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ABSTRACT

A HAVERSIAN BONE MODEL OF FRACTURE HEALING IN A SIMULATED

MICROGRAVITY ENVIRONMENT

Ground-based models of weightlessness and microgravity have provided valuable insights into
how dynamic physiological systems adapt or react to reduced loading. Almost all of these
models have used rodent hindlimb unloading as the means to simulate microgravity on isolated
physiological systems. Unfortunately, results derived from rodent studies are significantly
limited when one tries to translate them to the human condition due to significant anatomical and
physiological differences between the two species. Therefore, it is clear that a novel animal
model of ground-based weightlessness that is directly translatable to the human condition must
be developed in order for substantial progress to be made in the knowledge of how microgravity
affects fracture healing. In light of this, four specific aims are proposed: (1) develop a ground-
based, ovine model of skeletal unloading in order to simulate weightlessness, (2) interrogate the
effects of the simulated microgravity environment on bone fracture healing using this large
animal model, (3) develop a computational model of weightbearing in ovine bone under different
experimental conditions in order to characterize the loads experienced by the fracture site, and
(4) develop countermeasures that enhance bone fracture healing in the presence of simulated
microgravity. Successful completion of this project will substantially elevate the understanding
of how fracture site loading affects the subsequent healing cascade in the presence of
microgravity and will form the foundation for designing future rehabilitation protocols to

facilitate bone healing during long-duration spaceflight.
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CHAPTER 1:

BACKGROUND

Bone

Macrostructure

Bone is a complex material that is often divided into numerous subsets depending on the scale of
observation. At the highest observational level, the structure of mineralized tissue is divided into
two categories: cortical (compact) bone and trabecular (cancellous) bone (Figure 1). Cortical
bone comprises the diaphysis and thin peripheral shell surrounding the metaphysis of long bones
and is characterized by its highly compact, dense microarchitecture. Trabecular bone constitutes
the interior region of long bone metaphyses and spinal vertebral bodies. From a microstructural
perspective, cortical bone is characterized by regular, cylindrically shaped lamellae, whereas
trabecular bone possesses an irregular network of lamellae creating a highly anisotropic
microstructure (116). Trabecular bone is further characterized by rod-like or plate-like geometric
struts that separate its interior into interconnected pores (indicative of either low-density, open

microarchitectures or high-density, closed microarchitectures, respectively) (96).

The differentiation between cortical bone and trabecular bone is commonly based on the relative
density (i.e. ratio of specimen density to fully dense cortical bone) of the mineralized tissue.
Cortical bone is typically characterized by a relative density between 0.7 g/cm® and 0.95 g/cm®
while the density of trabecular bone varies between 0.05 g/cm® and 0.70 g/cm® (96). Large
deviations in mechanical properties are common in trabecular bone due to its high level of
variability in porosity and microarchitectural organization (38). Further, the inherently porous

1



nature of trabecular bone makes it fundamentally weaker than cortical bone (38). In addition to
porosity level, the mechanical properties of bone vary greatly by mineralization level,
organization of the solid matrix, and water content. The elastic modulus of cortical and
trabecular bone has been reported to range between 10-20 GPa, and 0-4000 MPa, respectively

(24, 32, 59, 115).

o

Figure 1. (A)Trabecular bone consists of a network of rod and plate-like structures, while (B) cortical
bone is formed by concentric lamellar layers of bone around a central Haversian canal (17).

Microstructure
Bone tissue is a multiphase composite material with a complex hierarchal microstructure
consisting of geometric structures ranging from 1 nm to 500 pm in size (Figure 2) (112, 116).

Bone consists of three principal constituents: (1) a fibrous organic matrix known as osteoid, and



composed of 90% type-I collagen with the remainder comprised of glycosaminoglycans and
glycoproteins; (2) a calcium phosphate and calcium carbonate-based mineral phase, mainly
hydroxyapatite; and (3) water (96, 153). Water accounts for 20% of the wet weight of bone,

while the collagen and mineral constituents comprise the remainder (24).
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Figure 2. The hierarchal structure of human bone consists of a network of collagen fibrils
circumferentially layered around a vascular channel (1).

On the nanoscale, bone is comprised of type-1 mineralized collagen fibrils bundled together by
carbonated apatite nanocrystals. These fiber bundles are organized into planar sheets known as
lamellae. The largest structures in human bone are comprised of lamellae arranged in complex
concentric layers surrounding a central vascular channel (Haversian system) that is

approximately 200 pum to 500 um in diameter (96, 116).

At the microstructural level, bone may be divided into three categories: (1) woven-fibered bone;

(2) primary bone (primary lamellar, plexiform, or primary osteonal); and (3) secondary osteonal
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(Haversian) bone. Woven-fibered bone is characterized by randomly oriented collagen fibers,
and due to its loose packing and high porosity, is typically less dense and weaker than other
types of bone (Figure 3). Woven-fibered bone is unique in that it may be deposited de novo and
does not require any previous mineralized tissue or cartilage as a precursor. Due to these
characteristics, woven-fibered bone is predominately found at birth and in the early stages of

skeletal repair, specifically during early callus formation (87).

Figure 3. Woven-fibered bone is characterized by its unorganized, loosely-packed microstructure (90).

Primary bone differs from woven-fibered bone in that it must be deposited on a pre-existing
substrate. There are three types of primary bone: (1) primary osteonal bone; (2) primary lamellar
bone; and (3) plexiform bone, each type possessing a unique function. Primary osteonal bone is
formed after birth by the successive deposition of bony matrix over previously formed woven-
fibered bone and is characterized by concentric lamellar rings surrounding a single vascular

channel (primary osteon) (87). The second type of primary bone, lamellar bone, is the main



constituent of trabecular bone and is characteristically very dense, lacks vascularization, and is
arranged in circumferentially-oriented rings (lamellae) around the bone (Figure 4A). The final
type of primary bone, plexiform bone, is often found in large, rapidly growing animals such as
cows and occasionally during periods of rapid growth in humans (i.e growth spurts). Since it is
primary bone, a pre-existing substrate must be provided for the development of plexiform bone.
This process occurs when minerals buds grow from the periosteal or endosteal bone surfaces and
combine to form a dense, brick-like microstructure (87). Plexiform bone is similar to woven-
fibered bone in that it is quickly deposited; however, it provides much greater mechanical

strength due to its denser microarchitecture (Figure 4B).

The final type of bone, secondary osteonal bone, is structurally similar to primary osteonal bone;
however, the formation process of secondary osteonal bone differs from that of primary bone. As
opposed to primary bone where new bone is built up over a pre-existing substrate, secondary
bone is formed by the removal of precursor mineralized tissue (resorption) and subsequent
deposition of new bone around a vascular channel to form a secondary osteon (Figure 4C) (87).

The majority of the human skeleton is comprised of secondary osteonal bone.
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Figure 4. Diagram of the types of primary and secondary bone. (A) primary-lamellar bone; (B) plexiform
bone; and (C) secondary osteonal bone (87).



Modeling and Remodeling

Bone is a metabolically active tissue that exhibits a capacity for self-repair, continuously
adapting to mechanical stimuli through the formation and resorption of mineralized tissue. Three
cell types are responsible for the remodeling and maintenance of bony tissue: (1) osteoblasts, (2)
osteoclasts, and (3) osteocytes. Osteoblast cells regulate bone formation by directly depositing
new bone tissue (i.e. osteoid), while osteoclasts are responsible for the removal of mineralized
tissue through the resorption process. Finally, osteocytes are former osteoblasts that have become
encapsulated in osteoid during bone formation and serve as strain-sensitive mechanotransductors
that activate cell-signaling pathways to stimulate the bone remodeling process (96, 103, 117,

118, 132, 145).

Bone achieves skeletal maturity and adapts to environmental variations through the modeling
and remodeling processes, respectively. Bone modeling begins at development and continues
until skeletal maturity is achieved. During gestation, long bones are formed by cartilaginous
tissue (chondrocytes). These chondrocytes undergo proliferation and eventual hypertrophy
through water accumulation, eventually mineralizing to become woven-fibered bone, primary

osteonal bone, and finally secondary osteonal bone (17, 96).

Following its initial development, human bone exhibits a capacity for self-repair and adaptation
through the remodeling process, continually adjusting to alterations in mechanical stimuli to
maintain mechanical competency through the transformation of its internal microarchitecture
(96, 117). This principle of functional skeletal adaptation is known as Wolff’s Law (156).

Variations in the mechanical environment of mineralized tissue are detected through local



mechanotransductors that serve to activate cell-signaling pathways to initiate the removal and

replacement of discrete packets of bone to optimize structural efficiency (18, 19, 117).

Remodeling is a coupled process in which bone resorption and deposition are performed in

tandem, executed cooperatively by osteoblasts and osteoclasts in basic multicellular units

(BMUSs) within the cortical and trabecular bone (Figure 5).

Cone Zone Closing Cone

Forming Resorption Resorption Cavity Forming Haversian Complet
Cavity System Haversian System

Figure 5. Longitudinal cross-sectional illustration of a cortical Basic Multicellular Unit (BMU) and
corresponding transverse cortical bone cross-sections (21).

The geometric structure differs between cortical and trabecular BMUs, however, the physiologic
function does not. Cortical BMUs possess a cylindrical shape approximately 2,000 um long and
200 pum wide. The leading region of the BMU is composed of osteoclasts that burrow through
the bone (cutting cone), while the tailing region of each BMU is filled with osteoblasts that

deposit osteoid (closing cone), filling the tunnel and creating a secondary osteon (Haversian



system) (96, 117). The remodeling process of trabecular bone is similar to that of cortical bone,
however, the execution of the process differs in that trabecular BMUs scrape and deposit bony

tissue from the trabecular surfaces rather than perform a tunneling action (96, 117).

Effects of Microgravity on the Skeletal System

Microgravity and the inherent lack of mechanical loading encountered during spaceflight have
been shown to produce a variety of deleterious effects on important human physiological
processes. One of the most drastic alterations due to prolonged microgravity involves a negative
shift in calcium balance followed by a concomitant loss of bone mass (31, 51, 60, 143, 148, 149).
The weightlessness of spaceflight has been shown to induce alterations in human body mineral
metabolism consistent with increased bone resorption. Astronauts consistently display decreased
intestinal calcium absorption and serum calcitonin levels combined with increased urinary
calcium excretion (113, 143, 154). Decreases in cortical bone mineral density (BMD) of 1-2%
per month have been reported for astronauts on long-duration spaceflights (Figure 6) (60, 148).
These alterations in BMD are most pronounced in mineralized tissues that are considered
weight-bearing on Earth such as the femur, tibia, and calcaneus (lower extremity) with
preferential losses of trabecular bone (148). Alternatively, upper extremity bones such as the
radius and ulna experience relatively small alterations in BMD (31, 149). Despite the elevated
rate of bone loss during mechanical unloading, recovery of bone mineral density to baseline

values is delayed upon restoration of mechanical loading (148).

The human bone loss encountered during spaceflight is predominately facilitated through

increased levels of bone resorption and, to a lesser extent, decreased bone formation (13).



Astronaut blood serum markers have demonstrated increased osteoclast activation during skeletal

unloading as well as decreased bone formation markers. It has been postulated that the

mechanical unloading of spaceflight induces uncoupling of the skeletal resorption/formation

processes, leading to a net loss in bone formation (20, 96, 143).
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Figure 6. Astronauts experienced a 5.4% mean reduction in tibial trabecular bone mineral density and a
1.8% mean reduction in tibial cortical bone mineral density following a 6-month space station mission.
Bone mineral density did not return to baseline values following the 6-month reambulation period for

most astronauts (148).



Ground-Based Models of Microgravity

There are numerous technical and logistical difficulties to overcome with spaceflight research
studies, such as limited specimen number and study frequency. Ground-based models are often
utilized to elucidate the mechanisms behind changes of isolated physiologic systems associated
with microgravity environments without the limitations of actual spaceflight animal model
experimentation. Numerous human and animal ground-based models have been developed to

further investigate the effects of weightlessness.

Head-Down Bed Rest

Head-down bed rest is a technique in which human subjects are immobilized in a supine position
for an extended period of time while the lower extremities are elevated above the upper torso at
an angle of 6 degrees, replicating the weightlessness and cephalad fluid shift experienced during
spaceflight. Human head-down bed rest studies are performed to assess changes in the
musculoskeletal, cardiovascular, respiratory, nervous, and metabolic systems in response to
altered mechanical loading and fluid balance (28, 46, 50, 84, 126, 127, 139) and vary in length

from weeks to years (13, 51, 52, 80, 81, 134, 144, 147, 161).

Despite the advantage of using human subjects, there are a multitude of shortcomings associated
with the technique. Most notably, the overall physiologic alterations associated with head-down
bed rest studies are comparatively subtle. Despite relatively small changes in density, alterations
in bone volume in head-down bed rest studies are consistent with spaceflight measurements in

that the greatest losses in BMD are observed in weight-bearing limbs (13). Further, alterations in
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mineral balance mimic those associated with spaceflight such as increased urine calcium

excretion and decreased intestinal calcium absorption (80, 81, 147).

Rodent Hindlimb Unloading

Rodent hindlimb unloading (HU) is the most widely-used ground-based microgravity model and
extensive analyses of the relevant tissue samples has elucidated many of the microarchitectural
and cellular alterations associated with weightlessness (1-3, 14, 35, 91, 138). This technique was
developed to address shortcomings of earlier attempts to model microgravity (and, in the limit,
full weightlessness) with protocols such as human head-down bed rest. HU rodents are
suspended by their tails at an angle of 30° for the duration of the study such that their hindlimbs
do not contact the ground and no longer fulfill a weight-bearing role and a cephalad fluid shift is
obtained (Figure 7). Rodents are advantageous over other models due to their small size, low
cost of the experimental setup, ease of accommodation and care, a well-defined genetic

background, and short lifespan allowing the study of age-related changes (51, 102).

The rodent HU model has been used in an extensive spectrum of studies to investigate issues
such as the effects of weightlessness on the physiology of the intervertebral disc (62), the effect
of gender on bone turnover (58), how weightlessness alters ligament healing (88, 110), the effect
of reloading on bone cellular detail (12), how whole body vibration affects bone during
weightlessness (160), and how simulated weightlessness affects both cortical bone healing and
callus formation (93, 137). Other researchers have gone on to use this model to demonstrate that
resistance training is capable of reducing disuse bone loss and maintaining muscle strength

(138).
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Transparent h
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Figure 7. Diagram of the rodent hindlimb unloading experimental setup. The rodent is suspended from the
ceiling of the cage such that the hindlimbs no longer fulfill a mechanical role (131).

Most relevant to the current study, rodent HU studies have elucidated many of the
microarchitectural alterations associated with mechanical unloading. Rodent HU induces highly
accelerated bone loss at a rate of approximately 21% per month (14). Similar to humans, rodents
consistently lose trabecular bone at a greater rate than cortical bone as a result of weightlessness.
These losses in trabecular bone are reflected as decreased thickness and number of individual
trabeculae, increased spacing between trabeculae, and overall diminished bone volume (11, 12,
91, 95). Specifically, trabecular thickness and trabecular number have been documented to
decrease between 20% and 50%, while increases in trabecular spacing nearing 180% have been
reported following a 3-week unloading regimen (11, 12, 91). These modifications in trabecular

microarchitecture are accompanied by diminished mechanical strength, with losses in ultimate

12



torque and flexural rigidity of 47% and 32%, respectively, having been reported following 3

weeks of HU (1).

At the cellular level, reduced bone formation has been identified as the underlying mechanism of
the diminished skeletal health associated with the mechanical unloading of rodent HU. The total
amount of active bone, referred to as the mineralizing surface (MS), has been reported to
decrease by 70% in rodents as a result of weightlessness (2, 35). Mineral apposition rate (MAR),
a measurement how rapidly bone is formed over a finite time interval, has been shown to
decrease 30% to 90%, while bone formation rate (BFR), a calculation of the total amount of bone
formed during a finite time interval, has been reported to decrease by as much as 80% following
rodent HU (2, 35, 91). These alterations in bone formation are largely due to the disruption (i.e.
uncoupling) of osteoblastic and osteoclastic activity. Diminished osteoblast recruitment has been
widely accepted as the primary mechanism of bone deterioration in rodents exposed to
weightless environments, with reductions in osteoblast numbers between 30% and 70% often
associated with skeletal unloading in rodents. However, osteoclast activity and number are often

unaltered following rodent HU studies (11-13, 35).

Shortcomings of Current Ground-Based Models

While there have been significant advancements using the aforementioned ground-based
microgravity models to investigate unloading-related changes on various physiological systems,
these models suffer from numerous shortcomings. The most notable limitation involved with
human head-down bed rest investigations is that the body is not entirely removed from the

gravitational loading environment, confounding the results obtained from these studies. Further,
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the data obtained via human head-down bed rest studies are limited due to the ethical boundaries

associated with human research.

While investigations utilizing the rodent HU technique have produced valuable information with
regard to how simulated microgravity affects various physiologic systems, numerous studies
have shown that there are distinct differences with regard to skeletal maintenance and fracture
healing using this ground-based model and the actual mechanism through which bone heals
during spaceflight. Hindlimb unloading animals generally display systemic alterations in
metabolic functions that do not parallel those seen during spaceflight. Specifically, Kerchin et al.
showed that suspended animals exhibit a significantly greater weight loss that those that have
been sent into space (72). In addition, it has also been shown that HU animals display a
baroreflex suppression of thirst in response to a cephalad fluid shift that occurs with elevation of
the hindlimbs, resulting in depressed water consumption by 15% to 25% during the first week of
suspension (33, 34, 97). The resulting inadequate hydration and associated changes in vascular
profusion can have adverse effects on biological function and could influence bone remodeling

and healing.

The ultimate goal of using an animal model is to transfer the experimental results to clinical and
operational practice. Thus, the suitability of an animal model in bone research is closely related
to the degree of similarity between the results obtained in the model as compared with the human
condition. Results derived from rodent studies are difficult to directly translate to the human
condition due to major anatomic and physiologic differences between the two species. Most

importantly, the basic microstructure of rodent bone can be observed as a primary lamellar
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structure and lacks the osteonal (Haversianal) systems that are the main micro-architectural
feature of human cortical bone (37, 102). As such, rodent bone does not resemble the secondary
osteonal structure of human mineralized tissue. These microstructural differences have a
significant effect on the translatability of the rodent model to the human condition. Additionally,
the rate of bone healing is known to be inversely related to the position of the species on the
phylogenetic scale. Specifically, it has been extensively shown that rodents have a higher
capacity to regenerate bone than humans. Accordingly, the osteogenic and healing potential of
rodent bone far exceeds that of adult human tissue (37, 89), and it is believed that the increased
surface area of rodent bone relative to human Haversian systems is responsible for these elevated
rates of bone formation (89). Within the sequelae of various research questions, the use of the
rodent model is generally accepted in the early stages of these research endeavors because these
animals are generally smaller and less costly than large animal models. However, with particular
regard to bone healing, the healing characteristics of the animal should approximate those of
humans during the later stages of the research progression. Thus, there is critical need for a large

animal-based model of microgravity that more-closely approximates the human condition.

Sheep in Orthopaedic Research

Sheep have emerged as a viable experimental model in the study of musculoskeletal conditions
such as limb lengthening, osteoporosis treatment, fracture and cartilage healing, and spinal
instrumentation (30, 57, 68, 86, 89, 122, 135). Adult sheep are advantageous in that they are
relatively easy to handle, generally docile in nature, and relatively inexpensive. The large size of
sheep makes them ideal for implantation studies as well as blood and urine sampling. They are

available in large numbers, and, due to their flock nature, tend to experience the least amount of
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stress when housed in groups (101). Sheep and humans share similar bodyweights, and the large
size of sheep allows for multiple experimental procedures (89). Further, sheep are more similar
to humans with regard to age-related changes than rodents, reaching skeletal maturity after

approximately 4-5 years versus the 3-6 months required of rodents (89).

Most importantly and germane to the current study, from a microstructural perspective, adult
sheep bone displays a secondary osteonal microarchitecture (Haversian systems) and undergoes
remodeling in a similar fashion to humans (Figure 8) (25, 108). It has been shown that the ovine
bone mineral composition and healing rate closely approximates that of humans (37). Further,

sheep are commonly used as a preclinical model for new treatments or devices that seek Food

and Drug Administration (FDA) approval (41).

Figure 8. (A) Histological section of rodent bone demonstrating a lack of secondary osteons. (B) A
transverse section of mature cortical sheep bone demonstrating numerous osteons clearly distinguished
with distinct cement lines separating neighboring osteons. (C) Histological section of human compact
bone demonstrating similar osteonal architecture as ovine bone.

Summary
The effects of microgravity on human physiologic systems in microgravity environments,

especially with regard to skeletal maintenance and fracture healing, are not fully understood.
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Limited specimen numbers and study frequency are only two of the numerous technical and
logistical difficulties that must be overcome with spaceflight research studies. Numerous ground-
based models of microgravity have been developed to elucidate the mechanisms behind the
physiologic alterations associated with spaceflight, with the most widely used ground-based
model being rodent HU. However, results obtained from these studies are difficult to translate to
the human condition due to inherent differences in skeletal microarchitecture between the two
species. This is especially relevant with regard to studying orthopaedic issues related to bone

maintenance and fracture healing during spaceflight.

The goal of this dissertation project is to overcome the shortcomings associated with current
ground-based models of microgravity and investigate the effect of microgravity environments on
fracture healing in Haversian systems. In order to meet these objectives, this project is focused
on: (1) the development of a ground-based, large animal model that more closely approximates
the human condition; (2) interrogation of the effects of a simulated microgravity environment on
bone fracture healing in the aforementioned animal model; and (3) the characterization of the
localized mechanical environment of the fracture site and its subsequent role in fracture healing

through computational techniques. It is hypothesized that the inherent lack of mechanical loading

associated with microgravity will have a negative impact on the ability of fractured bone to heal,

and, ultimately, impair the nature and quality of the osseous repair. Finally, therapeutic

interventions will be evaluated in the case of impaired fracture healing in microgravity

environments.
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Specific Aims

In order to address the aforementioned criteria, the following specific aims are proposed:

Specific Aim 1: Develop a ground-based large animal model of bone unloading in order to
simulate weightlessness.

Rodent hindlimb unloading models represent the current state-of-the-art technique for simulating
the absence of gravity; however, these models suffer from limitations associated with
fundamental differences in bone microstructure, the time course and extent of healing between
human and rodent bone, and the inability to vary the degree of the microgravity environment. An
isolated ovine metatarsus model will be utilized to overcome these shortcomings and produce a
model which is more translatable to the human condition. In vitro and in vivo experiments will

be performed to fully characterize the model.

Specific Aim 2: Interrogate the effects of a simulated microgravity environment on bone
fracture healing in a large animal model.

In this set of experiments, the effect of weightlessness on fracture healing using biomechanical,
radiographic, and histological outcome parameters will be characterized using the ovine

metatarsus model developed in Specific Aim 1.

Specific Aim 3: Develop a computational model of weightbearing in ovine bone under

different experimental conditions in order to characterize the loads experienced by the

fracture site.
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While Aims 1 and 2 will utilize strain data as the primary mechanical parameter to characterize
the loading environment, this aim will develop an inverse dynamics model that will predict
hindlimb muscle force generation and use these predictions as input for a high fidelity finite
element model of the ovine lower extremity in order to predict what forces are being experienced
by the fractured metatarsi. These data will be correlated with the in vivo data collected in Aim 2

to delineate how variations in the local mechanical environment lead to differential bone healing.

Specific Aim 4: Develop therapeutic countermeasures that enhance bone fracture healing
in the presence of simulated microgravity.

It is well known that healing is impaired in the presence of microgravity environments. A series
of experiments on sheep with fractured metatarsi treated with either shock wave therapy or low-
intensity pulsed ultrasound will be performed. Appropriate outcome measures will be assessed
longitudinally via in vivo radiography, as well as post-sacrifice micro-computed tomography
scanning, bending strength testing, and histological analyses in order to assess the time course

and degree of bone healing as a function of localized fracture site treatment.
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CHAPTER 2:
AN IN VIVO OVINE MODEL OF BONE TISSUE ALTERATIONS IN SIMULATED

MICROGRAVITY CONDITIONS

Introduction

Microgravity and its associated inherent reduction in body-weight mechanical loading
encountered during spaceflight has been shown to produce a variety of deleterious effects on
human physiological processes. One of the most drastic alterations due to prolonged
microgravity involves significant loss of trabecular bone mass (31, 51, 60, 148, 149). Decreases
in cortical and trabecular bone mineral density (BMD) of approximately 1-2% and 5-6% per
month, respectively, have been reported for astronauts on long-duration spaceflights (60, 148).
These alterations in BMD are most pronounced in mineralized tissues that are considered
weight-bearing on Earth such as the femur and tibia (lower extremity), while bones such as the
radius and ulna (upper extremity) experience relatively minor alterations (31, 149). Simulations
of severe bone mass losses have demonstrated a significantly elevated risk of fracture during
long duration spaceflight missions and after return to Earth (70, 77, 100). Therefore, temporal
reductions in skeletal strength and competency are one of the foremost limiting factors

preventing long distance space exploration.

This chapter has been published as a Research Article in the Journal of Biomechanical
Engineering (136, 021020 (2014)). The text and figures have been adapted from the American
Society of Mechanical Engineers (ASME).
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Ground-based models are often utilized to elucidate the mechanisms that drive alterations in
isolated physiologic systems associated with microgravity environments without the limitations
of actual spaceflight experimentation. Overall, rodent hindlimb unloading (HU) is the most
widely-used ground-based microgravity model (1-3, 14, 35, 91, 138) and involves the suspension
of rats or mice by their tails for the duration of the study such that their hindlimbs do not contact
the ground and no longer fulfill a weight-bearing role. Rodents are advantageous over other
models due to their small size, low cost of experimental setup, ease of accommodation and care,
well-defined genetic background, and short lifespan allowing the study of age-related changes

(51, 102).

Unfortunately, results derived from rodent studies are difficult to translate to the human
condition due to major anatomic and physiologic differences between the two species. The basic
microstructure of rodent bone is a lamellar morphology lacking the secondary osteonal systems
that are the main micro-architectural feature of human cortical bone (Figure 9A) (37, 102). In
contrast, human mineralized tissue is characterized by concentric rings of compact bone
surrounding a central blood vessel (Figure 9C). These microstructural differences have a
significant effect on the translatability of the rodent model to the human condition. Further, the
rate of bone healing is known to be inversely related to the position of the species on the
phylogenetic scale, with the osteogenic healing potential of rodent bone far exceeding that of

adult human tissue due to the relatively smaller size of rodents (37, 89).
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Figure 9. (A) Histological section of rodent bone demonstrating its lamellar structure and fundamental
lack of secondary osteons. (B) A transverse section of mature cortical sheep bone demonstrates numerous
secondary osteons. (C) Histological section of human compact bone demonstrating a similar secondary
osteonal architecture as ovine bone.

Sheep have emerged as a viable experimental model in the study of musculoskeletal conditions
such as osteoporosis, fracture and cartilage healing, and spinal instrumentation. As such, the
ovine model has become a widely accepted preclinical model for treatments and devices seeking
FDA approval (30, 41, 57, 68, 86, 89, 102, 122). Adult sheep are advantageous in that they are
relatively easy to handle, generally docile in nature, and their bodyweights approximate those of
adult humans (~70kg). Most importantly and pertinent to the current study, from a
microstructural perspective adult sheep bone displays similar microarchitectural characteristics
as human bone (Figure 9B) (108). Additionally, it has been shown that the ovine bone mineral

composition and healing rate closely approximates that of humans (37).

In order to leverage the similarities between sheep and human bone microarchitecture and
healing, a ground-based ovine model of microgravity was developed utilizing common external
fixation instrumentation that replicates the physiologic alterations associated with weightlessness

and allows direct translation of study results to the human condition.
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Materials and Methods

External skeletal fixation is a commonly used technique for treating difficult (i.e. comminuted)
fractures. The goal of external fixation is to stabilize the affected limb wherein the physiological
loads are supported by the frame with reduced loading through the healing tissue. Typical
external skeletal fixation devices utilize pins and/or wires as the bone fixation elements with
external rods and rings used to connect the device. This external fixation technique was
leveraged in order to specifically-unload the ovine metatarsal bone in order to simulate

microgravity unloading.

The development of the ovine microgravity model involved a series of parametric in vitro
experiments in order to determine the feasibility and effectiveness of the proposed approach. The
results of these experiments provided the required rationale for the in vivo implementation of this

technique.

In Vitro Device Characterization

A transarticular hybrid fixator was constructed using commercially-available veterinary external
fixation components (IMEX, Longview, TX) to reduce the loads experienced by the metatarsal
bone of the ovine hindlimb (Figure 10). A parametric benchtop study was performed wherein the
measured load transmitted through the metatarsus as a function of connecting rod number,
diameter, and material as well as the number, diameter, and type of fixation pins was
investigated. An ovine hindlimb was dissected to include the tibia, metatarsus, and proximal
phalanges. The limb was potted at the level of the phalanges and the tibia using epoxy resin

(Smooth-On, Inc., Easton, Pennsylvania). An ostectomy was created at the mid-diaphysis of the
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metatarsus and an in-line load cell (Honeywell International Inc., Morristown, NJ) was inserted.
A servohydraulic material testing machine (MTS Systems Corporation, Eden Prairie, MN)
applied a 500N load to the limb, and a non-instrumented baseline metatarsal load profile was
established. The external fixation device was then attached to the hindlimb at the level of the
phalanges using a large (4.0mm diameter) full (central-threaded) pin and two large (4.0mm

diameter) half (end-threaded) pins.

ExFix Force =
75% GRF

"

Metatarsus Force= \
~ 25%GRF \i |

Figure 10. An external fixation unloading technique was utilized to differentially-unload the metatarsal
bone of the right hindlimb. A total of 4 longitudinal connecting rods, 4 horseshoe rings, and 6 fixation
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pins were utilized. In this configuration, approximately 25% of the ground reaction force (GRF) is
transmitted through the metatarsal bone (0.25g), while 75% of the GRF is redirected through the external
fixation device.

Combinations of medium (3.2mm diameter) and large (4.0mm diameter) half and full pins were
utilized to attach the external fixation device to the tibia and calcaneus in order to investigate the
resultant metatarsal unloading. Potential preload of the device incurred during installation was
eliminated by adjusting the securing nuts of the proximal and distal horse-shoe attachment rings
responsible for securing the fixation pins to the device. Elimination of measureable pretension
imparted by the hardware to the metatarsus was confirmed via the implanted load cell. Following
device installation, the loads transmitted through the metatarsus by the external fixation
configurations were compared to those of the non-instrumented baseline loads in order to

calculate the relative unloading of the metatarsus due to the external fixation device.

A previous pilot experiment demonstrated that direct attachment of strain gages in vivo cannot
remain viable on living bone beyond five days post-implantation. Thus, an alternative method of
collecting in vivo strain data was developed by reducing the central thickness of an orthopaedic
locking plate (Synthes, Inc., West Chester, PA) to 500pum and instrumenting the plate with a
rosette strain gage (Omega Engineering, Inc., Stamford, CT) (Figure 11). Strain measurements
from the strain-measurement plates were correlated to the metatarsal surface strains during
simulated hindlimb loading in a servohydraulic material testing machine (MTS Systems
Corporation, Eden Prairie, MN), with the assumption that the relationship between bone and
plate strain would remain consistent over time due to the dense cortical bone at the screw-bone

interface. Adult ovine hindlimbs (n=10) were prepared for experimental testing as previously

25



described. Rosette strain gages (Omega Engineering, Inc., Stamford, CT) were attached to the
mid-ventral diaphysis as well as the distal and proximal metaphyses of the dorsal face of the
metatarsal bone. The strain-measurement plates were attached to the dorsal face of each
metatarsus using locking screws in the proximal-most and distal-most holes. Each specimen was
preconditioned 10 times to 750N at a rate of 0.25mm/sec, with data analyzed from the final
cycle. A linear regression analysis was performed to correlate the principal strains measured for
each strain-measurement plate to the respective principal strains at each metatarsal location. The

average linear fit and respective standard error for each correlation was then calculated.

Strain Gage

Reduced
Thickness Plate

Figure 11. Ovine hindlimbs were instrumented with orthopaedic strain measurement plates and three
rosette strain gages for the in vitro strain correlation experiments. (Inset) The central thickness of an
orthopaedic locking plate was reduced to 0.50mm and instrumented with a rosette strain gage in order to
increase its sensitivity to small strain fluctuations.
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In Vivo Model

Ten skeletally mature Rambouillet Columbian ewes were used in this portion of the study.
Approval for the surgeries performed on these animals was granted by the Colorado State
University Animal Care and Use Committee (Approval #11-2938A). Under anesthesia, the strain
gage wires were tunneled subcutaneously through the limb and exited near the hip joint. The
strain-measurement plate was then implanted on the dorsal face of the metatarsus. An optimized
transarticular hybrid fixator (IMEX, Longview, TX) was then implanted on the hindlimb of 7
sheep (Microgravity Group). The frame consisted of four 84mm stretch rings connected by four
threaded longitudinal support rods (6.0mm diameter, 250.0mm length) constructed prior to
surgery. Two medium (3.2mm) central-threaded full pins were placed in the distal tibia: one in a
medio-lateral direction and one in a dorso-medial to plantaro-lateral oblique direction above the
proximal-most horseshoe ring. A single medium (3.2mm) central-threaded full pin was placed in
the medial-lateral plane through the calcaneus below the stretch ring. The distal ring was
connected to 2 large (4.0mm) end-threaded fixation pins inserted proximally into the 1% distal
phalanges of digits 3 and 4 and one large (4.0mm) central-threaded full pin inserted in the
medial-lateral plane through the proximal portion of the same phalanges. The proximal and distal
horseshoe rings were adjusted to alleviate any pretension of the longitudinal support rods
incurred during the surgical procedure, allowing the reduction of compressive loading of the
metatarsal bone during hindlimb use without applying any external traction forces via the
external fixation device. An Earth gravity (Sham Group, n=3) test group was simulated by
repeating the surgical technique of the Microgravity Group and removing the four longitudinal
support rods upon completion of the procedure, allowing full load transmission through the

metatarsal bone.
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Uniaxial strain gages were attached to the four longitudinal support rods of each fixation system
in the Microgravity Group. The in vivo unloading of the system was evaluated bi-weekly by
testing each animal on a force measurement platform. Strain measurements from the metatarsal
plate and external fixation device for single-limb ground reaction forces up to 300N were
recorded for the standing animals. The strain-measurement plate correlations were utilized to
calculate the corresponding metatarsus strains, and linear elastic constitutive relationships were
utilized to calculate the stresses (Equation 1) and forces (Equation 2) transmitted through the
metatarsal bone and external fixation device. The relative gravity of the device was calculated by
taking the ratio of the metatarsus load to the total system load in order to compare the metatarsal
unloading environment created by the external fixation device to other celestial (Moon, Mars,

etc.) microgravities (Equation 3).

c=E*¢
(Equation 1)
F=c*A
(Equation 2)
Relative Gravity = MetatarsalForce

MetatarsalForce + ExFix Force
(Equation 3)

Weekly radiographs were taken to monitor the bone-pin interface of each animal. Additionally,
fluorochrome labels (calcein green at 20mg/kg) were administered at weeks 4 and 7 post-
surgery. Dual-energy x-ray absorptiometry (DEXA) scans (Hologic, Inc., Bedford, MA) were

performed on the treated and contralateral metatarsi as well as the tibia of the treated limb at the
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time of surgery and every two weeks. Scans were analyzed in identical 20mm x 10mm regions of
interest (ROIs) aligned with the proximal aspect of the condyle arch of the distal metaphysis of
the treated and contralateral metatarsi as well as at the proximal growth plate of the ipsilateral
tibia. BMD comparisons were made between the treated metatarsi and the contralateral (control)
metatarsi as well as between the treated metatarsi and the ipsilateral tibia to determine if BMD
changes were the result of external fixation load-shielding or generalized limb disuse. Three
scans were performed per bone, and average BMD was calculated per time point for each

animal.

Post-sacrifice biomechanical evaluations were performed on the treated and contralateral
(control) metatarsi of the Microgravity and Sham Groups. All specimens underwent an identical
testing protocol of 4-point bending followed by diametral compression in order to negate the
effects of any previous testing procedure. Non-destructive four-point bending experiments were
performed on whole, dissected metatarsal bones using a custom-designed, four-point bending
fixture and a servohydraulic material testing machine (MTS Systems Corporation, Eden Prairie,
MN). The cross-head was lowered at a rate of 1.0mm/sec to a maximum load of 500N as
determined via a pilot study such that the specimen demonstrated linear material behavior
without inducing permanent damage (39). The sample was preconditioned 5 times with data
analyzed from the final cycle. The resultant specimen stress-strain curve and bending modulus

were then calculated (39).

The normalized failure load of each specimen was determined via diametral compression

experiments as described by Santoni et al (123). Three 5mm spans of cortical bone were cut from
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the mid-diaphysis of each metatarsus using a diamond-chip band saw (Exakt Technologies,
Oklahoma City, OK). The sections were individually placed between two smooth, stainless steel
platens in a servohydraulic material testing machine (MTS Systems Corporation, Eden Prairie,
MN). The orientation of each specimen was consistent between tests, with the medial and lateral
aspects of the bone contacting the upper and lower platens, respectively. A compressive load was
then applied at a rate of 0.5mm/min until failure was observed. The failure load of each specimen

was then normalized to its respective cross-sectional area.

Micro-computed tomography (LCT) analyses were performed on distal metaphyseal sections of
the treated and contralateral metatarsi from both groups (Figure 7A). Three 9mm x 9mm x 2mm
ROIs were aligned with the proximal aspect of the condyle arch of the distal metaphysis such
that the greatest amount of cancellous bone was included in the each ROI without overlapping
ROIs. The results of the three ROIs were then averaged for each specimen. Additionally, a 2mm
x 2mm x 2mm ROI was analyzed for each quadrant of the cortical shell at a distance of 50mm
from the distal metatarsal condyle (within the metatarsal diaphysis) and averaged for BMD
evaluation. Bone volume fraction (BV/TV), trabecular number (Th.N), trabecular thickness
(Th.Th), trabecular separation (Th.Sp), H2 (a measure of trabecular anisotropy), structural model
index (SMI, a description of trabecular geometry), and cancellous BMD (Th.BMD) as well as

cortical BMD (C.BMD) was quantified for each uCT dataset (15, 79).

Standard histological techniques were utilized to prepare the treated and contralateral metatarsi.
Sections were taken in the sagittal plane to include the distal diaphysis and

metaphysis. Trabecular bone images at 10x and cortical bone images at 40x were acquired for
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static and dynamic histomorphometric analyses, respectively. Additionally, trabecular bone
images at 200x were acquired for static decalcified histomorphometric analyses. Measurements
of cancellous bone volume fraction (B.Ar/T.Ar), diaphyseal bone diameter (B.Dm), diaphyseal
cortical width (C.Wi), mineralizing surface (MS), mineral apposition rate (MAR), bone
formation rate (BFR), osteoblast number (N.Ob), and osteoclast number (N.Oc) were acquired

for each specimen (36, 107).

Data are reported as means + standard deviations (SD). Statistical analysis for comparisons
between groups was performed via a two-way analysis of variance (ANOVA) while a repeated
measures ANOVA was used for comparisons within groups for longitudinal DEXA analysis.
The Student-Newman-Keuls post-hoc test (0=0.05) was utilized for all statistical tests.

(SigmaPlot, Systat Software, Inc., San Jose, CA).

Results

In Vitro Device Characterization

The external fixation parametric study demonstrated that the resultant simulated microgravity of
the device was highly dependent on the number, material, and size of the longitudinal support
rods as well as the number and size of the fixation pins (Table 1). Increasing the number of
longitudinal connecting rods had a greater effect on metatarsus unloading than alterations in
support rod material, while increasing the size and number of the fixation pins further increased
metatarsus unloading. All mean Pearson’s correlation coefficients (i.e., r* values) for the fracture

fixation strain-measurement plate linear regression analysis were greater than 0.90, indicating a
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highly linear relationship between measured plate strain and bone surface strain for all strain-

measurement plates.

Table 1. An external fixation parametric study was performed by varying the number, size, and material
of longitudinal support rods (left) and the number and size of fixation pins (right). The final external
fixation device was comprised of four 6.35mm diameter steel rods, and three medium size full pins at the
proximal interface (0.25g).

Diameter/Material of Relative Method of Fixation with Four 6.35mm Steel Rods at Relative
Support Rod “g” Tibial/Calcaneal Interface (Number x Diameter) “g”

Non- 1.00 Non-Instrumented: Baseline 1.00
Four-Rod 0 Half Pins

6.35mm Steel 0.10 3 x 3.2mm Full Pins 0.25
Three-Rod 1 x 4.8mm Half Pin

6.35 mm Steel 0.23 2 x 4.0mm Full Pins 0.06

4.76mm Brass 0.25 3 x 3.2mm Full Pins 0.20

4.76mm Aluminum 0.27 3 x 4.0mm Full Pins 0.05
Two-Rod 2 X 4.0mm Half Pins

6.35mm Steel 0.57 1 x 4.0mm Full Pin 0.36

4.76mm Brass 0.65 2 x 4.8mm Half Pins

4.76mm Aluminum 0.68 1 x 4.0mm Full Pin 0.10
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In Vivo Model
In vivo strain measurements revealed the average relative gravity of the external fixation system

to be 0.25¢g (Figure 12).

External Fixation Device Relative Gravity
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Figure 12. The in vivo external fixation relative gravity was quantified by calculating the metatarsus bone
strains from the acquired measurement plate strains, transforming the bone and device strains into forces
using linearly elastic constitutive relationships, and taking the ratio of force transmitted through the
metatarsus to total force transmitted through the system.

In vivo DEXA scans demonstrated significant losses of BMD in the treated metatarsal bones of
the Microgravity Group following the 8-week treatment period (Figure 13). The BMD of the
treated metatarsi of the Microgravity Group displayed a linear decrease after the initial 2-week
period of the study, resulting in a net loss of 29.0% (p<0.001) over the entire 8-week timeframe.
No statistically significant alterations in BMD occurred in the contralateral metatarsi or the

ipsilateral tibia of the Microgravity Group, or any scan location of the Sham Group (Figure 13).
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Microgravity Group DEXA Results
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Figure 13. Normalized temporal DEXA results for the (Top) Microgravity and (Bottom) Sham Groups for
the 8-week study period. The treated metatarsus displayed an acute rise in BMD after 2 weeks (* p<0.01)
followed by a rapid, linear decline in BMD due to the microgravity treatment with significant alterations
in BMD versus baseline values occurring 6 weeks (+ p<0.01) and 8 weeks (# p<0.001) post-surgery.

Statistically significant losses in four-point bending modulus were observed between the
treatment and contralateral (control) metatarsi of the Microgravity Group (-25.8%, p<0.05) as
well as between the treatment metatarsi of the Microgravity Group and the contralateral
metatarsi of the Sham Group (-26.2%, p<0.05, Figure 14). Statistical differences in four-point
bending modulus were not observed between limbs of the Sham Group metatarsi. Statistically

significant differences in failure load were detected between the treated metatarsi of the
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Microgravity Group and all other groups in diametral compression (Figure 14). The
Microgravity Group treated metatarsal diaphyseal failure load was 27.8% (p<0.001) lower than
that of the Microgravity Group contralateral metatarsi, 29.1% (p<0.01) lower than that of the
Sham Group treated metatarsi, and 32.6% (p<0.01) lower than the failure load of the Sham

Group contralateral metatarsi.

Alterations in cancellous bone microarchitecture were qualitatively apparent in three-
dimensional reconstructions of the uCT ROIs (Figure 15). Statistically significant differences
were observed between the treated metatarsi of the Microgravity Group and all other treatment
groups for BV/TV, Th.N, Tb.Th, SMI value, and Th.BMD (Table 2). Specifically, BV/TV,
Tb.N, Th.Th, and Th.BMD decreased 38.3% (p<0.001), 22.5% (p<0.05), 30.9% (p<0.01), 39.3%
(p<0.01), respectively, as compared to their contralateral metatarsi. The SMI parameter increased
89.3% (p<0.001) in the Microgravity Group treated metatarsi as compared to their contralateral
controls. No statistically significant differences were observed within the Sham Group for any

measured outcome parameter.

Histomorphometry revealed statistically significant reductions in BV/TV, BFR, N.Ob, and N.Oc
for the Microgravity Group treatment metatarsi versus all other groups (Table 2). BV/TV, BFR,
and N.Ob were reduced 44.7% (p<0.001), 57.7% (p<0.01), and 51.5% (p<0.001), respectively,
while N.Oc increased 269.1% (p<0.001) in the treated metatarsi as compared to their
contralateral controls following simulated microgravity treatment. Standard and dynamic
histomorphometric measures for the Sham Group did not display significant differences between

the operated and contralateral metatarsi.

35



4-Point Bending
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Figure 14. (Top) Four-point bending modulus decreased as a result of Microgravity unloading. Groups
denoted by like-letters are statistically different from each other: (A) p<0.05; (B) p<0.05. (Bottom)
Normalized diametral compression failure decreased following the Microgravity treatment while no
changes were evident following the Sham treatment: (C) p<0.001; (D) p<0.01; (E) p<0.01.
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Microgravity Group

Treated Contralateral

Sham Group
Treated Contralateral

Figure 15. (A, highlighted) DEXA, UCT, and static histormorphometric analyses were performed in the
distal cancellous network of the metatarsus. Three-dimensional UCT reconstructions demonstrate
decreased trabecular number, thickness, and bone volume within the cancellous microarchitecture in the
(B) Microgravity Group treatment metatarsi (highlighted) versus their contralateral (control) metatarsi

and those of the (C) Sham Group.
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Table 2. Mean (with one standard deviation) uCT and histomorphometric bone parameters of the distal metaphyseal regions of the Microgravity
and Sham Groups. The majority of uCT and histomorphometric parameters demonstrated statistically significant (p<0.05) differences between the
Microgravity Treatment Group versus the Microgravity Contralateral, Sham Treatment, and Sham Contralateral Groups. Those parameters that did
not display statistical significance between groups (p>0.05) are denoted (*).

Microgravity Group Sham Group
Treated Contralateral Treated Contralateral
ucT BVITV [%] 0.26 (0.07) 0.41 (0.06) 0.42 (0.06) 0.44 (0.06)
Th.N [1/mm] 2.01 (0.26) 2.59 (0.43) 2.51(0.04) 2.56 (0.14)
Th.Th [mm] 0.13 (0.02) 0.19 (0.02) 0.21 (0.04) 0.22 (0.04)
Th.Sp [mm]* 0.53 (0.07) 0.44 (0.05) 0.41 (0.10) 0.45 (0.02)
H2 [mm]* 0.70 (0.25) 0.67 (0.13) 0.64 (0.04) 0.63 (0.26)
SMI -0.13 (0.48) -1.71 (0.65) -1.36 (1.46) -2.01 (0.98)
Th.BMD [mg/ccm] | 218.48 (52.22) 359.33 (44.84) 396.56 (95.345)  373.10 (110.55)
C.BMD [mg/ccm]* | 997.13 (42.83) 1030.57 (46.13) 1048.57 (69.12)  1044.76 (70.52)
Histomorphometry  BV/TV [%] 0.21 (0.06) 0.38 (0.05) 0.37 (0.06) 0.41 (0.04)
B.Dm [mm]* 13.22 (0.61) 12.77 (0.61) 13.04 (1.01) 12.84 (0.97)
Ct.Wi [mm]* 2.81 (0.36) 2.68 (0.22) 2.78 (0.11) 2.69 (0.34)
MS/BS [%]* 0.21 (0.08) 0.35(0.11) 0.36 (0.09) 0.36 (0.07)
MAR [um/day] 1.09 (0.13) 1.45 (0.25) 1.42 (0.09) 1.47 (0.25)
BFR [um/day] 0.22 (0.11) 0.52 (0.19) 0.50 (0.11) 0.55 (0.20)
Ob.N/BS [mm™] 11.71 (1.12) 24.47 (3.69) 18.72 (4.58) 18.73 (4.50)
Oc.N/BS [mm7] 3.57 (1.46) 0.97 (0.10) 0.99 (0.46) 0.54 (0.24)
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Discussion

A ground-based large-animal model of simulated microgravity was developed using common
external fixation instrumentation that replicates the physiologic alterations associated with
weightlessness. The external fixation parametric study results demonstrate that significant
alterations in the local tissue mechanics can be imparted on the metatarsal bone by simply
adjusting the stabilizing rod and fixation pin configurations, allowing specific planetary and
celestial microgravities such as those of Mars (0.38g) and the Moon (0.169) to be simulated.
Further, the in vivo strain analysis corroborated these findings and demonstrated that the desired

metatarsal unloading could be sustained over the course of the study.

The linear temporal loss of BMD in the treated metatarsi in the current study measured via
DEXA is in agreement with previous studies that also measured rapid, linear losses in BMD
following unloading due to spinal cord injury (51). The lack of significant alterations in BMD in
the ipsilateral tibia and isolated losses in BMD in the treated metatarsus provides strong evidence
that bone density loss was not driven by an overall limb disuse, but rather by an unloading
mechanism. The maintenance of baseline values within the contralateral metatarsi further
indicate that changes in weight bearing were not responsible for the observed BMD losses in the
treated metatarsi, as an increase in contralateral limb loading would have resulted in increased
BMD. Additionally, it has been reported that inflammatory disorders are often accompanied by
bone loss (55), however, the sustained BMD values of the Sham Group suggest that density
alterations were independent of the surgical technique, the application of fixation pins, and any

associated inflammatory effects.

39



When compared to human spaceflight, the rate of bone loss experienced in the current study was
relatively rapid, allowing the simulation of long-duration space travel in a relatively concise
period of time. For example, the bone loss associated with a space mission to Mars, which will
require approximately one year of spaceflight (or more), is expected to be upwards of 25% in
weight-bearing limbs given extrapolation of known BMD loss rates, and may be simulated in

approximately two months with the current ovine simulated microgravity model (148).

The current microgravity treatment was accompanied by declines in mechanical strength of the
metatarsal diaphysis as evidenced by non-destructive (four-point bending) and destructive
(diametral compression) biomechanical evaluations. pCT analyses revealed slight declines in
diaphyseal cortical BMD. While these alterations were non-significant (p=0.22), it has been
demonstrated that a slight 4% reduction in cortical BMD can result in a 13% reduction in
ultimate stress and a 25% reduction in elastic modulus (104). These data indicate that even
modest reductions in cortical BMD may result in substantial alterations in mechanical properties.
The current study demonstrated cortical BMD losses of 3-5% in the treated metatarsal diaphysis
following the microgravity treatment versus the other treatment groups, resulting in reductions in
elastic modulus and failure load of 25-26% and 28-33%, respectively, further supporting

previous findings (104).

The reported outcome parameters of the current study are in general agreement with previous
HU and spaceflight studies utilizing rodents. Losses in overall BMD of 21% per month, as well
as decreases in BV/TV, Tb.Th, and Th.N of 31%, 23% and 23%, respectively, in HU rodents

have been reported (12, 14). Similarly, the alterations in bone formation parameters in the

40



current study are characteristic of previously reported rodent studies. Declines in MS between
50% and 70% in mature female rats as well as reductions in MAR and BFR between 30% and
90% have been reported in mature male rats, similar to the 40%, 25%, and 57% reductions in

MS, MAR, and BRF, respectively, reported in the current study (3, 12, 35, 91).

At the cellular level, reduced osteoblast activity has been identified as a major underlying
mechanism of bone remodeling in rodent HU and spaceflight studies, while subtle or no changes
in osteoclast activity are commonly reported (11, 12, 35, 91). Contradictory findings have been
reported for human spaceflight in which elevated blood serum markers such as C-telopeptide
(CTX), N-telopeptide (NTX), and pyridinium cross-links have provided evidence that the
primary mechanism of mineralized tissue adaption to mechanical unloading is through increased
osteoclast recruitment (31, 51, 105, 128, 133, 146). The external fixation unloading technique
utilized in this model effectively simulated these mechanisms of osteoclastic stimulation and
alterations in bone turnover parameters associated with human spaceflight. These data further
demonstrate that, although previous ground-based microgravity models utilizing rodents have
been able to adequately reproduce the characteristic physiologic alterations associated with
mechanical unloading at the larger length scales (i.e. microarchitecture, biomechanics, etc.), the
inherent differences between species produce discrepancies between models at the smaller length
scales (i.e. cellular responses and molecular cascades). This last point is an important one
because the data in this study have identified that, in the presence of simulated microgravity the
primary physiologic mechanism behind bone remodeling of rodents and humans/sheep is
fundamentally different, making the direct translation of results from small-animal models

intractable.
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The current model holds some inherent limitations. First, it is possible that metatarsal bone strain
and strain-measurement plate readings did not remain linear and/or consistent over the course of
the study. Additionally, the limited attachment area in some regions of the hindlimb for the
external fixation instrumentation makes achieving zero gravity difficult, and, while the aim of
the external fixation device was to limit the amount of compressive force transmitted through the
bone, it is possible that the application of the external fixation frame modified the metatarsal
stress state due to axial and shear stress coupling. Further, the localized nature of the unloading
technique utilized in this model prevents the investigation of systemic factors involved in bone
remodeling during mechanical unloading. Finally, while sheep hold certain microstructural and
healing advantages over rodents for orthopaedic investigations, the relative cost and ease of

implementation of ovine studies is certainly greater than that of rodents.

To conclude, the data reported herein provide strong evidence that the external fixation
unloading technique utilized in this model is able to induce mechanical unloading of the
metatarsus and significant alterations in the relevant radiographical, biomechanical, and
histomorphometric parameters characteristic of spaceflight. Further, these findings demonstrate
that the physiologic mechanisms driving bone remodeling in sheep and humans during decreased
loading are more similar than previously utilized models, allowing more comprehensive
investigations of microgravity-related bone remodeling as it relates to human spaceflight. The
similarities between the current model and the human condition will allow future investigations

in the areas of fracture healing and possible countermeasures as they relate to microgravity.
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CHAPTER 3:
PARTIAL GRAVITY UNLOADING INHIBITS BONE HEALING RESPONSES IN A

LARGE ANIMAL MODEL

Introduction

It is well-known that microgravity and the associated inherent reduction in mechanical loading
result in substantial loss of BMD and mechanical strength. These issues are particularly
important when considering fracture risk during long-duration spaceflight missions. Specifically,
the mean rate of BMD loss (in lower body bones) during spaceflight has been shown to be
dramatically higher than experienced on Earth, averaging losses of 1%-3% per month (76, 148).
Accordingly, simulations of alterations in mineralized tissue properties as a result of
microgravity loading have predicted significantly elevated risk of fracture during long-duration

(i.e. Mars) missions (77, 100).

“This chapter has been published as a Research Article in the Journal of Biomechanics (47, 12
(2014)). The text and figures have been adapted with permission from the journal’s publisher,
Elsevier.
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What is not as well-understood is how the mechanical unloading associated with spaceflight
affects the fracture healing cascade. Fracture healing is a complex biological process with four
distinct phases. The first step of the fracture healing cascade, occurring at the time of fracture, is
the formation of a hematoma, preventing further blood accumulation at the fracture site (73).
Subsequently, a soft callus forms as chondrocytes create new cartilage that bridges the two ends
of the disjoined bone, providing initial mechanical competency (i.e. splinting) to the fracture
(42). Finally, osteoblasts replace the new cartilage with woven bone, which in turn is remodeled
into a compact secondary osteonal bone structure (125). It has been postulated that this
reparative process represents a recapitulation of development that involves complex mechanical
and chemical factors (44, 45). Further, it has been shown that the mechanical loading
environment of the healing callus has a profound effect on the resultant cell differentiation and
heterogeneous matrix phenotypes (“mechanobiology”) (26, 78, 92, 141). In vivo experiments
using fracture models have elucidated certain cellular and molecular scale events that are
important in the repair process. However, alterations in the local mechanics induced via reduced
gravitational loading in the repair process have not been rigorously described in bone tissues that
have Haversian systems. Nonetheless, it is clear that the mechanical environment, which
transcends many length scales (from whole body to the subcellular), plays a key role in the
subsequent fracture healing pathway and, ultimately, the nature and quality of the osseous repair.
This certainly has significant implications when examining how microgravity, which impacts the

relevant mechanical environment on all of these length scales, may affect bone healing.
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Limited research has been performed to investigate mineralized tissue healing in microgravity
environments (5, 40, 69, 72). Rodent studies have elucidated distinct histological and
morphometric differences in animals that heal in gravitational environments versus animals that
heal during spaceflight. Using a rat model, Kirchin et al. showed that bone healing was altered
during spaceflight, resulting in suppression of chondrogenesis within the periosteal reaction and
angiogenesis within the osteotomy gap (72). Additionally, Durnova et al. reported decreased
fracture callus size and consolidation strength resulting from inhibited osteoblast activity in
rodents during a 14-day spaceflight experiment (40). While these data demonstrate that
microgravity has a deleterious effect on bone healing, the direct translation of these results to
human bone healing is intractable due to the numerous differences between rodent and human
bone microstructure and healing. Specifically, the basic microstructure of rodent bone can be
observed as a primary lamellar structure lacking the osteonal (Haversian) systems characteristic
of human bone (41, 108). Further, it has been shown that the rate of bone healing is known to be
inversely related to the species’ ranking on the phylogenetic scale (37). Consequently, the
healing potential of rodent bone far exceeds that of adult human tissue (37, 89). Due to these
distinct differences between species and the limited information regarding fracture healing in
Haversian systems, the objective of this study was to investigate the effects of partial
gravitational unloading on long-bone fracture healing in a previously-developed large animal
model using parameters derived from biomechanical, histomorphometric, and radiographic

assessments.
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Methods

Ten skeletally mature Rambouillet Columbian ewes (age > 6 years) were used in this study.
Animal use approval was granted by the Colorado State University Animal Care and Use
Committee (Approval #11-2938A). Hindlimb metatarsal unloading was accomplished using the
technique described by Gadomski et al (48). Briefly, a trans-biarticular external skeletal fixation
device (IMEX, Longview, TX) was implanted on the right hindlimb of 5 skeletally mature
female ewes such that the metatarsal bone was partially isolated from mechanical loading (PU
Group, Figure 16). Previous in vivo experiments demonstrated that this external fixation
unloading system was able to reduce metatarsal bone loading by 75% (a relative gravity
environment of 0.25g; Gadomski, 2014). The animals of the PU Group were exposed to partial
unloading of the metatarsal bone via external fixation for a period of 3 weeks (21 days). An
ostectomy procedure was performed at the 3-week time point by removing a 3.0mm section of
bone from the mid-diaphysis of the metatarsus. The ostectomy was stabilized via a laterally-
attached orthopaedic locking plate (Synthes, Inc., Westchester, PA) instrumented with a rosette
strain gage (Vishay Precision Group, Malvern, PA). This fracture method was deemed most
appropriate for this study due to its high level of repeatability (i.e. measurability) and its ability
to allow investigation of the healing cascade inside of the fracture gap. Additionally, this model
allowed for the interrogation of the healing response of the body following an orthopaedic
surgical procedure in a partially unloaded environment, which will be clinically relevant in the

future as spaceflight duration increases.
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Figure 16. A mid-metatarsal ostectomy was created and stabilized with an orthopaedic locking plate
instrumented with a rosette strain gage in order to monitor in vivo fracture healing and mechanical
competence.
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An additional full loadbearing Earth gravity group (FL Group, n=5) was included in which an
identical 3.0mm ostectomy was created, plated, and secured via a fiberglass cast from the
proximal tibia to the phalanges, allowing full loading to be transmitted through the metatarsal
bone. Following the ostectomy procedure, both groups were subjected to a 4-week (28-day)

healing period.

In Vivo Testing

Dual-energy x-ray absorptiometry (DEXA) scans (Discovery A, Hologic, Inc., Bedford, MA)
were performed on the treated metatarsi of the PU Group at the time of the external fixation
surgery, the ostectomy surgery, and every two weeks until sacrifice to obtain a clinical measure
of BMD. DEXA scans were performed on the FL Group at the time of the ostectomy surgery and
every two weeks until sacrifice. Longitudinal BMD values were normalized to the baseline BMD

value for each animal for comparisons between groups (48).

In vivo mechanical competency of the healing fracture was evaluated bi-weekly via strain
measurements of the orthopaedic plate by testing each animal on a force sensing platform. Strain
measurements from the metatarsal plate for single-limb ground reaction forces up to 200N were
recorded for the standing animals. The strains measured in the orthopaedic plates were correlated
to ground reaction forces between 50N and 200N, and the resultant construct stiffness slope
magnitude (pe/N) per testing day was calculated and normalized to the peak magnitude to
characterize the change in load burden for each group over the course of the study. Utilizing the
experimentally measured strains of the orthopaedic fixation plate, and assuming that the

longitudinal strains of the fracture site and fixation plate were equivalent, simplified linear elastic
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constitutive relationships were utilized to calculate the resultant stresses (Equation 4) and forces

(Equation 5) acting on the fixation plate and fracture callus.

c=E*eg
(Equation 4)

F=c*A
(Equation 5)

The callus modulus of rigidity (a combined term consisting of elastic modulus (E) multiplied by
cross-sectional area (A), EA) was calculated using the previously determined callus stresses.
Additionally, weekly radiographs were taken to monitor the bone-pin interface of each animal.
Fluorochrome labels were administered 21 and 7 days (calcein green at 20 mg/kg, Sigma-Aldrich

Co., LLC, St. Louis, MO) prior to sacrifice.

Biomechanical Evaluation

Following sacrifice, biomechanical evaluations were performed on the treated metatarsi of the
PU and FL Groups. Non-destructive four-point bending experiments were performed on whole,
dissected metatarsal bones using a custom-made four-point bending fixture coupled to a
servohydraulic testing machine (MTS Systems Corporation, Eden Prairie, MN). The test frame’s
actuator was lowered at a rate of 1.0mm/sec to 200N or to the specimen’s maximum deflection
prior to inducing damage (i.e. a sharp, observable decrease in the monotonically increasing force
profile) (39). The sample was preconditioned 5 times to the previously determined load and the
load-displacement data from the final cycle were utilized to calculate the specimen bending

stiffness.
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Micro-Computed Tomography

Post-sacrifice micro-computed tomography (uUCT) analyses were performed at the mid-
diaphyseal fracture of the treated metatarsi from the PU and FL Groups using the following
parameters: voltage: 70kVp, current: 114pA, integration time: 500ms (Scanco uCT 80, Scanco
Medical AG, Bruttisellen, Switzerland). A 1.5mm thick region of interest (ROI) was created
within the fracture gap and centered between the superior and inferior bone surfaces, and bone
volume fraction (BV/TV, %) as well as BMD (mg HA/cm®) were quantified for each specimen.
Additionally, the periosteal fracture callus was segmented between the inner-most screw holes of
the metatarsal diaphysis (23.0mm length) to include all external callus while excluding
diaphyseal bone, and total bone volume (mm?) as well as BMD (mg HA/cm®) were quantified for

each specimen.

Histomorphometric Analysis

Following uCT analysis, the treated metatarsi were processed for decalcified and undecalcified
histological analyses. Histological sections were taken in the transverse (mediolateral) plane to
include the fracture site and associated callus of the diaphyseal region of the metatarsus. Two
undecalcified sections from each specimen were stained with Sanderson's Rapid Bone Stain and
counter-stained with VVan Gieson, while the other two sections were left unstained for dynamic
histomorphometric analysis. Two 8 micron decalcified sections from each specimen were cut on
a Leica RM2255 rotary microtome (Leica Microsystems, Inc., Nussloch, Germany) and stained

with Hematoxylin and Eosin.
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For static histomorphometric analysis, high resolution digital images (at 10x magnification) were
acquired. Fracture gap height as well as area fractions of mineralized and fibrocartilagenous

tissue were calculated in the periosteal callus, diaphyseal cortices, and intramedullary canal

(Figure 17).
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Figure 17. Representative histology images demonstrate significantly reduced periosteal callus (Region
C) formation in the (left) PU Group as compared to (right) FL Group specimens. Sections were stained
with Sanderson's Rapid Bone Stain and counter-stained with VVan Gieson. Bone and fibrous tissue area
fractions (%) were calculated for (A) cortex, (B) intramedullary canal, and (C) periosteal callus ROls.
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Segmentation was performed semi-automatically via pixel intensity using Image Pro (Media
Cybernetics, Silver Spring, MD). Total periosteal callus bone and fibrocartilage area (mm?) were
determined by selecting and segmenting callus material contralateral to the orthopaedic plate on
the exterior surface of the bone within 11.5mm of the fracture centrum. Bone and fibrocartilage
area fractions were calculated within the periosteal callus, diaphyseal cortex, and intramedullary
canal. In order to account for inter-specimen variations in fracture site geometry, the ratio of
segmented tissue area to the total area of the respective ROI was calculated. Diaphyseal cortex
bone and fibrocartilage fractional area (%) were selected within the mediolateral confines of the
diaphyseal cortical shell and craniocaudal edges of the fracture gap and calculated by taking the
ratio of respective tissue area within the ROI to total ROI area. Intramedullary canal bone and
fibrocartilage fractions (%) were similarly determined by segmenting the images within the
confines of the intramedullary canal and within the boundaries of the cranial and caudal fracture
gap edges. For dynamic histomorphometry, three fluorescent images were acquired per specimen
(at 40x magnification) within the periosteal callus and mineralizing surface (MS), mineral
apposition rate (MAR), and bone formation rate (BFR) were calculated (48). Analyses were not
performed on the endosteal surface due to the consistent absence of endosteal bone formation.
Decalcified cellular histomorphometry was performed on digital images (at 200x magnification)
for three ROIs within the periosteal callus and on the endosteal surface per specimen to

determine osteoblast (Ob.N) and osteoclast (Oc.N) number.

Statistical Analysis
Statistical analyses were performed using standard Student’s t-tests for comparisons between

groups or a repeated measures one-way analysis of variance (ANOVA) for longitudinal DEXA
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and strain comparisons within groups with Student-Newman-Keuls post-hoc tests (¢=0.05). In
the event that data were not normally-distributed, a Mann-Whitney U test was performed

(SigmaPlot, Systat Software, Inc., San Jose, CA).

Results

All data are presented as the mean (+ standard deviation).

In Vivo Testing

In vivo DEXA scans demonstrated a statistically significant (p=0.002) loss of BMD in the treated
metatarsal bone of the PU Group following the initial 3-week unloading period (Day 0 - Day 21,
0.63+0.15 — 0.50+0.13 g/cm?, respectively), resulting in a mean net loss of 17.6% at the time of

the ostectomy surgery (Figure 18).

Normalized DEXA Results
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Figure 18. Normalized temporal DEXA results for the PU and FL Groups. The treated metatarsus of the
PU Group demonstrated statistically significant reductions in BMD versus baseline (Day 0) values at the
21, 35, and 49-Day timepoints following the application of the external fixation device (* p<0.001). No
statistically significant alterations were detected in the FL Group.

53



The rate of BMD loss of the PU Group was reduced following the ostectomy surgery, resulting
in an additional average loss of 5.4% between the time of the ostectomy surgery and sacrifice
(Day 21 - Day 49, 0.50+0.13 — 0.43+0.15 g/cm? respectively). No statistically significant
alterations in BMD occurred in the treated metatarsus of the FL Group (Day 21 — Day 49,

0.63+0.04 — 0.61+0.03 g/cm?, respectively).

The PU Group displayed limited reduction in orthopaedic plate construct stiffness during the

course of the 28-day fracture healing period as compared to the FL Group (Figure 19).

In Vivo Construct Stiffness
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Figure 19. In vivo measurements demonstrated decreased construct stiffness with healing (slope
magnitude) of the orthopaedic fixation plates in both the PU (* p<0.01) and FL (# p<0.001) Groups
versus baseline values (Day 7) beginning at Day 18 and continuing through the remainder of the study.
The PU Group demonstrated reduced mechanical competency at the fracture site as compared to the FL
Group as evidenced by a higher slope magnitude of the orthopaedic plate in the FL Group at the
conclusion of the healing period (* p<0.05).
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The PU Group experienced a 49.6% decrease in slope magnitude between day 7 and day 18 of
the 28-day healing period (p<0.01); however, the subsequent 5.5% decrease in slope magnitude
that occurred during the final 10 days of healing demonstrates that the rate of healing was
attenuated. A greater level of healing was experienced by the FL Group, with a net reduction in
orthopaedic plate construct stiffness magnitude of 573.0% between day 7 and day 28 (p<0.001).
Further, a statistically significant difference in orthopaedic fixation plate construct stiffness was

observed between groups at the completion of the 28-day healing period (p<0.05).

Biomechanical Evaluation

Visual inspection of the PU and FL specimens at the time of dissection qualitatively revealed
noticeable differences in the level of tissue healing. Reduced callus formation was observed in
PU Group specimens as compared to the FL Group specimens, which demonstrated more fully-
bridged fracture gaps and substantial callus growth on the periosteal surface around the
circumference of the fracture (Figure 20). Results of the 4-point bending test demonstrated
statistically significant differences in stiffness between the PU and FL Groups (p<0.01), with
mean (+ standard deviation) FL and PU Group four-point bending stiffnesses of 213.3 (+ 36.3)

N/mm and 48.9 (+ 47.8) N/mm, respectively.
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Figure 20. Representative (left) gross necropsy images of the mid-diaphyseal fracture callus and (right)
respective UCT three-dimensional reconstructions demonstrated reduced mineralization and callus
formation for the (A) PU Group as compared to the (B) FL Group.
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Micro-Computed Tomography

Bone volume fraction and BMD within the fracture gap were reduced by 10.4% and 7.8%,
respectively, in the PU Group as compared to the FL Group (Table 3). Bone volume within the
fracture callus was reduced by nearly 9-fold (p<0.01) in the PU Group (71.270 + 23.261 mm®) as
compared to the FL Group (637.144 + 177.498 mm?®). No statistically significant differences in

callus BMD were measured.

Histomorphometric Analysis

Static histomorphometric analyses revealed no significant difference in fracture gap height at the
time of sacrifice between the FL and PU Groups (3.1 + 0.4 mm and 2.7 + 1.0 mm, respectively).
FL specimens demonstrated greater callus area (19.3 + 8.3 mm?) as compared to PU specimens
(2.0 + 1.6 mm?, p<0.05, Table 3). No differences in total mineralized area were observed
between groups within the cortical and intramedullary ROIs, nor were significant differences in
bone or fibrocartilage area fractions within any ROI between the two groups observed.
Mineralizing surface (MS), mineral apposition rate (MAR), and bone formation rate (BFR) were
reduced by 21.5% (p<0.05), 37.8% (p<0.001), and 51.1% (p<0.001), respectively, in the PU
Group as compared to the FL Group. Decalcified histomorphometric analyses revealed 54.9%
(p<0.001) and 46.7% (p<0.01) reductions in osteoblast numbers between the PU Group and the
FL Group on the periosteal and endosteal surfaces, respectively. Additionally, periosteal
osteoclast number increased 45.5% (p<0.05) following partial unloading. No differences were

detected on the endosteal surface.
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Table 3. Mean (standard deviation) histomorphometric and micro-CT parameters for the PU and FL
Groups. Letter superscripts denote statistically significant differences between groups: (A) p<0.01; (B)
p<0.05; (C) p<0.05; (D) p<0.001; (E) p<0.001; (F) p<0.001; (G) p<0.05; (H) p<0.01.

PU FL
ucCT Callus Bone Volume [mm?]A 71.270 (23.261) 637.144 (177.498)
Gap Bone VVolume Fraction [%] 0.057 (0.045) 0.064 (0.033)
Callus BMD [mgHA/cm 783.550 (95.601) 709.817 (71.217)
Gap BMD [mgHA/cm 681.403 (19.604) 738.964 (162.825)
Histomorphometry Callus Area [mm?]® 2.1(1.6) 19.3(8.3)
Callus Bone Area Fraction [%] 22.3 (15.6) 25.0 (7.5)
Callus Fibrocartilage Area Fraction [%] 6.0 (4.2) 175 (14.1)
Cortex Bone Area Fraction [%] 5.7 (2.8) 6.1(4.4)
Cortex Fibrocartilage Tissue Fraction [%)] 14.5 (16.3) 14.4 (4.0)
Intramedullary Bone Area Fraction [%] 0.3(0.4) 29(4.1)
Intramedullary Fibrocartilage Tissue Fraction 0.5(0.4) 10.4 (9.1)
Periosteal MS/BS [%]°© 0.4 (0.1) 0.5 (0.0)
Periosteal MAR [um/day]P 2.8(0.7) 45(0.3)
Periosteal BFR [um/day]® 1.2 (0.4) 2.4(0.3)
Periosteal Ob.N/BS [mm™1]" 14.4 (2.0) 26.9 (5.7)
Periosteal Oc.N/BS [mm™]® 0.4 (0.3) 0.0(0.1)
Endosteal Ob.N/BS [mm™]" 11.7 (2.4) 25.8 (7.4)
Endosteal Oc.N/BS [mm7] 0.7 (0.7) 0.0 (0.0)

Discussion

The 3-week simulated microgravity treatment utilized in this study was performed prior to
inducing the ostectomy (i.e. fracture) in order to model the expected loss of BMD encountered
by the typical astronaut during a 6-month spaceflight to Mars. There is compelling evidence to
indicate that the BMD loss experienced during a Mars mission will significantly alter the
mechanical integrity of mineralized tissue and increase the risk of bony fracture (71).
Specifically, on average, losses in BMD (in lower body bones) of astronauts occur at a rate of
approximately 1-3% per month (76, 148). Extrapolation of these data to 6 months, the expected

minimum transit time to Mars, results in anticipated declines in BMD between 6-18%. Based on
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previous simulations, concomitant reductions in skeletal strength of as much as 5.0% per month
can be expected due to these BMD alterations, producing a heightened risk of fracture during a
Mars mission (71). The current study produced a mean 17.6% loss in BMD at the completion of
the 3-week partial unloading exposure period, which represents the upper envelope of anticipated
mineralized tissue alterations associated with a mission to Mars (76). It is believed that the high
level of osteoclast recruitment previously described for this model is responsible for the observed
high rate of bone loss (48). It is interesting to note that the rate of BMD loss was attenuated in
the PU Group following the ostectomy procedure at the 3-week time point. Previous
investigations utilizing this model have shown metatarsal BMD to decrease linearly for at least 8
weeks (48). Taken together, the results seem to indicate that the creation of the ostectomy may
have induced an important systemic reaction in which mineralized tissue resorption in the bone

compartments remote to the fracture site was attenuated in order to facilitate fracture healing.

Over the course of the healing period, in vivo strain measurements indicated increased callus
strength under Earth gravitational loading as compared to the 0.25g loading experienced by the
PU Group. The results of the strain analyses demonstrated that the increase in callus strength
under Earth gravitational loading conditions was due to an increase in callus cross-sectional area,
elastic modulus, or a combination of these two parameters and corroborate the data generated by
the uCT and histomorphometric analyses. Further, changes in construct stiffness slope
magnitude of the PU Group were attenuated during the final week of the study, indicating that
the majority of callus mechanical strength was established during the early stages of the healing
process. This phenomenon was not evident in the FL Group where a continuous, linear decrease

in construct stiffness slope magnitude was observed over the final three weeks of the study.
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These in vivo measurements of callus mechanical strength were further reflected in the post-
sacrifice 4-point bending experiments, with the FL Group specimens demonstrating significantly
greater bending stiffness. Given these findings, it is evident that the rate of fracture repair is
greatly reduced under partial unloading conditions with respect to full Earth gravitational

loading.

Histomorhpometric measurements demonstrated no significant difference in fracture gap height
between the two groups at the time of sacrifice. This is an important point because it would be
anticipated that smaller fracture gap height would lead to an increased rate of fracture healing
whereas larger gap sizes would diminish healing rates. The histomorphometric and uCT analyses
further supported the results of the in vivo strain analysis in which it was revealed that
diminished callus area is associated with decreased loading during the healing period. However,
no significant differences in mineralized or fibrous tissue area fraction for either group were
measured. It appears that the ratio in which the two tissue types were formed was unaltered
between the treatment groups while the rate of tissue formation was reduced by the partial
unloading environment. These data indicate that the underlying mechanism driving the observed
alterations in tissue healing was largely a decrease in the rate of osteoblast cell
recruitment/differentiation and resultant mineralized tissue apposition combined with, to a lesser
degree, increased osteoclast activity. Additionally, no differences in BMD were detected in the
mineralized tissue of the periosteal callus or within the fracture gap between treatment groups,
indicating that the quantity, not the quality, of the mineralized tissue formed during the repair
process was responsible for determining the resultant callus strength. Previous work has shown

BMD of native cortical bone following 8 weeks of mechanical unloading in sheep to be upwards
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of 1000 mg HA/cm® (48). Based on these data, it can be seen that the BMD of the early-stage
callus of this study had not yet reached that of the native cortical bone. It is not yet known what
the baseline BMD of native cortical bone is following prolonged exposure to unloading. It is
possible that following prolonged unloading the native cortical bone BMD could decrease to the
levels seen in this work and that the mineralizing callus had formed at the appropriate

physiologic baseline for the amount of unloading induced by the current model.

It has been suggested that the mechanoregulation of the healing fracture as a function of weight
bearing is derived from alterations in the micromechanical environment of the fracture site (16,
23, 29, 64, 106). Claes et al. demonstrated that the amount of strain and hydrostatic pressure on
the callus surface are determinant factors in the healing process, and that within a certain
envelope of these parameters successful differentiation of callus tissue will occur, with
excessively low or high strains and/or fluid pressure being detrimental to the healing cascade
(29). It has also been shown that increased vascularization and interstitial fluid flow are critical
components in the healing process, likely due to increased filtration of fluid across capillaries
and more efficient osteoblast nutrition (106). Thus, the decreased callus formation observed
under the partial unloading conditions of the current study was likely due to a reduction in these
factors. It could be postulated that methods to supply exogenous (i.e. countermeasure) loading
within a microgravity environment could be used to return these regulatory factors to within the
homeostatic range whereby normal micromechanical regulation is achieved and fracture healing

is enhanced.
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There are several limitations associated with this study. First, the time span of this study allowed
the investigation of the acute stages of healing in which signs of aberrant fracture healing would
be most critical; however, the long-term healing characteristics were not investigated. Further,
the localized nature of the unloading technique utilized in this model did not allow the
investigation of systemic alterations associated with full microgravity unloading such as changes
in fluid balance. Finally, the angiogenic response associated with early-stage fracture healing

was not characterized.

To conclude, the data reported herein provide strong evidence that the mechanical loading
environment dramatically affects the fracture healing cascade and resultant mineralized tissue
strength. Therefore, it is imperative to study and develop techniques and technologies that

counteract the deleterious effects of reduced loading environments on mineralized tissue healing.
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CHAPTER 4:
COMPUTATIONAL CHARACTERIZATION OF FRACTURE HEALING UNDER

SIMULATED MICROGRAVITY LOADING CONDITIONS

Introduction

The literature is deficient with regard to the specific alterations in the localized mechanical
environment of skeletal tissue during microgravity unloading and how these alterations affect
bone remodeling. Additionally, investigations that have attempted to link the direct role of these
reduced gravitational forces to fracture healing have been limited (5, 40, 49, 69, 72). The few in
vivo studies that have been reported have consistently demonstrated that weight-bearing
maintains skeletal integrity, and ultimately, accelerates the healing of long bone fractures by
promoting rapid callus formation (120). However, the lack of mechanical loading experienced
during weightlessness leads to the inhibition of fracture healing (6, 40, 49, 69, 72). More
specifically, these studies have demonstrated decreased chondrogenesis, mechanical strength,
callus size, osteoblast activity, and bone formation rates in animals that healed in reduced
loading environments as compared to those that healed in a full Earth gravity loading condition

(5, 40, 49, 69, 72).

Despite the aforementioned findings, alterations in the localized mechanical environment within
mineralized tissues due to microgravity unloading remain inadequately described due to the
experimental limitations associated with such tasks. However, the use of computational
techniques may aid in elucidating the mechanical underpinnings of skeletal adaptation and

healing in microgravity environments. Computational models provide insight into mechanical
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phenomena that are either too invasive, time intensive, or intractable to quantify experimentally.
Localized tissue mechanical metrics such as internal stresses, strains, and forces may be reliably
predicted through the use of high-fidelity computational techniques. Due to these advantages,
computational methods such as the finite element (FE) method and musculoskeletal modeling

have aided orthopaedic research efforts on a broad range of length scales (8-10, 111, 155, 157).

A number of studies have utilized the FE method to investigate the local mechanical
environment of healing fractures under normal (Earth) gravity conditions in order to delineate
the specific mechanical stimuli responsible for successful healing. Claes and Heigele utilized a
FE model to interrogate fracture healing at various stages and reported a specific envelope of
strain and hydrostatic pressure as being critical for healing, with strains and pressures outside of
that envelope responsible for the formation of fibrous tissue (and eventual non-union) rather than
bone (29). Other groups have similarly investigated fracture healing via FE analyses, however,
many of these studies have produced qualitative descriptions rather than quantitative results (23).
Further, the localized mechanical environment of fracture healing in a simulated microgravity
environment has not been rigorously developed and described. Thus, the purpose of this study
was to develop a FE model to characterize the local mechanical environment responsible for the

inhibited fracture healing observed under experimental simulated microgravity conditions.

Methods
Animal Model
The effects of simulated microgravity on bone remodeling and fracture healing were previously

investigated in two large animal (sheep) studies (48, 49). Animal use approval was granted by
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the Colorado State University Animal Care and Use Committee (Approval #11-2938A). In the
first study, a trans-biarticular fixator (IMEX, Longview, TX) was applied to the hindlimb of five
skeletally mature sheep for 8 weeks (ExFix group). This unloading technique was shown to
simulate a 0.25g environment (i.e. equivalent to a 75% reduction in loading). An orthopaedic
locking plate instrumented with a rosette strain gage (Vishay Precision Group, Malvern, PA) was
applied to the dorsal face of the metatarsal bone to quantify bony strains. In vivo principal strains
of the orthopaedic fixation plates were monitored using a force platform and correlated to
measured ground reaction forces (GRFs) of the limb. The second experiment investigated
fracture healing using this simulated microgravity model. Following a 21 day simulated
microgravity period and a resultant loss of cancellous bone mineral density of approximately
18%, a 3.0mm mid-metatarsal ostectomy was performed and stabilized with an orthopaedic
locking plate instrumented with a rosette strain gage. An Earth gravity (Control, n=5) group was
included in the study in which an ostectomy was created, plated, and casted, allowing full
loading to be transmitted through the bone. In vivo principal strains of the orthopaedic fixation
plates were once again monitored using a force platform and correlated to measured GRFs of the
right hindlimb. Both groups were euthanized after 28-days. Following sacrifice, non-destructive
four-point bending experiments were performed on the whole, dissected metatarsal bones using a
custom-made fixture coupled to a servohydraulic testing machine (MTS Systems Corporation,
Eden Prairie, MN) and the resultant bending stiffness was calculated. Additionally, micro-
computed tomography (UCT) and histomorphometric analyses were performed to quantify

fracture healing.
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Model Generation

A high fidelity FE model of the ovine hindlimb extending from the tibia to proximal phalanges
was constructed in order to quantify the localized stresses and strains experienced under
simulated microgravity unloading. The bony geometry of the FE model was prepared from CT
imagery data of a fully mature Rambouillet Columbian ewe with no known diseases or
abnormalities. A series of 1,467 two-dimensional images were imported using AMIRA
visualization software (ver. 5.0, VSG, Burlington, MA). The resultant in-plane resolution was
0.35mm isotropic, with an out-of-plane dimension of 0.5mm. The proximal phalanges;
metatarsus; centroquartal bone; first, second, and third tarsal bones; talus; and tibia were
segmented based on Hounsfield attenuation values, and surface representations of each bone
were generated. The three-dimensional mesh for each bone of the hindlimb was generated using
TrueGrid software (XYZ Scientific Applications, Inc., Livermore, CA), and rectangular-shaped
blocks consisting of 8-noded hexahedral elements were morphed to the surface geometry of each

bone to create a preliminary mesh consisting of 215,799 elements.

Articular cartilage was modeled as a 0.5mm, three-element thick layer extruded from the
osteochondral surfaces of the phalanges, distal metatarsus, calcaneus, talus, and distal tibia.
Transversely isotropic, linearly elastic material properties were assigned to the cortical and
cancellous bone, while a hyperelastic Mooney-Rivlin material definition was assigned to the
articular cartilage (75, 85, 94, 98, 99, 130). A total of 8 ligaments of the metatarsophalangeal and
hock joints were represented using spring elements (130). The overall modeling process is
illustrated in Figure 21, while the material properties chosen for all tissues are summarized in

Table 4.
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Figure 21. The FE model generation process. Surface geometry was segmented from a CT scan of a
mature ewe before being meshed with 8-node hexahedral elements and imported into the finite element
software. (Bottom) The (left) ExFix and (right) Control FE fracture models were generated by creating a
3mm ostectomy and callus (red insets) at the mid-diaphysis of the metatarsus.
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Table 4. Summary of the mechanical properties used in the FE models. Subscript 1 denotes the
longitudinal directions while subscripts 2 and 3 represent the transverse directions.

Material Elastic Modulus Poisson Ratio Reference
Cortical Bone E1=22GPa 0,=0.482 (75, 85)
E,=E;=11.3GPa 0,= 03=0.397
Trabecular Bone E1=542MPa v;=0.381 (94, 98, 99)
E,=E;=406MPa 0= 03=0.104
Mooney-Rivlin
. . 010:0.22
Articular Cartilage Co=25 (130)
D,=0.06
Ligaments Force-displacement curves (130)

Parametric Convergence Sensitivity

Mesh refinement of the FE model was verified in order to ensure that model predictions were not
influenced by mesh resolution. Three separate models with identical geometric features but
differing mesh resolutions were created and labeled LOW (209,201 elements, 736,629 degrees of
freedom (DOF)), MEDIUM (305,071 elements, 1,027,182 DOF), and HIGH (434,446 elements,

1,489,620 DOF) according to the respective mesh density of each model.

Each model was constrained at the level of the proximal phalanges via an encastre boundary
condition while a 750N (110% body weight) compressive load was applied to the proximal tibia
with a kinematic coupling constraint. All solutions were obtained using ABAQUS Standard (ver
6.11, SIMULIA, Providence, RI). The mean strain energy density (SED) corresponding to each
constituent tissue was calculated. Additionally, range of motion (ROM) of the hock and
metatarsophalangeal joints was compared, as well as contact area, force, and pressure of the hock
joint. Predictions from the three models were compared, and those within +10.0% were deemed

to be converged.
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In Vitro Validation

Given that the model was intended to predict the loading-motion response and relevant internal
mechanical parameters (such as principal strains and stresses) of the hindlimb, a thorough
validation process of the model could not be based solely on kinematic data. Hence, model
predictions of metatarsal surface strains were compared to experimentally obtained strain data
under identical loading conditions. Boundary conditions for the model simulations were imposed
as previously described. Experimental metatarsal surface strain and kinematic measurements
were taken during simulated hindlimb loading in a servohydraulic material testing machine
(MTS Systems Corporation, Eden Prairie, MN). Ovine hindlimbs (n=4) were dissected to include
the tibia, metatarsus, phalanges, and associated ligamentous structures. The limbs were potted at
the level of the phalanges and proximal tibia using epoxy resin (Smooth-On, Inc., Easton,
Pennsylvania), and stacked rosette strain gages (Omega Engineering, Inc., Stamford, CT) were
attached to the ventral/dorsal diaphyses and the distal/proximal metaphyseal surfaces of the
dorsal face. Three-dimensional stereophotogrammetry was utilized to measure joint rotations
(Motion Analysis Corportation, Santa Rosa, CA). Each specimen was loaded to 750N at a rate of
0.25mm/sec, and principal strains were calculated using a custom-written Matlab code (The
MathWorks, Inc., Natick, MA). The experimental strain and ROM results were then compared to

model predictions.

In Vivo Validation
Following the in vitro model validation, a rigorous secondary validation analysis was performed
to ensure that the parameters of interest predicted by the model corresponded with

experimentally-obtained in vivo measurements of bone strain from the first animal experiment.
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The external fixation device detailed previously was created in the FE model to shield the
metatarsal bone from mechanical loading. Additionally, a Control FE model was utilized in
which the external fixation components were omitted. The horseshoe rings of the external
fixation device were modeled as linearly elastic aluminum (E=69.0 GPa, v=0.34) while the
remaining components were modeled as linearly elastic stainless steel (E=193GPa, v=0.29) and

secured via tie constraints (21).

Hindlimb muscles were created in both ExFix and Control FE models using a kinematic coupling
constraint between a single reference node and a previously-developed 7-segment
musculoskeletal model of the ovine hindlimb. The latter model, with 13 degrees of freedom and
31 muscle-tendon units, was scaled to the anthropometrics of the specimen and used to predict
the muscle and stifle joint contact forces utilized in the FE analysis during standing with vertical
GRFs of 100N, 200N, and 300N (83). The GRF for each model was confirmed at a reference

node placed at the base of the model.

The predictions of the models were validated with experimentally-obtained in vivo metatarsal
bone strains for known hindlimb GRFs in the previously-described animal study plate for single-
limb vertical GRFs up to 300N (49). Correlations between bone and orthopaedic plate strain
were utilized to calculate the corresponding strains of the proximal and distal sites of the dorsal
face as well as the diaphyseal surface of the ventral face of the metatarsus for each group (48).
Linear regression analyses were performed (¢=0.05) to demonstrate the level of agreement
between model predictions and experimental strain data for 100N, 200N, and 300N standing

GRFs (SigmaPlot, Systat Software, Inc., San Jose, CA).
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Diaphyseal Fracture Modeling

In order to investigate the effects of mechanical unloading on the local mechanical environment
of a healing bone fracture, a 3mm mid-diaphyseal ostectomy was created in the ExFix and
Control models (Figure 21). The mid-diaphyseal fracture and callus of each specimen were
processed for histological analyses wherein callus dimensions were utilized to create a callus of
equivalent mesh density for the ExFix and Control FE models. A four-point bending procedure
was modeled in identical fashion to the previous experimental method and a range of linearly
elastic Young’s moduli values from 1MPa to 15MPa were utilized in the computational model to
calibrate the model’s predicted bending stiffness to experimental results (22, 29, 65, 74, 129).
Using the acquired Young’s moduli values, each model was then subjected to 100N and 200N
GRF standing muscle forces, and the principal strains of the orthopaedic fixation plates were

compared to experimental data.

Finally, each model was loaded with muscle and stifle joint contact forces corresponding to
100N, 200N, and 300N GRF standing loads as well as a gait speed of 0.75m/s (corresponding to
the maximum speed of the housed animals, or 600N). The local maximum and minimum strain
components and hydrostatic pressure within the fracture gap and periosteal callus predicted by

the model were then compared with histological results obtained from the in vivo animal study.
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Results

Animal Experiment

The in vivo study demonstrated inhibited healing in animals exposed to simulated microgravity
as compared to those that healed in a 1g Earth gravitational environment (49). uCT results
indicated decreased callus bone volume while histological examination similarly demonstrated
decreased callus cross-sectional area in simulated microgravity specimens versus 1g specimens
following 4 weeks of healing. 1g specimens routinely displayed endochondral ossification bone
formation in the periosteal callus, as well as lower levels of intramembranous bone formation
around the periosteal callus perimeter. The limited healing of simulated microgravity specimens
appeared to be mediated directly through intramembranous bone formation without evidence of

endochondral ossification (Figure 22).

Parametric Convergence Sensitivity

Mesh density demonstrated the greatest FE model predictive sensitivity with respect to cartilage
SED, ligament strain, and joint contact parameters. Differences in these parameters were all
reduced to less than 10.0% between the MEDIUM and HIGH resolution models. ROM
predictions at the hock joint were least affected by changes in mesh resolution. In all cases, the
differences in predictions between the MEDIUM and HIGH resolution models were less than
10.0%, with the highest difference being 6.3% for cartilage SED. Therefore the MEDIUM

resolution model was considered converged and used for all subsequent FE analyses.
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Figure 22. (Images A, B, and C) Experimental 1g control specimens routinely displayed endochondral ossification bone formation in the periosteal
callus as well as reduced intramembranous bone formation around the callus perimeter. A combination of mineralized callus and hypertrophied
chondrocytes (circled) can be seen within the healing callus. (Images D, E, and F) The simulated microgravity specimens appeared to heal directly
through intramembranous bone formation (circled) within the opposing cortices of the fracture gap. Histology slides were stained with
Sanderson’s Rapid Bone Stain and counter-stained with Van Gieson.
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In Vitro Validation

The load-displacement response of the hindlimb model was in reasonable agreement with
experimental data. Joint rotations of 5.0° and 1.9° for the hock and metatarsophalangeal joints,
respectively, predicted by the model fell within one standard deviation of the experimentally-
derived data (hock ROM=6.9°+2.4°, metatarsophalangeal ROM=1.6°+0.5°). Principal strain
predictions of the model typically fell within one standard deviation of experimental data, with a

median difference between experimental data and model predictions of 13.7%.

In Vivo Validation

The in vivo principal strain predictions of the ExFix and Control models demonstrated high
levels of agreement with the experimental data. Results of the linear regression analyses are
presented in Figure 23. The regression analysis of the ExFix model data resulted in a linear slope
of 1.05, an r? value of 0.86, and a p-value of <0.001, demonstrating a high level of agreement
between the experimental data and model predictions. Similarly, results of the Control model
analysis yield a linear slope of 1.02, an r? value of 0.87, and a p-value of <0.001. Additionally,
the ventral diaphysis, an area of high importance due to its relevance in this fracture healing
investigation, predicted strains within one standard deviation of the experimental data for most

loading conditions for both models.
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Figure 23. Metatarsal experimental principal strains were plotted against model predictions of the (Top)
ExFix and (Bottom) Control models under 100N, 200N, and 300N static GRF loading. The data of the
ExFix and Control models were fitted with linear slopes of 1.
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Diaphyseal Fracture Modeling

Results of the 4-point bending experiment demonstrated mean (+standard deviation) ExFix and

Control group four-point bending stiffnesses of 48.9N/mm (+47.8N/mm) and 213.3N/mm

(+36.3N/mm), respectively. Based on the 4-point bending FE analysis, the corresponding moduli

of elasticity for the ExFix and Control fracture gaps were computed to be 1.69MPa and

8.45MPa, respectively. These callus material properties fell within the envelope of previously-

reported values utilized in similar FE fracture healing studies (22, 23, 29, 82). All subsequent

orthopaedic plate strain predictions fell within one standard deviation of the experimental data

for all loading scenarios (Figure 24).
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Figure 24. Orthopeadic fixation plate strain predictions for the ExFix and Control models subjected to
100N and 200N GRF loading fell within one standard deviation of experimental data. Model predictions
indicate the mean and standard deviation of nodal predictions within the area of interest.
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As expected, hydrostatic pressure and strain predictions were greatest when a GRF of 600N
(corresponding to a 0.75m/s gait speed) was imposed on both FE models and decreased as a
function of GRF. Both models predicted peak hydrostatic pressures and principal strains within
the cortices of the fracture gap contralateral to the orthopaedic fixation plate, with both
parameters decreasing radially toward the callus periphery (Figure 25). The Control model
predicted a peak hydrostatic pressure of -0.59MPa (compressive) within the fracture gap and
maximum and minimum principal strains of 5.0% and -10.9%, respectively. The ExFix model
predicted a peak hydrostatic pressure of -0.1MPa within the fracture gap and peak maximum and

minimum principal strains of 3.7% and -7.6%, respectively.

Discussion

To date, limited work has been done to characterize the local mechanical environment of healing
fractures as it relates to simulated microgravity and potential long duration human space travel.
This study sought to quantitatively characterize this healing environment and relate the findings
to in vivo histological results. Comparisons between the local mechanical environment of the
ExFix and Control Models demonstrated large differences in hydrostatic pressure and strain over
the range of loading scenarios. These differences became more profound as GRF loading
increased. Hydrostatic pressure was more sensitive to the decreased mechanical loading of the
ExFix Model as compared to the Control Model. It has been suggested that hydrostatic pressure
and strain in the fracture and surrounding callus are the key mechanical signals that drive the

fracture healing sequelae (29).
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Figure 25. Specific hydrostatic and principal strain envelopes have been previously reported to initiate intramembranous ossification, connective
tissue/fibrocartilage formation, and endochondral ossification by Claes and Heigele (29). Plotting the data of the current study over these previous
results demonstrate the hypothesized course of healing for each model. (A) Both models predicted the greatest levels of hydrostatic pressure and
principal strain in the fracture gap contralateral to the fixation plate. The Control model predicted peak hydrostatic pressure and principal strains
within the endochondral ossification envelope for GRFs greater than 100N while all hydrostatic pressure and strain predictions fell within the
intramembranous ossification zone for the ExFix model. (B) Hydrostatic pressure and strain predictions were decreased within the fracture callus.
The lower bound of each curve corresponds to the hydrostatic pressure and respective minimum principal strain while the upper bound
corresponds to the hydrostatic pressure and respective maximum principal strain for GRFs from ON to 600N.
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Previous work by Claes and Heigele investigated fracture healing in a large animal model and
correlated histological data with FE strain and pressure predictions, concluding that
intramembranous bone formation occurs within hydrostatic pressure ranges of +0.15MPa and
principal strains of +5%, while compressive hydrostatic pressures in excess of 0.15MPa would
lead to a different healing pathway in which endochondral ossification dominates (29, 65). In
their work, peak hydrostatic pressures and strains were observed within the cortices of the
fracture gap, with pressure decreasing radially toward the callus periphery. Similarly, in the
current study, strains were predicted to be highest within the fracture gap and substantially
reduced within the callus. The results of our complementary animal studies further support these
findings. The values reported for the Control model fall within the reported range for
endochondral ossification healing for standing GRFs as well as higher GRFs experienced during
daily ambulation by the test animals. Further, endochondral ossification was determined to be the
primary form of healing in histological sections obtained for animals of the Control group. The
peak hydrostatic pressure and strain values predicted for the ExFix model fell within the range of
previously reported values that are hypothesized to stimulate intramembranous bone formation,
and did not elevate to the level of values that have been reported to initiate endochondral
ossification. These findings were confirmed histologically from the experimental ExFix group
specimens wherein intramembranous ossification between the cortices of the fracture gap was
commonly observed with minimal fracture callus. Predictions of principal strains outside of the
intramembranous bone formation range may have contributed to the growth of fibrous tissue
within the healing fracture. Altogether, these findings indicate that the reduction in mechanical
loading during simulated microgravity is related to a clinically important decrease in hydrostatic

pressure and strain, resulting in overall diminished levels of healing bone tissue that formed via
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intramembranous bone formation rather than the endochondral ossification experienced during

normal healing in a 1g Earth gravitational environment.

The current knowledge gap regarding the characterization of the local mechanical environment
of fracture healing in a simulated microgravity environment may be attributed to the
experimental limitations associated with such tasks. However, computational methods provide
the ability to gain further insight into these phenomena. Reliable models must first be
successfully validated to ensure high levels of fidelity (4, 67). The current model underwent a
rigorous parametric convergence study to ensure that model reliability was not altered by
element density. The results demonstrate that soft tissue model predictions are highly dependent
on mesh resolution. However, ROM predictions were only slightly affected by mesh resolution,
providing evidence that it is necessary to validate the specific outcome parameters of interest
rather than relying on global kinematics when developing a dependable model. The successful
completion of the rigorous validation process demonstrates the capability of this model to

accurately predict the parameters of interest in this study.

There were several limitations associated with this study. First, the modeling of the fracture
callus included several simplifications, most notably the implementation of linearly elastic
material properties to model soft tissue mechanical behavior. While we did not explicitly model
the non-linear behavior of soft tissues, this implementation has been widely used in numerous FE
studies that have modeled a healing fracture (74, 129). Also, tissue types within the fracture
callus were not differentiated; however, the parametric analysis performed in determining callus

properties negated this simplification by evaluating the global callus stiffness as a gestalt. Fluid
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flow contributions that may influence fracture healing were also not explicitly modeled.
Accordingly, time-dependent alterations such as remodeling, callus growth, and changes in bone

mineral density were not investigated in the current modeling attempt.

In conclusion, the mechanical unloading experienced during simulated microgravity resulted in
inhibited fracture healing by inducing fundamental changes in the bone formation processes. The
FE model predictions suggest that reduced hydrostatic pressure and strain of the healing fracture
contributed to alterations in the healing process, with animals exposed to a simulated
microgravity environment subsequently healing via intramembranous bone formation rather than
the typical endochondral ossification process experienced by animals healing in an Earth
gravitational environment. Further work should concentrate on candidate countermeasures that
may be able to restore the natural loading milieu to fractures healing in microgravity

environments.
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CHAPTER 5:
SHOCK WAVE THERAPY AND LOW-INTENSITY PULSED ULTRASOUND
ACCELERATE BONE FORMATION RATES UNDER SIMULATED MICROGRAVITY

LOADING CONDITIONS

Introduction

The inherent reduction in mechanical loading associated with microgravity has been shown to
result in dramatic decreases in the bone mineral density (BMD) and mechanical strength of
skeletal tissue (48, 76). Previous astronaut spaceflight data have demonstrated mean losses in
BMD of 1%-3% per month in weight bearing skeletal locations (76). This issue becomes
particularly important when considering the implications involved with long-duration spaceflight
missions (i.e. to Mars) and the expected resultant declines in skeletal mechanical competency
and anticipated increase in fracture risk (77, 100). In addition to this elevation in fracture risk,
previous work has demonstrated that skeletal fracture healing is severely inhibited by the
microgravity environment experienced during spaceflight (49, 69, 72). Using a rat model,
Kerchin et al. showed that bone healing was altered during spaceflight, resulting in suppression
of chondrogenesis within the periosteal reaction and angiogenesis within the osteotomy gap (72).
Additionally, Kaplansky et al. reported decreased fracture callus size and consolidation strength
resulting from inhibited osteoblast activity in rodents during a 14-day spaceflight experiment
(40). Similarly, Gadomski et al. demonstrated decreased fracture healing rates resulting in
diminished callus size and strength due to decreased osteoblast numbers in a ground-based large

animal (sheep) model (49). Based on these findings, it is important to investigate possible
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countermeasures to the inhibited fracture healing experienced in reduced gravity environments

for future long-duration spaceflight missions.

Shock wave therapy (SWT) and low-intensity pulsed ultrasound (LIPUS) have been used to treat
soft and hard tissue pathologies by utilizing focused supersonic acoustic waves directed across
the affected tissue, with the main difference between the two therapies being the relatively high
energy level of SWT as compared to LIPUS. Studies detailing the use of SWT and LIPUS have
shown that the administration of supersonic acoustic pulses directly to soft and hard
musculoskeletal tissues provides beneficial healing characteristics when applied to chronic
conditions such as tendinopathy, plantar fasciitis, calcaneal spurs, and lateral epicondylitis of the
elbow. Most germane to the current work, LIPUS and SWT have been used to treat nonunion
and delayed healing of bony fractures in humans by generating low-level mechanical stresses at
the fracture site and inducing subsequent cellular and molecular responses involved in the
healing cascade (27, 61, 63, 66, 109, 121, 151, 152). Further, due to its noninvasive nature, ease
of administration, low complication rate, and high efficacy, SWT and LIPUS have become well-

accepted and commonly used clinical therapeutic techniques (43, 56, 63, 124, 150, 159).

The literature is replete with human clinical studies investigating the use of SWT and LIPUS for
the delayed healing of bony fractures. Xu et al. reported a 75.4% success rate in the healing of
previous bony nonunions using SWT in various locations including the femur, tibia, radius, and
ulna in otherwise healthy middle-aged men and women (159). A comparative study performed
by Furia et al. in which chronic fracture nonunion of the fifth metatarsal in humans was treated

with either SWT or intramedullary screw fixation revealed that both therapeutic interventions
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were effective for the treatment of fracture nonunions, however, a lower complication rate and
fewer additional surgical procedures were associated with the use of SWT (47). Human clinical
trials have further established the efficacy of LIPUS treatment. A study by Heckman et al.
demonstrated a 38% reduction in time to overall clinical and radiographic healing of grade-I

open tibial fractures with the use of LIPUS as compared to a control group (56).

At the cellular level, it appears that the beneficial effects of SWT and LIPUS as therapeutic
interventions to aberrant fracture healing is a result of increased osteoblast differentiation
combined with decreased pro-osteoclastogenic factors (53, 140). A study utilizing SWT to treat
fracture healing in rabbits found the treatment to stimulate an increase in endothelial nitric oxide
synthase (eNOS), bone morphological protein (BMP-2), vessel endothelial growth factor
(VEGF), and proliferating cell nuclear antigen (PCNA) to be responsible for the resultant
increase in fracture healing (151). Other studies have demonstrated that SWT administration
leads to increased fibroblast, chondroblast, and osteoblast differentiation as well as enhanced
angiogenesis and increased fluid flow to the fracture site (53, 114, 119). Thus, the objective of
this study was to interrogate the efficacy of these two therapies as countermeasures to the
inhibited fracture healing experienced during simulated microgravity in a previously-developed

large animal (sheep) model (48).

Methods
Twenty eight skeletally mature Rambouillet Columbian ewes (age > 6 years) were used in this
study. Animal use approval was granted by the Colorado State University Animal Care and Use

Committee (Approval #11-2938A). Fourteen animals were allocated to the 0.25g Group and
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underwent hindlimb metatarsal unloading as described by Gadomski et al (48). Briefly, a trans-
biarticular external skeletal fixation device (IMEX, Longview, TX) was implanted on the right
hindlimb such that the metatarsal bone was isolated from mechanical loading. Previous in vivo
experiments demonstrated that this external fixation unloading system was able to reduce
metatarsal bone loading by 75%, creating a mean relative gravity environment of 0.25g (48).
These animals were then exposed to mechanical unloading of the metatarsal bone for a period of
3 weeks (21 days). An ostectomy procedure was performed at the 3-week time point by
removing a 3.0mm section of bone from the mid-diaphysis of the metatarsus in order to simulate
a mid-mission fracture. The ostectomy was then stabilized via a laterally-attached orthopaedic
locking plate (Synthes, Inc., Westchester, PA) instrumented with a rosette strain gage (Vishay
Precision Group, Malvern, PA). An additional Earth gravity group of 14 animals (1G Group)
was included in which an identical 3.0mm ostectomy was created, plated, and casted, allowing
full loading to be transmitted through the metatarsal bone. SWT was administered to five
animals from each of the two groups (0.25G-SWT and 1G-SWT, Figure 26) 6 days following the
creation of the ostectomy with an applied energy of 0.63 mJ/mm?, a frequency of 5Hz, and a
total shock count of 4,000 (Storz Medical AG, Téagerwilen, Switzerland). LIPUS was
administered to four animals from each group (0.25G-LIPUS and 1G-LIPUS, Figure 27) two
days following surgery for 20 minutes per day, five days per week for the remainder of the four-
week healing period by receiving a 200-psec burst of 3.3MHz sine waves repeated at 1 kHz with
an average intensity of 20 mW/cm?. The remaining ten animals were divided into microgravity
(0.25G-C) and Earth gravity (1G-C) control groups in which both groups underwent the surgical
and testing protocols detailed previously but did not receive treatment. All groups were

euthanized after a 28-day healing period.
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Figure 26. SWT was administered around the circumference of the fracture site of the 0.25G-SWT and
1G-SWT groups 6 days following the creation of the ostectomy.
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Figure 27. (A) The ultrasound probe was secured to the external fixation frame via a polyethylene fixture
to ensure identical placement against the skin overlaying the metatarsal diaphysis between treatment
sessions for 0.25G-LIPUS animals. (B) The ultrasound probe was inserted through a pre-drilled hole in
the fiberglass cast of 1G-LIPUS animals to attain skin contact and secured via a polyethylene fixture.
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In Vivo Testing

Dual-energy x-ray absorptiometry (DEXA) scans (Discovery A, Hologic, Inc., Bedford, MA)
were performed on the treated metatarsi of the 0.25G groups at the time of the external fixation
surgery, the ostectomy surgery, and every two weeks until sacrifice to obtain a clinical measure
of BMD. DEXA scans were performed on the 1G groups at the time of the ostectomy surgery
and every two weeks until sacrifice. Scans were analyzed in identical 200mm x 10mm regions of
interest (ROIs) aligned with the proximal aspect of the condyle arch of the distal metaphysis of
the treated metatarsi (48). Three scans were performed per bone, and the average BMD was
calculated per scan time point for each animal. Longitudinal BMD values were normalized to the

baseline BMD value for each animal for comparisons between groups.

In vivo mechanical competency of the healing fracture was evaluated bi-weekly via strain
measurements of the orthopaedic plate by testing each animal on a force sensing platform. The
instrumented hindlimb of each animal was first suspended to establish a zero load baseline.
Strain measurements from the metatarsal plate for single-limb ground reaction forces up to 200N
were then recorded for the standing animals. The strains measured in the orthopaedic locking
plates were correlated to ground reaction forces between 50N and 200N, and the resultant slope
magnitude (ne/N) per testing day was calculated to characterize the change in load burden for
each group over the course of the study. Additionally, weekly radiographs were taken to monitor
the bone-pin interface of each animal. Fluorochrome labels were administered 21 and 7 days

(calcein green at 20 mg/kg) prior to sacrifice.
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Biomechanical Evaluation

Following sacrifice (four weeks post-operative), biomechanical evaluations were performed on
the treated metatarsi of each group. Non-destructive four-point bending experiments were
performed on whole, dissected metatarsal bones using a custom-made four-point bending fixture
coupled to a servohydraulic material testing machine (MTS Systems Corporation, Eden Prairie,
MN). The test frame’s actuator was lowered at a rate of 1.0mm/sec to 200N or to the specimen’s
maximum deflection prior to inducing damage (39). The sample was preconditioned 5 times and
the load-displacement data from the final cycle were utilized to calculate the specimen bending

stiffness.

Micro-Computed Tomography

Post-sacrifice micro-computed tomography (uUCT) analyses were performed at the mid-
diaphyseal fracture of the treated metatarsi of each group using the following parameters:
voltage: 70kVp, current: 114pA, integration time: 500ms (Scanco pCT 80, Sanco Medical AG,
Bruttisellen, Switzerland). A 1.5mm thick region of interest (ROI) was created within the
fracture gap and centered between the superior and inferior bone surfaces, and bone volume
fraction (BV/TV, %) as well as BMD (mg HA/cm®) were quantified for each specimen.
Additionally, the periosteal fracture callus was segmented between the inner-most screw holes of
the metatarsal diaphysis (23.0mm length) to include all external callus while excluding
diaphyseal bone, and total bone volume (mm?®) as well as BMD (mg HA/cm?®) were quantified for

each specimen.
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Histomorphometric Analysis

Following uCT analysis, the treated metatarsi were processed for decalcified and undecalcified
histological analysis. Samples were fixed in 70% ETOH for 2 weeks. For undecalcified
preparation, samples were dehydrated in graded solutions of ETOH on a tissue processor
(Tissue-Tek VIP, Sakura, Torrance CA). The samples were cleared with acetone and infiltrated
with a series of three solutions containing Acrylosin and a catalyst of Percodox 16 (Dorn and
Hart Microedge, Villa Park, IL). Samples were placed in solution 1 (100% acrylosin), solution 2
(Acrylosin + 1/2 catalyst), and solution 3 (Acrylosin + full catalyst) over the course of
approximately 20 days. Once infiltration was complete, the specimens were polymerized into a
hardened plastic block. For decalcified preparation, separate samples were placed in Formical 4
decalcifying solution (Decal Chemical Corporation, Tallman, NY) following the initial fixing
period until fully decalcified as verified via radiographic examination. Samples were
subsequently dehydrated in graded solutions of ETOH, infiltrated with paraffin on a tissue
processor (Tissue-Tek VIP, Sakura, Torrance CA), and embedded using standard paraffin

histology techniques (Thermo Shandon Inc, Pittsburgh, PA).

Histological sections were taken in the transverse (mediolateral) plane to include the fracture site
and associated callus of the diaphyseal region of the metatarsus. Four sections were cut from
each specimen. Undecalcified sections were taken using an Exakt diamond blade bone saw
(Exakt Technologies, Oklahoma City, OK) at a thickness of 300-400 microns, and ground using
an Exakt micro grinder to a thickness of approximately 50 microns. Two sections from each
specimen were stained with Sanderson's Rapid Bone Stain and counter-stained with Van Gieson,

while the other two sections were left unstained for dynamic histomorphometric analysis. The
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decalcified paraffin blocks were faced and two 8 micron sections were cut on a Leica RM2255

rotary microtome (Leica, Nussloch, Germany) and stained with Hematoxylin and Eosin.

High-resolution digital images were acquired for histomorphometric analysis using a Spot
Imaging system (Diagnostic Instruments, Sterling Heights, MI), a Nikon E800 microscope (AG
Heinze, Lake Forest, CA), and analyzed with an Image Pro imaging system (Media Cybernetics,
Silver Spring, MD). For static histomorphometric analysis, images (at 10x magnification) were
acquired and area fractions of mineralized tissue were calculated in the periosteal callus,
diaphyseal cortices, and intramedullary canal. Bone tissue area fractions were calculated within
the periosteal callus, diaphyseal cortex, and intramedullary canal. In order to account for inter-
specimen variations in fracture site geometry, the ratio of segmented tissue area to the total area
of the respective ROI was calculated. Bone tissue area fractions (%) were calculated for the
periosteal callus in the ROI determined by selecting and segmenting callus material contralateral
to the orthopaedic plate on the exterior surface of the bone within 11.5mm of the fracture
centrum. Diaphyseal cortex bone tissue fractional areas (%) were selected within the
mediolateral confines of the diaphyseal cortical shell and craniocaudal edges of the fracture gap
and calculated by taking the ratio of respective tissue area within the ROI to total ROI area.
Intramedullary canal bone tissue fractions (%) were similarly determined by segmenting the
images within the confines of the intramedullary canal and within the boundaries of the cranial
and caudal fracture gap edges. For dynamic histomorphometry, three fluorescent images were
acquired per specimen (at 40x magnification) within the periosteal callus and mineralizing
surface (MS), mineral apposition rate (MAR), and bone formation rate (BFR) were calculated

(48). Analysis was not performed on the endosteal surface due to the consistent absence of
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endosteal bone formation. Decalcified cellular histomorphometry was performed on digital
images (at 200x magnification) for three ROIs within the periosteal callus and on the endosteal

surface per specimen to determine osteoblast (Ob.N) and osteoclast (Oc.N) number.

Statistical Analysis

Statistical analyses were performed using a two-way analysis of variance (ANOVA) for
comparisons across groups and a repeated measures one-way analysis of variance (ANOVA) for
longitudinal DEXA and strain comparisons within 1G and 0.25G groups with Student-Newman-
Keuls post-hoc tests (a=0.05). A Kruskal-Wallis ANOVA on ranks was performed in the event

that data were not normally distributed (SigmaPlot, Systat Software, Inc., San Jose, CA).

Results

In Vivo Testing

In vivo DEXA scans displayed statistically significant losses in metatarsal BMD in all 0.25G
groups between day 0 and day 21 (Figure 28). There were no statistically significant differences
between the 0.25G-SWT, 0.25G-LIPUS, or 0.25G-C groups during the course of the study nor
were there significant differences between 1G groups. In vivo strain measurements demonstrated
no significant alteration in plate strain between 0.25G or 1G groups at the conclusion of the

healing period (Figure 29).

Biomechanical Evaluation
Results of the 4-point bending test demonstrated no statistically significant differences in

stiffness between the 0.25G groups or 1G groups, with mean (+ standard deviation) four-point
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bending stiffnesses of 98.65 (+87.85) N/mm, 77.26 (+27.00) N/mm, and 48.9 (+ 47.8) N/mm for

0.25G-SWT, 0.25G-LIPUS, and 0.25G-C groups, respectively, and 349.30 (+259.50)N/mm,

214.12 (+167.30)N/mm, and 213.3 (+ 36.3) N/mm for 1G-SWT, 1G-LIPUS, and 1G-C groups,

respectively (Figure 28).
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Figure 28. (Top) In vivo DEXA scans demonstrated statistically significant losses in metatarsal BMD in
all 0.25G groups following the initial 3-week unloading period (p<0.05); however, final BMD was not
significantly different between 0.25G groups. (Bottom) 1G groups did not display significant alterations
in BMD over the course of the study.
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Figure 29. (Top) In vivo measurements demonstrated increased callus stiffness (i.e. decreased slope
magnitude of the orthopaedic fixation plate) in the 0.25G-C group versus baseline values (Day 7)
beginning at Day 21 and continuing through the remainder of the study (*, p<0.05). No significant
alterations in callus stiffness were observed over the course of the healing period for the 0.25G-SWT or
0.25G-LIPUS groups. Additionally, no significant alterations in final callus stiffness (Day 28) were
observed between 0.25G groups. (Bottom) Significantly elevated callus stiffnesses were observed in the
1G-SWT (#, p<0.05) and 1G-C (*, p<0.05) groups beginning at Day 23 and 21, respectively, as compared
to their respective baseline values of Day 7. No significant alterations were observed in the 1G-LIPUS
group over the course of the healing period. Significant differences between 1G groups at Day 28 were
not observed.
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Figure 30. 4-point bending stiffness was not significantly altered in 0.25G or 1G specimens following
SWT or LIPUS treatment.

Micro-Computed Tomography

Significant alterations in bone volume fraction (BV/TV) and BMD within the fracture gap were
not observed following SWT or LIPUS treatment as compared to control specimens for the
0.25G or 1G gravitational groups (Table 5). Additionally, no significant changes in callus BMD
were experienced between groups. Callus bone volume (BV) was not significantly elevated in
0.25G-SWT or 0.25G-LIPUS groups as compared to 0.25G-C specimens; however, callus BV
was significantly reduced in 1G-LIPUS specimens as compared to 1G-C and 1G-SWT

specimens (p<0.05).

Histomorphometric Analysis
Histomorphometric analyses demonstrated significantly elevated callus BV/TV values in 0.25G

and 1G specimens treated with LIPUS as compared to those that received SWT or no treatment
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(p<0.05, Table 5). Intracortical and intramedullary BV/TV values were elevated in 1G and 0.25G
specimens treated with SWT and LIPUS as compared to their respective control groups;
however, these alterations were not significant. Cellular numbers as well as bone formation
parameters were significantly elevated in the 0.25G-SWT and 0.25G-LIPUS groups as compared
to the 0.25G-C group. Osteoblast numbers were increased 87% and 120% in 0.25G-SWT and
0.25G-LIPUS specimens as compared to 0.25G-C specimens on the periosteal surface,
respectively, and 152% and 244% on the endosteal surface, respectively (p<0.05). Osteoblast
numbers were significantly elevated in 1G-LIPUS specimens as compared to altered 1G-SWT
and 1G-C groups, with increases of 18% and 23% in 1G-SWT and 1G-LIPUS specimens as
compared to 1G-C specimens, respectively (p<0.050). Endosteal osteoblast numbers were not
significantly altered in 1G groups following treatment, with observed increases of 2% and 18%,
respectively. Periosteal osteoclast numbers were significantly reduced by 82% and 86%,
respectively, in 0.25G-SWT and 0.25G-LIPUS specimens as compared to 0.25G-C specimens
(p<0.05). No significant changes in osteoclast numbers were observed in the periosteal callus of
1G specimens, and no significant alterations in osteoclast numbers were observed between any
group on the endosteal surface. MS was significantly increased by 53% and 92%, respectively, in
0.25G-SWT and 0.25G-LIPUS specimens, while BFR was significantly elevated 88% and 80%,
respectively, as compared to 0.25G-C specimens (p<0.05). Significant changes in MAR were not
observed between 0.25G groups, nor were alterations in MS, MAS, and BFR observed for 1G-

SWT and 1G-LIPUS specimens as compared to 1G-C specimens.
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Table 5. Mean (standard deviation) pCT and histological results for 0.25G specimens. Statistical significance between groups is denoted by like
letters (p<0.05).

Experimental 0.25G-SWT | 0.25G-LIPUS 0.25G-C 1G-SWT 1G-LIPUS 1G-C
Parameter
uCT
3
Callus BV [mm] 45.22 (31.39)"8 109.34 (65.36)°° 71.27 (23.26)5F 422.04 (208.36)"“ECH | 167.84 (131.42)¢' | 637.14 (177.50)BPFH!
0,
Fracture Gap BV/TV [%] 0.03 (0.02) 0.04 (0.03) 0.06 (0.05) 0.08 (0.04) 0.10 (0.12) 0.06 (0.03)
Callus BMD [mgHa/ccm] | g 59 (59 30)~ 797.58 (86.65) 783.55 (95.60) 654.78 (15.29)" 706.62 (42.66) 709.82 (71.22)
Fracture Gap BMD
[mgHa/cem] 725.59 (74.92) 766.46 (93.86) 681.40 (19.60) 649.56 (34.19) 697.67 (73.92) 738.96 (162.83)
Histomorphometry
Callus BVITV [%] 22.76 (17.98)"F | 59.98 (3.28)BCP 23.32 (15.56)5F 28.93 (9.38)“° 55.42 (7.65)5F¢H 24.98 (7.48)°1
Intracortical BV/TV [%] 8.89 (7.22) 10.44 (5.54) 5.72 (2.82) 10.40 (9.18) 11.97 (5.76) 6.11 (4.41)
Intramedullary BV/TV
[%] 7.13 (13.53) 7.99 (12.61) 0.30 (0.36) 20.25 (12.29) 11.52 (18.85) 11.15 (17.14)
Mineralizing Surface [%] | g4 (¢ oayne 0.80 (.014)ACDEF 0.42 (0.08)¢© 0.62 (0.06)° 0.63 (0.06)F 053 (0.02)"¢
Mineral Apposition Rate
[um/d] 3.50 (0.61) 2.83 (0.58) 2.78 (0.65) 3.51 (0.64) 3.82 (0.74) 4.47 (0.33)"
Bone Formation Rate
[um/d] 2.20 (0.35)" 2.10 (0.12)8 1.17 (0.41)*B€ 2.15 (0.25) 2.36 (0.33) 2.39 (0.28)°
. -1
Periosteal Ob.N [mm™] 1 55 91 (3 gg)re 31.63 (5.01)° 14.37 (2.01)ACPEF 29.59 (3.61)>¢ 35.38 (5.48)BECH 26.89 (5.68)7"
: -1
Periosteal Oc.N [mm™] 0.01 (0.03)" 0.07 (0.09)8 0.37 (0.32)ABC 0.12 (0.16) 0.18 (0.22) 0.01 (0.05)¢
-1
Endosteal OB.N[MM™] 1 g 35 (8.41)*8 | 40.08 (4.76)*PPEF | 1166 (2.44)BC0H! 27.14 (3.79)°° 30,50 (5.10)" 25,83 (7.39)"
-1
Endosteal Oc.N [mm™] 0.12 (0.11) 0.09 (0.16) 0.65 (0.73)" 0.04 (0.06) 0.04 (0.07) 0.03 (0.02)*
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Figure 31. Osteoblast numbers within the periosteal callus were significantly elevated (p<0.05) in 0.25G
specimens treated with SWT (0.25G-SWT, top middle) and LIPUS (0.25G-LIPUS, top right) as
compared to those that received no treatment (0.25G-C,top left). (Bottom) No significant alterations were
observed between 1G groups.

Discussion

Due to the increasing duration of space exploration missions and delayed fracture healing
experienced during weightlessness, it is imperative to develop feasible countermeasures that may
be employed in the event that bony fracture occurs. This study investigated the effect of SWT
and LIPUS on the acute phase of fractures healing in a simulated microgravity environment. The
treatment parameters utilized in the current investigation were in accordance with those
previously reported for other animal studies for the treatment of delayed fracture healing (54, 61,

66, 142, 152).

98



The results of the in vivo DEXA scans demonstrated no relationship between SWT or LIPUS and
regional metatarsal BMD under 1G or 0.25G loading conditions, indicating that any effects of
the two treatments were localized to the healing fracture and did not result in any systemic
catabolic or anabolic osteogenic alterations. In vivo measurements of orthopaedic fixation plate
strain did not result in statistically discernible differences in fracture healing during the course of
the study following treatment within either the 0.25G or 1G groups. Similar results were
observed in the four-point bending experiment wherein no statistically significant alterations in
bending stiffness were observed following SWT or LIPUS treatment under 1G or 0.25G loading.
Further, SWT and LIPUS treatment failed to alter the BMD of the healing callus and fracture gap
for both loading conditions. While callus bone volume was not affected by SWT treatment under
1G and 0.25G loading conditions, callus bone volume was significantly decreased in 1G
specimens treated with LIPUS. This change was not reflected in in 0.25G specimens treated with
LIPUS. Histomorphometric analyses demonstrated an increase in callus BV/TV in 1G-LIPUS
specimens, resulting in a more-condensed callus than the 1G-SWT and 1G-C groups, and may
explain why the overall loss of callus volume did not significantly alter the mechanical

competency of 1G-LIPUS specimens as compared to the other 1G groups.

Despite limited changes in mechanical fracture strength, SWT and LIPUS significantly increased
periosteal and endosteal osteoblast numbers while decreasing periosteal osteoclast numbers in
0.25G specimens. These results reflect those observed when SWT and LIPUS were utilized to
stimulate murine osteoblast cells, inducing increased osteoblast differentiation and decreased
pro-osteoclastogenic factors (140, 158). Similarly, this study demonstrated significantly elevated

MS and BFR within the periosteal callus of 0.25G specimens as a result of both treatments, while
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not significantly altering MAR values. These data, taken together, indicate that the overall
amount of osteoblast activity and resulting increase in net active surface area and not overall
mineralization rate following LIPUS and SWT were responsible for an overall elevation of bone
formation. These findings are particularly important as they demonstrated a return in cellular
numbers in reduced loading specimens to those experienced in an Earth 1G gravitational
environment. Although mechanical strength of the 0.25G-SWT and 0.25G-LIPUS specimens
was not enhanced at the time of sacrifice, it is possible that mechanical integrity would be
elevated with respect to 0.25G-C specimens for longer duration fracture healing given the
increased differentiation of osteoblast cells and subsequent increase in BFR. It is interesting to
note that cellular numbers and mineralization rates were unchanged in 1G-SWT and 1G-LIPUS
specimens as compared to 1G-C specimens, indicating that SWT and LIPUS treatment may be
beneficial in situations involving aberrant fracture healing but elicit minimal modifications to the

normal healing sequelae.

It is possible that the high energy levels of the shock waves delivered during treatment induced
trauma at the fracture site, further delaying the proliferation of osteogenic tissue. It has been
previously reported that SWT can initiate damage, producing cortical cracking at high powers
(136). However, over 10,000 shocks were necessary to observe cracking in cortical bone. The
few in vivo studies investigating the dose-dependent relationship between SWT power and
healing advocate relatively high energy levels to observe distinguishable enhancements in
fracture healing, indicating that the relationship between treatment power, overall fracture
healing rate, and bone damage threshold is not currently well-understoood (7, 142, 152). While

major cortical defects were not observed in this study, it is possible that unnoticed damage was
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induced by SWT to induce a delay in fracture healing. It is not believed that microdamage
occurred following LIPUS treatment due to the relatively low energy level used in LIPUS as

compared to SWT.

There were several limitations associated with this study. First, the time span of this study
allowed the investigation of the acute stages of healing in which signs of aberrant fracture
healing would be most critical; however, long-term alterations in fracture healing due to SWT
and LIPUS in simulated microgravity remain unknown. Further, the localized nature of the
unloading technique utilized in this model did not allow the investigation of systemic alterations
associated with simulated microgravity unloading such as changes in fluid balance. Finally, the

fracture healing angiogenic response was not characterized.

The data reported herein provides strong evidence that SWT and LIPUS elevate osteoblast
numbers and bone formation rates as well as decrease osteoclast numbers in a large animal
model of simulated microgravity. Although no increase in 4-week mechanical strength was
observed, it is possible that an increase in fracture healing (i.e. callus mechanical competence)
would be experienced at longer timepoints under simulated microgravity conditions given the
up-regulation of osteoblast numbers and bone formation parameters following SWT and LIPUS.
Further investigation of the dose-dependent relationship of SWT and LIPUS in a large animal
model as well as their effects on longer duration fracture healing will provide valuable
information regarding their efficacy as a countermeasure to the inhibited fracture healing

encountered during spaceflight.
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CHAPTER 6:

CONCLUSION

Summary of Findings & Future Work

Simulated microgravity-related alterations in fracture healing were investigated in this study. The
employed methodology was based on (1) in vivo experimentation on skeletally mature female
ewes to interrogate fracture healing and possible therapeutic countermeasures, and (2) finite
element modeling of the ovine hindlimb under simulated microgravity and Earth gravity loading

conditions to characterize the micromechanical environment of healing fractures.

In Chapter 2, a ground-based, ovine model of skeletal unloading was developed in order to
simulate a microgravity loading condition. The external fixation unloading technique utilized in
this model was able to induce mechanical unloading of the metatarsus and significant alterations
in the relevant radiographical, biomechanical, and histomorphometric parameters characteristic
of spaceflight. Specifically, the newly developed ovine model captured the characteristic
decrease in osteoblast numbers and increase in osteoclast activity associated with human
spaceflight. The unloading methodology described in Chapter 2 was extended to the
investigation of fracture healing in a simulated microgravity loading environment in Chapter 3.
The findings of this study revealed that the mechanical loading environment dramatically affects
the fracture healing cascade and resultant mineralized tissue strength, and that animals that
healed in a reduced loading environment demonstrated significant reductions in healing rate and
callus mechanical competency as compared to animals healing in a 1G Earth gravitational

environment.
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Chapter 4 outlined the development of a finite element of the ovine hindlimb in order to
characterize the localized mechanical environment of a healing fracture in simulated
microgravity and Earth gravitational environments. External fixation componentry was modeled
to mimic the experimental methodology detailed in Chapter 3 and correlate model predictions to
experimental outcomes. The findings of this chapter indicate that simulated microgravity
unloading decreases hydrostatic stress and principal strain within the callus and fracture gap,
resulting in primarily intramembranous bone formation rather than the endochondral bone

formation pathway characteristic of Earth-based fracture healing.

Finally, in Chapter 5, two therapeutic countermeasures to the inhibited fracture healing of
simulated microgravity unloading were investigated. The methodology of Chapter 3 was
replicated, and shock wave therapy and low-intensity pulsed ultrasound were administered to
animals healing in simulated microgravity and Earth gravitational loading environments. While
fracture mechanical competency was not significantly altered following either countermeasure,
both treatments significantly elevated osteoblast numbers and bone formation rates in simulated
microgravity animals. The outcome of this chapter suggests that shock wave therapy and low-
intensity pulsed ultrasound may be beneficial in situations involving aberrant fracture healing but

elicit minimal modifications to the normal healing sequelae.

While the results reported in this dissertation work provide an initial foundation to the
understanding of fracture healing in reduced gravitational loading environments and possible

countermeasures to the negative effects of reduced mechanical loading, additional investigations

103



are warranted. Further investigation of the dose-dependent relationship and long-term healing
characteristics of shock wave therapy and low-intensity pulsed will provide valuable information
regarding their efficacy as a countermeasure during long-duration spaceflight. These efforts, as
well as the investigation of other countermeasures, should be part of future simulated

microgravity fracture healing work.
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