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Fractures are one of the most common bone injuries in the United States.  Twenty billion 

dollars is spent annually to treat over a million people.  Current methods of assessing 

fracture risk focus on measuring bone mineral density (BMD), which has been identified 

as a measurement that does not fully predict fracture risk.  In addition, risk prediction 

depends on the skeletal site being measured; however, the number of existing skeletal 

sites has not been identified for a heterogeneous population.  The objective of this study 

is to determine how specific is the regional morphology defined within an entire bone.  

We hypothesize that in a genetically heterogeneous population, regional morphologies 

within the entire femur are not correlated to each other.  We conducted our study on a 

adult F2 heterogeneous population.  We harvested their femurs and scanned six 

predefined regions with micro-computed tomography (µCT).  The six regions consist of 

the head (H), neck (N), proximal metaphysis (PM), mid-diaphysis (MD), distal 

metaphysis (DM) and distal epiphysis (DE).  Trabecular and cortical indices were 

measured and then correlated between the different regions.  Trabecular bone proved to 

be genuinely site specific while cortical bone did not.  Despite this result, trabecular bone 

was moderately correlated to cortical bone.  Mouse weights and femora lengths had little 

to no influence in the correlations between the femoral regions. This study indicates that 

for future fracture risk diagnostic methods, site specificity would have to be considered 

because even within a location of the bone (proximal or distal) site specific morphology 

is still being defined. 
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Chapter 1 

 

Introduction 
 

 

Overview 

 

With fracture risk being a great health concern, considering site-specific morphology 

to predict bone strength may improve the quality of life for many patients.  Currently, 

BMD is being used as a measure to predict fracture risk, however, it is not fully 

predictive and perhaps considering site-specificity may provide for a more accurate 

measurement of bone strength.  Specificity can be depicted at the microarchitectural level 

of bone and in order to appreciate this concept understanding the factors that influence 

bone biology at this level is very important.  

 

Bone Function and Biology 

 

The skeleton functions primarily to provide structural support and a framework for 

the human body.  Bone is capable of these functions primarily because of the tissue’s 

balance in stiffness and elasticity.  The stiffness property in bone permits it to support a 

load while its ductility permits it to minimize the load by absorbing its energy [1, 2].  

This balance in properties allows bone to be light yet strong.  For example, the hip can 

support eight times the weight of the human body [3]. 

Bone modeling and remodeling are the basic mechanisms that give bone the ability to 

maintain a balance in its tissue properties.   These mechanisms effectively control the 

amount of mineral content in bone, where the more mineral is created in bone the stiffer 

the bone gets [4].  Once bone has developed an amount of mineral content for peak bone 

strength, it tries to maintain that amount through the mechanism of remodeling [1].  In 

maintaining the same amount of mineral content, remodeling changes the geometry and 

mineral distribution in bone optimizing the appropriate elastic and stiffness properties [5].  

For example, near the shaft of the femoral neck the cortical shell is thick and elliptical; 

however, at the proximal end of the neck the cortical shell is more circular and has more 

trabecular bone.  Both ends of the femoral neck have the same amount of bone content, 

suggesting the influence of a morphological adjustment in order to maintain peak bone 

strength [5].  Remodeling, however, is not always consistent.  Once human bone has 

reached its adult form, adjustments to maintain peak bone strength become less 

successful through remodeling, and even less successful with age [1].  In addition, 

diseases (osteoporosis) and drugs (bisphosphonate) are known  to impact remodeling and 

reduce peak bone strength [6]. 

The potential increase in fracture risks in the future has made assessing and studying 

the determinants of fracture risk very important.  However, in order for us to appreciate 

the work that has been achieved in assessing and studying fracture risk, it is important to 
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first have a brief understanding of bone biology.  When studying bone strength, it is 

important to understand that the overall mechanisms controlling bone strength are bone 

modeling and remodeling [Figure 1].  Bone modeling is defined as a process of laying 

down bone onto a bone surface that has never been previously resorb, where resorption 

would occur at a different surface from formation [2].  Bone remodeling is a process 

where bone resorption and formation occurs on the bone surface.  Remodeling generally 

occurs for replacing dead or damaged tissue in addition to adapting to changes in loading 

and in response to nutritional and metabolic changes [7, 8]; these changes are induced in 

an effort to achieve and/or maintain peak bone strength.  One example of remodeling is 

illustrated in the process of longitudinal growth in the long bone, when the metaphyseal 

region of the bone grows it forms into a shaft-like shape resembling the diaphysis.  The 

change in shape occurs through the periosteal and endosteal surfaces [9-11]. 

 

Figure 1. An illustration of bone modeling and remodeling.  In modeling, osteoclasts and osteoblasts are 

not linked and occur at different surfaces.  In remodeling, the osteoblasts are coupled with osteoclasts and 

provide bone formation after resorption in the region [12]. 

The general structure of bone consists of an inner and outer compartment [Figure 2].  

In long bones, the inner compartment consists of trabecular (spongy) bone and the 

endosteal surface (except the diaphysis).  Trabeculae are shaped like rods or plates and 

are arranged in a lattice-like structure with many of the struts parallel to the direction of 

stress [13].  The trabecular compartment helps transfer a load that is applied to a bone.  
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The transferred loads can be redistributed after appropriate remodeling has taken place.  

The endosteal surface lines the inner cavity of the long bone, creating a layer that 

surrounds the trabecular surface.  The outer compartment consists of the cortical shell and 

periosteal surface.  The cortical shell is mainly, however, not entirely cylindrical in shape 

and it has very little porosity.  The outer compartment usually must withstand bending 

and torsional forces.  The periosteum is the outer layer of the outer compartment, and like 

the endosteal surface.  It is known to be the site where most remodeling occurs.  

 

Figure 2. Image of femoral head illustrating the inner and outer compartment of bone [14]. Note lesser 

trochanter not visible in image. 

Both the organic and inorganic components of bone are involved in remodeling.  The 

extracellular matrix of bone is 70% inorganic, 25% organic, and 5% water.  The 

inorganic portion is mainly hydroxyapatite (which includes calcium and phosphate ions).  

The cells that make up the bone and its matrix are mainly osteoblasts, osteoclasts, and 

osteocytes  [2].  Osteoblasts are cells that lay down extracellular matrix and they 

communicate with their environment by anchoring to the skeletal matrix or to other cells.  

Due to it’s their anchoring abilities, osteoblasts are very well connected in bone and this 

gives osteoblasts the ability to sense metabolic and mechanical demands to direct bone 

formation [15, 16].  Osteoclasts are cells that resorb mineralized bone (the calcium and 

phosphate component) with vesicles.  When osteoclasts are activated, they are capable of 

absorbing 200,000 µm
3
 of mineral per day, an amount that is produced by 7-10 

generations of osteoblasts that have a 15-20 day lifespan [17].  Osteocytes are the most 

abundant of bone cells, and they function primarily as a mechanosensory cells that 

determine bone structure [18].  As mechanosensory cells, it is believed that osteocytes are 
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the cells that maintain mineral homeostasis in bone; specifically, as releasers of hormones 

and factors that signal for osteoclastic resorption [19].  

 

Impact of Fractures 

 

According to the World Health Organization, osteoporosis is defined as a disease that 

causes a reduction in bone mass and a structural deterioration of bone tissue, leading to 

bone fragility and increased susceptibility to fractures [20].  The increase in skeletal 

fragility is caused by an excessive resorption of bone with an insufficient amount of bone 

formation, which results in an inadequate balance of stiffness and elasticity.  There are 

approximately 1.3 million individuals that suffer from osteoporotic fractures; 

osteoporotic fractures account for 70% of all fractures in the United States, of which the 

most common are hip, vertebra, and distal forearm (wrist) fractures [21].  Other sites of 

fracture that are not as common include the proximal humerus, pelvis, proximal tibia and 

distal femur [22].   Osteoporosis is linked with a 10-20% reduction in patient survival 

following hip fracture [23].  Morbidity increases approximately 7-8% after patients 

develop an osteoporotic hip, or spine and wrist fractures, which often result in patient 

placement in a nursing home [24].  The overall cost of osteoporotic fractures is also an 

enormous burden since $20 billion is spent annually in the United States, and hip 

fractures account for a third of this total [25].  It is also projected that the number of 

people in the world that are affected by fractures will increase in the future.  It is 

estimated that among men and women over the age of 65 numbers of people affected by 

osteoporosis will climb from 323 million to 1.5 billion by the year of 2050 [26].   

There have been several factors identified as predictors of skeletal fragility: history of 

a previous fracture, bone mineral density (BMD), bone turnover (remodeling), 

microarchitecture, mineralization, microdamage, collagen crosslinking, and mineral 

crystal structure [27].  The use of bone turnover, history of fracture and BMD as 

predictors of fracture has been established in a research setting.  In the clinical setting, 

BMD was once the gold standard for predicting fracture [27]. It was believed that higher 

BMD would increase bone strength and a lower amount would reduce strength.  

However, BMD alone cannot predict fracture risk.  It has been shown that when BMD 

levels rise from 9% to 13%, the assessment for fracture risk does not change [27].   This 

indicates that magnitude of BMD and bone strength can be independent phenomena, and 

thus proves that other factors warrant consideration in order to provide a complete 

assessment of fracture risk [28, 29].  The image modality commonly used by clinicians to 

assess BMD is dual x-ray absorptiometry (DXA), however, studies have shown that this 

modality is limited to assessing areas rather than volume [30].  Volumetric information is 

important because it is more indicative of potential changes in mass, geometry and 

overall morphology of a bone. 

Of the factors identified as predictors for skeletal fragility none have been implanted 

into a potential diagnostic tool (except BMD) except for microarchitecture.  The 

volumetric information for bone consists of a characterization of the bone’s 

microstructure.  And this information can be attained with a high-resolution computed 

tomography (CT) scanner such as the peripheral QCT.  While these scanners have not 

been established as diagnostic tools yet because of their high x-ray exposure, advances in 
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scanner technology are leading towards potential cortical and trabecular tissue 

information that will permit closely measuring skeletal fragility [30].  While the 

improvement of technology will come with time, current research has focused on 

extracting the most relevant microarchitectural information using micro CT scanners.   

Research on the genetic regulation of osteoporosis indicates that there are many genes 

involved in controlling or influencing osteoporosis.  In a twin study and a family fracture 

study, genetics accounted for 50-80% of the variability in bone mass [31-34].  In post-

menopausal women, heredity accounted for 25-54% of the variation in wrist fracture 

incidence; the women showed variability in percentage due to age (as age increased 

genetics explained less variation in fracture incidence) and heritability was largely, but 

not entirely, independent of BMD suggesting genetic control over other fracture factors, 

such as bone turnover and geometry [35, 36].  Risk factors for osteoporotic fractures, 

such as quantitative ultrasound properties, geometry and bone turnover have been shown 

to have strong heritable components [20, 37, 38].  One of the gene candidates believed to 

influence osteoporosis during bone growth is VDR; other candidates associated with 

osteoporosis control include ERα, ApoE, IL-6, TGFβ and MTHFR [39].  However, these 

genes are also known to influence other conditions.  Thus, it is important to elucidate the 

roles of genes in osteoporosis.  The VDR gene is associated with diabetes, 

hyperthyroidism and multiple sclerosis, while the ApoE gene has been implicated in 

ischemia and Alzheimer’s disease. 

A better diagnostic tool for predicting fracture is possible when using high resolution 

CT scanners to assess bone morphology.  A microarchitectural analysis reveals 

information on bone quantity and quality.  In osteoporotic bone, trabeculae are reduced in 

numbers, connections, and thickness [40].  Apparently these changes in trabecular 

structure result in osteoporotic bone having an inability to transfer loads properly [40, 

41].  Men exhibiting a vertebral fracture have lower bone interconnectivity and trabecular 

number compared to men without a vertebral fracture [42].  In a separate study of hip 

fracture patients, overall geometry changed in order to reduce stress; the diameter of the 

bone increased more in fracture patients than non-fracture patients [43].  Likewise, 

women who suffer from femoral neck fractures tended to have wider femoral necks and 

femoral neck shafts [36, 44, 45].  Most of these studies observed bone morphology as a 

whole; however, site-specific regions exist in bones.  In future assessments of bone 

fracture risks, the strategy of studying morphology should include site-specificity. 

Site specificity varies significantly with genetic background, yet there no indication if 

the degree of specificity is greater for one genetic background over another, and visa 

versa.  In a study comparing three genetically distinct mice, it was shown that no 

particular expression for site specificity could be linked to a specific type of genetic 

background [46].  The study was based on correlations with regions in the distal end of 

the femur; a similar study looking at an entire bone within a heterogeneous population 

may provide more information on any trends of dominance with genetic background.  In 

a similar study, it was shown that depending on the genetic background, the site specific 

response to bone disuse varied significantly [47].  Some responses include uniform bone 

loss among specific sites of a bone, a compensatory effect when bone is lost in one site 

but gained in another or completely different degrees of loss at different sites without 

compensation at other sites.  Since the study focused on a limited amount of mouse 
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strains and site specific regions, a study on an entire bone and form a population of 

genetically distinct mice may be more indicative of potential responses for particular 

genetic backgrounds.  Subsequent studies have focused on different aspects of site 

specificity such as: the uniform effect of drugs on site-specific regions; varied 

associations of single-nucleotide polymorphisms with different bone sites; differences of 

skeletal compartments (trabecular and cortical) between and among bone sites; non-

uniform site specific increases in bone quantity after loading; and different genetic 

determinants for skeletal phenotypes within bone to the degree of different extents of 

genetic control for the two bone compartments [48-55].   

 

Hypothesis and Specific Aim 

 

It has thus become imperative to revisit the characterization of site-specificity in bone 

morphology.  Previous analysis studied site-specificity on specific populations and 

skeletal sites.  However, an analysis extended to an entire population and an entire bone 

will show how site-specificity in the grander scale.  In addition, any trends that may exist 

in a genetically heterogeneous pool may be discovered since variability in bone mass and 

morphology are controlled by genetic factors [31-34].  Given microarchitecture is a key 

factor to fracture risk, understanding site-specificity in a bone’s morphology will provide 

more accurate information on the relationship between genes and bone phenotype.  

Ultimately, developing an accurate and more informative imaging modality for patients 

could be achieved.  Here, it is hypothesized that within a genetically heterogeneous 

population, regional morphologies within an entire bone are not correlated.  If this can be 

demonstrated as true, it may suggest that site-specific morphology within an entire bone 

may be modulated by different combinations of genes.  The specific aim of the research 

is to characterize site-specificity in bone microarchitecture by defining the level of site-

specificity that exists among regions of the different bone tissues (i.e., trabecular and 

cortical).   
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Chapter 2 

 

Materials and Methods 

 

 
Heterogeneous Population 

 

Previous studies have shown that using mice can serve as a proof of principle for 

studying characteristics of the human genotype and phenotype [46, 47, 56].  This study 

focuses on characterizing trabecular and cortical morphology in mice with micro-

computed tomography and testing for correlations in these measures across different 

morphological regions of a bone.  Criteria for choosing the mouse strains, BALB and 

C3H, were based on their distinction in BMD, which is a major indicator of bone strength 

(BALB having relatively lower BMD than C3H).  Creating a heterogeneous population 

of mice by crossing these strains resulted in a distribution of morphologies that 

incorporated all possible combinations of the parental mice.   

Male C3H/HeJ [C3H] and female BALB/cByJ [BALB] mice (Jackson Laboratory, Bar 

Harbor, ME) were raised until four months of age, after which the two strains were 

crossbred to create a first generation (F1) population.  Subsequently, the F1 population 

was inbred into a second generation (F2) population of which 622 male mice were 

assigned to this study.  Prior to sacrifice (at four months of age), the weight of the mice 

was approximately 40±5g.  Femora were harvested from male mice, preserved in 70% 

ethanol (4°C), and scanned to conduct a morphological evaluation using a micro-

computed tomography scanner (µCT40, Scanco Medical).    

 

Experimental Design 

 

Prior to scanning, samples were cleaned of all soft tissue, labeled for identification 

after scanning, and lengths measured with digital calipers.  At least four bones were 

placed into a holder for simultaneous scanning.  MicroCT scans were performed on the 

femur at a resolution of 12µm [46] (µCT40, Scanco Medical).  Six regions of interest 

(ROIs) were investigated: one scan included the head, neck and proximal metaphysis 

ROIs; another scan included only the mid-diaphysis ROI, and a third scan included the 

distal metaphysis and distal epiphysis ROIs.  After scanning, all ROIs were evaluated 

with algorithms that retrieved cortical and trabecular information [57].  Statistical tests 

were performed on morphometric and density information for both cortical and trabecular 

bone regions (SPSS Windows 15.0). 

 

Terms and Measures 

 

In this study, femora were divided into three morphological regions: proximal, middle 

and distal regions.  The first region can be partitioned into three sub regions: the head, 

neck and proximal metaphysis [Figure 3].  The proximal end of the bone begins with the 
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femoral head (spherical), which predominantly consists of trabecular bone, and which is 

geometrically distinct from the neck region (cylindrical) that is comprised of both 

trabecular and cortical bone. The neck connects to the proximal metaphysis, which 

consists of both trabecular and cortical bone, with a similar geometry to the neck region, 

yet with a greater diameter in terms of trabecular bone.  Distal to the proximal 

metaphysis, trabecular bone dissipates until only the cortical shell remains in the 

diaphysis.  The diaphyseal region is the largest of all the regions in the femur.  Only a 

portion of it was scanned in order to reduce scanning and evaluation time; this portion 

was focused on a landmark closest to the center of the diaphysis.  The landmark was the 

most circular shell nearest to the center of the diaphyseal regions.  Towards the distal end 

of the diaphysis, trabecular bone is considered in the analysis again.  At the distal end, the 

distal metaphysis and distal epiphysis, both with trabecular and cortical bone but different 

geometry, were analyzed.  The distal metaphysis was the longer of the defined regions in 

this study.  The distal metaphysis ROI begins at 190 slices proximal to the condyles and 

ends 50 slices at the femoral condyles, while distal to the femoral condyles is the distal 

epiphysis ROI.   
 

1.2 2 3 4

1.1

5 6

 
Figure 3: Renderings generated from the algorithm for the ROI in the femur.  Figure 1.1 illustrates 

trabecular bone in the femoral head (Figure 1.2). This figure also shows the trabecular containing regions 

including the head (2), neck (3), distal metaphysis (5) and the distal epiphysis (6).The lone cortical shell is 

illustrated in the diaphysial region (4). 

With the exception of the mid-diaphysis, femoral ROIs were chosen to include the 

maximum amount of trabecular bone and were evaluated with an automated algorithm 

that detects and separates trabecular and cortical bone. All images from the scans were 

reconstructed with a three-dimensional Gaussian filter for noise reduction and segmented 

in order to differentiate bone and non-bone using a global threshold.  The ROIs for head 

(H) and neck (N) evaluations were defined by the algorithm as 480µm and 384µm in the 

z-axis, respectively.  For the proximal metaphysis (PM), the ROI (456µm) was positioned 

according to a standard proximal metaphysis landmark: the location where the neck 

region fused with the greater trochanter, and the shape of the bone became consistently 

circular in cross-sectional geometry.  Similarly, the mid-diaphysis (MD) ROI (756µm) 

began at the point closest to the center of the bone.  First approximately 100 slices that 

revolve equally around the center of the bone is targeted.  Within this region the most 

circular portion within this range selected to be the region where the slices were going to 

be analyzed between different bones.  For the distal metaphysis (DM), the ROI (1500µm) 

begins 2316µm proximal to the distal metaphysis landmark, which is defined as the 
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region where fusion of the growth plate first appears at the distal end of the femur. The 

distal epiphysis (DE) ROI (360µm) begins at the landmark on the cross-section where the 

condyles disappear.  

 

Data Validation 

 

Using an automated algorithm, several morphological parameters were evaluated 

from trabecular and cortical bone in all of the scanned regions [57].  In order to validate 

proper derivation of the morphological parameters, the algorithm produces a 3D 

rendering of the evaluated ROI [Figure 4].  From 3D renderings, proper separation of 

trabecular and cortical bone at the specified ROI can be evaluated.  In addition, 

magnitudes of results are reviewed relative to expected magnitudes at each ROI reported 

in previous studies to ensure proper calculations [58].  For trabecular bone, parameters of 

interest include: bone volume (BV), bone volume fraction (BV/TV), connectivity density 

(Conn.D), trabecular number (Tb.N), trabecular thickness (Tb.Th), tissue mineralized 

density of trabecular bone (Tb.TMD), and structure model index (SMI).  For cortical 

bone parameters include cortical area (Ct.Ar), cortical bone volume (Ct.BV) cortical bone 

volume fraction (Ct.BV/TV), cortical thickness (Ct.Th), tissue mineralized density of 

cortical bone (Ct.TMD) and maximum, minimum and polar moments of inertia (Imax, Imin, 

Ip, respectively). 

 

Ct

Tb

A B C D  
Figure 4. A 3D rendering of the ROI in the distal metaphysis, with trabecular (pink) and cortical (white) 

bone separation.  Figure 4A depicts the lack of a separation of cortical shell from trabecular bone.  Figure 

4B depicts lack of separation of the trabecular bone from the cortical shell.  Figure 4C depicts the inclusion 

of a fragment within the evaluation of the bone.  Figure 4D is a depiction of the separation chosen to define 

the distal metaphyseal region.  Ct = Cortical bone and Tb=Trabecular bone.  

Statistics 

 

Descriptive statistics (i.e., mean ± standard deviation) were compiled for the 

heterogeneous population relative to the parental mice.  Trabecular and cortical bone 

values equivalent to the parental mean values are reported in a similar study [58].  These 

parental mice were male and 4 months of age and represented the control of a disuse 

study.  Shapiro-Wilk normality tests (SPSS Windows 15.0) were used to assess 

distributions of trabecular and cortical data.  Trabecular ancd cortical bone in different 

femoral regions was investigated using Pearson correlations.  Partial Correlations were 

run using mouse weight and femora length as controlled values.  Linear regressions were 

performed between significantly correlated regions to specify the degree of a correlated 
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relationship.  All regressions were considered statistically significant when the associated 

p-value is less than 0.05.  
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Chapter 3 

 

Results 

 

 
Using the 3D rendering of the evaluated region of interest (ROI), we were able to 

verify that trabecular and cortical data were evaluated correctly.  The total number of 

evaluated samples for each ROI was: n=296 for distal epiphysis, n=432 for distal 

metaphysis, n=360 for mid-diaphysis, n=436 for proximal metaphysis, and n=244 for 

head and neck regions.  Note that the parental means that will be examined in the results 

come from a very similar study of the same lab group. 

 

Distribution of Bone Indices and Properties from the Distal Metaphysis 

 

Most of the indices and properties of the trabecular and cortical bone were normally 

distributed.  Those that were not can be found in each trabecular and cortical regions, 

however, for each region the non-normally distributed indices and properties differed.  

Using the Shapiro-Wilk test on SPSS 15.0 for windows, it was found that in the distal 

metaphysis Tb.Th and Tb.Sp were not normally distributed values (p <0.05).  Both Tb.Th 

and Tb.Sp were slightly positively skewed and have normal curve peaks [Table 1].  In 

addition, all index and property distributions were superimposed with arrows of parental 

mean values to compare how each value existed relative to their parental mean values 

[Figure 5].  In the distal metaphysis, the mean values for BV/TV and Tb.Th were located 

toward the opposite ends of our offspring distribution.  Specifically, the mean values of 

BV/TV and Tb.Th from the C3H mice were within 1SD below the grand means of the 

offspring distribution.  The same mean values in the BALB mice were approximately 2 

SD below the grand mean of our offspring distributions.  In contrast, mean values for 

Tb.N, Tb.Sp, and Conn.D of C3H and BALB were very close to one another within their 

relatively wider offspring distribution.  Another result unique to the distal metaphysis 

trabecular bone was that it contained the greatest mean value for BV and SMI and the 

lowest mean value for Tb.N [Appendix 1]. 
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Figure 5. Offspring distribution of index values from the distal metaphyseal with parental means values in 

the form of arrows superimposed on the distribution.  These values include (A) bone volume fraction, (B) 

trabecular thickness, (C) trabecular number, (D) trabecular spacing and (E) connectivity density. BV/TV 

and Tb.Th parental mean values are located on opposite ends of the offspring distributions and Tb.Th, Tb.N 

and Conn.D were not. 
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Table 1. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of trabecular bone in the 

distal metaphysis region.  Tb.Th and Tb.Sp are non-normally distributed in the heterogeneous population as 

tested by Shapiro-Wilk, where p was less than 0.05. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

BV (mm
3
) 432 0.52 0.15 0.38 0.144 0.117 -0.194 0.234

BV/TV 431 20 5 0.52 0.117 0.118 0.444 0.235

Conn.D (mm
-3

) 432 154 48 0.38 0.145 0.117 0.086 0.234

SMI 430 1.4 0.42 0.53 -0.046 0.118 -0.21 0.235

Tb.N (mm
-1

) 422 4.9 0.66 0.19 -0.123 0.119 -0.317 0.237

Tb.Th (µm) 420 55 5.5 0.013 0.251 0.119 -0.115 0.238

Tb.Sp (mm) 407 0.2 0.03 0 0.432 0.121 -0.325 0.241

Tb.TMD (g*mm
-3

) 439 236 52 0.09 -0.151 0.117 0.519 0.233

Descriptive Statistics of Trabecular Bone in the Distal Metaphysis

Skewness Kurtosis

 

Table 2. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of cortical bone in the distal 

metaphysis region. Ct.BV/TV and Imin are non-normally distributed as tested by the Shapiro-Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

Ct.BV (mm
3
) 429 1.4 0.14 1 0.016 0.118 0.16 0.235

Ct.BV/TV (%) 424 79 3 0 1.03 0.119 0.46 0.237

Ct.Th (µm) 424 156 14 0.12 0.202 0.119 -0.126 0.237

Ip (mm
4
) 430 0.7 0.13 0.07 0.273 0.118 0.203 0.235

Imax (mm
4
) 430 0.49 0.09 0.17 0.241 0.118 0.253 0.235

Imin (mm
4
) 427 0.21 0.04 0.01 0.181 0.118 -0.508 0.236

Ct.Ar (mm
2
) 429 0.96 0.1 1 0.016 0.118 0.16 0.235

Ct.TMD (g*mm
-3

) 438 873 31 0.47 -0.16 0.12 0.05 0.23

Skewness Kurtosis

Descriptive Statistics of Cortical Bone in the Distal Metaphysis

 

From the cortical bone of the distal metaphyseal region, only Ct.BV/TV and Imin 

departed from normality (Shapiro-Wilk p value < 0.05).  Ct.BV/TV was positively 

skewed and slightly leptokurtic, while Imin was not significantly skewed and exhibits a 

lower peak than normal Gaussian (platykurtic) [Table 2].  Parental mean values for Ct.Ar, 

Ip, Imax and Imin were located toward opposite ends of the offspring distribution, where the 

mean of C3H mice was 1 SD above the grand mean for all offspring distributions, while 

BALB mice had means mainly greater but within 1 SD of grand means for all offspring 

distributions of these indices [Figure 6].  Relative to all other regions, the distal 

metaphysis had the greatest mean for Ct.BV [Appendix 2]. 
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Figure 6. Offspring distribution of index and property values from the distal metaphyseal with parental 

means values in the form of arrows superimposed on the distribution.  These values include (A) Ct.Ar, (B) 

Tb.Th (C) Tb.N, and (D) Tb.Sp.  Ct.Ar and all moments of inertia parental mean values were at opposite 

end of offspring distribution 

Distribution of Bone Indices and Properties from the Distal Epiphysis 

 

Within the distal epiphysis, only indices Tb.TMD, Conn.D and Tb.N departed 

significantly from normal distributions of the heterogeneous population (Shapiro Wilk p 

<0.05).  Conn.D was slightly positively skewed and with a significantly normal peak, 

while Tb.N was positively skewed and with a significantly normal peak, and Tb.TMD 

was positively skewed and peaks leptokurtically [Table 3].  Mean values of Tb.Th, Tb.N, 

Tb.Sp, and Conn.D from the parental strain were located toward the opposite ends of the 

offspring distribution.  However, mean values of BV/TV for the C3H and BALB mice 

were located below the population mean, but within 1 SD of the population mean [Figure 

7].  Mean values for both parental groups were not significantly different from one 

another (confirmed with an ANOVA).  Relative to all other regions, the distal epiphysis 

had the greatest mean for BV/TV and the lowest mean for SMI [Appendix 1]. 
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Figure 7. Offspring distribution of index values from the distal epiphysis with parental means values in the 

form of arrows superimposed on the distribution.  These values include (A) BV/TV, (B) Tb.Th (C) Conn.D, 

(D) Tb.N and (E) Tb.Sp.  Tb.Th, Tb.N, Tb.Sp and Conn.D parental mean values were at the opposite end of 

offspring distribution.  Both parental means for BV/TV, however, were within 1 SD of the grand mean in 

the offspring distribution. 
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Table 3. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of trabecular bone in the 

distal epiphysis region.  Conn.D, Tb.N and Tb.TMD were non-normally distributed as tested by the 

Shapiro-Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

BV (mm
3
) 291 0.330 0.060 0.79 0.071 0.143 0.332 0.285

BV/TV (%) 286 39 4.6 0.06 0.342 0.144 0.017 0.287

Conn.D (mm
-3

) 290 137 32 0 0.377 0.143 -0.34 0.285

SMI 295 -0.37 0.42 0.59 -0.189 0.142 0.153 0.283

Tb.N (mm
-1

) 284 6.5 0.43 0.001 0.31 0.145 -0.409 0.288

Tb.Th (µm) 295 72 6.9 0.32 0.221 0.142 0.071 0.283

Tb.Sp (mm) 291 0.15 0.02 0.67 -0.122 0.143 0.109 0.285

Tb.TMD (g*mm
-3

) 296 398 50 0.007 0.345 0.142 1 0.282

Skewness Kurtosis

Descriptive Statistics of Trabecular Bone in the Distal Epiphysis

 

Table 4. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of cortical bone in the distal 

epiphysis region.  Ct.BV/TV and Ct.Th were non-normally distributed as tested y the Shapiro-Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

Ct.BV (mm
3
) 293 0.48 0.048 0.07 0.315 0.142 0.098 0.284

Ct.BV/TV (%) 296 75 6.5 0 0.224 0.142 -1.108 0.282

Ct.Th (µm) 296 109 14 0 0.343 0.142 -0.624 0.282

Ip (mm
4
) 291 1.03 0.17 0.77 -0.066 0.143 -0.160 0.285

Imax (mm
4
) 292 0.57 0.09 0.8 -0.113 0.143 -0.149 0.284

Imin (mm
4
) 292 0.46 0.09 0.37 -0.091 0.143 -0.009 0.284

Ct.Ar (mm
2
) 292 1.3 0.13 0.21 0.215 0.143 -0.193 0.284

Ct.TMD (g*mm
-3

) 287 741 35 0.79 -0.05 0.141 0.136 0.282

Descriptive Statistics of Cortical Bone in the Distal Epiphysis

Skewness Kurtosis

 
 

All cortical variables from the distal epiphyseal region, except Ct.Th (positively 

skewed, platykurtic, and almost bimodal) and Ct.BV/TV (positively skewed, platykurtic, 

and almost bimodal) did not depart significantly from normal distributions [Table 4].  

Relative to all other regions, the distal epiphysis had the greatest mean for Ip and the 

lowest mean for Ct.Th and Ct.TMD [Appendix 2]. 

 

Distribution of Bone Indices and Properties from the Mid-Diaphysis 

 

In the mid-diaphysis, only Ct.BV/TV and Ct.TMD departed from normal distribution 

within all cortical variables and properties.  Ct.BV/TV was not significantly skewed and 

had a normally curved peak, however, Ct.TMD was positively skewed and had a 

leptokurtic peak [Table 5].  Mean values of the parental strains for Ct.Ar, Ip, Imax, and Imin 

were located toward the opposite ends of the offspring distribution, where the mean of 

C3H mice was closer to the higher values for these indices and the mean of BALB mice 

was towards the lower end [Figure 8].  Relative to all other regions, the diaphysis had the 

greatest mean for Ct.BV/TV, Ct.TMD and Ct.Th [Appendix 2]. 
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Figure 8. Offspring distribution of index values from the mid-diaphysis with parental means values in the 

form of arrows superimposed on the distribution.  These values include (A) Ct.Ar, (B) Ip (C) Imax and (D) 

Imin, and all were located toward opposite ends of the offspring distribution. 

 

Table 5. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of cortical bone in the mid-

diaphysis region.  Ct.BV/TV and Ct.TMD were non-normally distributed as tested y the Shapiro-Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

Ct.BV (mm
3
) 360 0.76 0.09 0.68 -0.027 0.129 0.205 0.256

Ct.BV/TV (%) 348 99 0.1 0.039 -0.242 0.131 -0.281 0.261

Ct.Th (µm) 360 312 33 0.38 0.179 0.129 0.146 0.256

Ip (mm
4
) 359 0.42 0.09 0.1 0.305 0.129 0.196 0.257

Imax (mm
4
) 359 0.29 0.07 0.12 0.283 0.129 0.159 0.257

Imin (mm
4
) 355 0.13 0.027 0.07 0.240 0.129 -0.195 0.258

Ct.Ar (mm
2
) 359 0.56 0.12 0.1 0.305 0.129 0.196 0.257

Ct.TMD (g*mm
-3

) 467 1208 23 0.01 0.249 0.113 0.71 0.225

Skewness Kurtosis

Descriptive Statistics of Cortical Bone in the Mid-Diaphysis
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Distribution of Bone Indices and Properties from the Proximal Metaphysis 

 

In the proximal metaphysis, Tb.N and Tb.TMD were the only trabecular indices that 

were non-normally distributed (Shapiro-Wilk p<0.05).  The Tb.N distribution was not 

significantly skewed and slightly but not significantly platykurtic; Tb.TMD is negatively 

skewed and slightly but not significantly leptokurtic [Table 6].  All cortical variables 

were normally distributed within the proximal metaphyseal [Table 7].  Relative to all 

other regions, the proximal metaphysis had the greatest mean for Tb.Sp and Imax, and the 

lowest for Tb.TMD [Appendix 1]. 
 

Table 6. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of trabecular bone in the 

proximal metaphyseal region.  Tb.N was non-normally distributed as tested y the Shapiro-Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic

Std. 

Error Statistic

Std. 

Error

BV (mm
3
) 436 0.15 0.03 0.1 -0.1 0.117 0.557 0.233

BV/TV (%) 435 17 3.3 0.847 0.043 0.117 -0.244 0.234

Conn.D (mm
-3

) 436 98 23 0.955 0.091 0.117 -0.077 0.233

SMI 436 0.64 0.36 0.053 0.269 0.117 0.192 0.233

Tb.N (mm
-1

) 430 5.1 0.43 0.03 0.156 0.118 -0.445 0.235

Tb.Th (µm) 436 59 4.5 0.274 0.048 0.117 0.602 0.233

Tb.Sp (mm) 435 0.21 0.02 0.18 0.166 0.117 0.236 0.234

Tb.TMD (g*mm
-3

) 435 207 37 0.001 -0.46 0.117 0.449 0.234

Skewness Kurtosis

Descriptive Statistics of Trabecular Bone in the Proximal Metaphysis

 
 

Table 7. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of cortical bone in the 

proximal metaphyseal region.  All indices and properties were normally distributed as tested y the Shapiro-

Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

Ct.BV (mm
3
) 435 0.66 0.059 0.197 0.218 0.117 -0.081 0.234

Ct.BV/TV (%) 435 89 3 0 0.443 0.117 -1.177 0.234

Ct.Th (µm) 432 213 16.7 0.021 0.205 0.117 -0.357 0.234

Ip (mm
4
) 435 0.95 0.135 0.073 0.224 0.117 -0.112 0.234

Imax (mm
4
) 434 0.64 0.1 0.057 0.219 0.117 -0.18 0.234

Imin (mm
4
) 436 0.31 0.04 0.254 0.202 0.117 -0.089 0.233

Ct.Ar (mm
2
) 435 1.45 0.13 0.197 0.218 0.117 -0.081 0.234

Ct.TMD (g*mm
-3

) 435 980 18 0 -0.425 0.117 1.43 0.234

Skewness Kurtosis

Descriptive Statistics of Cortical Bone in the Proximal Metaphysis

 
 

Distribution of Bone Indices and Properties from the Neck and Head Region 

 

Within the neck region, all trabecular indices were normally distributed except BV 

and Tb.Sp (Shipiro-Wilk p <0.05) [Table 8].  BV was positively skewed and had a 

normal peak height; in contrast, Tb.Sp was negatively skewed and has a leptokurtic peak.  

In addition, the neck region displays the greatest mean for Tb.N and the lowest mean for 
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all cortical indices and properties except Ct.Th and Ct.TMD [Appendix 1 & Appendix 2].  

Similarly the cortical indices and properties of the neck were almost entirely normally 

distributed with the exception of Ct.Th (negatively skewed and platkurtic) and Ct.TMD 

(negatively skewed with a normally height peak) [Table 9].  Within the head region, 

Conn.D and Tb.Sp were non-normally distributed.  Conn.D was slightly positively 

skewed with a normal peak, and Tb.Sp was negatively skewed with a leptokurtic peak 

[Table 10].  The head region displays the greatest mean for Tb.TMD [Appendix 1].  
  

Table 8. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of trabecular bone in the neck 

region.  BV and Tb.Sp were non-normally distributed as tested y the Shapiro-Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

BV (mm
3
) 242 0.01 0.005 0.004 0.321 0.156 -0.512 0.312

BV/TV (%) 244 16 6 0.59 -0.131 0.156 0.21 0.31

Conn.D (mm
-3

) 240 186 84.1 0.12 0.197 0.157 -0.471 0.313

SMI 236 1.1 0.76 0.84 0.096 0.158 -0.190 0.316

Tb.N (mm
-1

) 212 11 2.35 0.054 0.166 0.167 0.138 0.333

Tb.Th (µm) 230 44 7 0.54 0.007 0.16 0.113 0.32

Tb.Sp (mm) 243 0.1 0.03 0 -0.4761 0.156 1.2 0.311

Tb.TMD (g*mm
-3

) 241 489 62 0.143 0.02 0.157 0.567 0.312

Skewness Kurtosis

Descriptive Statistics of Trabecular Bone in the Neck Region

 

Table 9. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of cortical bone in the neck 

region.  Ct.Th and Ct.TMD were non-normally distributed as tested y the Shapiro-Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

Ct.BV (mm
3
) 241 0.21 0.02 0.26 -0.123 0.157 0.437 0.312

Ct.BV/TV (%) 234 49 8.5 0.1 0.225 0.159 -0.099 0.317

Ct.Th (µm) 242 209 16 0.001 -0.368 0.156 -0.498 0.312

Ip (mm
4
) 241 0.07404 0.013 0.07 0.095 0.157 0.253 0.312

Imax (mm
4
) 236 0.047 0.008 0.15 0.268 0.158 -0.119 0.316

Imin (mm
4
) 242 0.03 0.004 0.09 -0.017 0.156 -0.002 0.312

Ct.Ar (mm
2
) 240 0.53 0.04 0.13 -0.193 0.157 0.365 0.313

Ct.TMD (g*mm
-3

) 242 968 23 0.001 -0.54 0.156 0.556 0.312

Skewness Kurtosis

Descriptive Statistics of Cortical Bone in the Neck Region
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Table 10. Mean, SD, Shapiro-Wilk significance, skewness and kurtosis values of trabecular bone in the 

head region.  Conn.D and Tb.Sp were non-normally distributed as tested y the Shapiro-Wilk test. 

N Mean SD Shapiro-Wilk

Statistic Statistic Statistic Sig. Statistic Std. Error Statistic Std. Error

BV (mm
3
) 244 0.16 0.02 0.94 0.2 0.156 0.066 0.31

Conn.D 235 308 91 0.003 0.315 0.159 -0.295 0.316

SMI 236 1.1 0.8 0.76 0.096 0.158 -0.19 0.316

Tb.N (mm
-1

) 244 10 0.9 0.56 -0.159 0.156 -0.287 0.31

Tb.Th (µm) 241 84 10 0.183 0.267 0.157 -0.389 0.312

Tb.Sp (mm) 243 0.1 0.03 0 -0.476 0.156 1.202 0.311

Tb.TMD (g*mm
-3

) 241 489 62 0.12 0.02 0.157 0.567 0.312

Descriptive Statistics of Trabecular Bone in the Head Region

Skewness Kurtosis

 
 

Correlations of Mouse Weight, Femora Length and Femoral Morphology 

 

In order to test whether mouse weight and femora length is a factor in the degree of 

site specificity on the femur, correlations were made between all three variables.  All 

non-normally distributed values were excluded from correlations analysis in this section 

and all other sections.  In general, weight and length had very little correlation almost all 

of the indices and properties of trabecular and cortical bone.  Of the existing significant 

correlations, the distal end (DE and DM) of the femur displayed the majority of them 

[Table 11].  Significant correlations within MD, PM, N and H were almost completely 

non-existent.  There was no particular pattern that indicated an index was more favorable 

between any of the significant correlations.  Similarly the significant correlations were so 

few that neither length nor weight could be assumed to be more correlated than the other.  
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Table 11. In bold are the display of existing correlations of trabecular and cortical bone with mouse weight 

and length.  (A&B) Displays the few significant correlations in the DE region, (C) display those in the DM 

region and (D) displays those in the N region. 

BV BV/TV SMI Tb.Th Tb.Sp

Pearson Correlation  -.18* 0.03 -0.06 -0.01 -0.12

Sig. (2-tailed) 0.033 0.72 0.49 0.91 0.16

N 141 138 141 141 141

Pearson Correlation 0.07 -0.05 0.07 0.028 0.061

Sig. (2-tailed) 0.22 0.40 0.26 0.63 0.3

N 291 286 295 295 291

A.  Correlations Between DE Trabecular Bone, Weight and Length

Weight

Length

Ct.BV Ip Imax Imin
Ct.Ar Ct.TMD

Pearson Correlation .238* 0.05 0.07 -0.001 .238* 0.04

Sig. (2-tailed) 0.005 0.57 0.41 0.99 0.005 0.66

N 141 138 139 139 141 141

Pearson Correlation -0.02 0.067 0.051 0.054 -0.014 .119*

Sig. (2-tailed) 0.7 0.25 0.38 0.36 0.8 0.04

N 293 291 292 292 292 641

B.  Correlations Between the DE Cortical Bone, Weight and Length

Weight

Length

BV BV/TV Conn.D SMI Tb.N Tb.TMD

Pearson Correlation 0.16 .202* 0.04  -.173* 0.03 .214*

Sig. (2-tailed) 0.05 0.02 0.66 0.04 0.69 0.01

N 141 141 141 141 138 141

Pearson Correlation 0.09 0.08 0.09 -0.07 .128* 0.0900

Sig. (2-tailed) 0.06 0.11 0.05 0.16 0.01 0.1000

N 432 431 432 430 422 319

C.  Correlations Between DM Trabecular Bone, Weight and Length

Weight

Length

N_Ct.BV

N_Ct.BVT

V N_Ip N_Imax N_Imin Ct.Ar Ct.TMD

Pearson Correlation -0.03 0.03 -0.08 -0.06 -0.09 -0.05 0.02

Sig. (2-tailed) 0.73 0.71 0.36 0.48 0.29 0.56 0.8

N 140 131 140 136 141 139 140

Pearson Correlation  -.168* -0.05 -0.10 -0.12 -0.10  -.161* -0.022

Sig. (2-tailed) 0.009 0.42 0.11 0.06 0.11 0.013 0.73

N 241 234 241 236 242 240 242

D.  Correlations Between N Cortical Bone, Weight and Length

Weight

Length

 

Correlations of Trabecular Bone within the Regions of the Femur 

 

In order to determine the number of site-specific regions within the femur, a 

correlation and linear regression analysis was performed for the six predefined ROIs.  A 

correlation analysis indicates that depending on the microarchitectural index, there may 

be multiple independent morphological regions within an entire bone.  In trabecular bone 

correlations, the distal epiphysis is independent of the other four trabecular regions when 

examining all morphological indices (except Tb.Th: Pearson correlation p value > 0.05).  
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Distal and proximal metaphyses are two regions that show the greatest number of 

moderate correlations among the different trabecular traits (R-squared = 23% - 46%, p 

value <0.05); the second greatest number of moderate correlations among all trabecular 

traits are between the distal metaphysis and head region [Table 12 and illustrated in 

Figure 9].  There were no correlations of Tb.TMD in any regions with normally 

distributed values.  Thus, it can be concluded that none of the five femoral trabecular 

regions are significantly associated with one another across all trabecular indices. 
 
Table 12. This chart displays statistically significant (p<0.05) correlations and regressions between 

trabecular regions (H, N, PM, DM, and DE) of the mouse (n=106) femora and morphological indices (BV, 

BV/TV, Conn.D, SMI, Tb.N, Tb.Th, and Tb.Sp).  The italic bold numbers represent regression values. 

PM 0.58 0.34

DM 0.57 0.32

BV/TV PM 0.57 0.32

DM 0.33 0.11

Conn.D PM 0.44 0.2 0.22 0.05

SMI PM 0.49 0.24 0.34 0.12 0.34 0.12

DM 0.3 0.09 0.3 0.08

Tb.N DM -0.34 0.12 0.57 0.33

Tb.Th PM 0.36 0.13 0.38 0.15

H 0.3 0.01

Tb.Sp PM 0.03 0.09

Tb.TMD DM 0.39 0.15 0.39 0.15

N 1 1

Significant Correlations and Regressions of Trabecular Bone From Multiple 

Femoral Regions, p <0.05

DM N H

BV

 
 

A B
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Figure 9. Linear regression analysis between the different trabecular regions of the femur (DE, DM, MD, 

PM, N).  Each graph represents a regression of BV/TV (%) with a sample of 106 mice.  Significant 

relationships exist between (D) DM vs PM, (E) DM vs N (weak), and (F) PM vs N. 

Correlations of Cortical Bone within the Regions of the Femur 

 

Unlike trabecular bone, cortical bone is a continuous region throughout the entire 

bone.  Cortical regions were significantly correlated for nearly all morphological 

parameters.  In addition, most of the relationships between the cortical indices of each 

region had moderate to strong correlations [Table 13 and Figure 10].  Properties that 

estimate resistance to torsional and bending rigidity exhibited the strongest correlations 

between the regions of the femur, especially when comparing the diaphysis and distal 

metaphysis, and the diaphysis and the proximal metaphysis.  There were no correlations 

of Ct.TMD in any regions with normally distributed values. 
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Table 13. This chart displays statistically significant (p<0.05) correlations and regressions between cortical 

regions (N, PM, MD,DM, and DE) of the mouse (n=106) femora and morphological indices (Ct.BV, 

Ct.BV/TV, Ct.Th, Ip, Imax, Imin, and Ct.Ar).  The italic bold numbers represent regression values. 

Ct.BV DE 0.42 0.18 0.44 0.26 0.43 0.22 0.34 0.12

DM 0.66 0.43 0.52 0.32 0.34 0.11

MD 0.51 0.37 0.59 0.35

N 0.31 0.17

Ct.BV/TV MD 0.20 0.04

Ct.Th DM 0.38 0.15

DE 0.54 0.34 0.66 0.15 0.56 0.31 0.46 0.21

DM 0.84 0.7 0.75 0.57 0.51 0.27

MD 0.75 0.56 0.65 0.43

PM 0.47 0.22

Imax DE 0.63 0.39 0.69 0.47 0.59 0.34 0.42 0.17

DM 0.83 0.69 0.71 0.5 0.44 0.2

MD 0.72 0.52 0.59 0.35

PM 0.41 0.17

Imin DE 0.57 0.33 0.51 0.26 0.52 0.27

MD 0.76 0.58 0.71 0.5

PM 0.56 0.31

Ct.Ar DE 0.42 0.18 0.44 0.2 0.43 0.22 0.34 0.12

DM 0.67 0.43 0.52 0.328 0.34 0.11

MD 0.51 0.37 0.59 0.35

PM 0.31 0.17

Significant Correlations and Regressions of Cortical Bone From Multiple Femoral Regions, p <0.05

DM MD PM N

Ip

 

 

A B
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Figure 10. Linear regression analysis between the different cortical regions of the femur (DE, DM, MD, 

PM, N).  Each graph represents a regression of BV/TV (%) with a sample of 106 mice.  Significant 

relationships exist between all regions (A, B, C, D (weak), E, F). 

Correlations of Trabecular and Cortical Bone 

 

All femoral trabecular regions have a low to moderate correlation with femoral 

cortical bone, which suggests that inter-compartment regions are independent within an 

entire bone.   When correlating trabecular bone to cortical bone, the degree of correlation 

varied when comparing it to correlations of just trabecular regions and of just cortical 

regions.  The degree of correlation grew stronger when looking at the correlation groups 

in the following order: trabecular regions correlated to other trabecular regions; 

trabecular regions correlated to other cortical regions; and cortical regions correlated to 

other cortical regions.  The degree of correlation between trabecular and cortical bone 

varies within the two regions.  Trabecular bone of the head region shows the greatest 

degree of correlation with cortical bone [Table 14, A].  Conversely, the distal epiphysis 

has the least number of correlations among all trabecular regions and indices; and the 

strength of these correlations were weak [Table 14, B].  Figure 11 illustrates the results in 

the form of correlation graphs. 
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Table 14. Significant correlations and regressions between trabecular (BV, BV/TV, SMI, Tb.N, Tb.Th, and 

Tb.Sp) and cortical regions (Ct.Ar in (A); Imin in (B)).  Bold Italics represent regressions values. 

BV 0.28 0.08 0.57 0.33 0.58 0.34

BV/TV 0.35 0.12 0.42 0.18 0.39 0.15

SMI 0.36 0.13 0.29 0.08 0.29 0.08

Tb.N 0.31 0.09 0.3 0.09

Tb.Th 0.28 0.08 0.32 0.1 0.51 0.26

Tb.Sp

DE DM PM

A. Significant Correlations and Regressions Between Cortical Ct.Ar and Trabecular Bone

N H

BV 0.3 0.09 0.53 0.29

BV/TV 0.31 0.1 0.35 0.12

SMI 0.25 0.06 0.25 0.06

Tb.N 0.26 0.07

Tb.Th 0.34 0.12 0.27 0.07 0.47 0.22

DE PM N H

B.  Significant Correlations and Regressions Between Cortical Imin and Trabecular 

Bone

 

A

mm3

m
m

4

 

B

mm3

m
m

4

 

m
m

4

C

 µm

D

m
m

4

 



27 

 

 

E

µm

m
m

4

F

µm

m
m

4

 

Figure 11. The correlation between trabecular bone and cortical bone varies depending on the region at 

which trabecular bone is being considered.  Each graph displays significant correlations and regressions (A 

(weak), B, C (weak), D (weak), E,and F). 

 

Trabecular and Cortical Correlations after Considering Weight and Length 

 

Although not significantly correlated, we analyzed whether there existed an 

underlying influence of weight and length that cannot be seen through simple 

correlations.  By removing the affect of weight and length during correlations it was 

found that mouse weight and femora length have little influence on the resulting 

correlation, as is illustrative in [Table 15].  Running partial correlations allowed us to test 

the influence of mouse weight and femora length as controlled variables.  The correlation 

between PM and DM is 0.566 when considering the influence of the controlled variables, 

however, when removing these variables the value changes to 0.561.  However, there is 

no pattern that indicates trabecular or cortical bone correlation values increase or 

decrease once controlled variables are removed.  When the influence of these controlled 

variables was excluded from the correlations, there was a very small change in the 

correlation values.  The change was so small that correlations that were moderate 

remained moderate and those that were high remained high.  Similar results were seen 

when the comparison was taken over to cortical bone, as weight and length barely 

influenced correlations between cortical regions [Table 16].  The partial correlations 

showed very little influence from weight and length on the correlations between cortical 

bone regions.  The correlation between PM and MD is 0.61 when considering the 

influence of the controlled variables, however, when the influence is removed the 

controlled variables the value changes to 0.614. 
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Table 15. Bivariate and Partial correlations were made between trabecular regions for BV/TV; the controlled variables were mouse weight and femora length.  

Results indicate that the controlled variables displayed little influence in the associations between trabecular regions. 

DE DM PM N Weight Length

none (Pearson) Correlation 1.000 .093 -.032 -.159 -.089 .071

Significance (2-tailed) . .341 .742 .103 .366 .470

df 104 104 104 104 104

Correlation 1.000 .566 .327 .110 .233

Significance (2-tailed) . .000 .001 .262 .016

df 104 104 104 104

Correlation 1.000 .515 .078 .084

Significance (2-tailed) . .000 .427 .389

df 104 104 104

Correlation 1.000 -.038 .072

Significance (2-tailed) . .696 .464

df 104 104

Correlation 1.000 .067

Significance (2-tailed) . .430

df 139

Correlation 1.000

Significance (2-tailed) .

df

Weight & Length Correlation 1.000 .089 -.032 -.170

Significance (2-tailed) . .368 .747 .084

df 102 102 102

Correlation 1.000 .561 .326

Significance (2-tailed) . .000 .001

df 102 102

Correlation 1.000 .517

Significance (2-tailed) . .000

df 102

Correlation 1.000

Significance (2-tailed) .

df

N

Weight

Length

DE

DM

PM

N

Correlations of Bone Volume Fraction Between All Trabecular Regions of the Femur

Control Variables

DE

DM

PM
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Table 16. Bivariate and Partial correlations were made between cortical regions for Ct.Ar; the controlled variables were mouse weight and femora length.  

Results indicate that the controlled variables displayed little influence in the associations between cortical regions. 

DE DM MD PM N Weight Length

none (Pearson) DE Correlation 1.000 .419 .444 .470 .339 .117 .041

Significance (2-tailed) . .000 .000 .000 .000 .233 .680

df 104 104 104 104 104 104

DM Correlation 1.000 .659 .563 .337 -.088 .255

Significance (2-tailed) . .000 .000 .000 .371 .008

df 104 104 104 104 104

MD Correlation 1.000 .610 .589 .069 .020

Significance (2-tailed) . .000 .000 .485 .836

df 104 104 104 104

PM Correlation 1.000 .414 -.037 .044

Significance (2-tailed) . .000 .703 .656

df 104 104 104

N Correlation 1.000 .135 .046

Significance (2-tailed) . .168 .640

df 104 104

Weight Correlation 1.000 .067

Significance (2-tailed) . .430

df 139

Length Correlation 1.000

Significance (2-tailed) .

df

Correlation 1.000 .441 .440 .477 .327

Significance (2-tailed) . .000 .000 .000 .001

df 102 102 102 102

Correlation 1.000 .689 .571 .356

Significance (2-tailed) . .000 .000 .000

df 102 102 102

Correlation 1.000 .614 .586

Significance (2-tailed) . .000 .000

df 102 102

Correlation 1.000 .422

Significance (2-tailed) . .000

df 102

Correlation 1.000

Significance (2-tailed) .

df

Correlations of Cortical Area Between All Cortical Regions of the Femur

Control Variables

Weight & Length DE

DM

MD

PM

N
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Chapter 4 

 

Discussion 
 

Devices like high resolution µCT will be able to accurately predict fracture risk better 

than the current standards, yet proper accuracy also requires the understanding of the 

degree of specificity in which morphology is defined at different bones sites [30, 59, 60].  

The goal of this study was to determine the overall degree of site specificity that exists in 

an entire bone for a heterogeneous population.  We hypothesize that regional 

morphologies are not correlated in an entire bone for a heterogeneous population.   

Mice were used in this study with the assumption that they prove as a proof of 

principle for the human skeleton.  All values attained using the algorithm was well within 

the range of magnitudes reported in previous studies [46, 47, 58].  Some of the 

distributions of morphological traits in our mice population were found to be 

unpredictable as expected.  In addition, the correlation results indicated that trabecular 

bone in general consisted of independent morphological sites as almost none were 

correlated with one another; and those that were correlated had weak correlations.  The 

results also indicate that trabecular bone in distal epiphysis is completely independent 

from trabecular bone in other regions of the femur as it had no significant correlations for 

any trabecular index between any regions.  The cortical regions of the entire femur were 

perhaps well correlated because of its mechanical properties.  The polar moments of 

inertia for the cortical shell showed greater statistical significance than any of the other 

variables.  No assumptions may be made on trabecular bone in regards to mechanical 

properties as they were not tested in this study.  The moderate association between 

trabecular and cortical bone were mainly found at DM and PM, regions adjacent to MD.  

After testing the effects of weight and length on bone morphology and its properties, no 

significant influence can be seen by these to variables that may influence the degree of 

site-specificity.  Each of these results will be further expounded upon in the paragraphs 

below. 

In the second generation (F2) offspring, trabecular and cortical values from almost all 

regions did not differ significantly from normal distributions.  The interesting relationship 

of our parental means and offspring distributions may perhaps be attributable to multiple 

interactions of many genes controlling the microarchitectural traits.  Gene 

polymorphisms jointly influence bone mineral density loss in African-American women 

[61].  Considering that both parental strains have alleles that positively and negatively 

influence bone phenotype, the distribution in F2 offspring may be a result of independent 

assortments of the allele [62].   

We correlated the defined regions by trabecular bone or cortical bone, and then by 

trabecular versus cortical bone using many different indices.  Previous studies have 

shown that BMD alone provides a small amount of predictability for fracture risk [63].  

In our study, TMD indicated correlations between trabecular regions and not cortical 

regions.  However, this is an extrapolation as few TMD values could be used for 
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correlations since many of them were non- normally distributed.  However, it is assumed 

that the parameters used to define bone site-specificity will be as insightful as BMD in 

predicting fracture risk.  In addition, our results suggest that morphological regions may 

be associated with one another, but not necessarily because they are in proximity with 

one another.  For example, in our study PM and DM were well correlated in trabecular 

regions despite trabecular bone not having many correlations in general.  Even within the 

cortical correlations, there was no consistent indication that adjacent regions had greater 

correlated values than with non-adjacent regions.  This, slightly contradicts a  previous 

study that found greater proximity was indicative of greater associations [55].  It only 

slightly contradicts because our cortical results for polar moment of inertia indicate that 

adjacent correlations exist and are strongly significant.  It is perhaps the case that the 

mechanical property of our cortical bone plays a role in maintaining great associations 

between adjacent regions.  Although the mechanical properties for trabecular bone were 

not acquired for this study, the fact that they come from the individual struts (not the case 

in cortical bone) may be influencing trabecular independency.       

The difference between trabecular bones versus cortical bone when comparing 

regional associations may be due to the different set of genes that control both 

compartments.  Studies have shown that both compartments can be controlled by the 

same genes during the development of both compartments, mainly as a result of the 

requirement of cortical bone interacting with trabeculae during development [64].  These 

results suggest that while growing to adulthood, there is a change in gene expression such 

that site specificity may be imposed. Other regulatory mechanisms that may influence 

different regional associations between bone compartments also could be the result of 

genes controlling bone turnover.  Studies demonstrate that bone turnover is controlled 

differently in the compartments, probably because of the different environments of bone 

cells from each compartment [65].  One particular study indicates that one such 

environment may be physiological and cellular, where overproduction of cathepsin K 

causes for resorption of both bone compartments and also the increase of thickness and 

mineral density of cortical bone [66].  This study suggests that trabecular bone turnover is 

likely influenced by local osteotropic cytokines where cortical bone is influenced by 

more systemic osteotropic hormones.  This increase in cortical bone was also associated 

with the preservation of mechanical properties in the cortical shell.  Thus, cellular, 

physiological and mechanical environments are all likely interconnected in affecting the 

difference of site-specificity between trabecular and cortical bone. 

The moderate correlation between cortical and trabecular bone suggests that although 

trabecular sites are independent from one another, their relationship with cortical bone is 

not a site-specific one.  Previous studies have shown that total body moss has a strong 

association with cortical bone mass (R-squared = 0.904, p-value =0.0001), but not as 

strong with trabecular bone mass (R-squared = 0.479, p-value =0.0001) [67].  This 

suggests that the relationship that exists between cortical and trabecular bone may 

perhaps be reflective of one that is independent in defining the site specific trabecular 

morphology and the systemic cortical morphology.  Elucidating this relationship may 

provide more insight to the degree of trabecular site specificity in an entire bone.   

In our study, we have shown that trabecular bone can be correlated with cortical bone 

within a bone but at a different site.  In a similar study with adult females [52], genes 
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associated with BMP2 had stronger correlations with bone morphology peripherally than 

axially.  Thus, in these correlations, trabecular bone seems less site-specific; however, 

this may be due to having a correlation between peripheral sites.  In a sense, a correlation 

as more likely to exist at sites across the bones cross section than at sites along the length 

of the bone.  It may perhaps be the case that local factors between cortical and trabecular 

are highlight in such peripheral correlations that may otherwise be hidden in an axial 

correlation. 

Using mouse weight and bone length as factors to help predict site-specificity in bone 

morphology did not prove fruitful in our correlations.  Body weight, however, has been 

found to be a factor in site-specific bone composition , where depending on the site bone 

composition changes with body weight [68].  In one particular study [69], an age-

dependent change in trabecular morphology was found to significantly vary in degree 

depending on the bone site being observed.  In addition, this relationship could only be 

seen in aged women and not men.  If body weight and bone length could be coupled with 

age as factors in a study of site specificity in a female population, perhaps more would be 

elucidated to the amount of site-specific regions may exist in a bone.  Perhaps coupling 

body weight and bone length with gender and age may elucidate an indirect relationship 

to the degree of site-specificity in the bone. 

Clinically, it is imperative to define a method for identifying the weakest site (site 

most likely to fracture) in bone morphology.  If the weakest site is either at a bone 

extremity or it can be interpreted from an extremity, scan exposure can be greatly 

reduced for patients while adequately assessing fracture risks.  However, since there is 

site-specificity in trabecular bone and not in cortical bone, defining the weakest site only 

require the assessment of trabecular bone.   

A limiting factor of the study was the difficulty in defining regions.  In order to 

rigorously assess specificity, the number of predefined femoral regions could have been 

broken down even further.  For example, instead of have one diaphyseal region, perhaps 

three could have been used and correlated among other broken down regions.  It would of 

been interesting to see if site-specificity could be define between sites and their broken 

down versions.  However, due to time limitations, such comparisons were not practical.   

 

Conclusion 

 

This study has shown that within a genetically heterogeneous population the femur 

exhibits site-specific morphology and was predominately in the trabecular bone.  Thus 

future methods need to focus on how to reduce scanning exposure on cortical regions 

since any site on the bone is generally representative of other sites.  In addition, scans for 

trabecular regions need to require more assessment since they vary site-specifically 

within a bone.  Thus, when incorporating methods to reduce scan exposure and time 

trabecular specificity must be taken in consideration.   In the future, it will be useful to 

improve the understanding of the differences found between cortical and trabecular bone 

as this may also prove useful in defining a bones weakest link.  
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 Appendix 

 

 

Appendix 1. Descriptive statistics of trabecular bone in all regions in the heterogeneous, BALB and C3H population. 

Population Type Mean SD Mean SD Mean SD Mean SD Mean SD

BV (mm
3
) 0.16 0.02 0.01 0.005 0.15 0.03 0.52 0.15 0.33 0.06

BV/TV (%) 16 6 17 3.3 20 5 39 4.6

Conn.D (mm
-3

) 308 91 186 84.1 98 23 154 48 137 32

SMI 1.1 0.8 1.1 0.76 0.64 0.36 1.4 0.42 -0.37 0.42

Tb.N (mm
-1

) 10 0.9 11 2.35 5.1 0.43 4.9 0.66 6.5 0.43

Tb.Th (µm) 84 10 44 7 59 4.5 55 5.5 72 6.9

Tb.Sp (mm) 0.100 0.03 0.1 0.03 0.21 0.02 0.2 0.03 0.15 0.02

Tb.TMD (g*mm
-3

) 489 62 489 62 207 37 236 52 398 50

BALB BV/TV (%) 9.7 2 29.5 2.3

Conn.D (mm
-3

) 144 43 2.3 36

Tb.Th (µm) 35.6 2.3 49.1 2.8

Tb.N (mm
-1

) 4.8 0.3 7.1 0.4

Tb.Sp (mm) 0.21 0.01 0.14 0.01

C3H BV/TV (%) 16.2 3 29.5 2.4

Conn.D (mm
-3

) 101 26 92 17

Tb.Th (µm) 54.8 2.4 67.5 2.6

Tb.N (mm
-1

) 4.4 0.4 6 0.4

Tb.Sp (mm) 0.22 0.02 0.17 0.01

DE

Trabecular Descriptive Statistics

H N PM DM

Heterogeneous 

Population
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 Appendix 2. Descriptive statistics of cortical bone in all regions in the heterogeneous, BALB and C3H population. 

Population Type Mean SD Mean SD Mean SD Mean SD Mean SD

Ct.BV (mm
3
) 0.21 0.02 0.66 0.059 0.76 0.09 1.4 0.14 0.48 0.048

Ct.BV/TV (%) 49 8.5 89 3 99 0.1 79 3 75 6.5

Ct.Th (µm) 209 16 213 16.7 312 33 156 14 109 14

Ip (mm
4
) 0.07 0.013 0.95 0.135 0.42 0.09 0.7 0.13 1.03 0.17

Imax (mm
4
) 0.05 0.008 0.64 0.1 0.29 0.07 0.49 0.09 0.57 0.09

Imin (mm
4
) 0.03 0.004 0.31 0.04 0.13 0.027 0.21 0.04 0.46 0.09

Ct.Ar (mm
2
) 0.530 0.04 1.45 0.13 0.56 0.12 0.96 0.1 1.3 0.13

Ct.TMD (g*mm
-3

) 968 23 980 18 1208 23 873 31 741 35

BALB Ip (mm4) 0.43 0.05 0.77 0.07

Imax (mm
4
) 0.32 0.04 0.54 0.04

Imin (mm
4
) 0.12 0.01 0.22 0.03

Ct.Ar (mm
2
) 0.95 0.05 0.84 0.04

C3H Ip (mm4) 0.61 0.06 0.98 0.11

Imax (mm
4
) 0.43 0.05 0.62 0.14

Imin (mm
4
) 0.18 0.02 0.35 0.14

Ct.Ar (mm
2
) 1.3 0.09 1.12 0.06

Heterogeneous 

Population

Cortical Descriptive Statistics

N PM MD DM DE
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Appendix 3. Trabecular Correlations with regions in the femur.  *Significant correlation p<0.05. 

DE DM PM H

Pearson Correlation 1 0.052 0.125 0.184

Sig. (2-tailed) 0.595 0.2 0.06

N 106 106 106

Pearson Correlation 1 .581* .569*

Sig. (2-tailed) 0 0

N 106 106

Pearson Correlation 1 .478*

Sig. (2-tailed) 0

N 106

Correlations of BV in the Femur

DE

DM

PM

 

DE DM PM N

Pearson Correlation 1 0.093 -0.032 -0.159

Sig. (2-tailed) 0.341 0.742 0.103

N 106 106 106

Pearson Correlation 1 .566* .327*

Sig. (2-tailed) 0 0

N 106 106

Pearson Correlation 1 .515*

Sig. (2-tailed) 0

N 106

Correlations of BV/TV in the Femur

DE

DM

PM

 

DM PM N

Pearson Correlation 1 .443* 0.154

Sig. (2-tailed) 0 0.114

N 106 106

Pearson Correlation 1 .219*

Sig. (2-tailed) 0.02

N 106

Correlations of Conn.D in the Femur

DM

PM
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DE DM PM N H

Pearson Correlation 1 -0.0601 -0.0378 -0.0423 -0.0423

Sig. (2-tailed) 0.54 0.7 0.667 0.667

N 106 106 106 106

Pearson Correlation 1 .489* .295* .295*

Sig. (2-tailed) 0 0.002 0.002

N 106 106 106

Pearson Correlation 1 .340* .340*

Sig. (2-tailed) 0.00036 0.00036

N 106 106

Pearson Correlation 1 1*

Sig. (2-tailed) 0

N 106

Correlations of SMI in the Femur

DE

DM

PM

N

 
 

DM N H

Pearson Correlation 1  -.339* .572*

Sig. (2-tailed) 0.00038 0

N 106 106

Pearson Correlation 1 -0.1651

Sig. (2-tailed) 0.09

N 106

Correlations of Tb.N in the Femur

DM

N
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DE PM N H

Pearson Correlation 1 -0.0586 0.003 .277*

Sig. (2-tailed) 0.551 0.973 0.00404

N 106 106 106

Pearson Correlation 1 .357* .382*

Sig. (2-tailed) 0.00017 0

N 106 106

Pearson Correlation 1 .299*

Sig. (2-tailed) 0.002

N 106

Correlations of Tb.Th in the Femur

DE

PM

N

 

PM

Pearson Correlation 0.036

Sig. (2-tailed) 0.71

N 106

DE

Correlations of Tb.Sp in the Femur

 

DM N H

Pearson Correlation 1 .389* .389*

Sig. (2-tailed) 0 0

N 106 106

Pearson Correlation 1 1*

Sig. (2-tailed) 0

N 106

Correlations of Tb.TMD in the Femur

DM

N
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Appendix 4. Cortical Correlations with regions in the femur.  *Significant correlation p<0.05. 

DE DM MD PM N

Pearson Correlation 1 .419* .444* .470* .339*

Sig. (2-tailed) 0 0 0 0.00039

N 106 106 106 106

Pearson Correlation 1 .659* .563* .337*

Sig. (2-tailed) 0 0 0.00042

N 106 106 106

Pearson Correlation 1 .610* .589*

Sig. (2-tailed) 0 0

N 106 106

Pearson Correlation 1 .414*

Sig. (2-tailed) 0

N 106

MD

PM

Correlations of Ct.BV in the Femur

DE

DM

 
 

MD

Pearson Correlation .381*

Sig. (2-tailed) 0

N 106

DM

Correlations Ct.Th in the Femur
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DE DM MD PM N

Pearson Correlation 1.000 .583* .655* .560* .460*

Sig. (2-tailed) 0 0 0 0

N 106 106 106 106

Pearson Correlation 1 .836* .753* .514*

Sig. (2-tailed) 0 0 0

N 106 106 106

Pearson Correlation 1 .749* .652*

Sig. (2-tailed) 0 0

N 106 106

Pearson Correlation 1 .472*

Sig. (2-tailed) 0

N 106

Correlations of Ip in the Femur

DE

DM

MD

PM

 

DE DM MD PM N

Pearson Correlation 1 .628* .687* .585* .417*

Sig. (2-tailed) 0 0 0 0

N 106 106 106 106

Pearson Correlation 1 .831* .707* .442*

Sig. (2-tailed) 0 0 0

N 106 106 106

Pearson Correlation 1 .718* .588*

Sig. (2-tailed) 0 0

N 106 106

Pearson Correlation 1 .411*

Sig. (2-tailed) 0

N 106

MD

PM

Correlations of Imax in the Femur

DE

DM
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DE MD PM N

Pearson Correlation 1 .577* .511* .518*

Sig. (2-tailed) 0 0 0

N 106 106 106

Pearson Correlation 1 .758* .706*

Sig. (2-tailed) 0 0

N 106 106

Pearson Correlation 1 .560*

Sig. (2-tailed) 0

N 106

MD

PM

Correlations of Imin in the Femur

DE

 

DE DM MD PM N

Pearson Correlation 1 .419* .444* .470* .339*

Sig. (2-tailed) 0 0 0 0.00039

N 106 106 106 106

Pearson Correlation 1 .659* .563* .337*

Sig. (2-tailed) 0 0 0.00042

N 106 106 106

Pearson Correlation 1 .610* .589*

Sig. (2-tailed) 0 0

N 106 106

Pearson Correlation 1 .414*

Sig. (2-tailed) 0

N 106

Correlations of Ct.Ar in the Femur

DE

DM

MD

PM

 

DM

Pearson Correlation 0.17

Sig. (2-tailed) 0.09

N 106

Correlations of  Ct.TMD in the Femur

DE

 


