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ABSTRACT OF THE DISSERTATION  

Effect of Genetic Diversity on Cortical Bone Phenotype and  

Response to Mechanical Loading  

by 

Nicole Migotsky 

Doctor of Philosophy in Biomedical Engineering  

Washington University in St. Louis, 2023 

Professor Matthew J. Silva, Chair 

There is a complex interplay between genetics and bone tissue, for both bone morphology and 

the ability to remodel. Understanding the genetic basis of bone traits in the adult skeleton 

facilitates the discovery of novel genes or pathways as therapeutic targets for low bone mass. To 

this end, a genetically diverse mouse population has been created by The Jackson Laboratory 

using eight Inbred Founder strains. These eight inbred strains were cross-bred for multiple 

generations to produce the Diversity Outbred (DO) mice, a population with random assortments 

of genes more closely modeling the human population. Using all eight Inbred Founder strains 

and the DO mice I investigated the effect of genetic diversity on bone phenotype and the 

response to mechanical loading. Specifically, the goals of this dissertation were to investigate 1) 

the effect of genetic diversity on bone phenotype across length scales, 2) the effect of genetic 

diversity on bone response to loading, and 3) the correlation of phenotype to loading response in 

genetically diverse populations. In Aim 1, I measured bone morphology, mechanical properties, 

material properties, lacunar morphology, and mineral composition of mouse bones from these 

two populations of genetic diversity. Additionally, I compared how intra-bone relationships 

varied in the two populations. Multi-scale cortical bone traits vary significantly with genetic 
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background with heritability values ranging from 21% to 99%, indicating genetic control of bone 

traits across length scales. This investigation is the first to show that lacunar shape and number 

are highly heritable. Comparing the two populations of genetic diversity, the phenotypes of each 

DO mouse do not resemble that of single Inbred Founder but instead the outbred mice display 

hybrid phenotypes with the elimination of extreme values. Additionally, intra-bone relationships 

(e.g., ultimate force vs. cortical area) were mainly conserved in our two populations. In Aim 2, I 

mechanically loaded mice from the two populations of genetic diversity to assess the variation in 

bone response to loading. I showed the response to loading varies with genetic background and is 

highly heritable with heritability values ranging from 32% to 97%. All measurements of 

periosteal formation have a heritability value near or above 80%. On average, the DO population 

showed a more robust response to mechanical loading compared to the Inbred Founders with all 

DO mice having a net increase in all bone formation outcomes. In Aim 3, I combined the results 

from the two previous aims to explore the correlation between bone phenotype and the response 

to mechanical loading. Bone axial stiffness and lacunar traits correlate with the magnitude of 

loading outcomes. Stiffer bones and bones with more elongated lacunae respond more robustly 

to mechanical loading. From these correlations I developed a working model that intrinsic 

osteocyte mechanosensitivity – controlled at least partially by genetics – drives the morphology 

of bone to maintain a homeostatic mechanical strain state. The work of this thesis provides the 

groundwork and rationale to perform genome wide association studies (GWAS) or quantitative 

trait loci (QTL) analysis to identify candidate genes that regulate bone phenotype and the 

response to loading. Uncovering novel genes can provide new targets for therapeutics to not just 

stop bone loss but increase bone mass, especially in patients where weight-bearing exercise is 

unsafe or less feasible. 



 1 

Chapter 1: Overview of Bone Biology and 

Heritability 

1.1 Clinical Significance and Motivation 
In the United States alone, over 54 million people over the age of 50 suffer from osteoporosis or 

low bone mass1. This low bone mass contributes to an increase in fracture risk. For women over 

55, osteoporotic fractures account for more hospitalizations than myocardial infarction (MI), 

stroke, or breast cancer combined2. Both osteoporosis and low bone mass are moderately 

heritable. From studies of twins and generations of sisters, it has been shown that about 70% of 

variability in bone density and about 60% of variability in osteoporotic fractures is genetically 

based3–5. Understanding the genetic basis of bone traits can allow for the discovery of novel 

genes or pathways as therapeutic targets for low bone mass6. 

Despite the large burden on the individual, increased risk of death, and economic burden of over 

$17 billion annually5,7, all current osteoporosis treatments have low efficacy. Since osteoporosis 

is characterized by reduced bone strength due to increased bone loss and decreased bone 

formation8,9, treatments aim to re-balance bone loss and formation. Most current treatments work 

to decrease bone loss, leaving bone unable to repair microdamage and susceptible to fracture9,10. 

Only two current treatments stimulate can increase in bone formation, but one is not 

recommended for long-term use and the other has a black-box warning due to increased risk of 

cardiovascular death11–13, leaving doctors with limited ideal treatment options for osteoporosis. 

Research is needed to uncover and develop new strategies to increase the anabolic activity of 

bone to reduce the burden of osteoporosis and related fractures. 
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1.2 Bone Components 
Bone consists of three main cell types – osteoblasts, osteoclasts, and osteocytes (Fig 1.1). 

Osteoblasts are responsible for laying down new matrix and promoting the mineralization of 

bone14. Upon laying down a collagen rich matrix, osteoblasts secrete vesicles that act as seeding 

sites for new mineral (hydroxyapatite) crystals to form15. The major components of the mineral 

crystals are phosphate and carbonate14. Osteoblasts originate from the mesenchymal lineage, 

branching away from cartilage and fat tissue, which share common stem progenitors14,16,17. To 

oppose the bone formation by osteoblasts, osteoclasts are responsible for resorbing existing bone. 

Osteoclasts originate from the hematopoietic lineage, similarly to macrophages and are much 

larger than osteoblasts14,18. A balance between osteoblasts and osteoclast are necessary to 

maintain healthy bone and properly respond to damage19. Finally, the most prominent cell type in 

bone is the osteocyte, composing up to 95% of cells in bone20. Osteocytes are fully matured 

osteoblasts that have become embedded in the mineralized bone21. Residing deep within the bone 

tissue, osteocytes are the main cell type that senses and responds to mechanical loading22–27, 

coordinating a remodeling response by osteoblasts and osteoclasts.  

 
Figure 1.1: Depiction of important bone features including the three main cell types: osteoblasts, osteocytes, and osteoclasts. 
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Osteocytes reside in intracortical pores termed lacunae and are connected to each other via 

dendritic processes, which travel through microchannels termed canaliculi (Fig 1.2). Together, 

the lacunae and canaliculi create a microporous network filled with extracellular fluid throughout 

the cortical bone, which is termed the lacunocanalicular network (LCN)28–30. When external 

loads are applied, the whole bone only slightly deforms, yet this deformation is amplified within 

the small channels of the LCN and creates stress concentrations at the osteocyte cell body-

dendrite interface31. The deformation also causes the fluid inside the LCN to pressurize and 

move, which further amplifies the strain on the osteocyte32,33. This high level of strain triggers 

the osteocyte to release biochemical signals instructing the osteoblasts to increase formation and 

osteoclasts to decrease resorption27. Alterations to the LCN will change how the strain is 

amplified and therefore change the signals from the osteocyte to the osteoblasts and 

osteoclasts34,35. Changes to the cell shape may also affect how the bone responds to loading. In 

vitro, more rounded osteocytes have been shown to produce more nitric oxide in response to 

loading, indicating more cellular activation36,37.  However, with aging in vivo, osteocyte lacunae 

become more rounded and less sensitive to mechanical loading38,39.  

 
Figure 1.2: Overview of the osteocyte lacunocanalicular network (LCN). Osteocyte cell bodies reside in intracortical pores 

called lacunae and connect to each other via dendritic processes through canalicular channels that run through the mineralized 

bone. Adapted from Schneider et. al.30. 
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To supply bone cells with nutrients, flush out waste, and transport signaling molecules, bone is 

highly vascularized40. It is estimated 5-15% of cardiac output goes toward the skeleton40–43 and 

this can be vastly altered with exercise or injury40,42,44. Blood vessels traverse through the 

thickness of bone where osteocyte dendrites can directly interact with endothelial cells lining the 

blood vessels27,45,46. Proper vascularization is necessary for bone to remain healthy and 

rejuvenate after injury40.    

In long bones like the femur, tibia, and radius, there are two types of bone: cortical and 

cancellous (Fig 1.1). Cortical bone is dense and highly organized in ring-like lamellae47,48. This 

type of bone is found at the center, or diaphysis of long bones, providing the bone with bending 

strength48. Cancellous bone is porous and organized in rod like structures called trabeculae. This 

type of bone is found at the ends of long bones in the epiphysis and metaphysis47. The more 

porous structure provides more surface area allowing for high metabolic exchange49,50.  

In addition to dividing the bone longitudinally into the diaphysis, epiphysis, and metaphysis, 

long bones are also divided transversely. The outer surface, called the periosteum, interacts with 

skeletal muscle, tendon, and ligaments51. The inner surface, call the endosteum, interacts with the 

marrow cavity including fat cells and immune cells52. These two surfaces are exposed to two 

different biological environments and two different mechanical environments, making it 

important to investigate the surfaces separately. The work in this thesis focuses only on the 

cortical bone but does evaluate changes on both the periosteal and endocortical surfaces 

individually.  

1.3 Bone Strength 
Clinically, osteoporosis is defined using bone mineral density (BMD) from dual-energy x-ray 

absorptiometry (DEXA) scans. BMD measured from DEXA accounts for 60-70% of variation in 
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bone strength53–55. However, many traits in addition to BMD contribute to bone strength and 

fracture risk such as morphology, mineralization, and stiffness56. Expanding the periosteal 

surface to increase the diameter of bone will increase the bending resistance. The external 

diameter of bone predicts nearly 55% of variation in bone strength57. More mineralized bone will 

lead to each unit of bone to be stronger, which, if organized in the same pattern, will lead to an 

overall stronger bone58. Bone mass and fracture risk later in life depends on the peak bone mass 

attained as a young-adult; a 10% increase in peak bone mass reduces fracture risk in older adults 

by 50%58 making it important to study what factors affect the young-adult skeleton. 

There are many methods to experimentally test bone strength and the preferred method depends 

on the type of bone (cancellous or cortical), size of the specimen, and data desired. Cancellous 

bone is typically tested using a compressive test; a normal force is applied to the top and bottom 

surfaces to uniformly compress the specimen 60. Shear testing is also common for cancellous 

bone where the bottom surface is held fixed while the top surface is loaded parallel to the 

surface61–63. For cortical bone, bones can be tested in tension, bending, or torsion. Large 

specimens are required for tensile testing, so this is typically reserved for human bones machined 

into a dog-bone shape64. For mouse specimens, bending and torsion are the most common. Two 

different methods of bending can be used – three-point or four-point bending. For three-point 

bending, two support points hold the specimen in place while a third point contacts the middle of 

the top surface creating a bending moment (Fig 1.3). For four-point bending, the same two points 

hold the specimen, but instead two points spaced equally from the midpoint contact the top 

surface. Four-point bending requires longer specimens to ensure bending and not crushing of the 

bone 60. Due to this size limitation, three-point bending is used in this thesis work to determine 

bone strength. Finally, bones can be tested in torsion. To accomplish this, the ends of the bone 
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are fixed, typically in plastic, and then twisted (rotated). This testing is ideal for specimens with 

non-uniform geometry in the mid-section such as fracture calluses65,66.  

During mechanical testing, a force is applied to the specimen by displacing it at a constant rate. 

The reaction force and applied displacement are concurrently measured resulting in a force-

displacement curve60 (Fig 1.3). The first region will be linear where the displacement is defined 

as elastic – any deformation that occurs will completely return when loading is stopped. After a 

certain amount of displacement, the specimen will yield, and the line will become curved. After 

this point plastic deformation has occurred and if loading is stopped the specimen will be 

permanently deformed. After yielding, the specimen will hit a maximum amount of force it can 

maintain defined as the ultimate force. As the displacement increases, more and more damage 

occurs until the specimen ultimately breaks. Mechanical properties of bone are calculated from 

force-displacement data such as stiffness (slope of the linear region), ultimate force, yield force, 

post-yield displacement, and work to fracture (Fig 1.3). These properties depend on both the 

material and geometry of the specimen67.  

 
Figure 1.3: Schematic of three-point bending and a representative force-displacement and stress-strain curve defining all 

reported properties. 
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To remove dependence on geometry, forces and displacements can be normalized to create a 

stress-strain curve. Stress is defined as force per area the force is acting over. Strain is defined as 

the displacement per original length, reported as microstrain (µε) for mouse bone (1,000 µε = 

0.001 ε = 0.1% deformation) 60,68. Material properties of bone are calculated from the stress-

strain data such as elastic modulus (slope of linear region), ultimate stress, and yield stress (Fig 

1.3). 

1.4 Bone Mechanobiology  
One key feature of bone is its ability to respond and remodel in accordance with the mechanical 

demands placed upon it. This ability to remodel allows for the strengthening of bone in high 

strain regions to diminish the risk of fracture. German surgeon Julius Wolff noticed the 

trabecular structure in the epiphysis of the femur reminded him of the metal structures supporting 

cranes. The trabecular struts appeared to follow the stress lines in the bone. From these 

observations Dr. Wolff developed a law stating bone will adapt to meet the demands of 

mechanical loading placed on it69. Specifically, an increase in loading will cause bone to 

strengthen and a decrease in loading will cause bone to weaken70–72. In accordance with this law, 

dynamic, mechanical loading, such as exercise, stimulates a potent anabolic response in bone73–

79. However, while there is a potent anabolic response to loading in young bone, this response 

diminishes with age80–82. Our lab has shown that following loading, old mice upregulate fewer 

pathways at the transcript level, especially pathways related to proliferation and differentiation, 

processes thought to be necessary for bone formation83. 

Harold Frost expanded upon Wolff’s Law to suggest bone has a mechanism similar to a 

thermostat he deemed the “mechanostat”. Some mechanism, now thought to be the 

osteocytes26,39,84–86, must monitor the mechanical demands and usage of the bone. If there are 
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large mismatches or errors between the current bone mass and the needed bone mass to meet 

mechanical demands, the mechanostat would turn on and initiate needed changes87,88. If the 

mechanical demands were above a threshold or “minimum effective strain”, the mechanostat 

would initiate bone formation87–89.  

1.5 Mouse Models of Mechanical Loading 
To research bone mechanobiology, many labs, including ours, utilize murine long bone loading 

models22,90–94. The current methods for loading bones have evolved considerably from the first 

models relying on surgical intervention to place pins through the bone that can be gripped and 

manipulated to overload the bone95,96. To eliminate the injury response associated with surgical 

intervention, Turner proposed a non-invasive, in vivo, four-point bending model to produce 

controlled strain on long bones of rodents97. This method of loading produces new bone 

formation, but confident analysis is restricted to the endocortical surface due to a woven bone (or 

injury) reaction response on the periosteum where the supports contacted the limb. To overcome 

this, Gross et al. developed a cantilever model where the knee and proximal tibia is held fixed 

while the distal tibia is displaced. This model elucidates bending in the medial-lateral direction 

about the anterior-posterior axis, which is non-physiological98. In addition to the non-

physiological loading direction, the knee is difficult to hold fixed. To more closely mimic 

physiologic loading, Torrance99 and Lee 100 developed an axial loading model of the rodent 

forelimb. In this model, the proximal and distal ends of the ulna are held in cup-like fixtures 

while compressive loads are placed along the long-axis of the bone. This model was later 

replicated in the rodent tibia by Fritton101 and De Souza102. One advantage of the axial, tibial 

compression loading model is that no loads are directly applied to the tibia, but instead are 

transferred through the knee and ankle joints, which are held in fixtures (Fig 1.4). Due to the 
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natural curvature of the bone, the compressive forces also induce bending of the long bone 

placing the anterior-medial surface in tension and the posterior-lateral surface in compression 

80,103 (Fig 1.4). All the murine loading work done in this thesis utilizes the axial, tibial 

compression model following the guidelines established by Main et al103.  

 
Figure 1.4: Schematic of axial, tibial loading. Adapted from Robling et. al.104 and Patel et al.80 

Most loading studies are performed on a very limited range of mouse strains. In loading studies 

published between 2014 and 2020 (PubMed search terms: mouse, bone, loading – returned 94 

studies), 96% use C57BL/6 (B6) mice or mutants that are a majority B6. The studies that didn’t 

use B6, used only one of four other strains of mice (BALB/c105–107, CD1100, DBA/2108, and 

C3H/He108,109). Additionally, the majority (64%) of loading studies were done in females, and 

while 15 included both sexes, most did not compare sexes. Work is needed to enhance rigor and 

translatability by using genetically diverse cohorts of both female and male mice.  

1.6 Mouse Genetic Diversity 
The laboratory mice typically used for research descend from the “fancy” mice kept as pets by 

the European and Asian elite. As mice were bred for special traits, like coat style and color, they 

became more and more inbred110. Eventually, these mice were used in research and the inbred 
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nature was beneficial since experiments could be reproduced creating similar results each time, 

even in different laboratories. Dr. Clarence Cook Little created the first inbred mouse strain, 

DBA, after inbreeding mice at the Bussey Institute starting in 1909 alongside Dr. William Ernest 

Castle. With the help of Dr. Leonell Strong, Dr. Little started Jackson Laboratory as a resource 

for mouse colonies highly utilized for research111. Today, classical laboratory strains share the 

majority of their genetic backgrounds, with 97% of the genome being explained by fewer than 10 

haplotypes112 indicating they descend from a small population of “fancy” mice.  

 
Figure 1.5: Mouse family tree adapted from Petkov et. al.113. The eight inbred strains used as the founders of the Diversity 

Outbred population and used in this thesis are highlighted in red boxes. 

Research mice, or the common house mouse, are of the species Mus musculus. The most 

common sub-species used in research is Mus musculus domesticus, including C57BL/6 (B6) 

mice. However, there are two other sub-species of Mus musculus available to researchers and 
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used in this thesis: Mus musculus musculus and Mus musculus castaneous. These two sub-

species are from wild-derived mice (Fig 1.5 Group 7) and house over 11.6 million unique 

variants (SNPs, indels, and structural variants) compared to B6. These two sub-species are more 

closely related to each other than they are to most research mice (Mus musculus domesticus)114. 

1.6.1 Diversity Outbred Mouse Population 

To facilitate the investigations of the genetic basis of various diseases and phenotypes, Jackson 

Laboratory generated the Diversity Outbred (DO) mouse population by cross-breeding eight 

inbred founder strains to produce a population with random assortments of genes modeling the 

heterozygosity of the human population and the wide range of human diseases115,116. These eight 

inbred strains consist of three wild-derived strains (CAST/EiJ, PWK/PhJ, and WSB/EiJ) and five 

classical laboratory strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, and NZO/HlLtJ) that 

together cover almost 90% of the genetic diversity found in the mouse genome117 (Fig 1.5). 

CAST are of sub-species Mus musculus castaneous, PWK are of sub-species Mus musculus 

musculus, and the remaining 6 strains are of the sub-species Mus musculus domesticus118. The 

DO mice each have a unique combination of over 44.7 million variants distributed across its 

genome, all inherited from one of the eight founders114. In comparison to the human population, 

scientists have discovered over 600 million single nucleotide polymorphisms (SNPs) around the 

world and any pair of humans differs by approximately 3 million base pairs119. In 17 inbred 

mouse strains genotyped by Keane et al, they discovered 56.7 million SNPs, considerably lower 

than the number seen in humans. However, the two closest inbred lines (B6 and 129S1) had over 

4.5 million SNPs 114, more than what is seen between a pair of humans.  

Over the last decade, use of these genetically diverse populations has increased in the bone field, 

and these mice have been used to evaluate the heritability and candidate genes regulating 

cancellous bone microarchitecture in the growing skeleton120, the response to hindlimb unloading 



 12 

via casting in the femur121, and the heritability of femur properties and genes influencing cortical 

bone accrual in the growing skeleton122. These studies provide motivation and rationale to use 

these populations of genetically diverse mice to study the heritability of cortical bone traits.  

1.7 Heritability of Bone Traits 
From studies of twins and generations of sisters, it has been shown that about 70% of variability 

in bone density and about 60% of variability in osteoporotic fractures is genetically based3–5. 

Classically, heritability is estimated using twin, adoption, or family clinical study designs123,124. 

Heritability is sensitive to age, GDP, and economic growth rates showing the importance of 

considering environmental factors in addition to genetic factors125. The Framingham Offspring 

Study has been tracking multiple generations of nuclear families of European ancestry since 

1971, making it a powerful resource for genetic studies. Karasik et al reported heritability of 

bone microarchitecture as high as 98.3% (tibia cortical area fraction) estimated from bone 

microarchitecture data collected from an offshoot of the Framingham study participants126. With 

the increase in availability and decrease in cost of whole-genome arrays, heritability estimate 

from genome-wide association studies (GWAS) have become more standard123.  However, 

almost 80% of all genome-wide association study (GWAS) participants are of European decent 

despite those of European ancestry only accounting for approximately 16% of the world 

population 127. The conclusions of bone heritability from these studies therefore have limited 

applicability to broader populations.  

Using mouse models, more complex bone traits can be investigated compared to studies done on 

humans. Additionally, due to the high homology between mammalian genomes, results from 

mouse studies are useful to assist in understanding the complicated role of genetics in humans124. 

In a GWAS performed on 31 diverse mouse strains, 11 genes were correlated to cancellous bone 
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properties120. A recent study in mice by Al-Barghouthi et. al. showed that all 55 complex skeletal 

phenotypes measured in 12 wk old genetically diverse mice had non-zero heritability122. 

Additionally, they identified nineteen novel genes “not previously implicated in the regulation of 

bone traits”. Specifically, from their GWAS analysis and subsequent knockout experiments, they 

discovered Qsox1 highly regulates bone accrual in the medial-lateral direction. In addition to 

static bone traits, different inbred mouse strains have been shown to respond differently to 

mechanical loading and multiple groups have highlighted the complex relationship between 

genetics, bone morphology, and response to loading, indicating interactions between multiple 

genomic regions128–132. In a study by Akhter et al., two mouse strains were loaded to the same 

force, yet only one mouse strain produced a robust anabolic response109. Robling and Turner 

compared the loading response of adult, female mice from three different strains, also showing 

significantly different responses108. These studies revealed B6 mice were more responsive than 

C3H, motivating Kesavan et al. to perform a genome-wide search of loci regulating bone 

adaptive response in a B6XC3H intercross after tibial 4-pt bending128. They calculated the broad-

sense heritability of morphology changes between 70% and 86% and discovered multiple loci 

across multiple chromosomes Additionally, Friedman et al121 showed the response of mouse 

bone to mechanical unloading in the Inbred Founders is heritable. These studies motivate further 

investigation of bone response to loading, incorporating more genetic variation and allele 

combinations to enhance rigor and translatability. 

1.8 Goals of the Dissertation 
There is a complex interplay between genetics and bone tissue, for both bone morphology and 

the ability to remodel. Understanding the genetic basis of bone traits in the adult skeleton can 

facilitate the discovery of novel genes or pathways as therapeutic targets for low bone mass. 
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Therefore, the goals of this dissertation are to investigate 1) the effect of genetic diversity on 

bone phenotype across length scales, 2) the effect of genetic diversity on bone response to 

loading, and 3) the correlation of phenotype to loading response in genetically diverse 

populations. First (Chapter 2), I took an existing data set from an advance-intercross population 

where each mouse has a unique combination of alleles from two founder strains and span a large 

range of body size. Using these mice, I investigated cortical bone phenotypes and how they 

correlate within a single bone and between bones. Second (Chapter 3), I utilized the Diversity 

Outbred (DO) mice and their eight Inbred Founders to phenotype cortical bone at the whole-

body, whole-bone, lacunar, and material length scales. Third (Chapter 4), using the DO and 

Inbred Founders again, I mechanically loaded these genetically diverse mice and measured the 

variation in response to loading. Finally (Chapter 4), using the results from phenotyping and 

loading of the DO and Inbred Founders, I investigated which phenotype traits most correlate to 

loading outcomes. This led to the development of a working model that intrinsic osteocyte 

mechanosensativity drives the morphology of bone to maintain a homeostatic mechanical strain 

state.    
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Chapter 2: Cortical Bone Relationships are 

Maintained Regardless of Sex and Diet in a 

Large Population of LGXSM Advanced 

Intercross Mice* 

*Paper published in Bone Reports 2022: Migotsky N, Brodt MD, Cheverud JM, Silva MJ. 

Cortical bone relationships are maintained regardless of sex and diet in a large population of 

LGXSM advanced intercross mice. Bone Rep. 2022 Aug 26;17:101615. doi: 

10.1016/j.bonr.2022.101615. PMID: 36091331; PMCID: PMC9449555. 

 

 

Figure 2.1: Graphical abstract  
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2.1 Abstract 
Knowledge of bone structure-function relationships in mice has been based on relatively small 

sample sets that limit generalizability. We sought to investigate structure-function relationships 

of long bones from a large population of genetically diverse mice. Therefore, we analyzed 

previously published data from the femur and radius of male and female mice from the F34 

generation of the Large-by-Small advanced intercross line (LGXSM AI), which have over a two-

fold continuous spread of bone and body sizes (Silva et al. 2019 JBMR).  

Morphological traits, mechanical properties, and estimated material properties were collected 

from the femur and radius from 1113 LGXSM AI adult mice (avg. age 25 wks). Males and 

females fed a low-fat or high-fat diet were evaluated to increase population variation. The data 

were analyzed using principal component analysis (PCA), Pearson’s correlation, and multivariate 

linear regression.  

Using PCA groupings and hierarchical clustering, we identified a reduced set of traits that span 

the population variation and are relatively independent of each other. These include three 

morphometry parameters (cortical area, medullary area, and length), two mechanical properties 

(ultimate force and post-yield displacement), and one material property (ultimate stress). When 

comparing traits of the femur to the radius, morphological traits are moderately well correlated 

(r2: 0.18-0.44) and independent of sex and diet. However, mechanical and material properties are 

weakly correlated or uncorrelated between the long bones. Ultimate force can be predicted from 

morphology with moderate accuracy for both long bones independent of variations due to 

genetics, sex, or diet; however, predictions miss up to 50% of the variation in the population. 

Estimated material properties in the femur are moderately to strongly correlated with bone size 

parameters, while these correlations are very weak in the radius.  
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Our results indicate that variation in cortical bone phenotype in the F34 LGXSM AI mouse 

population can be adequately described by a reduced set of bone traits. These traits include 

cortical area, medullary area, bone length, ultimate force, post-yield displacement, and ultimate 

stress. The weak correlation of mechanical and material properties between the femur and radius 

indicates that the results from routine three-point bending tests of one long bone (e.g., femur) 

may not be generalizable to another long bone (e.g., radius). Additionally, these properties could 

not be fully predicted from bone morphology alone, confirming the importance of mechanical 

testing. Finally, material properties of the femur estimated based on beam theory equations 

showed a strong dependence on geometry that was not seen in the radius, suggesting that 

differences in femur size within a study may confound interpretation of estimated material 

properties. 

2.2 Introduction 
Investigating the mechanical strength of long bones is a well-established concept in biology and 

engineering133,134. Turner and Burr laid a foundation for biomechanical testing of rodent bones 

by describing techniques and defining terminology60. These methods have become a staple in 

phenotyping musculoskeletal mouse models, allowing researchers to identify quantitative trait 

loci (QTL)135, analyze gene functions136–138, assess responses to pharmacological interventions139 

and alterations in mechanical loading105,140, and quantify changes with growth and aging141,142.  

Knowing the strength of bones alongside morphology allows the investigation of structure-

function relationships. It has been shown that bone material can redistribute, especially if quality 

is altered, to preserve adequate whole-bone (structural) strength136–138,143,144. Jepsen et al 

identified three adaptations to meet the needs of the skeletal loading environment: changing the 

amount of bone, the distribution of bone, or the quality of bone145. For example, in a mouse 
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model of osteogenesis imperfecta (OI), mutant mice compensate for deficient collagen 

production by developing larger bones which leads to an increase in whole-bone strength136. 

Conversely, mice with BMP-5 deficiency, which have smaller body and muscle mass, develop 

smaller, weaker bones, while maintaining bone composition and material properties consistent 

with lower mechanical demands137,138. These examples highlight the importance of examining 

mechanical and morphological properties of bones together142.  

While mechanical testing of mouse bones has provided insights into bone structure-function, 

there remain some limitations. First, many studies use only one strain of mouse141,146, and those 

that use more than one typically use discrete inbred strains147,148. This can lead to groupings or 

clusters of data at two extremes instead of a continuous distribution of values, making 

correlations between traits difficult to assess149. Second, despite knowing there are differences in 

regulation of bone strength and morphology between females and males150,151, many studies only 

evaluate one sex140,141. Third, sample sizes are typically tens of mice145,147. Fourth, most studies 

only evaluate a single bone per mouse. Collectively, these drawbacks limit the opportunity for 

generalizable conclusions. Lang et al. addressed these limitations by testing mice from the F2 

generation of C57 x DBA mice, using males and females, a sample size of 200 per sex, and 

evaluating both the tibia and femur135. However, the focus of that study was to identify gene loci 

that influence bone properties and not to examine structure-function relationships.  

We sought to investigate structure-function relationships of multiple bones from a large 

population of genetically diverse mice of both sexes. Accordingly, we analyzed data from the 

femur and radius of male and female mice from the F34 generation of the Large-by-Small 

advanced intercross line (LG,SM AI), which have over a two-fold continuous spread of bone 

sizes152. We utilized this F34 LG,SM AI population of mice in a previous study and reported the 
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effects of diet, sex, and body mass on cortical bone traits evaluated by microCT and mechanical 

testing of more than 2200 bones. In brief, we showed female and male mice raised on a high-fat 

diet had increased body weight and developed larger, stronger bones compared to mice fed a 

low-fat diet152.  

One challenge with any in-depth phenotyping study is the volume of data, which can make 

analysis and interpretation overwhelming. For example, for the LG,SM AI mice, we reported 25 

bone traits (14 for the radius, 11 for the femur) for 1113 animals from four experimental groups. 

Coulombe et al. recently highlighted limitations in comparing groups based on individual bone 

traits153. As an alternative, they proposed principal component analysis (PCA), k-means 

clustering, and Support Vector Machine classification (SVM) as complimentary methods to 

concurrently evaluate all traits within a data set. Specifically, PCA was used to explain the 

variation of bone trait values within the population using a smaller number of independent 

variables resulting in three principal components that explain over 90% of the population 

variation in ten individual traits 153,154. Herein, we apply some of these approaches to the LG,SM 

AI data set to identify a reduced set of traits that still captures the variation in morphology or 

mechanical properties between animals.  

Mechanical properties at the whole-bone (structural) scale are dependent on bone size and 

material properties. Material properties of rodent bone have traditionally been estimated from 

mechanical tests using engineering beam theory equations60. These equations assume a uniform 

cross-section, homogenous and isotropic material properties, and a slender test specimen. Our 

group and others have shown mouse bones, especially femurs, do not meet these assumptions 

and calculations underestimate the true values of material properties60,155–157. Schriefer et al. 

compared the measurement error of various long bones and recommended the radius as the 
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preferred bone for three-point bend testing due to its consistently round shape and slender aspect 

ratio155. Despite this recommendation, over 80% of studies reporting mechanical testing in the 

last 10 years tested the femur and over 60% of those testing the femur reported material 

properties calculated using engineering beam theory (PubMed terms: mouse, bone, mechanical 

testing; published since 2011). Thus, there is a need to re-examine methods used to estimate 

mouse bone material properties that remain in widespread use.  

Our objective in this study was to mine the dataset from the LG,SM AI population152 to 

investigate relationships between and within bone traits in a mouse population with a large 

variation of body size and bone size. Specifically, we asked four questions: 1) What are a 

reduced set of traits that can describe the morphology and mechanical properties of mouse long 

bones? 2) Do traits correlate between long bones? 3) Can the reduced set of morphology traits 

accurately predict whole-bone strength? and 4) What are the implications of using beam theory 

to estimate material properties in the femur compared to the radius?  

2.3 Methods and Materials 

2.3.1 Mice 

All mouse work was completed with approval of the Washington University Institutional Care 

and Use Committee (IACUC). Data analyzed herein were previously published152. Briefly, long 

bones from 1139 mice from the F34 generation of the LG/J by SM/J AI line (Wustl:LG,SM-

G34) were analyzed. Males and females were divided into two diet groups and fed either a 

relatively high-fat (42% calories from fat) or low-fat (15% calories from fat) diet beginning at 

weaning (3 wk of age). This resulted in four experimental groups: FL (female low-fat), FH 

(female high-fat), ML (male low-fat), and MH (male high-fat). Mice were euthanized at skeletal 

maturity (avg 24.7 wks, range = 21.0-28.7 wks). Female and male mice raised on a high-fat diet 
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had 32% greater body mass, on average, than sex-matched mice fed a low-fat diet. Body mass 

was 17% greater in males than females152.  

2.3.2 Phenotyping 

Femur and radius cortical bone phenotyping was completed as described152. Briefly, bone cross-

sectional morphology was assessed with microCT spanning a 3 mm region of the mid-diaphysis 

(16 µm voxel size). Bone length was measured using calipers. Whole-bone mechanical 

properties were assessed using three-point bending with a support span of 7 mm. Material 

properties were estimated using simple beam theory equations. Fourteen properties were reported 

per bone: six morphology traits (five that describe the cross-section, and one the length), five 

whole-bone mechanical properties, and three bone material properties (Table 2.1). Traits were 

transformed as necessary to normalize the data. Any trait that was normalized is indicated with a 

prefix of l (natural log transform; femur yield force), i (inverse transform; femur post-yield 

displacement), or s (square root transform; femur work to fracture). Any mouse exhibiting 

extreme values (judged to be either biologically or physically implausible) in one or more traits 

were excluded from analysis, leaving 1113 mice (FL: n = 274; FH: n = 282; ML: n = 274; MH: n 

= 283).  

Table 2.1: List of phenotype variables measured for both the femur and radius 

Morphology Traits 

(n = 6) 

Length (Le), Cortical Area (Ct.Ar), Total Area (Tt.Ar), 

Marrow Area (Ma.Ar), polar moment of inertia (J), average 

Cortical Thickness (Ct.Th) 

Mechanical Properties 

(n = 5) 

Ultimate Force (Fu), Yield Force (Fy), Stiffness (K), Post-

yield Displacement (PYD), Work to Fracture (Wfx) 

Estimated Material Properties 

(n = 3) 
Ultimate Stress (Su), Yield Stress (Sy), Elastic Modulus (E) 
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2.3.3 Analysis Software 

Analysis and statistical comparison was done using R or GraphPad Prism. R version 4.0.2 (2020-

06-22 – “Taking Off Again”) was used with RStudio (Version 1.2.5042) and the Global CRAN 

repository to calculate the principal component analysis and correlation matrix. GraphPad Prism 

(version 9) was used to perform bivariate and multivariate linear analyses.  

2.3.4 Principal Component Analysis 

Principal component analysis (PCA) was performed on four datasets: 1) femur morphology, 2) 

radius morphology, 3) femur mechanical properties and 4) radius mechanical properties. 

Initially, the four experimental groups (2 sexes x 2 diets) were analyzed separately, but no 

differences were found between groups (Suppl. Fig 2.10) so all 1113 animals were pooled and 

analyzed together. Each variable was centered and scaled to have a distribution mean of 0 and 

standard deviation of 1 within the prcomp function. Because signs are arbitrarily assigned to 

variable weights, the weightings in dataset 2 (radius morphology) were multiplied by negative 

one (-1) to match the signs from dataset 1 (femur morphology). Coordinates (weightings) of each 

variable in each principal component dimension and the variance of each principal component 

were extracted from the PCA. Using the PCA analysis we identified reduced sets of 

morphological and mechanical traits that span the principal components and are relatively 

independent of each other (based on 2.5 - Correlation Matrix below).  

2.3.5 Correlation Matrix 

A matrix of Pearson’s correlation coefficients was computed on two datasets: 1) all femoral traits 

and 2) all radial traits. Correlations between all traits within a single bone were computed using 

the cor function in R and visualized using the corrplot function. Variables were automatically 

hierarchically clustered into five groups using the ward.D2 algorithm. 
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2.3.6 Bivariate Linear Analysis 

Bivariate linear regression was performed to 1) compare bone traits between long bones (radius 

vs femur) and 2) compare elastic modulus (material property) to bone size parameters (Ma.Ar, 

Tt.Ar, J) per bone. For all bivariate regressions, each sex/diet group was first plotted and 

analyzed individually, then pooled and analyzed again. The slopes were compared between 

groups by calculating a two-sided p-value. If slopes were determined to be not significantly 

different (p > 0.05) the intercepts were also compared. This method of slope and intercept 

comparison is equivalent to Analysis of Covariance (ANCOVA). Additionally, the slopes for 

each group were compared to zero using an F-test with p < 0.05 for significance. To compare 

traits between long bones, the value of a single trait measured in the radius was plotted against 

the same trait measured in the femur. This resulted in 14 bivariate analyses. To compare elastic 

modulus to bone size, the elastic modulus of the femur was plotted against either the marrow 

area, total area, or polar moment of inertia of the femur. The same was repeated for the radius. 

This resulted in 6 bivariate analyses (3 for femur and 3 for radius). 

2.3.7 Multivariate Linear Regression 

Multivariate linear regressions were performed to estimate ultimate force of the femur and radius 

individually. To create the multivariable model for ultimate force, the predicted value was set to 

ultimate force while the independent variables were initially set to all morphology traits (n = 6). 

First, backward elimination was used to reduce the variable set to only those significantly and 

independently contributing to the model. Briefly, the variable with the highest p-value was 

removed from the model and the analysis was re-run until all remaining variables had a 

significant contribution (p < 0.05). A second model was created using the three morphology 

parameters proposed in the reduced set of parameters (Ct.Ar., Ma.Ar., Le). The best fit of each 

model was assessed using the adjusted R2 value. 
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2.4 Results 

2.4.1 Correlation of traits within each bone 

We used principal component analysis (PCA) to examine how bone traits cluster during 

dimensional reduction. Dimensional reduction can allow for fewer variables to characterize the 

data set while maintaining the majority of the variability in the population. In both the femur and 

radius, bone morphometry parameters can be reduced to three components that explain almost 

99% of the variation between animals (Fig 2.2). Clustering of traits is almost identical in the 

femur and radius. While all variables contribute, the first principal component (PC1) is 

dominated by the bone size parameters total area, cortical area, and moment of inertia; these 

three variables are highly correlated (r > 0.79 for each pair) and fall into the same hierarchical 

cluster (Fig 2.4). PC2 is dominated by two additional cross-sectional parameters, marrow area 

and cortical thickness, which contribute to PC2 in opposite directions; these variables are not 

significantly correlated. Bone length is the only parameter that significantly contributes to PC3. 

Thus, the five measured bone traits that describe cortical cross-sectional morphology can be 

reduced to two principal components, while bone length adds a third component. Thus, cortical 

area, marrow area and length represent a reduced set of parameters that characterize long bone 

morphology in this mouse population.  
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Figure 2.2: PCA of morphology parameters in the femur and radius  

Contribution of each morphology parameter collected from uCT of the femur (A) and radius (B) to the individual dimensions of a 

principal component analysis (PCA). For both bones, the first three components (PC) explain over 90% of variation between 

animals. TtAr, CtAr, and J contribute the most to PC1. MaAr and CtTh contribute the most to PC2. Le is the only variable highly 

contributing to PC3. Inset graphs show cumulative proportion of variance from each principal component.  

F: Femur, R: Radius, Le: Length, TtAr: Total Area, MaAr: Marrow Area, CtAr: Cortical Area, CtTh: Cortical Thickness, J: 

Moment of Inertia, PC: Principal Component 

Similarly, the five measured mechanical properties reduce to two dimensions that explain 80% 

and 90% of the variation between animals in the femur and radius, respectively (Fig 2.3). PC1 is 

mainly defined by bone stiffness and strength. PC2 is defined by properties that reflect bone 

ductility (PYD and Wfx); these two properties are highly and almost exclusively correlated to 

each other and cluster together (Fig 2.4). Thus, ultimate force and post-yield displacement 

represent a reduced set of parameters that characterize long bone mechanical properties.  

The three estimated material properties moderately or highly correlate with each other in both the 

femur and radius, but this correlation is stronger in the radius (Fig 2.4). Within the femur, 

material properties (especially elastic modulus) have negative correlations with multiple bone 

morphology parameters, whereas these correlations are absent in the radius.     
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Figure 2.3: PCA of mechanical properties in the femur and radius  

Contributions of each mechanical property collected from 3pt bending of the femur (A) and radius (B) to the individual 

dimensions of a principal component analysis (PCA). For the femur, the first two components (PC) explain over 80% of variation 

between animals. For the radius, the first two components explain over 90% of variation between animals. K, Fy, and Fu 

(stiffness and strength properties) contribute the most to PC1. PYD and Wfx (ductility properties) contribute the most to PC2. 

Inset graphs show cumulative proportion of variance from each principal component.  

F: Femur, R: Radius, Fu: Ultimate Force, Fy: Yield Force, K: Stiffness, PYD: Post-Yield Displacement, Wfx: Work to Fracture, 

PC: Principal Component 

 
Figure 2.4: Pearson’s correlation matrix for all measured bone traits in the femur and radius 

Correlation matrix of all 14 bone properties measured for the femur (A) and radius (B). Black boxes surround variables that 

cluster together using hierarchical clustering. Material properties (Sy, Su, E) highly correlate with each other for both bones. E 

in the femur has negative correlation with many morphometry parameters, a relationship absent in the radius. Lower triangle 

shows Pearson’s r values. 

F: Femur, R: Radius, Le: Length, TtAr: Total Area, MaAr: Marrow Area, CtAr: Cortical Area, CtTh: Cortical Thickness, J: 

Moment of Inertia, Fu: Ultimate Force, Fy: Yield Force, K: Stiffness, PYD: Post-Yield Displacement, Wfx: Work to Fracture, Su: 

Ultimate Stress, Sy: Yield Stress, E: Elastic Modulus 
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2.4.2 Correlation of traits between bones 

We used bivariate linear regression to investigate how each trait correlates between two long 

bones, the femur and radius. All morphology traits are positively and significantly correlated 

between bones. Notably, the relationships between bones do not depend on sex or diet (i.e., 

slopes of regression lines are not different between groups; Fig 2.5). We note that there are 

significant differences in intercepts between groups, but intercepts from the pooled data are 

within the 95% confidence interval of the intercept for each group. The R2 values for each sex-

diet group are generally similar, which is further indication that there is a similar relationship 

between bones across the four groups (Supp. Table 2.2). When sex/diet groups are pooled, 

cortical area and moment of inertia have the strongest correlations between bones (R2 = 0.44 and 

0.43, respectively; Fig 2.5), while medullary area and cortical thickness have the weakest 

correlations (R2 = 0.25 and 0.18, respectively; Fig 2.5). Thus, morphological traits related to size 

of the radius and femur are moderately well correlated in this mouse population and these 

relationships are similar across sex and diet.   
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Figure 2.5: Morphology correlations between femur and radius  

Correlation of morphology traits between the femur (x-axis) and radius (y-axis) with linear regression lines displayed per 

sex/diet group. Slopes are not significantly different between sex/diet groups, for any variable. Intercept values are significantly 

different for bone length (A), total area (B), medullary area (C), and moment of inertia (D). For all traits and all groups, the 

slopes of the linear regression line are significantly different from zero. Goodness of fit (R2) for all groups pooled is shown on 

each graph.   

Slope: significance of different slopes between groups, Int: significance of different intercepts between groups, ns: not 

significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, FH: female high fat, FL: female low fat, MH: male high fat, 

ML: male low fat 

Mechanical properties are weakly correlated between long bones (Fig 2.6). Ultimate force is the 

only mechanical property where the slopes are different between sex/diet groups (p = 0.03); 

individual group slopes range from 32% lower to 12% higher than the pooled slope (Supp. Table 

S2). For post-yield displacement, all four sex/diet groups have slopes not different from zero 

indicating no correlation between the femur and radius. Additionally, despite having no 

significant differences in slopes between groups, only female low-fat (FL) and male high-fat 

(MH) have slopes not different from zero for work-to-fracture. Material properties are not 

correlated between long bones, where all four sex/diet groups for the three material properties 

have slopes not significantly different from zero (Fig 2.7). The estimated values for each material 

property are approximately two times higher in the radius than the femur. Thus, whole-bone 
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mechanical properties of the radius and femur are only weakly correlated, while estimated 

material properties are not correlated.    

 
Figure 2.6: Mechanical property correlations between femur and radius  

Correlation of mechanical properties between the femur (x-axis) and radius (y-axis) with linear regression lines displayed per 

sex/diet group. Slopes are not significantly different between sex/diet groups, except for ultimate force (A). Intercept values are 

significantly different for all other traits (B-E). For ultimate force (A), yield force (B), and stiffness (C), the slopes of the linear 

regression line are significantly different from zero. For work to fracture, best fit lines from the FL and MH groups are not 

significantly different from zero. The post-yield displacement regression lines are not significantly different from zero for all 

sex/diet groups.  

Slope: significance of different slopes between groups, Int: significance of different intercepts between groups, ns: not 

significant, --: not evaluated,* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, FH: female high fat, FL: female low fat, 

MH: male high fat, ML: male low fat 

 
Figure 2.7: Material property correlations between femur and radius  

Correlation of material properties between the femur (x-axis) and radius (y-axis) with linear regression lines displayed per 

sex/diet group. The slopes of the linear regression line are not significantly different from zero for any material property trait, 

and are not significantly different between sex/diet groups. Intercept values are significantly different for all traits (A-C).  
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Slope: significance of different slopes between groups, Int: significance of different intercepts between groups, ns: not 

significant,* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, FH: female high fat, FL: female low fat, MH: male high fat, 

ML: male low fat 

2.4.3 Prediction of whole-bone strength 

We created a multivariate linear regression to predict ultimate force, a measure of whole-bone 

strength, from morphology parameters (Fig 2.8). Ultimate force can be predicted with moderate 

accuracy for both bones, with the femur prediction being more accurate (adj R2 = 0.72 (fem) vs. 

0.54 (rad)) (Fig 2.8 A,B). After using backwards elimination to exclude non-significant 

contributing variables, the femur ultimate force can be well predicted from cortical area, moment 

of inertia, cortical thickness, and length (Fig 2.5 A). Note that these four parameters span the 

three main PCs explaining a majority of the intra-bone variation (Fig 2.2 A). For the radius, only 

total area, marrow area, and length are needed to predict ultimate force (Fig 2.8 B), which 

corresponds to one variable per PC cluster (Fig 2.2 B). For both bones, the largest contributing 

variable is a measure of cross-sectional bone size. We compared this non-biased model to a 

model using a pre-selected reduced set of morphology traits (Ct.Ar, Ma.Ar, Le; determined in 

3.1 - Correlation of traits within each bone). The goodness of fit is almost identical to that of the 

un-biased model (adj R2 = 0.71 (fem) and 0.54 (rad); Fig 2.8 C,D) supporting the finding that 

these three parameters are a functionally meaningful set.  
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Figure 2.8: Prediction of ultimate force 

Multivariate linear regression of ultimate force for the femur (A&C) and radius (B&D). (A&B) All morphology parameters were 

initially included in the model. Backwards elimination was used to narrow down only significantly contributing variables. (C&D) 

Only the reduced set of morphology parameters (Ct.Ar, Ma.Ar, Le) were included in the model. The R2 value is extremely similar 

between models within each bone. Ultimate force is more accurately predicted in the femur compared to the radius, as shown by 

the larger adjusted R2 value. 

2.4.4 Implications of using beam theory to predict material properties 

Finally, we further examined the negative correlations between material properties and 

morphology parameters identified in the correlation matrix (Fig 2.4). In the femur, elastic 

modulus correlated strongly with marrow area, total area, and moment of inertia (r = -0.64 to -

0.71; p < 0.0001). These same correlations in the radius were much weaker, albeit significant (r 

= -0.16 to -0.25; p < 0.0001). We used bivariate linear regression to investigate these 

relationships individually (Fig 2.9). Marrow area correlates the most strongly to elastic modulus 

and this correlation is much stronger in the femur than radius (R2 = 0.51, fem [Fig 2.9 A] vs 

0.061, rad [Fig 2.9 D]). Total area correlates moderately to elastic modulus in the femur (Fig 2.9 
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B) yet very weakly in the radius (Fig 2.9 E). Moment of inertia had the weakest correlation to 

elastic modulus, but was still moderately correlated in the femur (R2 = 0.40; Fig 2.9 C). The 

radius shows a very weak correlation between elastic modulus and moment of inertia (R2 = 

0.025; Fig 2.9 F). Taken together, these analyses indicate that beam theory-estimated material 

properties for the femur have a strong dependence on morphology, while the estimated material 

properties of the radius have only a weak dependence on morphology. 

 
Figure 2.9: Correlation of elastic modulus with morphology parameters  

Correlation of elastic modulus with morphology parameters in the femur (A-C) and radius (D-F). Medullary area correlates 

most strongly with elastic modulus for both bones (A&D), but the correlation is stronger in the femur. For each trait, the 

correlation is stronger in the femur (top row) compared to the radius (bottom row). All slopes from the linear regression are 

significantly different from zero. All 4 sex/diet groups were combined for analysis. 

2.5 Discussion 
We reported previously that long bone traits are different between sexes and are altered by diet in 

LG,SM AI mice152. Using these same data from more than 1100 mice, here we focused on the 

intra- and inter- bone relationships to address four questions: 1) What are a reduced set of traits 

that can describe the morphology and mechanical properties of mouse long bones? 2) Do traits 

correlate between bones? 3) Can the reduced set of morphology traits accurately predict bone 



 33 

strength? and 4) What are the implications of using beam theory to estimate material properties 

in the femur compared to the radius? We find that PCA and correlation analysis reveals similar 

relationships between morphological and mechanical properties across the sex/diet groups for 

both the femur and radius, which implies that relationships between bone parameters were 

conserved across sex, diet, and bone. This suggests that the reduced set of parameters we report 

here may be useful to describe mouse long bones from other populations. Correlations of 

individual traits between long bones reveal that morphology parameters are positively and 

strongly correlated, whereas mechanical and material properties have weak to no correlations 

between bones. These correlations are again independent of sex or diet. Multivariate regression 

reveals that 54-72% of variation in ultimate force can be predicted from bone morphology 

measured using microCT. Finally, elastic modulus and bone morphology are moderately 

correlated for the femur but not the radius. The dependency of material property estimates in the 

femur on morphology raises the possibility of a size-dependent error when using beam theory to 

estimate material properties of mouse femurs.  

We investigated intra-bone relationships of cortical bone traits using principal component 

analysis (PCA) to evaluate which combination of variables contribute the most to bone 

variability in the F34 LGXSM AI population. Reducing dimensionality using PCA can simplify 

interpretation while minimizing data loss. Additionally, we built a correlation matrix to 

investigate the relationship of each pair of traits. Using these analyses, we identified a minimal 

set of cortical bone properties (traits) to describe mouse long bones that may be useful when 

assessing differences between experimental groups or variations within other mouse populations. 

For morphometry we identified cortical area, medullary area, and bone length; these parameters 

span the first three principal components and together can describe bone expansion periosteally, 



 34 

endosteally, and axially. For mechanical properties we identified ultimate force and post-yield 

displacement; these two parameters are independent, contribute almost exclusively to different 

principal components, and represent a force measurement and deformation measurement. 

Compared to other measurements that describe whole-bone function (e.g., stiffness), ultimate 

force is more accurately computed since it is independent of deformation measurements, and 

ultimate force had the strongest correlations to morphology parameters in our data set (Fig 2.4). 

For material properties, we identify ultimate stress. Calculations of ultimate stress do not depend 

on strain estimation and are therefore less variable and more accurate than modulus 

estimations142. 

We investigated inter-bone relationships between the femur and radius using bivariate linear 

regressions for each of the fourteen traits reported. Morphometry traits are all significantly and 

positively correlated between long bones. The lack of significant difference in slopes between 

the sex/diet groups in all these correlations indicates that morphometry traits scale between long 

bones independently of sex or diet. In contrast to the moderately strong correlations between 

bones for morphometric properties, mechanical properties are only weakly correlated. Ultimate 

force is the most strongly correlated (R2 = 0.25) between the radius and femur, followed by bone 

stiffness (R2 = 0.11). The correlation between radius and femur for ultimate force reported here 

for mice is comparable to the correlation reported in Patton et al for humans158. However, work-

to-fracture and post yield displacement do not correlate between long bones indicating yielding 

behavior and ductility assessed by three-point bending are bone-dependent properties. Estimated 

material properties have no correlation between long bones. While this result could mean that 

murine bone material properties differ between bones, it may be an artifact of inaccurate 

estimations of femur material properties using beam theory. To answer this question, more direct 
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methods to estimate material properties are required. Regardless, the lack of strong correlation of 

mechanical and material properties between the radius and femur indicates that the results from 

routine three-point bending tests of one long bone (e.g., femur) may not be generalizable to 

another long bone (e.g., radius). 

Next, we investigated the feasibility of predicting bone strength using bone morphology 

determined by microCT. If variation in bone strength can be estimated using non-destructively 

measured parameters, physically breaking bones may be unnecessary and bone samples could be 

used for other outcomes (e.g., histology). The unbiased multi-variable model we report here can 

predict nearly 72% of the variation in ultimate force in the femur and nearly 54% in the radius. A 

reduced set of morphology parameters predict the same amount of variation as the unbiased 

model for both bones. Additionally, using just one of the morphometry parameters in the reduced 

set (cortical area) explains nearly the same amount of variation in ultimate force (71% for femur, 

49% for radius). Bone mineral density alone can explain 50-75% of the variation in ultimate 

strength in various mammalian models, and around 57% for rat humerus56, which is similar to 

the range of variation explained by our model. Additionally, other groups have used similar 

multivariable models and have been able to predict almost 80% of femur strength using bone 

volume, cortical thickness, and total area149. The higher goodness of fit of the model in that study 

might be due to the differences in mouse number, range of bone sizes, and measurement 

technique. While morphometry-based estimation of bone strength is an appealing concept, 28-

46% of variation in ultimate force was not explained by our model leading us to conclude that 

mechanical testing is still essential to assess differences in bone strength between experimental 

groups.   
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Finally, we investigated the implications of using beam theory to estimate bone material 

properties. Three- (or four-) point bending is the preferred method to mechanically test bones of 

small animals142. Typically, material properties are estimated using engineering beam theory 

where the test specimen is assumed to have a constant cross-section, homogenous and isotropic 

properties, and a large length-to-width ratio. The femur, which is the most common bone used 

for mechanical testing, does not meet these assumptions and therefore estimated values of 

material properties are generally underestimated142,155,156. The radius is a longer, more slender 

bone that more accurately meets beam theory assumptions, but can be more difficult to handle 

and requires more sensitive testing equipment due to its small size. A previous study comparing 

the accuracy between the radius and femur did so in mouse bones of two genetic backgrounds 

having distinctly different bone size (B6, C3H)155. The mice in the current study have a more 

continuous range of bone sizes and strengths and include larger variations of genetic 

backgrounds, allowing us to test if the limitations of applying beam theory to mouse bones are 

more broadly applicable. We found strong correlations of elastic modulus with bone 

morphometry parameters in the femur only, with 40-50% of variation in elastic modulus being 

explained by bone geometry. These correlations are almost entirely absent in the radius, with 

only 2.5-6% of the variation in elastic modulus being explained by bone geometry. This suggests 

that size differences in bones may bias femur-estimated values of material properties much more 

so than radius-estimated properties. These findings provide additional support to previous 

recommendations for mechanical testing of the radius when a goal is to estimate material 

properties142,155.  

In summary, we used a large, data set (Chapter 2) from mice spanning a large range of body size 

and weight to investigate the structure-function relationship of two long bones and the 
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dependency on sex and diet. In both the femur and radius, bone traits similarly cluster together 

using PCA and correlation analysis. Additionally, how bone traits cluster did not change based 

on sex/diet groups. The independence on bone type, sex, and diet provide support that these 

correlations are more broadly applicable to cortical traits of long bones from various mouse 

populations. We identified a reduced set of parameters for morphometry, mechanical properties, 

and material properties that are fairly independent yet span the various principal components to 

explain the most variation in the population. For morphometry, we identified cortical area, 

medullary area, and bone length; for mechanical properties, we identified ultimate force and 

post-yield displacement; for material properties, we identified ultimate stress. We observed that 

up to 50% of the variation in femur-estimated elastic modulus could be explained by size 

parameters, which suggests that caution should be taken when interpreting estimated material 

properties of the femur. Finally, while many morphometry parameters are highly correlated with 

mechanical properties, predicting ultimate force from morphometry alone did not account for up 

to 50% of the variation between animals in our study, highlighting the value of destructive 

mechanical testing. Our results support that testing be done on the bone of interest because 

mechanical, and especially material, properties correlated poorly between the femur and radius.  
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2.6 Supplemental Material 

 
Supplemental Figure 2.10: PCA analysis on each sex/diet group 

PCA was done on each sex/diet group individually for both morphology (A&B) and mechanical properties (C&D). There is no 

clear division of sex/diet groups indicating no large difference between groups. 

Supplemental Table 2.2: R2 and p-values of each sex/diet group separately for correlations between the femur and radius. R2 

represents the goodness of fit while the p-value indicates if the slope is significantly non-zero. 

 

R2 p-val R2 p-val R2 p-val R2 p-val R2 p-val

Length (Le) 0.311 <0.0001 0.372 <0.0001 0.250 <0.0001 0.271 <0.0001 0.363 <0.0001

Total Area (Tt.Ar) 0.280 <0.0001 0.278 <0.0001 0.327 <0.0001 0.263 <0.0001 0.386 <0.0001

Medullary Area (Ma.Ar) 0.165 <0.0001 0.185 <0.0001 0.187 <0.0001 0.171 <0.0001 0.250 <0.0001

Moment of Interia (J) 0.315 <0.0001 0.290 <0.0001 0.370 <0.0001 0.295 <0.0001 0.427 <0.0001

Cortical Area (Ct.Ar) 0.329 <0.0001 0.341 <0.0001 0.413 <0.0001 0.358 <0.0001 0.439 <0.0001

Cortical Thickness (Ct.Th) 0.136 <0.0001 0.152 <0.0001 0.155 <0.0001 0.190 <0.0001 0.178 <0.0001

Ultimate Force (Fu) 0.251 <0.0001 0.196 <0.0001 0.120 <0.0001 0.234 <0.0001 0.273 <0.0001

Yield Force (Fy) 0.037 0.001 0.063 <0.0001 0.021 0.016 0.056 <0.0001 0.072 <0.0001

Stiffness (K) 0.105 <0.0001 0.089 <0.0001 0.026 0.007 0.106 <0.0001 0.120 <0.0001

Work to Fracture (Wfx) 0.022 0.014 0.001 0.709 0.012 0.065 0.017 0.036 0.014 <0.0001

Post Yield Displacement (PYD) 0.013 0.058 0.001 0.705 0.005 0.264 0.014 0.058 0.004 0.049

Ultimate Stress (Su) 0.000 0.921 0.001 0.678 0.000 0.981 0.000 0.858 0.000 0.631

Yield Stress (Sy) 0.004 0.320 0.015 0.051 0.005 0.230 0.001 0.692 0.000 0.491

Elastic Modulus (E) 0.000 0.955 0.000 0.857 0.005 0.253 0.006 0.209 0.000 0.833

FH: female high-fat FL: female low-fat MH: male high-fat ML: male low-fat

Pooled
Outcome

FH FL MH ML
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Supplemental Table 2.3: Slope and intercept values of each sex/diet group separately for correlations between the femur and 

radius. The values for each sex/diet group are similar to the results when all four groups are pooled. 

† slopes significantly different between groups, * intercepts significantly different between groups, ^ slope not significantly 

different from zero

 

  

Slope Int Slope Int Slope Int Slope Int Slope Int

Length (Le) 0.406 5.152 0.420 4.885 0.418 5.224 0.421 5.150 0.483 4.025*

Total Area (Tt.Ar) 0.114 0.157 0.106 0.163 0.111 0.162 0.100 0.175 0.111 0.159*

Medullary Area (Ma.Ar) 0.057 0.011 0.057 0.008 0.058 0.013 0.053 0.015 0.060 0.009*

Moment of Interia (J) 0.031 0.008 0.027 0.009 0.029 0.009 0.027 0.009 0.029 0.008*

Cortical Area (Ct.Ar) 0.159 0.140 0.160 0.140 0.162 0.137 0.155 0.143 0.158 0.141

Cortical Thickness (Ct.Th) 0.288 0.138 0.307 0.135 0.300 0.136 0.317 0.132 0.299 0.136

Ultimate Force (Fu) 0.103 2.323 0.087 2.805 0.062 3.673 0.091 2.851 0.092† 2.723

Yield Force (Fy) 0.721 1.972 0.771 1.809 0.511 3.053 0.657 2.537 0.875 1.752*

Stiffness (K) 0.059 13.510 0.051 14.51 0.033 21.50 0.064 15.120 0.067 13.67*

Work to Fracture (Wfx) 0.234 2.191 0.040^ 2.649 0.199^ 2.666 0.223 2.533 0.206 2.426*

Post Yield Displacement (PYD) 0.319^ 0.576 -0.072^ 0.625 0.229^ 0.623 0.370^ 0.578 0.183 0.606*

Ultimate Stress (Su) -0.013^ 379.4 0.053^ 366.4 -0.003^ 387.2 -0.023^ 392.9 -0.030^ 388.9*

Yield Stress (Sy) -0.091^ 315 0.174^ 272.9 0.125^ 296.4 0.033^ 306.6 0.031^ 301.2*

Elastic Modulus (E) 0.010^ 22840 0.028^ 22635 0.226^ 22452 0.250^ 21823 -0.017^ 23606*

FH: female high-fat FL: female low-fat MH: male high-fat ML: male low-fat

† slopes significantly different between groups

* intercepts significantly different between groups

 ̂slope not significantly different from zero

Pooled
Outcome

FH FL MH ML
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Chapter 3: Multi-Scale Cortical Bone Traits 

Vary in Two Mouse Models of Genetic 

Diversity 

 

 

 
Figure 3.1: Graphical abstract 
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3.1 Abstract 
Understanding the genetic basis of cortical bone traits can facilitate the discovery of novel genes 

or biological pathways regulating bone health. Mice are the most widely used mammalian model 

for skeletal biology and allow for the quantification of traits that can’t easily be evaluated in 

humans, such as osteocyte lacunar morphology. The goal of our study was to investigate the 

effect of genetic diversity on multi-scale cortical bone traits of three long bones in skeletally-

mature mice. We measured bone morphology, mechanical properties, material properties, 

lacunar morphology, and mineral composition of mouse bones from two populations of genetic 

diversity. Additionally, we compared how intra-bone relationships varied in the two populations. 

Our first population of genetic diversity included 72 females and 72 males from the eight Inbred 

Founder strains used to create the Diversity Outbred (DO) population. These eight strains 

together span almost 90% of the genetic diversity found in mice (Mus musculus). Our second 

population of genetic diversity included 25 genetically unique, outbred females and 25 males 

from the DO population. We show that multi-scale cortical bone traits vary significantly with 

genetic background; heritability values range from 21% to 99%, indicating genetic control of 

bone traits across length scales. We show for the first time that lacunar shape and number are 

highly heritable. Comparing the two populations of genetic diversity, we show each DO mouse 

does not resemble a single Inbred Founder but instead the outbred mice display hybrid 

phenotypes with the elimination of extreme values. Additionally, intra-bone relationships (e.g., 

ultimate force vs. cortical area) were mainly conserved in our two populations. Overall, this 

work supports future use of these genetically diverse populations to discover novel genes 

contributing to cortical bone traits, especially at the lacunar length scale. 
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3.2 Introduction 
Osteoporosis is a large and growing public health burden affecting over 54 million people in the 

United States over the age of 50 and substantially contributes to increased fracture risk 1,159,160. 

Many individuals are pre-disposed to osteoporosis or low BMD due to their genetic background. 

Studies of twins and generations of sisters have shown that about 70% of variability in bone 

density and about 60% of variability in osteoporotic fractures is genetically based 3,161,162. 

Clinically, osteoporosis is defined using bone mineral density (BMD) from DEXA scans, 

however many traits in addition to BMD contribute to bone strength and fracture risk such as 

morphology, mineralization, and stiffness163; it is important to understand if these bone traits are 

also heritable. 

Classically, heritability is estimated using twin, adoption, or family clinical study designs123,124. 

A review of heritability studies of body mass index using twins from 12 different countries 

showed high variability between studies and that heritability is sensitive to age, GDP, and 

economic growth rates showing the importance of considering environmental factors in addition 

to genetic factors125. The Framingham Offspring Study has been tracking multiple generations of 

nuclear families of European ancestry since 1971, making it a powerful resource for genetic 

studies. Karasik et al reported heritability of bone microarchitecture as high as 98.3% (tibia 

cortical area fraction) estimated from bone microarchitecture data collected from an offshoot of 

the Framingham study participants126. With the increase in availability and decrease in cost of 

whole-genome arrays, heritability estimates from genome-wide association studies (GWAS) 

have become more standard123. Due to the high homology between mammalian genomes, results 

from mouse studies can assist in understanding the complicated role of genetics in humans124. 

Additionally, environmental factors can be controlled in mice and more complex phenotypes can 

be measured (e.g., bone strength or lacunar morphology). A recent study in mice by Al-
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Barghouthi et al. showed that all 55 skeletal phenotypes measured in 12-week-old genetically 

diverse mice had non-zero heritability122. Understanding the genetic basis of cortical bone traits 

in adult skeletons can allow for the discovery of novel genes or pathways as therapeutic targets 

for low bone mass6.  

There remain gaps in the current literature regarding the heritability of bone traits. First, almost 

80% of all GWAS participants are of European decent despite only accounting for approximately 

16% of the world population127. Likewise, the bone data collected in the Framingham Study is 

only from people European decent126, limiting the applicability of results to broader populations.  

Second, previous mouse studies only investigated a single long bone, primarily the femur120–122. 

Many bone traits are skeletal site dependent, so heritability of traits may also vary between long 

bones. Third, measured traits also focused on the whole-bone or tissue length scale, but none 

have investigated the tissue or cellular length scale. Finally, phenotyping of and heritability 

measurements for cancellous or cortical bone was previously done using skeletally-developing 

mice (11-13 week old) or elderly humans (avg 72 years old), leaving a gap to investigate the 

heritably of traits in the young-adult, skeletally-mature skeleton, i.e. when bone mass is 

maximized. Bone mass and fracture risk later in life depends on the peak bone mass attained as a 

young-adult; a 10% increase in peak bone mass reduces fracture risk in older adults by 50%58 

making it important to study what factors affect the young-adult skeleton.  

To facilitate the investigations of the genetic basis of various diseases and phenotypes, The 

Jackson Laboratory (JAX) generated the Diversity Outbred (DO) mouse population by cross-

breeding eight inbred founder strains to produce a population with random assortments of genes 

modeling the heterozygosity of the human population and the wide range of human 

diseases164,165. These eight inbred strains consist of three wild-derived strains (CAST/EiJ, 

PWK/PhJ, and WSB/EiJ) and five classical laboratory strains (A/J, C57BL/6J, 129S1/SvImJ, 
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NOD/ShiLtJ, and NZO/HlLtJ) that together cover almost 90% of the genetic diversity found in 

the mouse genome and represent the three sub-species of the common house mouse (Mus 

musculus domesticus, Mus musculus musculus, and Mus musculus castaneous)166. Over the last 

decade, use of these genetically diverse populations has increased in the bone field, and these 

mice have been used to evaluate the heritability and candidate genes regulating cancellous bone 

microarchitecture in the growing skeleton120, the response to hindlimb disuse via casting of one 

femur121, and the heritability of femur properties and genes influencing cortical bone accrual in 

the growing skeleton122. These studies provide motivation and rationale to use these populations 

of genetically diverse mice, both the Inbred Founders and DO, to study the heritability of cortical 

bone traits.  

In this study, we aimed to calculate the heritability of multi-scale cortical bone traits of the three 

long bones – the radius, tibia, and femur – in skeletally-mature mice. We used two models of 

genetic diversity with each population containing the same pool of possible alleles. First, a 

cohort of males and females from the eight Inbred Founder strains used to create the Diversity 

Outbred (DO) population, and second, a cohort of males and females from the DO population. 

Comparing the individual inbred strains, we hypothesized that cortical bone traits vary with 

genetic background and sex. Comparing the Inbred Founder cohort to the DO cohort, we 

hypothesized the DO cohort has a similar spread and mean per trait as the Inbred Founder cohort. 

Comparing the correlations between traits within a single animal, we hypothesized that 

relationships between cortical bone traits are conserved in these two models.  
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3.3 Methods 

3.3.1 Mouse Populations 

All mouse work was completed with approval of the Washington University Institutional Care 

and Use Committee (IACUC). Two mouse populations were used to model genetic diversity: (1) 

Eight Inbred Founder strains and (2) Diversity Outbred (DO) mice. The eight Inbred Founder 

strains (CAST/EiJ – JAX stock #000928, PWK/PhJ - #003715, WSB/EiJ - #001145, A/J - 

#000646, C57BL/6J - #000664, 129S1/SvImJ - #002448, NOD/ShiLtJ - #001976, and 

NZO/HlLtJ - #002105) have been continuously outbred by Jackson Laboratory to create and 

maintain the Diversity Outbred population (#009376) (Fig 3.2 A). Inbred Founder strains (n = 

9/strain/sex) were delivered at 8 wks of age and aged to 22 wks in our animal facilities. Of the N 

= 144 that arrived, eight were lost (3 NOD and 5 CAST) leaving N = 136 for analysis. DO mice 

(n = 25/sex, G46 and G47) were delivered between 3 and 5 wks of age and aged to 22 wks in our 

animal facilities. One female DO mouse died prematurely leaving n = 24 for analysis. Inbred 

mice were group housed up to 5 in a cage. Male DO mice were housed individually, and female 

DO mice were housed up to 3 in a cage according to recommendations by JAX to reduce in-

fighting. All mice were kept on a 12 hr light-dark schedule with ad libitum access to food and 

water.   

3.3.2 Longitudinal Measurements 

After one week of acclimation, Inbred Founder strains were monitored for whole body growth. 

Mouse weights, dual-energy x-ray absorptiometry (DEXA) scans, and fasting blood glucose 

(FBG) were collected at 9, 12, 15, 18, and 22 wks of age. Briefly, mice were fasted for 6 hrs, 

weighed, and FBG was measured using a drop of blood from the tail (Glucocard Vital, Arkray 

Inc) to track glycemic status; hyperglycemia was defined as a level over 250 mg/dL. Mice were 

then anesthetized with isoflurane (1.5-4%) for 10-15 minutes to ensure full sedation during the 
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DEXA scan. Whole-body (excluding the head) bone mineral content (BMC) and areal bone 

mineral density (aBMD) were measured from DEXA (UltraFocus, Faxitron, 4 x 40 kV and 6 x 

80 kV scans). At 22 wks old, Inbred Founder mice were euthanized, bones collected for analysis 

(Table 3.1), and bodies stored frozen at -20°C. 

DO mice were evaluated in vivo at 22 wks. Briefly, mice were fasted for 6 hrs, weighed, and 

FBG was measured. The next day mice were anesthetized with isoflurane for DEXA and 

subsequent tibial microCT (see Cortical Bone Morphology). DO mice were subjected to right 

limb tibial loading (findings in Chapter 4), euthanized at 25 wks age, femora and radii collected 

for analysis (Table 3.1), and bodies stored frozen at -20°C. Only tibial µCT from before loading 

in the DO mice were analyzed in this study. No Inbred Founder mice were loaded. 

Table 3.1: Bones evaluated for various outcomes in both the Inbred Founders and Diversity Outbred (DO) mice. 

Inbred Founder Bone Outcomes 

Bone Outcome 

Left Tibia XRM 

Right Tibia µCT (Suppl) 

Left Femur µCT (Suppl) 

Right Femur Raman 

Right Radius µCT - 3pt bend 
  

Diversity Outbred Bone Outcomes 

Bone Outcome 

Right Tibia µCT (Suppl) 

Left Femur µCT (Suppl) 

Right Radius µCT - 3pt bend 

3.3.3 Cortical Bone Morphology 

The right tibia was microCT scanned (vivaCT 40, Scanco Medical, Switzerland - 70kVP, 8W, 

300ms integration time) at 10.5 µm/pixel resolution either ex vivo (Inbred Founders) or in vivo 
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(DO mice). A 1.05 mm long region (100 slices) centered 5 mm proximal to the distal tibiofibular 

junction (TFJ) was analyzed.  

The entire right radius was microCT scanned (µCT50, Scanco Medical, Switzerland-70kVP, 4W, 

700ms integration time) at 7.4 µm/pixel resolution ex vivo. A 1.48 mm long region (200 slices) 

centered at the radius midpoint was analyzed.  

The left femur was microCT scanned (µCT50, 70kVP, 4W, 700ms integration time) at 7.4 

µm/pixel resolution ex vivo. A 1.11 mm long region (150 slices) centered at the femur midpoint 

was analyzed.  

All bones were analyzed following published guidelines167 for total area (Tt.Ar), bone area 

(Ct.Ar), medullary area (Ma.Ar), cortical thickness (Ct.Th), polar moment of inertia (pMOI), and 

tissue mineral density (TMD).  

3.3.4 Mechanical Testing 

The right radius was cleaned of all tissue and stored at -20°C in PBS-soaked gauze until testing. 

The radius was selected for mechanical testing because its relatively long, slender shape allows 

for more accurate estimation of material properties than the femur155. On the day of testing, 

samples were brought to room temperature and kept hydrated in PBS. Bones were tested in 

three-point bending with a bottom span of 7 mm and the top point aligned with the bone center 

and held in place with a -0.1 N pre-load. Bones were pre-conditioned for 5 cycles at an 

amplitude of -0.4 N at 1Hz then loaded monotonically to failure at 0.1 mm/s. Force-displacement 

curves were analyzed for stiffness (K), ultimate force (Fu), yield force (Fy), post-yield 

displacement (PYD), and work-to-fracture (Wfx). Material properties (ultimate stress (Su), yield 

stress (Sy), Young’s elastic modulus (E)) were estimated using engineering beam theory168. 
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3.3.5 Osteocyte Lacunar Morphology 

Osteocyte lacunar morphology was quantified in the Inbred Founder population only. The left 

tibias of Inbred Founders were dissected and fixed in 4% PFA overnight, then rinsed and stored 

in PBS until use. Bones were cut transversely 5 mm proximal to the TFJ using an Isomet saw, 

and the distal portion was scanned on an X-ray microscope (XRM, Xradia Versa 520, Zeiss) 4 

mm proximal to the TFJ. A pre-scan, using the 4x objective, was acquired to locate the high-

resolution scan region of interest, centered halfway between endocortical and periosteal surfaces 

at the postero-lateral apex (Suppl. Fig 3.15 A). Scanning parameters for the high-resolution scan 

were: 40 kV, 3 W, 1601 projections, 20x objective, bin = 2, 4800-5000 projection intensity (7-8 

sec exposure), yielding a nominal resolution of 0.54 µm/voxel. Bones were segmented, filtered, 

and analyzed using custom scripts in Dragonfly (version 4.1, Object Research Systems, 

Montreal, Canada) for total lacunar volume, total vessel volume, and individual lacunar 

properties (volume, aspect ratio, phi, and sphericity), as described169. 

3.3.6 Raman Spectroscopy 

Bone matrix composition was quantified in cortical bone from the Inbred Founder population 

only. The right femurs of Inbred Founders were dehydrated in ethanol and embedded in poly 

methyl methacrylate (PMMA) (Thermo Scientific AAA130300F, Thermo Fisher Scientific). 

Plastic blocks were cut at the midpoint perpendicular to the bone long-axis and trimmed to 5 mm 

in length. Blocks were polished using an Allied TechPrep polisher to 0.05 µm (600 grit silicon 

carbide sandpaper, 1200 grit silicon carbide sandpaper, 1 µm aluminum oxide, 0.05 µm 

aluminum oxide) on Rayon felt pads (Allied). Measurements were taken on the anterior side of 

the femur in lamellar bone excluding the periosteal and endocortical surfaces (Supp. Fig 3.8). 

Measurements were taken in a grid of 3 spots wide spanning the cortical width (5-9 spots long) 

spaced 20 µm apart. Data was collected using a red laser (785 nm wavelength) on a Renishaw 
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inVia confocal microscopy system (Renishaw, Wotton-under-Edge, Gloucestershire, UK). Each 

point was collected with 10 accumulations with a 6 second exposure time and post-processed 

using WiRE 4.1 software (baseline subtraction with 11th order polynomial fit, cosmic ray 

removal, spectra normalization). A single measurement of the PMMA for each sample was used 

for baseline subtraction. All data was analyzed in a custom MATLAB code to quantify area 

ratios of mineral:matrix (v2 phosphate: amide III, v1 phosphate:proline), carbonate:phosphate 

(v1 carbonate: v1 phosphate), and crystallinity (inverse of full-width at half-maximum of v1 

phosphate)170–172.  

3.3.7 Correlation Matrix 

A matrix of Pearson’s correlation coefficients was computed using R (v4.0.2) on three separate 

datasets: 1) all lacunar traits in the Inbred Founders, 2) radial and whole-body traits in the Inbred 

Founders, and 3) radial and whole-body traits in the DO mice. Correlations were calculated using 

the cor function and visualized using the corrplot function. For the lacunar traits, variables were 

unbiasedly hierarchically clustered into three groups using the ward.D2 algorithm. For the radial 

traits, variables were ordered by measurement technique consistently for each mouse population 

(Inbred Founders and DO).  

3.3.8 Principal Component Analysis (PCA) 

Principal component analysis (PCA) was performed using R on two datasets from the Inbred 

Founder population: 1) radial and whole-body traits (15 traits), and 2) lacunar traits (10 traits). 

Each trait was centered and scaled within the prcomp function to have a mean of 0 and standard 

deviation of 1. The contribution of each trait to each principal component (PC) was extracted 

from the PCA. To compare the Inbred Founders and DO population for dataset 1 (radial and 

whole-body traits), each DO animal was plotted onto the PCA space defined by the Inbred 

Founders. Briefly, the value for each DO trait was centered and scaled and linearly combined 
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according to PC weightings per variable from the Inbred Founder PCA. For visualization of the 

Inbred Founders, data points were grouped by mouse strain and encompassed by a normal data 

ellipse spanning one standard deviation (68%).  

3.3.9 Heritability Calculations 

Broad-sense heritability (H2) was calculated for all traits measured in the Inbred Founder mice as 

the proportion of variance due to genetic differences according to Moran et al.173. Heritably was 

calculated as H2 = σ2
strain/(σ

2
strain+ σ2

sex+ σ2
res) where σ2

strain is the between-strain variance, σ2
sex is 

the between-sex variance, and σ2
res is the residual variance (equation on Table 3.2). Variances 

were calculated from the sum of squares from a 2-factor analysis of variance (ANOVA) with 

strain and sex and the two factors.  Specifically, σ2
strain = SSstrain/navg (navg = average group size), 

σ2
sex = SSsex/dfsex, and σ2

res = SSres/dfres. 

3.3.10  Statistical Analysis 

Statistical analysis was done in GraphPad Prism (v9). First, outcomes from the eight Inbred 

Founders were analyzed using a 2-factor ANOVA with mouse strain and sex as the two factors. 

Second, outcome from the Inbred Founder population (all eight strains pooled) and the DO 

population were compared using a 2-factor ANOVA with population and sex as the two factors. 

Post-hoc tests were run with Sidak correction. Significance was set at p < 0.05. Body mass was 

evaluated as a co-variate using a full factorial general linear model in SPSS (IBM, Armonk, NY). 

Body mass adjusted values per animals were calculated according to guidelines in Jepsen et al168 

using the following equation 𝑇𝑟𝑎𝑖𝑡𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 =  𝑇𝑟𝑎𝑖𝑡𝑢𝑛𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 − 𝑠𝑙𝑜𝑝𝑒 ∗ (𝑏𝑜𝑑𝑦 𝑚𝑎𝑠𝑠 −

𝑚𝑒𝑎𝑛 𝑏𝑜𝑑𝑦 𝑚𝑎𝑠𝑠). Slopes were determined from a linear regression of each trait with body 

mass within each strain group (8 groups). To ensure statistically meaningful relationships, for 

any regression with a p > 0.20 the slope was set to 0 for that strain. The mean body mass was 

calculated as the mean of the means of each strain group (mean of 8 means).  
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3.4 Results 

3.4.1 Young-adult mice from the Inbred Founder and Diversity Outbred 

populations span a large range of body size and bone mass 

At the whole-body length scale, DEXA was used to assess skeletal mass. The eight Inbred 

Founder strains were skeletally mature by 22 wks; the average increase in BMC between 18 and 

22 wks is less than 4% of final BMC (0.2% - 7.7%) (Supp Fig 3.9 A). At 22 wks, BMC of the 

Inbred Founders varied significantly between strains, with a 3-fold difference between CAST 

females and NZO females (Fig 3.2 B). (Note that Inbred Founder strains are ordered from 

smallest to largest BMC along the x-axis; this order is maintained for all graphs in this thesis.) 

The main effect of sex on BMC was not significant, although there was a significant strain-sex 

interaction, driven by a greater BMC in NZO females than males (Fig 3.2 B). The DO population 

had significantly higher BMC than the Inbred Founder population with a narrower range of 

values and higher minimum values (Fig 3.2 C). This result was more pronounced in the males. 

Similar trends across strains and between the two populations were seen with body weight (Supp 

Fig 3.9 D,E). About 12% of the Inbred Founders were hyperglycemic by 22 wks (Fig 3.2 D). 

NZO males became hyperglycemic between 12 and 15 wks of age (Supp Fig 3.9 B), which 

coincided with a halt in an increase in their BMC and weight (Supp Fig 3.9 A,C). NOD females 

became hyperglycemic between 18 and 22 wks of age (Supp Fig 3.9 B), which coincided with a 

loss in their weight (Supp Fig 3.9 C). In contrast, none of the DO mice were hyperglycemic at 22 

wks (Fig 3.2 E). 
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Figure 3.2: Overview of the two genetic mouse models and whole-body traits.  

A) Two mouse models of genetic diversity were used, eight inbred mouse strains and an outbred stock. The inbred strains were 

the founders used by The Jackson Laboratory to create the diversity outbred (DO) population. After controlled outbreeding of the 

founder lines, each DO mouse is genetically unique. Phenotyping was performed on 5 mo-old females and males of the eight 

Inbred Founder strains and DO mice from generations 46 and 47. B) Whole-body bone mineral content of the Inbred Founders 

shows a 3-fold difference in BMC between the largest (NZO F) and smallest (CAST F) mice. Strains on the x-axis are ordered 

from smallest to largest BMC. This order is maintained for all graphs in the study. C) The DO mice have a larger average BMC 
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with less variation than the pooled Inbred Founder population. D) Fasting blood glucose shows that about 12% of the Inbred 

Founder mice become hyperglycemic (FBG > 250mg/dL), mostly NOD F and NZO M. E) All DO mice have FBG levels in the 

healthy range. *p<0.05 for comparison line; # p<0.05, F strain vs F B6;  ^p<0.05, M strain vs M B6 

3.4.2 Cortical morphology of three different long bones varies with mouse 

strain and sex 

Whole-bone morphology, assessed using µCT, varied significantly between Inbred Founder 

strains in a sex-dependent manner (Fig 3.3 and Supp Fig 3.10). Radial bone area (Fig 3.3 A) 

spanned a 1.7-fold difference between smallest (PWK females) and largest (NZO males), while 

medullary area (Fig 3.3 B) spanned a 3.9-fold difference between smallest (WSB females) and 

largest (NZO males). Bone area was positively correlated with skeletal mass and body weight 

(r=0.85 and 0.75 respectively, Fig 3.5 A). While all strains contributed to these overall trends, 

WSB mice had larger bones and NOD mice had smaller bones than strains of similar BMC (Fig 

3.3 A). Compared to the Inbred Founders, the DO population on average had significantly larger 

bones with a similar medullary area (Fig 3.3 D,E). Analysis of morphology from tibias (Supp Fig 

3.12) and femurs (Supp Fig 3.13) showed similar population spreads and differences between 

mouse strains as observed for the radius, indicating consistency between long bones. Radius 

tissue mineral density also varied significantly between Inbred Founder strains, although there 

was no main sex effect or sex-strain interaction (Fig 3.3 C). The DO males, on average, had a 

lower TMD than Inbred Founder males, but no difference was observed between females (Fig 

3.3 F). Similar results were seen in the femoral TMD (Supp Fig 3.13 K). However, in the tibia, 

the DO population had higher TMD as compared to the Inbred Founders, especially in females 

(Supp Fig 3.12 K). In summary, cortical morphology varied widely between Inbred Founder 

strains with outbred animals (DO) having larger bones on average.   
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Figure 3.3: Radial morphology changes with strain in a sex dependent manner. 

A) Bone area and B) medullary area of Inbred Founder mice have significant strain, sex, and strain-sex interaction terms 

(ANOVA). C) Tissue mineral density shows significant strain differences in the Inbred Founder mice. D) The DO population has 

higher bone area than the pooled Inbred Founder population, but no difference in E) medullary area. F) The male DO 

population has lower TMD than the male Inbred Founders. This difference is not seen in females. G) Representative cross-

sections at the radius mid-diaphysis show the variation in bone shape and size between the eight Inbred Founder strains 

(females). *p<0.05 for comparison line; # p<0.05, F strain vs F B6;  ^p<0.05, M strain vs M B6 

3.4.3 Cortical bone mechanical properties vary with mouse strain and sex, 

but material properties only vary with mouse strain 

The radius was tested in three-point bending to determine whole-bone mechanical and estimated 

material properties (Fig 3.4 A). Only the radius was selected for testing since it closely fits the 

assumptions of beam theory, allowing for accurate estimation of material properties155. In the 

Inbred Founder population, all mechanical properties varied between strains with significant 

strain, sex, and strain-sex interaction effects (Fig 3.4 B,D and Supp Fig 3.11 A-C). Ultimate 
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force, a measurement of whole-bone strength, spanned a 2.7-fold difference between the weakest 

strain (PWK females) and the strongest (NZO males) (Fig 3.4 B). Mouse strain accounted for 

about 80% of the total variation in ultimate force (ANOVA). Compared to the Inbred Founders, 

the DO population had stronger bones on average, and no DO mice had bones as weak as any of 

the weakest Inbred Founders (PWK) (Fig 3.4 C). Post-yield displacement (PYD), a measurement 

of ductility, varied only modestly with strain (Fig 3.4 D) and did not correlate strongly with 

BMC (r=0.24, Fig 3.5 A). The radius from B6 females were the least ductile and those from B6 

males the most. PYD was highly variable within each strain/sex group and mouse strain only 

accounted for about 11% of the total variation. The PYD in the DO population did not differ 

from the PYD in the Inbred Founder population (Fig 3.4 E). All estimated material properties 

varied between Inbred Founder strains but did not differ between sexes. Ultimate stress had a 

1.3-fold difference between PWK males (lowest) and WSB females (highest) (Fig 3.4 F). The 

DO population had slightly lower ultimate stress than the Inbred Founder population (Fig 3.4 G), 

which is also true of other material properties (Supp Fig 3.11 I,J). In summary, radial bone 

mechanical and material properties vary between the Inbred Founder strains, with the outbred 

mice (DO) having average higher mechanical but lower material properties than the average 

Inbred Founder.  
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Figure 3.4: Radius mechanical and material properties vary between inbred mouse strains.  

A) The radius was tested using three-point bending to determine mechanical properties. Beam theory equations were used to 

estimate material properties. B) Ultimate force varies between Inbred Founder strains with significant strain, sex, and strain-sex 

interaction. C) The DO population has stronger bones (higher ultimate force) than the pooled Inbred Founder population. D) 

Post-yield displacement (a measure of ductility) also had significant strain, sex, and strain-sex interactions. E) The ductility of 

DO population is not significantly different from the Inbred Founders. F) Ultimate stress and other material properties varied 

with mouse strain with no significant sex differences. G) The DO population has lower material properties, such as ultimate 

stress, than the Inbred Founder population. *p<0.05 for comparison line; # p<0.05, F strain vs F B6;  ^p<0.05, M strain vs M 

B6 
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3.4.4 Within-bone correlations are similar in both mouse populations, but 

stronger in the Inbred Founder population 

Results from Chapter 2 showed that cortical bone traits are highly correlated within a single bone 

(femur or radius) in an Advanced Intercross mouse population (LGXSM). Here, we investigated 

the relationship between traits by calculating the Pearson’s correlation coefficient for 15 whole-

body and radial trait pairs in the Inbred Founder and DO populations (Fig 3.5). In the Inbred 

Founders, bone size traits (bone area, total area, medullary area, and pMOI) were all highly 

correlated with each other (Fig 3.5 A). Cortical thickness was only moderately correlated with 

other morphology parameters. Bone size traits were highly correlated with whole-bone 

mechanical properties (with exception of PYD) as well whole-body measurements (bone length, 

weight, BMC). Mechanical properties (except PYD) were also correlated with whole-body 

measurements.  Bone material properties correlated with each other, but did not correlate with 

bone size parameters, which is expected because material properties are already normalized for 

bone size. Tissue mineral density had few strong correlations but was moderately correlated with 

cortical thickness (r = 0.61) and medullary area (r = -0.68). Bones with high tissue mineral 

density tend to have a thick cortex and a small medullary cavity.  

Compared to the Inbred Founders, the DO population showed similar correlations between traits, 

but the magnitudes were generally weaker. In particular, correlations with body weight and 

length were much lower in DO mice (Fig 3.5 B). The correlation coefficient between total area 

and BMC was lower by 0.23 (0.88 in Founders vs 0.65 in the DO), while the correlation between 

total area and weight was lower by 0.54 (0.84 in the Founder vs 0.30 in the DO). Additionally, 

the direction (negative or positive) of many correlations with bone length were opposite in the 

two populations. The relationship between ultimate force and bone area was highly, positively 
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correlated (r=0.95 in Inbred Founders and 0.88 in DO) and extremely conserved in the two 

populations, sharing the same slope and intercept (Supp Fig 3.16).   

 

Figure 3.5: Within-bone correlations are maintained in outbred mice. Inbred mice cluster via mouse strain.  

A) Matrix of Pearson’s correlations between traits measured in the radius in the eight Inbred Founder strains (A) and the 

Diversity Outbred mice (B). Black boxes separate different types of outcomes (morphology, mechanical properties, material 

properties, whole skeleton size). Similar correlations are seen between the two populations, but are generally weaker in the DO 

population. For A) and B) an X indicates a non-significant correlation (p > 0.05) C) PCA analysis showing how the Inbred 

Founders cluster by strain. D) The DO mice mapped onto the PCA space defined by the Inbred Founders; the DO population 

lays in a subset, hybrid space eliminating extreme values at the periphery of the PCA space. Ct.Ar: Cortical Area, Tt.Ar: Total 

Area, Ma.Ar: Medullary Area, Ct.Th: Cortical Thickness, TMD: Tissue Mineral Density, Fu: Ultimate Force, K: Stiffness, PYD: 

Post-yield displacement, Wfx: Work to fracture, E: Young’s Elastic Modulus, Su: Ultimate Stress, BMC: Bone Mineral Content 
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3.4.5 Inbred Founder strains separate using PCA while Diversity Outbred 

mice overlap many individual strains and occupy gaps between strains 

PCA was done to evaluate within and between strain differences based on multiple (15) traits 

from the radius of the Inbred Founders (Fig 3.5 C). The first two principal components (PC) 

explained almost 75% of the population variance, and mice strongly clustered by strain. Mouse 

and bone size and strength parameters (BMC, weight, Ct.Ar, Tt.Ar, pMOI, Fu, K) were the main 

contributors to PC1. Bone thickness and material properties (Ct.Th, TMC, Su, E) were the main 

contributors to PC2 (Supp Fig 3.14 C). NZO was separate from all other strains, while B6 was 

mostly separate (small overlap with A/J only). 129S1 and NOD showed moderate overlap. The 

wild-derived strains showed moderate overlap with each other (CAST overlaps WSB and PWK), 

and with A/J. When the DO mice were mapped onto the PCA space defined by the Inbred 

Founders, they occupy a smaller, central region of the PCA space, eliminating extreme values at 

the periphery (Fig 3.5 D). Additionally, many DO mice filled the empty space between the NZO 

and 129S1 clusters indicating that individual DO mice have a unique combination of bone traits 

and do not necessarily phenotypically mimic a single Inbred Founder mouse.  

3.4.6 Lacunar morphology varies between Inbred Founder strains 

Osteocyte lacunar morphology was analyzed in the tibia of Inbred Founder mice using high-

resolution XRM (Fig 3.6 and Supp Fig 3.15). Over 4,000 lacunae were individually analyzed per 

sample. Total lacunar number density (Lc.Num/TV) varied significantly between strains in a sex-

dependent manner ranging from 53,189/mm3 in B6 females to 80,200/mm3 in 129S1 females 

(Fig 3.6 B). The total volume of lacunae only occupied 1-2% of the total bone volume (cortical 

bone tissue including pores), but varied significantly between Inbred Founders (Fig 3.6 C). 

Quantifying approximately 4,000 lacuna per mouse, the median lacunar volume also varied with 

mouse strain in a sex-dependent manner (Fig 3.6 D). Lacunar porosity (Lc.Vol/TV) highly, 
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positively correlated to median lacunar volume (r = 0.65), and moderately correlated with 

lacunar number density (r = 0.49), indicating that the total lacunar volume is increased mainly by 

increasing the volume of each lacuna rather than the number of lacunae (Fig 3.6 G). 

Lacunae are ellipsoidal in shape, with the long-axis being parallel to the direction of loading174, 

therefore we quantified the lacunar elongation and orientation in the Inbred Founders. Median 

lacunar aspect ratio, a measure of elongation, also varied significantly with mouse strain (Fig 3.6 

E). In addition, we evaluated uniformity of the primary axis of the lacunae within each bone. For 

each lacuna, the angle of the lacunar long axis off the z-axis (phi) was calculated. We compared 

the SD of phi between mice, due to variation in bone placement in the XRM. Smaller SD of phi 

values represents greater uniformity of the primary axis of the population of osteocyte lacunae. 

The uniformity of alignment varied significantly with mouse strain (Fig 3.6 F). The lacunar 

elongation (aspect ratio) and uniformity of alignment (SD of phi) are positively correlated with 

each other and lacunar number density (Fig 3.6 G), indicating that in bones where lacunae are 

more densely packed, the lacuna tend to be more elongated and more aligned with each other. 

The lacunar traits that cluster together also contributed similarly to explain the population 

variance (Fig 3.6 H). In summary, all osteocyte lacunar morphology traits are dependent upon 

mouse strain. 
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Figure 3.6: Lacunar morphology was visualized using x-ray microscopy (XRM). 

A) Lacunae were imaged using x-ray microscopy (XRM). Representative cross-section of the field of view (FOV) imaged. Intra-

cortical pores were defined as lacunae (blue) or vasculature (red) based on size and shape. B) Lacunar number density had 

significant strain and strain-sex interaction effects. NOD have a significant sexual dimorphism. C) Lacunar volume density has 

significant strain, sex, and strain-sex interaction effects with significant sex differences in CAST, B6, and NZO mice. D) The 

median lacunar volume for each sample was determined based on all lacunae in the FOV. Lacunar volume varied significantly 

with strain and sex, with a strain-sex interaction. B6 M have 1.8 times larger lacunae than CAST F. E) The aspect ratio of each 

lacuna in the FOV was analyzed as a measure of elongation. An aspect ratio of 0 corresponds to a straight line while 1 is a 

perfect circle. Ellipses along the y-axis represent aspect ratios of 0.15 and 0.30. Lacunar aspect ratio varies with mouse strain. 

129S1 F have a 1.3 times lower aspect ratio (i.e., more elongated) than AJ M. F) Phi (angle from z-axis) was calculated for each 

lacuna. The standard deviation (SD) of phi represents how uniformly aligned the lacunae are, with a smaller value being more 

aligned. The uniformity in alignment varies with mouse strain. NZO F have a 1.5 times larger SD of phi than B6 F. G) Pearson’s 

correlation matrix of all the lacunar traits measured in the Inbred Founder population. Black boxes group traits that cluster 

using hierarchical clustering. H) Contributions of each lacunar trait to the first four principal components of a PCA analysis. 
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Traits that correlate highly contribute similarly to explain the variance in the population. *p<0.05, F vs M in same strain;  # 

p<0.05, F strain vs F B6;  ^ p<0.05, M strain vs M B6 p<0.05 

3.4.7 Mineral composition minimally varies between Inbred Founder mice 

Bone composition was analyzed using Raman spectroscopy on the transverse cross-section of the 

femur midsection (Supp Fig 3.8). Crystallinity, a measure affected by mineral length and 

organization, varied significantly between mouse strains (Fig 3.7 A). The carbonate:phosphate 

ratio, which varies with architecture, age, and crystallinity171,175, did not significantly vary 

between mouse strains (Fig 3.7 B). One measurement of mineral:matrix (phosphate:proline) also 

varied significantly between mouse strains (Fig 3.7 C). However, when mineral:matrix was 

measured using phosphate:amideIII, there was no significant variation (Fig 3.7 D). In summary, 

the crystalline structure of the mineral varies modestly between Inbred Founders strains, but 

bone composition is mainly conserved. 
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Figure 3.7: Raman spectroscopy was used to evaluate bone mineral composition. 

A) Crystallinity and C) Phosphate:Proline ratio vary significantly between strains. B) Carbonate:Phosphate ratio and D) 

vsPhosphate:amideIII ratio are not significantly different between strains.   

3.4.8 Multi-scale cortical bone traits are moderately to highly heritable in the 

Inbred Founder population 

Broad-sense heritability was calculated for traits measured in the Inbred Founder strains using 

variance calculated from the two-factor ANOVA (Table 3.2). BMC had the highest heritability 

of 99.3% (H2 = 0.993) indicating almost all the variance in the population is attributed to genetic 

differences. In general, lacunar traits had lower heritability, but a few lacunar traits had very high 

levels of heritably, such as lacunar number density (H2 = 0.966). Heritability values were also 

similar between long bones. For the radius, femur, and tibia, cortical thickness and cortical area 

were the most heritable morphology traits. The rank order of µCT morphology traits in the femur 

and tibia are identical, with the femur always having a slightly higher value. Overall, of the 43 
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whole-body, whole-bone (radius, tibia, and femur), tissue, and lacunar traits, 35 (~80%) had a 

heritability above 60% which is similar or greater than the reported heritability of BMD in 

humans3,161,162. 

Table 3.2: Broad sense heritability was calculated using data for the Inbred Founders for each trait as the fraction of total 

variation due to strain using the equation shown.  

 

3.4.9 Whole-body mass significantly contributes to trait differences, but 

variation due to mouse strain remains significant 

Many of the bone traits we analyzed correlated with body weight (Fig 3.5 A). There data were 

re-analyzed using an ANCOVA with body mass as a covariate to test if the effects of mouse 

strain remained after accounting for body mass. While body mass was a significant covariate for 

22 out of 42 traits measured, the significant effect due to strain was maintained for 39/40 (98%) 

traits that were significant before body mass adjustment (Supp Table 3.3). PYD was the only 

trait that lost significance for strain after adjusting for body mass, but the significance of the 

strain-sex interaction was maintained. Notably, all lacunar level traits did not have weight as a 

significant covariate. To evaluate the effect of body weight on the separation of strains in the 

PCA, the PCA was re-run with body-weight adjusted traits. After adjustment, Inbred Founders 
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still separated by strain with even more distinct clustering for PWK and CAST strains when 

compared to the PCA using unadjusted values (Supp Fig 3.14 B). After body mass adjustment, 

CAST radii more closely resemble radii of much larger mice (129S1) than from mice of similar 

size (PWK). NZO and B6 still fully separate from the other inbred strains. Additionally, how 

traits contribute to each principal component mainly remains the same after body-weight 

adjustment (Supp Fig 3.14 C,D). Heritability was also recalculated after body weight adjustment. 

The heritability of all traits except BMC, lacunar sphericity, and tibial cortical thickness 

increased or stayed the same after adjustment (Supp Table 3.4 and Supp Table 3.5). The lowest 

heritability value after body mass adjustment was 77.4% (phosphate:amideIII ratio). Therefore, 

while weight is an important factor when considering differences in skeletal traits between 

animals, the differences between mouse strains does not exclusively depend on mouse size (body 

mass).  

3.5 Discussion 
Using two mouse models of genetic diversity we show that all measured cortical bone traits, 

from the whole-body to the osteocyte-lacunar length scale, vary with genetic background and are 

heritable. In the radius, whole-bone traits (morphology and mechanical properties) vary with 

both mouse strain (genetic background) and sex. Tissue level traits (tissue mineral density, 

material properties, and bone composition) vary with genetic background but not sex. 

Differences between inbred mouse strains for single traits are bone dependent (i.e., may be 

different between femur, radius, and tibia). Comparing the two populations, the Diversity 

Outbred (DO) mice are on average larger and protected from hyperglycemia. The DO population 

also has larger, stronger bones, but also has bone-dependent differences in tissue level properties. 

When all whole-body and radial traits are evaluated together, the DO population occupies a 
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subset of the principal component space defined by the Inbred Founders although many DO mice 

do not resemble a single inbred strain, implying that complex gene interactions determine 

skeletal traits. Overall, genetic background significantly contributes to cortical bone phenotype, 

which indicates genetic control of bone traits across length scales. 

We posed three hypotheses, which were tested using the two populations of genetically diverse 

animals. Our data support the first hypothesis that cortical bone traits vary with genetic 

background, consistent with a previous report that compared inbred mice176. Of the 43 traits we 

measured in the Inbred Founder strains, only two (carbonate:phosphate and phosphate:amideIII 

ratios) did not have strain as a significant factor. Additionally, broad-sense heritability, which 

represents the proportion of variability due to genetic difference, was greater than 20% for all 

traits, and after adjusting for body size heritability was greater than 77% for all traits. These 

values are higher than those reported by Al-Barghouthi et al122, who determined heritability 

values in DO mice as low as 12% after covariate adjustment. The mice used in that study were 

12-weeks old, so there could be more non-genetic variation due to different rates of skeletal 

growth in mice that were not yet skeletally mature. Furthermore, in the current study heritability 

was calculated using data from the eight Inbred Founder strains, where each group has 

genetically identical replicates reducing the intra-strain variation. The greatest variation we 

found between strains was for morphology and mechanical properties (e.g. cortical area and 

ultimate force). These traits tend to have higher heritability values, larger fold-differences 

between high and low groups, and contribute to the first principal component (PC1) of the PCA, 

which explains 55% of population variation. This same trend was reported in Al-Barghouthi et 

al., where morphology traits had the highest heritability values122. In contrast, we observed that 

the tissue-level properties (e.g. ultimate stress, TMD, and mineral:matrix) tend to have less 
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variability between strains and more variability within a strain. These traits have lower fold-

differences and mainly contribute to PC2, which explains only about 20% of the population 

variance. Overall, these results indicate that bone material properties are fairly conserved 

between strains, whereas how this bone is distributed varies markedly between strains.  

To our knowledge, this is the first study to quantify osteocyte lacunar morphology across 

different mouse strains, as all previous work has been done on mice from a C57BL/6 

background. At the cellular length scale, lacunar size traits (e.g., diameter, volume) tend to have 

moderate heritability (H2 = 0.38-0.63). By contrast, the number of lacunae (e.g., lacunar number 

density) and their shape (e.g., sphericity, aspect ratio) have relatively high heritability (0.76-

0.97). Therefore, the shape of the lacunae and how densely they are packed are strongly 

determined genetically in the Inbred Founder mice, whereas the volume of a single lacunae is 

less so.  

Contrary to our second hypothesis, many traits of the DO population have different means and 

smaller ranges than the Inbred Founder population. For 24 out of the 29 traits measured in both 

Inbred Founders and DO mice, there was a significant difference in mean values between the 

populations. As a population, the DO had larger skeletal size (BMC), body weight, and healthier 

glucose levels than Inbred Founders. For the radius, tibia, and femur, the DO bones were larger 

(e.g., greater cortical area), although medullary area was not different. The DO had higher 

mechanical properties, but diminished material properties. The combination of higher total area 

but lower tissue mineral density seen in the DO population matches the preferred bone trait set 

established in Jepsen et al.177, and resulted in greater ultimate force. The range of values for each 

trait in DO mice was generally lower than in Founders, and extreme values were eliminated. For 

example, for each µCT parameter, the DO have a smaller coefficient of variation (CV) compared 



 68 

to the Inbred Founders. For whole-body traits, both maximum and minimum extreme values 

were eliminated in the DO. For morphology traits, only minimum extremes were eliminated; 

there were no DO mice with bones as small as the smallest Inbred Founder bones, however there 

were DO mice with bones as large as the largest Inbred Founder bones. When the DO mice were 

plotted onto the PCA space defined by the Inbred Founders, the DO population resided in a 

subset, hybrid space emphasizing the elimination of extreme values and the mixing of 

phenotypes. The elimination of extreme values in the outbred population implies epistasis in the 

Inbred Founder strain with the extreme phenotypes since disruption of the exact allele 

combination removes the phenotype. 

While other groups have reported bone phenotypes for either the Inbred Founders121 or the DO 

mice122 no one has directly compared the two populations. Turner et al.178 compared two inbred 

strains (B6 and C3H) to multiple recombinant inbred lines (BXH RI) and showed that none of 

the measured traits grouped the RI strains into subsets resembling either of the two progenitors. 

Additionally, none of the RXH RI strains had ultimate force values approaching the high-

strength C3H femurs, supporting epistasis of bone traits as our data suggest. In contrast, Jepsen 

et al.177 compared A/J and B6 inbred strains to multiple recombinant inbred lines (AXB/BXA 

RI) and showed many RI lines with femurs smaller than A/J and larger than B6. Depending on 

the alleles available and the specific combination per animal, bone phenotypes vary 

considerably, indicating that complicated interactions between genomic regions control skeletal 

phenotypes. 

In support of our third hypothesis, many relationships between traits seen in the Inbred Founder 

population are maintained in the DO population, especially those between morphology and 

mechanical properties. However, correlations between most traits and body weight or bone 
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length were greatly diminished. In the Inbred Founder strains, a relatively large mouse (by body 

weight) would typically have a large bone. However, in the DO mice, this relationship is 

disrupted. For example, the correlation between cortical area and weight is non-significant in the 

DO population (r = 0.75 for the Inbred Founders, r = 0.23 in the DO population). On the other 

hand, across both populations, one of the strongest correlations is between bone area and 

ultimate force, with larger bones being stronger. In fact, we observed an almost identical 

relationship (slope and intercept are not significantly different) between cortical area and 

ultimate force in the two populations of genetic diversity, suggesting that this relationship is 

conserved in all Mus musculus. Previously, we evaluated the relationships between traits in a 

large population of advanced intercross mice (F34 LGXSM AI), which have a large range of 

body weight and bone size (Chapter 2)179. We see many similar relationships between traits in 

that study as we discovered herein. Specifically, in both studies morphology traits are highly 

correlated with each other expect for cortical thickness, which only has low correlations with 

other traits. Morphology traits also highly correlate with stiffness and strength but not brittleness 

(PYD). All material properties are highly correlated with each other but relatively independent of 

morphology. The current study provides additional support that our proposed reduced set of 

parameters (Ct.Ar, Ma.Ar, Ult.Force, PYD, Ult. Stress)179 are useful to describe variation in 

mouse long bones from any population. Jepsen et al. compared femurs from multiple RI lines, 

and showed a complex, biologically important relationship between bone morphology and tissue 

quality177. Specifically, there was a positive correlation between tissue mineral density and 

cortical thickness in the femurs in that study, which holds true for the radii in both the Inbred 

Founder population and the DO population herein. Thus, our data add support to the idea that 

there is a coordinated, biological regulation of the relative rates of periosteal and endocortical 

expansion (which determine cortical thickness) and tissue mineral density177. 
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Many measured traits correlated significantly with body weight, which had a 4.5-fold range from 

smallest to largest strain of the Inbred Founders. Therefore, we asked whether differences in 

traits between strains were due solely to differences in body size. After adding body weight as a 

covariate to the ANOVA analysis, all traits maintained a significant strain or strain/sex effect. 

The clustering of inbred strains on the PCA also became more distinct and separate after body 

weight adjustment. Additionally, the heritability increased for most traits after body weight 

adjustment. This analysis indicates that variations in body size alone do not explain variations in 

bone traits and indicates that there are genes that independently control bone traits and body size.  

We acknowledge some limitations of our study. First, while we were able to collect data from 

188 individual animals, some strain/sex groups had small sample size. Although 9 mice per 

strain per sex were ordered, we ended up with only 4 female CAST mice due to attrition of this 

difficult-to-handle strain. Additionally, only 4 samples per sex per strain were evaluated for 

lacunar (XRM) and bone composition (Raman spectroscopy) analysis. The interpretation from 

these outcomes, especially those with high variability within a strain/sex group should be 

supported by more data. When comparing the Inbred Founder mice to the Diversity Outbred 

population, only 25 DO animals per sex were sampled. We are confident this sample size 

provides a reasonable estimate of the population mean and distribution, but it is possible adding 

more DO animals would alter the differences we observed. Second, because two of the inbred 

strains (NOD, NZO) are commonly used as models for diabetes, we tracked the glycemic status 

of our mice. Only two groups consistently became hyperglycemic (NOD female and NZO 

males). No mice were treated with insulin or other means to manage their hyperglycemia, in 

order to avoid any influence of treatments on bone traits. For NOD and NZO mice, most traits 

did not exhibit a large sex difference even though hyperglycemia only occurred in one sex by 22 
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weeks old, which suggests that these traits were not significantly altered by high glucose levels 

in our study.  

In summary, we find that multi-scale cortical bone traits vary with genetic background and are 

moderately to highly heritable. While we noted significant variations in bone composition, these 

were less pronounced than variations in bone morphology, indicating that the bone composition 

between mice is well conserved while bone distribution varies widely. There are several novel 

findings from this study. First, this is the first study to report osteocyte lacunar traits for 

genetically diverse mice and to show that these traits are genetically regulated. Second, this is the 

first study to directly compare bone phenotypes between the DO mice and their inbred 

progenitors (Inbred Founders). This provides insight into how traits change with outbreeding. 

Lastly, this is the first study to evaluate the conservation of intra-bone relationships in multiple 

genetically diverse populations, providing support for how robust these relationships are for Mus 

musculus. This work supports future use of these genetically diverse populations to discover 

novel genes contributing to cortical bone traits, especially at the lacunar length scale. 
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3.6 Supplemental Material 

 
Supplemental Figure 3.8: Region of interest for Raman spectroscopy on the transverse cross-section of the femur. Bones were 

embedded in PMMA and polished to a smoothness of 0.05 µm. The red box shows the region where measurements were taken. 
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Supplemental Figure 3.9: Longitudinal whole-body measurements.  

A) BMC of founder strain mice overtime showing healthy skeletal growth. BMC has plateaued around 22wks of age, with no 

significant differences between 18wk and 22wk values for any group. B) FBG of founder strains overtime showing the onset of 

hyperglycemia. NOD F become hyperglycemic between 18wk and 22wk of age. NZO M become hyperglycemic earlier, between 

12wk and 15wk of age. C) Trends in body weight match those of BMC. NOD F begin to lose weight around the onset of 

hyperglycemia. D) At 22wks of age, the Inbred Founder have significant variations due to strain, sex, and a sex-strain 

interaction. E) At 22wks the DO mice have a higher weight with less variation than the Inbred Founder population. * : p<0.05 

for comparison line; # : F strain vs F B6 p<0.05; ^ : M strain vs M B6 p<0.05 
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Supplemental Figure 3.10: Radial morphology changes with strain in a sex dependent manner.  Additional radial traits not 

reported in Fig 3.3. * : p<0.05 for comparison line; # : F strain vs F B6 p<0.05; ^ : M strain vs M B6 p<0.05 
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Supplemental Figure 3.11: Radial material and mechanical properties changes with strain in a sex dependent manner. 

Mechanical (A-F) and material properties (G-J) not reported in Fig 3.4. * : p<0.05 for comparison line; # : F strain vs F B6 

p<0.05; ^ : M strain vs M B6 p<0.05 
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Supplemental Figure 3.12: Tibial morphology changes with strain in a sex dependent manner.  

Representative cross-sections 5mm proximal of the tibia-fibula junction (TFJ) show the variation in bone shape and size between 

the eight inbred founder strains. * : p<0.05 for comparison line; # : F strain vs F B6 p<0.05; ^ : M strain vs M B6 p<0.05 
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Supplemental Figure 3.13: Femoral morphology changes with strain in a sex dependent manner. * : p<0.05 for comparison line; 

# : F strain vs F B6 p<0.05; ^ : M strain vs M B6 p<0.05 
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Supplemental Figure 3.14: PCA of raw and body mass adjusted data from Inbred Founder mice.  

A) PCA of raw data repeated from Fig 3.5 C for ease of contrast. B) The Inbred Founder strains cluster more tightly after body 

weight adjustment. Contributions of each trait to the first four principal components for the C) raw data and D) body mass 

adjusted data. 
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Supplemental Figure 3.15: Additional XRM parameters.  

A) Schematic showing the region of interest scanned and analyzed. The scanning region of approximately 500 μm x 500 μm x 500 

μm centered 4 mm proximal to the distal TFJ at the postero-lateral apex. B-D) XRM outcomes not reported in Fig 3.6. E) PCA 

using all the lacunar traits shows the Inbred Founder strains do not clearly separate. * : F vs M p<0.05 in same strain;   # : F 

strain vs F B6 p<0.05;  ^ : M strain vs M B6 p<0.05 
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Supplemental Figure 3.16: Bivariate plot highlighting how the relationship between cortical area and ultimate force is highly 

conserved. The slopes and intercepts between the two linear-regression lines are not significantly different. 
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Supplemental Table 3.3: ANCOVA p-value results with body weight as a co-factor. 
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Supplemental Table 3.4: Heritability of all traits reported in main paper (left is repeated from Table 3.2) (right is body-weight 

adjusted) 
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Supplemental Table 3.5: Heritability of uCT parameters from all three bones. Radial heritability values are repeated from Table 

3.2. Right side shows heritability for body weight adjusted values. 
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Chapter 4: Bone Response to Mechanical 

Loading is Highly Heritable and Correlates 

with Osteocyte Lacunar Morphology in Mice 

 

 
Figure 4.1: Graphical Abstract 
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4.1 Abstract 

The ability of bone to adapt and remodel in response to external demands is a key trait 

maintaining skeletal health and preventing fracture risk. This phenomenon has only been studied 

in a limited range of mouse strains; therefore, a more comprehensive study is needed that 

incorporates more genetic variation and allele combinations to enhance rigor and translatability. 

The objective of this study was to investigate the effect of genetic diversity on bone response to 

mechanical loading. Specifically, we aimed to assess the variation in bone response to loading in 

two models of genetic diversity using the axial, tibial loading model to induce cortical bone 

formation. Additionally, we explored the correlation between bone phenotype and the response 

to mechanical loading. Similar to the approach in Chapter 3, our first population of genetic 

diversity included 96 female and 96 male young-adult (5-month) mice from the eight Inbred 

Founder strains used to create the Diversity Outbred (DO) population. The second population 

included 25 females and 25 males from the DO population. We show the response to loading 

varies with genetic background and is highly heritable; heritability values range from 32% to 

97% with all measurements of periosteal formation being near or above 80%. On average, the 

DO population showed a more robust response to mechanical loading compared to the Inbred 

Founders with all DO mice showing positive net increases in all bone formation measurements. 

Additionally, bone axial stiffness and lacunar traits (determined in Chapter 3) correlate with the 

magnitude of loading-induced bone formation. Stiffer bones and bones with more elongated 

lacunae respond more robustly to mechanical loading. This work provides the groundwork and 

rationale to perform genome wide association studies (GWAS) or quantitative trait loci (QTL) 

analysis in these populations to identify candidate genes regulating the response to loading. 
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Uncovering novel genes can provide new targets for therapeutics to increase bone mass, 

especially in patients where weight-bearing exercise is unsafe or less feasible.  

4.2 Introduction 

Bone mechanobiology explores the intricate relationship between mechanical forces and bone 

tissue, shedding light on how bone adapts and remodels in response to external stimuli. Our lab 

and others have shown that mechanical loading promotes a potent anabolic response in bone 

22,90–94. However, most loading studies are performed on a very limited range of mouse strains. In 

loading studies published between 2014 and 2020 (PubMed search terms: mouse, bone, loading 

– returned 94 studies), 96% use C57BL/6 (B6) mice or mutants that are a majority B6. The 

studies that didn’t use B6, used only one of four other strains of mice (BALB/c105–107, CD1100, 

DBA/2108, and C3H/He108,109). This is problematic because classical laboratory strains share the 

majority of their genetic backgrounds and are derived from a small pool of ancestors, with 97% 

of the mouse genome being explained by fewer than 10 haplotypes112. In recent years, there has 

been increasing recognition of the impact of genetic diversity on bone physiology and its 

response to mechanical loading. 

Different inbred mouse strains have been shown to respond differently to mechanical loading. 

Several research groups have highlighted the complex relationships between genetics, bone 

morphology, and response to loading, indicating interactions between multiple genomic 

regions128–132. In a study by Akhter et al., two mouse strains were loaded to the same force, yet 

only one mouse strain produced a robust anabolic response109. Robling and Turner compared the 

loading response of adult, female mice from three different strains, also showing significantly 

different responses108. These studies revealed B6 mice were more responsive than C3H, 
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motivating Kesavan et al. to perform a genome-wide search of loci regulating bone adaptive 

response in a B6XC3H intercross subjected to tibial 4-pt bending128. They estimated broad-sense 

heritability of morphology changes ranging from 70% and 86%, and discovered multiple loci 

across different chromosomes that were correlated to changes in morphology and gene 

expression in response to loading128,129.  These studies, however, only compared or crossed a 

small number of inbred laboratory mouse strains. A more comprehensive study that incorporates 

more genetic variation and allele combinations will extend the prior work and enhance rigor and 

generalizability.  

Thus, there is a need to for a genetically diverse set of mice so researchers can better understand 

the role of genetics on many phenomena, including bone response to loading. To help fulfill this 

need, the Jackson Laboratory has developed the Diversity Outbred (DO) mouse resource, which 

is an outbred population derived from eight founder lines (A/J, C57BL/6J, 129S1/SvImJ, 

NOD/ShiLtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ)115,180. These eight Inbred 

Founder lines contain five classical laboratory mouse strains (A/J, B6, 129S1, NOD, and NZO) 

and three wild-derived strains (CAST, PWK, WSB). Altogether, they cover almost 90% of the 

genetic diversity found in mice (Mus musculus)118. Comparing the loading responses of the 

Inbred Founder lines and the DO mice will provide insight into how genetics contributes to bone 

responsiveness to mechanical loads. 

The objective of this study is to investigate the effect of genetic diversity on bone response to 

mechanical loading. Specifically, we aim to assess the variation in bone response to loading 

among the eight Inbred Founder strains and DO mice. In addition to evaluating the loading 

response, we also aim to explore the correlation between bone phenotype and the response to 

mechanical loading. Using our two models of genetic diversity (Inbred Founders and DO mice) 
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we set out to test three hypotheses; 1) the response to loading varies between mice of different 

genetic backgrounds, 2) outbred mice (DO) have the same average response to loading as the 

Inbred Founder population, and 3) the magnitude of the loading response correlates significantly 

with homeostatic bone phenotypes, especially of the osteocyte lacunae. Investigating the effect 

of genetic diversity on bone response to mechanical loading is a crucial step toward unraveling 

the complex interplay between genetics and mechanobiology in bone tissue. 

4.3 Methods 

4.3.1 Mouse Populations 

The mouse experiments were conducted in compliance with the guidelines and regulations set 

forth by the Washington University Institutional Care and Use Committee (IACUC). All mice 

were obtained from The Jackson Laboratory (JAX). To model genetic diversity, two mouse 

populations were utilized: (1) Eight Inbred Founder strains: CAST/EiJ (JAX Stock #000928), 

PWK/PhJ (#003715), WSB/EiJ (#001145), A/J (#000646), C57BL/6J (#000664), 129S1/SvImJ 

(#002448), NOD/ShiLtJ (#001976), and NZO/HlLtJ (#002105); and (2) Diversity Outbred (DO) 

mice (#009376). The Diversity Outbred population are derived and maintained by continuous 

outbreeding, starting from the eight Inbred Founder strains (Fig 4.2 A). 

Inbred Founder strains (n = 12/strain/sex) were received at 8 weeks of age and subsequently aged 

to 22 weeks in our animal facilities. Due to attrition, a total of N = 169 Inbred Founder mice 

were analyzed at the end of the study. The DO mice (n = 25/sex, generation G46 and G47) were 

obtained between 3 and 5 weeks of age and aged to 22 weeks in our animal facilities. One female 

DO mouse died during µCT; a total of N = 49 DO mice were analyzed at the end of the study. 

Inbred mice were group-housed, with up to 5 individuals per cage. Male DO mice were housed 

individually, while female DO mice were housed in groups of up to 3 individuals per cage, 
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following recommendations from JAX to minimize intra-group aggression. All mice were 

maintained under a 12-hour light-dark cycle and provided ad libitum access to food and water. 

 
Figure 4.2: Overview of experimental groups and timeline. 

A) Two mouse models of genetic diversity were used, eight inbred mouse strains and an outbred stock. The inbred strains were 

the founders used by The Jackson Laboratory to create the diversity outbred (DO) population. After controlled outbreeding of the 

founder lines, each DO mouse is genetically unique. Loading was performed on 5 mo-old female and male mice from the eight 

Inbred Founder strains and the DO mice from generations 46 and 47. B) The right tibia of all mice were loaded 5 days per week 

for 2 weeks. At the end of each week of lading mice were injected with calcein and alizarin. µCT scans were taken before and 

after loading to track change in morphology.   
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4.3.2 Axial Tibial Loading 

Mice were loaded in axial, tibial compression for two weeks to stimulate bone formation (Fig. 

4.2 B). While under anesthesia (Isoflurane 2-4% vol/vol) the right tibia was placed in a custom-

built holder and loaded to a strain of 1500  (section 4.3.3 Calculation of Necessary Force) 

using a dynamic testing machine (ElectroPuls 1000, Instron, Norwood, MA) as previously 

described90,181. The left tibia remained non-loaded as an internal, contralateral control. Mice were 

loaded using a haversine waveform for 60 cycles per day at 4 Hz, 5 days per week for 2 wks. 

Calcein green and alizarin red were injected (IP) at the end of each week, respectively, to allow 

for the visualization of newly mineralized bone. One week after the last bout of loading mice 

were euthanized using CO2 and kept at 4° C until post-loading microCT scanning (Section 4.3.4 

MicroCT). 

4.3.3 Calculations of Necessary Force 

All mice were strain matched to 1500  on the antero-medial surface of the tibia 5 mm proximal 

to the distal tibiofibular junction (TFJ). To calculate the force necessary to engender 1500 , a 

calibration set of non-loaded Inbred Founder strains were strain gauged (using mice phenotyped 

in Chapter 3). Briefly, the antero-medial surface of the right tibia was exposed in situ and a 

uniaxial strain gauge was glued 5 mm proximal to the TFJ (Supp Fig 4.9 A). The tibia was 

loaded from 2N – 12N while force and mechanical strain were simultaneously recorded. From 

the force-strain linear regression, the force intercept at 1500  was calculated per animal (Supp 

Fig 4.9 B). An average value per strain/sex group was calculated from n = 4-9 mice (Supp Fig 

4.9 C). Force per 1500  also serves as a proxy measurement for whole-bone, axial stiffness. 
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Because each DO mouse does not have a genetically identical duplicate, invasive strain gauging 

is not a feasible method to calculate the necessary loading force per animal. Therefore, we used 

the strain gauging and phenotyping data from our Inbred Founder mice (N = 130 total animals) 

to build a multi-variable linear regression to predict necessary loading force using non-invasively 

measured traits from CT. Starting with 11 traits, backwards elimination was used to remove 

non-significantly contributing variables, leaving five variables in the linear regression. The final 

equation used to estimate loading force was 𝐹𝑜𝑟𝑐𝑒 = 14.98 − 5.38(𝑇. 𝐴𝑟) + 24.1(𝐶𝑡. 𝐴𝑟) −

0.07(𝑊𝑒𝑖𝑔ℎ𝑡) − 13.68(𝐴𝑟𝑒𝑎𝑅𝑎𝑡𝑖𝑜) − 10.98(𝐸𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦). This regression explains 57% of 

the variation in the population (Supp Fig 4.9 D). To validate the accuracy of this approach, strain 

gauging was performed on the left, non-loaded tibia of DO mice (n = 16-17 per sex) after 

sacrifice. On average, the error in loading input strain was 32  (range -437 – +499 ) (Supp 

Fig 4.10 A). Errors were randomly distributed across loading forces (Supp Fig 4.10 B). 

4.3.4 MicroCT (µCT) 

The morphology of the tibia was evaluated before and after loading to track changes. One to two 

days prior to loading, the left and right tibia were CT scanned in vivo at 10.5 m/pixel 

resolution 5 mm proximal to the TFJ (vivaCT 40, Scanco Medical, Switzerland, -70kVP, 8W, 

300ms integration time, 213 slices). The same region was scanned in situ one week after the last 

day of loading using the same settings (Fig 4.2 B). Loading-induced changes in morphology per 

animal were calculated as the change in the loaded bone over time minus the change in the non-

loaded bone over time (ΔΔµCT = (Postloaded-Preloaded) - (Postnon-loaded-Prenon-loaded)). To calculate 

loaded and resorbed volumes we performed time-lapse µCT (3D Dynamic Histomorphometry) 

similarly to Birkhold et al182. Pre- and post-scans of the same limb were registered in 3D and 

resampled to the same coordinate system. Formed volumes were defined as voxels only present 
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in the post-scan. Resorbed volumes were defined as voxels only present in the pre-scan. The 

periosteal and endocortical surfaces were analyzed separately. Image-registered bones were 

compared to dynamic histomorphometry to validate the accuracy of image-registration (Supp Fig 

4.11). Formed and resorbed volumes were normalized to the original bone cortical area. Relative 

values for all outcomes were calculated as loaded minus non-loaded. 

4.3.5 Dynamic Histomorphometry 

After the µCT post-scan, the left and right tibias were dissected clean of muscle and stored in 

70% ethanol until plastic embedding. Bones were dehydrated in ethanol and embedded in methyl 

methacrylate (MMA, Thermo Scientific AAA130300F, Thermo Fisher Scientific). Blocks were 

cut transversely (Leica SP1600 Microtome, Leica Microsystems, Inc., Buffalo Grove, IL) 5 mm 

proximal to the TFJ and three 100 µm thick slices were taken. Sections were imaged on a 

confocal microscope (Leica TCS SPEII, 10x lens, 2048x2048, 400Hz, 1.5x zoom) with a pixel 

resolution of 358.25 nm. A maximum projection was created from a five slice, 20 µm thick z-

stack for final analysis. Images were blinded and fluorochrome-labeled surfaces were analyzed 

(Osteo II, Bioquant Image Analysis Corportation, Nashville, TN) separately on the periosteal and 

endocortical surfaces183. In cases where no double label was visualized, a value of 0.3 µm/day 

was assigned for the respective mineral apposition rate (MAR)184,185. Relative values for all 

outcomes were calculated as loaded minus non-loaded. 

4.3.6 Heritability Calculations 

The broad-sense heritability (H2) of all relative loading responses in the Inbred Founder mice 

was determined to assess the proportion of variance attributed to genetic differences, following 

the methodology described by Moran et al. 173. Heritability was calculated using the formula H2 = 

σ2
strain/( σ

2
strain+ σ2

sex+ σ2
res), where σ2

strain denotes the variance between strains, σ2
sex denotes the 
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variance between sexes, and σ2
res denotes the residual variance. The variances were computed 

based on the sum of squares derived from a two-factor analysis of variance (ANOVA) defining 

strain and sex as the factors. Specifically, σ2
strain was calculated as SSstrain/navg (where navg 

corresponds to the average group size), σ2
sex was determined as SSsex/dfsex, (where σ2

res 

corresponds to SSres/dfres). 

4.3.7 Correlations  

To examine the relationship between bone response to loading and bone morphology, we 

performed several analyses. First, bivariate plots were generated to compare axial stiffness with 

relative periosteal bone formation rate per animal in both the Inbred Founder population and DO 

population. Second, a correlation matrix of Pearson's r coefficients was computed to assess the 

association between all initial CT outcomes of the right tibia and the loading response 

outcomes per animal in both the Inbred Founder population and DO population. Third, a 

correlation matrix of Pearson's r coefficients was calculated to examine the correlation between 

all osteocyte lacunar traits and the loading responses per strain/sex group within the Inbred 

Founder population. The average lacunar trait values were collected from non-loaded mice 

(Chapter 3). Bivariate plots were also generated to visualize the relationship between lacunar 

volume density and lacunar aspect ratio with periosteal bone formation rate. 

4.3.8 Statistical Analysis 

Statistical analysis was conducted using GraphPad Prism (v9). Relative loading response 

outcomes from the eight Inbred Founders were analyzed using a two-factor analysis of variance 

(ANOVA) with mouse strain and sex as factors. Similarly, outcomes from the Inbred Founder 

population and the DO population were compared using a two-factor ANOVA with population 

and sex as factors. Post-hoc tests were conducted with Sidak correction. To evaluate the 
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significance of the loading response within a given strain/sex group, the value of the right tibia 

(loaded) was compared to the value of the left tibia (non-loaded) during post-hoc testing. The 

significance level was set at p < 0.05. Pearson's correlation coefficients were calculated using the 

cor function in R (v4.0.2), and the resulting correlations were visualized using the corrplot 

function. 

4.4 Results 

4.4.1 Changes in bone morphology due to loading vary with mouse strain and 

sex 

To assess morphological changes in the cortical bone, we calculated the loading-induced change 

of standard transverse, cross-sectional CT parameters (Fig 4.3 A). Changes in bone area varied 

significantly with mouse strain in a sex-dependent manner (Fig 4.3 B). Ten of the sixteen 

strain/sex groups had a significant response to loading. Sex as a main effect was not significant, 

although significant sex differences were seen in CAST and PWK mice; CAST males responded 

more than CAST females, whereas PWK females responded more than PWK males. Inbred 

strain 129S1 had the largest increase in bone area in both sexes. Compared to the Inbred 

Founders, the DO population on average had a larger increase in bone area indicating a greater 

response to loading (Fig 4.3 C). There was no sex difference in either the Inbred Founder 

population or the DO population for any measured CT parameter. In the Inbred Founders, all 

other morphology traits varied significantly with strain in a sex-dependent manner, while sex as 

a main effect was not significant (Fig 4.3 D, Supp Fig 4.12). The DO population only had 

significant differences compared to the Inbred Founders in total area and polar moment of inertia 

(pMOI) changes (Supp Fig 4.12). There were no changes in TMD due to loading in any Inbred 

Founder strain or the DO population. In summary, we saw strain and sex-dependent variations in 
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cortical bone morphology in response to loading. The Diversity Outbred population exhibited a 

greater overall response compared to the Inbred Founders. 

 
Figure 4.3: Changes in morphology between the pre-scan and post-scan.  
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A) Timeline of µCT and loading. Pre-scans and post-scans were 18 days apart. B) Loading-induced change in bone area of the 

Inbred Founders have significant strain and strain-sex interaction terms (ANOVA). C) The DO mice have a larger average 

increase in bone area than the pooled Inbred Founders. D) Loading-induced change in medullary area of the Inbred Founders 

have a significant strain, sex, and strain-sex interaction term. Only NZO have a significantly different response between females 

and males. E) The DO mice respond to the same degree as the Inbred Founder population. F) Representative µCT cross-sections 

from a lowly responding strain (WSB F) and a highly responding strain (129S1 F).  

4.4.2 Bone formation increases and bone resorption decreases in response to 

loading vary with mouse strain and sex 

To assess changes in bone formation and resorption on the periosteal and endocortical surfaces, 

we compared the post-scan to the pre-scan CT voxel by voxel (Fig 4.4 A). In response to 

loading, eleven of the sixteen strain/sex groups significantly increased bone formation on the 

periosteal surface (Fig 4.4 B). The magnitude of response varied significantly between strains in 

a sex-dependent manner. Only the PWK and 129S1 strains showed significant sex differences; 

the females had larger increases in formation than the males. Additionally, eight of the sixteen 

strain/sex groups significantly decreased bone resorption on the periosteal surface and no strains 

increased resorption (Fig 4.4 D). The magnitude of decrease in resorption varied between strains 

in a sex-dependent manner. Only CAST mice showed a significant sex difference with males 

having a larger decrease in resorption. Compared to the Inbred Founders, the DO mice on 

average had a larger increase in formation on the periosteal surface (Fig 4.4 C) but no difference 

in resorption (Fig 4.4 E). On the endocortical surface, bone formation increased, but to a much 

smaller degree than on the periosteal surface; the variation between strains remained (Supp Fig 

4.13). NZO females increased bone resorption in response to loading on the endocortical surface, 

opposite what was seen on the periosteal surface. As populations, both the Inbred Founder and 

DO population had an average increase in resorption in response to loading on the endocortical 

surface. No differences were seen between the Inbred Founders and DO population for 

endocortical formation, but DO mice had significantly higher increases in endocortical resorption 

(Supp Fig 4.13). In summary, we saw strain and sex-dependent variations in bone formation and 



 97 

resorption patterns in response to loading, with the Diversity Outbred population demonstrating a 

greater overall response compared to the Inbred Founders on the periosteal surface. 

 
Figure 4.4: Bone formation and resorption on the periosteal surface measured from image-registered time-lapse µCT.  
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A) Timeline of µCT and loading. Pre-scans and post-scans were registered and rotated to a shared geometric space. B) Relative 

increase in periosteal formed volume fraction of the Inbred Founders have significant strain and strain-sex interaction terms. C) 

The DO mice have a larger average increase formed volume than the pooled Inbred Founders. D) Relative decrease in periosteal 

resorbed volume fraction of the Inbred Founders have significant strain and strain-sex interaction terms. E) The DO mice 

respond to the same degree as the Inbred Founder population. F) Representative cross-sections from a lowly responding strain 

(WSB) and a highly responding strain (129S1). 

4.4.3 Increases in mineralizing surface and mineral apposition rate vary with 

mouse strain and sex 

To assess bone formation/mineralization in response to loading, we quantified fluorochrome 

labels from dynamic histomorphology (Fig 4.5 A). On the periosteal surface, mineralized surface 

(MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR/BS) all varied with 

mouse strain (Fig 4.5 B, Supp Fig 4.14). Mineralizing surface (an indicator of active osteoblast 

number) and mineral apposition rate (an indicator of osteoblast activity) also have a significant 

strain/sex interaction (Supp Fig 4.14). Inbred strain 129S1 had the largest increase in all dynamic 

histomorphology parameters. Ten of the sixteen strain/sex groups had significant increases in 

periosteal bone formation rate while five strain/sex groups had significant increases on the 

endocortical surface (Fig 4.5 B,D). For every mouse strain, the loading response on the 

endocortical surface had a lower magnitude than the periosteal surface. Fewer significant sex 

differences were seen within individual strains; only r.Ps.MS/BS was significantly different 

between PWK males and females, and r.Ec.MS/BS between NOD males and females. Compared 

to the Inbred Founders, the DO population had larger increases in periosteal bone formation rate 

but no difference in endocortical bone formation rate (Fig 4.5 C,E). This was driven by larger 

increases in mineralizing surface in the DO population (Supp Fig 4.14). In summary, we 

demonstrated strain-dependent variation in bone formation on both the endocortical and 

periosteal surfaces, with the Diversity Outbred population exhibiting greater increases in 

periosteal bone formation compared to the Inbred Founders. 
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Figure 4.5: Bone formation rate on the periosteal and endocortical surfaces measured from dynamic histomorphometry.  

A) Timeline of loading and fluorochrome injections. Calcein and alizarin were given a week apart. B) Relative increase in 

periosteal bone formation rate of the Inbred Founders have significant strain term. C) The DO mice have a larger average 

increase in bone formation rate than the pooled Inbred Founders. D) Relative increase in endocortical bone formation rate of the 
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Inbred Founders have significant strain and strain-sex interaction terms. E) The DO mice respond to the same degree as the 

Inbred Founder population. F) Representative cross-sections from a lowly responding strain (WSB) and a highly responding 

strain (129S1). 

4.4.4 Bone response to mechanical loading is highly heritable 

Broad-sense heritability was calculated for each loading response variable measured in the 

Inbred Founder strains (Table 4.1). Endocortical bone formation rate had the highest heritability 

(97%) while endocortical mineralized surface had the lowest heritability (32%). All 

measurements of periosteal formation/expansion had heritability values over 79%. 

Table 4.1: Heritability (H2) of all relative outcomes (relative = loaded – nonleaded) measured in the Inbred Founders. 

 

4.4.5 Stiffer bones respond more to mechanical loading 

Correlation analyses were performed to examine whether relative periosteal bone formation rate 

was associated with measures of bone phenotype, in the Inbred Founder population and DO 

population separately. Relative periosteal bone formation rate was selected as a representative 

outcome for periosteal anabolic response. In both populations, relative bone formation rate was 
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positively and significantly correlated with axial stiffness (Fig 4.6). In the Inbred Founders (Fig 

4.7 A), weak correlations were seen between bone morphology and loading response, expect for 

loading induced-change in pMOI. Loading-induced change in pMOI was positively correlated 

with original cortical area, total area, medullary area, and pMOI. In the DO population (Fig 4.7 

B), weakly positive correlations were seen between original cortical area and many loading 

outcomes. In summary, stiffer bones consistently responded more to mechanical loading, but few 

morphology CT outcomes correlated strongly with loading response. 

 
Figure 4.6: Correlation between bone axial stiffness and response to loading.  

A) Stiffness positively correlates with relative periosteal bone formation response in the Inbred Founder strains and B) DO mice. 

For all linear regressions, the slope is significantly greater than zero.  
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Figure 4.7: Correlation matrix of Pearson’s coefficients between starting µCT parameters (pre-loading) and all loading 

response outcomes.  

A) Correlations in the Inbred Founder strains show weak correlations, except for change in pMOI and pre-loading morphology. 

B) Correlations in the DO mice slightly stronger correlations are seen specifically with pre-loading cortical area and loading 

outcomes. Black boxes group the method of quantification for loading outcomes.  
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4.4.6 Mouse strains with more elongated lacunae respond more to mechanical 

loading 

Because osteocytes are known to be a mechanosensitive and responsive cell in bone, we 

correlated bone response to loading with lacunar morphology traits. In our previous work 

(Chapter 3) lacunar traits were evaluated using x-ray microscopy in the eight Inbred Founder 

strains and we reported significant variation between strains. We correlated the average value per 

strain/sex group for all measured loading response traits to the average value per strain/sex group 

for all lacunar traits (Fig 4.8 A). Lacunar volume density (Lc.Vol/TV) positively correlated with 

many loading outcomes; strain/sex groups with greater lacunar volume fraction responded more 

to mechanical loading (Fig 4.8 B). Lacunar aspect ratio (Lc.AR) negatively correlated with many 

loading outcomes; strain/sex groups with more elongated lacunae responded more to mechanical 

loading (Fig 4.8 C).   
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Figure 4.8: Correlation matrix of Pearson’s coefficients for average lacunar traits and loading outcomes in the Inbred Founder 

strains. 

B) The blue box highlights the strong, positive correlation between lacunar volume density and periosteal bone formation rate. 

C) The red box highlights the strong, negative correlation between lacunar aspect ratio and periosteal bone formation rate. A 

smaller aspect ratio represents a more elongated lacuna.  

4.5 Discussion 

In our study, we employed two models of genetic diversity to investigate the variability of 

anabolic response to mechanical loading depending on genetic background. Our findings 

revealed that the loading response exhibited significant variability across different mouse strains. 

Notably, we observed moderate to high heritability in all measurements of loading response, 
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indicating a strong genetic component underlying bone's adaptive capacity. Within the inbred 

strains, 129S1 demonstrated the highest magnitude of response on both the periosteal and 

endocortical surfaces. Conversely, the A/J strain exhibited the lowest response, while the B6 

strain displayed a moderate response. Moreover, our study revealed sex differences in the 

mechanoresponsive behavior of wild-derived strains, with CAST males and PWK females 

displaying heightened responsiveness compared to their opposite sex. Comparing the inbred and 

outbred populations, the DO population showed a more robust response to mechanical loading. 

Additionally, bone axial stiffness and lacunar traits correlate with the magnitude in loading 

outcomes. Overall, genetic background significantly contributes to cortical bone response to 

loading, which indicates genetic control of mechanoresponsiveness.  

We tested three hypotheses using two models of genetic diversity. Our data supports our first 

hypothesis; the change due to loading for all traits measured, expect TMD, varied significantly 

with mouse strain. (Changes to TMD with loading were not expected since the newly formed 

bone will have very similar density to the existing bone and the µCT does not have the resolution 

to detect small differences if they exist.) Additionally, broad-sense heritability for all outcomes 

measuring periosteal formation was near or above 80%, matching the high heritability values 

reported by Kesavan et al128. Among the mouse strains subjected to loading, only the B6 strain 

had previously been loaded, highlighting the novelty of our investigation in other strains. A 

recent study by Friedman et al. investigated the response to unloading in male Inbred Founder 

mice186 using a single-limb casting model. In the cortical mid-diaphysis of the femur, they found 

B6 mice had the greatest loss of bone tissue, while we saw B6 had a moderate response to 

loading. They reported the largest effects of unloading in the trabecular region. The only two 

inbred strains without a significant decrease in epiphyseal BV/TV were A/J and 129S1. When 
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combined with our findings, it appears A/J mice are unresponsive to both loading and unloading 

interventions, whereas 129S1 are highly sensitive to loading, but not to unloading. Most 

previously published loading studies, including the unloading study of the Inbred Founder 

mice121, have not directly compared the outcomes between male and female mice. We found 

significant sex effect or a sex/strain interaction in 13 of the 16 measured trait changes. Notably, 

r.Ps.BFR/BS and r.Ec.MAR do not vary with sex. The sex/strain interaction highlights the 

complex interplay between genetic factors and sex. However, when all Inbred Founders are 

evaluated as a population, there is no systemic difference between how the two sexes respond to 

mechanical loading.  

Contrary to our second hypothesis, our data indicate that the outbred mouse population (DO) 

have a heightened response to mechanical loading. We saw significantly higher increases in bone 

area, total area, pMOI, periosteal formed volume fraction, and periosteal bone formation rate in 

the DO population compared to the Inbred Founder population. While some Inbred Founder 

mice had zero or even negative relative values for these formation outcomes, all DO animals had 

positive increases. On the other hand, very few DO mice had larger increases in response to 

loading than the most response Inbred Founder (129S1). In partial contrast, results from 4-pt 

tibial loading of the second generation (F2) of a C3HxB6 intercross, Kesevan et al. showed the 

average response in F2 mice were in between the average of inbred C3H and B6, but the range 

did extend lower than C3H and higher than B6128. While it is difficult to compare an intercross of 

two inbred strains to DO mice that have a combination of alleles from eight founders, results 

from both show that the loading response is highly variable and does not simply replicate the 

average response from the original founders. To our knowledge, this the first report of 
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mechanical loading of DO mice, and our results provide novel data that genetically diverse mice 

will exhibit a range of bone mechanoresponsiveness.  

Supporting our third hypothesis, we saw many significant correlations with baseline phenotype 

and response to loading. Specifically, the correlation between bone axial stiffness and response 

to loading was maintained in both populations of genetic diversity investigated; stiffer bones 

responded more to mechanical loading. However, correlations between homeostatic, baseline 

morphology and the response to loading was slightly different between the two populations. In 

the Inbred Founders we saw strong correlations to change in pMOI, but this was diminished in 

the DO population. Baseline cortical thickness was weakly, negatively correlated to many 

loading outcomes in the Inbred Founders but weakly, positively correlated to many loading 

outcomes in the DO population. Weaker correlations may have been observed due to the smaller 

variation in both baseline morphology as well as the response to loading in the DO population 

compared to the Inbred Founder population. Correlations between lacunar morphology and 

loading response were only investigated in the Inbred Founder population. Overall, these 

correlations were much stronger than those seen for baseline morphology. Bones with greater 

lacunar volume fraction and more elongated lacunae respond more to mechanical loading. This 

contradicts the findings from Robling and Turner which correlated the osteocyte lacunar number 

density in B6, C3H, and DBA to their response to axial, ulnar mechanical loading. In the three 

inbred strains they loaded, they did not see a clear relationship between osteocyte density and 

mechanosensitivity 108. Differences in results are possibly due to differences in the bone 

evaluated, how the lacunae were analyzed, and how many mouse strains were evaluated. Using 

more inbred strains with a larger range of both lacunar density and loading response revealed a 

correlation not previously detected. These correlations at both the whole-bone and lacunar length 
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scales highlight the importance of considering not only the genetic background but also the 

underlying bone phenotype when assessing mechanoresponsiveness.  

Image-registration has been used by other groups to quantify bone’s response to mechanical 

loading, and they have shown it is sufficiently sensitive to detect decreases in 

mechanoresopnsiveness with aging182. The current study supports the use of this technique to 

measure bone response across a wide range of values. When compared to the gold standard of 

dynamic histomorphology, we found an R2 value close to 0.90 (Supp Fig 4.11). Additionally, 

this is the only method available to quantify resorption, which we find also varies with genetic 

background. Using a time-lapse µCT technique instead of dynamic histomorphology, future 

studies would allow bones to go to a different destructive outcome such as gene expression, 

immunohistochemistry, mechanical loading, or high-resolution imaging. However, using µCT to 

detect changes in bone does have limitations. Enough time must pass between the pre-scan and 

post-scan to allow enough change to occur to be above the resolution detection level of the µCT 

scanner being used. In this study, 3 weeks separated the pre-scan and post-scan to allow for more 

change than the resolution of the µCT scans (10.5 µm/pixel).  

While this work has many novel outcomes, there still exist some limitations. First, we observed 

(but did not quantify) large differences in baseline activity between the different mouse strains. 

The level of loading intensity and frequency at baseline could alter the response to our specific 

loading intervention. To attempt to control for this, all loading parameters reported were relative 

values isolating the response in the loaded limb compared to the non-loaded limb. Second, the 

estimation of loading force to achieve strain-matched loading for the DO has a large range of 

error. While the average accuracy of the model was 32 µε, the range was approximately +/- 500 

µε. However, this error was randomly distributed across all loading forces (Supp Fig 4.10 A), 
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and we found no significant correlation of estimated strain produced by the loading force to 

response to loading (Supp Fig 4.10 B). Thus, while the error of the force estimation adds 

variability to the population it does not bias our results. Third, the values for the lacunar traits 

used in our correlation were not measured from the same animals that were loaded. The values 

were averages for each strain/sex group reported in Chapter 3. While we believe the values are 

representative since the mice within a strain/sex group are genetically identical, there could be 

differences due to batch effects and biologic variation. Future work is needed to investigate the 

lacunar morphology of loaded animals.  

Taken together, our findings demonstrate the substantial impact of genetic background on the 

cortical bone response to mechanical loading, affirming the role of genetic control in determining 

mechanoresponsiveness. The response to mechanical loading, measured with three methods, 

significantly varied with inbred mouse strain. We have also provided a method to load 

genetically unique animals without the need of strain gauging allowing for future use of the DO 

mice to study bone mechanobiology. Using this method, we loaded a cohort of 50 DO mice and 

were able to show an enhanced response to loading in the outbred population compared to the 

average of the Inbred Founders. This work provides the groundwork and rationale to perform 

genome wide association studies (GWAS) and quantitative trait loci (QTL) analysis to identify 

candidate genes regulating the response to loading. Uncovering novel genes can provide new 

targets for therapeutics to not just halt the bone loss associated with osteoporosis but also 

increase bone mass, therefore decreasing fracture risk.   
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4.6 Supplemental Information 

 

Supplemental Figure 4.9: Strain gauge data from the Inbred Founder strains.  

A) A strain gauge was glued 5 mm proximal to the distal tibiofibular junction (TFJ) while load was applied. B) The necessary 

force to engender 1500 µε was calculated for non-loaded Inbred Founder strain mice. These mice were phenotyped in Chapter 3. 

C) The average force per strain/sex group that was used to load animals in this study. D) Results from the multi-variable linear 

regression showing the predicted loading force from the model compared to the actual load force calculated from strain gauging. 

E) Residuals are mainly between -2N and +2N.  
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Supplemental Figure 4.10: Force estimation error in the DO mice.  

A) The error in loading force calculated from strain gauging DO mice after loading are evenly distributed across loading forces. 

The regression slope is not different from zero. B) Correlation of the strain DO mice were loaded to with loading-induced change 

in total area. The slope is not different from zero indicating there is no relationship between the error in loading force and bone 

formation.  
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Supplemental Figure 4.11: Validation of image-registered time-lapse µCT.  

A) Cross-section of the same bone from image registration and dynamic histomorphometry show formation in the same regions 

(yellow arrow). Regions of bone resorption (white arrowhead) can only be measured from image-registered time-lapse µCT. The 

regions of resorption correspond to regions with no fluorochrome label. B) Correlation between loading response measured 

from the gold-standard dynamic histomorphology (relative periosteal bone formation rate) and the newer image registration 

(periosteal formed volume fraction).  
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Supplemental Figure 4.12: Loading-induced changes in bone morphology not shown in Fig 4.3.  
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Supplemental Figure 4.13: Relative bone response on the endocortical surface measured from image-registered time-lapse µCT.  
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Supplemental Figure 4.14: Relative dynamic histomorphometry outcomes not reported in Fig 4.5.  

Mineralized surface (MS/BS) (A, B, E, F) measured the number of osteoblasts. Mineral apposition rate (MAR) (C, D, G, H) 

measures the work per osteoblast.   
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Chapter 5: Conclusions and Future 

Directions  

5.1 Conclusions 
Bone is a complex and dynamic organ that responds to the mechanical demands placed on it, yet 

the health, strength, and ability to remodel declines with age. Osteoporosis is a large and growing 

public health burden and understanding how bone is maintained in the adult skeleton can provide 

insight in how to increase bone health in the aged skeleton. My goal in this dissertation was to 

understand the role of genetic diversity on bone traits and its ability to remodel. First, I 

investigated the effect of genetic diversity on bone traits across length scales by quantifying bone 

phenotypes in eight Inbred Founder mouse strains and Diversity Outbred mice. Next, I 

investigated the effect of genetic diversity on the response of bone to mechanical stimulation by 

loading the tibia of the same two mouse populations that I phenotyped. Finally, I correlated the 

phenotype data to the loading response to investigate what traits are highly correlated to 

mechanoresponsiveness.  

Cortical bone traits, from the whole-bone down to the mineral composition, vary with genetic 

background and have non-zero heritably. However, the relationships between bone traits within a 

single animal are maintained in three different populations that were investigated providing 

support that these relationships are conserved for all strains of Mus musculus. This was 

highlighted by the almost identical linear regression between bone area and ultimate force in the 

Inbred Founder population and the DO population. The most variability between mouse strains 

was seen in morphology and mechanical properties while less variability was seen for material 

properties and bone composition. The bone that is created by each mouse is relatively similar, 

yet how the bone is distributed throughout the skeleton highly varies. While the mice spanned 



 117 

large ranges in body mass and skeletal size (BMC), the differences in cortical bone traits were 

retained after adjustment for body mass implying there are genes that independently control bone 

traits and body size. The genetically unique outbred mice (DO) appeared healthier compared to 

the Inbred Founders, being larger, heavier, and protected from hyperglycemia. These outbred 

mice (DO) have cortical bones that do not resemble a single Inbred Founder strain, but instead 

demonstrate intermediate phenotypes that eliminate extreme values. Overall, genetic background 

significantly contributes to cortical bone phenotype implying genetic control of bone traits across 

length scales. 

The ability of bone to remodel in response to mechanical stimulation also highly varies with 

genetic background and is highly variable. All measures of periosteal bone formation showed 

heritability values near or above 80%. Inbred stain 129S1 had the highest response to loading 

while strain WSB had a significant, but low response to loading. Inbred strain A/J appears 

unresponsive to mechanical stimulus, either loading or unloading121. In addition to variability 

with mouse strain, we also discovered a complex interplay between sex and genetic background. 

While there were differences in the response to loading between male and female mice in certain 

Inbred Founder strains, there were no systemic differences between male and female mice when 

all Inbred Founder mice were evaluated as a population or in the Diversity Outbred mice. Taken 

together, our findings demonstrate the substantial impact of genetic background on the cortical 

bone response to mechanical loading, affirming the role of genetic control in determining 

mechanoresponsiveness. 

There were many significant correlations between bone phenotype and bone ability to respond to 

loading. Specifically, stiffer bones responded more to mechanical loading. This was conserved in 

both the Inbred Founder mice and Diversity Outbred mice. Additionally, lacunar-level traits and 



 118 

morphology highly correlated with response to loading. Bones with a higher lacunar volume 

fraction, but less so a higher lacunar number fraction, responded more to an equal mechanical 

stimulus. Bones with more elongated lacunae (smaller aspect ratio) also responded more to an 

equal mechanical stimulus. These correlations highlight the importance of considering not only 

the genetic background but also the underlying bone phenotype when assessing 

mechanoresponsiveness. 

This work shows the response to mechanical loading is highly heritable implicating a large role 

of genetics in mechanosensitivity of osteocytes. My working model is that genetics drives 

intrinsic mechanosensitivity of osteocytes and this drives bone morphology to maintain an 

equilibrium strain state. Based off the mechanostat theory88,187, the equilibrium strain state of 

bone should be at the mechano-threshold of loading or unloading response. If homeostatic strain 

were above the mechano-threshold, bone would constantly be forming, and the reverse would 

occur if the homeostatic strain were below the mechano-threshold. More mechanosensitive 

osteocytes have a lower strain threshold to initiate an anabolic response. Therefore, under daily 

loading and homeostasis, the bone must be kept at a low strain level. To do this, we propose the 

bone becomes stiffer to maintain a low strain state. Conversely, lowly sensitive bones have a 

higher strain threshold and can afford to have less stiff bones to maintain a high strain state at 

equilibrium (Fig 5.1). This is supported by our data since we see more stiff bones are more 

responsive to loading. At the lacunar level, osteocytes can reduce the strain state around them by 

creating more elongated ellipsoidal shapes. The long axis of the osteocyte lacunae in typically in 

the direction of loading. Therefore, a more elongated lacunae will amplify the strain less than a 

more circular lacunar pore174,188 (Fig 5.1). This is supported by our data since we see more 

elongated lacunae respond more to mechanical loading. Additionally, this model is supported by 
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what is seen with aging in bone. During aging the mechanosensitivity of bone declines as well as 

the overall stiffness and elongation of lacunae39. Using a Dmp1Cre Piezo1fl/fl mouse model Li et 

al showed a decrease in mechanosensation and response to loading paired with a reduction of 

bone stiffness when the mechanically sensitive Piezo1 channels were knocked out in mature 

osteoblasts and osteocytes189. While these changes were not due to an increase in osteocyte 

death, the lacunae were not thoroughly evaluated. More work is needed to investigate the lacunar 

morphology to see if upon reduction of mechanosensation in osteocytes the lacunae adapt to a 

less elongated state. 

 
Figure 5.1: Working model that osteocyte mechanosensitivity drives the morphology of cortical bone. 

Bones with more sensitive osteocytes will develop stiffer bones with more elongated lacunae to maintain a low strain state.  

5.2 Future Directions 
The work in this thesis supports the use of these mouse models to further investigate the effects 

of genetic variability in bone research. Now that we know how the response to loading differs 

between the eight Inbred Founder strains, future studies can focus on the mechanistic reasons 

why. Investigating the gene expression responses of the Inbred Founders can provide insight into 
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what pathways are activated and if they differ with genetic variability. Comparing similarly 

responding strains, you can investigate if the activation of different genes and biological 

pathways lead to the same amount of bone or if the upregulated pathways are conserved. This 

will provide insight into whether there are multiple pathways to make bone that could potentially 

be therapeutically activated. Comparing high and low responding strains, you can investigate if 

the magnitude of gene regulation scales with eventual bone formation. Genes differentially 

expressed early (Day 1) after loading represent the mechanosensation (sensing mechanical 

stimulus) response while genes differentially expressed later (Day 5) after loading represent the 

mechanotransduction (relaying message to form bone) response83. Comparing these two time 

points, you can investigate if both mechanosensation and mechanotransduction are different 

between the different mouse strains.  

The work in this thesis is also the first instance where genetically unique mice have been 

mechanically loaded. Traditionally, a genetically identical calibration set of mice is needed for 

strain gauging to determine a loading force to engender equal strain. The generation of the multi-

variable linear regression used in this thesis to estimate loading force lays the groundwork to use 

the Diversity Outbred (DO) mice in large-scale genetic studies including genome-wide 

association studies (GWAS) and quantitative trait loci (QTL) analysis. These studies require the 

use of hundreds of animals but allow for specific regions of the genome to be identified as 

potentially causing the phenotype of interest. Future studies can identify and validate candidate 

genes that are responsible for an increased or decreased response to loading. These genes could 

then be targets for new therapeutic drugs to increase bone formation alone or in conjunction with 

loading.  
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The work in this thesis provides support that genetic diversity highly affects both bone 

phenotype and its ability to remodel in response to mechanically loading. It is the first study to 

investigate the lacunar morphology across genetically different mice and to show these lacunar 

differences are correlated to loading response. This is also the first study to mechanically load 

genetically unique (DO) mice laying the groundwork for genetic studies to discover novel genes 

regulating the magnitude of bone response to mechanical loading. Uncovering novel genes can 

provide new targets for therapeutics to increase bone mass providing a new treatment strategy for 

osteoporosis.  
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