional area to obtain the 

apparent stress. The apparent modulus was then calculated from the apparent stress and 

strain. 

 

  

Figure 2-8. An example of the cylindrical core FE 

simulation. In this case, the displacement 

corresponds to a heat map (not shown). 
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Results 

Cyst Characteristics 

 Cyst characteristics are correlated with the metrics relating to patient weight. CV 

is positively correlated with patient weight (ρ=0.5522, p=0.0019), while CV/TV is 

negatively correlated with patient BMI (ρ=-0.3763, p=0.0404). No correlations are found 

between any cyst characteristics and patient age, race, sex, or smoking status (p>0.0513). 

The size and number of cysts are correlated with the density of the peri-cyst bone 

but less so with the microarchitecture of the cylindrical core (Table 2-1). Peri-cyst 

BV/TV is positively correlated with CV (ρ=0.3984, p=0.0264), CV/TV (ρ=0.4073, 

p=0.0255; figure 2-9A), and Cyst.N (ρ=0.3825, p=0.0337; figure 2-9B). Peri-cyst BMD 

is positively correlated with CV/TV (ρ=0.362, p=0.0494) and Cyst.N (ρ=0.4245, 

p=0.0173). However, CV/TV and Cyst.N are not correlated with one another (ρ=0.1018, 

p=0.5924). DA is the only feature of the cylindrical core that iss associated with cyst 

characteristics:  DA is positively correlated with CV (ρ=0.3996, p=0.0404), CV/TV 

(ρ=0.3802, p=0.0382), and Cyst.N (ρ=0.3922, p=0.0291). Additionally, while peri-cyst 

BV/TV and peri-cyst BMD are correlated (ρ=0.9770, p<0.0001), DA is not correlated 

with either (ρ=0.2782, p=0.1296; ρ=0.3206, p=0.0787 respectively).  

 

  



21 

 

 

Table 2-1 Matrix of correlations Spearman’s ρ and p-values are displayed (ρ, p-value)  

 Peri-Cyst 

BV/TV 

Peri-Cyst 

BMD 
CV CV/TV DA Cyst.N BMI Weight 

Peri-Cyst 

BV/TV 

— 0.9770, 

<0.0001 

0.3984, 

0.0264 
0.4073, 

0.0255 

0.2782, 

0.1296 
0.3825, 

0.0337 

-0.0258, 

0.8904 

0.0189, 

0.9210 

Peri-Cyst 

BMD 

 
— 0.3440, 

0.0581 
0.3620, 

0.0494 

0.3206, 

0.0787 
0.4245, 

0.0173 

-0.0327, 

0.8615 

-0.0541, 

0.7766 

CV 
  

— 0.9497, 

<0.0001 

0.3996, 

0.0259 

0.1262, 

0.4989 

-0.3126, 

0.0869 

-0.0541, 

0.7766 

CV/TV 
   

— 0.3802, 

0.0382 

0.1018, 

0.5924 
-0.3763, 

0.0404 

-0.1995, 

0.2995 

DA 
    

— 0.3922, 

0.0291 

-0.3055, 

0.0947 

-0.3290, 

0.0758 

Cyst.N 
     

— 0.0045, 

0.9807 

-0.0091, 

0.9618 

BMI 
      

— 0.7906, 

<0.001 

Weight 
       

— 
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When comparing average depths in figure 2-10 medium-sized cysts (>10mm3, <100mm3) 

has a lower centroid depth (p=0.0014) and a higher minimum depth (p=0.0009) when 

compared to large cysts (>100mm3). Only very weak correlations are observed between 

cyst size and centroid depth (ρ=0.1845, p<0.0001; Figure 2-11A) and cysts size and 

minimum depth (ρ=-0.1498, p<0.0001; Figure 2-11B). However, when the cysts are 

grouped by size, the size of the large cysts is correlated with both minimum and centroid 

depth (ρ=-0.3675, p=0.0049; ρ=0.3961, p=0.0023; table 2-2). 
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Table 2-2 Spearman’s rho correlations with significance values between centroid depth of 

a cyst and the cyst volume, broken up into the three categories (orders of magnitude) 

Variable By Variable n ρ p-value 

Centroid Depth 

All Cysts Volume 822 0.1845 <0.0001 

Small Cysts Volume 586 0.0417 0.3140 

Medium Cysts Volume 179 0.1271 0.0900 

Large Cysts Volume 57 0.3961 0.0023 

Minimum depth 

All Cysts Volume 822 -0.1498 <0.0001 

Small Cysts Volume 586 -0.0574 0.1654 

Medium Cysts Volume 179 -0.0404 0.5917 

Large Cysts Volume 57 -0.3673 0.0049 

 

Bone Microarchitecture 

 Table 2-3 summarizes select data on the microarchitecture of the cylindrical 

cores, characteristics of the cysts, and density of the peri-cyst regions, for both sexes 

combined and for men and women separately. Differences are found between sexes in six 

of the variables:  BV/TV (p=0.0090), BMD (p=0.0096), Tb.Th (p=0.0012), peri-cyst 

BV/TV (p=0.0363), and peri-cyst BMD (p=0.0203) are higher, and SMI is lower 

A B

 

Figure 2-11 Semilog plots of volume against minimum depth and centroid 

depth show negative and positive correlations respectively (A. ρ=-0.1409, 

p<0.0001 B. ρ=0.1845, p<0.0001). Breakdown of the plots by size (small, 

medium, and large) is described in table 2-2. 
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(p=0.0113), in women than in men. None of the cyst characteristics differ between the 

two sexes. 

Table 2-3 Descriptive statistics of bone and cyst characteristics for males and females 

displayed as mean ± standard deviation. Lines in bold indicate a significant difference 

between males and females α<0.05. 

 Females (n=18) 

Males 

(n=13) 

Pooled 

(n=31) 

p-value 

Age (years) 61.39±10.31 59.46±11.51 60.58±10.69 0.3142 

BV/TV (%) 0.42±0.09 0.35±0.08 0.39± 0.09 0.0090 

BMD (mgHA/ccm) 263.3±46.2 222.6±43.5 246.3±48.8 0.0096 

TMD (mgHA/ccm) 539.8±47.0 543.6±40.4 541.4±43.7 0.4059 

SMI -0.84±0.91 -0.09±0.77 -0.53±0.92 0.0113 

Tb.Th (mm) 0.24±0.05 0.19±0.03 0.22±0.05 0.0012 

Tb.N (1/mm) 1.77±0.20 1.85±0.18 1.80±0.19 0.1307 

Cyst.N 28.83±11.06 23.00±19.62 26.39±15.22 0.1501 

CV (mm3) 2060±1580 1850±2160 1970±1810 0.3829 

Peri Cyst BV/TV (%) 0.52±0.13 0.44±0.11 0.48±0.12 0.0363 

Peri Cyst BMD (mgHA/ccm) 331.0±62.8 282.4±61.5 310.6±65.9 0.0203 

Peri Cyst TMD (mgHA/ccm) 580.78±31.1 573.6±34.1 577.8±32.0 0.2750 

 

Table 2-4 Bone density properties compared between blacks and whites with p 

values. The bolded lines indicate significant differences with α<0.05. 

 Black 

(n=14) 

White 

(n=13) 

p-value 

BV/TV (%) 0.42±0.37 0.37±0.10 0.0720 

BMD (mgHA/ccm) 259.66±239.81 239.81±57.69 0.1580 

TMD (mgHA/ccm) 523.32±555.46 555.46±38.77 0.0325 

Peri BV/TV (%) 0.58± 0.39 0.39± 0.09 <0.0001 

Peri BMD (mgHA/ccm) 359.85±261.96 261.96±52.75 <0.0001 

Peri TMD (mgHA/ccm) 570.03±588.29 588.29±34.93 0.0682 

 

 Table 2-4 summarizes the bone density properties between the two races with the 

largest number of patients:  Black and non-Hispanic Caucasian. The former has higher 

peri-cyst BV/TV (p<0.0001) and peri-cyst BMD (p<0.0001) but lower TMD (p=0.0325). 

Interestingly, the difference in TMD is not found in the peri-cyst region (p=0.0682), and 
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the differences in BV/TV (p=0.0720) and BMD (p=0.1580) are not found in the 

cylindrical core. Other core microstructure properties are not different between the two 

races (p>0.0877). 

Table 2-5 Comparisons of BV/TV and Tb/Th values from cadaver and OA studies found in 

the literature. The p-values are calculated from the mean, standard deviation and number 

of samples 

  N BV/TV (%) p-value Tb.Th (mm) p-value 

Hildebrand 1999 Cadaver 52 0.261±0.078 <0.0001 0.194±0.033 0.0128 

Morgan 2003 Cadaver 27 0.268±0.062 <0.0001 - - 

Tassani 2011 Cadaver 30 0.238±0.088 <0.0001 0.256±0.061 0.0005 

Tassani 2011 OA 30 0.288±0.075 <0.0001 0.258±0.035 0.0062 

Li 2012 OA 10 0.260±0.060 <0.0001 0.206±0.047 0.2468 

Tanck 2009 OA 7 0.320±0.070 0.0147 0.290±0.040 0.0001 

This Study OA 31 0.391±0.091 - 0.218±0.053 - 

  

With regards to patient metrics, the only correlations observed are of TMD with 

age (ρ=0.4141, p=0.0206) and DA with age (ρ=0.5911, p=0.0005). Additionally, no 

differences in bone microarchitecture are found between smokers and non-smokers 

(p>0.0995). Smokers are defined as those who have a history of smoking or current 

smokers. 

 Measures of bone density (BV/TV, BMD, and TMD) in the cylindrical core are 

compared to those in the peri-cyst region (figure 2-12). All three of these density 

measures are higher in the peri-cyst region (p<0.0001). TMD in the core correlates 

positively with peri-cyst TMD (ρ=0.6798, p<0.0001). The core region BV/TV and Tb.Th 

is also compared to values found in the literature in the femoral head for both non-OA 

cadavers and in OA donors [Hildebrand 1999, Tassani 2011, Li 2012, Tanck 2009]. As 

seen in table 2-5, the BV/TV is greater than values found in the literature (p<0.0147). 
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Modulus of the Cylindrical Core  

  The modulus of the primary compressive group is not correlated with any of the 

cyst characteristics or patient demographics (p>0.0803). However, the modulus is 

correlated with BV/TV  (ρ=0.7894, p<0.0001) and showed a different relationship 

A 

B

 

C 

Figure 2-12 Bone microarchitecture properties of the 

cylindrical core (blue) and the peri cyst region (red). *p<0.0001 

* 

* 

* 
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between modulus and BV/TV (𝐸 = 15100 ∗ [
𝐵𝑉

𝑇𝑉
]

1.437

) when compared to values from 

the literature (𝐸 = 19100 ∗ [
𝐵𝑉

𝑇𝑉
]

1.437

) (figure 2-13) [Morgan 2003]. 

 

Cartilage and Histological Analysis 

 Average cartilage thickness is not correlated with any of the bone 

microarchitecture properties or cyst characteristics (p>0.1100). However, qualitative 

observations from 3D renderings such as figure 2-14 of the cysts with the cartilage profile 

indicate that lesions are located near regions where total or near total loss of cartilage has 

Figure 2-13 Modulus and BV/V relationships based on apparent modulus 

calculated from FE simulations. Current data fit is 𝑬 = 𝟏𝟓𝟏𝟎𝟎 ∗ [
𝑩𝑽

𝑻𝑽
]

𝟏.𝟒𝟑𝟕
 while 

Morgan 2003 data fit is 𝑬 = 𝟏𝟗𝟏𝟎𝟎 ∗ [
𝑩𝑽

𝑻𝑽
]

𝟏.𝟒𝟑𝟕
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occurred. This is congruent with histological analysis using a Saf-O/Fast Green stain 

(figure 2-15). 

  A 

C D 

B 

Figure 2-14 Labelled cysts in black overlayed with the cartilage profile for four 

representative samples A) 50-year-old female B) 50-year-old male C) 59-year-old female 

and D) 56-year-old male 
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Discussion 

The goal of this study was to quantify cyst characteristics such as size and depth 

in order to investigate if either metric is associated with alterations in local and distant 

bone microarchitecture along with patient characteristics. Spatial distributions of lesions 

are generated in order to visualize predominant regions of lesion formation. Furthermore, 

lesion location data is used in conjunction with lesion volumetric data and morphological 

data from compressive regions of the femoral heads to investigate the ways in which 

patient demographics, cartilage degradation, and mechanical properties of the femoral 

head might be related to characteristics of bone lesions. 

 When comparing female to male samples, it is found that females had higher 

BV/TV, BMD, and Tb.Th. A prior study has shown that in healthy young samples, age 

range 20-29, that generally, BV/TV and Tb.Th are higher in males vs. females as 

measured by HR-pQCT at the distal tibia [Kholsha 2006]. These relationships appear to 

Figure 2-15 Representative Saf-O/Fast 

Green stain of a section containing a 

femoral head. Red coloring is indicative of 

cartilage. Arrow indicates a cyst. 
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remain the same in elderly non-OA samples [Sode 2010]. As sex differences in bone 

microarchitecture are heterogeneous throughout the skeleton, it is important to compare 

with the same anatomic location. In the femoral head, Crane et al. (1990) showed no sex-

related differences in BV/TV of healthy samples. Additionally, Perilli et al. (2007) found 

no sex-related differences in any bone microarchitecture properties when examining OA 

femoral heads. The data presented here contradicts the findings of Perilli et al., agreeing, 

in part, with Li et al. (2015) who showed that Tb.Th was higher in females when 

compared to males in OA samples. However, Li et al. did not find a difference in BV/TV 

between the two sexes.  

 Additionally, when comparing samples from Blacks and non-Hispanic Caucasian 

patients, the former has a higher peri-cyst BV/TV and peri-cyst BMD, which are 

indicative of a greater degree of sclerosis. Interestingly though, the other density 

parameters for bone are not different. These findings are in contrast to prior studies that 

have shown consistently that BV/TV and BMD [George 2004, Cauley 2005]. 

 In all cases, peri-cyst bone is shown to be denser than bone in the primary 

compressive group. This difference is notable, because the density of the primary 

compressive group is the highest that has been reported among multiple sites within the 

skeleton [Morgan 2003]. Chiba et al (2011) did not note a difference between BV/TV 

within 0.5mm of a cyst and all other trabecular bone in the entire femoral head. However, 

Chiba et al (2011) examined a core of the femoral head that contained cysts for their 

analysis, whereas this study compared a region containing no cysts with the bone 

immediately surrounding cysts. Additionally, the peri-cyst BV/TV is correlated with the 
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Cyst.N, CV, and CV/TV. These correlations suggest that the progress of cyst formation 

and growth is associated with increasing sclerosis of the surrounding bone. Of note is that 

Cyst.N and CV/TV are not correlated, providing no evidence that a link between the two 

could be causing the change in peri-cyst bone density. In a later study by Chiba et al. 

(2014), a correlation between the subchondral BV/TV and number of bone cysts 

normalized by total subchondral bone volume with CV was found, albeit with much 

stronger correlations (ρ=0.79 and ρ=0.82 respectively). Both the results found by Chiba 

et al. (2014) and found here would indicate that there is large degree of sclerosis, perhaps 

resulting from elevated bone remodeling in the trabecular bone surrounding the cysts. 

No evidence is found of correlations between cyst characteristics and the 

microarchitecture of the more distant bone of the primary compressive group. 

Furthermore, given that the peri-cyst bone is significantly higher in BV/TV, BMD, and 

TMD than the compressive group bone, this would indicate that the response is localized 

to the cysts as opposed to a systemic response. 

Comparing the data of the primary compressive group presented here with data 

from the literature for both OA and healthy samples indicates the samples in this study 

have higher BV/TV and Tb.Th [Hildebrand 1999, Tassani 2011, Li 2012, Tanck 2009]. 

Tassani et al. (2011) showed a difference between the control and OA, while Hildebrand 

(1999) examined only healthy samples; Li and Tanck examined OA samples. While the 

OA samples were all cores of the primary compressive group, the authors did not 

mention presence of cysts within the core, whereas this study uses a VOI distant from 

cysts. It is possible that within the cores used for the OA studies, cysts are present, which 
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would lower the BV/TV. Additionally, as this study shows increased sclerosis 

surrounding these cysts, the OA studies’ measurements of Tb.Th could be altered as well. 

 While correlations are found between cyst depth – both centroid and absolute – 

and cyst volume, the Spearman’s ρ values were too low to be meaningful. However when 

the cysts are sorted by size, a stronger correlation exists when examining the large cysts. 

Large cyst size is positively correlated with centroid depth and negatively correlated with 

minimum depth, when taken together with the fact that medium cysts have a lower 

centroid depth but higher minimum depth, indicates cysts may expand radially (with 

respect to the spherical coordinate system) as opposed to spreading outward (i.e. 

tangential to the subchondral boundary). 

 The lack of correlations between most of the properties of the primary 

compressive group (including stiffness) and the cyst and peri-cyst characteristics suggests 

no marked compensation by the major load-bearing region of the femoral head for the 

presence of cysts. However, as the BV/TV is elevated when compared to known healthy 

femoral heads, there is evidence for increased systemic bone remodeling that is 

particularly pronounced in the peri-cyst region. One aspect that is not taken into 

consideration for the stiffness is how elastic modulus of trabecular bone can vary from 

donor to donor, whereas the current stiffness of the compressive group assumes the same 

material properties. Measuring the donor-specific moduli would allow scaling of the 

linear FE model to get a more accurate measure of stiffness for the primary compressive 

group. 
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 There are many limitations to this study. One major limitation is the lack of 

control samples for comparison against the OA samples. Having control samples would 

provide a point of reference for bone microarchitecture properties in both the primary 

compressive group and in the subchondral bone region where most of the cysts are 

located. Another limitation is the lack of quantitative measures on an individual cyst 

basis, for example, there is no quantification of a relationship between a given cyst’s 

depth and the peri-cyst bone density measurement for that specific cyst. 

 This study characterized the size and location of cysts, which revealed different 

relationships not found currently in the literature. Overall, there was evidence of a local 

response in bone microarchitecture to the size of the cysts, while finding no evidence to 

support a relationship between a systemic response and cyst characteristics. Additionally, 

cyst features were not associated with many clinical risk factors for OA. Further study of 

these cysts is necessary to identify their relationship with the symptoms and causes of 

OA. 
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CHAPTER 3: NANOINDENTATION 

Introduction 

 Measuring the structure and physical properties of bone over different length 

scales is important for understanding how bone responds to loads. The elastic properties 

of bone at the microscale differ from those measured at the bulk scale [Bayraktar 2004]. 

Additionally, the material properties of bone tissue are anisotropic at multiple length 

scales, further complicating the disparity between the macroscale and microscale level of 

measurement of bone [Paietta 2011]. Nanoindentation methods have been used to 

measure the mechanical properties of bone at the micrometer scale, which is relevant for 

tissue level features such as the lamellae in trabecular bone and osteons in the cortical 

bone [Rho 1999, Zysset 1998]. Nanoindentation is a multiaxial test that measures 

hardness and elastic modulus at small length scales.  

In nanoindentation testing, a probe, in this case, a Berkovich tip, is loaded onto 

the sample, inducing plastic deformation. Oftentimes there will be a hold period at the 

maximum load or displacement to account for viscoelastic effects [Olesiak 2010]. After 

the maximum load, the tip is unloaded. During the loading step, deformation is assumed 

to be both plastic and elastic, while this initial unloading response is assumed to be elastic 

only. The load (P) and displacement (h) are measured at all points during testing, to 

obtain a load-displacement curve (figure 3-1).  The main quantities obtained from the 

load-displacement curve are the maximum load (Pmax) , maximum displacement (hmax), 

and unloading stiffness (S), which is the slope of the unloading curve at the beginning of 

unloading (eq. 3.1).  
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𝑆 =

𝑑𝑃

𝑑ℎ
 

 (3.1) 

 The relationship between elastic modulus and unloading stiffness is governed by 

the following equation: 

 
𝑆 = 𝛽

2

√𝜋
𝐸𝑒𝑓𝑓√𝐴 

(3.2) 

where β is a dimensionless correction factor, A is the contact area between the tip and the 

sample, and Eeff is the effective modulus. The parameter β compensates for asymmetry of 

the probe shape, which causes variation in the stiffness measurement. For a pyramidal 

Berkovich tip, FE simulations have shown that β depends on the Poisson’s ratio (ν) of the 

material with the relation: 

Figure 3-1 shows a typical load-displacement curve with the three important 

quantities labelled. [Oliver and Pharr 2004] 
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 𝛽 = 1.2304(1 − 0.21𝜈 − 0.01𝜈2 − 0.41𝜈3) 

 

(3.3) 

Now that the effective modulus can be calculated, the Young’s modulus can be 

determined as 

 1

𝐸𝑒𝑓𝑓
=

1 − 𝜈2

𝐸
+

1 − 𝜈𝑖
2

𝐸𝑖
 

(3.4) 

 

where E and ν are the elastic modulus and Poisson’s ratio of the material respectively, 

and Ei and νi are the elastic modulus and Poisson’s ratio of the indenter respectively. 

When using equations 3.3 and 3.4, Ei and νi are known, and a Poisson’s ratio for the 

material is assumed. 

 While nanoindentation has been used to study bone and mineralized tissue, few 

studies have examined the tissue properties in OA bone. As OA is associated with altered 

bone metabolism, the possibility exists that tissue mechanical properties such as Young’s 

modulus are different from a healthy population. Additionally, the results from the 

nanoindentation can be used to estimate donor specific moduli within trabecular bone, 

which can be used as a material property in the FE simulation experiments described 

earlier. This would lead to a more accurate evaluation of load-bearing capabilities. 

Nanoindentation of OA bone will help better understand how the disease affects the 

mechanical properties. This chapter aims to study the tissue material properties within 

OA femoral necks.  
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Methods 

Sample Preparation 

 In addition to the femoral head samples collected from total hip replacement 

surgeries, wedges from the femoral neck were collected as well. In this pilot study, 

femoral necks from four patients were used for nanoindentation. The femoral necks were 

first histologically dehydrated using a series of ethanol and acetone solutions. After 

dehydration, the necks were embedded in poly(methyl) methacrylate (PMMA) beginning 

with immersion in less viscous PMMA solutions to infiltrate the marrow space, 

culminating in polymerization of a PMMA solution. Embedding the sections was 

necessary for a few reasons. The first was to provide a surface for polishing to reduce 

surface roughness, which can artificially decrease the measured stiffness of the material. 

The second was to provide support to the trabecular beams so that the indenter is not 

performing bend tests on the trabeculae. Finally, the PMMA filled the displaced marrow 

space, eliminating any additional compliance due to the tip moving into the material 

through compacting the mineralized tissue.  

In order to speed up the polymerization process, the liquid monomer solutions 

were degassed using a freeze-pump-thaw cycle. In this cycle, the monomer solution was 

frozen using liquid nitrogen, trapping the dissolved gasses. The gas in the head space was 

then vacuumed out. Henry’s law of partial pressures dictates that, upon thawing, the 

dissolved gasses in the liquid monomer will leave the liquid. The cycle was repeated until 

few bubbles were observed to dissipate upon the thaw cycle. The degassing process 

decreased polymerization time because oxygen is an inhibitor for free radical 
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polymerization. 

After being embedded in the PMMA, the samples were sectioned into 2.5mm-

thick slides using a diamond blade saw (Buehler Isomet-4000). The number of sections 

per sample ranged from two to seven per sample depending on the thickness of the 

femoral neck sample. After sectioning, the sections were polished to a 0.05μm roughness 

using a series of sandpaper and alumina suspensions.  

 

Indentation Process 

Nanoindentation was performed using a TI-900 TriboIndentor (Hysitron Inc., 

Minneapolis, Minnesota) with the PMMA sections fastened to the stage using spring 

clips. All tests were performed with Berkovich tip (nominal radius of 100 nm) in order to 

determine elastic modulus. The tip-area function and indenter stiffness were calibrated by 

indenting on fused quartz with known modulus, and fitting to a multiple test model 

[Bushby and Jennett 2001]. All indents used a load-control method with a trapezoidal 

load curve with a loading rate of 100μN/s, a maximum load of 500μN, and a hold period 

of 30s (figure 3-2).  Every sample was indented using twelve different arrays (25 or 36 

indents per array, 5μm spacing between indents) across three different tissue types – 

trabecular, cortical and periosteal. Six arrays were placed in trabecular bone, due to the 

known high variability in the tissue modulus. The indent sites for trabecular bone were 

split into three at the edge of the trabecular-cortical transition, and three in the middle of 

the trabecular compartment. Cortical bone and periosteal bone were indented on using 

three arrays each. Cortical bone was chosen as the woven bone on the inner layer, while 
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periosteal bone was identified as the bone with higher porosity on the outer layer near the 

periosteum.  
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Figure 3-2 The trapezoidal load control function used for all indentation 

tests. 
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Figure 3-3: Piezo imaging with topography (left column) and gradient (middle column) 

and optical imaging (right column) of the different tissue types. A-C: Cortical, D-F: 

Periosteal, G-I: Trabecular. Edge lengths are 30µm for the left and middle column. 
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Figure 3-4: Piezo imaging of a different donor than figure 3-3 with topography (left 

column) and gradient (middle column) and optical imaging (right column) of the 

different tissue types. A-C: Cortical, D-F: Periosteal, G-I: Trabecular. Edge lengths are 

30µm for the left and middle column. 
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Prior to indenting at a site, both optical imaging and piezo imaging were 

performed to identify the tissue type and to verify the array would be positioned on the 

tissue of interest (figures 3-3, 3-4). The piezo imaging was also performed on each array 

after indentation. An additional array on the PMMA was performed for every section in 

order to determine a baseline modulus. 

Data Analysis 

 Outlier curves were discarded from the data sets. Criteria for outliers included any 

curves that displayed a negative displacement during the hold period, indicating high drift 

during testing. Additionally, any curves that had lower modulus values when compared to 

the PMMA were discarded as well. This resulted in a different number of valid curves per 

array. For the valid curves, a second order polynomial was fit to the first 45% of the 

unloading portion on the load displacement curve to determine the unloading stiffness 

[Oliver and Pharr 1992]. 

 Repeated-measures analyses of variance (ANOVAs) (JMP 12.0, SAS Institute 

Inc., Cary, NC) were used to determine the dependence of each tissue type on donor and 

indentation site. The data were grouped by donor as well as by tissue type. 
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Results 

 The means of tissue moduli for different tissue types when controlling for donor 

and indentation site is shown in table 3-1 with the standard deviation. 

Table 3-1 Indentation moduli for three tissue types in the femoral neck 

 Tissue Type 

 Cortical Periosteal Trabecular 

Least Square Mean (GPa) 12.735 11.360 13.518 
Standard Deviation (GPa) 7.771 6.768 4.890 

  

 

While the moduli were significantly different (p < 0.0001) across tissue types when 

examining the pooled data, the magnitude of the difference in means among tissue types 

is less than 2.2 GPa. Notably, the trabecular indentation modulus is higher than the 

cortical indentation modulus. Part of the small difference in magnitude can be attributed 

to the high variance between indentation modulus across donors (figure 3-5).  

Additionally, the minimum and maximum indentation moduli differed within a tissue 

type across samples (table 3-2). The overall distribution per tissue type for all samples 

(figure 3-6) is skewed to the left for both periosteal and cortical. 

 

 

Table 3-2 Minimum and maximum indentation moduli across the four samples for the 

three tissue types 

 52 M 50 F 49 F 59 F 

 Min Max Min Max Min Max Min Max 

Cortical (GPa) 4.32 32.36 2.87 6.346 6.84 21.98 12.73 30.34 

Periosteal (GPa) 2.86 9.17 1.84 14.47 6.00 18.57 11.32 33.13 

Trabecular (GPa) 4.95 22.59 3.69 22.55 5.44 22.89 6.37 32.32 
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The number of indents varied per indentation site due to drift resulting in negative 

displacements. The mean of the indents at each site, and number of indents per site can be 

found in table 3-3. 

 

 

 

 

 

 

 

Figure 3-5: Normalized distributions 

for all indentation sites per donor for 

the different tissue types A) Cortical, 

B) Periosteal, C) Trabecular. Bins 

are 0.5 GPa wide.  

A B 
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Table 3-3 Number of indents and indentation modulus for every array reported as mean 

± standard deviation 

Cortical Modulus (GPa) 

52 M 50 F 49 F 59 F 

N=11 5.143±0.621 N=22 4.370±0.640 N=19 13.029±1.751 N=33 22.451±2.753 

N=19 7.674±0.753 N=21 4.967±0.887 N=23 14.145±3.689 N=22 21.437±1.975 

N=25 25.586±3.323 N=24 3.715±0.470 N=27 11.969±2.644 N=23 18.335±2.249 

Periosteal Modulus (GPa) 

52 M 50 F 49 F 59 F 

N=11 7.298±1.148 N=22 3.476±0.962 N=18 12.976±2.360 N=33 23.801±2.767 

N=20 4.780±0.392 N=24 9.792±2.109 N=21 12.555±2.058 N=32 23.226±4.295 

N=23 3.927±0.773 N=22 9.472±1.662 N=22 9.472±1.662 N=25 15.541±2.075 

Trabecular Modulus (GPa) 

52 M 50 F 49 F 59 F 

N=13 7.355±0.830 N=21 4.975±0.686 N=19 14.573±2.892 N=31 18.599±2.468 

N=15 7.988±0.881 N=19 16.006±4.398 N=19 12.924±2.445 N=33 27.164±1.849 

N=20 15.106±3.633 N=19 6.757±0.885 N=14 14.081±1.940 N=33 14.631±2.101 

N=17 6.740±1.076 N=15 11.778±2.330 N=21 13.036±2.925 N=29 9.7723±1.004 

N=23 12.970±2.826 N=20 15.154±3.259 N=30 14.488±3.517 N=21 20.005±2.585 

N=19 16.223±2.874 N=18 13.431±2.978 N=20 12.521±2.780 N=20 18.150±2.609 
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When sorted by donor, only one donor, a 50-year-old female, showed a higher 

trabecular vs. cortical modulus (p<0.0001) (figure 3-7). Within a donor, there are two 

comparisons between tissue types that are not different. One is in the 49-year-old female, 

between trabecular and cortical moduli (p=0.0892) and for the 59-year-old female, 

Figure 3-6 Normalized distributions for the three tissue types A) Cortical, 

B) Periosteal, C) Trabecular. Bins are 0.5 GPa wide. 
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between periosteal and cortical moduli (p=0.3863). Within a given tissue type, 

differences are found between donors, except for between the 50-year-old female and the 

52-year-old male within trabecular modulus (p=0.2047), and between the 49-year-old 

female and the 52-year-old male within cortical bone (p=0.2782). Within a given donor, 

there is a high variance within an indentation site, as well as variability between 

indentation sites (figure 3-8).  

   

 

 

Figure 3-7 A dot plot indentation modulus for a tissue type across samples. Error 

bars represent one standard deviation. Values reported are mean ± standard 

deviation 
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Figure 3-8 A dot plot of average indentation modulus for a tissue type across 

indents within the 50-year-old female. Error bars represent one standard 

deviation.  
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Discussion 

 
 The goal of this pilot study was to characterize the elastic properties of the 

different tissue types within the osteoarthritic femoral neck. The results show a narrow 

range of average moduli for the different tissue types despite the heterogeneity of the 

material present in the femoral neck. However, a wide range of moduli was found within 

a tissue type between donors as well as between indentation sites. 

 To our knowledge, this is the first study to report measurement of different tissue 

types within OA of the hip. A study done by Li et al. (2012) performed nanoindentation 

only on trabecular bone in OA and osteoporotic femoral neck donors finding an elastic 

modulus of 16.0 GPa. The trabecular modulus results in this study do not appear to differ 

substantially from the findings of Li et al., but without the raw data set from the study, it 

is difficult to make a strong conclusion. Another study in OA hips done by Ferguson et 

al. (2003) examined the difference between articular calcified cartilage and subchondral 

bone in femoral heads. The subchondral bone is in a region of primarily woven bone, 

which they found to have moduli of 18.59 GPa for medial and 18.43 GPa for superior 

subchondral bone. These values can be compared to the cortical and periosteal modulus 

values obtained in this study. While the moduli are different between the studies, the 

effects could be due to different anatomic location. Notably, the modulus distribution for 

the Ferguson study is much narrower, ranging from 10 GPa to 30 GPa. The decreased 

moduli and increased range in this study for both cortical and periosteal bone could be 

indicative of increased bone formation in the cortical shell and periosteal region in OA.  
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 Overall there was high variability from donor to donor within a tissue type. 

Although trabecular modulus has the lowest variability, the differences are still found to 

be significant. This could affect the FE simulations from chapter 2, which would result in 

a different apparent modulus. As the simulations are linear elastic, they can be scaled to 

tissue material properties as seen in figure 3-9. 

 While the trabecular modulus is found to be higher than the cortical modulus, the 

magnitude of difference is only 0.783 GPa. Additionally, only one sample has a greater 

trabecular modulus, which skews the results because the trabecular modulus is much 

larger than the cortical modulus for that particular sample. However, in the two cases 

where the cortical modulus is greater than the trabecular modulus for a given sample, the 

Figure 3-9 An updated plot of apparent modulus against BV/TV scaled using 

data from this pilot study. Arrows are indicative of the direction of change. 
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maximum difference is 2.64 GPa. The study done by Zysset et al. (1999) showed that the 

average difference between osteonal (15.8 GPa) and trabecular lamellae (11.4 GPa) 

modulus in the femoral neck is 4.4 GPa, and in all cases the trabecular lamellae have a 

lower modulus. The trabecular modulus seems within range of previously reported values 

both in OA and healthy donors, while the cortical modulus seems to be lower. The 

decreased difference in moduli between trabecular and cortical bone could be indicative 

of higher bone turnover in the cortical shell. 

 Out of the three different tissue types investigated, trabecular bone showed the 

highest variation both between arrays and within an array for a given sample. This has 

been observed in previous studies of indentation of bone [Rho 1998, Zysset 1999]. The 

anisotropy of the tissue could explain some of the variability in measurements between 

arrays. Additionally, heterogeneity within trabeculae, which is thought to arise from a 

higher rate of bone remodeling in trabecular as compared to cortical bone, could also 

affect the modulus measurements within an array. 

 There are several technical limitations to this study. One major limitation is the 

lack of non-OA controls to use for a comparison of tissue moduli in OA vs. non-OA 

bone. Also, given the high variability between samples in indentation moduli, the low 

number of samples makes it difficult to generalize the results to the general population. 

Future work will examine additional samples to better represent the general population. 

This study also did not examine how location of donor site (proximally/distally) varied 

between the samples as others have shown load sharing differs depending on spatial 

location [Nawathe 2015]. Additionally, this study did not investigate the dependence on 
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anisotropy of the microstructural components, indenting primarily on longitudinal 

trabeculae, and not noting the difference between osteons and interstitial lamellae. 

Finally, the material is modeled as an elastic material, ignoring the effects of 

viscoelasticity. While the viscoelastic effects are reduced due to the hold period of the 

trapezoidal load function, it is still possible that the modulus measured is not purely 

elastic.  

 This chapter expands the body of knowledge regarding OA bone material 

properties through applying nanoindentation techniques to the heterogeneous tissue types 

within the femoral neck. The results here, while preliminary, suggest that the elastic 

moduli of these different types of bone tissue may be different in end-stage OA compared 

to non-OA populations. 
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CHAPTER 4: CONCLUSIONS 

 In order to better understand the changes in the bone associated with OA, the 

overall goal of this thesis project was to characterize the properties of the bone and in 

particular the BMLs found in the femoral heads of patients with end-stage OA. The 

femoral heads were analyzed using µCT, and nanoindentation was used in a pilot study of 

the stiffness of different tissue types present in the femoral neck. 

 Many abnormal bone properties were observed in the femoral head. The most 

notable was the increase of bone density in terms of BV/TV, BMD, and TMD 

surrounding the cysts. Correlations were found between cyst characteristics and peri-cyst 

bone microarchitecture properties, while no evidence was found to suggest a correlation 

between cyst characteristics and bone microarchitecture distant from the cysts. Together, 

the indication would be that the cysts were associated with local bone remodeling. 

 Nanoindentation was applied in this project for a pilot study of four femoral necks 

to investigate modulus in different tissue types (trabecular, cortical, and periosteal bone) 

on a nanomechanical scale. The nanoindentation measurement of the material properties 

revealed a donor-dependent relationship as well as a dependence on indentation site. The 

measured values of the material properties can be used as donor-specific inputs into 

computational methods to model bone response to OA such as those in FE simulations. 

Notably, however, the variability in modulus found among indentation sites within each 

type of tissue, suggests that further work is needed to identify the conditions under which 

the use of an average modulus for a given type of tissue is appropriate. 
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Future Directions 

 While this thesis contributes to the body of knowledge of bone remodeling and 

BMLs in OA within the hip, the findings raise additional questions: 

 What is the chemical and cellular composition of the BMLs? The BMLs appear 

with a different attenuation from bone, indicating soft tissue, but the exact types of 

tissue remain unidentified. Initial histological findings indicate a fibrous tissue, but 

the extracellular matrix components remain unidentified. Further histological 

analysis can reveal specific cell types present within the lesions as well. 

Immunohistochemistry techniques can be used in order to help identify the proteins 

present within a BML. Additionally, Raman spectroscopy on the BMLs can provide 

relative abundances of chemical species. 

 Are the locations of cysts correlated quantitatively with local cartilage degradation? 

The CT images and histology indicate qualitatively that lesions are located near 

regions of thin or degraded cartilage. The spherical coordinate system used to 

define depth can help quantify the cartilage thickness radially from the cysts. 

 How do the material properties vary with respect to spatial location within 

individual lamellae? The nanoindentation results here indicate variability within an 

indentation site, but it is unclear if the exterior of a lamella generally has different 

mechanical properties than the interior of a lamella. Using piezo positioning on the 

nanoindenter can create better mapping of material properties. If higher resolution 

is desired, atomic force microscopy can be used to map the material properties in a 

lamella. 
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APPENDIX 

Appendix A: MATLAB Code 

function cystmat = CystEval(Stack,vec,sample,directory) 
% This function will perform location and size analysis of the cysts to 

a 
% spherical coordinate system. 

  
% Inputs: 
% Stack: The DICOM Stack of the cysts with different labels read into 

MATLAB using MakeStack.m 
% vec: the vector of the H2 direction of the primary compressive group, 
% sample: a string containing the sample name 
% directory: a string containing the directory the .mat files will be 

saved 
% to 
% Outputs: 
% cystmat: A matrix that stores information about location and size of 
% cysts. The largest element will be the first column and the last 

element 
% will be the last column. 
% The first row will be the distance from center 
% The second row will be the elevation angle 
% The third row will be the azimuth angle 
% The fourth row will be the size in mm^3 
% The fifth row will be the centroid depth in mm 
% The sixth row will be the absolute depth in mm 
% Written Files: 
% sample_ABS_LESION.mat: an image stack of the lesions with their 

absolute 
% depth values assigned to the voxel scaled to 120 greyscale 
% sample_CEN_LESION.mat: an image stack of the lesions with their 

centroid 
% depth values assigned to the voxel scaled to 120 greyscale 
% sample_ABS_OVERLAY.mat: an overlay of the absolute lesion depth and 

the 
% orginal bone  
% sample_CEN_OVERLAY.mat: an overlay of the centroid lesion depth and 

the 
% original bone 
% sample_cystmat.mat: the output cystmat saved to a file 
% 
% Functions needed 
% get_shell.m, align_z.m, FindCenter.m, lesion_toshell_depth.m, 

centroid_toshell.m, 
% Cyst_Color.m 

  

  
%Young Guang, yguang@bu.edu 10/2014, 12/2014, 04/2015 

  
Shell=get_shell(Stack); 



56 

 

 

toc 
disp('Shell Obtained') 

  
Stack=align_z(Stack,vec); 
Shell=align_z(Shell,vec); 

  
disp('Stacks Rotated') 
%% Sphere fitting to the Shell 
[shellcenter, xs, ys, zs]=FindCenter(Shell); 

  
disp('Center Found') 

  
%% Converting the Stack to indicies 
Cyst_ind=Stack==50; 
Cyst=Stack; 
Cyst(~Cyst_ind)=0; 
[CystL, CystN]=bwlabeln(Cyst); 
CystL=int8(CystL); 

  
Cyst_Shell=bwperim(Cyst); 
Cyst_Shell_L=bwlabeln(Cyst_Shell); 

  
cystmat=zeros(6,CystN); 
fprintf('Total Number of Cysts is %d \n', CystN) 
% Iterate through each label and find the location of the centroid 
for i=1:CystN 
    tic 
    [x, y, z]=ind2sub(size(CystL), find(CystL==i)); 
    x=x-shellcenter(1); 
    y=y-shellcenter(2); 
    z=z-shellcenter(3);      

     
    [azimuth, elevation, r] = cart2sph(mean(x), mean(y), mean(z)); 

     
    cystmat(1,i)= r; 
    cystmat(2,i)= elevation; 
    cystmat(3,i)= azimuth; 
    cystmat(4,i)= max(size(x))*(0.12^3); 

     
    % Iterate through each voxel to determine distance 

  
    %Distance defined by minimum distance from any point to shell 
    abs_distance=lesion_toshell_depth(Cyst_Shell_L, i, shellcenter, xs, 

ys, zs); 

  
    %Distance defined by distance from centroid to shell 
    distance=centroid_toshell(r, elevation, azimuth, xs, ys, zs); 

     
    cystmat(5,i)=distance*.12; 
    cystmat(6,i)=abs_distance*.12; 
    fprintf('Evaluation completed for cyst # %d \n',i) 
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    toc 
end 

  
disp('ABS and CEN locations completed') 

  
bone=Stack; 
bone(Cyst_ind)=0; 

  
ABS_Stack=Cyst_Color(CystL, CystN, cystmat(6,:)); 
CEN_Stack=Cyst_Color(CystL, CystN, cystmat(5,:)); 

  
bone=int8(bone); 
ABS_Stack=int8(ABS_Stack); 
CEN_Stack=int8(CEN_Stack); 

  
ABS_overlay=bone+ABS_Stack; 
CEN_overlay=bone+CEN_Stack; 

  
save([directory '\' sample '_ABS_LESION.mat'], 'ABS_Stack') 
save([directory '\' sample '_CEN_LESION.mat'], 'CEN_Stack') 
save([directory '\' sample '_ABS_OVERLAY.mat'], 'ABS_overlay') 
save([directory '\' sample '_CEN_OVERLAY.mat'], 'CEN_overlay') 
save([directory '\' sample '_cystmat.mat'], 'cystmat') 

  
fprintf('Sample %s\n',sample) 
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function Shell=get_shell(Stack) 
% This function will generate an image stack of the shell of a binary 

image 
% stack containing bone using dilation and erosion to close the 

marrowspace 

  
% Inputs: 
% Stack: an image stack of the femoral head sample with lesions 

labelled 
% Outputs: 
% Shell: an image stack of the femoral head cortical shell 

  
% Young Guang, yguang@bu.edu 10/2014 

  
background_index=Stack==0; 
Stack(~background_index)=127; 

  
SE=strel('diamond',10); 

  
Stack=imdilate(Stack,SE); 
Stack=imfill(Stack,'holes'); 
Stack=imerode(Stack,SE); 
Shell=bwperim(Stack); 

 

 
function rotStack=align_z(Stack, vec) 
% This script will take an image stack and rotate the stack in order to 
% align the z-axis with a given vector. 
 

% Inputs 
% Stack: the image stack to be rotated 
% vec: the 3-dimensional vector that the image stack will be aligned 

with 
% Outputs 
% rotStack: the rotated image stack 
  

% Young Guang, yguang@bu.edu 04/2015 

 
[theta, phi, R]=cart2sph(vec(1),vec(2),vec(3)); 
Stack1=imrotate(Stack,theta/(2*pi)*360); 
Stack1=(permute(Stack1,[3 2 1])); 
Stack1=imrotate(Stack1,-(90-phi/(2*pi)*360)); 

  
rotStack=permute(Stack1,[3 2 1]); 

 
function [Center, xs, ys, zs] = FindCenter(Shell) 
% This function will find the position of the center of a DICOM Stack 
% created from the script MakeStack.m by Paul Fein, Boston University 
% Orthopaedic and Developmental Biomechanics Laboratory. 

  
% The sphere will be fit using the least squares 
% according to the equation (x-xc)^2+(y-yc)^2+(z-zc)^2=r^2 
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% where x,y,z are the data points, xc,yc,zc are the sphere's center, 
% and r is the radius 
% the minimizing function will be f = (ri)^2-r^2 where 
% ri=sqrt((x-xc)^2+(y-yc)^2+(z-zc)^2) 

  
% Input: 
% Stack: The DICOM Stack read into MATLAB using MakeStack.m 
% Outputs: 
% Center: Center of the best fit sphere  
% xs, ys, zs: The shell's coordinates in the new system 

  
% Young Guang, yguang@bu.edu 10/2014 

  
[i, j, k]=ind2sub(size(Shell), find(Shell==1)); 
A=[-2*i -2*j -2*k ones(length(i),1)]; 
b=i.^2+j.^2+k.^2; 
x=abs((A'*A)\(A'*b)); 
Center = x(1:3); 
xs=i-Center(1); 
ys=j-Center(2); 
zs=k-Center(3); 

 
function distance=lesion_toshell_depth(Cyst_Shell_L, i, shellcenter, 

xs, ys, zs) 
% This function finds the absolute depth from a single lesion to the 
% cortical shell 

  
% Inputs: 
% Cyst_Shell_L: an image stack of the perimeters of the lesions with 

labels 
% attached 
% i: the iteration of the labels assigned to a given lesion 
% shellcenter: the x, y, and z coordinate of the shell center 
% xs: the vector of the x-position of the shell 
% ys: the vector of the y-position of the shell 
% zs: the vector of the z-position of the shell 

  
%Young Guang, yguang@bu.edu 12/2014 

  
[x_lesion, y_lesion, z_lesion]=ind2sub(size(Cyst_Shell_L), 

find(Cyst_Shell_L==i)); 
x_lesion=x_lesion-shellcenter(1); 
y_lesion=y_lesion-shellcenter(2); 
z_lesion=z_lesion-shellcenter(3);   

  
distance = zeros(1,length(x_lesion)); 

  
    for j = 1:length(x_lesion) 
        tempx=x_lesion(j)-xs; 
        tempy=y_lesion(j)-ys; 
        tempz=z_lesion(j)-zs; 
        distance(j) = min(sqrt(tempx.^2+tempy.^2+tempz.^2)); 
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    end 
distance=min(distance); 
end 

 

 
function distance = centroid_toshell(centroid_r, centroid_ele, 

centroid_az, xs, ys, zs) 
% This function evaluates the centroid distance froma a given lesion to 

the 
% cortical shell along the same polar and elevation angles. 

  
% Inputs: 
% centroid_r: the radius of the centroid 
% centroid_ele: the elevation angle of the centroid 
% centroid_az: the azimuth angle of the centroid 
% xs: the vector of the x-position of the shell 
% ys: the vector of the y-position of the shell 
% zs: the vector of the z-position of the shell 
% Outputs: 
% distance: the distance from the centroid to the shell along the 
% same/similar polar/azimuth angles. 

  
%Young Guang, yguang@bu.edu 12/2014, 02/2015 

  
r_0=[]; 
i_round=10000; 
[shell_az, shell_ele, shell_r] = cart2sph(xs, ys, zs); 

  
% continue iterating through the loop because sometimes the polar and 
% azimuth angles of the lesion do not match the polar and azimuth 

angles of 
% the shell, so the script will continue to round to a different 

decimal 
% place until a match is found. 

  
while isempty(r_0) 
    i_round=i_round/10; 

     
    centroid_ele=round(centroid_ele*i_round)/i_round; 
    centroid_az=round(centroid_az*i_round)/i_round; 

  
    shell_ele=round(shell_ele*i_round)/i_round; 
    shell_az=round(shell_az*i_round)/i_round; 

  
    ind_ele=shell_ele==centroid_ele; 
    new_az=shell_az(ind_ele); 
    ind_both=new_az==centroid_az; 

  
% ind_az=shell_az==centroid_az; 
% ind_both=ind_ele&ind_az; 
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    r=shell_r(ind_ele); 
    r_0=r(ind_both); 
    r=mean(r_0); 

     
    distance=r-centroid_r; 
end 

 

 
function [Cyst_Stack]=Cyst_Color(CystL, CystN, depthvec) 
%This function takes a stack and assigns values to the lesions based on 
%depth and returns a stack of the lesions only, but with greyscale 

values. 

  
% Inputs 
% CystL: a 3D matrix that contains labelled values from bwlabeln of the 
% cysts 
% CystN: the total number of labels in CystL 
% depthvec: a vector of depths that are to be assigned to the cyst 

  
% Young Guang, yguang@bu.edu 02/2015 

  
Cyst_Stack=CystL; 

  

  
sca=115/max(depthvec); 
depthvec=ceil(depthvec*sca); 

  
for i=1:CystN 
    index=CystL==i; 

     
    depth=depthvec(i); 

     
    if isnan(depth) 
        Cyst_Stack(index)=0; 
    elseif depth==0 
        Cyst_Stack(index)=120; 
    else 
        Cyst_Stack(index)=depth; 
    end 
end 

  
end 
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Appendix B: Statistics 

 

Spearman’s ρ Correlations 

 
Variable By Variable Spearman's Rho p-value 

BMI Age -0.1927 0.2989 

Conn-Dens Age -0.4375 0.0138 

Conn-Dens BMI 0.1351 0.4687 

TRI-SMI Age -0.0325 0.8621 

TRI-SMI BMI 0.0557 0.7662 

TRI-SMI Conn-Dens 0.2391 0.1951 

BMD Age 0.0568 0.7616 

BMD BMI -0.1028 0.5819 

BMD Conn-Dens -0.1883 0.3104 

BMD TRI-SMI -0.9137 <.0001 

TMD Age 0.4141 0.0206 

TMD BMI -0.2591 0.1592 

TMD Conn-Dens -0.4452 0.0121 

TMD TRI-SMI 0.1617 0.3848 

TMD BMD 0.0625 0.7384 

TRI-TV Age 0.0196 0.9166 

TRI-TV BMI -0.0464 0.8043 

TRI-TV Conn-Dens 0.2403 0.1928 

TRI-TV TRI-SMI -0.1625 0.3824 

TRI-TV BMD 0.1617 0.3848 

TRI-TV TMD -0.104 0.5776 

TRI-BV Age 0.1018 0.5856 

TRI-BV BMI 0.0202 0.9143 

TRI-BV Conn-Dens 0.0919 0.6228 

TRI-BV TRI-SMI -0.5492 0.0014 

TRI-BV BMD 0.5181 0.0028 

TRI-BV TMD -0.2012 0.2777 

TRI-BV TRI-TV 0.8532 <.0001 

TRI-BV/TV Age -0.0412 0.8257 

TRI-BV/TV BMI -0.0631 0.7359 

TRI-BV/TV Conn-Dens -0.1302 0.485 

TRI-BV/TV TRI-SMI -0.973 <.0001 

TRI-BV/TV BMD 0.9484 <.0001 
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TRI-BV/TV TMD -0.1815 0.3286 

TRI-BV/TV TRI-TV 0.1887 0.3093 

TRI-BV/TV TRI-BV 0.5714 0.0008 

TRI-BS Age -0.0548 0.7698 

TRI-BS BMI 0.0454 0.8085 

TRI-BS Conn-Dens 0.4036 0.0243 

TRI-BS TRI-SMI -0.2153 0.2447 

TRI-BS BMD 0.1968 0.2887 

TRI-BS TMD -0.2762 0.1326 

TRI-BS TRI-TV 0.9544 <.0001 

TRI-BS TRI-BV 0.8589 <.0001 

TRI-BS TRI-BV/TV 0.254 0.1679 

TRI-BS/BV Age -0.2158 0.2436 

TRI-BS/BV BMI 0.1008 0.5894 

TRI-BS/BV Conn-Dens 0.5294 0.0022 

TRI-BS/BV TRI-SMI 0.9044 <.0001 

TRI-BS/BV BMD -0.8645 <.0001 

TRI-BS/BV TMD -0.0488 0.7944 

TRI-BS/BV TRI-TV -0.0895 0.632 

TRI-BS/BV TRI-BV -0.4536 0.0104 

TRI-BS/BV TRI-BV/TV -0.8774 <.0001 

TRI-BS/BV TRI-BS -0.0528 0.7778 

TRI-Tb.N Age -0.2267 0.22 

TRI-Tb.N BMI 0.1746 0.3474 

TRI-Tb.N Conn-Dens 0.8024 <.0001 

TRI-Tb.N TRI-SMI -0.1851 0.3189 

TRI-Tb.N BMD 0.1984 0.2847 

TRI-Tb.N TMD -0.4359 0.0142 

TRI-Tb.N TRI-TV 0.2516 0.1721 

TRI-Tb.N TRI-BV 0.3593 0.0471 

TRI-Tb.N TRI-BV/TV 0.2645 0.1504 

TRI-Tb.N TRI-BS 0.4597 0.0093 

TRI-Tb.N TRI-BS/BV 0.1508 0.4181 

TRI-Tb.Th Age 0.2158 0.2436 

TRI-Tb.Th BMI -0.1008 0.5894 

TRI-Tb.Th Conn-Dens -0.5294 0.0022 

TRI-Tb.Th TRI-SMI -0.9044 <.0001 

TRI-Tb.Th BMD 0.8645 <.0001 

TRI-Tb.Th TMD 0.0488 0.7944 

TRI-Tb.Th TRI-TV 0.0895 0.632 
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TRI-Tb.Th TRI-BV 0.4536 0.0104 

TRI-Tb.Th TRI-BV/TV 0.8774 <.0001 

TRI-Tb.Th TRI-BS 0.0528 0.7778 

TRI-Tb.Th TRI-BS/BV -1 <.0001 

TRI-Tb.Th TRI-Tb.N -0.1508 0.4181 

TRI-Tb.Sp Age 0.172 0.3549 

TRI-Tb.Sp BMI -0.0436 0.816 

TRI-Tb.Sp Conn-Dens -0.3218 0.0775 

TRI-Tb.Sp TRI-SMI 0.7653 <.0001 

TRI-Tb.Sp BMD -0.7706 <.0001 

TRI-Tb.Sp TMD 0.3032 0.0973 

TRI-Tb.Sp TRI-TV -0.294 0.1085 

TRI-Tb.Sp TRI-BV -0.5919 0.0005 

TRI-Tb.Sp TRI-BV/TV -0.8222 <.0001 

TRI-Tb.Sp TRI-BS -0.4569 0.0098 

TRI-Tb.Sp TRI-BS/BV 0.5069 0.0036 

TRI-Tb.Sp TRI-Tb.N -0.6907 <.0001 

TRI-Tb.Sp TRI-Tb.Th -0.5069 0.0036 

TRI-DA Age 0.5911 0.0005 

TRI-DA BMI -0.3055 0.0947 

TRI-DA Conn-Dens -0.5556 0.0012 

TRI-DA TRI-SMI 0.1806 0.3308 

TRI-DA BMD -0.227 0.2194 

TRI-DA TMD 0.3464 0.0563 

TRI-DA TRI-TV -0.2948 0.1075 

TRI-DA TRI-BV -0.325 0.0744 

TRI-DA TRI-BV/TV -0.2653 0.1491 

TRI-DA TRI-BS -0.3871 0.0314 

TRI-DA TRI-BS/BV -0.046 0.806 

TRI-DA TRI-Tb.N -0.5355 0.0019 

TRI-DA TRI-Tb.Th 0.046 0.806 

TRI-DA TRI-Tb.Sp 0.4335 0.0148 

Bone Cysts Age 0.3252 0.0742 

Bone Cysts BMI 0.0045 0.9807 

Bone Cysts Conn-Dens -0.221 0.2321 

Bone Cysts TRI-SMI 0.004 0.9828 

Bone Cysts BMD -0.0275 0.8835 

Bone Cysts TMD 0.2642 0.1509 

Bone Cysts TRI-TV -0.1799 0.333 

Bone Cysts TRI-BV -0.1324 0.4776 
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Bone Cysts TRI-BV/TV -0.0509 0.7858 

Bone Cysts TRI-BS -0.1851 0.3188 

Bone Cysts TRI-BS/BV -0.0616 0.7421 

Bone Cysts TRI-Tb.N -0.0878 0.6386 

Bone Cysts TRI-Tb.Th 0.0616 0.7421 

Bone Cysts TRI-Tb.Sp 0.0753 0.6873 

Bone Cysts TRI-DA 0.3922 0.0291 
Ranked Avg Bone 
Cysts Age 0.3287 0.0761 
Ranked Avg Bone 
Cysts BMI -0.0346 0.8558 
Ranked Avg Bone 
Cysts Conn-Dens -0.2263 0.2292 
Ranked Avg Bone 
Cysts TRI-SMI -0.0314 0.8691 
Ranked Avg Bone 
Cysts BMD -0.0071 0.9702 
Ranked Avg Bone 
Cysts TMD 0.2675 0.153 
Ranked Avg Bone 
Cysts TRI-TV -0.184 0.3304 
Ranked Avg Bone 
Cysts TRI-BV -0.1071 0.5731 
Ranked Avg Bone 
Cysts TRI-BV/TV -0.0203 0.9153 
Ranked Avg Bone 
Cysts TRI-BS -0.1873 0.3216 
Ranked Avg Bone 
Cysts TRI-BS/BV -0.094 0.6213 
Ranked Avg Bone 
Cysts TRI-Tb.N -0.0806 0.6719 
Ranked Avg Bone 
Cysts TRI-Tb.Th 0.094 0.6213 
Ranked Avg Bone 
Cysts TRI-Tb.Sp 0.0552 0.7719 
Ranked Avg Bone 
Cysts TRI-DA 0.3896 0.0333 
Ranked Avg Bone 
Cysts Bone Cysts 1 <.0001 

Total Voxels Age 0.1255 0.5012 

Total Voxels BMI -0.3126 0.0869 

Total Voxels Conn-Dens -0.1121 0.5483 

Total Voxels TRI-SMI -0.069 0.7124 

Total Voxels BMD 0.025 0.8938 
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Total Voxels TMD -0.2121 0.252 

Total Voxels TRI-TV 0.0306 0.87 

Total Voxels TRI-BV -0.006 0.9742 

Total Voxels TRI-BV/TV 0.044 0.8144 

Total Voxels TRI-BS -0.0323 0.8632 

Total Voxels TRI-BS/BV -0.1052 0.5731 

Total Voxels TRI-Tb.N -0.2032 0.2729 

Total Voxels TRI-Tb.Th 0.1052 0.5731 

Total Voxels TRI-Tb.Sp 0.0919 0.6228 

Total Voxels TRI-DA 0.3996 0.0259 

Total Voxels Bone Cysts 0.1262 0.4989 

Total Voxels 
Ranked Avg Bone 
Cysts 0.1225 0.519 

Total Volume Age -0.3183 0.0865 

Total Volume BMI 0.1542 0.4159 

Total Volume Conn-Dens 0.3326 0.0725 

Total Volume TRI-SMI 0.4914 0.0058 

Total Volume BMD -0.5746 0.0009 

Total Volume TMD -0.3588 0.0515 

Total Volume TRI-TV -0.1257 0.5081 

Total Volume TRI-BV -0.2939 0.115 

Total Volume TRI-BV/TV -0.4923 0.0057 

Total Volume TRI-BS -0.0785 0.68 

Total Volume TRI-BS/BV 0.5715 0.001 

Total Volume TRI-Tb.N 0.1275 0.502 

Total Volume TRI-Tb.Th -0.5715 0.001 

Total Volume TRI-Tb.Sp 0.2716 0.1465 

Total Volume TRI-DA -0.1177 0.5357 

Total Volume Bone Cysts 0.0608 0.7495 

Total Volume 
Ranked Avg Bone 
Cysts 0.0612 0.7526 

Total Volume Total Voxels 0.0941 0.6209 

CV/TV Age 0.1404 0.4592 

CV/TV BMI -0.3763 0.0404 

CV/TV Conn-Dens -0.1675 0.3762 

CV/TV TRI-SMI -0.1893 0.3163 

CV/TV BMD 0.1635 0.3879 

CV/TV TMD -0.1373 0.4695 

CV/TV TRI-TV 0.0225 0.9062 

CV/TV TRI-BV 0.0229 0.9043 

CV/TV TRI-BV/TV 0.1631 0.3892 
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CV/TV TRI-BS -0.0518 0.7856 

CV/TV TRI-BS/BV -0.2276 0.2265 

CV/TV TRI-Tb.N -0.2245 0.2331 

CV/TV TRI-Tb.Th 0.2276 0.2265 

CV/TV TRI-Tb.Sp 0.0056 0.9767 

CV/TV TRI-DA 0.3802 0.0382 

CV/TV Bone Cysts 0.1018 0.5924 

CV/TV 
Ranked Avg Bone 
Cysts 0.0984 0.6115 

CV/TV Total Voxels 0.9497 <.0001 

CV/TV Total Volume -0.143 0.4508 

Weight Age -0.3894 0.0334 

Weight BMI 0.7906 <.0001 

Weight Conn-Dens 0.22 0.2427 

Weight TRI-SMI 0.1355 0.4753 

Weight BMD -0.1778 0.3474 

Weight TMD -0.3335 0.0717 

Weight TRI-TV -0.0296 0.8767 

Weight TRI-BV -0.0171 0.9284 

Weight TRI-BV/TV -0.1181 0.5341 

Weight TRI-BS 0.0505 0.791 

Weight TRI-BS/BV 0.2294 0.2228 

Weight TRI-Tb.N 0.1711 0.366 

Weight TRI-Tb.Th -0.2294 0.2228 

Weight TRI-Tb.Sp 0.0176 0.9266 

Weight TRI-DA -0.329 0.0758 

Weight Bone Cysts -0.0091 0.9618 

Weight 
Ranked Avg Bone 
Cysts -0.0557 0.774 

Weight Total Voxels -0.0541 0.7766 

Weight Total Volume 0.5522 0.0019 

Weight CV/TV -0.1995 0.2995 

Ave. Cart Th. Age 0.1625 0.4701 

Ave. Cart Th. BMI -0.0542 0.8105 

Ave. Cart Th. Conn-Dens -0.1316 0.5595 

Ave. Cart Th. TRI-SMI -0.2174 0.3311 

Ave. Cart Th. BMD 0.2795 0.2078 

Ave. Cart Th. TMD 0.3495 0.1108 

Ave. Cart Th. TRI-TV 0.3868 0.0754 

Ave. Cart Th. TRI-BV 0.3315 0.1318 

Ave. Cart Th. TRI-BV/TV 0.1982 0.3766 
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Ave. Cart Th. TRI-BS 0.3427 0.1184 

Ave. Cart Th. TRI-BS/BV -0.24 0.2821 

Ave. Cart Th. TRI-Tb.N -0.0152 0.9463 

Ave. Cart Th. TRI-Tb.Th 0.24 0.2821 

Ave. Cart Th. TRI-Tb.Sp -0.17 0.4495 

Ave. Cart Th. TRI-DA 0.0356 0.8751 

Ave. Cart Th. Bone Cysts 0.3503 0.11 

Ave. Cart Th. 
Ranked Avg Bone 
Cysts 0.3833 0.0863 

Ave. Cart Th. Total Voxels -0.3258 0.139 

Ave. Cart Th. Total Volume -0.1662 0.4714 

Ave. Cart Th. CV/TV -0.2766 0.2248 

Ave. Cart Th. Weight -0.0312 0.8933 

Peri BV/TV Age -0.0036 0.9845 

Peri BV/TV BMI -0.0258 0.8904 

Peri BV/TV Conn-Dens -0.1524 0.413 

Peri BV/TV TRI-SMI -0.1988 0.2837 

Peri BV/TV BMD 0.1464 0.432 

Peri BV/TV TMD -0.1242 0.5056 

Peri BV/TV TRI-TV 0.1649 0.3753 

Peri BV/TV TRI-BV 0.2266 0.2202 

Peri BV/TV TRI-BV/TV 0.2093 0.2585 

Peri BV/TV TRI-BS 0.1569 0.3994 

Peri BV/TV TRI-BS/BV -0.2173 0.2402 

Peri BV/TV TRI-Tb.N -0.0016 0.9931 

Peri BV/TV TRI-Tb.Th 0.2173 0.2402 

Peri BV/TV TRI-Tb.Sp -0.0972 0.603 

Peri BV/TV TRI-DA 0.2782 0.1296 

Peri BV/TV Bone Cysts 0.3825 0.0337 

Peri BV/TV 
Ranked Avg Bone 
Cysts 0.3675 0.0457 

Peri BV/TV Total Voxels 0.3984 0.0264 

Peri BV/TV Total Volume -0.1724 0.3623 

Peri BV/TV CV/TV 0.4073 0.0255 

Peri BV/TV Weight 0.0189 0.921 

Peri BV/TV Ave. Cart Th. 0.0232 0.9185 

Peri BMD Age 0.0693 0.711 

Peri BMD BMI -0.0327 0.8615 

Peri BMD Conn-Dens -0.198 0.2857 

Peri BMD TRI-SMI -0.2294 0.2144 

Peri BMD BMD 0.198 0.2857 
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Peri BMD TMD -0.0613 0.7433 

Peri BMD TRI-TV 0.1202 0.5197 

Peri BMD TRI-BV 0.2028 0.2738 

Peri BMD TRI-BV/TV 0.2395 0.1944 

Peri BMD TRI-BS 0.1153 0.5367 

Peri BMD TRI-BS/BV -0.2798 0.1273 

Peri BMD TRI-Tb.N -0.0262 0.8887 

Peri BMD TRI-Tb.Th 0.2798 0.1273 

Peri BMD TRI-Tb.Sp -0.0919 0.6228 

Peri BMD TRI-DA 0.3206 0.0787 

Peri BMD Bone Cysts 0.4245 0.0173 

Peri BMD 
Ranked Avg Bone 
Cysts 0.4181 0.0215 

Peri BMD Total Voxels 0.344 0.0581 

Peri BMD Total Volume -0.2494 0.1838 

Peri BMD CV/TV 0.362 0.0494 

Peri BMD Weight -0.0541 0.7766 

Peri BMD Ave. Cart Th. 0.0073 0.9741 

Peri BMD Peri BV/TV 0.977 <.0001 

Peri TMD Age 0.2019 0.2761 

Peri TMD BMI 0.0625 0.7383 

Peri TMD Conn-Dens -0.4895 0.0052 

Peri TMD TRI-SMI 0.0746 0.69 

Peri TMD BMD 0.0335 0.8581 

Peri TMD TMD 0.6798 <.0001 

Peri TMD TRI-TV -0.3274 0.0722 

Peri TMD TRI-BV -0.2851 0.1201 

Peri TMD TRI-BV/TV -0.0948 0.6121 

Peri TMD TRI-BS -0.4202 0.0186 

Peri TMD TRI-BS/BV -0.1052 0.5731 

Peri TMD TRI-Tb.N -0.4141 0.0206 

Peri TMD TRI-Tb.Th 0.1052 0.5731 

Peri TMD TRI-Tb.Sp 0.2669 0.1466 

Peri TMD TRI-DA 0.2669 0.1466 

Peri TMD Bone Cysts 0.2239 0.226 

Peri TMD 
Ranked Avg Bone 
Cysts 0.2187 0.2455 

Peri TMD Total Voxels -0.3532 0.0513 

Peri TMD Total Volume -0.2699 0.1493 

Peri TMD CV/TV -0.3286 0.0762 

Peri TMD Weight -0.0563 0.7677 
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Peri TMD Ave. Cart Th. 0.3168 0.1509 

Peri TMD Peri BV/TV -0.0593 0.7514 

Peri TMD Peri BMD -0.0008 0.9966 

Core Stiffness (MPa) Age 0.0135 0.9468 

Core Stiffness (MPa) BMI 0.1005 0.6181 

Core Stiffness (MPa) Conn-Dens 0.0232 0.9086 

Core Stiffness (MPa) TRI-SMI -0.7955 <.0001 

Core Stiffness (MPa) BMD 0.663 0.0002 

Core Stiffness (MPa) TMD -0.29 0.1423 

Core Stiffness (MPa) TRI-TV -0.0946 0.6387 

Core Stiffness (MPa) TRI-BV 0.3138 0.1109 

Core Stiffness (MPa) TRI-BV/TV 0.7894 <.0001 

Core Stiffness (MPa) TRI-BS 0.08 0.6917 

Core Stiffness (MPa) TRI-BS/BV -0.5781 0.0016 

Core Stiffness (MPa) TRI-Tb.N 0.3516 0.0721 

Core Stiffness (MPa) TRI-Tb.Th 0.5781 0.0016 

Core Stiffness (MPa) TRI-Tb.Sp -0.6447 0.0003 

Core Stiffness (MPa) TRI-DA -0.1722 0.3905 

Core Stiffness (MPa) Bone Cysts -0.0018 0.9928 

Core Stiffness (MPa) 
Ranked Avg Bone 
Cysts -0.0018 0.9928 

Core Stiffness (MPa) Total Voxels 0.036 0.8584 

Core Stiffness (MPa) Total Volume -0.3771 0.0576 

Core Stiffness (MPa) CV/TV 0.0899 0.6622 

Core Stiffness (MPa) Weight 0.0674 0.7437 

Core Stiffness (MPa) Ave. Cart Th. 0.0519 0.823 

Core Stiffness (MPa) Peri BV/TV 0.2076 0.2989 

Core Stiffness (MPa) Peri BMD 0.2302 0.2481 

Core Stiffness (MPa) Peri TMD -0.0904 0.654 

ML CYSTS Age 0.3537 0.051 

ML CYSTS BMI -0.0506 0.7867 

ML CYSTS Conn-Dens -0.3324 0.0677 

ML CYSTS TRI-SMI 0.0165 0.9298 

ML CYSTS BMD -0.0944 0.6137 

ML CYSTS TMD 0.0436 0.8158 

ML CYSTS TRI-TV -0.0817 0.6621 

ML CYSTS TRI-BV -0.13 0.4857 

ML CYSTS TRI-BV/TV -0.1104 0.5542 

ML CYSTS TRI-BS -0.097 0.6037 

ML CYSTS TRI-BS/BV -0.0381 0.8387 

ML CYSTS TRI-Tb.N -0.2276 0.2181 
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ML CYSTS TRI-Tb.Th 0.0381 0.8387 

ML CYSTS TRI-Tb.Sp 0.1357 0.4666 

ML CYSTS TRI-DA 0.4057 0.0235 

ML CYSTS Bone Cysts 0.4431 0.0125 

ML CYSTS 
Ranked Avg Bone 
Cysts 0.4428 0.0143 

ML CYSTS Total Voxels 0.3843 0.0328 

ML CYSTS Total Volume 0.3607 0.0502 

ML CYSTS CV/TV 0.2955 0.1129 

ML CYSTS Weight 0.1332 0.4829 

ML CYSTS Ave. Cart Th. 0.1591 0.4795 

ML CYSTS Peri BV/TV 0.1088 0.5601 

ML CYSTS Peri BMD 0.0774 0.6788 

ML CYSTS Peri TMD 0.0141 0.9402 

ML CYSTS Core Stiffness (MPa) -0.1855 0.3542 

ML CV Age 0.2308 0.2116 

ML CV BMI -0.4487 0.0114 

ML CV Conn-Dens -0.2234 0.2271 

ML CV TRI-SMI 0.0278 0.8819 

ML CV BMD -0.0649 0.7286 

ML CV TMD -0.1012 0.588 

ML CV TRI-TV -0.106 0.5702 

ML CV TRI-BV -0.152 0.4143 

ML CV TRI-BV/TV -0.0677 0.7173 

ML CV TRI-BS -0.1758 0.3441 

ML CV TRI-BS/BV -0.0319 0.8649 

ML CV TRI-Tb.N -0.3129 0.0865 

ML CV TRI-Tb.Th 0.0319 0.8649 

ML CV TRI-Tb.Sp 0.2125 0.2511 

ML CV TRI-DA 0.4911 0.005 

ML CV Bone Cysts 0.0371 0.8428 

ML CV 
Ranked Avg Bone 
Cysts 0.0336 0.8599 

ML CV Total Voxels 0.8968 <.0001 

ML CV Total Volume 0.042 0.8254 

ML CV CV/TV 0.8674 <.0001 

ML CV Weight -0.1969 0.297 

ML CV Ave. Cart Th. -0.2987 0.1769 

ML CV Peri BV/TV 0.2577 0.1617 

ML CV Peri BMD 0.2 0.2807 

ML CV Peri TMD -0.2698 0.1422 
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ML CV Core Stiffness (MPa) 0.0366 0.8561 

ML CV ML CYSTS 0.3935 0.0285 

ML CEN Depth Age -0.1836 0.3316 

ML CEN Depth BMI 0.2187 0.2455 

ML CEN Depth Conn-Dens 0.0638 0.7375 

ML CEN Depth TRI-SMI 0.1511 0.4256 

ML CEN Depth BMD -0.1123 0.5545 

ML CEN Depth TMD -0.1079 0.5704 

ML CEN Depth TRI-TV -0.2089 0.2679 

ML CEN Depth TRI-BV -0.2009 0.2871 

ML CEN Depth TRI-BV/TV -0.1577 0.4052 

ML CEN Depth TRI-BS -0.1662 0.3801 

ML CEN Depth TRI-BS/BV 0.1657 0.3814 

ML CEN Depth TRI-Tb.N -0.0937 0.6225 

ML CEN Depth TRI-Tb.Th -0.1657 0.3814 

ML CEN Depth TRI-Tb.Sp 0.0781 0.6817 

ML CEN Depth TRI-DA -0.265 0.1571 

ML CEN Depth Bone Cysts -0.393 0.0317 

ML CEN Depth 
Ranked Avg Bone 
Cysts -0.3917 0.0356 

ML CEN Depth Total Voxels -0.2485 0.1855 

ML CEN Depth Total Volume 0.268 0.1599 

ML CEN Depth CV/TV -0.2744 0.1497 

ML CEN Depth Weight 0.2808 0.1401 

ML CEN Depth Ave. Cart Th. 0.0875 0.6985 

ML CEN Depth Peri BV/TV -0.7424 <.0001 

ML CEN Depth Peri BMD -0.77 <.0001 

ML CEN Depth Peri TMD 0.0416 0.8272 

ML CEN Depth Core Stiffness (MPa) -0.1829 0.3711 

ML CEN Depth ML CYSTS -0.0378 0.8427 

ML CEN Depth ML CV -0.1092 0.5656 

ML ABS Depth Age -0.2237 0.2347 

ML ABS Depth BMI -0.0494 0.7955 

ML ABS Depth Conn-Dens 0.1141 0.5482 

ML ABS Depth TRI-SMI 0.1399 0.4608 

ML ABS Depth BMD -0.1235 0.5157 

ML ABS Depth TMD -0.0558 0.7695 

ML ABS Depth TRI-TV -0.176 0.3523 

ML ABS Depth TRI-BV -0.1426 0.4522 

ML ABS Depth TRI-BV/TV -0.1186 0.5326 

ML ABS Depth TRI-BS -0.1608 0.3958 
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ML ABS Depth TRI-BS/BV 0.1835 0.3316 

ML ABS Depth TRI-Tb.N 0.0238 0.9006 

ML ABS Depth TRI-Tb.Th -0.1835 0.3316 

ML ABS Depth TRI-Tb.Sp 0.0616 0.7463 

ML ABS Depth TRI-DA -0.0616 0.7463 

ML ABS Depth Bone Cysts -0.1662 0.3801 

ML ABS Depth 
Ranked Avg Bone 
Cysts -0.1537 0.4261 

ML ABS Depth Total Voxels 0.0167 0.9303 

ML ABS Depth Total Volume 0.2877 0.1302 

ML ABS Depth CV/TV -0.0187 0.9232 

ML ABS Depth Weight 0.2059 0.2839 

ML ABS Depth Ave. Cart Th. 0.074 0.7436 

ML ABS Depth Peri BV/TV -0.4247 0.0193 

ML ABS Depth Peri BMD -0.4834 0.0068 

ML ABS Depth Peri TMD -0.2263 0.2293 

ML ABS Depth Core Stiffness (MPa) 0.1357 0.5085 

ML ABS Depth ML CYSTS -0.1288 0.4977 

ML ABS Depth ML CV 0.1106 0.5608 

ML ABS Depth ML CEN Depth 0.4812 0.0071 

ML CV/TV Age 0.2425 0.1966 

ML CV/TV BMI -0.4769 0.0077 

ML CV/TV Conn-Dens -0.2774 0.1377 

ML CV/TV TRI-SMI -0.1088 0.5672 

ML CV/TV BMD 0.0821 0.6663 

ML CV/TV TMD -0.0434 0.8199 

ML CV/TV TRI-TV -0.0919 0.6292 

ML CV/TV TRI-BV -0.099 0.6027 

ML CV/TV TRI-BV/TV 0.0625 0.7428 

ML CV/TV TRI-BS -0.1742 0.3572 

ML CV/TV TRI-BS/BV -0.1737 0.3585 

ML CV/TV TRI-Tb.N -0.3339 0.0713 

ML CV/TV TRI-Tb.Th 0.1737 0.3585 

ML CV/TV TRI-Tb.Sp 0.1208 0.5249 

ML CV/TV TRI-DA 0.4638 0.0098 

ML CV/TV Bone Cysts 0.0252 0.895 

ML CV/TV 
Ranked Avg Bone 
Cysts 0.0229 0.906 

ML CV/TV Total Voxels 0.8598 <.0001 

ML CV/TV Total Volume -0.1849 0.3281 

ML CV/TV CV/TV 0.923 <.0001 
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ML CV/TV Weight -0.3108 0.1008 

ML CV/TV Ave. Cart Th. -0.2597 0.2555 

ML CV/TV Peri BV/TV 0.2859 0.1257 

ML CV/TV Peri BMD 0.2396 0.2022 

ML CV/TV Peri TMD -0.2618 0.1622 

ML CV/TV Core Stiffness (MPa) 0.0824 0.6891 

ML CV/TV ML CYSTS 0.3103 0.0951 

ML CV/TV ML CV 0.9546 <.0001 

ML CV/TV ML CEN Depth -0.1498 0.4381 

ML CV/TV ML ABS Depth 0.0591 0.7607 

M Cysts Age 0.34 0.0613 

M Cysts BMI 0.0766 0.6821 

M Cysts Conn-Dens -0.2929 0.1098 

M Cysts TRI-SMI -0.0121 0.9486 

M Cysts BMD -0.0583 0.7554 

M Cysts TMD 0.1325 0.4772 

M Cysts TRI-TV -0.0288 0.8776 

M Cysts TRI-BV -0.0587 0.7538 

M Cysts TRI-BV/TV -0.082 0.6609 

M Cysts TRI-BS -0.0505 0.7872 

M Cysts TRI-BS/BV -0.0432 0.8177 

M Cysts TRI-Tb.N -0.1655 0.3737 

M Cysts TRI-Tb.Th 0.0432 0.8177 

M Cysts TRI-Tb.Sp 0.0796 0.6705 

M Cysts TRI-DA 0.2722 0.1384 

M Cysts Bone Cysts 0.5141 0.0031 

M Cysts 
Ranked Avg Bone 
Cysts 0.5219 0.0031 

M Cysts Total Voxels 0.2303 0.2126 

M Cysts Total Volume 0.3804 0.0381 

M Cysts CV/TV 0.1446 0.4459 

M Cysts Weight 0.2479 0.1866 

M Cysts Ave. Cart Th. 0.2017 0.3681 

M Cysts Peri BV/TV 0.0657 0.7256 

M Cysts Peri BMD 0.0266 0.8871 

M Cysts Peri TMD 0.0982 0.5993 

M Cysts Core Stiffness (MPa) -0.2018 0.3128 

M Cysts ML CYSTS 0.926 <.0001 

M Cysts ML CV 0.1786 0.3365 

M Cysts ML CEN Depth -0.0393 0.8365 

M Cysts ML ABS Depth -0.1639 0.3868 
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M Cysts ML CV/TV 0.1046 0.5823 

M CV Age 0.4438 0.0124 

M CV BMI 0.0099 0.9579 

M CV Conn-Dens -0.3859 0.032 

M CV TRI-SMI -0.1315 0.4809 

M CV BMD 0.0992 0.5955 

M CV TMD 0.1444 0.4385 

M CV TRI-TV 0.029 0.8768 

M CV TRI-BV 0.0367 0.8446 

M CV TRI-BV/TV 0.0492 0.7927 

M CV TRI-BS -0.0258 0.8904 

M CV TRI-BS/BV -0.2286 0.216 

M CV TRI-Tb.N -0.2435 0.1867 

M CV TRI-Tb.Th 0.2286 0.216 

M CV TRI-Tb.Sp 0.079 0.6726 

M CV TRI-DA 0.319 0.0803 

M CV Bone Cysts 0.416 0.0199 

M CV 
Ranked Avg Bone 
Cysts 0.4183 0.0214 

M CV Total Voxels 0.4097 0.0221 

M CV Total Volume 0.212 0.2607 

M CV CV/TV 0.3655 0.047 

M CV Weight 0.1862 0.3245 

M CV Ave. Cart Th. 0.1011 0.6545 

M CV Peri BV/TV 0.1605 0.3885 

M CV Peri BMD 0.1355 0.4674 

M CV Peri TMD 0.0552 0.7679 

M CV Core Stiffness (MPa) -0.1258 0.5319 

M CV ML CYSTS 0.8659 <.0001 

M CV ML CV 0.3468 0.056 

M CV ML CEN Depth -0.0848 0.6561 

M CV ML ABS Depth -0.2182 0.2466 

M CV ML CV/TV 0.3192 0.0855 

M CV M Cysts 0.9051 <.0001 

M CEN Depth Age -0.1151 0.5448 

M CEN Depth BMI 0.2072 0.272 

M CEN Depth Conn-Dens 0.0162 0.9321 

M CEN Depth TRI-SMI 0.0928 0.6258 

M CEN Depth BMD -0.0505 0.791 

M CEN Depth TMD -0.0145 0.9395 

M CEN Depth TRI-TV -0.2329 0.2155 
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M CEN Depth TRI-BV -0.2218 0.2388 

M CEN Depth TRI-BV/TV -0.111 0.5592 

M CEN Depth TRI-BS -0.1867 0.3233 

M CEN Depth TRI-BS/BV 0.115 0.545 

M CEN Depth TRI-Tb.N -0.0945 0.6192 

M CEN Depth TRI-Tb.Th -0.115 0.545 

M CEN Depth TRI-Tb.Sp 0.0598 0.7534 

M CEN Depth TRI-DA -0.3357 0.0697 

M CEN Depth Bone Cysts -0.3248 0.0799 

M CEN Depth 
Ranked Avg Bone 
Cysts -0.3278 0.0826 

M CEN Depth Total Voxels -0.3628 0.0488 

M CEN Depth Total Volume 0.2246 0.2414 

M CEN Depth CV/TV -0.3852 0.0391 

M CEN Depth Weight 0.2527 0.186 

M CEN Depth Ave. Cart Th. 0.0774 0.7322 

M CEN Depth Peri BV/TV -0.7789 <.0001 

M CEN Depth Peri BMD -0.7904 <.0001 

M CEN Depth Peri TMD 0.1715 0.3648 

M CEN Depth Core Stiffness (MPa) -0.0988 0.6311 

M CEN Depth ML CYSTS 0.0522 0.784 

M CEN Depth ML CV -0.2489 0.1846 

M CEN Depth ML CEN Depth 0.8883 <.0001 

M CEN Depth ML ABS Depth 0.313 0.0921 

M CEN Depth ML CV/TV -0.2862 0.1323 

M CEN Depth M Cysts 0.1026 0.5894 

M CEN Depth M CV 0.0145 0.9395 

M ABS Depth Age -0.2108 0.2636 

M ABS Depth BMI -0.0381 0.8418 

M ABS Depth Conn-Dens 0.1537 0.4173 

M ABS Depth TRI-SMI 0.1746 0.356 

M ABS Depth BMD -0.1408 0.4579 

M ABS Depth TMD -0.0412 0.829 

M ABS Depth TRI-TV -0.2049 0.2774 

M ABS Depth TRI-BV -0.1626 0.3905 

M ABS Depth TRI-BV/TV -0.1542 0.416 

M ABS Depth TRI-BS -0.1782 0.3461 

M ABS Depth TRI-BS/BV 0.228 0.2255 

M ABS Depth TRI-Tb.N 0.0523 0.7838 

M ABS Depth TRI-Tb.Th -0.228 0.2255 

M ABS Depth TRI-Tb.Sp 0.0687 0.7181 
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M ABS Depth TRI-DA -0.0705 0.7111 

M ABS Depth Bone Cysts -0.2437 0.1944 

M ABS Depth 
Ranked Avg Bone 
Cysts -0.2341 0.2217 

M ABS Depth Total Voxels -0.0202 0.9154 

M ABS Depth Total Volume 0.2488 0.1932 

M ABS Depth CV/TV -0.0537 0.7821 

M ABS Depth Weight 0.1877 0.3296 

M ABS Depth Ave. Cart Th. 0.0243 0.9146 

M ABS Depth Peri BV/TV -0.4554 0.0114 

M ABS Depth Peri BMD -0.5092 0.0041 

M ABS Depth Peri TMD -0.2218 0.2388 

M ABS Depth Core Stiffness (MPa) 0.1159 0.5729 

M ABS Depth ML CYSTS -0.1963 0.2985 

M ABS Depth ML CV 0.0865 0.6493 

M ABS Depth ML CEN Depth 0.5212 0.0031 

M ABS Depth ML ABS Depth 0.9813 <.0001 

M ABS Depth ML CV/TV 0.0365 0.8511 

M ABS Depth M Cysts -0.2371 0.2071 

M ABS Depth M CV -0.2863 0.1251 

M ABS Depth M CEN Depth 0.3473 0.0601 

M CV/TV Age 0.6234 0.0002 

M CV/TV BMI -0.1575 0.4057 

M CV/TV Conn-Dens -0.5987 0.0005 

M CV/TV TRI-SMI -0.293 0.1161 

M CV/TV BMD 0.2917 0.1179 

M CV/TV TMD 0.3001 0.1071 

M CV/TV TRI-TV 0.0131 0.9451 

M CV/TV TRI-BV 0.1119 0.556 

M CV/TV TRI-BV/TV 0.2102 0.2648 

M CV/TV TRI-BS -0.0558 0.7695 

M CV/TV TRI-BS/BV -0.4505 0.0125 

M CV/TV TRI-Tb.N -0.3628 0.0488 

M CV/TV TRI-Tb.Th 0.4505 0.0125 

M CV/TV TRI-Tb.Sp 0.0216 0.9099 

M CV/TV TRI-DA 0.3829 0.0368 

M CV/TV Bone Cysts 0.3584 0.0518 

M CV/TV 
Ranked Avg Bone 
Cysts 0.3581 0.0565 

M CV/TV Total Voxels 0.2974 0.1104 

M CV/TV Total Volume -0.1493 0.4311 
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M CV/TV CV/TV 0.3232 0.0814 

M CV/TV Weight -0.0773 0.6901 

M CV/TV Ave. Cart Th. 0.0506 0.8274 

M CV/TV Peri BV/TV 0.2329 0.2155 

M CV/TV Peri BMD 0.2463 0.1896 

M CV/TV Peri TMD 0.1488 0.4325 

M CV/TV Core Stiffness (MPa) 0.0092 0.9643 

M CV/TV ML CYSTS 0.6738 <.0001 

M CV/TV ML CV 0.3077 0.0981 

M CV/TV ML CEN Depth -0.2005 0.297 

M CV/TV ML ABS Depth -0.331 0.0794 

M CV/TV ML CV/TV 0.3464 0.0608 

M CV/TV M Cysts 0.7246 <.0001 

M CV/TV M CV 0.8674 <.0001 

M CV/TV M CEN Depth -0.0685 0.7241 

M CV/TV M ABS Depth -0.3788 0.0427 

L Cysts Age -0.1142 0.5408 

L Cysts BMI -0.0675 0.7184 

L Cysts Conn-Dens 0.2564 0.1638 

L Cysts TRI-SMI 0.0529 0.7773 

L Cysts BMD -0.1582 0.3954 

L Cysts TMD -0.4925 0.0049 

L Cysts TRI-TV 0.043 0.8184 

L Cysts TRI-BV -0.0872 0.6408 

L Cysts TRI-BV/TV -0.0779 0.6769 

L Cysts TRI-BS 0.1194 0.5223 

L Cysts TRI-BS/BV 0.1541 0.4077 

L Cysts TRI-Tb.N 0.1516 0.4156 

L Cysts TRI-Tb.Th -0.1541 0.4077 

L Cysts TRI-Tb.Sp 0.0237 0.8992 

L Cysts TRI-DA 0.0608 0.7454 

L Cysts Bone Cysts 0.0793 0.6716 

L Cysts 
Ranked Avg Bone 
Cysts 0.0829 0.6634 

L Cysts Total Voxels 0.4205 0.0185 

L Cysts Total Volume 0.3404 0.0657 

L Cysts CV/TV 0.3653 0.0472 

L Cysts Weight 0.0712 0.7085 

L Cysts Ave. Cart Th. -0.097 0.6676 

L Cysts Peri BV/TV 0.2534 0.1689 

L Cysts Peri BMD 0.2587 0.1599 



79 

 

 

L Cysts Peri TMD -0.5751 0.0007 

L Cysts Core Stiffness (MPa) 0.0501 0.8039 

L Cysts ML CYSTS 0.3073 0.0926 

L Cysts ML CV 0.3809 0.0345 

L Cysts ML CEN Depth -0.1367 0.4715 

L Cysts ML ABS Depth -0.0723 0.7041 

L Cysts ML CV/TV 0.3387 0.0671 

L Cysts M Cysts 0.106 0.5703 

L Cysts M CV 0.1112 0.5516 

L Cysts M CEN Depth -0.213 0.2585 

L Cysts M ABS Depth -0.1059 0.5776 

L Cysts M CV/TV -0.0314 0.8691 

L CV Age 0.0783 0.6753 

L CV BMI -0.2334 0.2063 

L CV Conn-Dens 0.0365 0.8454 

L CV TRI-SMI 0.0847 0.6505 

L CV BMD -0.1569 0.3992 

L CV TMD -0.217 0.2409 

L CV TRI-TV -0.0353 0.8505 

L CV TRI-BV -0.1438 0.4402 

L CV TRI-BV/TV -0.1232 0.5089 

L CV TRI-BS -0.0809 0.6653 

L CV TRI-BS/BV 0.1107 0.5531 

L CV TRI-Tb.N -0.0974 0.6021 

L CV TRI-Tb.Th -0.1107 0.5531 

L CV TRI-Tb.Sp 0.2225 0.229 

L CV TRI-DA 0.2467 0.1809 

L CV Bone Cysts 0.0449 0.8103 

L CV 
Ranked Avg Bone 
Cysts 0.0273 0.8861 

L CV Total Voxels 0.7657 <.0001 

L CV Total Volume 0.0873 0.6466 

L CV CV/TV 0.7713 <.0001 

L CV Weight -0.0301 0.8747 

L CV Ave. Cart Th. -0.3225 0.1432 

L CV Peri BV/TV 0.3173 0.082 

L CV Peri BMD 0.2534 0.1691 

L CV Peri TMD -0.4046 0.024 

L CV Core Stiffness (MPa) 0.1338 0.5059 

L CV ML CYSTS 0.1814 0.3289 

L CV ML CV 0.8103 <.0001 
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L CV ML CEN Depth -0.2123 0.2601 

L CV ML ABS Depth 0.0607 0.7498 

L CV ML CV/TV 0.8049 <.0001 

L CV M Cysts 0.0526 0.7787 

L CV M CV 0.233 0.2072 

L CV M CEN Depth -0.3373 0.0683 

L CV M ABS Depth 0.0254 0.8941 

L CV M CV/TV 0.148 0.435 

L CV L Cysts 0.5544 0.0012 

L CEN Depth Age -0.001 0.9961 

L CEN Depth BMI 0.1007 0.61 

L CEN Depth Conn-Dens 0.0561 0.7767 

L CEN Depth TRI-SMI 0.1456 0.4597 

L CEN Depth BMD -0.0517 0.7938 

L CEN Depth TMD 0.1648 0.4021 

L CEN Depth TRI-TV -0.0047 0.9813 

L CEN Depth TRI-BV -0.0857 0.6647 

L CEN Depth TRI-BV/TV -0.1401 0.4769 

L CEN Depth TRI-BS -0.0931 0.6376 

L CEN Depth TRI-BS/BV 0.066 0.7388 

L CEN Depth TRI-Tb.N -0.1396 0.4787 

L CEN Depth TRI-Tb.Th -0.066 0.7388 

L CEN Depth TRI-Tb.Sp 0.1377 0.4848 

L CEN Depth TRI-DA -0.055 0.781 

L CEN Depth Bone Cysts -0.1207 0.5405 

L CEN Depth 
Ranked Avg Bone 
Cysts -0.1102 0.5842 

L CEN Depth Total Voxels 0.1661 0.3981 

L CEN Depth Total Volume 0.0934 0.643 

L CEN Depth CV/TV 0.2137 0.2845 

L CEN Depth Weight 0.1606 0.4236 

L CEN Depth Ave. Cart Th. 0.0391 0.87 

L CEN Depth Peri BV/TV -0.3829 0.0443 

L CEN Depth Peri BMD -0.4155 0.0279 

L CEN Depth Peri TMD -0.0947 0.6317 

L CEN Depth Core Stiffness (MPa) -0.2948 0.162 

L CEN Depth ML CYSTS -0.0159 0.9359 

L CEN Depth ML CV 0.2504 0.1986 

L CEN Depth ML CEN Depth 0.4612 0.0135 

L CEN Depth ML ABS Depth 0.4388 0.0195 

L CEN Depth ML CV/TV 0.2812 0.1554 
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L CEN Depth M Cysts 0.0398 0.8406 

L CEN Depth M CV 0.1864 0.3423 

L CEN Depth M CEN Depth 0.1607 0.4141 

L CEN Depth M ABS Depth 0.4158 0.0278 

L CEN Depth M CV/TV 0.0385 0.8489 

L CEN Depth L Cysts -0.1016 0.607 

L CEN Depth L CV 0.36 0.0599 

L ABS Depth Age -0.3149 0.1026 

L ABS Depth BMI 0.1164 0.5551 

L ABS Depth Conn-Dens 0.184 0.3486 

L ABS Depth TRI-SMI 0.0521 0.7924 

L ABS Depth BMD -0.1922 0.3272 

L ABS Depth TMD -0.5532 0.0023 

L ABS Depth TRI-TV -0.0486 0.8062 

L ABS Depth TRI-BV -0.0673 0.7337 

L ABS Depth TRI-BV/TV -0.0562 0.7765 

L ABS Depth TRI-BS 0.0231 0.9071 

L ABS Depth TRI-BS/BV 0.1161 0.5562 

L ABS Depth TRI-Tb.N 0.0796 0.6873 

L ABS Depth TRI-Tb.Th -0.1161 0.5562 

L ABS Depth TRI-Tb.Sp -0.0149 0.9399 

L ABS Depth TRI-DA -0.1697 0.3881 

L ABS Depth Bone Cysts -0.1999 0.3077 

L ABS Depth 
Ranked Avg Bone 
Cysts -0.1886 0.3461 

L ABS Depth Total Voxels -0.038 0.8476 

L ABS Depth Total Volume 0.5556 0.0026 

L ABS Depth CV/TV -0.1553 0.4393 

L ABS Depth Weight 0.2859 0.1482 

L ABS Depth Ave. Cart Th. -0.0528 0.8249 

L ABS Depth Peri BV/TV -0.342 0.0749 

L ABS Depth Peri BMD -0.3785 0.047 

L ABS Depth Peri TMD -0.464 0.0129 

L ABS Depth Core Stiffness (MPa) -0.0019 0.9931 

L ABS Depth ML CYSTS 0.1193 0.5456 

L ABS Depth ML CV 0.0494 0.8027 

L ABS Depth ML CEN Depth 0.5239 0.0042 

L ABS Depth ML ABS Depth 0.5813 0.0012 

L ABS Depth ML CV/TV -0.0691 0.7321 

L ABS Depth M Cysts 0.0164 0.9341 

L ABS Depth M CV -0.0676 0.7326 
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L ABS Depth M CEN Depth 0.33 0.0864 

L ABS Depth M ABS Depth 0.5105 0.0055 

L ABS Depth M CV/TV -0.2576 0.1946 

L ABS Depth L Cysts 0.4286 0.0229 

L ABS Depth L CV 0.0535 0.7867 

L ABS Depth L CEN Depth 0.3008 0.1199 

L CV/TV Age 0.0836 0.6604 

L CV/TV BMI -0.2442 0.1934 

L CV/TV Conn-Dens -0.0073 0.9693 

L CV/TV TRI-SMI -0.0162 0.9321 

L CV/TV BMD -0.0425 0.8235 

L CV/TV TMD -0.1801 0.341 

L CV/TV TRI-TV -0.0474 0.8035 

L CV/TV TRI-BV -0.1177 0.5355 

L CV/TV TRI-BV/TV -0.0154 0.9358 

L CV/TV TRI-BS -0.099 0.6026 

L CV/TV TRI-BS/BV -0.0042 0.9823 

L CV/TV TRI-Tb.N -0.1048 0.5814 

L CV/TV TRI-Tb.Th 0.0042 0.9823 

L CV/TV TRI-Tb.Sp 0.1351 0.4766 

L CV/TV TRI-DA 0.2312 0.2189 

L CV/TV Bone Cysts 0.0238 0.9005 

L CV/TV 
Ranked Avg Bone 
Cysts 0.0094 0.9615 

L CV/TV Total Voxels 0.6991 <.0001 

L CV/TV Total Volume -0.0594 0.7551 

L CV/TV CV/TV 0.7765 <.0001 

L CV/TV Weight -0.1163 0.5479 

L CV/TV Ave. Cart Th. -0.3046 0.1794 

L CV/TV Peri BV/TV 0.3194 0.0854 

L CV/TV Peri BMD 0.2682 0.1519 

L CV/TV Peri TMD -0.375 0.0411 

L CV/TV Core Stiffness (MPa) 0.168 0.4121 

L CV/TV ML CYSTS 0.1191 0.5308 

L CV/TV ML CV 0.7578 <.0001 

L CV/TV ML CEN Depth -0.2252 0.2403 

L CV/TV ML ABS Depth 0.0254 0.8961 

L CV/TV ML CV/TV 0.8197 <.0001 

L CV/TV M Cysts -0.005 0.9792 

L CV/TV M CV 0.2068 0.273 

L CV/TV M CEN Depth -0.368 0.0495 
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L CV/TV M ABS Depth -0.0168 0.9313 

L CV/TV M CV/TV 0.1658 0.3812 

L CV/TV L Cysts 0.4983 0.0051 

L CV/TV L CV 0.9665 <.0001 

L CV/TV L CEN Depth 0.4503 0.0184 

L CV/TV L ABS Depth 0.0076 0.9701 

A CEN  Depth Age -0.135 0.469 

A CEN  Depth BMI -0.0655 0.7261 

A CEN  Depth Conn-Dens 0.0516 0.7827 

A CEN  Depth TRI-SMI 0.0133 0.9434 

A CEN  Depth BMD 0.0161 0.9314 

A CEN  Depth TMD -0.1395 0.4541 

A CEN  Depth TRI-TV -0.1323 0.4782 

A CEN  Depth TRI-BV -0.106 0.5702 

A CEN  Depth TRI-BV/TV -0.0306 0.87 

A CEN  Depth TRI-BS -0.1302 0.485 

A CEN  Depth TRI-BS/BV 0.0673 0.7189 

A CEN  Depth TRI-Tb.N -0.0319 0.8649 

A CEN  Depth TRI-Tb.Th -0.0673 0.7189 

A CEN  Depth TRI-Tb.Sp 0.023 0.9023 

A CEN  Depth TRI-DA -0.1653 0.3741 

A CEN  Depth Bone Cysts -0.3868 0.0316 

A CEN  Depth 
Ranked Avg Bone 
Cysts -0.3885 0.0339 

A CEN  Depth Total Voxels 0.1282 0.4918 

A CEN  Depth Total Volume 0.1373 0.4695 

A CEN  Depth CV/TV 0.115 0.545 

A CEN  Depth Weight 0.0794 0.6765 

A CEN  Depth Ave. Cart Th. -0.1553 0.4902 

A CEN  Depth Peri BV/TV -0.5923 0.0004 

A CEN  Depth Peri BMD -0.6169 0.0002 

A CEN  Depth Peri TMD -0.1165 0.5324 

A CEN  Depth Core Stiffness (MPa) 0.0134 0.947 

A CEN  Depth ML CYSTS 0.0393 0.8336 

A CEN  Depth ML CV 0.2431 0.1875 

A CEN  Depth ML CEN Depth 0.7451 <.0001 

A CEN  Depth ML ABS Depth 0.5066 0.0043 

A CEN  Depth ML CV/TV 0.2107 0.2638 

A CEN  Depth M Cysts -0.026 0.8897 

A CEN  Depth M CV -0.0319 0.8649 

A CEN  Depth M CEN Depth 0.6734 <.0001 
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A CEN  Depth M ABS Depth 0.5373 0.0022 

A CEN  Depth M CV/TV -0.1648 0.384 

A CEN  Depth L Cysts -0.01 0.9576 

A CEN  Depth L CV 0.1194 0.5223 

A CEN  Depth L CEN Depth 0.4226 0.0251 

A CEN  Depth L ABS Depth 0.4561 0.0147 

A CEN  Depth L CV/TV 0.1084 0.5686 

A ABS  Depth Age -0.2136 0.2486 

A ABS  Depth BMI -0.0179 0.9237 

A ABS  Depth Conn-Dens 0.106 0.5702 

A ABS  Depth TRI-SMI 0.023 0.9023 

A ABS  Depth BMD -0.0391 0.8345 

A ABS  Depth TMD -0.1685 0.3647 

A ABS  Depth TRI-TV -0.0734 0.6948 

A ABS  Depth TRI-BV -0.0089 0.9622 

A ABS  Depth TRI-BV/TV -0.023 0.9023 

A ABS  Depth TRI-BS -0.044 0.8144 

A ABS  Depth TRI-BS/BV 0.0851 0.6491 

A ABS  Depth TRI-Tb.N 0.1375 0.4607 

A ABS  Depth TRI-Tb.Th -0.0851 0.6491 

A ABS  Depth TRI-Tb.Sp -0.0657 0.7254 

A ABS  Depth TRI-DA -0.1069 0.5672 

A ABS  Depth Bone Cysts -0.213 0.25 

A ABS  Depth 
Ranked Avg Bone 
Cysts -0.2178 0.2475 

A ABS  Depth Total Voxels -0.0629 0.7367 

A ABS  Depth Total Volume 0.0816 0.668 

A ABS  Depth CV/TV -0.0612 0.7481 

A ABS  Depth Weight 0.0701 0.7129 

A ABS  Depth Ave. Cart Th. 0.0762 0.736 

A ABS  Depth Peri BV/TV -0.346 0.0566 

A ABS  Depth Peri BMD -0.3843 0.0328 

A ABS  Depth Peri TMD -0.3714 0.0397 

A ABS  Depth Core Stiffness (MPa) 0.2082 0.2974 

A ABS  Depth ML CYSTS -0.228 0.2173 

A ABS  Depth ML CV 0.0661 0.7238 

A ABS  Depth ML CEN Depth 0.4042 0.0267 

A ABS  Depth ML ABS Depth 0.8078 <.0001 

A ABS  Depth ML CV/TV 0.0483 0.8 

A ABS  Depth M Cysts -0.2997 0.1015 

A ABS  Depth M CV -0.3637 0.0443 
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A ABS  Depth M CEN Depth 0.2396 0.2022 

A ABS  Depth M ABS Depth 0.8029 <.0001 

A ABS  Depth M CV/TV -0.4238 0.0196 

A ABS  Depth L Cysts 0.008 0.9657 

A ABS  Depth L CV 0.073 0.6963 

A ABS  Depth L CEN Depth 0.3449 0.0723 

A ABS  Depth L ABS Depth 0.545 0.0027 

A ABS  Depth L CV/TV 0.0701 0.7128 

A ABS  Depth A CEN  Depth 0.5359 0.0019 
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