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ABSTRACT

Astronauts undergo significant bone loss during spaceflight. The lack of
gravitational loading increases bone resorption and decreases bone formation in weight-
bearing bones, resulting in a net loss of bone.

NASA traditionally counteracts bone loss by returning loading to astronauts’
bones with daily resistance exercise. However, recent data suggest that exercise alone
does not completely protect astronauts.

To supplement resistance exercise, NASA has previously investigated
pharmaceutical countermeasures. A promising osteoporosis medication, anti-sclerostin
antibody (Scl-Ab), could provide a viable treatment for spaceflight-induced bone loss.

This study investigated exercise and Scl-Ab as preventive countermeasures to
microgravity-induced bone loss. To do this, we used the well-established hindlimb
unloading rat model, and we administered Scl-Ab or a voluntary jumping protocol
before hindlimb unloading.

First, we characterized loading from our jumping protocol. We found that ground
reaction forces were on average 2.8 times body weight in our rats. These greatly elevated
loads were osteogenic in forelimbs and hindlimbs. We found elevated bone formation
rate, decreased osteoclast surface, and elevated cortical bone mineral density in jumping
animals compared to untreated controls. Thus, we believe our jumping model is a

physiologically relevant bone model for anabolic resistance exercise in humans.



Next, we assessed the impact of jumping, Scl-Ab, and unloading on bone
integrity, and we directly compared the effectiveness of Scl-Ab and jumping exercise.
Both preventive countermeasures were effective through four weeks of disuse. Bone
architecture and mechanical properties in both treatment groups were improved after
four weeks of unloading compared to untreated unloading controls. However, Scl-Ab
was much more effective in the especially vulnerable cancellous compartment. Scl-Ab
doubled bone volume fraction and tripled yield stress and elastic modulus of cancellous
bone compared to unloading controls. Scl-Ab is an especially strong candidate for a
pharmaceutical countermeasure to spaceflight bone loss.

Finally, we conducted finite element modeling of compression of cancellous rat
bone. These simulations did not reflect findings from pCT and physical compression of
the same bone volume. Despite these seemingly erroneous results, we have identified a
number of procedural improvements, and we believe that these simulations will become

a valuable and routine outcome for our lab.
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1. INTRODUCTION

One of the many health challenges posed by spaceflight is bone loss. Unprotected
by modern countermeasures, astronauts can lose up to 1.5% of hip bone mineral density
per month during spaceflight:-3). The main driver of this bone loss is the lack of
gravitational loading on weight-bearing bones. Bone adheres to Wolff’s Law, which
states that the mass and strength of bone adapt to the mechanical environment®. Thus,
weight-bearing bones respond to microgravity by increasing bone resorption and
decreasing bone formation. This leads to the net loss of bone seen in astronauts.

However, it is also possible to take advantage of Wolff’s Law to prevent bone
loss by returning loading to the skeleton during spaceflight. NASA accomplishes this
primarily through daily resistance exercise aboard the ISS. Studies that have relied on 2-
D DEXA measurements have found exercise to be largely effective at preventing bone
density loss during standard, 6-month International Space Station (1SS) missions®9).
However, recent data from high resolution peripheral computed tomography® and finite
element modeling® suggests that exercise alone does not completely protect astronauts.

Due to concerns over the effectiveness of exercise alone as a countermeasure,
NASA has previously investigated a common osteoporosis medication, the
bisphosphonate alendronate. The treatment improved bone density in the astronauts, but
it caused undesirable upper gastrointestinal side effects in a minority of subjects
receiving the treatment®. In addition, bisphosphonates bind directly to mineral in bone

and remain in the skeleton for years after treatment is administered®, causing concerns



for NASA about long-term residual effects. Consequently, other pharmacological
countermeasures warrant study. Specifically, anti-sclerostin antibody (Scl-Ab), a
promising, anabolic osteoporosis medication approved by the FDA in 2019%9, could
provide a viable countermeasure for spaceflight-induced bone loss.

Investigation of Scl-Ab and further characterization of resistance exercise as
countermeasures to microgravity-induced bone loss would benefit NASA. It would be
especially useful to directly compare the effectiveness of the two countermeasures in a
spaceflight setting. However, instead of conducting human studies in astronauts, it is
much more feasible to use animal models to gain insight into the human skeleton. A
common ground-based animal model used for investigating spaceflight-induced bone
loss is the hindlimb unloading (HU) rat model®**3). In this model, the rat is suspended
by a tail harness so that its hindlimbs do not touch the ground, thereby removing weight
bearing from the hindlimbs. Thus, the hindlimbs of the animal are an analog for the
unloaded skeleton of astronauts. This model has been shown to produce similar bone
mineral density loss to spaceflight, as well as significant deterioration of the material and
structural properties of bone®* %), Our laboratory has significant experience with the HU
rat model, which made it an ideal choice for this study.

Previous studies have implemented a number of rat models of resistance exercise
that are compatible with HU. Some investigators have used rat jumping models for
resistance exercise. These models involve conditioning rats to perform repeated vertical
jumps of up to 15 inches. The jumping protocols were shown to increase bone formation

and reduce bone loss due to HU or ovariectomy-induced estrogen deficiency®>19,



Our voluntary jumping protocol suffers from the shortcoming that the loads it
produces in the bones of our animals are unknown. To address this, we measured ground
reaction forces (GRFs) produced during voluntary jumping. Researchers have previously
constructed and implemented rodent-sized force platforms to measure GRFs produced
by rats. These approaches have been used in some cases for gait analysis®®?? and, more
analogously, to measure GRFs in an impact-loading paradigm that involved dropping
rats from various heights®®,

Administering Scl-Ab to rodents by injection was substantially easier than
training them to follow an exercise protocol. The Scl-Ab treatment interferes with pro-
resorptive and anti-formation signaling between bone cells. In this way, Scl-ab increases
bone formation and decreases bone resorption®®. The net effect of the treatment is an
anabolic (growth-promoting) response in bone. In various animal studies, including a
mouse study conducted on a space shuttle mission®, Scl-Ab significantly mitigated
bone loss caused by disuse(?42627),

The overall objective of this study was to use the HU rat model to investigate
Scl-Ab treatment and exercise as countermeasures to disuse-induced bone loss. First, the
loading created by our voluntary jumping exercise regimen was characterized by ground
reaction force measurements. We expected that jumping would create substantial
increases in the daily loading imposed on the rats’ limbs compared to loads imposed by
normal cage activity (measured by body weight). Next, changes in the mechanical and
architectural properties of our rats’ femurs were characterized through micro-computed

tomography (UCT) and mechanical testing. Results from these techniques allow for



comparing the effects of Scl-Ab and voluntary jumping exercise. We hypothesized that
both countermeasures would improve bone outcomes and protect from the harmful
effects of HU. However, we expected Scl-Ab to be more effective in the cancellous bone
of the distal femur, and jumping to be more effective in the cortical bone of the femur
midshaft. Finally, we conducted a finite element simulation of compression testing of
metaphyseal cancellous bone from our rats’ distal femurs. We hoped that modeling
would give us new insight into the physical cancellous compression test that is also
presented in this study, and we expected the results of the physical and simulated
compression to be highly correlated.

The rest of this dissertation will describe our process and findings on these topics
in detail. It will start with an in-depth discussion of the study’s background in Chapter 2.
Chapter 3 will detail the experimental methods hinted at above. Chapter 4 will give the
results of this study, and Chapter 5 will wrap up with a discussion of our findings and

their implications.



2. BACKGROUND
2.1. Bone Adaptation and Remodeling

Bone is a living, dynamic tissue. It is constantly replaced throughout a lifetime
by a process known as remodeling. In healthy bone, the remodeling process preserves
bone integrity by removing microdamage that could lower bone strength if allowed to
accumulate®®®). To accomplish remodeling, three bone cell types act in tandem:
osteoclasts, osteoblasts, and osteocytes.

The remodeling process begins with osteocytes, which are responsible for
monitoring the bone environment and signaling to other cells to coordinate their
activities. Osteocytes comprise 90%-95% of all bone cells and are distributed throughout
the entire bone matrix. They have numerous dendritic processes extending from their
cell bodies that create a far-reaching osteocyte network®®. Osteocytes use their
extensive network in part to sense mechanical loading on bone, but their exact sensory
mechanism is a matter of some debate. It is likely that osteocytes sense bone’s loading
state by sensing some combination of fluid shear stress®® or direct deformation®? acting
on any number of their structures. Regardless of the exact mechanism, osteocytes
respond to mechanical stimulus by secreting signaling proteins to direct the bone
remodeling response®?,

Osteocytes trigger the remodeling process by activating the bone resorbing cells,
osteoclasts. Osteoclasts are multi-nucleated cells responsible for the removal of bone.
These cells eat up old and damaged bone to pave the way for the formation of new bone.

After resorption, teams of osteoblasts migrate to the remodeling site and produce organic



bone matrix, known as osteoid. The osteoid is made mostly of collagen and serves as a
template for hydroxyapatite crystals. After osteoid is formed, osteoblast activity ceases,
and the organic osteoid gradually mineralizes over time. About 70% of the final
hydroxyapatite content forms over the first two to three weeks after osteoid formation,
and then hydroxyapatite crystals slowly grow to a physiological limit, which can take
anywhere from several months to a year©?,

In cortical bone of humans and most large mammals, this remodeling process
results in well-organized, cylindrical columns of bone called osteons. Osteons are
formed as teams of osteoclasts and osteoblasts burrow through the cortical bone matrix
and then lay down organic matrix to close the hole®?.

Bone remodeling is not so organized in cancellous bone. Instead, osteoclasts
form Howship’s lacunae, small and somewhat irregular resorption regions. Osteoblasts
then lay down new bone in these lacunae. Unfortunately, if a certain trabecula has too
many Howship’s lacunae, the osteoclasts can actually penetrate through the trabecula.
Osteoblasts then have no ability to replace the lost trabecula in the same location®?).
Instead, the bone cells will have to thicken surrounding, intact trabeculae to compensate
for the lost trabecular integrity. This compensation is not fully effective and results in a
permanent loss of bone strength®®),

One important function of the bone remodeling process is to allow bone to adapt
its mechanical environment. Julius Wolff was the first to describe these adaptations in

his self-named Wolff’s Law®. Wolff’s Law states that bone adapts to the loads that are



placed on it. This was taken further by Harold Frost, who proposed a thermostat analogy
for bone remodeling®+3%),

Just like a thermostat that activates when temperatures fall above or below a set
level, bone remodeling activates when bone strains fall above or below a critical
threshold. When strain is increased above normal, osteocytes sense the increased strain
and signal to osteoclasts and osteoblasts. The osteoclasts and osteoblasts respond by
decreasing bone resorption and increasing bone formation. Together, the cells strengthen
the bone in the directions that will be most advantageous for the increased or unusual
mechanical loading. Conversely, when bone strains are reduced, osteoclasts increase
their resorptive activity, and osteoblasts decrease their formation of new bone. This leads
to net bone resorption and a decrease in bone density and strength®®),

2.2. Spaceflight and Bone

Since the beginning of manned spaceflight in the 1960’s, NASA has known that
exposure to microgravity causes bone loss. Analysis from the early Skylab program
(1973-1974) found that collagen breakdown products doubled post flight compared to
preflight values®®. In the 1990’s, NASA began using dual-energy X-ray absorptiometry
(DXA) to measure bone loss due to spaceflight. With this new imaging technology,
LeBlanc et al. found bone mineral density (BMD) losses of 1.06-1.56% per month at the
spine and hip®?.

On October 31, 2000, NASA launched its first crew to the International Space
Station (1SS)®®), signaling a new era for spaceflight. The early 2000s also saw the first

uses of quantitative computed tomography (QCT) to measure bone mineral parameters
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in astronauts. QCT was a significant advance over DXA in part because it gave
researchers the ability to measure cancellous and cortical bone separately. Using QCT,
Lang et al. found that astronauts lost over 5 times more cancellous BMD than cortical
BMD at the hip. The loss of cancellous bone drove the astronauts’ overall rate of BMD
loss at the hip to ~1.5% per month®. This rate is about 3 times greater than yearly hip
BMD loss rates in postmenopausal Caucasian women (the population most at-risk for
osteoporosis)®?. Further early NASA ISS studies**? and findings in Russian
cosmonauts“? corroborated that spaceflight produces significant cancellous bone loss in
weight-bearing bones.

To combat bone loss in microgravity, NASA developed a number of
countermeasures. One of the most important of these countermeasures is exercise.
Exercise attempts to protect bone from microgravity by restoring loading to the skeleton.
A standard 1SS mission lasts somewhere from 4 to 6 months®*?, and during this time,
astronauts spend about two hours per day exercising. Resistance exercise is especially
important to NASA’s plan to combat bone loss, since resistance exercise produces large
loads on the skeleton. The Advanced Resistive Exercise Device (ARED) is the current
resistance exercise device aboard the ISS. It was launched to the ISS in 2008“%), and has
been in use ever since. Exercise with ARED does mitigate bone loss, but ARED alone is
not fully protective of bone properties. LeBlanc et al. compared astronauts’ pre- and
post-flight DXA scans and found significant reductions in hip BMD, despite ARED
exercise®. However, they also found that exercise on ARED was a substantial

improvement compared to previous exercise protocols, which failed to protect astronauts



from bone loss at any load bearing site of interest®. NASA studies by Smith et al.
reinforced these findings. They found that ARED exercise protected from bone loss at a
variety of weightbearing sites®, and that exercise was effective for both men and
women®4),

Thanks in large part to ARED exercise, NASA currently considers bone loss to
be a low priority issue. In fact, in their published Human Research Program roadmap,
NASA states that they do not plan to fund bone-related studies beyond those that are
currently underway™). However, recent studies using advanced diagnostics have found
that ARED exercise might not be as protective as once thought. Vico et al.”? and
Sibonga et al.“® used high resolution peripheral QCT to evaluate ARED-era astronauts’
bone. They both found significant bone loss at weightbearing sites, and Vico et al. found
that reductions in density and simulated strength did not recover during the 12 months
following return to Earth and normal gravity”). In addition, finite element simulation of
vertebral compression revealed significant decreases in post-flight strength®. The
astronauts’ lost vertebral strength did not return even up to 4 years after spaceflight®.

In addition to newly discovered concerns with exercise alone as a primary
countermeasure to bone loss, exercise faces a few other obstacles in long-term viability.
The most pressing issue currently is that the ARED is not suited for long-duration
missions beyond low earth orbit. The ARED is too large to travel in the Orion capsule
that NASA plans to use on their proposed 2030s manned mission to Mars“”. NASA is
developing more compact exercise equipment to be used on Orion®”), but if the

equipment is less reliable or not as effective as the ARED, astronaut health could suffer.



Additionally, any exercise countermeasure could fail if an astronaut becomes injured
during a mission. As early as 2009, NASA had recorded 219 in-flight musculoskeletal
injuries. These injuries arose from a variety of daily activities, but the most common
cause was exercise™®. If any such injury were to become serious enough to prevent an
astronaut from exercising for a substantial period of time, the astronauts’ bone health
could suffer and the success of the mission could be imperiled. This is especially true if
the injury were to occur on an exploration mission, where astronauts could be months
away from return to Earth.

To supplement exercise, NASA has previously investigated osteoporosis drug
treatments for astronauts. This effort culminated in a study where NASA administered
the bisphosphonate alendronate (Fosamax ®) to a cohort of astronauts in the early
2010s®. Bisphosphonates are the most common class of osteoporosis drug. They bind to
bone mineral and inhibit osteoclast resorption. The anti-resorptive alendronate was
administered to nine ISS astronauts. While aboard the ISS, the astronauts took
alendronate and continued to exercise on the ARED. The combination of ARED exercise
and alendronate completely eliminated pre- to post-flight BMD loss as measured by
DXA. In addition, alendronate-treated astronauts returned to Earth with higher total hip
and lumbar spine BMD compared to astronauts that used ARED but received no drug
treatment(®,

Although alendronate was overall highly effective, there were some minor
setbacks to the study. Nine astronauts accepted participation in the study. One of the

nine dropped out before the mission, after experiencing indigestion after a test dose of
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alendronate. One more astronaut experienced indigestion while taking the drug aboard
the ISS and ceased participation in the study®. Gastrointestinal side effects of
alendronate are well known, so these results are not wholly unexpected. However, it is
an unfortunate drawback of the treatment. Indigestion in space is surely something that
most people are not keen to experience.

Another drawback of alendronate is actually its longevity. Since alendronate
binds to bone mineral, it can stay in bone for many years. It has been detected in bone up
to 10 years after administration in humans®®. Thus, alendronate, or any bisphosphonate,
could have effects on bone turnover of astronauts long after they have returned from
space and no longer need the drug’s protection.

Finally, any drug treatment is riskier to use in space than on Earth. One of the
unsolved concerns in NASA’s Human Research Roadmap is the “Risk of Ineffective or
Toxic Medications During Long-Duration Exploration Spaceflight®.” It is possible that
higher levels of radiation experienced in transit to Mars could cause medications to
rapidly degrade®?. NASA is currently developing strategies to mitigate this risk.
However, as of now, the unknown shelf life of drug treatments in space is a concern for
any substance used on a long-duration mission.

NASA currently does not administer osteoporosis treatments to its astronauts. It
is possible that NASA is concerned about the side effects, but more likely is that NASA
is simply confident in ARED exercise as a primary countermeasure to bone loss.
However, the ARED will not travel on long-duration missions in the Orion capsule, and

astronauts have never been in microgravity for the 2-3 years necessary for a Mars
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mission. It is feasible that no reasonable amount of exercise would be able to protect
astronauts for such a long duration. Despite NASA’s fairly successful run at mitigating
bone loss aboard the ISS, there is reason to further study both exercise and drug
treatments with a focus on lengthy stays microgravity.
2.3. Animal Models

Animal models are invaluable tools for researchers, especially when the variables
of interest are difficult or impossible to replicate in humans. Spaceflight is one such
variable. So, space researchers rely heavily on ground-based animal models to simulate
the effects of microgravity and of countermeasures to its negative effects. This study
leverages two animal models: the hindlimb unloading rat model for simulated
microgravity, and a voluntary jumping exercise protocol that simulates resistance
exercise.
2.3.1. Hindlimb Unloading/Disuse

The rodent hindlimb unloading (HU) model is a well-established animal
model for microgravity. It was conceived in the 1970s by NASA researcher Morey-
Holton (who was then just “Morey”)®?. The model was refined by Morey-Holton and
Globus throughout the following years*-1359_ In the hindlimb unloading model, rodents
are suspended by the tail so that their hindlimbs do not touch the ground. They use their
front legs only for locomotion (sometimes with the help of an overhead pulley
apparatus). The unloaded hindlimbs of these rodents are an analog for the load-bearing
bones of astronauts. Both the rodents and the astronauts have previously load-bearing

bones that then become unloaded. Indeed, rodents used in the hindlimb unloading model
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see similar bone mineral density loss to astronauts in spaceflight and experience
significant deterioration of their bone strength and quality*4°2. Our lab has extensive
experience with the hindlimb unloading rodent model®3-62, especially the unloaded rat
model, so using hindlimb unloading in rats was a natural choice for this study.
2.3.2. Exercise

Previous studies have incorporated various animal models analogous to
resistance exercise. One of the first animal models that studied the effects of loading on
bone was external loading models. External loading models anesthetize an animal and
then apply a cyclical axial or bending strain to a bone with an external device. These
models first saw use in bird species®%%, where the models provided some of the first
detailed understanding of bone’s adaptation to mechanical load. Eventually, external
loading protocols were refined for use in rodents. As expected, these protocols are
anabolic to bone®®, and can even achieve anabolism under disuse conditions®”. In
addition to their effectiveness, a main advantage of external loading models is that the
loads applied are very well controlled. The loading parameters (magnitude, frequency,
duration) are direct inputs of the system. However, using external loading as a model for
resistance exercise lacks some physiological relevance, since external loading does not
account for the forces that muscles themselves apply to bone.

Muscle forces are the largest physiological forces applied to bone®®, so it is
desirable for any animal model for resistance exercise to include muscle forces. Our
laboratory has previously investigated electrical muscle stimulation in a rodent model for

resistance exercise. The muscle stimulation protocols eliminated disuse-related bone loss
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and increased cortical bone formation®3585%6% However, there is still some
physiological relevance missing from these models, as the muscle forces exerted during
electrical muscle stimulation are likely not reflective of physiological muscle activity.
To progress even further in physiological relevance, some researchers have turned to
jumping exercise models.

A jumping exercise protocol has been used extensively by a group of
collaborators from Japan. In their model, rats repeatedly jump up to a 15-inch ledge,
catch the ledge with their front paws, and are then placed back on the floor by hand to
resume jumping. This group’s protocol has consistently produced increased bone
mass>18.19.70) and reduced bone loss due to hindlimb unloading™”V. This exercise
protocol uses negative reinforcement with a shock grid to train the rats to jump. Another
effective jumping exercise protocol that uses negative reinforcement has been developed
by Fluckey et al.(>™) and has even been used successfully in a rat hindlimb unloading
model™). While negative reinforcement seemed to be effective for those previous
studies, animal behavioral studies have actually found that positive reinforcement can
produce better training results.

Positive reinforcement is a type of operant conditioning that uses a positive
reward stimulus to reinforce a desired behavior. Perhaps the most classic example of this
comes from B.F. Skinner’s work"®. Through positive reinforcement, his rats learned to
pull a lever after receiving food rewards for the action. Skinner was able to train the
same behavior with negative reinforcement by shock grid. However, later research that

compared positive and negative reinforcement in rats found that enthusiasm (number of
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attempted lever pulls) and number of correct lever pulls were significantly higher in rats
trained with food rewards compared to those trained with shock avoidance(®.
Additionally, a study in dogs compared electric shock collar reinforcement and
reinforcement by food or praise and concluded that both methods were equally effective.
However, dogs trained with the electric collars exhibited greater numbers of stress
behaviors than those trained with positive reinforcement(?,

This study uses positive reinforcement by food reward to train a voluntary
jumping behavior in rats. The method was developed by former lab member Dr. Scott
Lenfest("® and veterinary specialist Dr. Amelia Looper. Our jumping regimen is very
comparable to those used by Fluckey et al.>7* and the group of Japanese
collaborators®>181%79)  and results thus far have shown that our jumping protocol
produces anabolic effects®. However, our training scheme has the practical advantage
of eliminating costly electrical equipment that can be difficult to use and maintain. And,
positive reinforcement by sugar treat likely reduces stress in our animals compared to
negative reinforcement by shock avoidance. Thus, we believe we have created a
physiologically relevant resistance exercise model that has distinct advantages compared
to existing rodent models.

2.4. Anti-Sclerostin Antibody Treatment

In addition to simulated resistance exercise, this study investigated an anabolic

drug treatment countermeasure, anti-sclerostin antibody (Scl-Ab). Scl-Ab works by

inhibiting sclerostin signaling in bone. Sclerostin is a protein excreted by osteocytes that
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prompts increased osteoclast activity and decreased osteoblast activity, tipping the
balance of bone turnover in favor of resorption®.

Sclerostin’s significance was first discovered in patients with rare genetic
disorders that prevented them from producing the protein. These patients had abnormally
high bone mass, but their bone quality was normal®. Seeing this, researchers began to
investigate sclerostin signaling as a therapeutic target. The eventual results of these
efforts was the creation of an anabolic osteoporosis treatment, romosozumab, which was
approved by the FDA in 201919,

Romosozumab works by binding to sclerostin excreted by osteocytes. Since the
sclerostin protein is already bound to the drug, it cannot bind to osteoclasts or
osteoblasts. Thus, the anti-sclerostin antibody prevents sclerostin from delivering its pro-
resorptive signals to bone cells®. Since sclerostin binds to both osteoclasts and
osteoblasts, inhibiting sclerostin has the dual effect of increasing bone formation and
decreasing bone resorption®V. This prompts a strongly anabolic response in bone®?, and
makes Scl-Ab a promising countermeasure to bone loss.

2.4.1. Scl-Ab in Microgravity Animal Models

Animal models have been used to investigate Scl-Ab as a countermeasure for
spaceflight-induced bone loss in a number of studies. Zhang et al. administered Scl-Ab
to rats during hindlimb unloading. Scl-Ab treatment doubled cancellous BV/TV
compared to untreated animals. They also found that Scl-Ab improved midshaft
mechanical properties and increased bone formation rate®?. Another study used a

hindlimb immobilization model for disuse, but found similar results to Zhang et al. Scl-
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Ab treatment improved trabecular architecture and increased bone formation rate
compared to untreated controls®?).

Spatz et al. administered Scl-Ab to mice during hindlimb unloading and found
gains in trabecular bone mass and cortical bone strength compared to mice that were
untreated during unloading®®. This same group also investigated the effects of Scl-Ab in
a partial weightbearing mouse model, which is analogous to loading astronauts would
experience on the Moon or Mars. They found that Scl-Ab treatment during partial
weight bearing completely prevented bone deterioration in their mice, and even
enhanced bone outcomes above fully weight-bearing control levels. This trend held true
for whole-body BMD, mechanical strength at the femur midshaft, and cancellous
BV/TV. The effect on cancellous bone was especially pronounced, with Scl-Ab-treated
animals having 2-3 times the BV/TV of all other groups®.

Members of this same research group also contributed to a spaceflight study that
further reinforced Scl-Ab’s potential as a countermeasure to microgravity-induced bone
loss. They injected a cohort of mice with a single large dose of Scl-Ab, and then sent the
mice to space aboard space shuttle mission STS-135. The group presented their findings
from this study in a series of conference presentations®>#-87), Scl-Ab treatment
eliminated losses in whole-body BMD, losses in cancellous volume and architecture at
the tibia, and losses in bone strength at the femur midshaft. In fact, outcomes from Scl-
Ab treated animals that flew on STS-135 were not different from ground-based controls

in any reported measure®). Additionally, finite-element modeling found improved
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strength at the proximal tibia®", femoral neck®), and in a non-weight-bearing vertebrae
of the STS-135 animals®®),

Similar to the STS-135 study, our study used a pretreatment approach in our
administration of Scl-Ab before a period of unloading, which makes it uniqgue among
ground-based analog studies. This study design will help NASA evaluate the efficacy of
preventive, preflight bone countermeasures. In addition to being easier to administer and
monitor, preflight drug countermeasures could reduce or eliminate the risk of accelerated
pharmaceutical degradation during spaceflight®.

While using the same pretreatment format, our study makes a number of
improvements over the STS-135 study to improve translatability to astronauts. First, we
administered smaller, weekly doses of Scl-Ab over four weeks before unloading, instead
of one large dose immediately before spaceflight. Our weekly doses resulted in the same
total dose as the STS-135 study, but our dosing scheme is more analogous to clinical
Scl-Ab dosing®Y. Second, the STS-135 study used young growing mice, while our study
used skeletally mature rats. The skeletally mature rats of our study should be more
accurate models of skeletally mature, adult astronauts. Finally, our study includes a
recovery period of normal weightbearing after unloading, while the STS-135 study
euthanized its mice immediately upon return from spaceflight. Our study’s recovery
period will allow us to assess any lasting effects of Scl-Ab treatment, which could be

especially important given recent findings in human clinical studies.

18



2.4.2. Scl-Ab Treatment in Humans

Scl-Ab treatment in humans has thus far been quite successful. A number of
phase two and three clinical trials found that treatment with Scl-Ab (romosozumab)
robustly increased markers of bone formation, decreased bone resorption markers,
increased BMD, and reduced vertebral fracture incidence in osteoporotic patients.
However, most of the gains produced by the treatment occurred in the first year. After 12
months of treatment, the patients’ bone formation markers returned to or below baseline
levels®D. In addition, a follow up to one of the clinical trials found that osteoporotic
women who ceased all forms of treatment lost 80-90% of the BMD that they had gained
from a year of Scl-Ab followed by two years of the antiresorptive denosumab. These
losses occurred within 12 months of ceasing treatment(®),

Thus, it seems there are issues with the long-term effectiveness of Scl-Ab
treatment. Unfortunately, the exploration missions that NASA is planning will extend
beyond the single year in which Scl-Ab seems most effective in humans. Although the
unloading period in our study only simulates a standard 4-6-month ISS mission, our
study’s pretreatment design and lengthy recovery period after unloading should help to
capture any negative long-term impacts of Scl-Ab treatment.

2.5. Compression Testing of Cancellous Bone

Bone mineral density, which is possibly the most common measure used to
assess bone health, tends to underpredict losses in mechanical strength, especially in the
cancellous region®%5"). This is troublesome because cancellous bone is especially

vulnerable to degradation (due to microgravity or otherwise). To truly determine the
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strength of a material, the material must be broken. Destructive testing is, of course,
problematic when trying to assess the strength of bone in human astronauts. However,
our animal model for microgravity allows us to measure the strength of cancellous bone
after simulated spaceflight, giving us insight into otherwise-unmeasurable outcomes.
2.5.1. Physical Testing

In 2000, Hogan et al. developed a procedure called reduced platen compression
(RPC), which they used to destructively test rat cancellous bone®. To do this, they cut a
slice from the end of the rat femur and compressed only the cancellous core of the slice,
leaving the surrounding cortical bone intact. The result was a testing protocol that was
twice as sensitive to changes in cancellous strength compared to compressing the whole
cross section of the specimens (including cortical bone)®?).

RPC is different from most cancellous compression in the literature because it
leaves the cortical shell intact. Most mechanical testing of cancellous specimens is done
in larger bone samples, such as cow®®%) or cadaver®>°® hone. In these procedures,
researchers machine a cancellous core out of the larger bone and then test that large,
purely cancellous specimen. Our lab previously attempted to machine cancellous cores
from rat bone with limited success®”). Although the procedure did work, the samples
from the much-smaller rat bones were often fragile, irregular, and unsuited for testing.

Our lab has not since attempted to machine cancellous cores from rat bone, but
we would still like to be able to fully isolate cancellous bone from the cortical shell. Or,
at the very least we would like to determine to what extent the cortical shell influences

the results of RPC, which we label as a test of cancellous bone. The cortical shell
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constrains lateral expansion of the cancellous region under compression, and we do not
know exactly to what extent this affects RPC results.
2.5.2. Finite Element Method Simulation

One way that we can gain insight into RPC testing and isolate cancellous from
cortical rat bone is to use finite element method simulation. FEM has become a powerful
tool for bone researchers. This is largely because voxels from uCT images can be
converted directly to elements for FEM. The researcher van Rietbergen introduced direct
voxel conversion from pCT images in 19958, Since then, uCT and computing
technology have improved substantially, and FEM simulation of bone is now
commonplace in the literature and is even sometimes used clinically to estimate bone
strength©®100),

One of the innovations that has occurred since 1995 is deriving FEM material
input parameters on a specimen-by-specimen basis. Studies that have used this method
report that determining tissue modulus uniquely for each specimen improved the fidelity
of their simulations®21%2_ Of these methods, Easley et al. derived a relationship
between pCT tissue mineral density and trabecular bone tissue modulus. They derived
their relationship using data from a variety of species and then applied it in finite
element models of rat trabecular bone%?. We believe Easley et al.’s relationship is
robust and applicable to our modeling of rat trabecular bone. Thus, we have adopted

their relationship for this study.
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2.6. Study Obijectives

The goal of this study was to investigate exercise and Scl-Ab treatment
preventive countermeasures to microgravity-induced bone loss. To do this, we used the
well-established hindlimb unloading rat model35%5Y and we administered Scl-Ab or a
voluntary jumping protocol before hindlimb unloading.

Our first desired outcome was to characterize forces produced during jumping by
using a rat force plate system. Then, we tested whether those forces produced osteogenic
effects in the rats’ forelimbs and hindlimbs. We expected vertical ground reaction forces
during jumping to be significantly elevated compared to normal loading, and we
expected those elevated forces to be osteogenic in both the forelimbs and hindlimbs.

Our next goal was to assess the impact of the pretreatments and unloading on
bone integrity and to directly compare the effectiveness of Scl-Ab and jumping exercise.
We did this primarily through micro-computed tomography imaging and mechanical
testing. We expected both pretreatments to protect from degradation caused by simulated
microgravity. However, we predicted that Scl-Ab would outperform exercise in
cancellous bone, while jumping would be more effective in cortical bone at the midshaft.

Our final goal in this study was to implement and refine a finite element
simulation of compression of cancellous rat bone. As with imaging and mechanical
testing, we expected FEM simulation to find Scl-Ab more effective than jumping in
cancellous bone. We also expected simulated mechanical properties to be highly
correlated to corresponding measures from physical testing. However, our main goal

with the FEM simulation was to streamline the FEM protocol for large-scale use, to
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assess its usefulness, and to use our findings to make improvements to the FEM
procedure or to our procedure for physical testing of cancellous bone.

This study will provide new and useful insight into the effectiveness of
preventive countermeasures to microgravity-induced bone loss. Our study adds to
current knowledge through its pretreatment design and use of animal models that have
high levels of physiological relevance. In addition, this study expands our lab’s
capabilities to continue producing biomechanical knowledge through the creation of a
force plate system to characterize jumping and through the expansion of our previously-

developed FEM protocol®%4),
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3. METHODS

3.1. Study Design

All procedures were reviewed and approved by the Texas A&M University
Institutional Animal Care and Use Committee. All rats were housed singly in an
American Associated for Accreditation of Laboratory Animal Care accredited housing
facility. Rats were given ad libitum access to water. Rats were placed on a reverse 12-
hour light/dark cycle (dark 10 AM to 10 PM) in a temperature-controlled room (23 + 2
°C). Skeletally mature male Sprague-Dawley rats (4.5 months old; Envigo, Houston,
TX) were acclimated to the animal facility and to the voluntary jumping protocol for 6
weeks.

After the first week of acclimation, all rats (regardless of eventual group
assignment) were food restricted so that their body mass reached 90% of their arrival
weight. Food restriction was necessary to promote interest in the food reward used
during operant conditioning of jumping. Roughly half of ambulatory control and
hindlimb unloading control animals were not food restricted. This subset of control
animals was from the larger study of which this current project is a part. For food
restricted animals, between 10 g and 15 g of standard rat chow (Teklad 8604, Envigo,
East Millstone, New Jersey, USA) was provided to the rats each day during the operant
conditioning and exercise periods, with the goal of first reducing their body mass and
then maintaining a well-conditioned body condition score. Rat body weights and body

condition scores were recorded twice per week. No rats ever deviated from a well-
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conditioned body condition score. Food was provided ad libitum to all animals starting
with the onset of hindlimb unloading (d28) and continuing to the end of the study
(d112).

During acclimation, all rats were operantly conditioned in a custom cage to jump
onto and off of a 10-inch-high platform using 45 mg sucrose pellets (Bio-Serv,
Flemingtion, NJ, USA) as a reward. Following acclimation, rats were assigned to aging
control (CON), HU control (HUC), anti-sclerostin antibody treatment (SCL) and
voluntary jumping exercise (VJE) groups by body weight and jumping ability. VJE
animals underwent an exercise program of 30 jumps/day, 5 days/week for 28 days. SCL
animals were given 25 mg/kg body weight of anti-sclerostin antibody (Eli Lilly and
Company, Indianapolis, IN) once a week for four weeks (28 days). This dosing scheme
was recommended by scientists from Eli Lilly and Company, who provided the Scl-Ab.
SCL, VIJE, and HUC animals were then exposed to 28 days of HU, followed by 56 days
of recovery. During HU and recovery, animals were given standard chow ad libitum.
Subsets of animals were sacrificed after pretreatment (d28), after hindlimb unloading
(d56), and at the end of recovery (d112). A visual representation of this experimental

design can be seen in Figure 1 on the following page.
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CON

HUC

VJE

SCL

Age (wks)
Study Day

n=45 | Acclimation and Conditioning | |X| |X| |X|
n=30 | Acclimation and Conditioning | | | HU |X| |X|
n=45 | Acclimation and Conditioning _X| HU |X| |X|
n=45 | Acclimation and Conditioning X| HU X| X|
18 wks 24 wks 28 wks 32 wks 40 wks
do d28 ds56 d112

Figure 1. Study design.

“X* marks timepoints where animals were euthanized for ex vivo data collection, n=15/group at each timepoint.

CON: ambulatory control group

HUC: hindlimb unloading (HU) control group
VJE: voluntary jJumping exercise group

SCL.: sclerostin antibody (Scl-Ab) treatment group

26




3.1.1. Anti-Sclerostin Antibody Treatment

Anti-sclerostin antibody was provided by Eli Lilly and Company (Indianapolis,
IN). Scl-Ab was suspended in saline. Eli Lilly’s recommended dosing of 25 mg/kg body
weight was administered as stipulated in our material transfer agreement. Each rat in the
SCL group received a subcutaneous treatment injection once per week during the full
28-day pretreatment period, for four total injections of 25 mg/kg body weight each.

No sham injections were administered to jumping rats or rats in control groups.
One subcutaneous injection per week was not deemed stressful enough to necessitate
replication. In addition, previous work in our laboratory%) that did not administer
vehicle injections found results consistent with studies that did use vehicle injections for
control groups°®),
3.1.2. Voluntary Jumping Exercise and Operant Conditioning

Conditioning rats to jump onto and off of a 10-inch-high platform was
accomplished using a clicker for sound stimulus and positive reinforcement with 45 mg
sucrose pellets (Bio-Serv, Flemington, NJ, USA). A photo of the custom jumping cage is
in Figure 2. Conditioning began with the platform set to a height of 4 inches. At first,
any interaction with the platform was rewarded by a loud click, followed by the
placement of a sucrose pellet in the treat receptacle at the base of the cage. Repetitions of
this process resulted in increased frequency of platform interaction, and eventually led to
the rat consistently climbing onto the platform. Once this level of competence was
reached, the platform height was raised in increments of 0.5, 1, or 2 inches up to the

ultimate goal of 10 inches. As the height was raised, rats eventually became unable to
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climb onto the platform and began jumping onto the platform instead. An individual rat
was considered prepared to perform exercise when it could perform 20 jumps up and
down from a 10-inch platform in less than 10 minutes. Roughly half of conditioned rats
reached this level of jumping competence. In order to effectively test the impact of this
VJE protocol on bone outcomes, rather than an intention-to-treat effect, only those rats
competent in jumping were assigned to the VJE treatment group. Those animals

assigned to the VJE group performed 30 jumps/day, 5 days/week for 28 days.

Figure 2. Custom jumping cage.

Rats were trained to jump onto the platform and then return to the treat receptacle for a
sucrose reward. A platform height of 10” was used for fully-trained animals, but
platform height is adjustable in 0.5” increments to allow for training progression.
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3.1.3. Hindlimb Unloading

HU was performed using a modified version of the method described by Morey-
Holton et al.**1?, In this model, a custom-made harness suspends the animal by the tail,
lifting the hindlimbs from the ground (Figure 3). Though the hindlimbs are not allowed
to touch the cage floor, the forelimbs maintain weight-bearing contact, and a pulley and
bar system gives the animal full access to its cage and water supply. All animals were
monitored twice daily during HU, with particular attention paid to tail health. Blood
circulation to the tail tip can become reduced by the vertical orientation of the tail and

constriction from the harness. We did not have any issues with tail health in this study.

Figure 3. Hindlimb-unloaded rat. Reproduced with permission®?2).

Upper hook of tail harness was linked to a pulley and bar system that allowed rats to

freely walk on their front limbs and access the entirety of their 18 x 18” cages.
HUC, SCL, and VJE animals were exposed to 28 days of HU, followed by 56

days of recovery. CON animals did not undergo any HU. Recovery to normal weight-

bearing ambulation was achieved by removing the tail harness and placing each animal

29



in a standard cage (singly-housed). All animals were housed singly, whether in HU or
not.
3.1.4. Tissue Collection

Subsets (n=15) of animals from each treatment group were euthanized at the end
of the pretreatment period (d28), at the end of the HU period (d56), and at the end of
recovery (d112). Rats were injected with the fluorochrome label calcein (25 mg/kg body
weight) nine and two days before termination. Rats were anesthetized via intraperitoneal
injection of ketamine hydrochloride (Henry Schein Animal Health, Dublin, OH, USA)
and Dexdomitor (dexmeditomidine hydrochloride, Zoetis, Parsippany, NJ, USA) ina 3
to 2 ratio. Rats were then euthanized by exsanguination (following cardiac puncture to
collect whole blood) and decapitation. The left femur and humerus were excised,
cleaned, wrapped in gauze, and stored in a phosphate-buffered saline solution at -20 °C
for subsequent imaging and mechanical testing. The right proximal tibia and humerus
were excised and used for histological analysis. They were fixed in 10% phosphate-
buffered formalin for 24 hours and then switched to 95% ethanol and stored at 4 °C.
3.2. Outcome Measures

Ex vivo bone outcomes at the left femur were assessed for all animals in this
study. This was done primarily through micro-computed tomography (uCT) imaging and
mechanical testing. A finite element method (FEM) simulation of one of the mechanical
tests was conducted to provide further insight into the effects of the treatments on the
mechanical properties of the femur. Additionally, the jumping protocol itself was

characterized by measuring vertical ground reaction forces (GRFs) produced by rats
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during jumping. GRF data from forelimb landing and hindlimb jumping was paired with
histomorphometry and peripheral quantitative computed tomography (pQCT) imaging
from the respective limbs to determine the relative impacts of the jumping protocol on
bone structure and bone cell activity.
3.2.1. Ground Reaction Force Measurement

Vertical ground reaction forces during jumping were measured as a surrogate for
force acting on the bones of a subset of our animals (n=4). A custom rectangular force
platform was cut into the floor of our jumping cage. Four 20 N load cells (Honeywell,
Golden Valley, MN)@ were placed at the corners of the platform. Animals were
allowed to jump as usual. During this process, data were continuously collected via NI
LabView (version 17.0f2) and an NI USB-6000 DAQ (National Instruments, Austin,
TX). Jumps and landings were manually marked by a Boolean input in the LabView

interface. A schematic of the GRF measurement apparatus can be seen in Figure 4.
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Jump Platform (10” above floor)

Laptop (NI LabView)

20 N Load Cell (x4, under Force Platform)
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Force Platform
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DC Power Supply O
f

Treat Receptacle

Amplifying Circuit

Figure 4. Schematic of GRF measurement system, as viewed from above.

Data analysis was carried out using MATLAB (version 8.5, The MathWorks,
Inc., Natick, MA). Force plate output was passed through a low-pass filter to attenuate
high frequency electrical noise®®?. Peak force and average rate of force development
were reported for each sample. Average rate of force development (RFD) was defined as
the average slope of the line from the point that the vertical GRF exceeds 110% of the
rat’s body weight to the peak force of the same jump/landing. This procedure was
adapted from calculations of RFD in humans971%) A labeled representative force
curve from a single jump and landing pair can be seen below in Figure 5. Peak force and
RFD from three hindlimb jumps and three forelimb landings were averaged into one

jump sample and one landing sample for each animal.
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Figure 5. Representative force plate output for a single jump cycle and derivation
of average rate of force development during jumping (take-off) and landing during

voluntary jump exercise.

Statistical analysis was done in R (version 4.0.2, The R Foundation, Vienna,
Austria). To account for the low number of samples per group (n=4), non-parametric
statistics were used to assess differences in means for GRF data. A Friedman test with a
Durbin-Conover post hoc test was used to compare peak jumping force, peak landing
force, and body weight. This method is analogous to conducting a repeat-measures
ANOVA and a standard post-hoc test. A Wilcoxon signed-rank test was used in place of
a paired t-test to compare rate of force development between jumps and landings.

Statistical significance was determined at 0=0.05.
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3.2.2. Ex Vivo pQCT Imaging

Ex vivo peripheral quantitative computed tomography (pQCT) imaging was
performed at the distal femur metaphysis (DFM) and proximal humerus (PH) on a subset
of VJE and CON samples excised immediately after the pretreatment period (d28,
n=10). A Stratec XCT Research-M device (Norland Corp., Ft. Atkinson, WI) was
utilized with a voxel size of 100 um and scanning beam thickness of 500 um. CON and
VJE group means were compared with an unpaired t-test for each bone site (R, version
4.0.2). No statistical comparison was performed between the femur and humerus. All
pQCT measurements were taken by Dr. Corinne Metzger of the Bone Biology Lab,
Texas A&M University, College Station Department of Health and Kinesiology.
3.2.3. Histomorphometry

After fixing in phosphate-buffered formalin, the right proximal tibia and right
proximal humerus were serially dehydrated and embedded in methyl methacrylate
(Aldrich M5, 590-9, St. Louis, MO, USA) per standard procedures®®. The proximal
tibia was microtomed in serial frontal sections of 8um and 4um thicknesses, starting at
approximately 50% of the anterior-posterior depth of the metaphysis.

Von Kossa stain and tetrachrome counterstain was applied to the 4um sections.
These sections were analyzed for static cancellous histomorphometry with an
OsteoMeasure Analysis System v 3.3 (OsteoMetrics, Inc., Atlanta, GA, USA) at a
magnification of 400X. The 8um sections of the proximal tibia and humerus were used
for assessing dynamic histomorphometry outcomes using the fluorochrome label calcein,

which binds to circulating calcium and is deposited on mineralizing surfaces. This

34



allowed for measurement of mineral apposition rate (MAR, micron/d), mineralizing
surface per total bone surface perimeter (%MS/BS), and bone formation rate (BFR,
um®/u?/d). All sample preparation and histomorphometric image analysis was performed
by Dr. Corinne Metzger of the Bone Biology Lab, Department of Health and
Kinesiology, Texas A&M University, College Station, in accordance with standard
procedures and nomenclature%?,
3.2.4. pCT Imaging

Cancellous densitometric and architectural parameters were assessed with high
resolution imaging of the left distal femur metaphysis (DFM) with micro-computed
tomography (UCT) analyses performed by collaborator Dr. Larry Suva (Professor and
Head, Department of Veterinary Physiology & Pharmacology, Texas A&M University).
A Scanco PUCT 50 (Scanco Medical, Briittisellen, Switzerland) was used to scan a 1.2
mm thick section of the DFM at a voxel size of 6 um. In addition to standard trabecular
analysis, these uCT scans were also used to construct finite element models of the DFM.
Image stacks for a subset of femurs (n = 29) were generated of the scan region for
conversion into 3D models of the DFM, as discussed more thoroughly in the finite
element methods section further below.
3.2.5. Three-Point Bend Mechanical Testing

Cortical bone mechanical properties at the femoral midshaft were measured with
a three-point bending test. Before testing, the anteroposterior and mediolateral surface
diameters of each sample were measured at the midshaft using digital calipers

(Mitutoyo, Kawasaki, Kanagawa, Japan). The sample was then placed anterior side
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down onto round steel pin supports with a pin diameter of 3 mm and with a support span
of 15 mm (Figure 6). Quasi-static loading was applied by an Instron 3345 (Instron,
Norwood, MA) at the mid-diaphysis at a rate of 2.54 mm/min until fracture. Load was
measured with a 1 kN load cell (Instron, Norwood, MA), and displacement was

measured by the Instron 3345 itself.

Figure 6. Three-point bend mechanical testing of rat femur.
Femur is placed anterior side down and loaded on the posterior surface at the midshaft.

Raw load vs. displacement data from testing was passed to a custom MATLAB
script (ver. 9.8). This script was used to determine extrinsic mechanical properties.
Stiffness was determined by manually selecting a linear region of the load vs.
displacement curve before yield. The slope of this linear region is stiffness. The linear
region was then extrapolated down to the x-axis. This x-intercept was used as the
starting point from which all displacements were measured. The yield point was
determined by a secant method. A line with a slope 97% of the selected linear region

was drawn up from the linear region’s x-intercept. The point where the 97% slope line
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intersects the load vs. displacement curve is the yield point. Finally, energies absorbed
were calculated by summing the area under the load vs. displacement curve in various
regions of interest. For a much-needed visual illustration of this method, see Figure

6Figure 7 on the following page.
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Figure 7. Three-point bending extrinsic property determination.
(A) Representative overall load vs. displacement curve and analysis, (B) details of linear region and yield analysis
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Intrinsic mechanical properties were estimated using classical beam theory,
which is standard for three-point bending of long bones®?. Yield stress was calculated

as follows:

D
Fyietal (%) (1)
Oyield = T

where F,;4 is the yield force determined by the secant method described above, L is the
support span (15 mm in this case), Dap is the anterior-posterior diameter of the bone at
the loading point, and | is the area moment of inertia of the cross section at the loading
point.

The area moment of inertia, | was determined from previous ex vivo pQCT scans
at the femur midshaft("®. To avoid error caused by non-matching alignment of the
femurs during scanning and testing, the following equation was used to approximate the
area moment of inertia:

Ipolar
2 )

Ipotar IS the polar area moment of inertia measured by pQCT. This equation assumes that

I =

the cross section of the femur midshaft is circular, which is roughly accurate. The
resulting approximation of | is valid for any loading direction.

Ultimate stress was calculated much the same as yield stress:

Fucl (%42) -

where Fyrt is the highest force sustained by the femur before fracture, and the other

parameters are unchanged from the yield calculation. (L is the support span, Dap is the
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anterior-posterior diameter of the bone at the loading point, and | is the area moment of
inertia of the cross section at the loading point.)
Elastic modulus was calculated as follows:

kI
E=Ta1 (4)

where k is the stiffness of the sample determined by the slope of the selected linear
region. L and | are the same as in stress calculations.
Finally, pre-yield toughness (or resilience) was calculated as:

3
7 Wyieta(Dap)?

UT,pre—yield = Il

(5)

where Wyieig is the work (energy) absorbed by the femur before its yield point. As before,
L is the support span, | is the area moment of inertia, and Dap is the anterior-posterior
diameter.
3.2.6. Reduced Platen Compression Mechanical Testing

Cancellous bone mechanical properties were measured by reduced platen
compression testing (RPC) of specimens taken from the distal femur metaphysis (DFM).
Samples 2.0 mm thick were cut from the DFM starting at the most distal point of the
intercondylar fossa. A Well precision diamond wire saw (Well Diamond Wire Saws,
Inc., Norcross, GA) was used to make all cuts (Figure 8). High-resolution photographs
were made of the sample and edited in ImageJ (NIH, Bethesda, MD) to determine the
size of the loading platen. The diameter of the loading platen was chosen to be 70% of
the diameter of the largest circle that can inscribe the endocortical perimeter of the

proximal surface of the specimen, which is the smaller cut surface for distal femur
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metaphysis specimens (Figure 9A). Using the Instron 3345, quasi-static loading at 0.25
mm/min was applied only to the cancellous region of the sample, not the cortical shell

(Figure 9).

Figure 8. Reduced platen compression specimen location.
(A) Schematic of RPC specimen location, (B) corresponding specimen being cut on the
diamond wire saw
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Figure 9. Reduced platen compression testing details
(A) RPC specimen with largest inscribed cortical circle (white) and corresponding
calculated size (striped), (B) schematic of RPC testing, loading is applied only to
cancellous core of specimen

The same custom MATLAB script that was used in three-point bending was used
to analyze RPC load vs. displacement data. A linear region on the load-displacement
curve was manually selected to determine the stiffness of each specimen. The yield point
was determined using the 97% secant method, as previously described for three-point
bending. The maximum force was determined manually, since the compressed samples
continue to resist greater and greater loads even after initial failure.

Since extrinsic properties calculated from the RPC tests are strongly influenced
by the platen size used, only intrinsic structural properties were reported for this test.
Elastic modulus was calculated as

kh
Aplaten (6)
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where K is the stiffness determined by the slope of the selected linear region, h is the
measured specimen height, and Apiaten IS the measured area of the platen used in testing
the specimen.

Stresses were calculated assuming purely uniaxial loading with a simple F/A

equation:
o _ Fyield
yield —
Aplaten (7)
o _ Fmax
ultimate —
Aplaten (8)

where Fyield and Fmax are the forces of interest and Apiaten is the measured area of the
platen used.

Finally, the above structural properties were also normalized by pCT-measured
bone volume fraction (BV/TV)®9, This was done to account for the amount of
cancellous bone in each specimen and should give a more valid approximation of the
tissue-level properties of the cancellous bone tested during RPC.

3.2.7. Statistical Analysis of Mechanical Testing and uCT

Statistical analysis for uCT and mechanical tests (three-point bending and RPC)
was performed in R (version 4.0.2). Where appropriate, a one-way ANOVA with a
Tukey HSD post hoc test was used to compare differences between means of CON,
HUC, SCL, and VJE groups. Only groups at the same experimental time point were
compared. If ANOVA assumptions were not satisfied, means were compared with a

Welch’s ANOVA with a Games-Howell post hoc test, a Kruskal Wallis Test with a
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Dunn’s post hoc, or a robust linear multiple comparison method®V), as appropriate.
Statistical significance was determined at o = 0.05.
3.2.8. Finite Element Simulation

All distal femur metaphyses from the VJE (n = 15) and SCL (n = 14) animals
euthanized at day 56 were used as samples for a linear finite element simulation of
compression of cancellous bone. These groups and timepoints were selected to allow us
to make another head-to-head comparison of jumping exercise and Scl-Ab treatment
immediately after unloading. TIFF image stacks of each DFM specimen were generated
during uCT scanning. These images were loaded into MATLAB (version 8.5, The
MathWorks, Inc., Natick, MA), and binarized. The binarized image stacks were used to
construct a three-dimensional model of the same volume that was cut from the DFM and
used in physical RPC testing, cortical shell included. MATLAB was also used to mesh
each specimen. To begin, all bone elements were assigned a standard elastic modulus of
10 GPa and Poisson’s ratio of 0.3, The resulting input files were uploaded to the
Texas A&M High Performance Research Computing Ada cluster and executed on
Abaqus (Dassault Systemes, Vélizy-Villacoublay, France). The exact details of the
above process are given in the work of Zachary Kohn®). His process was streamlined
for this project but not substantively changed.

In this study, two loading cases were considered for each specimen (Figure 10).
First, the RPC test described above was simulated. A circle located in the centroid of the
cancellous region with a diameter 70% of the largest circle that could be inscribed within

the cortical shell was found. Elements within this region in the most distal three layers of
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the RPC volume were displaced 0.1 mm in the z-direction. The z-direction is parallel to
the long axis of the femur bone, which is to say it is perpendicular to the cut surfaces of
the specimens. Elements within the circular region on the most proximal three layers of
the volume were fixed in the z-direction. A single node on the proximal face was fixed
in the x- and y-directions to prevent rigid body motion. Otherwise, nodes were not
constrained in the x- or y-direction. Specimens whose trabeculae were too sparse on the
distal face to achieve adequate boundary nodes were excluded from analyses. A sample
image for the RPC loading case is shown in Figure 10A, with orange arrows indicating
boundary conditions.

The second loading case simulated was compression of the full, isolated
cancellous structure, which is also called "full trabecular” loading in this study. The
cancellous structure was isolated from the cortical shell using an image opening
algorithm in MATLAB. Then, a displacement of 0.1 mm in the z-direction was applied
to all nodes in the most distal three layers of nodes, while all nodes in the most proximal
three layers were fixed in the z-direction. Again, a single point on the proximal face was
fixed in the x- and y-directions to prevent rigid body motion, but nodes were otherwise
not constrained in the x- or y-direction. A sample image for the full trabecular loading

case is shown in Figure 10B, with orange arrows indicating boundary conditions.
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Figure 10. FEM boundary conditions.

Boundary conditions (indicated by orange markers) were applied to the top and bottom
three layers of nodes for each type of FEM simulation. (A) Boundary conditions for
FEM RPC simulations were applied to only nodes inside the virtual platen circle. (B)
Boundary conditions for full trabecular compression were applied to all nodes in the top
and bottom three layers of the model.

Post-processing was done in MATLAB. Specimens were assumed to yield when
5% of their elements reached 7000 microstrain'®). This method was adapted from
Pistoia et al., who used a similar method to predict fracture in FEM models of human

distal radii. Strain of model elements was calculated with a strain-energy-based effective

strain calculation@®¥),

1
U= 3 (O-maxemax t Omid€mia + O-minemin)

©)
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2U

where U is the strain energy density, 0,,4x miamin aré the principal stresses at the
centroid of the element, €,,,4x miamin @re the corresponding principal strains in the same
direction, E is the elastic modulus of the material specified in the Abaqus model, and
€c5y Is the effective strain at the centroid of the element.

The yield strain for each specimen was calculated as the strain at which the

specimen’s 95" percentile element would reach the critical strain (7000 microstrain),

€ = Ecrit " A_h
y €gs h (11)

where ey is the effective strain at the centroid of the 95" percentile element, €, is the
critical strain, Ah is the applied displacement given in the model boundary conditions
(0.1 mm), and h is the overall height of the specimen (2 mm). Only trabecular elements
were considered when determining the 95 percentile element for RPC boundary
conditions (BCs). All elements were considered for full trabecular compression BCs.

Yield stress was calculated as

— Ecrit " E
€95 A (12)

where % is the same scaling factor used to calculate yield strain, F is the total reaction
95

force exerted by the specimen, and A is the area over which the compressive

displacement was applied to the model. For the RPC condition, A was set to the circular
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area of boundary nodes. For the condition of compression of the full, isolated trabecular
structure, A was set to the average of the total area of the top and bottom faces of the

specimen. See Figure 11 below for a visual representation of the compressive areas.

Proximal Proximal

B

Distal

Figure 11. Compressive area for FEM model of RPC and full trabecular
compression test simulations.

(A) Compressive area for RPC FEM simulation is the red-striped area of the virtual RPC
platen. The outer red circle on the distal surface is the inscribed endocortical circle
drawn by the input generation script in MATLAB. (B) Compressive area for full
trabecular compression was set to the average of the trabecular areas of the distal and
proximal faces (average of the two white regions).
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Finally, the elastic modulus of each specimen was calculated as follows

g.
E==2
€y (13)

where g, and €,, are the previously calculated yield stress and yield strain for the
specimen.

After specimen properties were calculated based on the uniform tissue modulus
applied in the Abaqus models, a new tissue modulus was calculated specimen by
specimen using tissue mineral density from uCT scanning,

Eyissye = 1.127 + 10"*BM D746
(14)
This formula was previously used by Easley et al.*%) in finite element models of rat
vertebrae. A unique tissue modulus was calculated for each specimen based on that
specimen’s tissue mineral density. Based on this specimen-specific tissue modulus, a

scaling parameter was calculated for each specimen,

E,:
RatioE — tissue,uCT (15)

Etissue,abaqus
where Etisoye ucr 1S the tissue modulus calculated from Equation (14), and E¢jssye abaqus
is the tissue modulus specified in the Abaqus model (10 GPa). This scaling factor was
multiplied by the previously calculated yield stress and specimen modulus to determine
structural properties based partially on tissue mineral density.

Cancellous load share was calculated for the RPC-type simulations using the
following equation

Z:Gaxial,cancellous

%0 cancetious = 100 * (16)

Oaxial,all
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where Xo,yia) a1 1S the sum of all axial (z-direction) stresses reported by Abaqus in the
middle two layers of elements, and X0 xia) cancellous 1S the sum of the axial stresses only
from elements of those layers in the cancellous compartment.

Elastic modulus and yield stress from physical RPC testing and FEM simulation
were correlated using a Pearson’s R test. Physical RPC testing was correlated to both
FEM-simulated RPC and to FEM simulation of full trabecular compression. For each
boundary condition type, one correlation was performed with all animals pooled
together, and a correlation was performed with the animals compartmentalized by VJE
and SCL treatment group. Correlations compartmentalized by group are shown in
Appendix B.

Means of VJE and SCL elastic modulus, yield stress, and yield strain were
compared with a Welch’s t-test. A non-parametric Wilcoxon rank sum test was used to
compare means if the data were non-normal. All RPC comparisons were done with a
Wilcoxon rank sum test (also known as a Mann-Whitney test) due to the low number of
usable boundary conditions in the VJE group (n = 6). Significance was determined at o =

0.05.
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4. RESULTS

4.1. Animals

Table 1 below gives the number of animals per group for the ex vivo measures
presented in this study. Four animals were removed from the study due to poor
adaptation to hindlimb unloading (HU). Otherwise, animals tolerated HU and our two
pretreatments, jump training or Scl-Ab injections, without issue.

Table 1. Number of animals per group.

End of End of
Baseline  Pretreatment End of HU Recovery
do d28 d56 d112
CON 7 18 16 22
HUC 13 14
VIJE --- 15 15 15
SCL --- 15 14 15

CON = Ambulatory control

HUC = Hindlimb unloading control

VJE = Voluntary jumping exercise

SCL = Anti-sclerostin antibody treatment

Body weight of our animals was measured at each major timepoint (Figure 12).
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Figure 12. Animal body weights before and after 28 days of hindlimb unloading
(HU).

Data are mean + SD.

Groups at the same time point not sharing a letter are significantly different, o = 0.05.
Note that n available for this in vivo measure (n = 14-63) were higher than for ex vivo
analyses. All animal body weights were included at d0, and sample size decreases to ~15
as animals were terminated over the course of the study.

Starting from baseline (d0), VJE animals had lower body weight compared to all
other groups (-13.26% vs CON, -18.33% vs HUC, -15.01% vs SCL). This trend
continued at the end of pretreatment (d28), (-10.43%vs CON, -17.95% vs HUC, -
9.35%vs SCL). At the end of unloading (d56) VJE animals had lower body weight than
CON (-8.67%) and HUC (-10.56%), but their weight was not different from SCL rats. At
the end of recovery (d112), the jumping animals still had lower body weight than all
other groups (-8.18% vs CON, -13.53%vs HUC, -17.39%vs SCL). SCL animals had
lower body weight than HUC animals at baseline (-6.07%). At the end of pretreatment,
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SCL animals had lower body weight than CON (-2.06%) and HUC (-10.27%) animals.
CON and HUC animals were no different in mean body weight at any time point.
4.2. Voluntary Jumping Exercise Validation

To validate our rat jumping model, ground reaction forces (GRFs) were
measured during jumping to determine if the jumping protocol produces meaningful,
osteogenic elevations in bone loading. We paired GRF measurements with pQCT at the
femur and humerus and histomorphometry at the tibia and humerus to characterize the
effects of jumping in the forelimbs and hindlimbs. These ex vivo measures were taken on
animals terminated immediately after the exercise pretreatment (d28).
4.2.1. Ground Reaction Force Measurements

Mean peak vertical GRF during jumping and landing is presented as multiples of
mean body weight in Figure 13 below. In addition, Figure 13 shows a comparison of
loading rate (another important parameter affecting the bone response) between landing

and jumping.

53



Mean Peak GRF

%*

: N e
Y L D BV | B VS BT | B -
1 1 1 J

Force (BWs)

.

—
=RV |
1

Hindlimb Jump Forelimb Landing

Average Rate of Force Development
250 1 p =0.125

200 +

—

n

=}
1

—

=

=
1

Force Rate (BWs/s)

n
=]
L

Hindlimb Jump Forelimb Landing

Figure 13. Mean peak vertical GRFs and average rate of force development as
multiples of bodyweight during voluntary jumping exercise.

Data are mean * SD.

*denotes peak GRF is significantly different from body weight, o = 0.05.
Hindlimb jumps and forelimb landings were not significantly different, o = 0.05.

n =4 per group
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Mean peak GRFs for hindlimb jumps and forelimb landings were both
significantly higher than rat body weight (both 1.8x greater). There was no difference in
the magnitude of GRF produced by jumping and landing. Forelimb landings produced an
average rate of force development 1.5x greater than those of hindlimb jumps. This
difference was not significant at « = 0.05. However, force rate means did produce the
greatest p-value achievable (p = 0.125) for the sign-test comparison of n = 4.

4.2.2. Bone Outcomes at the Forelimbs and Hindlimbs

To assess the effect of our jJumping exercise on the bone structure and volumetric
bone mineral density (vBMD) of our rats, we conducted pQCT scanning on metaphyseal
regions of interest at the distal femur and proximal humerus. Cortical vBMD from the

metaphyseal compartment for each bone site is illustrated in Figure 14.

Cortical vBMD
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Figure 14. Cortical volumetric bone mineral density (vBMD) at the distal femur
metaphysis and proximal humerus after 28 days of voluntary jump training,
assessed by ex vivo pQCT.
Data are mean + SD.
*denotes significantly different means, o = 0.05.
n = 9-10 per group
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Cortical vBMD was higher at the distal femur metaphysis (DFM) and proximal
humerus (PH) in VJE animals (+9% at DFM, +11% at PH). No differences were found
in cancellous vBMD at either site. See Table A.3 of Appendix A for full pQCT data of
VJE and SCL and d28.

Next, bone outcomes were further assessed with static histomorphometry at the
proximal tibia metaphysis (PTM) and proximal humerus (PH). Cancellous %BV/TV (a

measure of cancellous bone mass) at these two bone sites is shown below (Figure 15).

Cancellous Bone Volume
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Figure 15. Percent cancellous bone volume per tissue volume (%BV/TV) at
proximal tibia metaphysis and proximal humerus after 28 days of voluntary jump
training.

Data are mean + SD.

*denotes significantly different means, o = 0.05.

n = 6-10 per group

BV/TV values were 30% higher in VVJE rats vs. CON at the PTM and 80% higher

at the PH.
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Finally, bone cellular activity was assessed with histomorphometry at the
proximal tibia metaphysis (PTM) and PH. Relative osteoclast surface, an indicator of

resorptive activity, and kinetic indices of osteoblast activity are shown in Figure 16.
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Figure 16. Relative osteoclast surface (%0cS/BS), bone formation rate (BFR),
mineral apposition rate (MAR), and mineralizing surface (%MS/BS) at the
proximal tibia metaphysis and proximal humerus after 28 days of voluntary jump
training.

Data are mean + SD. n = 6-10 per group

*denotes significantly different means, o = 0.05.

Osteoclast surface, an indicator of the extent of bone resorption, was lower in

jumping animals vs. that observed in CON at both sites (-36% at PTM, -53% at PH).
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Mineral apposition rate (MAR; a measure of osteoblast “vigor””) and % mineralizing
surface (%MS/BS; a measure of how many osteoblast teams are actively forming bone)
were elevated in the humerus of VJE animals (+30% and +33%, respectively). In the
tibia, only mineralizing surface was elevated in VJE vs. CON (+26%). Hence, BFR (a
product of MAR and %MS/BS) increased more dramatically at the PH (+71%) than at
the PTM (+37%).
4.2.3. Jumping Validation Summary

Overall, our measurements of GRFs and bone outcomes in our jumping animals
confirm that our exercise protocol elevates loading enough to be osteogenic in our
animals’ hindlimbs and forelimbs. We found elevated GRFs compared to body weight in
the forelimbs and hindlimbs. Compared to sedentary controls, VJE animals showed
significant improvements in bone formation rate, relative osteoclast surface, bone
volume fraction, and cortical volumetric bone mineral density. However, percent
differences in histomorphometric measures were much higher at the PH compared to the
PTM.
4.3. Three-Point-Bend Mechanical Testing

A three-point-bend mechanical test was conducted at the femoral midshaft for all
groups of animals at all time points. This test allowed us to assess the effects of our two
treatments and unloading on the mechanical properties of cortical bone. Extrinsic
properties (stiffness, ultimate force, and yield force) are shown on the following page

(Figure 17).
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Figure 17. Extrinsic properties from three-point bending to failure at the femoral
midshaft before and after 28 days of hindlimb unloading (HU).

Data are mean = SD.

Groups at the same time point not sharing a letter are significantly different, o = 0.05.

n ~ 15 per group
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VJE, CON, and HUC were not statistically different from one another for any
three-point bending extrinsic property. However, SCL animals did have elevated
extrinsic properties compared to other groups. At the end of pretreatment, SCL yield
force was enhanced above CON levels (+23.6%). In addition, SCL animals at the end of
pretreatment exhibited significantly higher yield force, maximum force, and stiffness
compared to VJE animals (+13.4%, +12.4%, and +15.8%, respectively). SCL
enhancements in yield force (but not max force or stiffness) carried through unloading;
SCL animals exhibited higher yield force than both CON (+14.4%) and HUC (+20.3%)
at d56. At the end of recovery, SCL stiffness was elevated compared to HUC (+35.5%)
and CON (+19.5%). At this same time point, SCL max force was elevated compared to
CON (16.4%) and VJE (+16.9%), but not HUC.

Next, we examined intrinsic properties from this same three-point bending test.
These properties indicate whether pretreatment or unloading had any impact on bone
quality at the femoral midshaft. The intrinsic properties elastic modulus, yield stress, and

ultimate stress are shown below in Figure 18.
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Figure 18. Intrinsic properties from three-point bending to failure at the femoral
midshaft before and after 28 days of hindlimb unloading (HU).
Data are mean * SD.
Groups at the same timepoint not sharing a letter are significantly different, o = 0.05.
n ~ 15 per group
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Unlike in extrinsic properties, SCL animals did not have significantly different
means in any intrinsic property at any timepoint. Instead, VJE animals showed a few
increases in intrinsic properties throughout the course of the study. At the end of
pretreatment, VJE had elevated elastic modulus compared to CON (+19.7%) and SCL
(+14.8%). In addition, VJE’s ultimate stress was elevated compared to SCL (+11.2%).
No significant differences in any intrinsic property emerged at the end of HU. However,
at the end of recovery, VJE animals once again showed improvements in elastic modulus
and ultimate stress. VJE had higher elastic modulus than all other groups at d112
(+29.5% vs CON, +62.7% vs HUC, + 29.1% vs SCL). In addition, VJE had elevated
ultimate stress compared to HUC (+16.3%) and SCL (+12.3%). Yield stress showed no
significant differences at any time point.

4.3.1. Three-Point Bend Summary

Interestingly, the improvements we found in three-point bending were not
congruent between extrinsic and intrinsic properties. SCL animals showed
improvements in stiffness, max force, and yield force at certain points in the study.
However, SCL animals showed no improvements in the intrinsic properties of modulus,
yield stress, and ultimate stress. Instead, VJE animals showed elevated modulus and
ultimate stress at the end of pretreatment and at the end of recovery. So, it appears that
Scl-Ab treatment improved the structural strength of the femoral midshaft, but not the

material strength. The opposite appears to be true for jump training, which had no effect
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on the bulk strength of the femoral midshaft, but did improve the material strength of the

bone.

4.4. microCT Imaging at the Distal Femur

Cancellous bone microarchitecture at the distal femur metaphysis (DFM) was
assessed with micro-computed tomography (LCT) for all animals and time points of this
study. Results for bone volume fraction (BV/TV) and trabecular thickness at the DFM

are presented in Figure 19 on the following page.
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Figure 19. Cancellous microarchitecture (by uCT) at the distal femur metaphysis
before and after 28 days of hindlimb unloading (HU)
Bone volume fraction (BV/TV), Trabecular thickness (Th.Th)

Data are mean = SD.

Groups at the same timepoint not sharing a letter are significantly different, o = 0.05.

n ~ 15 per group
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At the end of the pretreatment period, BV/TV of the SCL group was significantly
elevated compared to CON (+47.2%). The SCL group also showed elevations in
trabecular thickness (Th.Th) compared to CON (+29.0%) and compared to VJE (+-
23.2%). The VJE group was no different from CON in any uCT measure at the end of
the pretreatment period.

After the 4-week unloading period, the benefits of sclerostin treatment persisted.
In BV/TV and Th.Th, SCL had elevated values compared to both reference groups:
CON (+63.5% BV/TV, +42.3% Th.Th) and HUC (+103% BV/TV, +57.1% Th.Th). SCL
also had elevated Th.Th compared to VJE (+27.8%). Despite showing no statistically
significant effects immediately after the exercise protocol, the VJE group had elevated
BV/TV compared to HUC at the end of the unloading period (+57.6%). In addition, VJE
had elevated Th.Th compared to CON (+11.3%) and HUC (+22.9%). HUC was not
significantly reduced compared to CON at the end of unloading for BV/TV or Th.Th.

After unloading, animals recovered with normal cage activity for 8 weeks. At the
end of recovery, SCL animals had elevated BV/TV compared to both reference groups
(+34.5% vs CON, +53.2% vs HUC). SCL animals also had elevated Th.Th compared to
all other groups (+42.3 % vs CON, +57.1 % vs HUC, +27.8 % vs VJE). VJE showed
elevations in only BV/TV compared to HUC (+34.5%) and CON (+18.0%).

We found no significant differences in trabecular spacing, trabecular number, or
connectivity density at any time point. These data can be found in Table A.6 of
Appendix A. Similarly, there were few statistically significant differences in trabecular

tissue mineral density (TMD), as seen in Figure 20 below.

65



1060 -

1040 BCON BHUC BaVJE ascClL
1020 A

1000 1
980 -
960 4
940 -
920 -
900 -
880 -+

Tissue Mineral Density (mg/cm?)

860

Timepoint

Figure 20. Cancellous tissue mineral density at the distal femur metaphysis before
and after 28 d of hindlimb unloading (HU)
Data are mean = SD.
Groups at the same timepoint not sharing a letter are significantly different, o = 0.05.
n ~ 15 per group

After four weeks of unloading, TMD of SCL animals was elevated compared
only to VJE (+3.3%). At the end of recovery, SCL animals had elevated vBMD
compared to all other groups (+2.8% vs CON, +2.5% vs HUC, +2.7% vs VJE).
Otherwise, no group comparisons reached significance at o = 0.05. However, SCL did
trend significantly higher than CON at d28 (p=0.0659).
4.4.1. microCT Summary

Overall, treatment with Scl-Ab produced positive changes in cancellous bone in
our rats. These enhancements persisted through 4 weeks of HU and through a

subsequent 8-week recovery period. Our jumping exercise protocol produced no

enhancements immediately after the 4-week pretreatment, but VJE animals did exhibit

66



elevated BV/TV and Th.Th compared to reference groups 4 weeks and 12 weeks after
exercise ceased. So, it seems that exercise had delayed benefits on the cancellous bone
of the rat femur. However, Scl-Ab treatment produced more statistically significant
enhancements and greater percent differences than exercise did. In addition, SCL had
elevated tissue mineral density at d112 and elevated Th.Th at all timepoints when
directly compared to VJE. Thus, uCT suggests that Scl-Ab treatment was more anabolic
than jumping exercise in the cancellous bone of the DFM.
4.5. Reduced Platen Cancellous Compression

The mechanical strength of the same DFM cancellous structure was evaluated
with reduced platen compression (RPC). Standard RPC structural measures were further
normalized by BV/TV to give a better approximation of material-level cancellous

properties. Elastic modulus as measured by RPC is shown on the next page in Figure 21.
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Figure 21. Elastic modulus (absolute and relative to BV/TV) of distal femur
cancellous bone as determined by reduced platen compression testing before and
after 28 days of hindlimb unloading (HU).

Data are mean = SD.
Groups at the same timepoint not sharing a letter are significantly different, a = 0.05.

n ~ 15 per group
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At the end of pretreatment, SCL modulus was elevated compared to CON
(+175.5%) and VJE (+113.5%) and remained enhanced above CON levels at the end of
unloading (+174.4%). SCL modulus was also 5 times higher than HUC modulus
immediately after the unloading period. These increases persisted in SCL vs HUC
(+188.1%) and CON (+203.8%) at the end of recovery. VJE modulus was elevated
compared to HUC (+66.6%) at the end of unloading, but VVJE was otherwise not
different from either reference group at any time point.

We then normalized these results by uCT-measured BV/TV to account for the
amount of cancellous bone in each specimen, creating a more valid approximation of the
tissue-level properties of the cancellous bone®?. After normalization by BV/TV, group
comparisons were largely unchanged. As before, SCL modulus was elevated compared
to CON (+82.5%) and VJE (+74.9%) at the end of pretreatment. SCL normalized
modulus was higher only than HUC (+164.7%) at the end of unloading. Increases
persisted in SCL vs HUC (+88.8%) and CON (+149.4%) at the end of recovery. VJE
modulus was elevated compared to HUC at the end of unloading (+129.2%), but VJE
was otherwise not different from either reference group.

Yield stress showed very similar trends in group differences to elastic modulus.
Yield stress measured by RPC is presented on the following page with and without

normalization by BV/TV (Figure 22).
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Figure 22. Yield stress (absolute and relative to BV/TV) of distal femur cancellous
bone as determined by reduced platen compression testing before and after 28 days
of hindlimb unloading (HU).

Data are mean = SD.

Groups at the same timepoint not sharing a letter are significantly different, a = 0.05.

n ~ 15 per group
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At the end of pretreatment, SCL yield stress was elevated compared to CON
(+280.6%) and VJE (+135.5%). SCL yield stress remained higher than all other groups
after unloading (+208.8% vs CON, +545.6% vs HUC, +150.1% vs VJE). These
increases in SCL vs all other groups persisted at the end of recovery (+172.5% vs CON,
+190.0% vs HUC, +145.2% vs VJE). VJE yield stress was elevated compared to HUC at
the end of unloading (+158.1%), but VJE was otherwise not different from either
reference group at any time point.

Just as with RPC elastic modulus, normalization of yield stress by BV/TV did
not greatly affect group comparisons. At the end of pretreatment, SCL normalized yield
stress was still elevated compared to both CON (+155.2%) and VJE (+100.4%).
However, after unloading, SCL was higher than only HUC (+203.5%). By the end of
recovery, SCL was once again elevated vs all other groups (+118.8% vs CON, +89.3%
vs HUC, +131.9% vs VJE). VJE normalized yield stress was not different from either
reference group at any point.

A final mechanical property, RPC ultimate stress follows the same trends as yield

stress and modulus. This can be seen in Figure 23 on the following page.
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Figure 23. Reduced platen compression ultimate stress

Data are mean = SD.

Groups at the same time point not sharing a letter are significantly different, o = 0.05.
n ~ 15 per group
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At the end of pretreatment, SCL ultimate stress was elevated compared to CON
(+253.5%) and VJE (+157.3%). SCL ultimate stress remained enhanced above CON
levels (+206.9%) and was higher than HUC (+545.1%) at the end of unloading. These
increases persisted in SCL vs HUC (+197.1%) and CON (+161.0%) at the end of
recovery. VJE ultimate stress was elevated compared to HUC at the end of unloading
(+129.5%), but VJE was otherwise not different from either reference group.

As before, normalization by BV/TV did not greatly affect group comparisons of
ultimate stress. At the end of pretreatment, SCL normalized ultimate stress was still
elevated compared to both CON (+135.2%) and VJE (+115.0%). However, after
unloading, SCL was higher than only HUC (+217.1%). By the end of recovery, SCL
normalized ultimate stress was elevated compared to all other groups (+112.1% vs CON,
+-85.6% vs HUC, +84.2% vs VJE). VJE normalized ultimate stress was not different
from either reference group at any point.

4.5.1. RPC Summary

Overall, RPC testing found potent gains in trabecular bone mechanical strength
from Scl-Ab treatment. Scl-Ab enhanced every cancellous mechanical property above
ambulatory control levels at every timepoint, including immediately after the end of
hindlimb unloading. Jumping exercise produced no enhancements above control levels,
but it did protect cancellous bone strength from losses caused by hindlimb unloading.
VJE values were higher than HUC at the end of unloading for every non-normalized
property. In addition, VJE values were never lower than CON, despite VJE animals

going through 28 days of unloading. Normalizing mechanical properties by BV/TV had
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little effect on the overall trends seen in RPC testing. However, normalization did close
the gap somewhat between SCL and all other groups. This can be seen visually, and it is
reflected in the percent differences reported, which are lower after normalization where
SCL is involved.
4.6. Finite Element Method Simulation of Cancellous Bone Compression Testing

To better understand the results of our physical RPC testing, we conducted finite
element method (FEM) simulation on VJE and SCL specimens from day 56 (end of
unloading). We conducted simulations using two different model configurations. We
simulated the physical RPC test that we conducted, and we isolated the RPC specimens’
trabecular structure from the cortical shell and simulated compression of that entire,
isolated trabecular compartment. This branch of the study is less focused on rigorously
comparing treatments than the previous sections. We did use FEM to further compare
the effects of Scl-Ab and our jump training on bone integrity at the end of the 28-day
unloading period. However, we primarily undertook this simulation hoping to more
qualitatively understand the behavior of our physical RPC test and to refine our FEM
modeling procedure.
4.6.1. Boundary Conditions

We began our FEM analysis by examining the boundary conditions we applied to
our 3D models. Figure 24 and Figure 25 show the nodes where boundary conditions
were applied at the top face for the full trabecular compression case. This study’s

labeling convention was to label SCL animals “X####” and VJE animals “J####.”
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Figure 24. Top face boundary nodes for full trabecular compression of SCL
specimens

0.1 mm of displacement was applied to each red BC node. Blue nodes are all nodes of
the 3D model of each specimen projected onto a 2D plane. Only top face BC nodes are
shown, as the top face was the limiting factor for sample inclusion. *X0421, X0433, and
X0612 were excluded because the MATLAB image segmenting procedure incorrectly
categorized a large portion of the trabecular structure as cortical bone.
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Figure 25. Top face boundary nodes for full trabecular compression of VJE

specimens

0.1 mm of displacement was applied to each red BC node. Blue nodes are all nodes of

the 3D model of each specimen projected onto a 2D plane. Only top face BC nodes are

shown, as the top face was the limiting factor for sample inclusion.

The boundary conditions of full trabecular compression visually seem to have

been successfully applied for all VJE and SCL animals. Boundary conditions were

applied to the majority of nodes on the top face of the models. However, three SCL

trabecular simulations were excluded because the MATLAB image segmenting

procedure incorrectly categorized a large portion of the trabecular structure as cortical
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bone. No other full trabecular compression simulations were excluded from this study.
Figure 26 below shows the improper differentiation of cortical and cancellous bone in

the three excluded SCL specimens.

X0421 X0433 X0612

SO0

X0606 (ref) J1010 (ref)

OO

Figure 26. Bone categorized as cortical in excluded SCL simulations.

X0421, X0433, and X0612 were excluded from trabecular simulations due to improper
inclusion of cancellous bone along with the cortical shell. X0606 and J1010 are
representative of the accuracy of cortical differentiation in other specimens.

X0421, X0433, and X0612 were excluded from trabecular simulations. The
elements categorized as cortical shell included a large number of trabecular elements.

The trabecular elements in the top three panels of Figure 26 are the irregular structures
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that intrude towards the center of the otherwise empty cancellous space. These irregular
intrusions are not present in the bottom two panels, which are representative of the
typical accuracy of our cortical-trabecular separation algorithm. The top specimens in
the top three panels of Figure 26 were excluded from full trabecular simulation outcomes
and yield outcomes of RPC simulations, as both of those categories required accurate
distinction of trabecular and cortical elements. No other specimens were excluded for
this reason.

On the other hand, many samples were excluded in the RPC configuration.
Boundary condition nodes for RPC simulations are shown in Figure 27 and Figure 28 on

the following pages.
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Figure 27. Top face boundary nodes for RPC compression of SCL specimens
*X0421, X0433, and X0612 were excluded for only measures of yield because the
MATLAB image segmenting procedure incorrectly categorized a large portion of the

trabecular structure as cortical bone. Other samples were excluded due to having too few

BC nodes. Calculated platen area is shown by the black dotted line circle. Only nodes
within this circle were considered for boundary nodes. 0.1 mm of displacement was

applied to each red BC node. Blue nodes are all nodes of the 3D model of each specimen

projected onto a 2D plane. Only top face BC nodes are shown, as the top face was the
limiting factor for sample inclusion.
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Figure 28. Top face boundary nodes for RPC compression of VJE specimens
Samples were excluded due to having too few BC nodes. Calculated platen area is
shown by the black dotted line circle. Only nodes within this circle were considered for
boundary nodes. 0.1 mm of displacement was applied to each red BC node. Blue nodes

are all nodes of the 3D model of each specimen projected onto a 2D plane. Only top face

BC nodes are shown, as the top face was the limiting factor for sample inclusion.

Six RPC SCL models and nine RPC VJE models were excluded from this study

because the top face was too sparse to support meaningful BC nodes. In addition, three

SCL simulations were excluded because the model generation script improperly

categorized a large portion of their especially-dense trabecular structures as cortical
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bone. This mistake does not affect calculations of elastic modulus. However, it does alter
the search volume for yielded elements, so measures of yield were excluded for these
simulations.
4.6.1.1. Boundary Conditions Summary

Full trabecular compression boundary conditions were applied without issue, but
3/14 SCL simulations were excluded due to poor peeling of the cortical elements from
the trabecular elements. RPC boundary conditions were problematic. In total, 9/15 VJE
models were excluded, and 9/14 SCL models were excluded. All but three of these
models were excluded because the trabecular structure of their top faces was too sparse
for boundary conditions to be adequately applied.
4.6.2. FEM Mechanical Properties

After excluding problematic simulations, we calculated mechanical properties for
those remaining. We did this first without altering the standard tissue elastic modulus
that was assigned to all models during model generation. Then, we scaled the resulting
specimen moduli and yield stresses using specimen-specific tissue moduli that we
calculated from pCT tissue mineral density (TMD). This calculation used a relationship
between TMD and tissue modulus derived from a variety of species that was previously
applied in finite element modeling of rat vertebrae®®. VVJE and SCL group comparisons
for scaled and unscaled specimen-level elastic modulus are shown in Figure 29. Group
comparisons were performed only within a single model configuration; no statistical
comparisons were performed between RPC simulations and full trabecular compression

(Trab) simulations for any property.
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Figure 29. FEM elastic modulus treatment comparison

“Scaled Elastic Modulus” was calculated using specimen-specific tissue modulus scaled
by uCT TMD.

Data are mean = SD.

No group comparisons were statistically significant, a = 0.05.

n = 11-15 per Trab group

n = 6-8 per RPC group
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Specimen elastic modulus was not different between VJE and SCL, regardless of
the model configuration and use of scaled or unscaled tissue modulus. Scaling tissue
elastic modulus did not produce statistically significant comparisons or alter the visual
trends of the results. The main effect of scaling with TMD was increasing the magnitude
of the mean modulus by 170-180%. Magnitudes of elastic modulus were fairly
comparable between the RPC and full trabecular model configurations. However, in
RPC simulations SCL was non-significantly higher than VJE, while the opposite was
true for full trabecular simulations.

Out next outcome, estimated yield stress, can be found below in Figure 30.
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Figure 30. FEM yield stress treatment comparison

“Scaled Yield Stress” was calculated using specimen-specific tissue elastic modulus
scaled by uCT TMD.

Data are mean = SD.

No group comparisons were statistically significant, o = 0.05.

n = 11-15 per Trab group

n =5-6 per RPC group
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As with specimen elastic modulus, VJE and SCL mean yield stress means were
not statistically different, regardless of the model configuration and use of scaled or
unscaled tissue modulus. Also, as before, scaling tissue modulus with TMD uniformly
increased the magnitude of the mean yield stresses by 170-180%, but did not
differentiate groups from one another. Magnitudes of RPC yield stress were much higher
compared to Trab simulations (2.1-2.8 times higher, but not statistically compared).

A final mechanical property that we examined was estimated yield strain,

presented below in Figure 31.
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Figure 31. FEM yield strain treatment comparison

Data are mean + SD.

No group comparisons are statistically significant, o = 0.05.
n =11-15 per Trab group

n =5-6 per RPC group

RPC mean yield strain was not different between SCL and VJE for the RPC or

full trabecular configuration. The average RPC yield strains were 3.2-3.4 times higher
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than full trabecular yield strains (but again were not statistically compared). Scaling
tissue modulus with TMD does not affect strain.

Next, we examined the fraction of the total load carried by trabecular bone in the
RPC simulations (Figure 32). This measure gives us insight into the influence of the
cortical shell on RPC testing. (We would prefer the cortical influence to be nonexistent,

as we intend to evaluate just trabecular bone with RPC testing.)

!
<
S
o 104- :
| - [ ]
©
e e
)
o) T .
S
S 100
| -
<
o
(&)
ps !
< 96-
|-
|_
*
J X

Figure 32. Boxplot of trabecular load sharing in RPC simulation

“J” indicates jumping animals; “X” indicates Scl-Ab-treated animals.

Values of load share over 100% indicate that the cortical shell of the specimen was in
axial tension.

Interestingly, the trabecular load share for many of the RPC simulations was

greater than 100%. This means that the cortical shells of those specimens were actually
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in tension rather than compression. In five VJE samples the cortical shell carried tension,
while only 3 SCL cortical shells were in tension. All VJE trabecular load shares were
within 5% of 100%, indicating that the cortical shell had a relatively small effect on the
load distribution. SCL trabecular load share deviated further from 100%, with the
greatest deviation being 107% trabecular load.

Next, we conducted a number of correlations to see how closely our simulations
followed the results of our physical RPC testing. Correlations in this section are
presented by model type with VJE and SCL animals pooled together. Correlation plots
with simulations further separated by group can be found in Appendix B. Figure 33
shows correlations between results derived from physical RPC testing and from FEM-

simulated RPC testing.
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Figure 33. Correlation of RPC and FEM-simulated RPC modulus and yield stress.
“FEM Scaled” measurements in the right two panels were calculated using specimen-

specific tissue elastic modulus scaled by uCT TMD.
*correlation is significant, o = 0.05.

Modulus correlations between RPC simulations and physical RPC testing were

significant, while yield stress correlations were not. R values were reflective of fairly
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strong modulus relationships and weak relationships in yield stress. Assigning each
specimen a tissue modulus determined by uCT-derived tissue mineral density (TMD)
produced marginal improvements in correlation R value. The magnitudes of modulus
found by RPC FEM simulation and physical RPC testing were strikingly different. FEM
modulus was on average 4-5 times the modulus found from physical testing. After
scaling by TMD, FEM values were 8-9 times higher on average compared to physical
RPC modulus.

Correlations between the full trabecular compression model configuration and

RPC mechanical testing is shown below in Figure 34.
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Figure 34. Correlation of results of physical RPC and full trabecular compression

FEM simulation for modulus and yield stress

“FEM Scaled” measurements in the right two panels were calculated using specimen-

specific tissue elastic modulus scaled by uCT TMD.

No correlations were significant, a = 0.05.

Correlations between simulations of full trabecular compression and physical

RPC were not significant, and R values were reflective of a weak relationship at best.

Assigning each specimen a tissue modulus determined by TMD produced only marginal



improvements in correlation R value. As with RPC simulation, the magnitudes of
modulus found by trabecular FEM simulation were much higher than those found by
physical testing. FEM trabecular modulus was on average 5-9 times higher than modulus
from physical testing. TMD scaling raised these differences to 9-15 times higher.

Next, we tried to visualize the strain distribution of each simulation using contour
plotting in Abaqus. However, the models had so many low-strain elements that the high-
strain areas were only faintly visible, if at all. Appendix B contains a few examples of
these largely useless contour plots.

Instead of using contour plots, we plotted the “failed” (5% highest strain)
elements of each specimen projected onto a 2D plane. While this gives less information
than a full strain distribution, these 2D plots do give very clear and legible indications of
regions of high stress/strain in each simulation. Figure 35 and Figure 36 below show the
failed elements for each simulation from what is essentially a birds-eye view of the
specimen. The visualization figures only display specimens whose models were included

for both model configurations.
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Figure 35. Failure elements in FEM compression of SCL specimens

This figure shows all elements of the 3D model of each specimen projected onto a 2D
plane. Green failed elements are the 5% of trabecular elements with the highest effective
strain. Calculated platen area is shown by the black circle and reproduced for reference
in faint white on the full trabecular specimens. “X” denotes SCL group; “J”” denotes

VIJE.
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Figure 36. Failure elements in FEM compression of VJE specimens

This figure shows all elements of the 3D model of each specimen projected onto a 2D
plane. Green failed elements are the 5% of trabecular elements with highest effective
strain. Calculated platen area is shown by the black circle and reproduced for reference
in faint white on the full trabecular specimens. “X” denotes SCL group; “J”” denotes

VIJE.
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Failed elements for RPC simulations tended to be localized to the volume within
and directly around the virtual platen area. The failed elements often were concentrated
away from the flat, posterior edge of the specimen. The trabeculae tended to be visually
sparser closer to the proximal side of the specimens. VJE and SCL specimens did not
seem to have discernible differences in distribution of failed elements.

The failed elements in full trabecular simulations were concentrated away from
the virtual platen area (which is reproduced just for reference on the full trabecular
models). The failed elements in the full trabecular simulations tended to form a rough
arc around the virtual platen area. These arcs seemed to avoid the central, proximal area
of the trabecular specimens. Just as with the RPC simulation, this avoided area was
where trabeculae were visually sparsest. VJE and SCL trabecular specimens did not
seem to have discernible differences in distribution of failed elements.

Next, we plotted similar 2D projection plots from a side view to assess how
failed elements were distributed through the height of the specimens. These figures are

Figure 37 and Figure 38.
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Figure 37. Failure elements in FEM compression of SCL specimens

This figure shows all elements of the 3D model of each specimen projected 2D plane
that is perpendicular to the face of the specimen. Green failed elements are the 5% of
trabecular elements with highest effective strain. Calculated platen area is shown by the
black circle and reproduced for reference in faint white on the full trabecular specimens.
“X” denotes SCL group; “J” denotes VJE.
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Figure 38. Failure elements in FEM compression of VJE specimens

This figure shows all elements of the 3D model of each specimen projected 2D plane
that is perpendicular to the face of the specimen. Green failed elements are the 5% of
trabecular elements with highest effective strain. Calculated platen area is shown by the
black circle and reproduced for reference in faint white on the full trabecular specimens.
“X” denotes SCL group; “J”” denotes VJE.
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Failed elements were distributed fairly uniformly throughout the height of each
specimen, regardless of treatment group or simulation type.

Finally, we performed a correlation between results from trabecular and RPC
simulations in an attempt to add mathematical insight into whether our two model
configurations produce similar or distinct outcomes. These correlations are below in

Figure 39.
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Figure 39. Correlations of FEM-simulated RPC and FEM simulation of full
trabecular compression
“FEM Scaled” measurements in the right two panels were calculated using specimen-
specific tissue elastic modulus scaled by uCT TMD.

No correlations were significant, a = 0.05.



Correlations of the elastic modulus between simulation configuration (RPC and
full trabecular compression) were not significant. Yield stress was significantly
correlated between the two model types. R values for modulus and scaled modulus were
reflective of a modest relationship (n.s.). Yield stress R values indicated a reasonably
strong relationship between the two simulation types. Assigning each specimen a tissue
modulus determined by TMD marginally lowered R values.
4.6.2.1. FEM Mechanical Property Summary

There were no differences between SCL and VJE FEM outcomes regardless of
model configuration. Using tissue mineral density from uCT to determine specimen-
specific tissue moduli did not change these results. Calculations of load sharing in RPC
simulations found that the cortical shell carried a small amount of tension in most
simulations.

We conducted a number of correlations to compare physical and virtual testing.
RPC simulated elastic modulus was fairly strongly correlated to RPC physical elastic
modulus. Otherwise, no correlations between FEM simulation and RPC physical testing
were statistically significant. Assigning each specimen a tissue modulus determined by
TMD produced marginal gains in correlation strength.

The highest-strain regions of each simulation type had minimal overlap. Highest-
strain regions for RPC testing tended to be concentrated near or within the boundaries of
the virtual platen used to compress these models. Full trabecular compression
simulations tended to have highest-strain regions that wrapped around the virtual platen

area, but did not extensively intersect with the virtual platen area. Yield stress from full
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trabecular simulations and RPC simulations were significantly correlated to one another,

but elastic modulus was not correlated between the two model configurations.
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5. DISCUSSION AND CONCLUSIONS
5.1. Voluntary Jump Training Elevates Loading and Builds Bone through
Unloading.

Our measurements of GRFs and bone outcomes in our jJump-trained animals
confirms that the mechanical loading imposed by our exercise protocol is osteogenic.
We found that jumping GRFs were on average 1.8 times higher than body weight of the
rat, and we found increases in bone formation rate and decreases in a measure of bone
resorption (%0cS/BS) in the tibia and humerus of our animals after 28 days of training.
This anabolic bone response led to improved bone outcomes at the femur, tibia, and
humerus in jJump-trained animals compared to unexercised controls. Tibia and humerus
cancellous BV/TV assessed by histomorphometry was elevated by jumping, and pQCT-
determined metaphyseal cortical vBMD at the femur and humerus was higher in
jumping animals compared to unexercised controls.

We did not see statistically significant anabolic effects of jump training at the end
of the 28-day pre-treatment period in our other measures, which were assessed with
ANOVA or an equivalent rather than the higher-powered t-test of the above measures.
However, for 13 of the 15 measures presented in the Results section, VJE means were
non-significantly higher than CON means at the end of jump training (d28). In addition,
jumping did significantly elevate cancellous bone outcomes compared to unloading
controls at the end of unloading. At the end of unloading, uCT analyses revealed higher
BV/TV and trabecular thickness in jump-trained animals compared to hindlimb-

unloading controls. Elastic modulus, yield stress, and ultimate stress in the cancellous
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bone of the femur were also elevated in VJE rats compared to unloading controls at the
end of unloading. Based on the anabolic bone response we found at the end of the
training period and the increased GRFs we found during jumping, the results presented
show that our jJumping protocol is an effective model for physiological, anabolic
resistance exercise. In addition, jumping’s effectiveness through four weeks of
unloading suggests that resistance exercise could also be a viable preventive
countermeasure for microgravity-induced bone loss.

Our jumping protocol is most similar to a protocol used by a group from Japan,
but that group tends to use their jump training paradigm in growing animals®®779_ |t is
well-established that the bones of young, growing animals respond more strongly to
mechanical stimuli compared to skeletally mature animals because of the naturally
higher levels of bone turnover in growing bones®5-17), In addition, the Japanese group
focuses mainly on pQCT and extrinsic properties of the tibia midshaft®>7%18)_Qur
current study used skeletally mature rats and reported mainly metaphyseal outcomes
from the femur (and some from the tibia and humerus).

Our study’s focus on metaphyseal and cancellous bone is not typical for studies
of resistance exercise models. Most previous studies have focused on the cortical
midshaft. However, our lab did investigate cancellous bone outcomes in a previous
model of resistance exercise!*'®). Six-month-old, male Sprague Dawley rats—the same
animal specifications as used in our current study—jumped up and depressed an
illuminated bar 12 inches above their cage floor. Rats trained while wearing a 30 g vest

(~8% of body weight). At the proximal tibia metaphysis, trained animals gained 30%
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BV/TV and trabecular thickness and had 50% decreased osteoclast surface as measured
by cancellous histomorphometry®*?. In those same measures at the proximal tibia, our
VJE animals gained 30% BV/TV and lost 35% osteoclast surface, but we did not find
changes in trabecular thickness. Our voluntary jumping protocol produces similar
anabolic changes in cancellous bone as these previously published results for resistance
exercise.

We believe that our unique positive reinforcement conditioning is a step forward
compared to previous resistance exercise models, which have overwhelmingly relied on
negative shock reinforcement. Positive reinforcement eliminates the need for costly
electrical equipment that can be difficult to use and maintain, and the lack of a shock
grid on our cage floor allowed us to employ a very simple force plate setup to measure
ground reaction forces. The previous studies discussed have not quantified ground
reaction forces, likely because it would be quite complicated to install the necessary
shock grid and a force plate in the cage floor. Finally, positive reinforcement by sugar
treat likely reduces stress in our animals compared to negative reinforcement by shock
avoidance. We did not formally measure stress outcomes, but future work should
quantify stress behaviors or serum stress markers in our VJE animals build a stronger
case for the advantages of our procedure. Nonetheless, we believe we have created a
physiologically relevant resistance exercise model that has distinct advantages compared

to existing rodent models.
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5.2. Strain and Strain Rate from Jumping Could Drive Forelimb-Hindlimb
Differences.

Improvements in histomorphometry-measured BV/TV, %0cS/BS, %MS/BS, and
MAR were more drastic at the proximal humerus than at the proximal tibia metaphysis
in VJE animals. These findings suggest a stronger anabolic response at the humerus.
Peak GRFs in the forelimbs and hindlimbs were almost identical, but GRFs do not
measure bone strain, which is what triggers bone remodeling. GRFs of the same
magnitude could produce different strains in the humerus compared to the tibia. In fact,
one study found that quietly standing rats support 80% of their body weight on their
hindlimbs®??, Since it seems rats are accustomed to supporting larger loads on their
hindlimbs, it is likely that the bones of their hindlimbs would adapt to carry larger loads
than the bones of their forelimbs. Thus, the same force applied to the hindlimbs would
translate to lower strains than would be produced by the same load in the forelimbs. The
relatively higher strain in the forelimbs would trigger more robust osteogenic remodeling
in the humerus compared to the tibia. The spatial distribution of strains could also be
different, giving rise to focally higher strains in the humerus even for the same overall
GRF magnitude.

Another explanation for the difference in osteogenic response is the different
loading rates between forelimb landing and hindlimb jumping. We found a much higher
rate of force development in the forelimbs (although the non-parametric comparison was
too low-powered to assure statistical significance). The higher loading rate should lead

to a higher strain rate in the forelimbs than the hindlimbs. In-vivo limb loading models
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have shown that high strain rates better enhance bone formation rate®?%. A higher strain
rate could explain the increased osteogenic response in the humerus. If this explanation
is correct, exercise that specifically targets bone should focus on increasing bone strain
rates as well as bone strain.

5.3. Scl-Ab Outperforms Jump Training in Improving Cancellous Architecture and
Strength.

Four weeks of treatment with Scl-Ab produced dramatic improvements in
cancellous bone in our rats. These enhancements persisted through 4 weeks of unloading
and through a subsequent 8-week recovery period. In measures from yCT at the distal
femur, Scl-Ab treatment produced more statistically significant enhancements and
greater percent differences than exercise did. In addition, SCL rats exhibited elevated
TMD at d112 and elevated Tb.Th at all timepoints when directly compared to those
values in VJE animals. Thus, uCT suggests that Scl-Ab treatment was more anabolic
than jump training in the cancellous bone.

Results from physical RPC testing support this notion. Scl-Ab treatment caused
potent gains in trabecular bone strength. Scl-Ab enhanced every cancellous mechanical
property above ambulatory control levels at every timepoint, even immediately after 28
days of hindlimb unloading. SCL means were routinely double those of CON animals
and double those of VJE animals, and in some cases SCL group means were up to three
times higher than those of CON rats. On the other hand, jump training produced no
enhancements above control levels prior to unloading. In addition, every RPC measure

taken immediately after treatment (d28) was elevated in SCL rats when directly
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compared to VJE. SCL was sometimes higher than VJE in RPC measures at d56 and
d112 as well.

Normalizing mechanical properties by BV/TV did close the gap somewhat
between SCL and all other groups, indicating that SCL gains in cancellous properties are
due in part to increased cancellous bone mass. This result is unsurprising, given our
findings of 50%-100% increases in BV/TV from Scl-Ab treatment and past studies that
have found as much as threefold increases in BV/TV®4, The fact that normalization by
BV/TV did not fully eliminate the relative advantages observed in rats treated with Scl-
Ab could suggest that Scl-Ab also improves cancellous bone material properties, in
addition to bone mass. However, a more cautious explanation is that the BV/TV of the
full specimen, which we used to normalize RPC properties, is not fully reflective of the
BV/TV of the central region tested during RPC. The central region tends to be sparser
than the cancellous structure as a whole, and we have observed over the years of RPC
testing that this same central region seems to be most sensitive to bone loss in unloading
control animals.

Even if we are not certain that Scl-Ab enhanced cancellous bone quality, the
treatment was still incredibly effective at building bone mass and strength in the
cancellous compartment, much more so than exercise. Given our findings and the
positive findings of previous studies testing Scl-Ab during disuse 4848687 Scl-Ab
seems to be a promising pharmaceutical countermeasure for spaceflight use.

Previous animal studies have investigated Scl-Ab as a countermeasure for

spaceflight-induced bone loss. Most of these studies have given Scl-Ab concurrently
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with disuse, while our study investigated Scl-Ab as a pretreatment to disuse.
Nevertheless, the trends in our pretreatment study and previous concurrent treatment
studies are much the same. Zhang et al. administered Scl-Ab to 4 month-old female
Sprague Dawley rats during hindlimb unloading. Scl-Ab treatment doubled cancellous
BV/TV compared to untreated animals®?. Spatz et al. administered Scl-Ab to mice
during hindlimb unloading and found gains in trabecular bone mass and cortical bone
strength compared to mice that were untreated during unloading®®. This same group
also investigated the effects of Scl-Ab in a partial weightbearing mouse model, which is
analogous to loading astronauts would experience on the Moon or Mars. They found that
Scl-Ab treatment during partial weight bearing completely prevented bone deterioration
in their mice, and even enhanced bone outcomes above fully weight-bearing control
levels. This trend held true for whole-body BMD, mechanical strength at the femur
midshaft, and cancellous BV/TV. The effect on cancellous bone was especially
pronounced, with Scl-Ab-treated animals having 2-3 times the BV/TV of all other
groups®,

Our Scl-Ab pretreatment approach was effective through unloading. The gains it
produced were similar to those of previous concurrent studies. Like the concurrent
studies, we found increases in mechanical strength at the femur midshaft and large gains
in measures of cancellous architecture. Cancellous BV/TV was as much as doubled in
Scl-Ab animals compared to untreated controls, which is comparable to the 2-3x
increases in BV/TV found in previous studies®?®4, Unlike the previous studies, we

supplemented our assessment of cancellous bone by measuring cancellous mechanical
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properties at the femur metaphysis. We found massive gains in Scl-Ab animals in
cancellous mechanical outcomes as well (5x yield stress, 5x modulus, and 6x ultimate
stress compared to unloading controls). The results of our current study suggest that Scl-
Ab pretreatment before a period of disuse is comparably effective to administering Scl-
Ab during the disuse period. In addition, the current study demonstrates for the first time
that the substantial gains in cancellous architecture typically produced by Scl-Ab
treatment translate into substantial gains in cancellous strength.

In addition to previous studies that used concurrent treatments, one prior
pretreatment study has been conducted using Scl-Ab. Investigators in this study injected
a cohort of young, growing mice with a single large dose of Scl-Ab, and then sent the
mice to space aboard space shuttle mission STS-135. Comparisons of magnitudes of
treatment impacts are not terribly useful between our study and the STS-135 study. Our
study was done in adult rats, while the STS-135 study was done in growing mice.
However, the trends we observed are very similar to the findings of the STS-135 study.
In the STS-135 study, Scl-Ab treatment eliminated losses in whole-body BMD, losses in
cancellous volume and architecture at the tibia, and losses in bone strength at the femur
midshaft®®. Additionally, finite-element modeling found improved strength in a non-
weight-bearing vertebrae of the STS-135 animals®®, which is a mixed bone site,
meaning that cancellous strength likely contributed at least mildly to this outcome.

Our study corroborates this earlier study’s findings that pretreatment with Scl-Ab
improves midshaft strength and cancellous architecture and strength, and we do so in a

skeletally mature rat model that is more analogous to the adult astronaut population than
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the growing mice used in the STS-135 study. In addition, we administered smaller,
weekly doses of Scl-Ab over four weeks before unloading, instead of one large dose
immediately before spaceflight. Our weekly doses resulted in the same total dose as the
STS-135 study, but our dosing scheme is more analogous to clinical Scl-Ab dosing®?.
Taken together, our ground-based analog study and the STS-135 study during actual
spaceflight clearly demonstrate that Scl-Ab is an effective preventive countermeasure to
subsequent disuse.

5.4. Scl-Ab improves midshaft cortical structure; jump training improves midshaft
cortical quality.

Interestingly, the improvements we found in mechanical properties measured by
three-point bending were not congruent between extrinsic and intrinsic properties. SCL
animals showed improvements in stiffness, maximum force, and yield force at certain
points in the study, which are whole-bone extrinsic properties. However, SCL animals
exhibited no improvements in the intrinsic material properties of modulus, yield stress,
and ultimate stress, so Scl-Ab’s effect was clearly on the size and shape of the bone and
its cross-section. On the contrary, VJE animals showed elevated material properties of
modulus and ultimate stress at the end of pretreatment and at the end of recovery, but no
improvements in extrinsic properties at any point in the study. So, it appears that Scl-Ab
treatment improved the structural properties of the femoral midshaft, but not the material
properties. The opposite appears to be true for jump training, which exerted no effect on
the structural properties of the femoral midshaft, but did improve the material properties

of the bone.
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Previous mechanical testing in rodent models for disuse has found that Scl-Ab
produced elevations in structural properties at the midshaft in rats®>!%2 and mice®*84),
which agrees with our results. However, none of these studies reported intrinsic
properties (which could be derived from their three-point bending results for extrinsic
properties).

One study that did report intrinsic properties in nine-week old Scl-Ab-treated rats
found that, compared to untreated controls, treated rats had greatly elevated extrinsic
properties at the femoral shaft—32% greater stiffness and 34% greater maximum force.
At the same time, Scl-Ab had little to no effect on material-level properties. Elastic
modulus was increased by 1.7% in Scl-Ab animals, and the researchers found no effect
of treatment on ultimate stress®?®). Our study’s findings were much the same. We found
10-30% gains in extrinsic properties of stiffness, maximum force, and yield force in Scl-
Ab treated rats compared to reference groups, but we found no significant differences in
intrinsic properties of elastic modulus, ultimate stress, and yield stress. Our findings
reinforce that Scl-Ab works in cortical bone by increasing bone mass, without
substantially altering (positively or negatively) the quality of the bone produced.

On the other hand, we did not find any enhancements in extrinsic mechanical
properties in jumping animals. It is possible that any positive effects of jump training on
extrinsic bone properties were offset by the lower bodyweights of the VJE animals. VJE
animals had lower body weight than other groups throughout the study, and smaller
body weights should lead to lower bone mass compared to larger animals, with all else

being equal. Extrinsic mechanical properties are highly dependent on the size of the
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material tested, so lower bone mass in smaller animals should lead to correspondingly
lower extrinsic properties. The lower body weights of the VJE animals could explain
why we did not see elevations in extrinsic three-point bend properties of the cortical
midshaft, while other groups have found elevations in extrinsic properties from jumping.

The Japanese group that uses a very similar jumping protocol to ours has found
elevations in cortical bone structural properties (breaking force), but not in intrinsic
properties (ultimate stress)>7%118) These findings are opposite of the findings of our
current study, which found enhanced intrinsic properties but no change in extrinsic
properties of cortical bone. The Japanese group studied a range of animal age, sex, and
strain. They studied growing (12 wks) and old (44 wks) male Wistar rats®®, adult female
Wistar rats (9 month)®®), and growing female Fischer rats (5 wks)™®. Our animals were
6-month-old male Sprague-Dawley rats, so differences in our findings and the Japanese
group’s findings could be at least partially caused by the differences in animals between
our study and their studies.

On the other hand, our lab previously did find elevations in intrinsic mechanical
properties of the femur midshaft in a model for resistance exercise®?4. This previous
study was done in 6 month old, male Sprague Dawley rats, which is the same age, sex,
and strain used in our current study. In the previous study, rats jumped up and depressed
an illuminated bar 12 inches above their cage floor while wearing a 30 g training vest
(~8% of body weight). Animals that trained under this paradigm experienced gains in
intrinsic mechanical properties at the femur midshaft. Femurs of exercised animals had

23% higher ultimate stress compared to untrained controls, but no enhancements in
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elastic modulus®?®. In our current study, jump-trained animals gained 5-15% ultimate
stress and 20-60% elastic modulus at the femur midshaft compared to untrained
reference groups.

It seems there is not strong consensus in the literature on whether models of
resistance exercise enhance cortical bone intrinsic properties (cortical bone quality). It
might be worthwhile then to further assess bone quality in our VJE animals. Raman
spectroscopy would allow us to measure mineral/matrix ratio and collagen crosslinking.
We would need to find a collaborator skilled in Raman spectroscopy, but undertaking
this test would give us further insight into bone quality changes caused by our jumping
exercise protocol. Those outcomes could help us or future researchers to resolve
discrepancies in bone quality effects between different rodent models of simulated
resistance exercise.

5.5. No Evidence of Long-Term Adverse Effects of Scl-Ab

A clinical study found severe bone loss after cessation of all forms of treatment
in osteoporosis patients who had previously taken Scl-Ab to elevate their bone mass. In
12 months, the patients lost 80-90% of the BMD gains they had made over one year of
Scl-Ab treatment and two years of subsequent treatment with an anitresorptive
(denosumab)®®). Unlike in the human studies, we found no evidence of “rebound” bone
loss in our animals after we ceased treatment. In fact, SCL animals had lasting
enhancements in almost all measures that we assessed. In many cases, the benefits of
only four weeks of Scl-Ab persisted through four weeks of unloading and through a

further eight weeks of recovery.
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It is possible that the rebound bone loss seen in the clinical study was due to
denosumab administration, and that is why we found no losses in our Scl-Ab-only
animals. We believe, though, that the difference between our long-term results and the
results of the clinical study could be due to the initial bone health of the study subjects.
Our rats were healthy before beginning Scl-Ab treatment, while the clinical study was
done in osteoporotic postmenopausal women who had T-scores of -2.5 to -3.5 at the total
hip or femoral neck®®. In both studies, Scl-Ab elevated bone mass in the subjects. When
the osteoporotic women ceased all forms of treatment, their Scl-Ab-enhanced bones
reverted quickly towards their initial, fragile state. When our rats ceased Scl-Ab
treatment, their bones were initially exposed to 28 days of disuse, but then returned to a
state of normal and healthy weight bearing. We believe that Scl-Ab was still active over
a majority of our unloading period, and our rats’ return to a healthy bone state after
unloading prevented the extreme rebound losses seen in the osteoporotic women.

We did not measure indices of bone formation and resorption for all animals in
this study, but previous measurements in these same animals found that bone formation
rate and serum CTX-1 (a marker of bone resorption) in SCL and HUC animals were
virtually identical at the end of unloading®?®. Based on these findings, it seems that the
Scl-Ab was no longer protective by the end of unloading. It is possible that Scl-Ab’s
influence on bone turnover tapered off at the very end of the unloading period, and that a
return to weight bearing restored bone remodeling to a balanced state in our animals.
Based on this thinking, our rats may have seen a rebound effect similar to the bone loss

experienced by the osteoporotic women if we had extended our unloading period. Future
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work in animal models should attempt to investigate whether Scl-Ab prompts rebound
bone loss if not taken frequently during long-duration simulated microgravity. These
findings would be highly relevant in evaluating Scl-Ab’s viability for use on exploration
spaceflight missions.

5.6. Puzzling FEM Results are Opportunity for Future Work

Results from FEM-simulated compressive testing of cancellous bone were not
what we expected. There were no differences between VJE and SCL outcomes, and
FEM outcomes were largely not correlated to physical RPC outcomes. Further, FEM
modulus was on average 4-9 times higher than elastic modulus found during physical
RPC testing. Assigning each specimen an individualized tissue modulus based on its
average tissue mineral density did not substantially improve correlations or differences
in absolute values. Instead, specimen-specific moduli exacerbated the absolute
differences between physical and virtual compression outcomes by a further 70-80%.
Finally, calculations of load sharing for the RPC models found that the cortical shell was
actually in tension during a simulated compression test. While these results are
unexpected and some are disappointing, they still provide useful information about RPC
testing and lay the groundwork for many opportunities for future improvements.

VJE and SCL outcomes from FEM simulation were not statistically different.
However, SCL consistently outperformed VJE in uCT and physical RPC in the exact
same bone region of interest. We excluded a large number of RPC simulations, which
likely had a moderating effect on any group differences. In total, 9/15 VJE models were

excluded, and 9/14 SCL models were excluded. The majority of these models were
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excluded because their trabecular structures were too sparse to support meaningful
application of boundary conditions. However, three of the SCL models were excluded
because they were especially dense, and the MATLAB input algorithm incorrectly
categorized a large portion of their dense trabecular structure as cortical bone.

Because of the many excluded RPC simulations, it is probably best to not
overinterpret the lack of differences between SCL and VJE animals for those models. On
the other hand, only three full trabecular simulations were excluded, and the full
trabecular simulations still found no differences between SCL and VJE. We expect the
full trabecular simulations to be less sensitive than RPC due to the regions where
boundary conditions are applied in each model. RPC tests the sparser central region of
the specimen, while the full trabecular configuration tests the whole cancellous region.
In fact, the two model configurations seem to be poorly related. The highest-strain
regions of each simulation type had minimal overlap. The highest-strain elements in full
trabecular simulations are not located in the sparse central region tested by RPC. This
difference is reflected in the lack of significant correlation between elastic modulus from
full trabecular simulations and RPC simulations.

The full trabecular models test the whole trabecular bone volume, while RPC
models and RPC physical testing test the lowest density portion of the trabecular
structure. Even though the full trabecular models might not be reflective of RPC, these
models should still be strongly influenced by architectural parameters of the full
trabecular region, where we found substantial improvements in Scl-Ab treated animals.

Our uCT measurements revealed 27.8% higher trabecular thickness and 29.2% higher
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(but n.s.) BV/TV in SCL rats compared to VJE rats. These differences in trabecular
architecture should be reflected in our FEM modeling, yet we found no such differences.
In fact, VJE animals had 23% higher simulated elastic modulus than SCL animals (n.s.).
This result runs counter to all of our other findings, so we should attempt to improve our
modeling protocol.

Our first attempt at improvement was altering the way that we defined the tissue
modulus for each specimen. For the original set of FEM simulations, we used a standard
literature value of 10 GPa for elastic modulus. Assigning every specimen a uniform
tissue elastic modulus somewhere between 6.8-20 GPa is common practice in FEM
modeling of bone?®), and using 10 GPa is particularlycommon®12113127-129) 'However,
we thought that we could improve the fidelity of our modeling by assigning each
specimen a unique modulus based on the specimen’s average tissue mineral density. To
do this, we used a previously-derived relationship from the literature to determine a
tissue modulus for each specimen using the average tissue mineral density (TMD) of the
same specimen®®®), We thought that this process might improve the sensitivity of our
simulations and reduce the drastic differences between magnitudes of physical and
simulated specimen elastic modulus. Unfortunately, this procedure did not improve our
results. In fact, the main effect of scaling by tissue mineral density was to make
differences in magnitude of physical and simulated specimen modulus about 70-80%
greater.

Despite the lack of meaningful improvements, we believe that future iterations of

our models should continue to use tissue mineral density to determine tissue modulus
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values. This approach should improve model fidelity compared to assigning a standard
tissue modulus to all specimens, and it requires virtually no increase in computing costs
or human labor. In addition, previous studies have found improvements when using this
or a similar method to assign subject-specific tissue modulus®®*1%_ In our case, lack of
improvement when using this method is not too surprising, given the minimal effects our
treatments had on TMD. The modeled VJE and SCL specimens did have significantly
different mean TMDs, but the percent difference in their means was only 3.3%. Using
TMD to determine tissue modulus might become more important in the future if we use
a treatment that produces substantial changes in cancellous TMD.

Since altering the tissue modulus of our models did not improve our results, we
should look elsewhere, specifically to the boundary conditions that we applied to our
models. Boundary conditions were visually problematic in our RPC models, leading to
15/29 models being excluded from this study. Full trabecular models seemed to fare
better, and none of those models were excluded due to boundary conditions. However, it
is still possible that uneven application of boundary conditions to the irregular bone
structure resulted in incongruencies from our other findings in the same bone volume.

Future iterations of RPC and full trabecular models should consider including a
solid body (i.e. a virtual platen) and apply the boundary conditions to that virtual platen
instead of applying them directly to bone. A version of this approach to boundary
conditions has been successfully applied by Nawathe et al. in models of femoral neck
mechanical testing®*°13Y). These groups applied boundary conditions to a regularly

shaped PMMA layer, which then transferred the loading conditions to the irregular
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femoral head. Adapting Nawathe et al.’s methods to suit our models would allow us to
apply boundary conditions evenly to a solid platen, which will then evenly transfer our
prescribed loading to the bone specimens. This method should remove inaccuracies that
may have arisen from our application of boundary conditions directly to bone.

In addition to changing our application of boundary conditions, we should
investigate the MATLAB image analysis techniques that we used to create the 3D bone
volume. The process of determining what voxels qualify as bone and what voxels are
marrow space often causes overestimation of bone volume*?9). This could explain the
large discrepancies we see in values of elastic modulus between simulation and physical
testing. When he developed the modeling process used in this study, Kohn tested a
number of thresholds for bone/marrow segmentation before settling on our current
method™%¥). We should revisit these parameters now that we have a larger sample size
than the n of two in Kohn’s work. It is possible that the parameters that Kohn chose were
well-suited for his samples, but are not well suited for the samples in this or future
studies. Another option is to attempt to use pre-segmented images directly from the
MCT. To determine trabecular number, the uCT software does its own segmentation.
These pre-segmented images tend to overestimate bone volume, but they are routinely
used in FEM of bone®?®. If we have a way to access these image files, we should build
our 3D models with them and evaluate the outcome.

In addition, we should examine the MATLAB image algorithm that separates
trabecular from cortical bone elements in our models. In this study, we visually

inspected the results of this algorithm, and we removed three SCL models that were
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clearly differentiated improperly. In the future, we should do a more thorough visual
examination of our cortical-cancellous differentiation to ensure that the denser
specimens are not being slightly but systematically underpredicted. If the denser
specimens tend to have slightly more trabecular elements sorted as cortical elements, it
could lead to systematically less bone volume in trabecular models of high-density
specimens. If we determine that the cortical-cancellous sorting process is problematic,
we could develop a more-geometric method of generating trabecular-only specimens.
We could manually or automatically trace the cancellous area on the top and bottom
faces of the model and extrapolate those shapes through each of the models’ 100 layers.

Finally, we should examine our yield criterion. In this study, we assumed that our
models yielded when 5% of their elements reached 0.7% strain. This method is based on
the work of Pistoia et al.**®). This group found that they could predict compressive
fracture loads of whole bone specimens of human distal radii (cortical and cancellous
bone) using FEM. Their models accurately predicted fracture loads when 2% of the
elements in their models reached 0.7% strain*®). Thus, Pistoia et al. used a linear FEM
model to predict fracture, a non-linear phenomenon. This method has since been
commonly used to predict fracture strength at the distal radius(:26-128.132),

One important difference between our models and Pistoia et al.’s models are that
the latter models loaded both the cortical shell and the cancellous core of the distal
radius. In addition, other studies that have used their failure prediction method have also
tested both cortical and cancellous bone?6-128132) These researchers isolate a transverse

slice of bone and compress the entire cross section. The stress distributions from these
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linear-elastic simulations show that the cortical elements carry very high stresses, while
the trabecular elements largely support low stresses(126:128.132),

On the other hand, our RPC testing loads only cancellous bone. As a result, our
physical RPC tests are highly non-linear, even for a test of bone. Because of this, we
thought it was inappropriate to attempt to predict non-linear fracture with our linear RPC
simulation. Instead, we attempted to adapt Pistoia et al.’s method to predict yield, which
is nominally a linear phenomenon. We expected much higher strains for a fully
cancellous specimen than for Pistoia et al.’s compression of mixed bone. So, we chose
5% instead of Pistoia et al.’s 2% threshold of elements beyond 0.7% strain.

Pistoia et al. arrived at their 2% cutoff after they systematically varied their
cutoffs to find which percentage provided the best prediction of fracture force. Future
work should replicate this in our models. We should systematically vary the cutoff for
yield in the RPC simulation. Then, we should use the correlations between RPC
simulation and RPC physical testing to determine the most appropriate cutoff
percentage. If we cannot achieve acceptable accuracy with any cutoff percentage, we
should abandon this method. It could very well be impossible to use linear-elastic FEM
to predict yield in these highly irregular cancellous specimens.

A final unexpected result of our FEM modeling was the discovery that the
cortical shell often carries tension in RPC simulations. In 8 of the 11 models, trabecular
load share was greater than 100%, indicating that the cortical shell carried axial tension.
This runs counter to our traditional assumptions on load sharing in RPC testing. We

assumed that the compressive loads placed on the central trabecular region of the RPC
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specimens would gradually transfer outward through the trabeculae, which would
eventually apply some level of axial compression to the cortical shell. Instead, our
results suggest that the main influence of the cortical shell is constraining the trabecular
structure as it attempts to expand away from the platens. As materials are compressed,
they attempt to expand perpendicular to the direction of compression. For the trabecular
region, this results in a radial expansion of the trabecular structure away from the
platens. As the trabecular structure expands, it presses against the cortical shell. This
compression from the cortical shell again causes expansion perpendicular to the
direction of compression, which is now the axial direction. The trabecular structure’s
attempted axial expansion puts the cortical shell in axial tension.

Our purpose in measuring load sharing was to determine the extent to which the
cortical shell influences results determined by RPC testing. Since the purpose of RPC is
to determine cancellous bone material properties independent of the cortical shell, the
nature and magnitude of cortical shell constraint and load sharing is important to
understand. Despite our unexpected findings of tension in the cortical shell, the
magnitudes of the tension (or compression) in the cortical shell were quite low.
Trabecular load share in our 11 models ranged from 93% to 107%, so our FEM
modeling does indeed indicate that the RPC test is predominately a test of cancellous
bone.

5.7. RPC Tests the Most Vulnerable Region of the Trabecular Structure
RPC mechanical testing likely underestimates trabecular mechanical properties,

especially for animals with less dense trabecular structures. Previous observations during
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RPC testing and our FEM modeling both suggest that the central portion of the
cancellous compartment tends to be less dense than the areas closer to the cortical shell.
This central region is the most responsive to bone loss due to unloading or other
physiological factors, and this is the region that RPC testing focuses on. The RPC test is
thus especially sensitive to losses in cancellous bone mass, but its results do not reflect
properties of the entire trabecular volume.

We do not believe that the RPC test is invalid even if it may not be fully
reflective of the entire trabecular structure. RPC still provides a simple method to
directly assess cancellous strength. However, we do believe that it is important to be
cautious when interpreting RPC results. We should expect large percent differences in
RPC testing, and we should not rely on RPC alone to assess cancellous bone. Instead, we
should use RPC as a complementary test to strength-surrogate measurements like uCT
and histomorphometry, and we should always keep in mind that RPC tests the part of the
cancellous structure most vulnerable to bone loss.

5.8. Limitations

While we believe our study has unique strengths and meaningfully contributes to
existing knowledge, it is not without limitations. Some of those limitations have been
discussed above as they arose. The remaining noteworthy limitations are discussed
below.

5.8.1. Male Rat Model Translatability
A limitation of all animal models are inherent differences between the animals

used and humans. Rat cortical remodeling and architecture is different from that of
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humans. Human cortical bone is remodeled through osteonal remodeling, which is
absent in rats. Despite this, rat models are still very valuable for studying bone,
especially cancellous bone. In fact, rat models are the preferred pre-clinical models used
to study human osteoporosis*®®. Another species difference is that rats are quadrupeds.
Rat bone loading distributions during exercise (and everyday activities) are significantly
different from bipedal humans. However, rat bone still remodels in response to the loads
placed on it®® much as human bone does.

Another limitation of our model is that we used only male rats. Women make up
an increasing share of active astronauts. Astronauts started as an all-male group in the
1960s, but by the 2010s as many as 20% of astronauts were female*3%. Women are
about four times more likely than men to develop osteoporosis later in life®3), Thus,
female astronauts could be at greatest risk for adverse bone outcomes from spaceflight.
Including female rats in our study would have given us more relevant results for the
growing population of women astronauts and would have increased the generalizability
of our study.

5.8.2. Unbalanced Study Design

This study design did not include experimental groups that did not undergo 28
days of hindlimb unloading. Inclusion of a weight-bearing VJE group and weight-
bearing SCL group would give the study a fully orthogonal design, which would have
allowed us to separate unloading-induced effects from treatment effects and to assess

interactions between treatments and unloading. However, we believe that the 50%
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increase in number of animals necessary for a fully orthogonal study is too great to
justify a fully orthogonal design due to the additional animal use, time, and cost.
5.8.3. No Vehicle Injections

CON, HUC, and VJE animals were not given vehicle injections to match the Scl-
Ab injections that SCL rats received. One subcutaneous injection per week was not
deemed stressful enough to necessitate replicating in other animals. In addition, previous
work in our laboratory®® that did not administer vehicle injections found results
consistent with studies that did use vehicle injections for control groups®®.

5.8.4. Lower Body Weight of VJE Animals

In this study, rats were assigned to groups partially by jumping ability. We
intended to block assign animals to groups based only on body weight, but the
differential progress of animals in mastering the VJE protocol made this impossible. All
animals in this study went through the same acclimation and operant conditioning prior
to the study’s start. However, the animals did not learn to jump at the same rate.

In each cohort of animals, only a fraction of the animals showed meaningful
progress in jump training. The majority of the animals were too timid to advance to an
acceptable level of competence. Dr. Lenfest, who developed the jumping protocol,
attributes the discrepancy in training progress to the shy-bold continuum(®, a widely-
accepted behavioral model in humans and animals®*-1%)_ Individuals with shy natures
are more likely to be cautious in new situations, while bold individuals are more curious
and investigative. As a result, shy individuals are at less risk of being preyed upon, but

they do not readily use unfamiliar resources(’®. Since the sucrose rewards we used to
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train our rats certainly qualify as unfamiliar resources, shy rats did not progress far in the
jumping protocol. Instead, VJE rats tended to be those with bold natures that were able
to adjust to the new jumping cage, new food rewards, and ever-increasing requirements
to receive those rewards. As a result, we were largely at the mercy of the number of bold
rats we received, and it was necessary for us to assign rats to groups partly based on
jumping ability.

After implementing this assignment scheme, we found that the VJE group had
significantly lower body weights compared to all other groups throughout most of the
study. However, we believe this issue does not stem from our assignment of the best
jumpers to the VJE group. Instead, we believe it stems from logistical issues that we
encountered mid experiment. Halfway through the study, the provider of our Scl-Ab
cancelled their Scl-Ab development program. As a result, we decided to prioritize
completion of the Scl-Ab treatment group while we still had guaranteed access to our
source of Scl-Ab. As a result, we backloaded the VJE animals into the last few cohorts.

Unfortunately, the rats that we received in ten cohorts over the seven years of this
study did not have uniform body weight. The earlier cohorts were made up of heavier
rats than those of the later cohorts, which likely caused most of the differences between
the group body weights. VJE animals came primarily from later cohorts composed of
smaller rats, while the other groups came primarily from earlier cohorts (although some
CON and HUC animals were included in VJE cohorts). However, because we assigned
animals to groups partially by jumping ability, we cannot rule out that smaller rats

tended to be more capable learners or jumpers.
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Regardless of their cause, the differences in body weight we observed could be a
confounding factor in this study. Compared to lighter animals, animals with higher body
weight need larger bones to support their larger body weights. This means that, all else
being equal, the larger bones of larger animals will produce elevated bone outcomes in
measurements that do not normalize by bone geometry. In this study, extrinsic three-
point bending properties and trabecular thickness are such measures that could be most
directly influenced by the differences in body weight of our animals.

5.8.5. Low n in GRF Measurement

We were able to successfully measure GRFs in very few of our animals. We
attempted to measure the GRFs produced by 19 animals, but only four datasets were
usable. The rats are actually very particular about their jumping environment. Altering
the environment caused the rats to become tentative and unwilling to perform their tasks.

Data from roughly half of the 19 animals were lost because they were trained in a
jumping cage that was not outfitted with the cutaway force platform. These rats would
not jump when placed in a nearly identical cage outfitted with the force platform. The
remaining five or so animals were lost because they were made nervous by the addition
of load cells and wires underneath the clear cage floor, because they were unsettled by
the instability of the force platform when load cells were installed, or because their
jumping or landing motion made it impossible to separate hindlimb force from forelimb
force.

In addition, we were not able to use the force platform to measure resting GRFs

on the forelimbs and hindlimbs because the rats simply would not be still. No amount of
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food bribes or custom-made boxes could convince them to quietly stand for GRF
measurement. As a result, we compared GRF measurements to body weight measured
by a laboratory scale.

The n reported in a number of published papers for rodent GRF measurement is
actually fairly comparable to our n of four. Welch et al. also used four animals per group
when measuring GRFs of rats that they dropped from various heights®®. Clarke et al.
measured walking GRFs in 10 rats®?, and Schott et al. used three and six rats per group
to measure standing GRFs®?%, Regardless of previous studies, our GRF measurements
would have likely been more convincing if we were able to assess more animals, and our
comparisons would have been more relevant if we had been able measure standing GRFs
on the forelimbs and hindlimbs separately.

5.9. Conclusions and Future Work

This study presents a number of opportunities for improvement of current
laboratory techniques and for future work. Many of these ideas were addressed above as
they arose, but others will be discussed below. The first opportunity for improvement is
a direct response to the limitations of our GRF outcomes.

5.9.1. All Rats Should Be Jump Trained in Improved, GRF-Capable Cages

If we measure GRFs in the future, we should alter the current jumping cages so
that the presence or absence of load cells does not change the rats’ jumping routine in
any perceptible way. We were only able to record GRFs for 4/19 animals largely
because the animals were too nervous to jump in a new or altered environment. Only one

of our two jumping cages was GRF capable, and rats refused to jump when moved from
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their usual cage to the slightly altered GRF cage. In the future, all jump cages should be
identical, so that load cells can be moved to each rat’s preferred jumping environment,
rather than moving the rat to the load cells. Additionally, around half of the rats that
were trained in the GRF cage refused to jump when load cells were used to support a
section of the clear cage floor. In the future, cages should be configured so that including
load cells does not change the visual environment or the stability of the force platform
cutout. Any changes made should not introduce new distractions, especially smells, to
the jJumping environment, as the rats already have great difficulty focusing.
5.9.2. More Measures of Bone Turnover Should Be Assessed

In addition to the one measure of bone formation rate and osteoclast surface
reported in this study, previous work from this lab("®1?%) has assessed a number of bone
remodeling outcomes in these same animals. Material and time permitting, these
histomorphometry and blood serum analyses should be completed for the full study. Full
measures of bone remodeling would allow us to present a more complete picture of the
acute and long-term bone responses to jump training and sclerostin-antibody given
before a period of disuse.
5.9.3. Full Trabecular Compression Model Should Be Developed for Routine Use

The full trabecular compression FEM model has a number of strengths that
would make it a highly useful addition to our lab’s standard bone assessments. First, the
model allows us to isolate the trabecular structure from the cortical shell, creating a pure
test of cancellous bone. In addition, the full trabecular model tests a much larger region

of interest than RPC modeling or physical testing, which seem to test mainly the central
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cancellous region. Thus, full trabecular simulations would provide a very nice
complement to physical RPC testing. For these reasons, the full trabecular compression
simulation should be developed into an adequately sensitive simulation and used as a
standard bone strength measure for future studies.

5.9.4. NASA Should Consider Preventive Scl-Ab for Exploration Missions

NASA’s Human Research Program has deprioritized research on bone-related
studies of late, judging that risks from bone loss in space are adequately mitigated®).
However, in the past NASA researchers have shown interest in preventive drug
treatment before long-duration spaceflight. A 2013 panel of NASA researchers
recommended the potent and long-lasting antiresorptive zoledronate for exploration
missions. Zoledronate would likely be a viable preventive treatment in part because it
would only need to be administered before spaceflight, instead of during the mission
itself(139),

Scl-Ab treatment could also be a viable preventive countermeasure before long-
duration missions. Scl-Ab treatment was incredibly effective in our animals, especially
in cancellous bone. In addition, Scl-Ab has thus far shown great success in treating
osteoporosis in humans®. Administering Scl-Ab in the months leading up to spaceflight
would preventively build bone in astronauts, allowing them to lose some bone in space
without becoming frail. We found no evidence of rebound bone loss in our healthy,
young adult rats, suggesting that healthy, exercising astronauts might not experience

rebound bone loss in space as long as they continue to load their bones via resistance
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exercise. If NASA still has interest in preventive treatments before exploration missions,

they should investigate Scl-Ab.
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APPENDIX A. FULL NUMERICAL RESULTS
Appendix A contains all numerical results for group means from this study. All data are

mean * standard deviation.

Table A.1. Number of animals available for ex vivo measures

End of End of
Baseline  Pretreatment End of HU Recovery
N do d28 d56 d112
CON 7 18 16 22
HUC --- --- 13 14
VJE - 15 15 15
SCL --- 15 14 15

Table A.2. Animal Body weights

End of End of
Baseline  Pretreatment End of HU Recovery
do d28 d56 d112
CON | 430x59 437 £ 65 473 £ 62 501 £ 52
HUC | 457 + 36 477 + 46 483 £ 35 532+ 44
VIJE | 37331 391.4 +40.3 432 £ 50 460 £ 47
*SCL | 42929 428 £+ 22 473 £33 540 + 38
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Table A.3. Ex vivo pQCT VJE vs CON results

Distal Femur

Proximal Humerus

CON VJIE

CON VIE

Total vBMD (mg/cm?)
Cancellous vBMD
(mg/cm3)

Cortical vBMD (mg/cm3)

609.5+34.47 671.0+31.66

290.2+45.80 329.5+63.13
616.8+32.73 674.7+28.86

634.4+35.15 710.7+57.88

215.3+27.62 216.3+47.60
643.6£32.99 716.8+54.06

Table A.4. Histomorphometry VJE vs CON results

Proximal Tibia Proximal Humerus
CON VJE CON VIE
BVITV (%) 17.10£3.685 22.14+3.367 | 9.702+2.951 17.49+5.118
OS/BS (%) 1.118+0.357 1.708+0.696 | 1.388+1.032 3.699+1.770
OcS/BS(%) 1.593+0.578 1.024+0.491 | 3.482+1.691 1.522+0.507
Th.Th (um) 70.30+8.784 77.85+8.863 | 53.94+9.840 68.25+14.03
Th.Sp (um) 361.7+121.1 285.3+66.81 | 531.4+113.2 342.3+84.08
Tb.N (#/mm) 2.462+0.614 2.833+0.455 | 1.775+0.397 2.527+0.450
MS/BS (%) 5.189+1.212 6.554+1.511 | 8.751+1.413 11.61+1.885
MAR (um/d) 0.924+0.138 1.008+0.163 | 0.749+0.151 0.974+0.099
BFR
(UM?/um3/d) 0.048+0.013 0.065+0.020 | 0.066+0.014 0.113+0.025
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Table A.5. Three-point bending results

CON HUC VJIE SCL

Anterior-Posterior do | 4.021+0.170 - - -
Diameter (mm) d28 | 3.921+0.215 ; 3.682+0.165 3.922+0.281
d56 | 3.896+0.229 4.082+0.228 3.992+0.218 3.923+0.142
d112 | 4.012+0.255 4.185+0.162 3.835+0.239 4.141+0.150

Cross-Sectional do | 14.34+2.520 - - R
?:'nonﬂ;‘”“’f'”e”'a d28 | 13.66+2.410 - 10.98+1.076 14.89+2.237
d56 | 13.64+2.327 15.27+3.049 14.21+2.639 14.19+1.976
d112 | 15.1743.288 16.63+2.726 12.49+3.027 17.88+2.611

Stiffness (N/mm) do | 607.0+55.57 - - -
d28 | 576.6+93.59 - 559.3+57.04 647.4+123.5
d56 | 613.4+91.87 588.5+108.6 593.4+111.8 608.7+95.96
d112 | 609.3+135.3 537.4+138.3 659.2+127.7 728.0+94.63

Ultimate Force do | 238.4+15.49 - - R
(N) d28 | 261.4+22.87 - 240.8+22.73 270.7+28.64
d56 | 262.3+27.40 262.6+19.56 275.3+37.13 277.5+30.16
d112 | 270.6+41.74 283.6+26.80 269.4+38.18 315.1+20.65

Yield Force (N) do | 126.3+25.43 - - -
d28 | 160.0+34.26 - 174.3+14.89 197.7+20.37
d56 | 164.6+43.65 156.6+29.48 169.0+31.38 188.4+23.81
d112 | 186.0+38.36 194.6+61.63 185.3+26.18 206.7+29.84

Displacement at do | 0.211+0.032 - - R
Yield (mm) d28 | 0.292+0.096 ; 0.32040.050 0.303+0.034
d56 | 0.285+0.128 0.283+0.104 0.292+0.049 0.320+0.059
d112 | 0.339+0.174 0.406+0.206 0.291+0.055 0.291+0.042

Displacement at do | 0.685+0.076 - - -
Max Force (mm) d28 | 0.751+0.088 ; 0.706+0.098 0.685+0.108
d56 | 0.727+0.109 0.734+0.159 0.756+0.145 0.717+0.114
d112 | 0.731+0.153 0.816+0.113 0.651+0.072 0.764%0.152

Displacement at do | 0.801+0.145 - - R
Fracture (mm) d28 | 0.802:0.096 - 0.775+0.102 0.691+0.115
d56 | 0.788+0.125 0.775+0.172 0.815+0.108 0.783+0.161
d112 | 0.751+0.149 0.843+0.134 0.727+0.076 0.764%0.152
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Distal Femur

Proximal Humerus

CON VJIE

CON VIE

Total vBMD (mg/cm3)
Cancellous vBMD

609.5+34.47 671.0+31.66

634.4+35.15 710.7+57.88

(mg/cm3) 290.2+45.80 329.5+63.13 | 215.3+27.62 216.3+47.60
Cortical vBMD
(mg/cm3) 616.8+32.73 674.7+28.86 | 643.6+32.99 716.8+54.06

Table A.4. Histomorphometry VJE vs CON results

Proximal Tibia Proximal Humerus
CON VJE CON VIE
BVITV (%) 17.10£3.685 22.14+3.367 | 9.702+2.951 17.49+5.118
OS/BS (%) 1.118+0.357 1.708+0.696 | 1.388+1.032 3.699+1.770
OcS/BS(%) 1.593+0.578 1.024+0.491 | 3.482+1.691 1.522+0.507
Tb.Th (um) 70.30+8.784 77.85+8.863 | 53.94+9.840 68.25+14.03
Th.Sp (um) 361.7+121.1 285.3+66.81 | 531.4+113.2 342.3+84.08
Th.N (#/mm) 2.462+0.614 2.833+0.455 | 1.775+0.397 2.527+0.450
MS/BS (%) 5.189+1.212 6.554+1.511 | 8.751+1.413 11.61+1.885
MAR (um/d) 0.924+0.138 1.008+0.163 | 0.749+0.151 0.974+0.099
BFR
(Um2/um3/d) 0.048+0.013 0.065+0.020 | 0.066+0.014 0.113+0.025
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Table A.5. Three-point bending resultsContinued

CON HUC VJIE SCL

Energy to Yield do | 14.88+4.670 - - -
(mJ) 428 | 26.25+14.67 ; 30.18+6.872 31.53+4.686
d56 | 27.52422.52 24.38+13.52 26.45+8.132 33.72+9.654
d112 | 35.83+23.05 44.78+32.71 29.44+8.999 33.53+9.787

Energy to do | 132.3+36.52 - - -
Fracture (mJ) d28 | 138.2425.97 ; 128.3+22.40 123.4+24.73
d56 | 138.5+29.07 132.8+44.90 149.2+35.28 146.8+45.71
d112 | 134.0+43.94 148.8+26.75 132.6+17.10 158.8+41.56

Modulus (GPa) do | 3.037+0.489 - - -
d28 | 3.018+0.522 - 3.611+0.487 3.075+0.543
d56 | 3.266+0.781 2.853+0.555 2.982+0.559 3.043+0.491
d112 | 2.917+0.836 2.322+0.709 3.779+0.517 2.927+0.639

Yield Stress do | 67.95+17.88 - - -
(MPa) d28 | 90.47+33.79 - 109.9+8.478 98.71%+14.32
d56 | 89.56+23.70 79.81+16.44 90.06+14.90 98.38+10.43
d112 | 96.52429.49 92.92+29.32 109.9+20.04 90.75+14.73

Ultimate Stress do | 127.1+12.76 - - R
(MPa) d28 | 144.0+24.75 - 151.7+10.63 134.7+16.30
d56 | 142.4+17.42 133.3+15.27 148.0+23.98 144.8+13.04
d112 | 138.2427.16 135.5+16.06 157.7+10.02 138.3+14.21

Pre-Yield do | 0.8560.307 - - -
(Tn‘z;’fr:::n%;s d28 | 1.579+1.131 - 1.860£0.358 1.628+0.334
d56 | 1.535+1.188 1.294+0.739 1.494+0.427 1.846+0.541
d112 | 1.991+1.424 2.364+1.646 1.793+0.613 1.619+0.473

Post-Yield do | 0.590+0.162 - - -
Displacement d28 | 0.509+0.153 - 0.455+0.087 0.387+0.107
(mm) d56 | 0.50240.133 0.492+0.188 0.523+0.125 0.463+0.157
d112 | 0.41240.176 0.437+0.155 0.435+0.072 0.473+0.138
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Table A.6. microCT results

CON

HUC

VJIE

SCL

BV/TV (cm3/cm?)

Conn.D (1/mm?3)

SMI

Th.N (1/mm)

Th.Th (mm)

Th.Sp (mm)

TMD (mg/cm?)

do
d28
d56
d112
do
d28
d56
d112
do
d28
d56
d112
do
d28
d56
d112
do
d28
d56
d112
do
d28
d56
d112
do
d28
d56
d112

0.275+0.070
0.207+0.040
0.213+0.058
0.190+0.039
60.93+12.63
45.82+10.76
43.05+12.47
34.89+10.91
1.188+0.539
1.811+0.309
1.834+0.503
1.997+0.373
3.495+0.419
3.150+0.355
3.100+0.427
2.916+0.431
0.099+0.011
0.091+0.007
0.093+0.009
0.097+0.032
0.279+0.042
0.312+0.044
0.314+0.048
0.341+0.063
954.7+31.89
977.4+20.63
953.4+23.67
996.2+29.51

0.171+0.050
0.167+0.033

37.60+9.333
31.94+10.24

2.188+0.330
2.265+0.279

3.068+0.327
2.875+0.403

0.084+0.008
0.092+0.002

0.318+0.036
0.339+0.054

957.5+30.82
999.6+23.30

0.238+0.049
0.270+0.069
0.225+0.034
51.46+10.25
48.29+13.30
40.72+8.404
1.522+0.378
1.430+0.573
1.698+0.301
3.195+0.478
3.222+0.530
3.121+0.303
0.095+0.007
0.104+0.006
0.098+0.007
0.312+0.059
0.300+0.071
0.307+0.039
982.2+18.69
940.9+22.20
997.8+18.30

0.305+0.069
0.348+0.060
0.256+0.035
46.99+9.443
46.11+6.793
35.78+6.230
1.346+0.648
1.051+0.447
1.632+0.301
3.341+0.380
3.289+0.358
3.065+0.249
0.118+0.009
0.133+0.014
0.117+0.007
0.272+0.040
0.270+0.047
0.301+0.032
998.7+12.27
971.6+17.10
1024.+15.35
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Table A.7. Reduced platen compression results

CON HUC VJIE sCL

Stiffness (N/mm) do | 35.23+23.64 - - -
d28 | 57.75+57.23 - 59.45+63.29  153.6+79.25
d56 | 61.46+50.33 36.70+36.19 90.61+52.83 165.5+96.19
d112 | 44.76+47.22 53.46247.52 74.45+43.45 151.2+35.71

Max Force (N) do | 2.905+1.811 - - -
d28 | 4.982+5.435 - 5.070+6.476 15.83+11.73
d56 | 5.685+4.291 3.089+2.814 7.36445.026 18.92+15.44
d112 | 4.550+4.748 4.461+3.226 6.194+4.680 13.69+6.364

Yield Force (N) do | 1.335+0.716 - - -
d28 | 3.533+3.972 - 4.281+6.316  12.18+9.898
d56 | 4.326+3.715 2.354+2.334 5.235+4.021 14.36213.21
d112 | 3.062+2.583 3.185+2.264 3.349+2.296 9.591+4.103

Platen Size (mm) do | 2.060+0.106 - - -
d28 | 2.064+0.234 - 1.767+0.169  2.070+0.208
d56 | 2.053+0.221 2.155+0.242 2.032+0.202  2.148+0.193
d112 | 2.018+0.239 2.229+0.211  2+0.247  2.227+0.183

Specimen Thickness do | 2.025+0.045 - - -
(mm) d28 | 2.101+0.105 ; 1.996+0.109  2.049+0.085
d56 | 2.016+0.103 2.048+0.183 2.120+0.069  2.107+0.097
d112 | 2.010+0.128 1.966+0.089  1.97+0.078  2.045+0.098

Displacement at do | 0.047+0.021 - R -
Yield (mm) d28 | 0.059+0.035 + 0.059+0.022  0.081+0.035
d56 | 0.074+0.037 0.07620.034 0.055+0.016  0.07620.032
d112 | 0.087+0.041 0.084+0.043 0.048+0.011  0.06620.022

Displacement at do | 0.257+0.137 - - -
Max Force (mm) d28 | 0.218+0.157 - 0.115+0.049  0.164+0.077
d56 | 0.23240.125 0.278+0.138 0.199+0.170  0.245+0.139
d112 | 0.205+0.110 0.222+0.155 0.189+0.136 0.197+0.134

Energy to Max do | 0.480+0.353 - - -
Force (mJ) d28 | 0.662+0.863 - 0.411+0.490 2.092+2.215
d56 | 1.017+0.987 0.523+0.483 0.837+0.777 2.853+2.198
d112 | 0.681£0.936 0.576+0.409 0.82621.030 2.025+1.988
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Table A.7. Reduced platen compression results

CON HUC VJE SCL
Strain at Yield do | 0.023+0.010 - - -
(mm/mm) d28 | 0.027+0.015 ; 0.030£0.011  0.040+0.017
d56 | 0.037+0.019 0.037+0.018  0.026+0.007  0.036+0.015
d112 | 0.043+0.020 0.043+0.023  0.024+0.006  0.032+0.010
Yield Stress (MPa) do | 0.402+0.233 - - R
d28 | 0.943+0.923 - 1.525+1.967 3.592+2.920
d56 | 1.187+0.870 0.567+0.454  1.465+0.879  3.666+3.080
d112 | 0.889+0.625 0.835+0.644 0.988+0.443  2.424+0.783
Modulus (MPa) do | 21.04+14.04 - - -
d28 | 33.93+28.99 5 43.77+38.27  93.46+47.58
d56 | 33.80+20.94 18.53+16.22 55.66+24.19 92.75+48.13
d112 | 26.21+22.05 27.63+26.53 44.70+21.40 79.63+18.91
Ultimate Stress do | 0.867+0.523 - - R
(MPa) d28 | 1.325+1.213 - 1.820+1.996  4.684+3.446
d56 | 1.573+0.980 0.748+0.576 2.104+1.105 4.831+3.532
d112 | 1.309+1.064 1.149+0.861 1.819+1.032 3.417+1.250
Normalized Yield do | 1.585+0.938 - - -
(Sl\tﬂrg?/mms ) d28 | 4.354+3.861 5 5.545+6.010 11.11+6.625
d56 | 5.418+3.551 3.241+2.336 5.736+3.348  9.838+7.229
d112 | 4.521+2.929 5.226+4.457 4.266+1.726  9.893+3.052
Normalized do | 81.43+54.88 - - -
?I’\'/‘I)g:/'#;] simmd) d28 | 160.6+125.4 - 167.5+112.3  293.0+105.0
d56 | 159.7493.99 96.20+63.16 220.4+105.1 254.6+110.2
d112 | 132.7+107.3 175.4+178.9 189.8+77.51 331.1+100.5
Normalized Ultimate do | 3.429+1.960 - - -
Stress d28 | 6.140+4.907 5 6.71616.070  14.44+8.567
(MPa/mm3/mm?)
d56 | 7.546+4.808 4.155+2.602 8.204+3.790  13.17+8.287
d112 | 6.635+5.109 7.582+7.779 7.644+3.576 14.07+5.346
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Table A. 8. Finite Element Method Simulation Results

RPC FEM Trab FEM
SCL VJIE SCL VJIE
Yield Stress (MPa) 7.615+2.002 8.890+3.265 | 3.587+0.842 4.035+1.673
Yield Strain (mm/mm) 0.031+0.012 0.029+0.014 | 0.009+0.001 0.009+0.003
Elastic Modulus (MPa) 526.7+354.2 367.6£195.9 | 404.4+135.1 498.7+257.9
Reaction Force (N) 80.03+54.73 60.01+31.75 | 259.5+87.23 343.0+203.9
Scaled Tissue Modulus (MPa) | 18.44+0.454 17.54+0.920 | 18.49+0.606 17.53+0.721
Scaled Elastic Modulus (MPa) | 973.1+660.9 637.7+337.5 | 744.7+237.5 869.2+431.7
Scaled Yield Stress (MPa) 13.974£3.535 15.49+5.592 | 6.614+1.462 7.042+2.803
FEM Platen Diameter (mm) 1.946+0.087 2.062+0.128 - -
Trabecular Load Share (N/N) 1.013+0.056 1.018+0.029 - -
Cortical Load Share (N/N) -0.01+0.056 -0.01+0.029 - -
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APPENDIX B. AUXILIARY FEM FIGURES
Auxiliary figures from FEM simulation are included below. For all figures,
“scaled” measures were calculated using specimen-specific tissue modulus scaled by

MCT TMD. An asterisk indicates a significant correlation, a=0.05.

*R = 0.4 L
y =0.274 x + 1.356 L

FEM Platen Diameter (mm)

| | | | |
1.6 18 2.0 2.2 2.4

Physical Platen Diameter (mm)

Figure B. 1. FEM RPC virtual platen diameter to physical RPC platen diameter
correlation
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Figure B. 2. FEM RPC to physical RPC correlations
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Figure B. 4. FEM RPC to physical RPC correlations, VJE only
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Figure B. 5. FEM Trab to physical RPC correlations
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Figure B. 7. FEM Trab to physical RPC correlations, VJE only
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Figure B. 8. FEM Trab to FEM RPC correlations
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S, Mises
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Figure B. 9. Representative Abaqus-generated contour plots
Note the difficulty in discerning any meaningful stress distributions due to the
overwhelming number of low-stress elements.

161



