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ABSTRACT 

Opioids have become one of the most misused classes of prescribed medication. 

Synthetic opioids (e.g., fentanyl) have been responsible for most opioid overdose deaths 

since 2017. As this epidemic shows no signs of slowing, it is imperative to study the 

effects of opioids on various aspects of health including bone maintenance. Endogenous 

opioids (e.g., met-enkephalin) are involved in osteogenesis and bone remodeling. 

Exogenous opioids can interfere with bone maintenance directly through binding to 

osteoblasts, limiting bone formation, or indirectly through a cascade of effects limiting 

sex hormone production. To understand how opioids affect bone microarchitectural and 

biomechanical properties we first examine bone microstructure throughout the human 

lifespan to see natural changes occurring without the effects of opioids. Using both 

Synchrotron Radiation micro-Computed Tomography and confocal laser microscopy, we 

found bone and lacunar volume fractions to decrease with advancing age while pore 

diameter increased in the anterior midshaft femur. After finding how bone changes with 

age under normal circumstances, we sought to examine how prolonged opioid 

administration affected trabecular microstructure in a model organism (rabbit). We used 

µCT to examine the proximal tibia by anatomical quadrant (e.g., anterior, posterior). We 

found that morphine animals had greater bone volume fraction and less trabecular 

separation than controls. Fentanyl animals had significantly thicker trabeculae and 
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increased trabecular spacing than controls. Detected differences by anatomical region 

followed the same overall pattern, suggesting biomechanical or anatomical variation 

rather than due to opioids. We finally examined overall bone strength in a non-weight 

bearing bone (rib) of the rabbit using uniaxial compression testing to determine how 

opioids affect overall mechanical competency. We found no difference in mechanical 

variables between opioid and control groups. Only rib span length was significantly 

greater in fentanyl animals compared to controls. Our stress-strain curves appeared 

remarkably similar to that of the standard curve derived from rocks. These results suggest 

that there is a complex response in bone to prolonged opioid administration and further 

work is necessary to elucidate such responses.  
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CHAPTER I 

INTRODUCTION 

The research described here examines the effects of prolonged opioid use on bone 

tissue and biomechanical properties to determine if and how opioids weaken bone. 

Opioid misuse has become an epidemic in the United States, leading to an average of 251 

deaths per day in 2020, more than triple the 2010 rate1. To accomplish these goals, we 

first examined cortical bone in a healthy state (i.e., without bone affecting conditions) 

throughout the human lifespan of both males and females to assess naturally occurring 

changes of bone microstructure. This provides a baseline from which to examine the 

effects of opioids in a model organism that renews bone similarly to that of humans (e.g., 

rabbits). Opioids may affect both overall bone strength and bone tissue microstructure. 

We utilized micro-Computed Tomography (μCT) to examine, three-dimensionally, how 

trabecular bone microstructure differs between rabbit specimens treated with opioids or 

not. We finally examined how compression forces required to fracture a non-weight-

bearing bone change in rabbits exposed to opioids. Through these experiments we hope 

to elucidate the effects of opioids on overall bone health to serve as foundational 

knowledge to 1) improve histological assessment techniques utilized in forensic 

anthropology, and 2) inform future biomedical investigations of the prolonged effects of 

opioid exposure on bone tissue. 
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Basic Bone Biology 

Bone is a mechanosensitive tissue that continuously repairs itself throughout life. 

Bone serves numerous purposes including acting as a reservoir for calcium and 

phosphate, body support, and as sites for muscle attachment2. Bone maintains its strength 

to withstand daily stresses through the related processes of modeling and remodeling3. 

Modeling serves to increase bone cross-sectional area and overall bone shape. Modeling 

can impact bone area and shape in numerous ways including drift and metaphyseal 

reduction. Drift causes bone to move its relative anatomical position to better withstand 

the mechanical forces of the growing individual4. To accomplish this in long bones (e.g., 

femur), bone tissue is deposited to both the medial endosteal and lateral periosteal 

envelopes while simultaneously being resorbed from the lateral endosteal and medial 

periosteal envelopes, resulting in a net drift of the bone laterally4 (Figure 1). The opposite 

can also occur, resulting in a net drift of the bone medially. Metaphyseal reduction is 

resorption of periosteal bone at the metaphysis until it reaches the diameter of the 

diaphysis, increasing diaphyseal length4. Metaphyseal reduction also requires expansion 

of the medullary cavity where endosteal and trabecular bone is resorbed in regions of the 

metaphysis undergoing reduction. Within the metaphysis, lamellar compaction can occur 

in porous spaces between trabeculae, converting cancellous bone into compact bone4. 

Modeling occurs predominately during adolescent growth; however, it is recruited after 

skeletal maturation to a limited degree and during fracture healing3. Alternatively, 

remodeling begins in utero and continues throughout life5. Remodeling serves multiple 

functions including mineral (e.g., calcium, phosphate) homeostasis, mechanical 
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adaptation of bone to changes in loading, and replacement of old or damaged bone tissue 

to ensure the survival of osteocytes, cells encased in bone that sense mechanical loading6–

9. 

There are four primary cell types found within bone tissue that originate from 

hematopoietic and mesenchymal stem cells. Each serves a distinct purpose in overall 

bone health. Osteoclasts are multinucleated cells responsible for the removal of aged or 

damaged bone10. Osteoclasts achieve bone resorption through secreting acid which 

dissolves the mineral portion of bone. To remove the collagen fibers found in bone, 

osteoclasts produce collagenases6. Osteoblasts, conversely, are responsible for bone 

accretion. Mature osteoblasts are fated to one of three destinies: 1) most will reach their 

Figure 1. A schematic drawing of modelling drift. The bone (tan) is resorbed from the 

lateral endosteal and medial periosteal surfaces (red) and new bone is deposited on the 

medial endosteal and lateral periosteal surfaces (green), resulting in a net drift of bone 

laterally. 
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limit depositing bone and undergo apoptosis6,11, while others will either 2) reach an outer 

surface of bone tissue and transition into bone lining cells9,12,13, or 3) are entombed in the 

bone matrix and become osteocytes9,11. Bone lining cells are found covering inactive 

bone surfaces such as the outer surface and internal vascular canals (i.e., Haversian and 

Volkmann canals), preventing unregulated resorption of bone tissue and regulating ion 

transport through the interstitial fluid of bone and blood plasma14–17. Bone lining cells 

further interact with osteocytes to integrate mechanical signals into hormonal signals at 

the bone’s surface and are thought to regulate signaling pathways involved in bone 

remodeling12. 

While osteoclasts and osteoblasts can function independently of each other, to 

influence growth and overall architecture of individual bones (bone modeling), they can 

also work together via remodeling to repair damage or increase local strength of bone 

tissue with increased use through increased mineralization18. This unique coupling of 

osteoclasts and osteoblasts during remodeling forms a Basic Multicellular Unit (BMU, 

Figure 2). Under normal conditions, a BMU will operate to balance bone resorption and 

formation such that there is limited net loss of bone tissue11. A BMU follows the same 

steps, known as the ARF sequence, whenever remodeling occurs3 to create a Basic 

Structural Unit (BSU, secondary osteon). A secondary osteon differs from a primary 

osteon as a cement line is present in the secondary osteon, discussed below. The ARF 

sequence is named for three original steps of bone remodeling described by Harold 

Frost3: Activation, Resorption, Formation. The sequence has since been expanded to six 

phases including Activation, Resorption, Reversal, Formation, Mineralization, and 
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Quiescence19,20. Knowledge of the ARF sequence is still being refined with current work 

suggesting a coupling of reversal and resorption, discussed below20. 

21 

Figure 2. A schematic drawing of a Basic Multicellular Unit (BMU). The cutting cone of 

osteoclasts are resorbing bone, creating a resorptive bay (A) After resorption and reversal, 

osteoblasts deposit new osteoid in concentric lamellar rings (B). Formation is complete at 

C and the new osteon is functioning. The diameter of BMUs varies by species, therefore, 

no scale bar is included. Modified from Andronowski and Cole, 202121. 
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Activation involves the systemic and local cellular signals that trigger bone 

remodeling. This includes recruiting preosteoclasts from hematopoietic stem cells and 

osteoblast precursor cells from mesenchymal stem cells in bone marrow and these cells 

traveling to the site of bone remodeling3,10,11. Resorption follows activation and is 

identified by the initiation of osteoclast resorption of bone. This initial tunneling and 

resorption occurs on the surfaces of bone and is termed the cutting cone in a BMU3,22. 

Recent studies23,24 have described different types of bone resorption cavities known as 

either pits or trenches. According to these studies, 90% of resorption begins as shallow, 

rounded pits resulting from stationary osteoclasts resorbing bone23. These osteoclasts will 

transition to trench resorption, penetrating deeper into bone, in the presence of cathepsin 

K23,24. Merrild and colleagues24 further found osteoclasts from females resorb 

predominately through pit formation whereas males resorbed predominately through 

trench formation.  

Following the resorption phase, other bone cells trail closely behind the cutting 

cone to begin the reversal phase of the ARF sequence6,9,13. Recently, a new model of the 

reversal phase has emerged wherein osteoclasts recruit and comingle with local 

osteoprogenitor cells near the eroded bone surface, initiating the reversal phase20. This 

new model somewhat blurs the line between reversal and resorption phases. The specific 

cells involved in the reversal phase are not currently known, but are believed to be either 

osteoprogenitor or bone-lining cells20. These cells clear remaining bone debris from 

osteoclast resorption as well as smooth off the edges of the resorption canal. This gives 

osteoblasts a clean surface to begin depositing new bone. This is also where the reversal 

line, the thin outer boundary representing the zone of maximum resorption, characteristic 
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of a secondary osteon, is deposited6,13. Following reversal, teams of osteoblasts begin 

depositing new osteoid, unmineralized bone tissue, in concentric rings, called lamellae, 

filling in the resorptive area carved by osteoclasts3,13. The resorptive bay is mostly filled 

in during this formation phase, however, a central portion, termed the Haverisan canal, is 

left open and is occupied by vasculature to supply the active BMU and resulting 

secondary osteon with nutrients11,18. Osteoid deposited in the previous phase solidifies 

around the embedded collagen fibers during the mineralization phase19. Quiescence is the 

final phase of the ARF sequence and is defined by the disappearance of osteoclasts and 

transition of osteoblasts into either osteocytes or bone lining cells along the Haversian 

canal. This phase is when the mechanotransducive functions of bone cells begin in the 

newly formed BSU19. The ARF sequence, as just described, is specific to cortical bone 

remodeling. Trabecular bone remodeling follows the same sequence with some minor 

differences. Most notably, cortical resorption removes a roughly cylindrical packet of 

bone tissue (~200 µm diameter, in humans). Trabeculae are, generally, only 100-150 µm 

in diameter, leading to semi-circular cavities of bone being removed from the trabecular 

surface by osteoclasts and replaced by osteoblasts, resulting in a hemi-osteon25. 

Much of our knowledge of BMUs comes from 2D histomorphometric studies, 

which provides a limited view into BMU morphology and remodeling behavior26. 

Remodeling that repairs damaged bone is referred to as targeted remodeling because the 

BMU is hypothesized to “seek out” damaged tissue8,10. In targeted remodeling, while 

initially following the primary stress axis of the bone, the BMU is steered to damage in 

the bone through osteocyte signaling10. These signals are currently unknown, but are 

believed to be apoptotic signals from osteocytes10 and biochemical messengers including 
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nitric oxide, prostaglandin E2, and sclerostin moved through oscillating interstitial fluid 

flow15,27–30. This, however, may not be the entire picture as certain species of teleost fish 

remodel bone, but osteocytes are not present in their bone tissue31. Once the BMU is 

clear of these biochemical signals, it is theorized to return to its original path along the 

primary stress axis10.  Targeted remodeling, however, is thought to make up a relatively 

small portion (~30%)7 of all the remodeling events bone endures. More commonly, 

remodeling works to replace aging bone that is less mechanically sensitive or to maintain 

calcium-phosphate homeostasis in blood. Remodeling of this sort is termed non-targeted 

remodeling7,10,11. During non-targeted remodeling BMU resorption is aligned with the 

primary stress axis of the particular bone10. For example, in the human femur, this axis is 

the superior-inferior axis. Disruptions in the processes of BMU remodeling are a 

hallmark of many chronic bone conditions such as osteoporosis11. These disruptions can 

be triggered through numerous factors including opioid abuse32.  

 

Remodeling Theories 

There are multiple theoretical models of bone remodeling that have been 

presented in the literature. Notable examples include Roux’s 1885 theory of dynamic 

interaction33, Wolff’s Law34, and more recently, the Mechanostat theory35 and Utah 

Paradigm36. Wolff’s Law contradicts Roux’s theory, stating bone is genetically 

predetermined to manage loading and anything greater than this predetermined amount 

causes bone turnover to increase overall bone strength9,36. Wolff’s Law uses static math 

for bone loading which focuses on peak strain, meaning a certain amount of force applied 

to a bone will produce the same amount of remodeling regardless of how often the bone 
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is subjected to that force9. Wolff’s Law, as it was posed originally, has since been 

discredited37. A new theory, the Mechanostat proposed by Frost18, supplemented Wolff’s 

Law, but posits the peak strain a bone is subjected to is less important than the number of 

loading events within a strain range36. 

The Mechanostat theory introduced the concept of strain ranges and their effects 

on bone modeling. These ranges are based on the average strain each region of bone 

endures36. The physiologic range is where bone is being loaded adequately enough for 

osteocytes to effectively communicate through fluid flow oscillations from loading. 

Anything below the physiologic range indicates that bone is overbuilt for its needs and 

bone resorption will be employed to remove redundant structures. Average bone loading 

above the physiologic range means bone is being overused and is at risk of increased 

damage. In these cases, primary bone is rapidly deposited to increase the cross-sectional 

area of bone, and subsequently remodeled, to become stronger12,36. Even further past the 

overuse range is the pathologic range. Bone in this range suffers from disease or trauma 

triggering repair (targeted) remodeling instead of maintenance (non-targeted) remodeling 

seen in the overuse range12,36. Each of these ranges is defined by a minimum effective 

strain (MES) related to the type of bone renewal (i.e., remodeling, modeling, or repair) 

involved with each strain range. Remodeling (MESr) begins between 50-100 microstrain 

(µε), modeling (MESm) at 1000-1500 µε, and repair (MESp) begins at 3000 µε38. These 

ranges can be altered by various factors including changes in blood concentrations of 

hormones (e.g., estrogen, parathyroid hormone) and pathologic states such as 

osteoporosis18,39. Microscopic fatigue damage to bone (i.e., microdamage) can form from 

routine strain of bone within the physiologic range. Bone strain that occurs above the 
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repair (MESp) threshold may cause microdamage to coalesce into microcracks, leading to 

fractures38.  

The Mechanostat formed the basis for the Utah Paradigm, a collection of modern 

theories seeking to explain the process of bone tissue microstructural dynamics and the 

many complex pathways that control it. The Utah Paradigm began as a number of 

multidisciplinary hard tissue workshops at The University of Utah in 1995, combining 

multiple streams of evidence and bridging numerous subfields (e.g., medicine, orthopedic 

surgery, skeletal biology) which led to the development of the modern theory of skeletal 

physiology9,36,40. The Utah Paradigm states that mechanical forces are the driving force of 

bone remodeling (the Mechanostat theory), but can be affected by non-mechanical 

influences including hormones, genetics, sex, and age9,40. 

A primary flaw of the Mechanostat theory is that it is based on loading strain. It 

does not account for remodeling in non-weight bearing bones, for example, such as those 

of the cranium. The Principle of Cellular Accommodation theory is applied as an 

addendum to the Mechanostat theory attempting to address how bones which are not 

routinely loaded are still able to remodel39. The Principle of Cellular Accommodation 

theory suggests a strain range making up the loading curve seen in the Mechanostat can 

be adjusted based on region of the body. For example, the limb bones undergo more 

loading than the frontal bone as the limbs bear much of the body’s weight in quadrupedal 

animals. In bipedal animals, the upper limbs do not normally bear body weight. Because 

of these varying strain ranges for weight-bearing and non-weight-bearing bones, 

underuse in the femur may be considered in the normal physiological range for a cranial 

bone. These ranges can be adjusted for individual bones and for disease states such as 
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osteoporosis39. A further theory by Martin41, the Osteocyte Inhibitor Theory, suggests the 

cyclic fluid flow over osteocytes produced by loading, elicits a signal from the osteocytes 

to confirm normal functionality of the bone tissue. When microdamage is introduced, this 

signal is lost and BMUs are activated. Conversely, if bone is insufficiently loaded, this 

reduced cyclic fluid flow is not enough to meet the metabolic needs of the osteocytes, 

causing apoptosis and BMU activation. In both these situations, osteocytes prevent BMU 

activation under normal conditions through cell signaling. It is only once the lacuno-

canalicular network is interrupted that bone remodeling is triggered. There is, however, 

limited evidence of Osteocyte Inhibitor Theory and this theory remains debated9.   

Bone Cell Signaling Axes 

 Bone turnover is regulated through a complex system of signaling pathways of 

both local and systemic factors to regulate osteoclast and osteoblast function6,13,15. These 

pathways are serve important clinical roles in metabolic bone diseases (e.g., 

osteoporosis)42. The Wnt signaling pathway causes mesenchymal stem cells found in the 

bone marrow to commit to becoming osteoblasts through the actions of β-catenin6,13. 

Sclerostin is produced by osteocytes and works as an antagonist to the Wnt pathway by 

preventing Wnt from binding to the Lrp5 receptor13, thereby preventing the maturation of 

osteoblasts. Regular mechanical loading of bones prevents buildup of sclerostin in 

interstitial fluid near osteoblasts due to cyclic fluid flow, promoting bone formation13. 

Osteoclasts mature through RANK-L/osteoprotegerin (OPG) signaling15.  RANK-L is a 

ligand produced by osteoblasts which binds to RANK receptors found on the osteoclast 

surface, allowing immature osteoclasts to mature and triggering bone resorption13,15 

(Figure 3).  Osteoblasts further produce OPG, a decoy receptor for RANK-L that 
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competes with RANK for RANK-L. The binding of RANK-L to OPG limits the available 

RANK-L for RANK to bind with, inducing osteoclast apoptosis, thereby limiting bone 

resorption and the relative amounts of OPG and RANK-L produced functions to finely 

tune bone resorption in response to mechanical loading13,15. 

 

Figure 3. RANK/OPG signaling axis. Mesenchymal stem cells release RANK-L and 

mature into osteoblasts which secrete osteoprotegerin (OPG). RANK-L can bind to RANK 

on the surface of immature osteoclasts to trigger maturation into a functional osteoclast. 

Alternatively, RANK-L can bind to OPG to prevent maturation. In these cases, the 

immature osteoclast undergoes apoptosis. Created with BioRender.com 

 The previous discussion of biochemical components involved in bone modeling 

and remodeling focused on local factors influencing bone cells. Systemic hormones also 

play a critical role in bone maintenance. Estrogen serves numerous functions by directly 

binding to bone cells at the estrogen receptor-alpha (ERα) on the surface of these cells. 
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Through estrogen binding, osteoblasts and osteocytes are more responsive to mechanical 

loading and osteoclasts are inhibited from bone resorption due to limited RANK 

production in osteoblasts32. Estrogen further limits cytokine release by T cells which are 

required for osteoclast differentiation32,43. A decrease in estrogen concentrations leads to 

increased bone remodeling, with a preference for bone resorption due to higher rates of 

osteoblast apoptosis and RANK-L production6. The decline of serum estrogen during 

menopause in females can lead to osteoporosis6. 

 Parathyroid hormone (PTH) further helps control the metabolic functions of bone, 

having both anabolic and catabolic functions, depending on its concentration and duration 

of exposure (e.g., intermittent or constant). Under normal circumstances, PTH inhibits 

sclerostin secretion and osteoclast differentiation, limiting bone resorption44,45. When 

there is increased PTH concentration, however, more RANK-L and less OPG is 

produced, leading to increased bone resorption44. PTH is further required for bone to 

sense mechanical loading as is growth hormone, however the specific pathways have not 

yet been discerned9,39. Calcitonin, alternatively, binds to receptors on the osteoclast cell 

surface, where it prevents the cytoskeletal reorganization of the osteoclasts which creates 

the ruffled margin of the osteoclast where bone resorption occurs and prevents the 

secretion of tartrate-resistant acid phosphatase by osteoclasts, the substance that actively 

dissolves the mineral portion of bone during resorption6,45. Calcitonin further promotes 

the absorption of serum calcium into bone45. 

 As stated previously, various pharmacologic agents can disrupt bone remodeling 

by affecting the various signaling pathways described above. Opioids are one such agent. 

Opioids are any exogenous drug which binds to opioid receptors to induce analgesia 
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along the periventricular areas of the midbrain, pons, and dorsal horns of the spinal 

cord46,47, and can be blocked by an opioid antagonist such as naloxone (brand name: 

Narcan)46. The experiments herein aim to elucidate the effects of opioids on overall bone 

health. A brief description of the current opioid epidemic is therefore warranted. 

 

United States' Opioid Epidemic 

The addictive nature of opioids makes them one of the most misused medication 

classes48. Opioids are further linked to high rates of overdose deaths in the United States 

with fully synthetic opioids (e.g., fentanyl) comprising the majority of these deaths1. 

While the rates of total opioid overdose deaths have been rising since 1999, semi-

synthetic (e.g., hydrocodone; Brand name: Vicodin) and naturally-derived (e.g., 

morphine) opioid overdose rates have been dropping since 2017 while synthetic opioids 

are increasing rapidly1 (Figure 4). As this epidemic shows no signs of slowing, it is 

imperative we learn about the various effects of opioids on the body and overall health, 

including bone health. By learning more about the effects of opioids on bone health, we 

can work to address common comorbidities of opioid use. 
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Effects of Opioid Exposure on Bone 

 Endogenous opioids, such as proenkephalin, enkephalin, and met-enkephalin, all 

play roles in bone modeling and remodeling. Many of these opioids tend to be relegated 

to the perinatal period. Both proenkephalin and enkephalin play roles in bone 

development, growth, and remodeling but, after birth, proenkephalin becomes 

undetectable in the body32. Met-enkephalin, also known as Opioid Growth Factor (OGF), 

binds to Opioid Growth Factor Receptor (OGFR, alternatively known as zeta (ζ) opioid 

Figure 4. Drug overdose deaths in the United States from 1999-2020. Note the sharp rise 

in death rates due to synthetic opioids (including fentanyl) beginning in 2014. Legend 

indicates drug class and the International Classification of Diseases – 10th Revision (ICD-

10) code(s) in parentheses. This figure was created using publicly available data from 

Centers of Disease Control and Prevention WONDER database38. 
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receptor).  The OGFR is a non-canonical opioid receptor and shares no structural 

homology with the other three opioid receptors (MOP, DOP, KOP)49. Interactions 

between OGF and OGFR regulate osteogenesis and prevent bone growth by limiting p21 

activation during osteoblast differentiation from mesenchymal stem cells49,50. Opioid 

antagonists such as naltrexone or naloxone (brand name: Narcan) are more effective at 

binding to OGFR than other opioid receptors49. Previous studies showed dosing with 

naltrexone increased bone formation in mice osteoblasts50 and human bone marrow49. 

Beyond analgesia, opioids can cause various endocrine problems. Opioids bind to 

receptors along the hypothalamus-pituitary-adrenal/gonadal (HPA/HPG) axes and limit 

the production of androgen hormones, a condition known as Opioid-Induced Androgen 

Deficiency (OPIAD), and other related hormones32,51–53. The prevalence of endocrine 

effects with prolonged opioid use is as high as 90% in patients using opioids for chronic 

pain management52. Estrogen concentration can be decreased resulting from 

hypogonadism from the HPG effects of prolonged opioid use46. This can lead to opioid-

induced osteoporosis32,53,54. As mentioned above, estrogen is critical to bone maintenance 

through its effects on increasing mechanosensitivity of osteoblasts and osteocytes and 

limiting the differentiation of osteoclasts. A decrease of serum estrogen caused by opioid 

use may mimic type I osteoporosis (post-menopausal osteoporosis)6. Prolonged opioid 

use further decreases bone mineral density55. The strain windows described by the 

Mechanostat theory naturally vary throughout the body and even within skeletal elements 

based on the amount of routine loading encountered by that bone. As bone cells are 

sensitive to estrogen, any deficiency may cause the body to deem what would otherwise 

be physiologic bone strain as underuse resulting in bone resorption12,32,43 as evidenced by 
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lower bone mineral density in opioid users32,55,56. This may further cause inadequate 

maintenance of bone tissue for the loads it regularly encounters, thereby increasing 

fracture risk57. 

 

Organization of Dissertation 

The goal of this dissertation is to elucidate the effects of opioids on overall bone 

health to improve histological assessment techniques utilized in forensic anthropology 

and inform future biomedical investigations of the prolonged effects of opioid exposure 

on bone tissue. As stated above, opioids can cause osteoporosis mimicking age-related 

osteoporosis. Therefore, examining the similarities between age-related and opioid-

induced bone changes could prove beneficial. To these ends, we examined the effects of 

aging and opioid use on bone microarchitectural and biomechanical properties. Chapter II 

examined how the porous network in cortical bone changes throughout the human 

lifespan and differs between the sexes utilizing Synchrotron Radiation-based micro-

Computed Tomography (SRµCT) and Confocal Laser Scanning Microscopy (CLSM) 

collected over the span of three years (2018-2020) at Canadian Light Source (CLS; 

Saskatoon, SK, Canada), Northeast Ohio Medical University (NEOMED; Rootstown, 

OH, USA), and The University of Akron (Akron, OH, USA). Chapter III examined how 

trabecular bone in the proximal tibial epiphysis changes with opioid use through 

histomorphometry. This study is part of a larger study examining both cortical and 

trabecular bone changes in rabbit hindlimb bones following treatment with opioid 

analgesics for eight weeks. Chapter IV examined ribs from the same rabbits used in 

Chapter III using material testing equipment to determine if bones of animals dosed with 
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opioids fracture more readily or require less force than control animals. This chapter 

comprises the integrated component of this dissertation, a requirement of the Integrated 

Bioscience doctoral program at The University of Akron, discussed further in Chapter IV. 

Each of the following chapters were completed in collaboration with other 

researchers and facilities. Chapter II was completed in collaboration with Drs. Janna M. 

Andronowski, Mary E. Cole, Christine Dengler-Crish, Matthew Smith, David M.L. 

Cooper, as well as graduate and undergraduate students in the Andronowski Lab 

including Randi Depp, Gina Tubo, and Joshua Taylor. It has been submitted as a peer-

reviewed article to The Anatomical Record. Chapter III was completed in collaboration 

with Drs. Janna M. Andronowski and Mary E. Cole. This chapter will be submitted as 

part of a larger project examining the effects of opioids on cortical and trabecular bone 

envelopes of weight-bearing bones. It is currently in preparation as a peer-reviewed 

article for the journal Micron. Chapter IV was completed in collaboration with Drs. Janna 

M. Andronowski and Henry Astley, Hope Zimmerman, and instrumentation scientist for 

Akron Polymer Training Services (APTS), Nancy Concepcion. This chapter is being 

prepared for submission to the journal Experimental Results. 
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CHAPTER II 

FEMORAL OSTEOCYTE LACUNO-CANALICULAR NETWORK AND 

VASCULAR PORE CHANGES ACROSS THE HUMAN LIFESPAN EXAMINED 

VIA SRµCT AND CLSM 

Introduction 

 Bone remodeling, described in Chapter I, is a coordinated process by which 

organized teams of bone cells remove old or damaged tissue throughout life to replace it 

with new packets of bone (basic structural unit, BSU)25. During remodeling, osteoblasts 

that become embedded within the new bone tissue transition into osteocytes housed in 

small pores known as lacunae. Osteocytes comprise approximately 95% of all bone cells 

and work as mechanotransducive cells to monitor bone health58. Osteocytes communicate 

with each other via cellular processes anchored in narrow channels, canaliculi, 

connecting their lacunae15,59. Bone remodeling maintains structural integrity and cell 

signaling through the osteocyte lacuno-canalicular network (LCN)3,13. 

Osteocytes maintain the homeostasis of bone remodeling through multiple means 

including mechanical strain and biochemical signaling. Cyclic fluid flow from areas of 

high to low strain causes shear stress and deformation of the canalicular anchor proteins 

of the osteocyte, causing mechanically-gated calcium channels to open, allowing for 

extracellular calcium uptake13,15. The osteocyte further releases nitric oxide which 

impedes osteoclast recruitment, preventing bone resorption60. A lack of mechanical strain 
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from bone loading causes an accumulation of sclerostin, a Wnt inhibitor, limiting 

osteoblast maturation15,61. Disruption of these homeostatic mechanisms is a common 

factor in age-related and pathologic bone loss and can be caused by sex steroid decline, 

and reduced bone loading resulting from decreased physical activity62,63. 

Declines in bone quality and quantity can result from changes in cortical porosity 

and the LCN resulting from dysregulated bone remodeling homeostasis. Studies focusing 

on various microstructural parameters of individual skeletal elements comprised 

predominantly of either cortical or cancellous bone have indicated decreases in lacunar 

density in humans with advancing age64–70 and fewer canaliculi associated with 

individual lacunae71. Many of these studies examined bone using 2D imaging techniques. 

With recent advancements in imaging, 3D assessment of a larger region of interest is 

possible which provides are more complete picture of changes in the tissue. 

Standard laboratory micro-Computed Tomography (µCT) can provide resolutions 

capable of imaging large cortical pores such as Haversian canals and resorptive areas in 

3D, but, until recently, common laboratory models lacked adequate resolution for the 

much smaller lacunar spaces72. Synchrotron radiation-based µCT (SRµCT) is the 

preferred imaging method for non-destructive examination of lacunae26,72,73, but some 

systems similarly lack the resolution required for imaging canaliculi. To capture a 

complete picture of bone microstructure, we propose coupling SRµCT imaging with 

supplemental confocal laser scanning microscopy (CLSM) to visualize age-associated 

changes in the LCN of the human femoral diaphysis. CLSM has proven an effective 

method for lacuno-canalicular imaging74. Previous studies have used these imaging 

modalities to examine bone, but either did not account for sex differences67, age 
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differences75, or 2D imaging was utilized64 which may underestimate lacunar 

morphometry owing to the nature of taking a single cross-section. 

Our objective is thus to examine the anterior femoral diaphysis utilizing two 3D 

imaging techniques (SRµCT and CLSM) to determine how both vascular pores and the 

LCN differ between sexes and across the lifespan. The anterior femur was selected for 

this study as it is a common site of analysis for forensic age-at-death estimation21. We 

specifically hypothesize pore size, connectivity, and percent porosity will increase with 

advancing age. We further hypothesize that percent lacunar volume, network 

connectivity, lacunar diameter, and canalicular diameter will decrease with advancing 

age. We anticipate that this change will be exacerbated in females owing to the 

menopausal shift in serum estrogen concentration59, a critical hormone involved in bone 

maintenance6. 

 

Materials & Methods 

 Embalmed left femoral diaphysis sections were procured from modern cadaveric 

donors from Northeast Ohio medical school dissecting rooms. Unembalmed forensic 

samples were collected from U.S. medical examiners’ offices. Informed consent for each 

donor was gathered from the donor themselves or their next-of-kin. Our sample included 

14 males and 11 females (n = 25) aged 19 to 101 years at death (mean = 55.32). Cause of 

death, age, and sex were available for each individual and no donor had any known bone-

affecting conditions nor treatments. The University of Akron Institutional Review Board 

for the Protection of Human Subjects (IRB) deemed these specimens exempt from full 

review as they were gathered from deceased individuals. 
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Specimens were soaked in a protease solution heated to 45°C for three hours and 

macerated following standard protocol76. Remaining soft tissue was removed with dental 

tools and the medullary cavity was cleared of marrow using a handheld water flosser 

(e.g., WaterPik). Macerated specimens were soaked in 70% ethanol at 4°C for 24 hours to 

remove lipids. Specimens were then air-dried at ambient temperature for 24 hours. 

 

SRµCT Preparation and Imaging 

 We prepared bone cores for SRµCT imaging using a geological technique adapted 

for bone77. A 5 mm transverse section was cut using a Buehler IsoMet 1000 precision 

saw (Buehler, Lake Bluff, IL) fitted with a diamond-tipped blade. Transverse sections 

were mounted to an aluminum tin with thermal epoxy and mounted to a mill-drill press. 

A 2 mm inner diameter hollow coring bit was used to procure samples from the anterior 

aspect of the femoral section while avoiding endosteal, periosteal, or trabecularized 

regions of the cortical bone. Core samples were stored in microcentrifuge tubes at 

ambient temperature until imaging on the BioMedical Imaging and Therapy-Bend 

Magnet (BMIT-BM) beamline at the Canadian Light Source (CLS) national synchrotron 

facility78. 

Experiments on the BMIT-BM utilized a white beam microscope with a 5x 

objective lens with scan parameters shown in Table 1. At the time of our experiments, 

prior to the implementation of continuous electron injections, the X-ray storage ring 

peaked at 250 mA after electron injection. The current decayed over a 12-hour period 

until the next injection of electrons. X-ray exposure was previously manually adjusted 

during experiments to account for the variable current and maintain 20% saturation of the 
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detector. Core samples were mounted to a brass peg with cyanoacrylate and centered on a 

goniometer to ensure the samples remained centered in the field of view (FOV) and did 

not shift during imaging. 

 

Table 1. SRµCT system experimental settings on BMIT-BM. 

 

 

 

 

 

SRµCT Image Processing 

Datasets, comprised of 2500 projections spanning 3.084 mm in height, were 

reconstructed with Ufo-kit79, a Linux-based proprietary software utilized at CLS. A 1.2 

mm region of interest (ROI) was isolated from the center of the FOV using FIJI80 with 

care to avoid the edges of the sample as well as any deep ring artifacts (dark grooves in 

Figure 5A). As for the specific location of the ROI in the dataset, the center of the FOV 

was selected as it is the focal point of the X- ray beam and, therefore, has the clearest 

data, limiting potential artifacts. Datasets were binarized and lacunae were isolated from 

Haversian and resorptive pore spaces with a FIJI80 macro developed by Dr. Mary E. Cole, 

described in Appendix A. Briefly, reconstructed images had a threshold applied to them 

and were despeckled to remove noise. Large vascular pores were filled in to remove 

noise from soft tissue remnants and isolated from lacunae (Figure 5C, D). Morphometric 

variables were collected using CTAnalyser v. 1.18.4.0 (Bruker microCT, Kontich, 

Belgium). Vascular pore variables included % Pore Volume, Pore Surface : Volume 

Pixel size 1.44 µm 

Sample-detector distance 5 cm 

Total specimen rotation 180° 

Flat and darkfield projections 20 of each 

Exposure time 30-35 ms (depending on current) 

Filters used 2 mm Aluminum 

Total number of projections 2500 
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ratio, Pore Diameter, and Pore Separation. Lacunar variables included % Lacunar 

Volume, Lacunar Surface : Volume ratio, Lacunar Diameter, Lacunar Separation, and 

Lacunar Density. A description of these variables can be seen in Table 2. 

Figure 5. Key output images from the femur of a 71-year-old female using the custom FIJI 

macro described in Appendix A. An ROI (yellow ring) was selected (A), pores and lacunar 

spaces were selected within the ROI (B) and segmented by applying a threshold to isolate 

pores (C) from lacunae (D). 
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CLSM Preparation and Imaging 

 A 1 mm transverse cross-section was cut from each femoral diaphysis block 

adjacent to the section collected for SRµCT imaging. The thin sections were ground to 

~75 mm thickness and polished using an EcoMet 30 grinder/polisher (Buehler). 

MasterPrep polishing fluid was used in combination with a polishing disk to remove 

striations introduced from griding which would limit visibility of histologic structures 

during imaging. Samples were subsequently rinsed in an ultrasonicator filled with 

distilled water and dried between two microscope slides, to prevent warping, at ambient 

temperature before staining. 

 In an aluminum tin, we submerged dried specimens in 1% fluorescein 

isothiocyanate (FITC) solution (Sigma-Aldrich, St. Louis, MO) similar to previous 

studies74. The tin was sealed and placed on a rotator set to low speed for four hours to 

allow for dye penetration. These procedures were performed in a dark room to prevent 

quenching of the fluorescent dye. After four hours, excess stain was removed by rinsing 

the specimen in three 20-minute washes of 100% ethanol. Specimens were then air-dried 

at ambient temperature between two microscope slides and mounted on glass slides with 

ProLong Glass medium (Fisher Scientific, Hampton, NH). Prepared slides were 

transferred to a light-blocking container and maintained at -20°C until imaging. 

 We imaged the anterior region of each prepared slide with a 63x objective lens 

applied with immersion oil (Immersol 518F, Zeiss, Jena, Germany) on an inverted Leica 

TCS SPE confocal laser scanning microscope equipped with a motorized Z-Galvo stage 

(Leica Microsystems, Wetzlar, Germany). We used a 488 nm laser set to 32.5% intensity 

and a spectral window of 485-585 nm. The pinhole was 1 AU and zoom was set to 1.5x. 
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Three adjacent image stacks of the intracortical region, each measuring 116.4 x 116.4 x 

29.99 µm, were acquired in 0.3 µm depth increments at a scanning speed of 400 Hz. This 

totaled 101 individual images per stack each at a resolution of 1024 sq. pixels. A number 

of specimens included in this study were procured from forensic cases and exhibited 

diagenetic alterations. As a result, certain regions became oversaturated with FITC at the 

periosteal and endosteal margins which prevented us from discerning microarchitectural 

features in these regions. We, therefore, excluded the endosteal and periosteal bone 

envelopes from analysis. 

 

CLSM Image Processing 

 Each dataset was loaded in Leica Application Suite X (LAS X, Leica 

Microsystems) where gain and smart-offset were optimized to minimize noise. Each 

dataset had a total volume of 4.06 x 105 µm3. The three individual datasets for each 

specimen were stitched using the Pairwise Stitching function of FIJI80 and cropped to 

removed excess stain from the image perimeter. Stitched images were loaded in 

Dragonfly v4.1 (Object Research Systems, Montréal, Canada) and resampled at 0.3 

µm/pixel in each plane to produce cubic voxels from the original rectangular voxels. The 

LCN was auto-segmented in each 2D image, following resampling, using a custom macro 

in FIJI80. This macro is detailed in Appendix B. Datasets were imported to Dragonfly for 

analysis following processing. 

 Large vascular pores (i.e., resorptive areas, Haversian canals) and microcracks 

were manually removed from the 3D renders in Dragonfly. Using a 3D erosion function, 

canalicular connections to lacunae were severed to isolate lacunae. A multi-ROI function 
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isolated each lacuna into its own ROI. To undo the erosion function and return the 

lacunae to their original morphologies, distance mapping and dilation functions were 

performed on the lacunar multi-ROI. Using a Boolean operation, the lacunar multi-ROI 

was subtracted from the original dataset to create a canalicular ROI (Figure 6). 

Morphometric variables were collected using CTAnalyser similarly to the SRµCT 

variables mentioned above. These variables included: % Lacunar Volume, Lacunar 

Surface : Volume ratio, Lacunar Diameter, Lacunar Separation, Lacunar Density, % 

Canalicular Volume, Canalicular Surface : Volume ratio, Canalicular Diameter, 

Canalicular Separation, Canalicular Connectivity Density, and Canalicular Density. 

Descriptions of these variables can be found in Table 2. The CLSM image processing 

workflow and the following statistical analyses were performed by Joshua Taylor as part 

of the Tiered Mentoring Program at The University of Akron. 

 To calculate lacunar porosity, we divided Lacunar Volume from Tissue Volume. 

CTAnalyser calculates Lacunar Separation by placing numerous spheres between lacunae 

and reporting the average diameter of the spheres (sphere-fitting model). These 

calculations were completed using an ROI mask that had vascular pores removed as 

lacunae cannot exist in these pores. To calculate object density, we divided the number of 

objects in question (pores, lacunae, or canaliculi) from Tissue Volume with the other two 

associated object groups removed. As bone tissue is replaced throughout life, the age of 

bone tissue will vary from the age of the individual donor. For this reason, “chronological 

age” is used throughout to refer to the age of the donor. 
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Table 2. Description of morphometric variables. 

Variable Name Abbr. Description 

% Pore Volume % Po.V Pore Volume / Tissue Volume 

Pore Surface : Volume Po.S/Po.V Pore Surface / Pore Volume 

Pore Diameter Po.Dm Diameter of largest sphere fit within a 

canal 

Pore Separation Po.Sp Diameter of largest sphere fit between 

canals 

% Lacunar Volume % Lc.V Lacunar Volume / Tissue Volume 

Lacunar Surface : Volume Lc.S/Lc.V Lacunar Surface / Lacunar Volume 

Lacunar Diameter Lc.Dm Diameter of largest sphere fit within 

lacunae 

Lacunar Separation Lc.Sp Diameter of largest sphere fit between 

lacunae 

Lacunar Density Lc.Dn. Number of lacunae per unit volume 

% Canalicular Volume % Cn.V Canalicular Volume / Tissue Volume 

Canalicular Surface : Volume Cn.S/Cn.

V 

Canalicular Surface / Canalicular Volume 

Canalicular Diameter Cn.Dm Diameter of largest sphere fit within a 

canaliculus 

Canalicular Separation Cn.Sp Diameter of largest sphere fit between 

canaliculi 

Canalicular Connectivity 

Density 

Cn.CoDn Number of connections between canaliculi 

per unit volume 

Canalicular Density Cn.Dn Number of canaliculi per unit volume 
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Figure 6. Key output images from the isolation of lacunae and canaliculi in 

the intracortical envelope of the anterior femur of a 68-year-old male via 

CLSM in Dragonfly. The initial 3D render (A) is eroded to sever 

connections between lacunae and canaliculi and a size-based multi-ROI is 

applied to isolate lacunae (B) and canaliculi (C). The combined multi-ROIs 

can be viewed in panel D. 
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Statistical Analysis 

 All data were analyzed using SPSS v26.0 (IBM, Armonk, NY). Linear regression 

was used to test relationships between morphometric variables and predictor variables 

(i.e., age, sex) and the interaction of age and sex quantitatively81–83. Prior to analysis, 

variables were inspected for multi-collinearity. Residuals from these analyses were 

examined for normality and variance assumptions as recommended by various 

biostatistical texts81,84–87. Any variable that violated assumptions were log10-transformed 

and re-analyzed. If log10 transformation of dependent variables did not correct 

assumption violations, we performed a bootstrapped88,89 regression analysis created from 

1000 replicates. A summary of variables that required transformation or bootstrapped 

analysis can be found in Tables 3-4 (SRµCT) and 6-7 (CLSM). Since the age variable 

encompassed a broad span of 19-101 years and was not normally distributed due to small 

sample size, we created a categorical variable for age for use in alternative analyses. Age 

data were categorized into three evenly distributed groups based on broad life stages 

including: Young (19 – 44 years; mean age = 28.25 years; n = 8; F = 3, M = 5), Middle-

Age (45 – 65 years; mean age = 56.38 years; n = 8; F = 3, M = 5), and Older (66+ years; 

mean age = 78.44 years; n = 9; F = 5, M = 4). Previous studies have used similar age 

categories for coding continuous age variables that have uneven distributions and wide 

variability64,67,71,90–93. Three groups were chosen instead of two due to an uneven 

distribution of female donors towards the Older category, potentially artificially 

increasing age-related change while potentially limiting observed sex-related differences. 

More groups were not included as they would have fewer than three individuals of each 

sex, preventing statistical analysis. Age group and sex variables served as independent 
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variables in factorial analyses of variance (ANOVAs) with each relevant morphometric 

measure serving as a dependent variable. Step-down Bonferroni corrections (Appendix 

C) were performed to account for multiple comparisons and Tukey HSD post-hoc tests 

were used to identify specific age group differences to determine during which general 

stage of life changes in bone porosity occurs. 

 

Results 

SRµCT 

 Regressions for vascular canal variables revealed that neither sex nor the 

interaction between sex and age was a significant predictor for any variable. 

Chronological age, however, was a significant predictor for Pore Surface : Volume. See 

Table 3 and Figure 7 for regression statistics including percent of variance explained for 

each variable. Significant differences between age groups was detected via factorial 

ANOVA for Pore Surface : Volume (F[2,22] = 14.826, p < 0.001) and Pore Diameter 

(F[2,22] = 14.564, p < 0.001). For both variables where age group was significant, effect 

size was classified as “large” with omega squared values of 0.513 and 0.495, 

respectively. Observed power exceeded 98% for both variables (Table 4). Tukey HSD 

post-hoc analyses between young, middle-age, and older age groups indicated young 

individuals displayed significantly greater Pore Surface : Volume (p < 0.001)  and 

significantly decreased Pore Diameter (p < 0.001) than older individuals (Figure 8, Table 

5). 

Regressions further revealed neither sex nor the interaction between sex and age 

were significant predictors for any lacunar morphometric variable (Table 4, Figure 9). 
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Chronological age was a significant predictor for % Lacunar Volume. Factorial ANOVAs 

indicated no significant difference between age groups for any lacunar variable (Table 4, 

Figure 10). Representative 3D renders of vascular pore and lacunar differences between 

age groups can be seen in Figure 11. 
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Table 3. Regression results for SRµCT variables compared by chronological age and 

sex81–83. Bonferroni-corrected α = 0.001. 

Morphometric 

Variable 

(Data Transformation) 

 

Fixed 

Factor 

F p-

value 

ω2 Effect 

Size* 

Observed 

Power 

% Pore Volume 

(Log10) 

Overall 6.080 0.004 0.379 - 91.90% 

Sex 0.554 0.465 -0.011 - 11.00% 

Age 16.376 0.001 0.382 - 97.10% 

Age*Sex 0.500 0.487 -0.012 - 10.60% 

Pore Surface : 

Volume 

(No Transformation) 

Overall 7.897 0.001 0.453 Large 97.20% 

Sex 0.284 0.600 -0.016 - 8.00% 

Age 22.659 <0.001 0.474 Large 99.50% 

Age*Sex 0.520 0.479 -0.010 - 10.60% 

Pore Diameter 

(Bootstrap) 

Overall 3.110 0.048 0.202 - 63.90% 

Sex 0.885 0.358 -0.004 - 14.60% 

Age 8.846 0.007 0.250 - 80.90% 

Age*Sex 1.169 0.292 0.005 - 17.80% 

Pore Separation 

(Log10) 

Overall 2.038 0.139 0.111 - 44.80% 

Sex 0.018 0.895 -0.035 - 5.20% 

Age 3.080 0.094 0.074 - 38.80% 

Age*Sex 0.075 0.778 -0.033 - 5.80% 

Pore Connectivity 

Density 

(Bootstrap) 

Overall 1.406 0.269 0.046 - 31.80% 

Sex 1.234 0.279 0.009 - 18.50% 

Age 2.347 0.140 0.051 - 31.00% 

Age*Sex 0.485 0.494 -0.020 - 10.20% 

Pore Density 

(Log10) 

Overall 5.210 0.008 0.336 - 86.90% 

Sex 1.478 0.238 0.013 - 21.30% 

Age 12.758 0.002 0.312 - 92.60% 

Age*Sex 0.418 0.525 -0.015 - 9.50% 

% Lacunar Volume 

(No Transformation) 

Overall 10.270 <0.001 0.527 Large 99.40% 

Sex 0.000 0.986 -0.019 - 5.00% 

Age 27.431 <0.001 0.500 Large 99.90% 

Age*Sex 0.004 0.949 -0.019 - 5.00% 

Lacunar Surface : 

Volume 

(No Transformation) 

Overall 3.693 0.028 0.244 - 72.20% 

Sex 0.293 0.594 -0.021 - 8.10% 

Age 9.493 0.006 0.257 - 83.60% 

Age*Sex 0.190 0.668 -0.024 - 7.00% 

Lacunar Diameter 

(No Transformation) 

Overall 4.577 0.013 0.300 - 81.80% 

Sex 0.221 0.643 -0.022 - 7.30% 

Age 11.025 0.003 0.281 - 88.60% 

Age*Sex 0.069 0.796 -0.026 - 5.70% 
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Table 3 (Continued) 

Lacunar Separation 

(No Transformation) 

Overall 6.730 0.002 0.407 - 94.40% 

Sex 0.596 0.449 -0.010 - 11.40% 

Age 16.704 0.001 0.372 - 97.30% 

Age*Sex 0.439 0.515 -0.013 - 9.70% 

Lacunar Density 

(Log10) 

Overall 0.509 0.680 -0.063 - 13.60% 

Sex 1.098 0.307 0.005 - 17.00% 

Age 0.238 0.631 -0.038 - 7.50% 

Age*Sex 0.921 0.348 -0.003 - 15.00% 

*Effect size is determined from Cohen’s94  f  modified for ω2 as Small Effect > 0.0099, 

Medium Effect > 0.0599, and Large Effect > 0.1499. 

 

Table 4. Factorial ANOVA results for SRµCT variables compared by age group and sex. 

Bonferroni-corrected α = 0.001. 

Morphometric 

Variable 

(Data 

Transformation) 

Fixed 

Factor 

F p-

value 

ω2 Effect 

Size* 

Observed 

Power 

% Pore Volume 

(Log10) 

Overall 4.385 0.008 0.404 - 90.00% 

Sex 0.623 0.440 -0.009 - 11.70% 

Age Group 9.126 0.002 0.388 - 95.00% 

AgeGrp*Sex 1.478 0.253 0.023 - 27.60% 

Pore Surface : 

Volume 

(No Transformation) 

Overall 6.772 <0.001 0.536 Large 98.60% 

Sex 0.105 0.750 -0.017 - 6.10% 

Age Group 14.826 <0.001 0.513 Large 99.70% 

AgeGrp*Sex 3.038 0.072 0.076 - 51.90% 

Pore Diameter 

(Log10) 

Overall 6.960 <0.001 0.544 Large 98.80% 

Sex 0.090 0.767 -0.017 - 5.90% 

Age Group 14.564 <0.001 0.495 Large 99.60% 

AgeGrp*Sex 3.629 0.046 0.096 - 59.80% 

Pore Separation 

(No Transformation) 

Overall 1.037 0.425 0.007 - 28.80% 

Sex 0.918 0.350 -0.003 - 14.90% 

Age Group 1.666 0.215 0.053 - 30.70% 

AgeGrp*Sex 0.066 0.937 -0.074 - 5.90% 

Pore Connectivity 

Density 

(Bootstrap) 

Overall 0.896 0.504 -0.021 - 25.10% 

Sex 0.902 0.354 -0.004 - 14.70% 

Age Group 1.609 0.226 0.050 - 29.70% 

AgeGrp*Sex 0.668 0.524 -0.027 - 14.60% 

Pore Density 

(No Transformation) 

Overall 3.050 0.035 0.291 - 74.80% 

Sex 1.644 0.215 0.018 - 23.00% 

Age Group 6.517 0.007 0.313 - 85.50% 

AgeGrp*Sex 1.436 0.263 0.025 - 23.00% 
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Table 4 (Continued) 

% Lacunar Volume 

(No Transformation) 

Overall 3.878 0.014 0.365 - 85.60% 

Sex 0.325 0.575 -0.017 - 8.40% 

Age Group 8.955 0.002 0.404 - 94.70% 

AgeGrp*Sex 0.381 0.688 -0.031 - 10.20% 

Lacunar Surface : 

Volume 

(No Transformation) 

Overall 1.744 0.173 0.129 - 47.50% 

Sex 0.703 0.412 -0.010 - 12.50% 

Age Group 3.621 0.047 0.183 - 59.70% 

AgeGrp*Sex 0.420 0.663 -0.040 - 10.80% 

Lacunar Diameter 

(No Transformation) 

Overall 2.490 0.068 0.230 - 64.70% 

Sex 1.239 0.280 0.007 - 18.50% 

Age Group 5.081 0.017 0.252 - 75.30% 

AgeGrp*Sex 0.228 0.798 -0.048 - 8.10% 

Lacunar Separation 

(No Transformation) 

Overall 2.688 0.053 0.252 - 68.50% 

Sex 0.006 0.940 -0.030 - 5.10% 

Age Group 4.608 0.023 0.216 - 70.90% 

AgeGrp*Sex 1.759 0.199 0.045 - 32.20% 

Lacunar Density 

(No Transformation) 

Overall 2.239 0.092 0.199 - 59.30% 

Sex 0.186 0.671 -0.026 - 6.90% 

Age Group 0.031 0.969 -0.062 - 5.40% 

AgeGrp*Sex 5.349 0.014 0.279 - 77.60% 

*Effect size is determined from Cohen’s94  f  modified for ω2 as Small Effect > 0.0099, 

Medium Effect > 0.0599, and Large Effect > 0.1499. 

 

 

Table 5. Tukey HSD post-hoc results for age group-significant SRµCT variables. 

Bonferroni-corrected α = 0.001 

Morphometric Variable Age Groups p-value 

Pore Surface : Volume 

 

Young – Middle Aged 0.018 

Young – Older <0.001 

Middle Aged – Older 0.111 

Pore Diameter 

 

Young – Middle Aged 0.019 

Young – Older <0.001 

Middle Aged – Older 0.109 
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Figure 7. Regression analyses of SRµCT pore histomorphometric variables. Adjusted R2 is 

indicated at the top of each graph. 
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Figure 8. Factorial ANOVA results of SRµCT pore histomorphometric variables. * and # 

indicate statistical significance (p < 0.05) between the age groups that share a symbol. 
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Figure 9. Regression analyses of SRµCT lacunar histomorphometric variables. Adjusted 

R2 is indicated at the top of each graph. 
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Figure 10. Factorial ANOVA results of SRµCT lacunar histomorphometric variables. 
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Figure 11. Representative 3D renders of SRµCT pore and lacunar changes with age group. 

Panel A shows only vascular canals for each individual. Panel B includes osteocyte lacunae 

superimposed on vascular canals for each individual. Color scale bar is applied only to pore 

network, not lacunae. 
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CLSM 

 Regression analyses revealed neither chronological age, sex, nor the interaction 

between age and sex were significant predictors for any lacunar variable (Table 6, Figure 

12). Factorial ANOVAs also revealed no significant differences in any lacunar variable 

for age group, sex, nor the interaction between age and sex (Table 7, Figure 13). 

 Regression analyses of canalicular variables further revealed no significant 

differences for chronological age, sex, or the interaction between age and sex (Table 6, 

Figure 14). Factorial ANOVAs indicated no significant differences in any canalicular 

variable for age, sex or the interaction between age and sex (Table 7, Figure 15). 

Representative 3D renders of lacunar and canalicular differences between age groups can 

be seen in Figure 16. 
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Table 6. Regression results for CLSM variables compared by chronological age and 

sex81–83. 

Morphometric Variable 

(Data Transformation) 

Fixed Factor F p-value ω2 Observed 

Power 

% Lacunar Volume 

(Log10) 

Overall 2.270 0.110 0.015 49.30% 

Sex 0.354 0.558 -0.025 8.80% 

Age 2.434 0.134 0.057 31.90% 

Age*Sex 0.18 0.676 -0.032 6.90% 

Lacunar Surface : 

Volume 

(No Transformation) 

Overall 0.628 0.605 -0.046 15.90% 

Sex 0.096 0.759 -0.038 6.00% 

Age 1.489 0.236 -0.020 21.40% 

Age*Sex 0.000 0.988 -0.042 5.00% 

Lacunar Diameter 

(No Transformation) 

Overall 0.857 0.479 -0.018 20.40% 

Sex 1.005 0.328 0.000 16.00% 

Age 0.475 0.498 -0.021 10.10% 

Age*Sex 0.252 0.624 -0.031 7.60% 

Lacunar Separation 

(Bootstrap) 

Overall 1.494 0.245 0.056 33.60% 

Sex 0.060 0.808 -0.035 5.60% 

Age 0.066 0.799 -0.035 5.70% 

Age*Sex 0.231 0.636 -0.029 7.40% 

Lacunar Density 

(No Transformation) 

Overall 9.779 0.003 0.401 93.90% 

Sex 5.094 0.035 0.098 57.70% 

Age 12.880 0.002 0.285 92.80% 

Age*Sex 3.375 0.080 0.057 41.80% 

% Canalicular Volume 

(Bootstrap) 

Overall 5.017 0.009 0.325 85.50% 

Sex 3.848 0.063 0.077 46.50% 

Age 11.759 0.003 0.290 90.50% 

Age*Sex 3.501 0.075 0.068 43.10% 

Canalicular Surface : 

Volume 

(No Transformation) 

Overall 2.034 0.140 0.110 44.70% 

Sex 0.113 0.740 -0.032 6.20% 

Age 4.635 0.043 0.129 53.70% 

Age*Sex 1.000 0.329 0.000 15.90% 

Canalicular Diameter 

(No Transformation) 

Overall 1.907 0.159 0.098 42.10% 

Sex 0.088 0.770 -0.033 5.90% 

Age 1.776 0.197 0.028 24.60% 

Age*Sex 0.330 0.572 -0.024 8.50% 

Canalicular Separation 

(Bootstrap) 

Overall 4.428 0.015 0.291 80.40% 

Sex 3.462 0.077 0.070 42.70% 

Age 4.130 0.055 0.089 49.20% 

Age*Sex 1.096 0.307 0.003 17.00% 

Canalicular 

Connectivity Density 

(No Transformation) 

Overall 5.679 0.005 0.360 89.80% 

Sex 7.703 0.011 0.172 75.40% 

Age 11.110 0.003 0.259 88.80% 

Age*Sex 7.498 0.012 0.166 74.30% 
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Table 6 (Continued) 

Canalicular Density 

(No Transformation) 

Overall 9.077 0.007 0.146 52.20% 

Sex 0.161 0.692 -0.029 6.70% 

Age 0.589 0.451 -0.014 11.30% 

Age*Sex 0.197 0.662 -0.027 7.10% 

 

 

Table 7. Factorial ANOVA results for CLSM variables compared by age group and sex. 

Morphometric Variable 

(Data Transformation) 

Fixed Factor F p-value ω2 Observed 

Power 

% Lacunar Volume 

(Log10) 

Overall 1.220 0.338 0.042 33.70% 

Sex 0.453 0.509 -0.023 9.80% 

Age Group 1.420 0.266 0.035 26.70% 

Age Group*Sex 0.136 0.874 -0.072 6.80% 

Lacunar Surface : 

Volume 

(No Transformation) 

Overall 0.503 0.770 -0.110 15.20% 

Sex 0.358 0.557 -0.029 8.80% 

Age Group 0.467 0.634 -0.047 11.50% 

Age Group*Sex 0.819 0.456 -0.016 16.90% 

Lacunar Diameter 

(Bootstrap) 

Overall 0.804 0.561 -0.041 22.70% 

Sex 1.830 0.192 0.035 25.00% 

Age Group 0.261 0.773 -0.062 8.50% 

Age Group*Sex 0.964 0.399 -0.003 19.20% 

Lacunar Separation 

(Bootstrap) 

Overall 1.314 0.300 0.059 36.20% 

Sex 3.399 0.081 0.090 41.70% 

Age Group 0.735 0.492 -0.020 15.60% 

Age Group*Sex 0.274 0.763 -0.055 8.70% 

Lacunar Density 

(No Transformation) 

Overall 2.157 0.102 0.188 57.50% 

Sex 3.327 0.084 0.076 41.00% 

Age Group 2.684 0.094 0.109 46.70% 

Age Group*Sex 0.538 0.592 -0.030 12.60% 

% Canalicular Volume 

(Log10) 

Overall 1.644 0.197 0.114 45.00% 

Sex 1.020 0.325 0.001 16.00% 

Age Group 1.943 0.171 0.068 35.20% 

Age Group*Sex 0.762 0.481 -0.017 16.00% 

Canalicular Surface : 

Volume 

(Bootstrap) 

Overall 1.629 0.200 0.112 44.60% 

Sex 1.912 0.098 0.032 25.90% 

Age Group 2.629 0.183 0.116 45.90% 

Age Group*Sex 0.792 0.467 -0.015 16.50% 

Canalicular Diameter 

(Bootstrap) 

Overall 1.517 0.231 0.094 41.70% 

Sex 4.508 0.047 0.127 52.20% 

Age Group 1.324 0.289 0.024 25.10% 

Age Group*Sex 0.603 0.557 -0.029 16.50% 
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Table 7 (Continuted) 

Canalicular Separation 

(No Transformation) 

Overall 1.947 0.133 0.159 52.60% 

Sex 6.414 0.020 0.182 67.10% 

Age Group 0.598 0.560 -0.027 13.50% 

Age Group*Sex 0.500 0.05 -0.034 12.00% 

Canalicular 

Connectivity Density 

(Bootstrap) 

Overall 1.487 0.240 0.089 40.90% 

Sex 1.218 0.284 0.008 18.20% 

Age Group 1.343 0.285 0.025 25.40% 

Age Group*Sex 1.261 0.306 0.019 24.00% 

Canalicular Density 

(No Transformation) 

Overall 1.582 0.213 0.104 43.40% 

Sex 4.872 0.040 0.139 55.40% 

Age Group 0.783 0.471 -0.016 16.30% 

Age Group*Sex 0.100 0.905 -0.064 6.30% 
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Figure 12. Regression analyses of CLSM lacunar histomorphometric variables. Adjusted R2 is 

indicated at the top of each graph. 
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Figure 13. Factorial ANOVA results of CLSM lacunar histomorphometric variables. 
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Figure 14. Regression analyses of CLSM canalicular histomorphometric variables. 

Adjusted R2 is indicated at the top of each graph. 
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Figure 15. Factorial ANOVA results of CLSM canalicular histomorphometric variables. 
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Figure 16. Representative 3D renders of CLSM lacunar and canalicular changes with age 

group. Panel A shows imported CLSM dataset for each individual. The remaining panels 

for each individual indicate isolated lacunae (B), isolated canaliculi (C) and combined 

multi-ROI of lacunae and canaliculi (D). Scale bar is 20 µm. 
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Discussion 

Vascular Pore Changes: SRµCT 

 The SRµCT results indicated decreasing Pore Surface : Volume, but increasing 

Pore Diameter with advancing age, suggesting an expansion and convergence of pores, 

resulting in fewer, larger pores, with advancing age. No significant age-associated change 

was found, however, in Pore Separation nor Pore Connectivity Density, which may be 

due to the small ROI limiting the observable region for pore interconnection/divergence. 

Previous studies have found similar results91–93,95, suggesting pore size and number 

increase until age 50-60. A histological study of the anterior femoral midshaft by 

Bousson and colleagues91 determined both Pore Number and Volume increased until age 

60 where Pore Number then decreased while Pore Volume continued to increase. 

Another histological study93 found Pore Density increased with age, but declined after 

age 50. Studies utilizing 3D imaging have corroborated these findings in the anterior 

midshaft femur. Cooper and colleagues92 found chronological age to be associated with 

increased vascular porosity, diameter, connectivity, and decreased separation.  

Sex was found to be non-significant for all examined variables. This differs from 

previous studies which found increased porosity and diameter in females relative to 

males91,92,96. Bousson and colleagues91 found much of this variability to occur in the 

endosteal region of females which had fewer and larger pores relative to the other bone 

envelopes. We did not examine the endosteal region in this study, however, due to 

diagenetic changes and resulting oversaturation of stain. 
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Age-Associated Lacunar Changes: SRµCT and CLSM 

 Our results from SRµCT showed decreased lacunar volume fraction with 

advancing age, however this change was lost when dividing our sample in age groups. 

These seemingly contradictory findings between regression and ANOVA analyses are 

likely the result of too broad an age range in each age group, preventing us from 

capturing this decline with three age groups, similar to work by Carter and colleagues67, 

where Lacunar Density declined significantly with advancing age, but this change was 

lost when separating their sample into two age groups (< 50, 50+ years old). Our CLSM 

results indicated no significant changes in any lacunar variable with age. 

Age-associated changes in lacunar volume and diameter have been shown in 

SRµCT studies of the proximal femur in females67 and in the iliac crest97. Previous 2D 

histological studies support these findings in the midshaft femur in both age group64,98 

and chronological age66,70,99. These changes in lacunar diameter and size are thought to be 

adaptations to changes in mechanosensitivity28. Previous work suggests lacunar shrinkage 

occurs through hypermineralization of the extracellular space between the lacunar wall 

and osteocyte itself as a response to decreased strain with advancing age67. 

 

Sex-Associated Lacunar Changes: SRµCT and CLSM 

Neither our SRµCT results nor our CLSM results revealed any significant 

changes in lacunar variables with sex. Previous 2D histological studies of the midshaft 

femur also report no significant changes in Lacunar Density between sexes66,70,98. An 

SRµCT study on the iliac crest further supports these findings, reporting no difference 

between sexes in 3D Lacunar Density nor Lacunar Volume65. Estrogen deficiency has 
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been shown to induce osteocyte apoptosis in human100 and murine models101,102 and in 

both cortical101,102 and trabecular100,102 bone. A previous histological study103 of the iliac 

crest found Lacunar Density to decrease as early as the second decade of life, well before 

the effects of menopause and there was greater decline in density further from the 

periosteal surface. These lacunae would be closer to the neutral axis of the bone and, 

therefore, likely undergo less mechanical strain from loading than lacunae at the 

periphery104. 

 

Canalicular Changes: CLSM 

 Our regression analysis indicated neither age, sex, nor the interaction between age 

and sex were significant predictors of any canalicular variable. This is in contrast with 

previous work64,71,105. These studies found decreased canalicular connectivity between 

young and older age groups64,71. While our trends suggest our sample may be in 

agreement with previous work, we may have failed to see significance because our age 

categories are too broad, limiting our capacity to capture changes. Ashique and 

colleagues64 divided their entirely female sample into age groups, however their young 

group spanned only three years (20-23) whereas their older group spanned 16 years (70-

86). This uneven age range in groups may have inflated differences between young and 

older individuals. Milovanovic and colleagues71 had samples of 20-40 and 70-95 years 

old of unspecified sex. We therefore account for 30-50 years that were previously omitted 

and account for differences in sex. 
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Our ANOVA analysis, did not indicate any significant changes in canaliculi with 

age, however our data trend toward decreasing canalicular volume with advancing age. 

This trend appears qualitatively in the representative images shown in Figure 16. 

 

Limitations and Future Directions 

While our observed age-associated changes in 3D vascular canal morphometry 

were consistent with previous 2D histological91,93 and 3D µCT studies92 of the midshaft 

femur, we found no significant changes between sexes. This may be due to multiple 

methodological factors. Our sample size (n = 25) was limited relative to the 79, 96, 163, 

or 168 donors used in previous studies91–93,96. We further separated our sample into broad 

age categories based on broad life stages rather than decades91. Separating our sample by 

decade of life was not feasible as the limited sample size would have created decade 

groups with < 3 individuals, preventing statistical analysis. As stated above, it is possible 

the division of our sample into age groups may limit our ability to capture subtle age-

related differences. Hunter and Agnew66 used a similar sample size (n = 30) and found 

increased porosity with advancing age, but no significant differences resulting from sex. 

Future work employing a comparable SRµCT method should determine whether these 

patterns can be replicated with a larger sample size. 

Variation in our results from previous studies may stem from the amount of bone 

tissue analyzed. Our SRµCT protocol utilized a small FOV (1.2 mm diameter) compared 

to previous µCT (3 mm diameter)92, anatomical region radiograph91, or whole cross-

section histology93. While a smaller FOV may be less representative of overall 

morphometric differences, the majority of sex-related differences in midshaft femur 
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porosity are found in the anterior quadrant96, the sampling site utilized for the current 

study. A smaller FOV was justified as each SRµCT dataset comprised ~50 GB of data 

before reconstruction and 3D analysis of the entire reconstructed sample was not 

computationally feasible in a reasonable amount of time. The higher resolution of SRµCT 

more accurately captures the finer details of pore morphometry. For example, vascular 

pore systems that bifurcate in 3D may appear as separate canals in 2D cross-section106,107. 

A µCT resolution study108 found an increased voxel size (i.e., decreased resolution) from 

5 to 10 µm resulted in increased Pore Separation, Diameter, % Porosity and decreased 

Pore Surface : Volume, and Pore Number. It is possible that vascular pore morphometry, 

especially small pores, are better resolved at our smaller SRµCT voxel size (1.44 µm). 

Future work should apply our SRµCT settings to other anatomical quadrants and other 

regions of the femur to determine if FOV or resolution is the source of deviation from 

previous histological and µCT studies. 

 Differences in significance of Lacunar Volume between our CLSM and SRµCT 

analyses may be the result of imaging limitations between each method. CLSM sections 

were taken adjacent to the section for SRµCT imaging. Our SRµCT results allowed us to 

visualize between 45,000 and 111,000 individual lacunae per sample compared to 14 to 

112 using CLSM. This ~3 orders of magnitude difference likely means that SRµCT 

provides a more complete picture of lacunar changes throughout life. Our CLSM data 

was further collected using anisotropic voxels (116.4 x 116.4 x 29.99 µm). While we re-

sampled each dataset to produce isotropic voxels (0.3 µm) portions of each dataset with 

partial volumes could be distorted during resampling, resulting in distorted data during 

morphometric analysis. Our CLSM results may further be under-representative due to the 
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limitations of FITC specimen penetration and oversaturation of the periosteal and 

endosteal margins. This may be a contributing factor as to why we did not find significant 

changes with sex. Future work should ensure imaging of all three bone envelopes 

(periosteal, intracortical, endosteal) can be performed for a more representative sample as 

well as examining multiple sections throughout the femoral diaphysis to determine if 

LCN and pore morphometry vary intraskeletally. Future work might also examine these 

variables in non-weight-bearing bones (e.g., ribs) to determine how bearing weight may 

affect these results.  
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CHAPTER III 

OPIOID-INDUCED TRABECULAR BONE CHANGES OF THE PROXIMAL TIBIA 

IN RABBITS VISUALIZED USING µCT 

Introduction 

In 2020, 251 Americans died daily from a drug overdose. Opioids comprised 

74.76%, of these deaths and fully synthetic opioids (e.g., fentanyl) were the most 

common opioid of abuse1. Opioid misuse further costs an estimated $78.5 billion per year 

in healthcare, criminal justice, and treatment costs109. In the most recent survey, the five 

states with the highest incidence of opioid overdose deaths were West Virginia, 

Maryland, New Hampshire, Ohio, and Massachusetts110. This crisis shows no signs of 

slowing with opioid overdose deaths increasing more than 325% since 20101. Because of 

the increasing prevalence of opioid misuse, it is of utmost importance to examine the 

effects of prolonged opioid use on various aspects of health, including bone 

microstructure. 

Opioids, and other pharmacologic agents including antidepressants and 

anticonvulsants, can dysregulate bone remodeling32. Briefly, remodeling is the 

mechanism through which organized groups of cells known as Basic Multicellular Units 

(BMUs) repair damage or replace aged packets of bone, known as Basic Structural Units 

(BSUs, secondary osteons), throughout life. Remodeling is organized into the six-phase 

ARF sequence and includes activation of osteoclasts, bone resorption by osteoclasts, 
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reversal from bone removal to bone formation, active bone formation by osteoblasts, 

mineralization of osteoid, and quiescence where the resulting BSU functions in 

mechanotransduction19. For thorough details regarding the remodeling process, see 

Chapter I. 

Opioids accelerate bone loss directly through binding to opioid receptors on 

osteoblasts, limiting bone formation32,53,54. While the specific mechanism by which 

opioids limit osteoblast function is not confirmed, one suspected mechanism is through 

opioids binding to the µ opioid receptor (MOP), initiating an inhibitory G protein cascade 

to stimulate release of potassium, inhibit calcium uptake, and inhibiting adenylyl cyclase 

resulting in decreased cyclic adenosine monophosphate (cAMP) production in the 

osteoblast and limiting osteocalcin secretion53. This is similar to the opioid mechanism of 

action in neurons to produce analgesia46. Opioids can also act indirectly along the 

hypothalamus-pituitary-gonadal/adrenal (HPG/HPA) axes to decrease serum levels of sex 

hormones (e.g., estrogen, testosterone, estradiol) and regulating hormones (e.g., 

gonadotropin-releasing hormone, luteinizing hormone, etc.)43,52,53. Prolonged opioid use 

can further cause hypogonadism which affects up to 90% of patients on chronic opioid 

therapy and limits the therapeutic effects of opioid analgesics52. The direct binding of 

opioids to osteoblasts and hypogonadism mimic the effects of osteoporosis in individuals 

who use opioids54,111. Opioids with increased MOP affinity have a more pronounced 

effect on the HPG axis54. Estrogen serves many critical functions in bone maintenance 

including inhibiting osteoclast differentiation, regulating calcium metabolism in the 

intestine, kidney and parathyroid glands, and enhancing osteoblast and osteocyte 

responses to mechanical forces32,43. 
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Opioid binding to osteoblasts causes inhibition of osteocalcin secretion, but no 

change in alkaline phosphatase, key hormones for bone formation53,111,112. Disruption of 

bone remodeling through hormone dysregulation coupled with decreased bone mineral 

density increase the risk of fracture in individuals with prolonged opioid use51,57. 

Previous studies54,55,57 suggest this increased fracture risk may be caused by central 

nervous system effects of opioids such as difficulty with balance and postural changes 

during the gait cycle. 

Pedrazzoni and colleagues56 have suggested that trabecular bone may be more 

susceptible to opioid-induced bone mineral density changes because remodeling is more 

active in trabecular bone than in cortical bone owing to increased surface to volume 

ratio6,73. In cortical remodeling, the BMU removes a roughly cylindrical packet of bone 

and then deposits new bone in its place producing a secondary osteon. Trabecular 

remodeling, however, removes a semi-circular packet of bone from the trabecular surface 

and deposits new bone, producing a hemi-osteon9,19. A previous study113 examined the 

effects of opioids in over 200 women and found decreased trabecular bone quality in 

opioid users as measured through bone mineral density obtained through quantitative 

ultrasound. More recent studies have further found fewer trabeculae and increased 

trabecular separation in the lumbar vertebrae of rabbits following spinal fusion and 

subsequent treatment with transdermal fentanyl patches114 and thinner trabeculae in rats 

treated with either morphine or fentanyl43. 

To better understand the effects of opioid use on bone quality, we must limit 

confounding factors by studying animals that remodel bone similarly to humans in a 

controlled setting. Previous studies examining bone remodeling have utilized common 
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murine models (i.e., rats and mice) which do not spontaneously remodel cortical bone115. 

Other studies116–118 have utilized larger animal models such as rabbits, sheep, pigs, and 

goats which better resemble human cortical bone remodeling119 due to the presence of 

secondary osteons. The work presented here is part of a larger project examining the 

effects of opioids on both cortical and trabecular bone remodeling processes. For this 

reason, we required the use of an animal with cortical remodeling similar to humans. 

Rabbits were selected as they are the smallest commonly used laboratory animal that met 

this requirement. To examine the effects of opioids on bone remodeling in a 

representative animal model, we examined the proximal epiphysis of the left tibiae of 21 

rabbits using micro-Computed Tomography (µCT) and compared common 

histomorphometric variables between experimental opioid and control groups. Here, we 

tested whether 1) opioid use results in a decrease in bone volume, and 2) opioid use 

causes trabeculae to thin compared to controls. We hypothesized that decreased bone 

volume and thinner trabeculae will be present in the opioid groups compared to controls. 

 

Materials & Methods 

Animals and Opioid Treatments 

 Twenty-one skeletally mature (6-month-old) male New Zealand White rabbits 

(Oryctolagus cuniculus) weighing between 2.3 and 3.0 kg (mean = 2.62 kg) were sourced 

from Covance Inc. (Denver, PA). Rabbits were housed in The University of Akron 

Research Vivarium (UARV) for the duration of the experiment (10 weeks) and split into 

two experimental groups (fentanyl, n = 7; morphine, n = 7) and two control groups 

(saline, n = 3; patch, n = 4). A power analysis was completed prior to experiments to 
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determine group sizes with seven animals providing the ability to detect a minimum 10% 

change between controls and experimental groups. These group sizes provided a balance 

between anticipated effect size and specific research logistics (e.g., availability of animal 

housing). These group sizes are further consistent with previous studies examining 

induced osteoporosis in cortical120 and trabecular121,122 bone in rabbits.  Attending 

veterinarians recommended the use of transdermal fentanyl patches in lieu of injectable 

fentanyl due to health and safety concerns. This required the separation of our controls 

into saline injection and transdermal sham patch sub-groups to limit any observable 

differences caused by drug administration route. All animal procedures were performed 

in accordance with the Animal Welfare Act123 and approved by The University of Akron 

Animal Care and Use Committee (IACUC #: 18-11-12 ARC). 

Rabbits were housed separately in stainless steel batteries with perforated plastic 

floors to allow interaction between the animals. Rabbits were fed 150 g/day of Harlan 

Teklad Global High Fiber Rabbit Diet (Envigo, Madison, WI) and had access to water ad 

libitum via cage bottles. Enrichment food (e.g., spinach, papaya tablets) were provided 

daily. Enrichment toys (e.g., jingle balls, rattles) were left in each rabbit battery and 

changed weekly. Thrice weekly, all rabbits were placed in individual pens for 45 minutes 

to exercise and stretch. The exercise pens were made of metal caging wire coated in 

plastic to allow for interaction between rabbits. The housing room in the UARV was kept 

on a 12/12-hour light/dark cycle, with a local radio station playing during daylight hours 

for enrichment, and maintained at 16-21°C, and 30-70% humidity. Temperature and 

humidity were monitored using a Room Alert 12E system (AVTECH Software Inc., 

Warren, RI) installed in the room. 
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Experimental treatments began after a two-week acclimation period in the UARV 

and continued for eight weeks. Rabbits were weighed weekly and weight-based drug 

doses were adjusted accordingly. Morphine rabbits were administered 3 mg/kg/day of 

morphine sulfate via subcutaneous injection in the interscapular region. Saline control 

animals were administered 3 mg/kg/day of 0.9% NaCl saline. Fentanyl rabbits received 

one 25 µg/hour slow-release transdermal fentanyl patch (Henry Schein Inc., Melville, 

NY) every three days. Patches were placed in the interscapular region after shaving the 

fur and securing the patch with transparent film dressing (3M, St. Paul, MN) to ensure 

patch adhesion and adequate drug delivery. To further prevent the rabbits from chewing 

and ingesting the patches, the animals were placed in mesh telemetry jackets (Lomir 

Biomedical, Malone, NY). Patch control rabbits were treated with a topical 2% isopropyl 

myristate aqueous solution, a skin softening agent found in the fentanyl patches, on the 

interscapular region before application of the transparent film dressing and mesh jacket. 

This dilution was determined through previous safety assessments of such topical 

solutions124. Opioid doses were based on previous studies114,125 and clinical 

recommendations for rabbit analgesia from UARV consulting veterinarians. 

After eight weeks of treatments, the animals were sacrificed via intraperitoneal injection 

of 125 mg/kg of pentobarbital sodium (Fatal-Plus, VorTech Pharmaceuticals, Dearborn 

MI). A bilateral thoracotomy was performed as a secondary means of euthanasia. 

Animals were immediately dissected following euthanasia to excise the left tibia. 

Adhering soft tissues were removed with dental tools. The tibiae were individually 

wrapped in 0.9% NaCl saline-soaked gauze and kept frozen at -20°C until imaging. 
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Ex vivo µCT Imaging and Analysis 

 Three-dimensional (3D) imaging of rabbit proximal tibia (Figure 17) was 

accomplished using a SkyScan 1172 µCT system (Bruker, Kontich, Belgium) housed at 

The University of Akron’s National Polymer Innovation Center. Clay markers were 

placed on the anterior and medial aspects of the tibia for anatomical orientation of the 

µCT datasets during reconstruction. The proximal epiphysis of each specimen was 

mounted to a brass peg using dental wax and secured with parafilm to prevent movement.  

Settings for µCT imaging were modified from a previous study of rabbit tibiae126 

and are included in Table 8. Datasets, comprised of 973 projections spanning a height of 

13.71 mm, were reconstructed using NRecon v1.6.10.2 (Bruker), correcting for ring 

artifacts and beam hardening. We simultaneously isolated the tibia from fibula and 

trabecular bone from the outer cortical shell in CTAnalyser v.1.18.4.0 (Bruker) using a 

modified macro based on the manufacturer’s instructions (Bruker Method Note MCT-

124)127. A brief explanation of the specific settings used to isolate the trabecular envelope 

is detailed in Appendix D. A 3D render of one such isolated trabecular envelope can be 

seen in Figure 18. Datasets were further separated into anatomical quadrants (anterior, 

posterior, medial, lateral) based on the ROI centroid using FIJI80 (Appendix E) to 

determine if regional differences in histomorphometry exist (Figure 19). 

Histomorphometric data of the trabecular bone were acquired using CTAnalyser and 

included % Bone Volume, Bone Surface : Volume ratio, Trabecular Thickness, 

Trabecular Separation, and Trabecular Number. Descriptions of these variables can be 

found in Table 9. 
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Table 8. µCT system settings applied to each scan. 

Source voltage 74 kV 

Source current 133 µA 

Pixel size 10.98 µm 

Rotation step 0.20° 

Total specimen rotation 180° 

Frame averaging 4 frames 

Filters used 0.5 mm Aluminum 

Ring artifact correction 10 

Beam hardening correction 30% 

Total number of projections 973 

 

 

 

Figure 17. Scout scan of a micro-computed tomography dataset of the proximal tibia. 

Proximal end is superior. Dental wax securing the tibia to the mounting peg can be seen 

in light grey (radiolucent) throughout the top of the image. Scale bar is 2000 µm. 
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Figure 18. Representative 3D render of trabecular bone envelope in the proximal left tibia 

of a morphine group rabbit. Scale bar represents 5 mm. 
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Figure 19. Superior view of the proximal tibia from a fentanyl group rabbit (A) 

demonstrating isolation of trabecular bone and epiphyseal line (red) from cortical bone 

(grey) utilizing CTAnalyser, described in Appendix D. Region of Interest (ROI) created 

from medullary cavity isolation of the proximal tibial epiphysis (B). Individual ROIs 

created for each anatomical quadrant using a custom macro in FIJI80 described in Appendix 

E (C). 

Table 9. Description of morphometric variables. 

Variable Name Abbr. Description 

% Bone Volume % BV Bone Volume / Tissue Volume 

Bone Surface : 

Volume 

BS/BV Bone Surface / Bone Volume 

Trabecular Thickness Tb.Th Diameter of largest sphere fit within a trabecula 

Trabecular Separation Tb.Sp Diameter of largest sphere fit between trabeculae 

Trabecular Number Tb.N (Bone Volume / Tissue Volume) / Trabecular 

Thickness 
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Statistical Analysis 

 All statistical analyses were accomplished using SPSS v26 (IBM, Armonk, NY). 

Individual two-way ANOVAs with step-down Bonferroni corrections (Appendix C) were 

performed using drug administered (fentanyl vs. sham patch, morphine vs. saline control) 

and anatomical region (anterior, posterior, medial, lateral) as independent variables. 

Separate analyses were warranted due to the differing pharmacokinetics of fentanyl and 

morphine128,129, including opioid receptor binding130, and different drug administration 

routes utilized in the current study. Each ANOVA was followed by a Tukey HSD post-

hoc test to determine which anatomical quadrants differed131. Residuals were tested for 

normality and homogeneity of variance assumptions using Shapiro-Wilk and Levene’s 

tests, respectively84,85. Any variables that violated these assumptions were log10-

transformed and re-analyzed. If the variable continued to violate assumptions, it was re-

analyzed using a two-way ANOVA with a bootstrapped88,89 sample created from 1000 

replicates. 

Rabbit weights at Week 0 and Week 8 were analyzed using a Wilcoxon Signed-

Rank test as the data violated normality and homogeneity of variance assumptions and 

could not be corrected with data transformation, preventing the use of a two-tailed paired 

t-test. To determine if there was a difference in weight by drug group, we compared 

Week 8 weight using two separate Student’s t-tests (morphine vs. saline, fentanyl vs. 

sham). Normality and homogeneity of variance were confirmed with Shapiro-Wilk and 

Levene’s test, respectively. If data violated either assumption, they were log10-

transformed. If after transformation assumptions remained violated, we utilized a Mann-

Whitney U test. 
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Results 

Rabbit Weight 

 A Wilcoxon Signed-Rank test indicated a significant difference in rabbit weight 

between the start and end of the experimental period (Z = -3.841, p < 0.001), with an 

average increase of 0.40 kg. A two-tailed Student’s t-test indicated no significant 

difference in Week 8 weight between morphine and saline animals (t[7] = -1.241, p = 

0.250). A Mann-Whitney U test indicated no significant difference in Week 8 weight 

between fentanyl and sham animals (U = 5.500, p = 0.103). Our previous behavioral 

study on these animals indicated food consumption was decreased in morphine animals 

compared to control animals via one-way ANCOVA132. Food consumption was further 

not affected by placing the fentanyl and sham animals in telemetry jackets. Opioid-

treated animals showed no significant difference in fecal output compared to controls as 

measured on a 1-3 scale and compared using one-way ANCOVA. There was further no 

significant difference in fecal output between jacketed and non-jacketed animals132. 

 

Morphine & Saline 

Morphine animals had significantly greater % Bone Volume (F[1,32] = 15.880, p 

< 0.001) than saline controls. No other morphometric variables were significantly 

different between morphine and saline controls resulting from drug group. A summary of 

these results can be found in Figure 20 and Table 10. 
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Figure 20. Comparison of histomorphometric variables between morphine and saline 

animals. Asterisks indicate a significant difference between morphine and saline (p < 

0.005). Dashed line indicates median, dotted lines indicate 1st and 3rd quartiles. Plots are 

truncated at the limits of data distribution. 
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Table 10. Two-Way ANOVA results for histomorphometric variables by drug group 

(morphine or saline) and anatomical region. Bonferroni-corrected α = 0.005. 

Morphometric Variable 

(Data Transformation) 

Fixed Factor F p-value  ω2 Effect Size* 

% Bone Volume 

(Bootstrap) 

Overall 5.676 <0.001 0.450 Large 

Drug 15.880 <0.001 0.205 Large 

Region 6.884 0.001 0.243 Large 

Drug*Region 0.217 0.884 -0.032 - 

Bone Surface : Volume 

(Bootstrap) 

Overall 4.231 0.002 -0.112 - 

Drug 4.450 0.041 0.057 - 

Region 6.613 0.001 0.269 Large 

Drug*Region 0.047 0.986 -0.046 - 

Trabecular Thickness 

(Bootstrap) 

Overall 3.751 0.004 0.325 Large 

Drug 1.795 0.190 0.013 - 

Region 6.017 0.002 0.254 Large 

Drug*Region 0.167 0.918 -0.042 - 

Trabecular Separation 

(No Transformation) 

Overall 12.789 <0.001 0.674 Large 

Drug 5.682 0.023 0.038 - 

Region 24.012 <0.001 0.563 Large 

Drug*Region 0.070 0.975 -0.023 - 

Trabecular Number 

(No Transformation) 

Overall 10.323 <0.001 0.620 Large 

Drug 0.980 0.022 0.045 - 

Region 8.895 <0.001 0.492 Large 

Drug*Region 0.196 0.838 -0.020 - 

*Effect size is determined from Cohen’s94  f  modified for ω2 as Small Effect > 0.0099, 

Medium Effect > 0.0599, and Large Effect > 0.1499. 

 

 All examined variables showed significant differences between anatomical 

quadrants (Figure 21, Table 11). % Bone Volume (F[3,32] = 6.884, p = 0.001) revealed 

significantly more volume in the lateral quadrant relative to the anterior (p = 0.004) and 

posterior (p = 0.001) quadrants. Bone Surface : Volume (F[3,32] = 6.613, p = 0.001) was 

significantly greater in the anterior quadrant than either lateral (p = 0.003) or medial (p < 

0.001) quadrants. Trabecular Thickness (F[3,32] = 6.017, p = 0.002) was significantly 

less in the anterior quadrant than medial (p < 0.001) or posterior (p = 0.004) quadrants. 

Trabecular Separation (F[3,32] = 24.012, p < 0.001) was significantly greater in the 

posterior quadrant than either the anterior (p < 0.001), lateral (p < 0.001), or medial (p = 
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0.001) quadrants. The medial quadrant also had significantly greater Trabecular 

Separation than the lateral quadrant (p = 0.001). Trabecular Number (F[3,32] = 8.895, p = 

<0.001) was significantly higher in the anterior quadrant than either medial or posterior 

quadrants (p < 0.001 for each quadrant). The lateral quadrant also had significantly 

higher Trabecular Number than either the medial or posterior quadrants (p < 0.001 for 

each quadrant). There were no significant differences in the interaction between drug and 

anatomical quadrant in any examined variable. 
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Table 11. Tukey HSD post-hoc results for region-significant µCT variables in morphine 

and saline animals. Bonferroni-corrected α = 0.005. 

Morphometric Variable Anatomical Quadrants p-value 

% Bone Volume 

 

Anterior – Posterior 0.902 

Anterior – Lateral 0.004 

Anterior – Medial 0.952 

Posterior – Lateral 0.001 

Posterior – Medial 0.625 

Medial – Lateral 0.015 

Bone Surface : Volume 

 

Anterior – Posterior 0.006 

Anterior – Lateral 0.003 

Anterior – Medial <0.001 

Posterior – Lateral 0.994 

Posterior – Medial 0.765 

Medial – Lateral 0.888 

Trabecular Thickness 

 

Anterior – Posterior 0.004 

Anterior – Lateral 0.012 

Anterior – Medial <0.001 

Posterior – Lateral 0.972 

Posterior – Medial 0.856 

Medial – Lateral 0.612 

Trabecular Separation Anterior – Posterior <0.001 

Anterior – Lateral 0.249 

Anterior – Medial 0.102 

Posterior – Lateral <0.001 

Posterior – Medial 0.001 

Medial – Lateral 0.001 

Trabecular Number Anterior – Posterior <0.001 

Anterior – Lateral 0.760 

Anterior – Medial <0.001 

Posterior – Lateral <0.001 

Posterior – Medial 0.948 

Medial – Lateral <0.001 
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Figure 21. Comparison of histomorphometric variables by anatomical quadrant in 

morphine and saline animals. Letters above a bar indicate a significant difference (p < 

0.005) between the anatomical quadrant beneath the letter(s) and the quadrant indicated by 

the letter(s) where Anterior = A, Lateral = L, Medial = M, and Posterior = P. Dashed line 

indicates median, dotted lines indicate 1st and 3rd quartiles. Plots are truncated at the limits 

of data distribution. 



73 

 

 

Fentanyl & Sham Patch 

 Fentanyl animals had significantly greater Trabecular Thickness (F[1,36] = 9.851, 

p = 0.003) than their control counterparts. In contrast, fentanyl animals had significantly 

less Trabecular Number (F[1,36] = 9.878, p = 0.003). Of the measured variables, % Bone 

Volume (F[1,36] = 0.557, p = 0.460) Bone Surface : Volume (F[1,36] = 8.253, p = 

0.007), and Trabecular Separation (F[1,36] = 5.835, p = 0.021) were non-significant 

between fentanyl and patch animals. A summary of these results can be found in Figure 

22 and Table 12. 

 

Table 12. Two-Way ANOVA results for histomorphometric variables by drug group 

(fentanyl or sham patch) and anatomical region. Bonferroni-corrected α = 0.005. 

Morphometric Variable 

(Data Transformation) 

Fixed Factor F p-value  ω2 Effect Size* 

% Bone Volume 

(Log10) 

Overall 1.925 0.094 0.128 - 

Drug 0.557 0.460 -0.009 - 

Region 3.972 0.015 0.177 - 

Drug*Region 0.111 0.953 -0.053 - 

Bone Surface : Volume 

(Log10) 

Overall 23.021 <0.001 0.777 Large 

Drug 8.253 0.007 0.037 - 

Region 44.924 <0.001 0.665 Large 

Drug*Region 0.354 0.787 -0.010 - 

Trabecular Thickness 

(No Transformation) 

Overall 24.022 <0.001 0.786 Large 

Drug 9.851 0.003 0.043 Small 

Region 46.427 <0.001 0.664 Large 

Drug*Region 0.354 0.786 -0.009 - 

Trabecular Separation 

(Bootstrap) 

Overall 4.257 0.002 0.341 Large 

Drug 5.835 0.021 0.072 - 

Region 7.739 <0.001 0.303 Large 

Drug*Region 0.294 0.829 -0.032 - 

Trabecular Number 

(No Transformation) 

Overall 16.882 <0.001 0.716 Large 

Drug 9.878 0.003 0.057 Small 

Region 34.550 <0.001 0.649 Large 

Drug*Region 0.209 0.890 -0.015 - 

*Effect size is determined from Cohen’s94  f  modified for ω2 as Small Effect > 0.0099, 

Medium Effect > 0.0599, and Large Effect > 0.1499. 
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Figure 22. Comparison of histomorphometric variables between fentanyl and sham animals. 

Asterisks indicate a significant difference between morphine and saline (p < 0.005). Dashed line 

indicates median, dotted lines indicate 1st and 3rd quartiles. Plots are truncated at the limits of data 

distribution. 
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 All examined variables showed significant differences between anatomical 

quadrants except % Bone Volume (F[3,36] = 3.972, p = 0.015) (Figure 23, Table 13). 

Bone Surface : Volume (F[3,36] = 44.924, p < 0.001) was significantly greater in the 

anterior quadrant than either lateral, medial, or posterior quadrants (p < 0.001 for each). 

Trabecular Thickness (F[3,36] = 46.427, p < 0.001) was consequently significantly less 

in the anterior quadrant than any of the other three quadrants (p < 0.001 for each). 

Trabecular Separation (F[3,36] = 26.596, p < 0.001) was significantly greater in the 

posterior quadrant than the lateral (p < 0.001 ) quadrant. Trabecular Number (F[3,36] = 

34.550, p < 0.001) was significantly higher in the anterior quadrant than either lateral (p 

= 0.003), medial (p < 0.001), or posterior (p < 0.001) quadrants. The lateral quadrant 

further had significantly greater Trabecular Number than either medial (p = 0.001) or 

posterior (p < 0.001) quadrants. There were no significant differences due to the 

interaction between drug and anatomical quadrant in any examined variable. 
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Table 13. Tukey HSD post-hoc results for region-significant µCT variables in fentanyl 

and sham patch animals. Bonferroni-corrected α = 0.005. 

Morphometric Variable Anatomical Quadrants p-value 

Bone Surface : Volume 

 

Anterior – Posterior <0.001 

Anterior – Lateral <0.001 

Anterior – Medial <0.001 

Posterior – Lateral 1.000 

Posterior – Medial 0.359 

Medial – Lateral 0.412 

Trabecular Thickness 

 

Anterior – Posterior <0.001 

Anterior – Lateral <0.001 

Anterior – Medial <0.001 

Posterior – Lateral 0.232 

Posterior – Medial 0.927 

Medial – Lateral 0.069 

Trabecular Separation Anterior – Posterior 0.007 

Anterior – Lateral 0.679 

Anterior – Medial 0.716 

Posterior – Lateral <0.001 

Posterior – Medial 0.092 

Medial – Lateral 0.148 

Trabecular Number Anterior – Posterior <0.001 

Anterior – Lateral 0.003 

Anterior – Medial <0.001 

Posterior – Lateral <0.001 

Posterior – Medial 0.749 

Medial – Lateral 0.001 
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Figure 23. Comparison of histomorphometric variables by anatomical quadrant in fentanyl 

and sham animals. Letters above a bar indicate a significant difference (p < 0.005) between 

the column beneath the letter(s) and the anatomical quadrant indicated by the letter(s) 

where Anterior = A, Lateral = L, Medial = M, and Posterior = P. Dashed line indicates 

median, dotted lines indicate 1st and 3rd quartiles. Plots are truncated at the limits of data 

distribution. 
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Discussion 

Opioid Variation 

 Trabecular bone is traditionally viewed as more metabolically active than cortical 

bone owing to its increased surface area relative to the cortex6,56,73. Similar metabolic 

differences are shown in multiple species both between skeletal elements and bone tissue 

envelopes133–135 (inter- and intraskeletal variability, respectively). Previous work 

regarding opioid-induced changes to trabecular bone is limited, but shows increased 

trabecular separation and decreases in both trabecular thickness and overall bone volume 

fraction with opioid administration43,114. However, these studies have some key 

differences which may confound direct comparison with the current work. Boshra43 

administered greater opioid doses (8 mg/kg/day morphine, 32 µg/kg/day fentanyl) for a 

longer exposure period (90 days) than the current study. Jain and colleagues114 only 

examined transdermal fentanyl, matching our dose at 25 µg/hr, but for a shorter duration 

(six weeks). Our results from the proximal tibiae did not fully support their findings, 

potentially implying a more complex network of factors affecting bone architectural 

changes resulting from opioid use, such as stress. Prolonged exposure to cortisol and 

other glucocorticoids inhibits osteocalcin production in osteoblasts, limiting bone 

formation136,137 similarly to opioid binding on osteoblasts53,112,138. We routinely observed 

the fentanyl animals perform “thumping”, a warning signal where rabbits lift their 

hindlimbs and stamp them down together, creating a “thump” noise, to signal potential 

danger to other rabbits139. The control animals were markedly more skittish after hearing 

any thumping. It is possible the increased stress from alerting to danger increased related 

hormones (e.g., cortisol) in the control animals, mimicking some of the opioid-induced 
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changes in bone140. Glucocorticoid administration (such as cortisol) is shown to decrease 

cortical area, trabecular volume, and number of trabeculae in rabbits122,126,141, mice142–144, 

and humans145–149. We may have seen the expected changes in the fentanyl group due to 

increased stress resulting from patch site irritation and erythema not present in the 

morphine animals132. 

In general, morphine animals had greater trabecular Bone Volume but no change 

in related variables (e.g., number of trabeculae, trabecular separation) than saline 

controls. Morphine animals were much more lethargic than saline control animals 

immediately following opioid administration and for the next hour afterward132. Perhaps 

this daily hour of sedation, coupled with increased stress in the control animals due to 

thumping, limited bone-related changes observed between morphine and saline animals. 

The fentanyl animals exhibited fewer and thicker trabeculae than controls, but with no 

significant change in overall bone volume. These findings contrast with previous work on 

changes in bone remodeling due to opioid administration which found overall bone 

volume fraction43,114,150 and trabecular thickness decrease43,114 with opioid administration; 

however our other significant result, Trabecular Number, aligns with previous work114. 

Our conflicting data may result from too short of a drug administration period (eight 

weeks). For example, Jain and colleagues114 administered transdermal fentanyl to 

examine bone healing following fusion of the lumbar spine. Animals were treated for 10 

weeks. Boshra43 treated rats with either fentanyl, morphine, or tramadol over the course 

of nearly 13 weeks. 

Beyond the administration period of our study, there may be further limitations 

owing to skeletal maturation. Previous studies have examined the skeletal maturity of 
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various skeletal elements in the New Zealand White rabbit both histologically and 

radiographically151,152 determining the long bones of the hindlimb to reach skeletal 

maturity between five and seven months of age as determined by physeal (growth plate) 

fusion. Our rabbits were six months of age at the start of these experiments and eight 

months old at the end. The proximal tibia of the rabbit reaches skeletal maturity between 

5.5 and 8 months of age (average: 6.8 months)153. Our rabbits, while in this window of 

maturity, were on the lower limit and below the average age indicated above, due to 

supply chain issues and limited availability (see limitations), which suggests there may 

have still been active growth or modeling events taking place, possibly overshadowing 

the effects of our opioid administration. Our concurrent work154 using these same 

methods to examine the tibial and femoral diaphyses in these same animals showed 

significant changes in bone porosity and pore size in line with previous work on human 

femur and rib150. Results described here appear to counter our hypothesis of opioid-

induced osteoporosis as indicated by increased Bone Volume in the morphine animals 

compared to saline controls and decreased Trabecular Thickness in fentanyl animals 

compared to sham patch animals, but with no change in overall bone volume. This may 

be the result of the increased potency of fentanyl relative to morphine46, as morphine 

doses were adjusted for weight while fentanyl doses were constant, or may suggest other 

factors influencing Bone Volume in these animals in concert with opioid effects. 

 

Regional Variation 

 All variables showed at least one significant regional variation irrespective of 

drug or control grouping except Bone Volume in fentanyl/sham patch analysis. Overall 
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trends, however, appear remarkably similar when comparing results from the 

fentanyl/sham analysis with the results of the morphine/saline animals. Rabbits are 

plantigrade animals, similar to humans, meaning in the stance phase of their gait cycle the 

plantar surface of the foot is in contact with the ground. Reaction forces from the feet 

striking the ground pass through the anterior and lateral compartments to the knee joint in 

rabbits155. Our previous work examining femoral and tibial diaphyses of these animals 

showed medial and posterior quadrants had larger, more numerous cortical pores than 

anterior and lateral quadrants154. A similar trend in porosity was observed in our current 

results (Figures 21 & 23). In general, more bone was present anterolaterally than 

posteromedially and Bone Surface : Volume was greater in the anterior quadrant than any 

other quadrant for both morphine and fentanyl analyses. The stability of these patterns 

between analyses suggests normal anatomical and perhaps functional biomechanical 

differences and limited influence from opioid treatment especially with no interaction 

between drug and anatomical region detected in any variable for either analysis. The 

limited variation in overall trend between analyses, such as % Bone Volume in the 

fentanyl/sham animals showing no significant changes between quadrants compared to 

lateral being significantly different from anterior and posterior quadrants in the 

morphine/saline animals, suggest biomechanical stress from locomotion may not be the 

only factor affecting bone porosity. These trends may be the combined result of 

numerous factors including stress from jacketing and associated cortisol release, changes 

in gait pattern from jacket irritation, and behavioral changes from fentanyl patch 

placement. 
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Patch placement and jacketing caused changes in activity levels and possible 

changes in gait of our fentanyl and patch control groups. For example, the rabbits’ 

inability to remove the fentanyl patches caused matted fur and erythema132, and they 

appeared stressed as indicated by quick, shallow respirations and higher activity levels 

than their respective controls. Many of the fentanyl animals chewed through the hindlimb 

loops of the jackets which would subsequently be replaced. Skin irritation from these 

loops may have forced the animals to adjust their gait to prevent friction. This change in 

gait may have led to a difference in ground strike angle of the foot, changing the forces 

imparted on the bones, not seen in the sham patch animals155. Increased activity coupled 

with the relatively young age of the rabbits as described above may have increased bone 

remodeling events by shifting the strain in the proximal tibia to be greater than the 

physiological range, indicating a need to deposit more bone tissue156,157. This may explain 

some of the variation between the fentanyl and sham patch animals (e.g., trabecular 

thickness), but this is not likely a large cause for the observed variation between fentanyl 

and sham animals as the morphine and saline animals were not placed in jackets, as there 

was no risk of them removing a drug-eluting patch. For further details on the behavioral 

changes in these rabbits, see our previous work132. 

 

Limitations and Future Directions 

 The current study had limitations including differing drug administration routes 

requiring the splitting of our control group. This limited our statistical power to detect 

changes between drug groups and control groups. It is possible that with either an 

increased control group or matching drug administration route to allow for analysis 
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between drug groups and a single control group our results may differ. Given our initial 

power analysis for this work suggesting seven animals would be sufficient, future work 

could include 10-12 animals to address potential complications during the experiment 

resulting in exclusion from the study. We further do not recommend the use of 

transdermal drug-eluting patches in a future study examining longitudinal effects of 

opioids132. As stated above, the adhesive in these patches caused fur matting and 

erythema which led to increased stress in our experimental animals. Those patches are 

best left to short-term applications. 

Fur growth beneath the fentanyl patch application site may have limited drug 

uptake, potentially restricting the actual dose received by the animals and preventing us 

from detecting changes in bone microstructure that may otherwise be present. We did not 

collect routine blood samples as a part of this study, which would have confirmed drug 

dose, as attending veterinarians suggested the use of restrainers to collect the samples 

would cause undue stress in the animals. Future work should implement routine 

bloodwork to ensure proper drug delivery and consistent blood serum drug 

concentrations to guarantee proper dosing. Due to the relatively young age of the rabbits 

in this study and the average age of epiphyseal fusion in the proximal tibia, as discussed 

above, some growth and modeling events may have obstructed the effects of opioid 

administration. Our study employed rabbits at this relatively young age due to a supply 

chain issue with our vendor, requiring us to shift vendors with limited notice and 

availability. Future work should include animals over the maximum age for skeletal 

maturity in the skeletal element of interest, but young enough for the animal to not be 

undergoing changes in bone microstructure resulting from advanced age which may 
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prevent isolation of the potential effects of opioids. As rabbits have an average lifespan of 

7-11 years and are considered geriatric at 5-6 years old158, we recommend utilizing 

animals between nine months and one year old for similar experiments. Rabbits in this 

range would be past the maximum age of skeletal maturity for the tibia153, but young 

enough to not have confounding factors from advanced age.  
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CHAPTER IV 

BIOMECHANICAL PROPERTIES OF RABBIT MIDDLE RIBS FOLLOWING 

PROLONGED OPIOID EXPOSURE 

Introduction 

This chapter represents the integrated bioscience component of this dissertation 

required as part of the University of Akron’s Integrated Bioscience program. By 

incorporating methods from related fields (e.g., engineering), we can answer biological 

questions in new and unique ways while making our findings more relevant to a broader 

audience. Here we adapt mechanical testing commonly used in engineering fields to 

examine bone structural properties. In adapting methods from other fields, we can 

uncover common pitfalls to avoid. 

 

Bone Material Properties 

Bone is a viscoelastic, anisotropic composite material made up of a mineral 

matrix (hydroxyapatite, 65%), collagen fibers (25%) and water (10%)2,25,159. Due to its 

anisotropy, the mechanical properties of bone will vary based on how the bone is loaded 

(e.g., longitudinal, transverse)160. Nontraumatic (stress/fatigue) fractures are often caused 

by repetitive loading of bone whereas traumatic fractures are often caused by single large 

loading events161. Bone is stronger in compression than tension and weakest in shear160. 

Bone porosity and number of loading cycles are inversely proportional with increased 
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porosity decreasing the number of loading cycles before failure. Haversian bone can, 

therefore, undergo about five times fewer loading cycles than primary bone owing to the 

increased porosity in Haversian bone160.  

Many bone pathological conditions affect bone mineral density and porosity such 

as osteoporosis, osteomalacia, and osteopetrosis162. Bone porosity (e.g., lacunae, 

Haversian canals) can serve as stress concentrators where microdamage initiates67,163. 

Previous work focusing on changes in bone strength as a result of microdamage 

accumulation examine cyclic loading, showing increased microdamage reduces fatigue 

life164–166, and few studies exist examining maximum loading167. Composite materials are 

typically stronger than a material comprised purely of either component (e.g., a material 

made strictly of either hydroxyapatite or collagen). Because of the heterogeneous nature 

of bone, transitions between components disrupt crack propagation. Bone health in terms 

of fracture risk can be affected by complex interactions between inherent biological 

factors (e.g., age, hormone concentrations) and lifestyle choices (e.g., smoking, 

sedentary/active behavior, or excessive alcohol/drug use, such as opioids)168. In bone, the 

post-yield behavior is caused by the introduction of small cracks throughout the 

material160. As these cracks accumulate and propagate, the stress-strain curve begins to 

plateau. However, a previous study suggests some of the plastic behavior of bone is 

caused by shear slipping of the cement lines of secondary osteons169, though literature 

remains scarce. 
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Opioid Effects on Bone Biomechanical Properties 

Opioids have been shown to decrease bone mineral density32,56 and osteoblast 

activity via reduction of serum androgen hormone (e.g., estrogen, testosterone) and 

osteocalcin concentrations, resulting in thinner and fewer trabeculae and increased 

cortical porosity, mimicking osteoporosis32,43,54,114,150. This increased porosity, coupled 

with other cofactors (e.g., age, hormones, etc.), decrease the bone’s fatigue life and allow 

bones to fracture more readily170. Bones can, however, adapt to some of these changes to 

mitigate fracture risk. Bone can adapt in terms of both material properties and overall 

geometry171. In some instances, changing only the material properties of bone (e.g., 

increased mineralization) is not feasible and coupling material changes with geometric 

changes, such as increased bone diameter, can help limit fracture risk171. To counteract 

cortical thinning and resorption of endosteal bone tissue, Ruff and Hayes172 noted 

subperiosteal apposition helps limit the effects of endosteal resorption by increasing the 

second moment of area resulting from increased bone diameter. Some bone regions are 

prone to fracture (e.g., femoral neck, proximal and distal ends of the femur and tibia), 

perhaps due to undergoing less torsion and bending relative to the diaphyses during 

locomotion, such that the bone region undergoes less remodeling and the second 

moments of area decrease, increasing fracture risk at these locations with advancing 

age172.  

 Previous studies have examined the effects of opioids on bone maintenance or 

fracture healing in clinical settings in weight-bearing bones, including assessing bone 

mineral density of the spine55,56, biomarkers of bone formation/resorption56,138 or medical 
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record analysis of fractures in the spine and pelvis57. Further work has been performed in 

animal models including µCT of rabbit spines114 and histology of rat femora43,173. The 

present study seeks to isolate the effects of prolonged opioid use on bone quality and 

fracture risk without potentially confounding effects of weight-bearing. To this end, we 

used compression testing to examine how middle ribs yield after prolonged exposure to 

opioids. Ribs were chosen for this study as they are under relatively constant stress from 

respiration and do not bear body weight, limiting external effects from differences in 

lifestyles (i.e., sedentary or active) between animals. Many studies examining rib 

fractures and osteoporosis are studies examining the predictive value of various bone 

histomorphometric variables to assess osteoporosis174, structural properties of ribs 

throughout the lifespan175, large-scale medical record analyses in humans predicting 

future fracture risk, and measuring biomechanical properties of machined bone tissue 

specimens176, but none specifically examining the effects of opioid-induced 

osteoporosis177,178.  As stated in Chapter III, rabbits are the smallest commonly used 

laboratory animal with cortical bone remodeling similar to that of humans, making them 

an excellent model for this study. We tested if 1) opioid use causes cortical thinning in 

non-weight-bearing bones, and if 2) biomechanical properties of opioid groups are lower 

compared to controls through examining stress-strain curves gathered from compression 

tests. Bone loss has been associated with opioid administration for analgesia32,54,179. We 

hypothesized that opioid-treated animals would exhibit decreased cortical area and larger 

medullary area in rib cross-sections compared to controls. We further hypothesized ribs 

from the opioid groups would have worse performance across several biomechanical 
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parameters including reduced ultimate strength, strain, and toughness, and reduced peak 

stiffness. 

 

Materials & Methods 

 Ribs were chosen as they are consistently loaded between individuals during 

respiration180 and has become a common site for histologic assessment using the middle 

third of the sixth rib181. Due to our use of bilateral thoracotomy as a secondary means of 

euthanasia, some rabbits exhibited fractured right sixth ribs. We were further reserving 

the left sixth rib for a future study. For consistency among samples, we therefore excised 

the right fifth rib from each of the rabbits described in Chapter III. A previous study 

indicated that the middle ribs (ribs 4-7) have no significant morphometric differences in 

humans182. The fifth and sixth ribs of the rabbits appeared superficially similar with 

regard to overall morphology (e.g., curvature, diameter), but, to our knowledge, no 

comparative quantification of rabbit rib morphometry exists. We therefore presume any 

morphological differences between the fifth and sixth ribs are negligible, however further 

work is necessary to confirm this. In preparation for experiments, adhering soft tissues 

were removed from each rib using dental tools following standard maceration protocols76. 

Ribs were wrapped in saline-soaked gauze, stored individually in petri dishes sealed with 

parafilm, and kept at -20°C until testing. As stated in Chapter III, our sample sizes of 

seven animals per drug group are consistent with previous studies examining induced 

osteoporosis in rabbit cortical and trabecular bone120–122. 



90 

 

 

 

 

Gross Geometry & Compression Testing 

 Gross geometric measurements were gathered (Figure 24, Table 14) from each rib 

including span length, curve length, total cross-sectional area, and cortical area, as 

reported previously by Agnew and colleagues90 which used similar engineering 

techniques to examine pediatric and adult human ribs. As stated previously, opioids limit 

bone formation, disrupting the balance between bone resorption and formation found in 

remodeling. Cross-sectional area measurements serve as a macroscopic proxy to compare 

bone resorption between groups Span and curve lengths were measured to examine 

potential changes in bone modeling between groups. Following measurements, three 

serial sections (n = 63) were collected from the ventral end of each rib after removing a 

~2 mm section of bone which formed the costochondral joint (Figure 25) using a 

handheld rotary tool equipped with a diamond cutting wheel and hand-filed with 150-grit 

sandpaper to produce parallel edges in preparation for testing. Specimens measured 5.05 

± 0.53 mm in length as confirmed with digital calipers. After sectioning, the medullary 

cavity of each specimen was cleared using a water flosser. Using a Leica S8AP0 (Leica, 

Wetzlar, Germany) microscope equipped with a MicroPublisher 5.0 RTV camera 

(Teledyne Photometrics, Tuscon, AZ), cross-sectional images were collected for each 

section at 1.6x magnification with a scale bar in view. A comparable technique using a 

DSLR camera was previously validated against other histologic techniques for measuring 

cortical area183. These images were used to gather both cortical and endosteal area 

measurements (Table 14) using FIJI80 after calibrating images according to a scale bar in 

the same photograph.  Rib sections were placed on an Instron 5567 Universal Testing 
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Frame (Instron, Norword, MA) equipped with a 1 kN load cell and compression test 

plates housed at Akron Polymer Training Services operated by The University of Akron’s 

School of Polymer Science and Polymer Engineering. Bending tests were not employed 

in this study as bending a curved beam is complex and adds extra variation to analysis184. 

Our structural properties (Table 15) were gathered from the force-displacement curves 

produced by longitudinal compression testing and variables were modified from a 

previous study by Agnew and colleagues examining human ribs using impact testing90. 

Ribs were placed on the test platform and compressed at a strain rate of 0.01 mm/min 

until either fracture or, if distinct fracture could not be achieved, until the force plateaued 

post-failure (~30% of tests). Due to technical issues between the test frame software and 

the computer, seven specimen tests were unable to be collected, limiting the final sample 

size (n = 56). 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Representative image showing certain geometric properties collected for each 

rib. Curve Length (Cv.Le, green) is measured from sternal end to vertebral end along the 

inferior margin of the rib. Span Length (Sp.Le, yellow) is measured in a straight line from 

sternal end to vertebral end. 
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Table 14. Geometric properties gathered from bone area and rib measurements. These 

variables are taken from Agnew and colleagues90. 

Variable Abbr. 

(unit) 

Description Equation 

Span Length Sp.Le 

(mm) 

Length of rib from vertebral to sternal end - 

Curve 

Length 

Cv.Le 

(mm) 

Length of the rib measured along the 

curve of the inferior aspect of the rib 

- 

Total Area Tt.Ar 

(mm2) 

Total cross-sectional area - 

Endosteal 

Area 

Es.Ar 

(mm2) 

Endosteal area (area of medullary cavity) 

(Used for Cortical Area equation only) 

- 

Cortical 

Area 

Ct.Ar 

(mm2) 

Cortical bone area Tt.Ar – Es.Ar 

% Cortical 

Area 

% Ct.Ar 

(%) 

Cortical bone area normalized by total 

cross-sectional area 

Ct.Ar/Tt.Ar 

 

 

 

 

 

 

 

 

 

Table 15. Structural properties gathered from the stress-strain curve. These variables are 

modified from Agnew and colleagues90. 

Variable Abbr. (unit) Description 

Peak Stress FP 

(MPa) 

Maximum force in Z direction normalized 

by cortical area 

Peak Strain εP 

(mm/mm) 

Maximum displacement in Z direction 

normalized by specimen length 

Maximum Young’s 

Modulus 

KMax 

(N/mm) 

Maximum slope of linear portion of 

stress-strain curve 

Toughness UT 

(J/m3) 

Total area under the stress-strain curve to 

peak stress 
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Figure 25. Representative image of serial sections procured from each rib, Ventral (V), 

Intermediate (I), and Lateral (L), in preparation for compression testing. Apparent 

differences in shape are due to resting orientation of sections in the image. 

 

Data Analysis 

Analysis of stress-strain curves was completed using custom code developed in 

MATLAB R2021b (Mathworks, Natick, MA; Appendix F). Briefly, raw data output from 

the compression tests are imported and each datapoint was converted from force and 

displacement to stress and strain, respectively, by consulting a data file loaded with 

cortical bone area and original sample length. Samples displayed complex loading 

behavior as seen in the highly variable force-displacement curves relative to other tested 

samples (Figure 26) compared to that of isotropic materials such as metals and plastics. 

Specimens were observed throughout testing and specimens that exhibited small dips in 

stress (Figure 26, 135I) corresponded with longitudinal fractures in the specimen. Many 

of the specimens did not produce a distinct ultimate fracture and instead produced a 

“crumbling” failure. In tests that did not produce an ultimate fracture, specimens 
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exhibited a post-peak loading curve similar to a standard curve of rock, including crack 

linkage and faulting185 (Figure 27). This behavior could be the result of incomplete 

ossification (see Limitations) and limited the information we could glean from analyzing 

the post-yield region requiring us to crop the data at peak stress.  Further, due to this 

complex loading behavior, we were unable to collect a consistently reliable yield point 

for analysis in many of our compression tests after attempting three different coding 

methods including 1) user selection of automatically detected inflection points, 2) finding 

longest span of negative inflection, and 3) finding the point after the maximum slope at 

which slope reaches 95% the maximum. As we were not confident the yield point we 

determined from any of the above methods was reliable, and fully manual selection of 

yield point is relatively arbitrary, we exclude reporting yield stress/strain here. Stress-

strain curves were splined to remove noise. During splining, the first and last datapoint 

were weighted to anchor them as true points. To ensure stiffness captured slope in the 

linear region and not in the spline near the anchored points, we cropped the first and last 

25 data points from the stiffness calculation (Appendix F). The number of data points 

cropped was determined through extensive trial and error with 25 giving the most 

consistent result among all compression tests. Biomechanical variables (Table 15) were 

collected from these splined curves and saved to an output file for statistical analysis. 

Elastic (Young’s) modulus appeared to vary irregularly and unpredictably with strain, 

therefore, the maximum elastic modulus is reported as a substitute as has been done in 

previous work on bovine long bones and human lumbar vertebrae186. 
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Figure 26. Representative stress-strain curves showing the highly variable loading patterns 

seen in our sample. Note 085V appears to be in the yield region at the beginning of the test 

and 135I has smaller, longitudinal fractures (sudden drop in stress) but no complete failure 

occurred. Red lines are the raw data collected from the test frame. Blue lines are a spline 

of the original data superimposed. The open black circle indicates the maximum Young’s 

modulus for that curve and green star indicates peak stress/strain. 
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Figure 27. Representative stress-strain curve exhibiting post-peak behavior similar to the 

loading of rock. Strain softening occurs at Region A and is caused by linkage of 

microcracks into macrocracks. Region B indicates faulting caused by sliding of crack 

surfaces against each other. Details of these regions are explained in depth by Schultz185. 

 

Statistical Analysis 

All statistical analyses were completed using SPSS v26 (IBM, Armonk, NY). Due 

to the differing pharmacokinetics of fentanyl and morphine128,129,187 and difference in 

administration route, separate analyses were warranted examining only the differences 

between each opioid group and their respective control. We utilized two separate one-

way ANOVAs with step-down Bonferroni corrections (Appendix C) using drug group 

(morphine vs. saline, fentanyl vs. sham patch) as the independent variable. Residuals 
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from each ANOVA were tested to ensure normality and variance assumptions were met 

utilizing Shapiro-Wilk and Levene’s tests, respectively84,85. Any variable that violated 

assumptions was log10-transformed and re-analyzed. If the variable continued to violate 

assumptions, it was re-analyzed using a step-down Bonferroni-corrected one-way 

ANOVA with a bootstrapped88,89 sample created from 1000 replicates. 

 

Results 

 As there were no significant differences between morphine and saline animals nor 

between fentanyl and sham patch animals in any biomechanical variable (Figure 28, 

Table 16) we reject our hypotheses that bone exposed to prolonged opioid use performs 

worse biomechanically than controls and that cortical area is significantly decreased in 

bones of opioid-dosed animals. Morphine and saline animals further showed no 

significant differences in any geometric variables. Fentanyl animals had significantly 

shorter span length (mean  = 3.11 mm shorter) than the sham patch animals (F[1,28] = 

15.271, p = 0.001), but no other geometric variables were significantly different between 

fentanyl and sham patch animals (Figure 29, Table 17). 
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 Figure 28. Comparison of geometric and biomechanical variables between morphine and 

saline animals. Dashed line indicates median, dotted lines indicate 1st and 3rd quartiles. Plots 

are truncated at the limits of data distribution unless doing so obscured quartile lines. 
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Table 16. One-Way ANOVA results for drug group (morphine vs. saline). 

Variable 

(Data Transformation) 

F p-value  ω2 

Span Length 

(Bootstrap) 

1.867 0.185 0.032 

Curve Length 

(Bootstrap) 

0.006 0.939 -0.040 

Total Area 

(No Transformation) 

2.925 0.100 0.069 

% Cortical Area 

(No Transformation) 

0.054 0.819 -0.038 

Peak Stress 

(No Transformation) 

0.089 0.768 -0.036 

Peak Strain 

(No Transformation) 

0.229 0.637 -0.031 

Toughness 

(No Transformation) 

0.490 0.491 -0.020 

Max Modulus 

(Log10) 

0.170 0.684 -0.033 

 

 

Table 17. One-Way ANOVA results for drug group (fentanyl vs. sham patch). 

Variable 

(Data Transformation) 

F p-value  ω2 

Span Length 

(Bootstrap) 

15.271 0.001 0.324 

Curve Length 

(Bootstrap) 

2.984 0.095 0.062 

Total Area 

(Log10) 

0.512 0.468 -0.017 

% Cortical Area 

(No Transformation) 

2.244 0.145 0.040 

Peak Stress 

(Log10) 

0.796 0.534 -0.020 

Peak Strain 

(No Transformation) 

0.380 0.543 -0.021 

Toughness 

(No Transformation) 

0.086 0.772 -0.031 

Max Modulus 

(Log10) 

0.207 0.653 -0.027 
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Figure 29. Comparison of geometric and biomechanical variables between fentanyl and 

sham animals. Asterisks indicate a significant difference between fentanyl and sham patch 

(p < 0.003). Dashed line indicates median, dotted lines indicate 1st and 3rd quartiles. Plots 

are truncated at the limits of data distribution. 
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Discussion 

 Contrary to our hypotheses, there were no significant differences between 

morphine and saline animals and the only significant difference between fentanyl and 

sham patch animals was found in span length. Fentanyl animals actively attempted to 

remove the fentanyl patch from their interscapular region and were routinely observed 

balancing on their hindlegs and twisting in attempts to remove the patches with their 

mouths even when fitted with mesh jackets. This behavior was not seen in the sham patch 

animals. As stated in Chapter III, the fentanyl patches caused fur matting and erythema 

which the sham patches did not. 

Previous work calculated BMU longitudinal erosion rate (LER) in the rabbit tibial 

diaphysis to be 23.80 µm/day188. If this rate is consistent in both cortical and trabecular 

remodeling, at this velocity BMUs could resorb ~1.33 mm of bone during our 

experimental timeframe (8 weeks). While this 1.33 mm is less than half the 3.11 mm 

decrease in span length we report here, it is likely BMU LER varies between skeletal 

elements as remodeling rate and BMU activation frequency vary between skeletal 

elements189 and is known to be greater in ribs than in weight-bearing bones in both 

animal models and humans21. Given the above relevant literature, it is possible the 

routine twisting of the body by the fentanyl animals introduced an increased number of 

loading events in the ribs, inducing modeling changes to shorten the span length of the 

ribs. It is also possible this could simply be normal biological variation. One of these 

rabbits, for example, had substantially longer limb bones (e.g., femur, tibia) than the 

other 20 rabbits when measured for concurrent experiments. It is possible through 
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random assignment to groups, the animals in the fentanyl group simply had shorter ribs 

than the other groups. 

Previous work on rib stress fractures in rowers190 suggests increased strain from 

repetitive muscle loading leads to fracture. This could also potentially explain why span 

length differed significantly only in the fentanyl animals compared to the sham patch 

animals, whose sham patches did not cause nearly the same skin irritation as the 

transdermal fentanyl patches, and not between morphine and saline animals who had no 

drug-eluting patch to attempt to remove. A previous study by Tommerup and 

colleagues191, however, determined pig forelimb loading through exercise did not affect 

loading in the middle ribs as evidenced by bone apposition observed in the humerus, but 

not in the ribs. A similar phenomenon may be possible in rabbits as both animals are 

quadrupeds, however, there are numerous differences between pigs and rabbits, including 

body size, gait (unguligrade vs. plantigrade), and locomotion (walking vs. saltatory), that 

make extrapolation to rabbits difficult. Further work is necessary to determine if there are 

effects on middle ribs through forelimb loading in rabbits. As stated in Chapter III, while 

the overall weight of rabbits was significantly different between Week 0 and Week 8, 

there were no significant differences between drug groups. Therefore, overall weight 

differences between drug groups do not explain the variation in span length seen here. 

Natural variation between the rabbits may be a more likely explanation for this change. 

Due to our random assignment of animals into experimental groups, it is possible the 

fentanyl group animals had longer ribs than the other groups by chance. 
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Our use of bilateral thoracotomy as a secondary means of euthanasia introduced a 

large amount of force as indicated by the fracturing of the right sixth rib in a number of 

animals. It is possible this large force imparted on the thorax introduced enough force on 

the ribs to deform plastically, as indicated by the few stress-strain curves that appeared to 

be post-yield at the start of compression testing (Figure 26, 085V). However, a previous 

study176 examining impact testing of human ribs, after loading the whole rib to failure in 

bending, contrasts this, showing the only mechanical properties that were different 

between ribs previously injured and the contralateral uninjured ribs were yield stress and 

strain. It should be noted the authors176 report the strain rate for these tests was 0.5 

strain/s which is much faster than the current study (3.3 x 10-5 strain/s). As bone is 

viscoelastic, this change in strain rate can have a large effect on the response of bone and 

thus make comparing these studies difficult. These findings may help to explain our 

inability to isolate a reliable yield point in the current study. Future work should employ a 

different secondary means of euthanasia that does not potentially impact the mechanical 

properties of the ribs (e.g., potassium chloride injection192) to prevent confounding 

loading events that may limit observable differences. 

As stated in Chapter III, multiple drug administration routes required splitting our 

control group, thus limiting our statistical power. Future work should incorporate the 

same drug administration route132 and larger sample sizes (e.g., 10-12 animals per group), 

as discussed in Chapter III, past the age of skeletal maturity. While the age of skeletal 

maturity varies by skeletal element, previous work193 has shown rabbit ribs to begin 

ossifying at 15 days postnatal in the head and tubercle, and the rib is fully ossified by 90 
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days postnatal. Our rabbits, at 6 months old at the beginning of the experiments, were 

well past this timepoint and therefore our results are likely not due to incomplete 

ossification of the ribs. 

Our samples further exhibited complex loading behavior (Figure 26), likely due in 

part to a combination of inherent biological variation, flaws in sample geometry from 

preparation (e.g., non-parallel machined edges), or genuine material property differences. 

The resulting stress-strain curves differed from standard curves seen in both isotropic and 

anisotropic materials (e.g., manufactured metals, plastics, and composites). Elastic 

modulus and toughness appeared to vary irregularly and unpredictably with strain, 

suggesting micro-failures or other, more complex, loading responses. This precluded 

reliable identification of yield stress and may have overshadowed changes in toughness 

caused by opioid administration. Previous work testing compression of tibiae194, 

femora195, and lumbar vertebrae196,197 sections in sheep196, rabbits195,197, and humans194 

show more standard-looking loading curves, however all these studies used machined 

samples from weight-bearing bones and some used substantially higher strain rates194,195 

than the current study. More recent work from Albert and colleagues159 found human rib 

core specimens loaded in compression at 0.005 strain/s to have an ultimate stress of ~150 

MPa, somewhat higher than our reported values, but with a greater strain rate than our 

current study. Although, rabbits have thicker osteon walls and increased osteon density in 

the femur compared to humans and non-human primates198. This is purported to equate to 

stronger cortical bone for large forces introduced by rabbit locomotion198. If true, we 
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should expect greater ultimate stress in rabbits compared to humans, but further direct 

comparative work is required. 

Our variable curves may further have been the result of end-effects in the 

compression testing. These effects are the result of compressive shear at the ends of the 

specimen from direct contact with the platens of the test frame199. Any variability in the 

ends of the specimen could cause toe slip and non-linear regions of the stress-strain curve 

which affects determination of elastic modulus. A previous study examining end-effects 

in trabecular bone sections of long limb bones in cows and lumbar vertebrae of humans 

during compression testing found average elastic modulus is underestimated 22-38% 

which may be related to anatomic location of the specimen and variability of bone 

architecture at machined ends186. Our rib specimens may therefore have had small 

imperfections in the parallel ends from cutting which caused artifacts during testing. This 

same study determined a more accurate method of measuring elastic modulus with two 

extensometers attached to endcaps holding the specimen186. This technique was not 

feasible in our current study as specimens with lengths four times the diameter were 

required, which would introduce some gross bone curvature into our sample, increasing 

the chance of buckling failure. Our variable stress-strain curves may have further limited 

the power of our relatively simple analysis program and further tuning is required. Future 

studies should incorporate histologic analysis to confirm material property differences 

(e.g., bone mineral density and microstructural changes) in the rib following exposure to 

opioids, as previous studies suggest150,200. Methods utilizing 3D histomorphometric 

methods such as µCT may serve especially well as confirmation of mechanical 
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testing201,202. A previous study showed bone volume fraction explained 87% of the 

variation seen in elastic modulus from compression testing of human lumbar vertebrae201. 

Further difficulty in mechanical testing of bone is found in a lack of consistent 

testing parameters and terminology used between studies. A previous study examining 

the effects of bisphosphonates on bone mechanical properties in dog rib determined 

toughness to be variably defined in numerous other mechanical studies, sometimes 

defined as total area under the stress-strain curve, and in other studies defined as the 

energy underneath the curve only until peak stress, without any notation indicating a 

change from standard terminology203. This same study notes >85% of the change in 

toughness in their experiments was in the post-yield curve and cropping the curve at peak 

stress likely limits the use of toughness as a meaningful variable203. This is likely why 

toughness in our current study showed no significant differences between groups as we 

cropped our stress-strain curves at peak stress due to the highly variable post-peak region. 

There is further no standard protocol for mechanical testing of bone, which makes 

drawing comparisons between studies difficult and fraught with potential error due to 

variability in sample preparation and testing setup. A review by Zhao and colleagues204 

calls for standardization of mechanical testing in bone similar to the standards set by the 

former American Society for Testing and Materials (currently, ASTM International) for 

engineered materials and gives some specific recommendations, detailed below. 

Recommendations for standardized bone mechanical testing proposed by Zhao 

and colleagues204 include ensuring loading along the material axis instead of the anatomic 

axis as bones may not be loaded in purely anatomical directions (e.g., anterior-posterior, 
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medial-lateral) and instead may be loaded obliquely to these axes. Testing along 

anatomical axes will likely provide differing mechanical properties due to bone’s 

anisotropic nature. Our samples were not ideal for this recommendation as ribs are curved 

bones and there may be microscopic curvature within our small sections which would 

indicate we loaded the ribs along an anatomical axis, not the material axis. To correct 

this, future studies could use µCT or similar imaging techniques to determine the material 

axis prior to sectioning to ensure samples are cut along these axes. For machined (e.g., 

cored) specimens, a minimum of 5 mm is recommended with a 2:1 height : width ratio to 

prevent buckling failure204. Our rib specimens were ~3 mm along the widest axis and 

averaged 5.05 mm in height which was above these recommendations. We further did not 

identify buckle failure in any of our tests. 

Sample preparation and storage varies widely between studies including whether 

samples were stored frozen prior to testing, if samples were kept dry, wet, or rehydrated 

prior to testing which all give somewhat different mechanical properties204. The current 

recommendation is that samples be kept frozen in saline until testing as was done in this 

and previous studies90,175,204. Future work should implement these recommendations to 

make comparisons across studies and between research groups more feasible. Further 

recommendations include retention of bone marrow during testing. Previous studies have 

performed mechanical tests both with and without marrow included205,206 and the concern 

of marrow inclusion is rooted in maintaining the hydration of the tissue prior to and 

during testing. This could reasonably be mediated through storage in saline-soaked gauze 

as was done in our study. Our current study did not include marrow which may limit the 
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actuality of our compression tests as marrow would be present in vivo. However, 

including the marrow in our testing would require confinement of the specimen during 

testing to prevent leakage of the marrow on the test frame which was not feasible for our 

setup. Confinement of specimens produces its own set of obstacles during testing such as 

limiting lateral deformation204 and artificially increased stiffness207. 

Our results show limited significant differences between drug groups and their 

respective controls. Much of this is possibly due to complex loading behavior from 

compression of naturally curved structures leading us to loading the specimens along an 

axis to which it is not conformed. Further confounding may be due to imperfections in 

the parallel edges from specimen procurement, or perhaps there is truly no difference in 

rib structural properties with opioid use. It is difficult to interpret our results in relation to 

the existing literature as no standards exist for such testing and ribs are scarcely used. 

Commonly tested elements include long bones such as the humerus, femur, and tibia204. 

Until such a time as standards of mechanical testing on bone are agreed upon and used 

consistently it will remain difficult to elucidate how bone structural properties vary 

between species, skeletal elements, and even between regions of the same skeletal 

element.
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CHAPTER V 

CONCLUSIONS 

 The research described here aimed to identify changes to bone microstructure and 

biomechanics resulting from prolonged opioid exposure. The bone remodeling process in 

the BMU can become dysregulated through changes in hormones or introduction of other 

factors (e.g., alcohol, drugs, lifestyle, age, etc.). To better isolate the effects of opioids on 

bone we first examined how healthy bone microstructure changes with advancing age and 

between sexes. We then examined the effects of opioids on trabecular bone morphometry 

and rib strength. 

 Chapter II examined the changes of the lacuno-canalicular network between 

males and females across the lifespan using both SRµCT and CLSM. Previous work has 

utilized either SRµCT or CLSM separately to examine similar variables, but none have 

incorporated both imaging methods nor the influence of both age and sex on bone 

microstructure. Utilizing both imaging methods, we sought to determine how vascular 

pores and the LCN change throughout the lifespan and between sexes in the anterior 

femur. We hypothesized that pore size and connectivity would increase with advancing 

age while lacunar and canalicular diameters would decrease. We further hypothesized 

that these changes would be exacerbated in females owing to the shift in estrogen 

concentration with the onset of menopause. Our results, in general, supported these 
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hypotheses with pore volume increasing while pore density decreased, suggesting pore 

convergence. Lacunar volume also decreased with advancing age. Females further had 

significantly increased canalicular diameter and separation than males supporting our 

hypothesis that females would have more marked changes than males. While our study 

was limited in the bone envelopes and anatomical regions imaged, this work serves as a 

foundation for the combined effects of age and sex on bone microstructure, providing a 

more holistic understanding.  To expand this work, future studies should examine these 

effects between anatomical region, bone envelopes, and skeletal elements, including both 

weight-bearing and non-weight-bearing bones. 

Once we determined how bone microstructure changes with age and sex, we 

sought to examine the similarities to aging in bone caused by prolonged opioid 

administration in a model organism in Chapters III and IV. We examined both trabecular 

bone microstructural changes in the proximal tibia (Chapter III) and overall bone strength 

in the rib (Chapter IV). In Chapter III, we investigated whether opioid exposure caused 

decreased bone volume and/or trabecular thinning. We hypothesized opioid groups would 

exhibit decreased bone volume and thinner trabeculae than control animals. Fentanyl 

animals had increased trabecular thickness and separation than controls in the proximal 

tibia, but no overall change in bone volume whereas morphine animals exhibited 

increased bone volume compared to controls, contradicting our hypotheses. The exhibited 

differences by anatomical quadrants showed similar patterns of change between drug 

groups and controls, suggesting biomechanical and anatomical constraints, possibly 

limiting effects caused by opioid administration. These results are supported by our 
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concurrent work on the tibial and femoral diaphyses. These regional and opioid 

differences may be confounded by the relatively young age of our animals due to supply 

chain issues and stress caused by the transdermal fentanyl patches and subsequent 

jacketing of animals to prevent patch removal. Despite these limitations, this work does 

indicate opioids (i.e., fentanyl) decreases trabecular number. Future work should refrain 

from transdermal patch use and ensure the experimental animals are above the age of 

skeletal maturity for the skeletal element of interest. 

 To determine how microstructural changes from opioids affect overall bone 

mechanics, we performed compression tests on a middle rib, a bone under relatively 

constant stress from respiration and does not bear body weight. This relatively constant 

loading pattern should limit the effects of lifestyle on the observed differences. This 

chapter comprised the integrated bioscience portion of this dissertation, answering 

biological questions with engineering techniques. This integrated approach allowed us to 

produce a more comprehensive and cohesive understanding of biological mechanisms 

involved in changes to bone strength by examining data from 2D imaging and 

mechanical testing to determine macro- and microstructural changes resulting from 

opioid exposure. We hypothesized opioid groups would exhibit decreased cortical area 

and reduced ultimate strength, toughness, and reduced peak stiffness compared to 

controls. Contrary to our hypotheses, there were no significant differences in 

biomechanical parameters between either opioid group and controls. Neither did 

morphine animals exhibit decreased geometric properties compared to controls. Fentanyl 

animals, however, did exhibit decreased span length of the rib compared to controls 
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which may be a result of increased loading events in the rib from routine attempts at 

transdermal fentanyl patch removal, or normal biological variation. Our results are 

potentially confounded by forces imparted during bilateral thoracotomy. Future studies 

should utilize a different means of euthanasia and incorporate histological analysis to 

confirm microstructural differences near the sample site for mechanical testing. This 

study represented proof-of-principle of changes in bone strength caused by opioid use 

examined with mechanical testing. 

Through the combined results of these projects, we have elucidated some of the 

effects to bone microstructure resulting from prolonged opioid use. While our work had 

limitations stemming from different opioid administration routes and supply chain issues, 

this work serves as foundation for further examination. Our lab is already preparing for 

follow-up studies with larger sample sizes, utilizing subcutaneous injections for all drug 

administration and incorporating both male and female rabbits to examine differences 

between sexes.
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APPENDIX A 

IMAGEJ MACRO FOR SRµCT PORE EXTRACTION 

Developed by Dr. Mary E. Cole 

 

1. 32-bit reconstructed TIFF images are converted to 8-bit in FIJI. 

2. Reconstructed datasets are loaded into DataViewer and aligned longitudinally, 

exported as BMP images. 

3. Custom FIJI macro is run to isolate cortical spaces (lacunae and cortical pores) 

from reconstructed images: 

a. User places a 1.2 mm ROI on a virtual stack of the dataset 

i. After confirming ROI placement, macro performs the following 

steps automatically for each tomographic slice. 

b. Contrast is enhanced by normalizing and equalizing the histogram with a 

pixel saturation of 0.3% 

c. Brightness and contrast are auto-adjusted from the standard 0-255 pixel 

brightness values to the minimum and maximum pixel brightness in the 

reconstructed image. 

d. The image is despeckled once to remove noise. 
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e. An Intermodes threshold is applied to isolate spaces (lacunae and cortical 

pores) as white and bone as black. 

f. Open spaces connected to the ROI edge are closed and filled. 

g. The dataset, which now is a binarized stack of white spaces on black bone, 

is saved. The ROI is also saved as a filled white circle. 

4. A custom macro in CTAnalyser is used to isolate cortical pores from lacunae, 

producing two separate datasets. 

a. Any space >2000 voxels (deemed a cortical pore) is isolated, sealed, and 

connections to adjacent lacunae are removed. 

b. Any gap in the cortical pore smaller than 5 voxels is closed to produce a 

continuous pore. 

c. Black specks in the 2D slices of each cortical pore (<10,000 pixels) are 

deemed mottled from soft tissue remnants and are filled in. 

d. Lacunae are isolated by taken any space <2000 voxels. 

e. Noise (objects <10 voxels) is removed from the lacunae. 

f. Any inclusions on the 2D slices >100 pixels near the edge of the ROI were 

determined to be artifacts from ROI isolation and were removed, leaving 

only lacunae. 

g. These voxel/pixel values for this macro were determined through trial and 

error, comparing the binarized output with the original reconstructed 

dataset. 
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5. A final rim correction is used to seal any remaining open pores connected to the 

edge of the ROI and removes ring artifacts from the binarized cortical pore and 

lacunae datasets. 

a. The binarized pore and lacunae datasets are loaded separately and step 3f 

is repeated to seal any remaining open pores at the edge of the ROI 

b. Ring artifacts (semi-circular defects from the scintillator of the SRµCT 

system that persisted after ring correction during reconstruction) are 

removed. 

i. For the cortical pore dataset, any particle with a size between 0-

1000 pixels and more oblong (circularity value 0.0-0.2) is 

removed. 

ii. For the lacunar dataset, the original grayscale dataset is copied, 

smoothed, and enhances the ring artifacts with auto MinError 

thresholding. 

iii. Segments of the ring artifacts are connected through 

dilation/closing commands and isolated by circularity (0.0-0.3). 

iv. Any lacunae trapped in this ring artifact are extracted with 

automatic Intermodes thresholding as in Step 3e, filtered by size to 

remove noise (>10 pixels) and high circularity (0.3-1.0). 

v. Ring artifacts are removed from the lacunar dataset and any 

lacunae that were hidden in the ring artifact are added back in 
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c. This macro saves refined datasets for both cortical pores and lacunae as 

well as datasets of artifacts removed from cortical pore and lacunar 

datasets to ensure what was removed was truly an artifact. 

6. Refined datasets are automatically isolated in FIJI using Analyze Particles 

function and superimposed on the original grayscale reconstruction to ensure true 

pores or lacunae were not removed by mistake and that the refined datasets only 

include pores/lacunae. 

7. Cortical pore and lacunae datasets are loaded into CTAnalyser separately and 3D 

analysis is processed for morphometric variables regarding size, connectivity, 

volume, and orientation. The ROI dataset saved in Step 3g is loaded to limit the 

bounds of analysis and correct for volume differences between specimens. 
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APPENDIX B 

IMAGEJ/CTANALYSER MACRO FOR CLSM LCN EXTRACTION 

Developed by: Dr. Mary E. Cole 

 

ImageJ 

1. Stitched dataset has contrast enhanced by normalizing and equalizing the 

histogram with a pixel saturation of 0.3%. 

2. Background is subtracted from the dataset using a rolling ball radius of 50. 

3. Bright and dark outlier speckles are removed to enhance object borders. 

a. Outliers: radius = 2, threshold = 50 

b. Unsharp mask: radius = 1, mask = 0.6 

4. Auto-threshold using Phansalkar filter, ideal for low contrast images (radius = 15) 

5. Despeckle function three times. 

 

CTAnalyser 

6. Isolated white speckles >100 voxels were determined to be noise and 

subsequently removed. 

7. Morphological closing of gaps smaller than 3 voxels between adjacent 2D images.
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APPENDIX C 

STEP-DOWN BONFERRONI CORRECTIONS 

1. Collect number of statistical tests run in the chapter (e.g., for Chapter III, there 

were 10 variables examined using ANOVAs) 

2. Arrange original p-values from smallest to largest 

3. Beginning with the lowest original p-value indicate the number of tests left to 

correct (e.g., for Chapter III, the smallest p-value is given the number 10, the 

second smallest is given the number 9. This continues until the final test [largest 

p-value] is given the number 1.) 

4. Divide the original alpha (α = 0.05, throughout this dissertation) by the number 

assigned to that test in Step 3 (e.g., the smallest p-value which was assigned 10, 

now has an alpha of 0.005 [0.05/10]). 

5. Compare original p-value against this adjusted alpha determined for each test in 

Step 4. If the original p-value is less than this adjusted alpha, the test result 

remains significant. 
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Original p-value # of Tests Remaining Adjusted Alpha Significant? 

0.0000 10 0.0050 Yes 

0.0000 9 0.0056 Yes 

0.0000 8 0.0063 Yes 

0.0000 7 0.0071 Yes 

0.0000 6 0.0083 Yes 

0.0003 5 0.0100 Yes 

0.0016 4 0.0125 Yes 

0.0021 3 0.0167 Yes 

0.0045 2 0.0250 Yes 

0.0940 1 0.0500 No 
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APPENDIX D 

TRABECULAR ISOLATION TASKLIST IN CTANALYSER 

Step CTAnalyser Function Settings Applied Description 

1 Thresholding Automatic (Otsu), 2D 

space, dark background, 

apply to image 

Applies a threshold to 

each 2D image in the 

dataset using Otsu 

method 

2 Morphological 

Operations 

Erosion in 2D space, 

round kernel, 1-pixel 

radius, apply to image 

Diminishes the edge of 

each surface by 1 pixel 

in each 2D image. 

Severs any soft tissue 

remnant connections 

between fibula and 

tibia 

3 Despeckle Sweep in 3D space, 

remove all except the 

largest object, apply to 

image 

Removes any objects 

that are not connected 

to the largest object 

(tibia). Removes the 

fibula from the dataset 

4 Morphological 

Operations 

Dilation in 2D space, 

round kernel, 2-pixel 

radius, apply to image 

Expands the edge of 

each surface by 2 

pixels in each 2D 

image. This undoes the 

erosion in Step 2 and 

adds one more pixel 

5 Morphological 

Operations 

Closing, in 2D space, 

round kernel, 1-pixel 

radius, apply to image 

Connects any surfaces 

within 1 pixel of each 

other to fill in gaps 

between 2D slices 

6 Morphological 

Operations 

Erosion in 2D space, 

round kernel, 1-pixel 

radius, apply to image 

Diminishes the edge of 

each surface by 1 pixel 

in each 2D image. 

Undoes the dilation 

from Step 4. 
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Step CTAnalyser Function Settings Applied Description 

7 Despeckle Sweep in 3D space, 

remove all except the 

largest object, apply to 

image 

Removes any objects 

that are not connected 

to the largest object 

(tibia). Removes noise 

amplified with the 

morphological 

operations in Steps 4-6 

8 ROI Shrink-wrap Shrink-wrap in 2D 

space, stretch over holes 

of 30 pixels or less. 

Creates an ROI of the 

outer surface of the 

entire bone in each 2D 

image, ignoring holes 

less than 30 pixels 

9 Bitwise Operations Image = Image XOR 

Region of Interest 

Inverts the image 

within the ROI, 

making medullary 

cavity an object and 

bone is viewed as 

background 

10 Morphological 

Operations 

Erosion in 2D space, 

round kernel, 2-pixel 

radius, apply to image 

Removes portions of 

cortical shell that were 

within the bounds of 

the ROI 

11 Despeckle Sweep in 3D Space, 

remove all except the 

largest object, apply to 

image 

Removes any 

remaining cortical 

shell, leaving only 

medullary cavity 

12 Despeckle Remove white speckles 

in 3D space <40 voxels, 

apply to image 

Removes any holes 

within the epiphyseal 

line to make it easier to 

segment the epiphyseal 

line from the 

medullary cavity 

13 Morphological 

Operations 

Closing in 2D space, 

round kernel, 19-pixel 

radius, apply to image 

Closes the ROI over 

any trabeculae while 

excluding the 

epiphyseal line 

14 Morphological 

Operations 

Erosion in 2D pace, 

round kernel, 3-pixel 

radius, apply to image 

Brings ROI in 3 pixels 

to sever any remaining 

connections to the 

endocortical surface 

15 Bitwise Operations Region of Interest = 

COPY Image 

Changes the ROI from 

the entire bone to only 

the medullary cavity. 
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Step CTAnalyser Function Settings Applied Description 

16 Reload Reload image Resets the 2D images 

to be the original 

grayscale image within 

the ROI. 

17 Save Bitmaps Saves image inside ROI 

as a bitmap 

Saves each 2D image of 

the trabeculae for 

analysis 

18 Save Bitmaps Save ROI as a 

monochrome (1 bit) 

bitmap  

Saves each 2D ROI 

image of the medullary 

cavity as a 1-bit bitmap 
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APPENDIX E 

IMAGEJ MACRO FOR MEDULLARY CAVITY QUADRANTS 

Developed by: Dr. Mary E. Cole 

 

1. Ensures background color is set to black. 

2. Image is converted to 8-bit. 

3. Auto-thresholds image from pixel value 1 to 255, ensures the background is set to 

black again. 

4. Converts threshold selection to a mask. 

5. Runs “Slice Geometry” function from BoneJ208. 

6. Saves centroid X value. 

7. Draws a vertical line through the centroid. 

8. Rotates line counterclockwise 45°, 135°, 225°, then 315° from original to create 

quadrant borders. 

9. Changes foreground color to black. 

10. Duplicates original image. 

11. Draws quadrant border lines in black. 

12. Revert foreground color to white. 

13. Duplicates image with borders drawn. 

14. Makes a polygon selection with the borders for the anterior quadrant. 
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15. Clears outside. 

16. Saves image as anterior quadrant. 

17. Repeats Steps 14-16 for medial, lateral, and posterior quadrants. 

18. Repeats Steps 1-17 for each image in the dataset. 
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APPENDIX F 

MATLAB CODE ANALYZING STRESS-STRAIN CURVE 

Developed by: Reed Davis and Hope Zimmerman 

% Modified by Hope Zimmerman 

clc %HZ 

close all %HZ 

clear all %Clears workspace variables from previous run. (Peace of mind) 

 

Imports 

%Opt A: Import from a folder 

testfiledir = 'C:\Pythonprogs\RabbitRibs'; %Add File directory here 

matfiles = dir(fullfile(testfiledir, '*.csv'));% get list of files 

 

%Opt B: GUI pick folder 

%[fname,path] = uigetdir();%or enable a folder search 

%matfiles = dir(fullfile(path, '*.csv'));%get list files 

 

nfiles = length(matfiles);%number of files 

 

load('Sample_Length_and_Area')%a table 

%splitting the table 

sample_name = table2array(SampleLengthandArea(:,1)); 

sample_area = table2array(SampleLengthandArea(:,2));%m^2 

sample_length = table2array(SampleLengthandArea(:,3));%mm 
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%Algorithms 

%M  manually select yield point 

%A1 find inflection points and manually pick 

%A2 find longest run of negative dSlope 

%A3 find max slope and find when slope = .95Max AFTER max 

 

%TO collate data 

sample_name_col=[];%see below 

peak_stress_col=zeros(nfiles,1); 

peak_strain_col=zeros(nfiles,1); 

peak_modulus=zeros(nfiles,1); 

peak_modulus_stress=zeros(nfiles,1); 

peak_modulus_strain=zeros(nfiles,1); 

total_energy_col=zeros(nfiles,1); 

 

%make a list of sample names, not numerical so collated here 

for i = 1 : nfiles 

    sample_name_col=[sample_name_col(:);... 

        convertCharsToStrings(matfiles(i).name)]; 

    %the convertCharsToStrings lets us make an array 

end 

 

 

for i = 1 :nfiles 

DataCopy=readmatrix(fullfile(testfiledir, matfiles(i).name)); %read csv to a matrix 

    %convert 

    Disp=DataCopy(:,1); %Column 1 is displacement (mm) 

    Force=DataCopy(:,2); %Column 2 is force (kN) 

    Force=Force.*1000; % to N 

    Disp=Disp./1000; % to m 



149 

 

 

 

 

 

    Ostrain=Disp./(sample_length(i)/1000);%m/m 

    Ostress=Force./sample_area(i);%N/m^2 = Pa 

    Ostress=Ostress./(10^6); %to MPa 

 

    Nancount=sum(sum(isnan(DataCopy))); %Should be 0. Error checking, counts how 

many "Not a Numbers" (NaNs) exist in dataset 

    Dlen=size(DataCopy,1); %returns length of strain column (1) (how many data points 

in column, used for weighting below) 

 

    [MaxStress,psInd]=max(Ostress);%hz add psInd PeakStrainIndex 

 

    %PEAK Collation 

    peak_stress_col(i)=MaxStress; 

    peak_strain_col(i)=Ostrain(psInd); 

 

    %trimming 

    Disp=Disp(1:psInd); 

    Force=Force(1:psInd); 

    Ostrain=Ostrain(1:psInd); 

    Ostress=Ostress(1:psInd); 
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Smooth Force Disp 

    time=[1:length(Disp)]; 

 

    Dlen=length(time); %returns length of time (how many data points in column, used for 

weighting below) 

 

    weights=ones(Dlen,1); %Assigns weight of 1 to all data points 

    weights(1)=10000; %Sets first data point weight to 10K to anchor 

    weights(end)=10000; %Sets last data point weight to 10K to anchor 

    %Spline below will spline between the first and last point because weighted 

    %so low. First and last point are locked. Ensures start and end are true 

    %data points 

 

    %Splining variables 

    [~,Sdisp]=spaps(time,Disp,40,weights); %Splined strain 

    [~,Sforce]=spaps(time,Force,40,weights); %Splined stress 

    Sdisp=Sdisp'; % transpose 

    Sforce=Sforce'; 

 

    %Total Energy 

    %Total area under the curve 

    TotEnergy=trapz(Sdisp,Sforce); %Integral of FD curve, trapezoid rule (N*m) 

    total_energy_col(i)=TotEnergy; 

 

    Sstrain=Sdisp./(sample_length(i)/1000);%m/m 

    Sstress=Sforce./sample_area(i);%N/m^2 = Pa 

    Sstress=Sstress./(10^6); %to MPa 
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%   Save Spline 

    T = table(Disp, Force,... 

        Sdisp, Sforce,... 

        Ostrain, Ostress,... 

        Sstrain,Sstress);%Buid a csv 

    T.Properties.VariableNames = {'Displacement_m','Force_N',... 

        'Splined_Displacement_m','Splined_Force_N',... 

        'Strain_m/m','Stress_MPa',... 

        'Splined_Stress_MPa', 'Splined_Strain_mm/mm'}; 

    splinefilename =[matfiles(i).name(1:end-4),'_Splines_and_trims.csv']; 

    splinefolderdir=strcat(testfiledir, '\Splined_Data'); 

    saveto_title=fullfile(splinefolderdir, splinefilename); 

 

    writetable(T,saveto_title,'Delimiter',',','QuoteStrings',true); 
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Differentiating 

Modulus=zeros(length(Sstress)-1,1); 

    for j=1:(length(Sstress)-1) 

        Modulus(j)=(Sstress(j+1)-Sstress(j))/(Sstrain(j+1)-Sstrain(j)); 

    end 

 

    %find Max Modulus 

    trim=25;%To avoid the splining weights at ends 

    [ModM,ModI]=max(Modulus(trim:end-trim)); 

    ModI=ModI+trim; 

 

    peak_modulus(i)=Modulus(ModI); 

    peak_modulus_stress(i)=Sstress(ModI); 

    peak_modulus_strain(i)=Sstrain(ModI); 

 

Display Results 

%Plots splined force against displacement 

    figure() 

    plot(Ostrain,Ostress,'.','Color',[255,0,0]/255, 'MarkerSize',5); %red original data 

    hold on 

 

    plot(Sstrain,Sstress,'.','Color',[0,0,255]/255, 'MarkerSize',5); %blue splined data 

 

    %plot manual yield points of interest 

    po=plot(peak_modulus_strain(i),peak_modulus_stress(i),'ko'); 

    po.MarkerSize = 8; 

    %labelling 

    title(strcat('Splined Stress by Strain FINAL',matfiles(i).name)) 


