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Abstract

ANALYSIS OF AVIAN BONE RESPONSE TO MECHANICAL LOADING USING A

COMPUTATIONAL CONNECTED CELLULAR NETWORK
Li Yuan Mi
Mentor: Professor Mitra Basu, Co-mentor: Professor Stephen S. Cowin

The hypothesis that mechanical loading induced signals are transmitted and inte-
grated by a connected cellular network (CCN) before reaching bone surfaces where
adaptation occurs is investigated in this study. Our objective is to develop a computa-
tional connected cellular network (CCCN) model to explore how bone cells transmit the
signals through intercellular communication. The intercellular communication signal is
selected as the bone fluid shear stress induced by bending and axial loading in transverse
sections of avian long bones in two animal adaptation experiments (Gross et al. J Bone
Miner Res 12:982-988, 1997 and Judex et al. J Bone Miner Res 12:1737-1745, 1997).
The distribution of the fluid shear stress is computed using a mathematical model based
on the microstructure of the avian bones. The computed fluid shear stress is found to be
correlated with the radial strain gradient obtained in the experiments. However, experi-
mentally determined bone response shows no linear spatial correlation with the absolute
value of averaged shear stress. These results suggest that the radial strain gradient is the
driving force for bone fluid flow in the radially distributed lacunar-canalicular system

and that bone formation is not linearly related to the loading induced local stimulus.

A CCCN model is developed to study the intercellular communication within a grid
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of bone cells by correlating bone adaptation responses in the experiments with the
computed fluid shear stress. Intercellular communication patterns extracted by adjusting
cell sensitivities (loading and signal thresholds) and connection weights indicate the cell
population responsible for perceiving the loading induced signal and regulating bone
formation in the CCCNs. The averaged cell sensitivities and connection weights are
shown to be inversely correlated with the averaged fluid shear stress across the bone
section. Network results suggest that the loading threshold play an important role
in regulating the bone response. The proposed CCCN model provides a unique and
important tool to analyze intercellular communication and to discover the underlying

relationship between input and output data in biological structures.
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Chapter 1 Introduction

As a connective tissue, bone is a composite material with fluid and solid phases, providing
chief support for the body, attachment for muscles and storage for calcium. The fluid
phase (25%) consists of mainly blood and extracellular fluid, and the solid phase (75%)
consists of bone cells and extracellular bone matrix (Piekarski, 1973). There are two
types of bone cells, namely osteoclasts (bone resorption cells) and osteoblasts (bone
forming cells). Osteoblasts have two sub-types of cells. One is osteocytes which are
osteoblasts encased in the bone matrix during bone tissue production. The other is
bone lining cells, which are inactive osteoblasts in terms of forming bone. bsteoblasts
and bone lining cells reside on vascular and bone surfaces. The interaction between the
solid and fluid phases provides a basis for mechanical, metabolic and adaptive behavior

of bone.

By microstructure, bone can be classified as cortical, or compact, and trabecular,
or cancellous bone. Cortical bone is a dense material that is primarily found at the
diaphyses of long bones. Trabecular bone is a porous material that is found at the
epiphyses, surrounded by a thin layer of cortical bone. Cortical and trabecular bones

differ in the development, architecture, function, blood supply and fractures (Jee, 1999).

The most important characteristic of bone, as well as many other biological struc-
tures, is self-renewal, an ability of responding to external influences, including mechanical
loading. There are two types of self-renewal procedure in bone, namely modeling and

remodeling. Modeling occurs during bone growth and healing, changing bone structure
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by independent actions of osteoblasts and osteoclasts. Remodeling occurs from bone
growth through death, causing no significant changes in bone structure by coupled ac-
tions of osteoblasts and osteoclasts at the same site (Freemont, 1993). This study is

focused on mechanical loading induced remodeling of matured cortical bones.

The objective of this study is to develop a computational model to investigate inter-
cellular communication between bone cells in response to cellular level stimuli induced by
mechanical loading. In this chapter, a review is presented regarding the possible mechan-
ical stimuli responsible for bone remodeling, features of bone responses to mechanical
loading observed in experiments, and previously developed computational models de-
picting cortical bone remodeling. Next, the structure of the extracellular bone matrix,
a site suggested to perceive mechanical loading stimuli, is described. Finally, we outline
the procedure and results of two animal experiments by Gross et al. (1997) and Judex

et al. (1997), which provide data for our computational model.

1.1 Mechanical stimuli and bone response

For over a century, extensive research has been done to analyze the relationship between
mechanical loading and bone response. Animal experiments have been employed to iden-
tify mechanical loading parameter(s) as the possible mechanical stimuli that signal bone
tissue to deposit, resorb or simply maintain its structure. Many mechanical parameters
of dynamic loading have been found experimentally to be able to maintain bone mass
or to induce surface bone formation. The possible mechanical stimuli are presented here

at the tissue level and the cellular level. Experimental results of bone surface formation
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in the time and space domains at the tissue level are described as well.

1.1.1 Mechanical stimuli and bone response at the tissue level

Animal experiments of cortical bone remodeling induced by mechanical loading suggest
the following specific mechanical parameter(s) to be the possible stimuli that initiate

bone response:

e Strain magnitude: Bone formation or bone formation rate is found to be propor-
tional to the peak strain magnitude above 1000 pe (O’Connor et al., 1982; Rubin

and Lanyon, 1985; Turner et al., 1994; Hsieh et al., 2001).

e Loading frequency: When strain magnitude and number of loading cycles per day
are constants, bone formation is proportional to loading frequency from 0 to 2
Hz (Turner et al., 1995). When loading frequency increases from 1 to 30 Hz, the
smallest strain magnitude required for bone maintenance decreases from 1200 to

100 pe (Qin et al., 1998).

o Number of loading cycles: If the applied loading force and strain magnitude in-
creases, the number of loading cycles required to initiate bone formation decreases

(Cullen et al., 2001).

e Strain rate: Bone formation is found in proportional to strain rate (O’Connor et

al., 1982; Turner et al., 1995; Mosley and Lanyon, 1998).

e Strain gradient: Loading induced bone formation is correlated in the space domain

to the circumferential strain gradient (Gross et al., 1997; Judex et al., 1997).
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e Strain distribution: Functionally isolated avian bone experiments show that exter-
nal loading with a physiological strain magnitude and altered strain distribution

can prevent remodeling and maintain bone mass (Rubin and Lanyon, 1984).

e Strain history: Animal experimental studies and strain analyses suggest that the
bone adaptation maybe related to the changes in cyclic strain history (Carter,

1984).

o Strain energy density: It is hypothesized that the heat energy generated dur-
ing cyclic loading may lead to the chemical reactions initiating bone remodeling

(Carter et al., 1987; Huiskes et al., 1987).

e Microdamage: Animal experiments indicate that loading within the physiological
range with relatively few load cycles can produce substantial microdamage, which
may be a significant factor in initiating intracortical bone remodeling (Burr et al.,

1985).

Bone tissue response in the time domain: The response of bone to exterior me-
chanical loading involves different timescales. The tissue response of actively depositing
bone induced by a short period (in minutes) of mechanical loading was found in a few
days (Pead et al., 1988). Bone response is observed to be able to continue for months
before reaching a steady state. In a four-point bending experiment on an adult rat tibia,

periosteal bone formation was elevated transiently for 6-12 weeks (Cullen et al., 2000).

In addition, bone tissue exhibits saturation to mechanical stimuli in animal experi-
ments. An experiment with the isolated turkey ulna model showed that only four loading

cycles a day are sufficient to maintain bone mass, and 36 loading cycles are adequate
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to initiate bone formation (Rubin and Lanyon, 1984). It is demonstrated that loading
applied with discrete bouts, separated by recovery periods, is more effective in enhanc-
ing bone biomechanical and structural properties (Robling et al., 2002; Srinivasan et
al., 2002). Bone tissue shows saturation to a long term loading as well. In the above
four-point bending experiment, loading that continued beyond week 12 is found to only

maintains the current bone status (Cullen et al., 2000).

Bone tissue response in the space domain: Bone tissue response happens on
one of the four surfaces, namely periosteal, endosteal, osteonal, and trabecular surfaces
(Frost, 1990). Mechanical loading induced bone formation is observed predominantly at
the periosteal surface for mature animals (Rubin and Lanyon, 1984; Raab-Cullen et al.,
1994; Gross et al., 1997; Judex et al., 1997; Hsieh et al., 2001; Srinivasan et al., 2002).
Occasionally loading induced bone formation occurs not only at the periosteal surface,

but also at the endosteal surface (Rubin and Lanyon, 1985; Qin et al., 2003).

Bone tissue response to mechanical loading is site-specific at different surfaces. Even
at the same surface, bone formation is observed to be nonuniformly distributed at cross

sections (Loitz and Zernicke, 1992; Gross et al., 1997; Judex et al., 1997).

1.1.2 Mechanical stimuli and bone cell response at the cellular

level

At the cellular level, bone is described as a mechanosensory and mechanotransduction
system. Mechanosensory concerns the detection of a loading stimulus by bone cells,

and connects two domains, namely the loading stimulus acting on bone cells and the
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cell response, or signal, to the stimulus. Mechanotransduction involves the cell-cell

transmission of the signal until it reaches action cells.

Mechanosensory: The main objective of mechanosensory system is to translate
mechanical forces into mechanobiological, mechanochemical, biochemical and electrome-
chanical signals. However, the mechanism of the translation is still unclear. Four changes
are generated by a dynamic loading on hone, namely the direct cell deformation, hy-
drostatic pressure, fluid shear stress, and electrical fields (Cowin, 1999). The direct cell
deformation may lead to cell response involving stretch activated ion channels, which
may initiate cellular electrical events (French, 1992) and the transmembrane integrin
molecule which provides a stimulus to activate osteocytic gene expression (Jones et al.,
1991). The other three changes are related to loading induced bone fluid flow. The
change of hydrostatic pressure enhances molecular transport from the blood supply to
bone cells and consequently regulates cell activity and metabolic functions (Piekarski
and Munro, 1977; Jacobs et al., 1998). ‘Fluid shear stress is proposed as the stimulus
acting on the membranes of osteocytic processes in bone’s lacunar-canalicular system
(Weinbaum et al., 1994) (more details below). The electrical fields can be induced by
fluid flow generated streaming currents and potentials, formed by a diffuse double layer
of fluid electrolyte with positive charges (Pollack et al., 1984; Salzstein and Pollack,
1987). The generated electrical field can activate voltage sensitive ion channels and

modulate osteocyte membrane permeability (Lanyon and Hartman, 1977; Cowin et al.,

1991; Harrigan and Hamilton, 1993).

Although the nature of the stimulus that activates bone cells is still debated, more

attention has been given to the fluid shear stress as the stimulus at the cellular level.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bone cells have been shown to be more responsive to fluid flow than mechanical strain
(Owan et al., 1997; Smalt et al., 1997). In addition, fluid shear stress, not streaming
potentials (Klein-Nulend et al., 1995; Bakker et al., 2001) or the molecular transport
induced by hydrostatic pressure change (Bakker et al., 2001), is shown to be responsible
for the increased bone cell activities. In this study, we chose the fluid shear stress as the

stimulus at the cellular level.

Osteocytes are suggested to be the sensor cells in bone mechanosensory system. In
vivo, the activity of osteocytes, osteoblasts and bone lining cells is observed to be in-
creased immediately (in minutes) after a short period of dynamic loading (Skerry et al.,
1989; Pead et al., 1988; Dodds et al., 1993). In vitro, osteocytes, osteoblasts and bone
lining cells are shown to be responsive to fluid flow by significantly increased signal-
ing molecules, including prostaglandins (Reich and Frangos, 1991; Ajubi et al., 1996),
intracellular calcium (Williams et al., 1994; Hung et al., 1995), inositol trisphosphate
(Reich and Frangos, 1991), nitric oxide (Klein-Nulend et al., 1995; Bakker et al., 2001)
and gene expression (Klein-Nulend et al., 1997; Ogata, 1997). However, osteocytes have
been demonstrated as the most mechanosensitive cells in bone, compared to osteoblasts

and lining cells (Klein-Nulend et al., 1995; Zaman et al., 1999; Westbroek et al., 2000).

Mechanotransduction: The function of bone mechanotransduction system is to
transmit signals detected by sensor cells (osteocytes) to action cells (osteoblasts and os-
teoclasts) through intercellular communication. It has been shown that two neighboring
bone cells are connected to each other through gap junctions, channels assembled by
two matching rings of proteins penetrating the membrane of each cell. Gap junctions

enable the direct exchange of ions and small compounds between two cells; thus allowing
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a bone cell to have intercellular communication with its neighboring cells (Civitelli et
al., 1993; Jones et al., 1993; Donahue et al., 1995). Gap junctions are formed primarily
by connexind3 (Cx43) in bone. Osteocytes are observed in vivo with strong expressers
of Cx43, both on the cell bodies and on their dendritic processes (Jones et al., 1993).
Intercellular communication through gap junctions has been revealed experimentally in
osteocytes (Jones et al., 1993; Palumbo et al., 1990), osteoblasts (Doty, 1981; Chiba et
al., 1994; Donahue et al., 1995; Lecanda et al., 1998; Saunders et al., 2001; Romanello et

al., 2003) and between osteocytes and osteoblasts (Doty, 1981; Yellowley et al., 2000).

Mechanical loading is found to be able to modulate the function of gap junctions. The
intercellular communication through gap junctions involves cellular electrical events ini-
tiated by stretch and voltage activated ion channels (K+, Ca?*, Na* and Cs*) and
action potentials (Ypey et al., 1992; Rawlinson et al., 1996; Mikuni-Takagaki, 1999). In
vitro experiments indicate that mechanical loading enhances gap junctional communica-
tion between osteoblastic cells (Ziambaras et al., 1998), and that intercellular coupling
between osteocytes increases in proportional to fluid shear stress level (Jiang and Cheng,

2001).

1.2 Computational modeling of cortical bone response

The object of computational and theoretical modeling of bone adaptation is to quan-
titatively understand the relationship between mechanical loading and bone response.
One type of computational modeling of cortical bone response is to describe the time-

dependent change of bone surfaces and material properties. The mechanical stimuli
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involved in this type of computational modeling are at the tissue level, including strain,
strain energy density, stress and fatigue microdamage. A general assumption of this

type of modeling is that bone is a linear elastic material (Hart et al., 1984).

Strain: Based on the assumption, an adaptive elasticity model was developed to
estimate the changes of bone density and shape under altered loading or in response to
implantation of a bone prosthesis (Cowin and Hegedus, 1976; Cowin and Firoozbakhsh,
1981). Local strain differences, estimated remodeling equilibrium strain and remodeling

rate parameters were used to predict the change of the bone surface over time.

Strain energy density: Instead of using strain as the remodeling equilibrium pa-
rameter, Huiskes et al. (1987) chose strain energy density to develop a two-dimensional
finite-element model for bone adaptation simulation. A threshold of mechanical stimuli
is implemented in the model to control the initiation of bone adaptation. Bone surface

change can be computed using a remodeling rate with small computational time steps.

Stress: A finite-element model was employed in another computational model to
simulate the change of bone shape based on the assumption that the stress distribution at
bone surface is homogeneous (Mattheck and Huber-Betzer, 1991). Bone surface change
is defined to be linearly related to a surface rate constant and the difference between the

von Mises equivalent stress and a reference value of the stress.

Fatigue microdamage: Fatigue microdamage was hypothesized to be the regu-
lating signal for bone to attain an optimal strength in another computational model
(Prendergast and Taylor, 1994). Bone adaptation rate is described to be proportional

to the microdamage difference compared to that at the remodeling equilibrium over a
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time period.

The other type of modeling of cortical bone respounse recognizes the important roles
of bone cells in bone adaptation. The bone adaptation is suggested to be dependent
on cellular activity, number, and the surface areas (Martin, 1972). Strain remodeling
potential, a parameter determined by the function of strain history, is used to describe
the cellular population. If the cellular population is linearly dependent on the strain
remodeling potential, the simplified model is equivalent to the linear relationship between

strain and surface modeling in Cowin and Van Buskirk (1979).

1.3 Bone connected cellular network (CCN)

Close study of bone structure shows that bone is a well-organized tissue. Osteocytes, the
most abundant living cells in mature bones, are embedded in the mineralized cavities
called lacuna in the bone matrix. Each osteocyte has dozens of cell processes that lie in
fine canals known as canaliculi, which connect either to other osteocytes or to surface
osteoblasts, including lining cells. Even in newly formed bone matrix, osteocytes and
cell processes remain connected with osteocytes in the preexisting bone matrix. Within
each canaliculus, there are two long (each around 15 pm), thin osteocytic processes
surrounded by bone fluid (Figure 1.1). These two osteocytic processes can be connected
by gap junctions, through which osteocytes are extensively linked together in the lacunar-

canalicular system, forming a connected cellular network (CCN) (Figure 1.2).

The CCN is hypothesized to be a mechanosensory and mechanotransduction system,

in which the mechanical induced signals are most likely processed and integrated be-
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fore reaching the action cells to regulate the bone renewal processes such as site, rate,
direction, magnitude and duration (Moss and Cowin, 1997). Given the interconnected
structure, the CCN is suggested to function as a network with osteocytes as nodes and
osteocytic processes as connections, Each osteocyte, which functions as an information-
processing unit with nonlinear capability, is connected via gap junctions to its neighbors.
Cells in a CCN are organized in layers and the cell processes of all osteocytes in all layers
have identical functions. The hypothesis that osteocytes may exhibit certain capabilities
of neurons is supported by the reported possible involvement of the neurotransmitter
glutamate, an important transmitter in the central neural system, in intercellular com-
munication among bone cells (Mason et al., 1997; Patton et al., 1998; Gu and Publicover,
2000; Hinoi et al., 2001; Huggett et al., 2002) and the evidence of short- and long-term
memory exhibited by bone cells and tissue (Turner et al., 2002; Spencer and Genever,

2003).

1.4 Animal experiments

Two animal bone adaptation experiments, namely a turkey experiment (Gross et al.,
1997) and a rooster experiment (Judex et al., 1997), provide the data of loading condi-
tions and bone formation for this study. Based on the experimental data of the loading
conditions, fluid shear stress in the bone CCNs is computed in Chapter 3, which is the

basis of developing the computational model of bone CCNs.
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1.4.1 The turkey experiment (Gross et al., 1997)

The functionally isolated right radius of ten adult turkeys were subjected to mechanical
loading, primarily of a bending type, during a 4-week period with 5 procedures per
week. For comparison purposes, only one radius of each bird received a trapezoidal
waveform with 10.8 Newton peak loading (see Appendix 2). Thin bone sections (125
pm) were extracted from the midshaft of both radii and digitally scanned to measure
bone formation. The mid-diaphyseal cross section of each loaded bone was divided
into 24 equal angle sectors and the bending-induced bone formation within each sector
was determined by comparing the loaded bone sections to the control sections of the
contralateral limb (the left radius) (Figure 1.3). No bone formation was observed in the
absence of loading and non-uniform formation at the periosteal surface was found in the

loaded bone.

Based on strain gauge data and finite element analysis, Gross et al. (1997) determined
the bending induced normal circumferential, radial and longitudinal strain gradients in
the cross section of the bone. The circumferential strain gradient was derived from the
difference in normal strain at the midpoints between the periosteal and the endosteal
surfaces of a sector divided by the linear distance between these two points (Figure 1.3).
Radial and longitudinal strain gradients were calculated along radial and longitudinal
directions, respectively, in the same manner. The strain energy density was obtained
as the sum of all the components of strain multiplied by the components of the stress
at a site bisecting each sector. Bone formation data and strain parameter data were

averaged for all animals. The averaged bone formation is correlated with the averaged
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strain gradients (in three directions) and the averaged strain energy density using a

linear regression model.

1.4.2 The rooster experiment (Judex et al., 1997)

Eight adult roosters were subject to an exercise model of bone adaptation, namely
running 1500 loading cycles/day on a treadmill for 3 weeks. Mid-diaphyseal transverse
tarsometatarsus sections (300 um) were cut from the left legs of the roosters and digitally
scanned to measure bone formation. Five out of the eight roosters were observed having
bone formation at the periosteal surface. The cross section of the tarsometatarsus was
divided into 12 equal angle sectors and the loading induced bone formation within each
sector was determined by comparing those sections to the corresponding sections of

roosters in a control group.

Using the same method as in the turkey experiment, Judex et al. (1997) determined
the loading induced mechanical parameters (normal circumferential, radial, longitudinal
strain gradients, longitudinal normal strain and peak strain rate) in the mid-diaphyseal
tarsometatarsus of six roosters in the control group. The averaged bone formation over
all roosters is correlated with the averaged strain gradients using a linear regression

model.
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1.4.3 The results of the turkey and rooster experiments (Gross

et al., 1997; Judex et al., 1997)

Both experiments used the linear regression model to correlate spatial locations and
amounts of new bone. The model is a statistic tool to assess the variability of a collection
of variables using the least square method. The correlation coefficient r or the square
of this coefficient r? describes a strength, or a degree of a linear relationship between
the actual and the predicted outputs, which enables us to specify to what extent the
variables behave alike (0 < r < 1). A large value of the coefficient indicates a stroug
linear relationship. The correlation coefficient r between the averaged bone formation

and the averaged mechanical loading parameters is shown in Table 1.1.

In the turkey experiment, the averaged circumferential strain gradient (r? = 0.36)
is found more related to the averaged bone formation distribution in the space domain
than the averaged radial (r* = 0.24) and the averaged longitudinal (r? = 0.08) strain
gradients. The averaged strain energy density (r? = 0.01) is found to not be related to the
averaged bone formation distribution. The combination of the averaged strain gradients
in the circumferential, radial and longitudinal directions shows a better correlation to

the averaged bone formation distribution (r? = 0.63).

In the rooster experiment, the averaged circumferential strain gradient shows a better
correlation (r? = 0.63) with averaged bone formation, compared with the averaged strain
rate (r? = —0.28). The averaged radial strain gradient has negative correlation (r? =

—0.72) with the averaged bone formation. The averaged longitudinal strain gradient

(r? = 0.02) and the averaged longitudinal normal strain (r? = 0.06) do not correlate
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with the averaged bone formation. The combination of the averaged circumferential,
radial and longitudinal strain gradients shows a better correlation to the averaged bone

formation distribution (r? = 0.72).

1.5 Thesis objectives and organization

The objective of this study is to develop a computational model to explore how bone
cells perceive mechanical loading induced signals through intercellular communication.
In Chapter 2, a study employing a similarity between a bone connected cellular network
(CCN) and a multilayer neural network is presented. A back-propagation neural network
model is employed to simulate the function of a CCN and to capture the nonlinear
relationship between mechanical loading and bone formation. Available e);perimental
data is tested and the neural network model validates experimental results. In addition,
a nonlinear dependency between mechanical loading parameters and bone formation has

been discovered. This work was presented in a conference paper Mi et al. (2000a).

In Chapter 3, a mathematical model is developed to obtain the fluid shear stress
induced by bending and axial loading in transverse sections of avian long bones in the
two adaptation experiments by Gross et al. (1997) and Judex et al. (1997). The predicted
fluid shear stress is found to be correlated with the radial strain gradient obtained in the
experiments but bone formation shows no spatial correlation with the absolute value of
averaged shear stress. These results suggest that the radial strain gradient is the driving
force for bone fluid flow in the radially distributed lacunar-canalicular system and that

bone formation is not linearly related to the loading induced local stimulus. This part of
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study was presented in a conference paper (Mi et al., 2002a) and has been submitted for
publication in Biomechanics and Modeling in Mechanobiology {Mi et al., 2004a). The
obtained fluid shear stress provides a basis for the development of the computational

model of bone CCN in Chapter 4.

In Chapter 4, a computational connected cellular network (CCCN) model is developed
to study the intercellular communication within a grid of bone cells. The intercellular
communication signal is computed as the loading induced bone fluid shear stress in
Chapter 3. Experimentally determined bone adaptation responses in turkeys and roost-
ers are correlated with the fluid shear stress by a learning algorithm that adjusts cell
sensitivities (loading and signal thresholds) and connection weights. Communication
patterns show the cell population responsible for perceiving the loading induced signal
in the turkey and rooster CCCNs. With limited animal data sets, CCCNs extract a
distinct intercellular communication pattern in which the averaged cell sensitivities and
connection weights are inversely related to the averaged fluid shear stress across a bone
section. The loading threshold is shown to play an important role in regulating bone
response. The development of the learning algorithm was presented in a series of con-
ference papers (Mi et al., 2000b, 2001; Basu et al., 2002; Mi et al., 2002b) and has been
submitted for publication in Biomechanics and Modeling in Mechanobiology (Mi et al.,

2004b).

Future work and final remarks about this research are presented in Chapter 5.
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Cell process

Cell procesé
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Figure 1.1: An image of two cell processes in a canalicular channel. Intercellular
communication between the two cells can be established through gap junctions (From

http://www.meddean.luc.edu).
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Figure 1.2: An image of the lacunar-canalicular system of an osteon in a human long
bone. Osteocytes located in lacunae are embedded in bone matrix. The radially dis-
tributed canaliculi connect osteocytes to each other, forming a connected cellular network

(CCN) (From http://www.meddean.luc.edu).
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Figure 1.3: A diagram shows a turkey radius cross-section with the 24 sectors from the
turkey experiment. Strain gradients in three directions are calculated for each of the 24
sectors. CG: Circumferential strain gradient, RG: Radial strain gradient, LG: Longi-
tudinal strain gradient, ¢;: normal strain magnitude at surface i, D;;: linear distance

between surfaces ¢ and j. (Adapted from Gross et al. (1997)).
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Table 1.1: The square of correlation coefficient r between the averaged bone formation in
the turkey and the rooster experiments and the averaged mechanical loading parameters
(from Gross et al. (1997) and Judex et al. (1997)). CG,: the averaged circumferential
strain gradient, RG,: the averaged radial strain gradient, LG,: the averaged longitudi-
nal strain gradient, SED,: the averaged strain energy density, NorLG,: the averaged
longitudinal normal strain, SR,: the averaged strain rate, CG, + RG, + LG,: the

combination of the averaged circumferential, radial, and longitudinal strain gradient.

Loading parameters | The turkey experiment (r?) The rooster experiment. (r?)
CG, 0.36 0.63
RG, 0.24 -0.72
LG, 008 0.02
SED, 0.01 -
NorLG, - 0.06
SR, - -0.28
CG, + RG, + LG, 0.63 0.72
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Chapter 2 Study of Site-Specific Bone

Formation Using A Neural Network Model

Bone connected cellular network (CCN) has been proposed as a mechanosensory and
mechanotransduction system, where the mechanical loading induced signals are per-
ceived. The signals are sensed by bone cells and transmitted through intercellular com-
munication within the network before reaching action cells (osteoblasts and osteoclasts)
on surfaces where bone adaptation occurs. This study exploits a similarity between the
CCN and a multilayer neural network to capture the nonlinear relationship between
mechanical loading parameters and bone formation. The data from the turkey and the
rooster experiments are tested and the neural network model validates experimental re-
sults. The correlation coefficient for each animal sample is shown to maintain its basic
characteristics irrespective of the loading parameters. The study supports and validates
the hypothesis that the signal transmission in a CCN during bone formation is a non-
linear procesé. In addition, a nonlinear dependency between certain loading parameters

and bone formation has been observed.

2.1 Introduction

It has long been recognized that bones respond to external influences by changing their

shape and density. Mechanical loading is considered an important influence that can
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initiate bone adaptation response. Experiments with animals reveal that bone formation
initiated by mechanical loading is site-specific (Churches and Howlett, 1982; Johnson et
al., 2001; Gross et al., 1997, Judex et al., 1997; Skedros et al., 2003), i.e., large bone for-
mation does not necessarily occur at the locations where the intensity of loading is large.
Linear correlation model was not successful to capture the functional relationships in the
space domain between various mechanical loading parameters and the bone adaptation
response (Brown et al., 1990). This implies that bone response to mechanical loading

may be a nonlinear process.

In the bone matrix, all bone cells except osteoclasts are extensively interconnected
with each other to form a connected cellular network (CCN). It has been proposed that
the signals sensed by osteocytes are processed and integrated through the CCN before
activating osteoblasts and osteoclasts; and that a bone matrix is operationally analogous

to a self-adapting and self-organizing system Moss and Cowin (1997).

This study implements a similarity between the CCN and a self-adapting network, a
system with learning ability, to investigate the nonlinear relationship between mechanical
loading parameters and bone formation. To a large extent, osteocytes as signal-sensing
units and probably, signal-processing units in the CCN, function very much like the
nonlinear interacting neurons in a neural network model. Each neuron in the neural
network model functions as an information-processing unit with nonlinear capability,

and an overall nonlinearity is incorporated throughout the model.

Neural networks, or artificial neural networks, aim to understand and simulate the

function of the human brain, which is a highly complex, nonlinear and parallel processor.
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They are systems composed of interconnected processing elements in a manner similar
to that of the brain’s neurons. Neural networks find abundant applications in diverse
fields such as modeling, pattern recognition, signal and information processing. The
advantage of neural networks becomes more evident in problems that are too elusive or

too complex to be formulated explicitly in terms of mathematical equations.

There are three basic components in a neural network (Haykin, 1999), namely process-
ing elements, or neurons; architecture, or network topology; and a method for learning
input-output relationship, or a learning rule. A neuron receives data from other neurons
in the network or from external input. The data is processed and new data is sent out
by the neuron. The connection between two neurons is a weighted link, an adjustable
value, which can be positive (excitatory) or negative (inhibitory). A neuron sums up
all the weighted data from other neurons or external input and computes the output

according to a threshold and an activation function.

The architecture of a neural network describes the way neurons are connected. There
are several kinds of connections. For example, neurons can be all connected with each
other, or they can be connected into two or more layers, where the output of a neuron

can propagate forward only or with feedback.

A learning rule is the method to adjust weights in order to achieve the objective
of a neural network. Learning can be done without (unsupervised learning) or with
(supervised learning) a teacher (desired output data). In unsupervised learning, only
input data is known and the neural network self-organizes itself in order to separate

input data into different classes. In supervised learning, both input and the desired
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output data is known and used in the training phase. Weights are adjusted to decrease
the error signal (difference between the desired output and the computed output) until

the error signal is sufficiently small.

We make use of a back-propagation neural network model to investigate the non-
uniformity and site-specificity of bone formation. Data from the turkey and the rooster
experiments described in Chapter 1 are used for the learning process, and the results

are compared with those obtained from a linear model.

2.2 Neural network model development

An important and the most commonly used supervised learning rule is the back-propagation
(BP) learning rule (Haykin, 1999), which can learn any functional relationship. It is
composed of a hierarchy of computational elements, organized in a series of two or more
mutually exclusive layers. The first, or input layer serves as a holding site for the values
applied to the network. The last, or output layer is the point at which the final output
of the network is read. Between these two extremes lie zero or more layers of hidden
computational elements. Weighted links connect each element in one layer to only those

in the next higher layer.

The BP learning algorithm consists of two phases, namely training phase and testing
phase. The training phase has two distinct passes, namely the forward pass and the
backward pass. In the forward pass, the output of the network for a particular input
is computed on an element-by-element and layer-by-layer basis as connection weights

remain fixed. The error (difference between actual and desired output) is computed
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and this is proportionately propagated backward layer-by-layer to adjust the connection
weights during the backward pass. This cycle is repeated until the error signal is within
some acceptable range. At this point, the relationship between the network input and
output is believed to have been encoded in the connection weights among computational
elements/cells. This ends the training phase (for detailed BP learning algorithm, see
Appendix 1). The trained BP network with fixed connection weights is ready to pre-
dict/classify new input vectors. This is the testing phase. We chose a BP network with
one hidden layer as the model to capture the nonlinearity between loading parameters

and the site-specific bone formation data.

2.2.1 Linear correlation of individual animals

In the turkey and the rooster experiments by Gross et al. (1997) and Judex et al.
(1997), the linear relationship was obtained between the averaged bone formation and the
averaged loading parameters. However, the linear relationship between bong formation
and loading parameters of individual animals is unknown. In order to compare the
results of a BP network, a linear regression model is used to compute the correlation of

each animal in the two experiments.

2.2.2 BP network model for the turkey experiment

The BP network model for the turkey experiment has input, hidden and output layers
(Figure 2.1). Since each bone cross section was divided into 24 sectors in the turkey

experiment, the input of the BP network for the experiment is a 24-dimensional vector.
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There are 16 neurons in the hidden layer and 24 neurons in the output layer. The sigmoid
function is used as the activation function for the hidden layer. The number of neurons
in the hidden layer and the form of the activation function are decided by the trial-
and-error method. Four types of mechanical loading parameters (the circumferential
strain gradient, the radial strain gradient, the longitudinal strain gradient, and the
strain energy density) for each of the 24 sectors serve as four types of inputs. The
measured bone formation in each of the 24 sectors from the turkey experiment serves as

the outputs.

Among the ten experimental turkeys, one showed no response to mechanical loading
(zero bone formation over all the 24 sectors) and is taken out of the data set. From a
total of nine turkeys with bone response, one is chosen randomly as the testing data and
the other eight as the training data. The network is reinitialized several times for the
same training sample to avoid local minima. The correlation coefficient r (a measure of
the similarity between the computed output of the network and the desired output from

the experiment data) is computed for each testing sample.

2.2.3 BP network model for the rooster experiment

The BP network model for the rooster experiment is similar to the one used in the turkey
experiment, except that the input is a 12-dimensional vector (corresponding to the 12
sectors in the cross section of the rooster bone) and that there are five neurons in the

hidden layer and 12 neurouns in the output layer.

In the rooster experiment, the bone formation and the mechanical loading data were
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collected from a loading group (eight roosters) and a control group (six roosters), re-
spectively. Among the eight roosters in the loading group, three showed no response to
mechanical loading and are taken out of the data set. Five types of mechanical loading
parameters, namely the circumferential strain gradient, the radial strain gradient, the
longitudinal strain gradient, the longitudinal normal strain, and the strain rate were
obtained from the six roosters in the control group. The five types of loading param-
eters and the bone formation serve as the input and the output of the BP network,

respectively.

The fact that the bone formation and loading parameters were obtained from two
different groups in the rooster experiment rules out the possibility of pairing up the
bone formation and the loading parameters for the same rooster. A random pairing up
is employed. From the six roosters in the control group, one rooster is chosen randomly
as the testing sample, and the other five roosters as the training samples. The network
is reinitialized several times for the same training group to avoid local minima. The
correlation coefficient is computed between the loading parameters of the testing sample

and the averaged bone formation of the loading group.

2.2.4 Validation

To validate the ability of the BP network of capturing the nonlinear relationship between
the input and the output data, randomly generated data is used to test the function of the
network. For each of the five mechanical loading parameters in the rooster experiment, 50

sets of the data with the same dimension within the same range are randomly generated
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by a computer, among which 35 sets were randomly chosen as the training data with
remaining sets serving as the testing data. Bone formation data is randomly generated
in the same manner. The same BP network for the rooster experiment is used in the

validation. Correlation coefficients are obtained for each type of mechanical loading.

2.3 Results

2.3.1 Linear correlation of individual animal

The correlation between the bone formation and the four types of loading parameters
in the turkey experiment using a linear regression model is not strong (Figure 2.2). The
correlation coefficient r above 0.5 is observed only for turkey No. 2 and 3 (with the
circumferential strain gradient) and for turkey No. 1 (with the strain energy density).
The correlation between the bone formation and other loading parameters for any turkey

does not show any characteristic and appears rather random.

The correlation between the bone formation and the five types of loading parameters
in the rooster experiment shows distinctive characteristics compared to the turkey group
(Figure 2.3). A strong correlation (r > 0.7) between the bone formation and the cir-
cumferential strain gradient is observed for all roosters. The radial strain gradient shows
a strong and negative (r < —0.7) correlation with the bone formation for all roosters.

The rest of the loading parameters do not show correlation with the bone formation.
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2.3.2 BP network results of the turkey experiment

The network converges (error reached a preset value) for all the turkey training data sets
within a reasonable number of training cycles. The error generated by the network for

turkey No. 3 with the longitudinal strain gradient as the input is shown in Figure 2.4.

The correlation coefficient between the network predicted bone formation and the
loading parameters show relatively a larger value (r > 0.5) for several turkeys when
they serve as the testing sample (Figure 2.5). Compared to other loading parameters,
the circumferential strain gradient gives a better prediction of bone formation for turkey
No. 2,4, 5, 7 and 8. Other loading parameters show relatively good predictions of bone
formation for fewer turkeys, including the strain energy density with turkey No. 2 and
4, the longitudinal strain gradient with turkey No. 3 and the radial strain gradient with

turkey No. 9.

Another observation from the network results is that the correlation coefficient of
the predicted bone formation maintains its characteristic irrespective of the loading
parameter type for a few turkeys (Figure 2.5). For example, the correlation coefficient
is consistently low for turkey No. 1 (r < 0.38 for all loading parameters) and turkey
No. 7 (r < 0.28 for all loading parameters), while it is consistently high for turkey No.

2 (r > 0.45 for all loading parameters).
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2.3.3 BP network results of the rooster experiment

The network converges (error reached a preset value) for all the rooster training data sets
within a reasonable number of training cycles. The error generated by the network for

rooster No. 1 with the circumferential strain gradient as the input is shown in Figure 2.6.

The network successfully predicts bone formation for all roosters (Figure 2.7). The
correlation coefficient value between the predicted bone formation and the five loading
parameters are high (r > 0.65) for every rooster. The circumferential and longitudinal
strain gradients give the best prediction of bone formation (r > 0.85) for all roosters,

compared with the longitudinal normal strain and strain rate.

The correlation coefficient for roosters shows similar characteristics to the network
results of the turkey group. The correlation coefficient is consistently high irrespective
of the loading parameters for certain testing samples, such as rooster No. 4 and 5, as

opposed to others, such as rooster No. 1 and 6.

2.3.4 Validation

No correlation is found between the randomly generated input and output data (Fig-
ure 2.8). The correlation coefficients of all 15 sets of testing data show unsteady and

random value for all five types of input.
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2.4 Discussion

The bone response of turkeys appears to happen in a more complicated way than that of
roosters. Although the averaged loading parameters (the circumferential strain gradient)
show correlation to the averaged bone formation to a certain degree (r = 0.6) in the
turkey experiment (Gross et al., 1997), the correlation between loading parameters and
bone formation for each turkey using a linear regression model generally is low. The
correlation between the loading parameters and the bone formation varies significantly
among animal samples, which indicates the individual difference in bone response to an
applied mechanical loading. The BP network captures a nonlinearity between certain
loading parameters (the circumferential strain gradient and the strain ener‘gy density)
and the bone formation for certain turkeys. Bone formation is predicted fairly accurately
by the network with one specific loading parameter for a few turkeys, such as No. 2, 3,

4 and 9.

The correlation between all loading parameters and bone formation for each rooster
using a linear regression model is low, except with the circumferential strain gradient.
However, the BP network captures the nonlinear relationship between all five types of
loading parameters and bone formation of the rooster group, and predicts accurately

the bone formation for all rooster samples.

The difference in the bone response between the turkey group and the rooster group is
unclear. One of the reasons may be the difference in the loading methods and patterns
between the two animal groups. In the turkey group, loading was applied through a

pair of pins with a loading machine and a functional isolation surgery was employed.
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The loading applied on turkey radii was quite different in magnitude and distribution
pattern from their physiological daily loading activities, such as wing flipping. In the
rooster group, loading was applied through a noninvasive method, namely an exercise
model of running on a treadmill. The applied loading on rooster legs may have larger
magnitude than their physiological daily loading activities, such as walking or running
(Konieczynski et al., 1998), however, the loading distribution pattern is most likely the
same. The difference of the network results between the turkeys and the roosters may

reflect the difference of avian bone response to different loading magnitude and pattern.

For both the turkey and the rooster network models, the correlation coefficient be-
tween input and bone formation changes with the types of input. This leads us to believe
that each type of loading parameters affects the bone formation to a different extent. In
both models, the circumferential strain gradient is found to have a stronger correlation
with bone formation. This is in agreement with the result reported in Gross et al. (1997)

and Judex et al. (1997).

Except for the circumferential strain gradient, the BP networks capture the nonlinear
relationship between bone formation and other loading parameters. In the turkey group,
the network results show that the strain energy density gives a good prediction of bone
formation for turkey No. 2 and 4. This is not a surprising result as the strain energy
density can be viewed as an information “pool” of the mechanical loading due to the fact
that it is a scalar reflecting the contributions from all stresses and strain acting at a given
location. In the rooster group, the network results show that all five types of loading
parameters give good prediction of bone formation. We theorize that the Felationship

between the bone formation and all the loading parameters (except the circumferential
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strain gradient, whose linear relationship with the bone formation was captured by the

linear regression model) are nonlinear in nature.

The results of validating the BP network show that the correlation coefficients are
randomly distributed for all testing data. It is clear that the random input data has no
correlation with the random output data. Compared with the results of the BP network
using the rooster experimental data, the results of the validation indicate that there is a
significant difference between the random data and the experimental data, and that the
BP network is able to capture the correlation between input and output data, if there is

one. This observation is consistent with the conclusions reported in Ho and Basu (2000).

We have proposed a unique approach to model the relationship between bone forma-
tion and loading parameters. To the best of our knowledge, neural networks have never
been used to explore the relationship between mechanical loading and bone formation.
This proposed model for bone response reveals the individual response of each animal
to different types of mechanical parameters. It supports and validates the long stand-
ing hypothesis that bone formation is a nonlinear process. A plausible conclusion that
we can make from the proposed model’s response in experiments with different groups
of animals is that the method of loading may play a prominent role in the process of
bone formation. This shows that a simple mathematical learning model is capable of

capturing a complex biological phenomenon with considerable success.
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Figure 2.1: The BP network structure for the turkey experiment. There are three
layers in the BP model, namely the input layer (the lower layer), the hidden layer (the
middle layer) and the output layer (the upper layer). The BP network structure for
the rooster experiment is the same as the one for the turkey experiment, excef)t with
different numbers of neurons in each layers. In the input and the output layer of the
turkey BP network, there are 24 neurons (12 for the rooster BP network) in each layer,
depicted as circles filled with lines and bricks, respectively. There are 16 neurons (5
for the rooster BP network) in the hidden layer and the active function for ‘the hidden
neurons is represented as f. Two sets of weights W and V connect each neuron in the

hidden layer with each neuron in the input layer and the output layer, respectively.
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Figure 2.2: The correlation of each turkey using a linear regression model. The cor-
relation coefficient r is computed between the bone formation and following loading
parameters: the circumferential strain gradient (CG), the radial strain gradient (RG),

the longitudinal strain gradient (LG) and the strain energy density (SED).
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Figure 2.3: The correlation of each rooster using a linear regression model. The corre-
lation coefficient r is computed between the bone formation and five types of loading

parameters.
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Figure 2.4: The error of the BP network with turkey No. 3 as the testing sample and
the longitudinal strain gradient as the input. The error, represented by the solid line,
decreases with the training cycle and reaches a preset value {0.001, represented by the

dashed line) after 13 training cycles.
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Figure 2.5: The correlation coefficient (1) between the network predicted bone formation

and the loading parameters for the turkey served as the testing sample.
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Figure 2.6: The error of the BP network with rooster No. 1 as the testing sample and
the circumferential strain gradient as the input. The error, represented by the solid line,
decreases with the training cycle and reaches a preset value (0.001, represented by the

dashed line) after 7 training cycles.
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Figure 2.7: The correlation coefficient (r) between the network predicted bone formation

and the loading parameters for the rooster served as the testing sample.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



08

0.8

0.4

02

Correlation Coefficient

41

1 L

5 10 15
Number of Reinitialization

Figure 2.8: Correlation coefficient r between the randomly generated loading parameters

and bone formation.

Circumferential strain gradient: * Radial strain gradient: +

Longitudinal strain gradient: o Longitudinal normal strain: O Strain rate: A

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

Chapter 3 Bone Fluid Shear Stress

Induced by Bending and Axial Loading

3.1 Introduction

The fact that the structure of bones can be influenced by mechanical loading is well
known; however the excitation signal that initiates the bone adaptation response induced
by mechanical loading is still unclear. Different mechanical loading parameters at both
the tissue and the cellular level have been suggested as the possible stimulus. The
possible mechanical stimuli at the tissue level include strain magnitude (Frost, 1983;
Rubin and Lanyon, 1985), strain gradient (Gross et al., 1997; Judex et al., 1997), strain
rate (O’Connor et al., 1982; Turner et al., 1995; Mosley and Lanyon, 1998), strain energy
density (Carter et al., 1987; Huiskes et al., 1987), loading frequency (McDonald et al.,
1994; Turner et al., 1995; Qin et al., 1998), loading intensity and cycle number (Qin et al.,
1998; Cullen et al., 2001), strain history (Carter, 1984), and fatigue microdamage (Burr
et al., 1985). The suggested mechanical stimuli at the cellular level include the direct cell
deformation (French, 1992), hydrostatic pressure change (Piekarski and Munro, 1977;
Jacobs et al., 1998), fluid flow induced shear stress (Weinbaum et al., 1994) and the
streaming currents and potentials (Lanyon and Hartman, 1977; Pollack et al., 1984;
Salzstein and Pollack, 1987; Cowin et al., 1991; Harrigan and Hamilton, 1993). This

study focus on the mechanical stimuli at the cellular level.
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At the cellular level, bone fluid flow induced shear stress has been proposed to be
the excitation of bone cells. Bone cells have been shown to be more responsive to fluid
flow than mechanical strain (Owan et al., 1997; Smalt et al., 1997), which is related to
the direct cell deformation. Observations from experimental data show that the fluid
shear stress is responsible for the increased bone cell activities, not streaming potential
(Klein-Nulend et al., 1995; Bakker et al., 2001) or the molecular transport induced by
hydrostatic pressure change (Bakker et al., 2001). In this study, we choose the fluid

shear stress as the mechanical stimulus at the cellular level.

Bone fluid shear stress acting on the osteocytic processes in the lacunar-canalicular
system has been hypothesized to be the stimulus for the bone adaptation response
induced by mechanical loading (Weinbaum et al., 1994; Hillsley and Frangos, 1994).
Osteocytes, which are embedded in cavities called lacunae, have dozens of cell processes
that lie in fine canals known as canaliculi. The canaliculi radiate from the lacunae
and interconnect with canaliculi either of adjacent lacunae or of surface lining cells,
including osteoblasts, forming the lacunar-canalicular system. When mechanical loading
is applied, the interstitial fluid flows in the annular region, interior to the canaliculi and
exterior to the osteocytic process, creating a shear stress acting around the exterior
surface of the membrane of cell processes in the canaliculi. The hypothesis that fluid
shear stress is the mechanical stimulus for bone cells is supported by the observations
that osteocytes and osteoblasts are responsive to fluid flow in in vitro studies (e.g., Reich
et al., 1990; Klein-Nulend et al., 1995; Johnson et al., 1996; Smalt et al., 1997; Jacobs

et al., 1998).

The high density and extensive connections between osteocytes suggest that in ad-
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dition to being the mechanosensors, osteocytes form a cellular communication network.
Within a canaliculus, an osteocytic cell process is connected to a similar process of a
neighboring osteocyte or osteoblast via gap junctions (Bennett and Goodenough, 1978;
Doty, 1981; Jones et al., 1993; Civitelli, 1995; Moss, 1997b). The gap junctions en-
able the direct exchange of ions and small compounds between two cells, thus allowing a
bone cell to communicate with neighboring cells. Linked by gap junctions in the lacunar-
canalicular system, the osteocytes and osteoblasts are extensively interconnected, form-
ing a three-dimensional connected cellular network (CCN). The CCN is suggested to
function as a network of neurons, processing and integrating signals sensed by bone cells
(Cowin et al., 1991; Moss, 1991). In order to investigate the mechanism of signal pro-
cessing in the CCN, the determination of the stimulating signal on every bone cell in the

CCN is necessary. This chapter presents the results of calculations with that objective.

The fluid shear stress is predicted in avian bones of two animal adaptation experi-
ments, Gross et al. (1997) and Judex et al. (1997). For details, please see Chapter 1. A
mathematical model based on the poroelastic model of Zeng et al. (1994) is developed
in this chapter. The model has the loading conditions and bone geometry consistent
with the adaptation experiments. The pore fluid pressure induced by bending and ax-
ial loading in the lacunar-canalicular porosity is first determined using the poroelastic
model. Then the fluid shear stresses acting on osteocytic processes of every bone cell in

the CCN are calculated from the gradient of pore fluid pressure.
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3.2 Mathematical Formulation

Developing a realistic mathematical model of an experimental bone section requires
knowledge of the bone’s histological structure. While much literature exists relating to
human and bovine bone microstructure, the experimental data employed here is from
avian plexiform bone, which is of a different structure. The avian plexiform bone is
modeled as a series of concentrically arranged alternate layers of mineralized tissue and
blood plexies (Figure 3.2b). This model is based on the few descriptions of avian bone
structure that could be located (Currey, 1960; Martin and Burr, 1989), along with a

turkey bone we examined (Figure 3.1).

3.2.1 Fluid shear stress in the turkey bone

The experimental loading from the Gross et al. (1997) experiment involved a éyclic force
f(t) applied to the turkey radius through two pins with moment arm arm L, inducing
both a bending moment and an axial force (Figure 3.2a). The plexiform cross-section of
a long turkey bone is idealized as a set of concentric cylindrical sections (Figure 3.2b),
with ro and r; as the radius of the whole bone and the marrow cavity, respectively. A
bone lamina is the mineralized area between any two vascular networks bounded by the
radii 7,1 and 7,2. Osteocytes are embedded in the bone lamina and are interconnected
through canaliculi forming a connected cellular network (CCN). Osteocytes are assumed
to be arranged in a rectangular array with a distance L. between two osteocytes in
the radial direction and a distance Ly in the circumferential direction in the CCN of a

transverse cross section of the bone (Figure 3.2b). The bending induced bone fluid shear
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stress acting on the surface of the osteocyte process within the canaliculi is a primary

objective of the calculation (Figure 3.2c).

In order to predict the fluid shear stress, the normal stresses in the bone matrix due
to the mechanical loading f(t) have to be determined. The force f(t) applied to the
experimental bone acts in the z direction at point P on the ' axis, perpendicular to the
neutral axis (Figure 3.2b). When the whole long bone section is subjected to the load

f(t), the sum of the three normal stresses oy in the bone is given by

fl?’ M !
M Y+ =27, (3.2.1)

I, I

Ok = O +

where M,/, M, are the components of the applied bending moment M (= f(t)* L) about
the 2’ and y’ axes, respectively; I, = I, = I are the area moments of inertia of the
bone section; L is the length of the lever arm; oy(= —f(t)/A) is the axial normal stress
and A is the area of the bone cross section. Since the loading point of f(t) lies on the
y' axis, My =0, thus

ok = — f(E)(

WL
I

% ). (322

Using polar coordinates 7, 8 (corresponding to the z, y coordinates), and r’, 6’ (corre-

sponding to z’ and y’ coordinates), we have:

Okk = —f(t)(—j; + —i—lr’ sing') = —f(t)[% + —?—r sin(f + ~ — ). (3.2.3)

The pore pressure p in the lacunar-canalicular porosity due to the applied loading
can be calculated using the previously developed differential equation (Weinbaum et al.,

1994):

3 5} 3
V(o + Ep] = Z?_t[o'klc + EP] (3.2.4)
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where ¢(= r2/7.) is the pore pressure diffusion coefficient (Zeng et al., 1994); 7, is
the characteristic time of relaxation of the fluid pore pressure, and B is the Skempton
parameter (0 < B < 1), which relates fluid pore pressure to the change of applied
mechanical stress. From eq.(3.2.3) and eq.(3.2.4), the pore pressure p induced by loading

f(t) can be presented in polar coordinates as:

0* 10 16% 10 B.1 L
2By B2 20 Din(f+9))(~

A 1 1o B )
2r  rdr r292 cdt 3c¢A I

-=2). (3.2.5)

The applied bending load f(t) used in the adaptation experiment of Gross et al.
(1997) has a periodical trapezoidal waveform (Figure A1), which can be represented by
a Fourier series in order to solve the pore pressure p in eq. (3.2.5) (see Appendix 2).

Using eq.(A13) and the following dimensionless variables (see the Appendix 3),

r ct 3p T2 LrgA
=l r=2P= T =" Ny=1,N,, = =22
R TQ,T ro?’ BTo,’ c 0T om I

F
yOp = Z, (326)

where F is the maximum magnitude of the loading f(t), eq.(3.2.5) can be written in

terms of the dimensionless pore pressure P as:

o?P 19P 1 0°P 9P

o°p 19P 1 2. nA,
0?R  ROR R2 820  or

= (Nop+ N, Rsin(6 + v) Z 7

n=1

sin(nT'r)  (3.2.7)
The solution of eq. (3.2.7) is:

_An . f 3
TF (Ng + Ny Rsin(6 + 7)) + Aonlo(VinTR) + By, Ko(VinTR)

P(R,0,7,n) =

+ (AlnII( vV ’LTLTR) -+ Ban1(v mTR)) sin @

+ (Agn L, (ViInT R) + Bon Ky (VinTR)) cos §)]e™7} (3.2.8)

where I, K1, Iy and K, are modified Bessel functions of the first and the zeroth order,

respectively. Parameters Ag,, Bon, Ain, Bin, A2n, Ba, can be determined (see Appendix
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4) by the following boundary conditions at the two surfaces of the laminae:

P=0 at R= va = ’I‘vl/’f'o, (329)
P=0 at R= Ry =rya/ro, (3.2.10)
and
oP
= =1. 2.11
3R at R=1 (3.2.11)

The conditions applied are free fluid flow across the laminae surfaces (r,; and ryg), from
the lacunar-canalicular porosity into the vascular porosity (i.e., the boundaries of the

unfilled rings in Figure 3.2b), and no fluid flow at the periosteal surface.

The fluid shear stress s acting on the membrane surface of the osteocytic process is

given in terms of the gradient in pore pressure p by Zeng et al. (1994):

§ = %g—g[z‘lah(m/q) — BsKi(m/9)], (3.2.12)

where A; and Bs are parameters given in the Appendix, section 4, from Zeng et al.
(1994). Substituting eq.(3.2.8) into eq.(3.2.12), we obtain the fluid shear stress s acting

on the osteocytic process induced by periodic bending:

_ BTFb
~ 3Amiro

+ (VinT Apn 1 (VinT R) — BonVinT K1 (VinT R)
(T AL (VTR - A LVITR)  fomip e (AT R)

[Ashi(1/0) = By (n /a)] 3 (Il N,y sin(6 + 4)

max

S

R
- Blnl—(i-(‘—én—ll—zz) sin @ + (\/ 'iTLTAgnIo(V ’LTLTR) - Aznﬂ—%—@
— VinT Bon Ko(VinTR) — anKl(—;gnT}i)_) cos0)e" T}, (3.2.13)
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3.2.2 Fluid shear stress in the rooster bone

In the rooster exercise experiment (Judex et al., 1997), the mid-diaphyseal tarsometatar-
sus was analyzed for bone formation (Figure 3.3). The bending and axial loading induced

normal strain €,, along the axial z direction is:

fg) _ M;x(t)y . M;y(t)m)’

€. = E7Y( (3.2.14)

where F is the longitudinal modulus of elasticity of the bone, f(t) is the axial loading, A
is the cross sectional area, I, and I, are the area moments of inertia of the bone section
measured in the rooster experiment, and M,(t) and M,(t) are the bending moments

about the indicated axes.

Unlike the turkey experiment, where the bending and axial loading force is precisely
controlled, the loading condition of the rooster experiment is established through the
running of roosters on a treadmill; thus the cyclic force f(t) and bending moments M, (t)
and M, (t) are unknown. These three parameters can be determined based on three sets
of values of the normal strains €2, (i = 1,2, 3) measured separately by three strain gauges
attached at three locations (z%, y') on the surface of the bone cross section using the

following equation:

fO) M) o M0

i o -1
Sy 1,

zZZ

). (3.2.15)

After determining f(t), M,(t) and M,(t), the fluid shear stress in the lacunar-
canalicular system of the rooster bone section can be predicted in the same manner

as in the turkey bone section. The sum of the three normal stresses oy (t) is:

M, (t M, (t
( )y + a1 >x. (3.2.16)
I, I,

1
Okk(t) = Zﬂt) -
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Using the following dimensionless variables,

Y ct 3p wLg?
Y -2 p- T = , 3.2.17
T BTo, c (3:2.17)

where o, = F—(tl{’ﬂ and Ly = max(z,y), eq.(3.2.4) can be written in terms of the

dimensionless pore pressure P as:

9P 0P 0P ¢ 1 dF(@) 1 sz(t)Y+ dM,,(t)

1
0X2 + oYz  or wlyo, ALy dr I, dr 7'; dr

X (3.218)

Since the geometry of the rooster bone is irregular, a numerical method involving a grid
and a time interval defined by dX, dY and dr is used to solve eq. (3.2.18). Assuming
P(i,j,n) is the dimensionless pore pressure at time 7 = n for the bone cell located at

X =14,Y = j, eq.(3.2.18) can be written as a difference equation:

Pi+1,4,n) = 2P(i,j,n) + P(i = 1,j,n) | P(i.j +1,n) = 2P(i,j,n) + P(i, ~ Lin)

ax? dY?
_P(i,jin) —P@,jn=-1) ¢ 1 dF(n) 1dM(n). + 1 dMy(n) )
dr " wkleo, ALy, dr I, dr I, dr '
(3.2.19)
From eq.(3.2.19), the numerical iteriation is:
. 1 c 1 dF(n) 1dMg(n). 1dM,(n),.
P(i,j,n) = — — — [ il AN
Cim ==l dn e T T e
_ P(i,j,n=1) P(i+1,4n)+PG—14mn) P,j+1n)+P3j—- l,n)}
dr dX? dY? '
(3.2.20)

The boundary conditions for the rooster bone section, the same as those for the turkey

bone section (eq.(3.2.9)-(3.2.11)), can be represented in the numerical model as:

P(i,7,0) = 0, (3.2.21)

P(iv1, ju1,n) = 0, (3.2.22)
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P(is2, juz,m) =0, (3.2.23)

aP(imajm,n)

—Ka. = .2.24
or 0, (3 )

where eq.(3.2.21) defines the dimensionless pore pressure P = 0 at the start time ¢t = 0
for all bone cells; eq.(3.2.22) and (3.2.23) show free fluid flow across the laminae surfaces
(at locations of (i,1,y1) and (449, ju2)) from the lacunar-canalicular porosity into the

vascular porosity, and eq.(3.2.24) shows no fluid flow at the periosteal surface.

The fluid shear stress s is obtained as the gradient of the pore pressure p:

= 2 Ao /a) — Buki (s /)] (3.2.25)

where

22?42 1

or Ly 2201 + 2yOy’

(3.2.26)

3.2.3 Comparison of fluid shear stress to strain gradients and

bone formation

In order to compare the predicted fluid shear stresses with the strain gradients and the
bone formation across bone sectors obtained in the experiments, we employed s,,, to
represent the averaged fluid shear stress acting on each bone sector. The s,,, at each
bone sector is obtained by averaging the absolute value of the fluid shear strésses acting
on every bone cell located within the bone sector. The linear correlation coefficient r is
used to find how the averaged shear stress correlated with the absolute value of strain

gradients and the bone formation across a bone section.
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3.2.4 Model parameters

Most of the parameter values used in our model either can be obtained from the experi-
ments (see Appendix 5 and 6) or have been estimated in Zeng et al. (1994) (see Appendix
3). However, parameters related to the histological structure of avian plexiform bone in-
cluding the thickness of the lamina, the thickness of the vascular network, the distances
between osteocytes in the radial and circumferential directions and the relaxation time
7r, need to be determined. Observation of a turkey ulnar bone section by our research
group shows that the thickness of a lamina is approximately 80 pum, the thickness of a
vascular network is approximately 10 pum, the distance between two osteocytes in the
radial direction L. is approximately 10 um and in the circumferential direction Ly is
approximately 20 um. These parameters are observed to be relatively constant through
a cross section of the bone. Based on the size of the cross sections of the turkey radii
and the rooster tarsometatarsuses, starting from the endosteal surface there are about
14 (for turkey bone) to 15 (for rooster bone) layers of laminae, 14 to 15 layers of vascular
networks, and a partial lamina (with a thickness of 40 ym) at the periosteal surface.
The longitudinal modulus of bone tissue elasticity is assumed to be 22.6 GPa (Gross et
al., 1997). The characteristic time of relaxation of the fluid pore pressure 7, is assumed

to be 2 sec based on the experimental measurements from Salzstein and Pollack (1987).
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3.3 Results

3.3.1 Fluid shear stress in turkey experiment

The predicted fluid shear stress s in the turkey experiment remains zero when the load
is steady and reaches the maximal absolute value during loading and unloading (Fig-
ure 3.4), (see Figure Al for applied loading). The sign change of s is due to the di-
rection change of the fluid flow in the connected cellular network (CCN) caused by the
sign change of the loading rate. The positive sign indicates that the fluid flows into the

CCN, while the negative sign indicates that the fluid flows out of the CCN.

The maximum value of fluid shear stress s acting on every bone cell in the turkey CCN
is non-uniformly distributed across the bone section (Figure 3.5). Within each lamina,
due to the boundary conditions, the magnitude of the predicted fluid shear stress s
along the radial direction is maximum at the boundary of the first vascular network,
then it decreases linearly to zero at the midline of each lamina; at that point, it reverses
and increases linearly with the opposite sign until reaching a maximum again at the
boundary of the next vascular network. The circumferential locations of the maximum
fluid shear stress s are along the ' axis (Figure 3.2) which is perpendicular to the neutral
axis. Among laminae, the maximum fluid shear stress s occurs at the boundaries of
the vascular networks and it increases with laminae away from the endosteal surface,
reaching the maximum at the inner surface of the last partial lamina at the subperiosteal
surface. In the lamina near the periosteal surface, the fluid shear stress s is the greatest

at the boundary of the last vascular network and zero at the periosteal surface, where
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no fluid flow is assumed to occur.

Across the turkey bone section, a strong correlation (reef = 0.9) is found between
the averaged fluid shear stress sq,, and the absolute value of the radial strain gradient
RG; however, no correlation is found between bone formation and sgyg (7eoer = 0.02),

or betwen the bone formation and the absolute value of RG (s = 0.03) (Figure 3.6).

3.3.2 Fluid shear stress in rooster experiment

In the rooster experiment, the cyclic force f(¢) calculated using eq.(3.2.15) ranged from
-150 to 20 N over one loading cycle (Figure 3.7a), while the bending moments M, (t) and
M,(t) ranged from -0.1 to 0.4 Nm (Figure 3.7b). The predicted fluid shear stress s of one
rooster shows the maximal fluid shear stress during one running cycle is approximately
2 dyne/cm? (Figure 3.8). The sign change of s is due to the stepping and lifting motions

related to the running.

The maximum value of fluid shear stress s acting on every bone cell in the rooster
connected cellular network (CCN) illustrates a similar distribution to that in the turkey
CCN (Figure 3.9). The magnitude of the predicted fluid shear stress s in the rooster
bone along the radial direction is maximum at the boundary of a vascular network, then
it decreases linearly to zero at the midline of each lamina and increases linearly with
opposite sign until reaching a maximum again at the boundary of the next vascular
network. Among laminae, the maximum fluid shear stress s occurs at the boundaries
of the vascular networks and increases with laminae away from the endosteal surface,

reaching the maximum at the inner surface of the last partial lamina at the subperiosteal
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surface. In the lamina near the periosteal surface, the magnitude of fluid shear stress s

is zero at the periosteal surface, where no fluid flow is assumed to occur.

The averaged shear stress s,,, and the radial strain gradients RG across the 12 bone
sectors obtained in Judex et al. (1997) correlate to a certain extent (rcoes = 0.62). The
bone formation in the rooster experiment is not related to the absolute value of sq
(Tcoef = —0.47) and is negatively correlated to the absolute value of RG (repes = —0.85)

(Figure 3.10).

3.4 Discussion

Although the fluid shear stress is related (strongly in the turkey experiment and to
some extent in the rooster experiment) to the radial strain gradients, there is no spatial
correlation between the averaged fluid shear stress and the bone formation across bone
sectors (rcoey = 0.02 for the turkey experiment and -0.47 for the rooster experiment).
Our long-standing hypothesis is that the bone formation is not directly correlated with
the averaged local fluid shear stress. Specifically we hypothesize that the bone formation
is a result of the interpretation of a local decision-making process of the loading-induced
signal distribution by the CCN. Based on the hypothesis, the distribution of the fluid
shear stress in a CCN is more important than the local fluid shear stress in regulating
bone formation. In the lamina near the periosteal surface of the turkey radius, the
fluid shear stress is maximum on the osteocytes located at the boundary of the last
layer of the vascular network, but is zero at the periosteal surface, where osteoblasts

(bone forming cells) and bone lining cells are located and bone formation occurs. In this
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situation, the signals have to be transmitted from the osteocytes excited by mechanical
loading induced signals to those that did not receive a sufficiently strong signal from
the fluid flow shear stress caused by the loading, including the osteoblasts located on
the periosteal surface. If the signals regulating bone formation are processed by a CCN
before reaching the osteoblasts, it is possible that the bone formation is not linearly

related to the local fluid shear stress.

The extensive intercellular connection among bone cells is the basis of the hypothesis
that the loading induced signals may be transmitted and integrated through intercellular
communication before reaching bone forming cells to regulate bone adaptation. The in-
terconnected structure of a CCN provides a suitable site for intercellular signal exchange
and transmission. It is suggested that a CCN may function as a network with osteo-
cytes as nodes and osteocytic processes as connections and that a CCN is operationally
analogous to a network of neurons that permits parallel distributed signal processing

(Cowin and Moss, 2000).

The interpretation of the influence of the CCN in processing the fluid shear stress
data in the present situation is particularly important. The theory is that bone tissue
adjusts its CCN to the stimulus that it customarily experiences. When the stimulus it
experiences is no longer the same there is a period of adaptation of the CCN to the new
stimulus. In the experiments, the turkey and rooster bones were subjected to normal
loading up until having received a new mechanical loading (a particular and totally
different loading in the turkey experiment and a higher magnitude and duration loading
in the rooster experiment). Thus the bone adaptation that occurs is initially due to

the new stimulus being interpreted by the CCN that is still tuned to the old stimulus.
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How long it takes for the CCN to retune itself to the new stimulus is unknown, but it
is not instantaneous. Since both experiments lasted for only 3-4 weeks, it is unclear if
the retuning process of the CCN has been completed. Nonetheless, the predicted fluid
shear stress distribution in the avian plexiform bone provides a basis for a study on
the mechanism of the intercellular communication in the bone CCN and on the relation

between the mechanical induced signals and bone formation.

This study is the first to predict the distribution of the fluid shear stress acting on
every bone cell in a CCN across a whole bone section subjected to a cyclic bending and
axial loading. A previously developed theoretical model by Zeng et al. (1994) predicted
the fluid shear stress in the lacunar-canalicular system of an osteon subjected to loading
that is either parallel or perpendicular to the osteonal axis. When fluid shear stress in
a whole bone is considered rather than just in an osteon, in both normal physiological
environments and bone adaptation experiments, there is bending in addition to the axial
loading due to the shape and curvature of the whole bone section. The interest here is
in whole bone so it is necessary to understand the fluid shear stress induced by both
bending and axial loading. The predicted fluid shear stresses in the turkey and the
rooster bone sections are in the range (0.2 to 20 dyne/cm?) that osteocytes are reported
to respond to (Ajubi et al., 1996; Klein-Nulend et al., 1997; Sterck et al., 1998; Bakker

et al., 2001; Thi et al., 2002; Alford et al., 2003).

For the first time, the theoretically predicted fluid shear stress across a whole long
bone section is compared to the strain gradients obtained in an animal adaptation ex-
periment. The model shows a very strong correlation (rees = 0.9) between the predicted

shear stress and the radial strain gradient in the turkey experiment by Gross et al. (1997).
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This result is expected because the radial strain gradient is the driving force to the fluid
shear stress acting on the osteocytic processes within the lacunar-canaliculi system in
the radial direction. In our model, the radial direction is assumed to be the primary
orientation of the lacunar-canalicular system based on a reasonable evaluation of the ex-
isting histological information about the lacunar-canaliculi system in avian bone. Note
that the radial direction is the dominant orientation of the lacunar-canaliculi system in
human osteonal bone. The fact that the correlation between the predicted fluid shear
stress and the measured radial strain gradient is not so obvious in the rooster'experiment
most likely originates from the geometry of the bone section. The radial strain gradient
measured by Judex et al. (1997) is defined as the difference between the midpoints of
endosteal and periosteal surfaces enclosed by one bone sector. However, the exceedingly
irregular shape of the bone cross section makes a significant difference between the radial
direction of one sector and the direction perpendicular to both endosteal and periosteal

surfaces of the sector.

It is also the first time that theoretically predicted fluid shear stress across a whole
long bone section is compared to the bone response obtained in an animal adaptation
experiment. We chose fluid shear stress as the mechanical stimulus because the fluid
shear stress, compared to other mechanical parameters, is a physiological parameter
that directly acts on and could be sensed by bone cells; this brings our computational
model in Chapter 4 more close to the real mechanosensory system in bone. The absolute
value of the predicted fluid shear stress is used in this study because of the reported
dependence of bone cell response to the absolute value of fluid shear stress (Bakker

et al., 2001; Cheng et al., 2001; Thi et al., 2002). Other mechanical parameters have
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been compared to bone.response using signed parameters. In a turkey ulna model,
twenty-four mechanical parameters, including strain energy density, longitudinal shear
stress and tensile principal stress/strain were compared to the bone response and the
results were not successful (95% of 2880 permutations had reer < 0.6) (Brown et al.,
1990). In Gross et al. (1997) and Judex et al. (1997), the circumferential strain gradient
was found to be most closely related to the bone response (rees = 0.6 for the turkey
experiment and 0.80 for the rooster experiment), compared to radial and longitudinal
strain gradients. The combination of the strain gradient in three directions gave better
results (rees = 0.79 for the turkey experiment and 0.85 for the rooster experiment).
However, all the correlations in the above experiments are between local mechanical
parameters and local bone response without taking into consideration the intercellular
communication in the CCN, which may regulate local bone response based on mechanical
stimuli acting on cells located at various regions. The circumferential strain gradient
is more closely related to the bone response than the radial strain gradient, but it is
not the driving force of fluid shear stress in the radially distributed lacunar-canalicular
system in avian bone. The fluid shear stress acting on bone cells is most likely driven by
the radial strain gradient, as suggested by the results in this study. It is possible that
fluid flow induced signals could be sent in different directions in the CCN after being

sensed by certain bone cells.

One of the limitations of this study is that the cross section of the turkey radius is
assumed to be circular. We do not know the exact histological structure, but we do
know that the turkey radius is only approximately circular in cross section. Another

limitation is that fluid shear stress is assumed to be the stimulus of bone cells. This
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assumption has not been proven and the fluid shear stress most likely is not the only

stimulus that regulates bone response to mechanical loading.

In this study, a mathematical model based on avian plexiform bone microstructure
is developed to predict the fluid shear stress distribution induced by bending and axial
loading in a bone CCN. The model is applied to animal adaptation experiments and the
results show a strong correlation between the predicted shear stress and the radial strain
gradient obtained in the experiments. The unevenly distributed shear stress supports
our hypothesis that the bone formation is not directly correlated to the averaged local
fluid shear stress. This study provides a basis for the study of cellular communication

in the bone CCN to be reported in Chapter 4.
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Figure 3.1: An image of the microstructure of a turkey ulna, which is composed of a
series of concentrically arranged alternate layers of mineralized tissue (bone laminae)

and blood plexies (vascular networks).
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Figure 3.2: The idealized histological structure of the cross section of turkey plexiform
bone. (a) As in Gross et al. (1997), the cyclic bending f(t) is applied through two pins
with moment arm L. (b) The cross section of the bone consists of a series of concen-
trically arranged laminae (horizontal-line-filled rings) and vascular networks (unfilled
rings). The radius of the whole bone is g, and r; represents the marrow cavity. Be-
tween any two vascular networks, located at radius r,; and 7,2, is a bone lamina, where
osteocytes are embedded and interconnected by canaliculi, forming a CCN. (c¢) Within
each canaliculus, the fluid shear stress acting on the exterior surface of the membrane

of the cell process is predicted.
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'S 4

Figure 3.3: The cross section of a rooster tarsometatarsus with 12 equal pie sectors
(adapted from Judex et al. (1997)). The small rectangular box is the domain whose
shear stress is represented in Figure 3.9. 7 is the angle between the x axis and the

neutral axis (NA), and the z axis is normal to the plane of the section.
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Figure 3.4: The fluid shear stress s (in dyne/cm?) during one loading cycle in the turkey
radius. s is plotted at one osteocyte, as an example, located at the inner surface of
the lamina near the periosteal surface lamina with r = 3.97 mm and 6 = 7/4 (shown
schematically in the inserted figure). The maximum magnitude $,,q, occurs at ¢t = 0.3
sec and t = 2.2 sec (see Figure Al to relate the applied loading to the shear stress). The

fluid shear stress acting on every osteocyte in the cellular network reaches the maximum

at the same time,.
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Figure 3.5: The distribution of the fluid shear stress s (in dyne/cm?) acting on every

bone cell in the CCN across the turkey radius section at ¢t = 0.3 sec. For the purpose of
a better presentation, only three laminae and the lamina near the periosteal surface are

shown. The number of bone cells shown in each lamina is reduced and the thickness of

laminae and vascular networks is enlarged.
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Turkey Bone Formation, Averaged Shear Stress and RG
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Figure 3.6: (a) The averaged bone formation (mm?) (Gross et al., 1997), (b) the averaged
absolute value of the shear stress s,,, (dyne/cm?) and (c) the absolute value of the
radial strain gradient RG (ue/mm) (Gross et al., 1997) across the 24 bone sectors in the
turkey experiment. A strong relation between s,,, and RG is found with the correlation

coeflicient reef = 0.9. The bone formation is not related to sqyg (Tcoes = 0.02) or the

absolute value of RG (7¢es = 0.03).
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Figure 3.7: (a) The calculated loading force f(¢) (b) the calculated bending moments

M, and M, applied to the rooster tarsometatarsus during one loading cycle.
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Shear Stress During a Running Cycle in Rooster Bone
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Figure 3.8: The predicted fluid shear stress s (in dyne/cm?) during one running cycle.
s is predicted at an osteocyte, as an example, located at x = 8.4 mm and y = 0.0 mm
(shown as the black dot in the inserted figure) on the rooster bone cross section. The
magnitude of shear stress reaches a maximum at ¢ = 0.08 sec. The fluid shear stress

acting on every osteocyte in the cellular network reaches the maximum at the same time.
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Figure 3.9: The distribution of the fluid shear stress s (in dyne/cm?) acting on every
cell in the rectangular box (Figure 3.3) on a rooster bone section. For the purpose of a
better presentation, only two laminae and the lamina near the periosteal surface in the
rectangular box are shown. The number of bone cells shown in each lamina is reduced

and the thickness of laminae and vascular networks is enlarged.
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Rooster Bone Formation, Averaged Shear Stress and RG
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Figure 3.10: (a) The averaged bone formation percentage (Judex et al., 1997), (b) the
average absolute value of the shear stress s,,, (dyne/cm?) and (c) the absolute value of
the radial strain gradient RG (pe/mm) (Judex et al., 1997) across the 12 bone sectors
in the rooster experiment. The correlation coeflicient between s,,, and RG is 0.62. The
bone formation is not related to Sauy (Teoey = —0.47) and is related negatively to the

absolute value of RG (Twef = —0.85).
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Chapter 4 Development Of A
Computational Connected Cellular
Network To Study Bone Intercellular

Communication

4.1 Introduction

Ever since the recognition (Wolff, 1892, 1986) that bone mass and structure can be
influenced by mechanical loading, extensive research has been done to analyze the rela-
tionship between mechanical loading and bone adaptation. Koch (1917) hypothesized
that bone is optimally designed to have a structure of maximum strength with minimum
material. Harold Frost in his books (Frost, 1964, 1986) and many other publications ac-
complished the most extensive study of the mechanics and biology of bone adaptation to
mechanical loading. Incorporating Frost’s ideas Cowin and Hegedus (1976) and Hegedus
and Cowin (1976) developed a theory of adaptive elasticity to employ as a model of bone
adaptation. This theory was used to model a number of the bone remodeling animal

experiments (Cowin et al., 1985).

Prior to 1990 the mechanistic models proposed to describe functional adaptation
were phenomenological, or mechanistic. Phenomenological models attempt to simulate

cause and effect (e.g., changed mechanical loading leading to changed bone architecture)
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without a consideration of the intermediary mechanisms involved. Phenomenological
models allow for conveniently testing the consequences of different hypotheses about
bone adaptation. This approach is often useful for eliminating some assumptions that
don’t match experimental or clinical results and observations (e.g., only compressive
static loading leads to bone formation) or stimulate further investigations (e.g., strain
rates and spatial gradients may regulate adaptation). This and other phenomenological
models for cortical and cancellous bone adaptation have recently been reviewed by (Hart,

2001).

Mechanistic models, on the other hand, start instead with parameters (e.g., bone
cell activities and microenvironment) that are linked to portions of the biological pro-
cesses involved in bone maintenance, turnover, and repair. These models, currently less
developed than some of the phenomenological models because they are more complex,
may lead to successfully linking mechanical and biological causes and effects. These
models offer the promise of not only extending the descriptive and predictive capabili-
ties of phenomenological models, but may offer insights into manipulation of the bone
response, and development of pharmacological therapeutic agents. A mechanjstic model
for bone adaptation is described in a series of papers over the last decade (Cowin et al.,
1991; Weinbaum et al., 1994; Cowin et al., 1995; You et al., 2001). This mechanistic
model relates the effect of mechanical load applied to a whole bone to the bone fluid
flow around the cells buried in the bone and, most significantly, to the bone adaptation
process. As overview of these model concepts in the light of the relevant experimental

data is presented in Cowin and Moss (2000).

The mechanistic model described above predicts that the maximum cellular stimula-
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tory signal for bone mechanosensation occurs at the places where the fluid flow creates
the greatest force on the cells buried in the bone matrix, the osteocyte. This location
is not the location where the bone deposition or resorption is needed or, indeed, oc-
curs. To explain this apparent inconsistency it is suggested that bone may function as
a mechanosensory and mechanotransduction system where the loading induced signals
are transmitted and integrated before regulating bone adaptation (Cowin et al., 1991;
Moss, 1991; Aarden et al., 1994; Duncan and Turner, 1995; Burger and Klein-Nulen,
1999b; Bloomfield, 2001; Turner et al., 2002). This implies that the relationships may
be nonlinear and that the response to mechanical loading may be a coordinated result

of signal integration in bone tissue.

In the first chapter, bone tissue was described as an extensively connected cellular
network (CCN) with osteocytes as sensor cells and osteoblasts and osteoclasts as ac-
tion cells. Osteocytes and osteoblasts are interconnected through cell processes in the
lacunar-canalicular system, establishing intercellular communication between neighbor-
ing cells. The signal transmitted through the intercellular pathways involve any or all
of the following processes: cellular electrical events through gap junctions initiated by
stretch and voltage activated ion channels (K, Ca®*, Na* and Cs*) and action po-
tentials (Ypey et al., 1992; Rawlinson et al., 1996; Mikuni-Takagaki, 1999); circulating
hormones (parathyroid hormone, growth hormone, estrogen and androgen) (Kasperk et
al., 1990; Inaoka et al., 1995; Jagger et al., 1996; Lean et al., 1996; Chow et al., 1998);
and local hormones (cytokines and growth factors) (Allen and Boxhorn, 1989; Greene
and Allen, 1991; Seino, 1994). Intercellular communication through gap junctions has

been shown experimentally in osteocytes (Jones et al., 1993; Palumbo et al., 1990), os-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

teoblasts (Doty, 1981; Chiba et al., 1994; Donahue et al., 1995; Lecanda et al., 1998,
Saunders et al., 2001; Romanello et al., 2003) and between osteocytes and osteoblasts

(Doty, 1981; Yellowley et al., 2000).

A bone CCN has been presented as a network with osteocytes as nodes and osteocytic
cell processes as connections (Cowin et al., 1991; Moss, 1991). Each osteocyte, which
functions as an information-processing unit with nonlinear capability, is connected via
gap junctions to its neighbors. Cells in a CCN are organized in layers and the cell
processes of all osteocytes in all layers have identical functions. The loading induced
signal continues to propagate through the network until it reaches osteoblasts on the bone
surfaces, where it regulates the site and magnitude of bone formation. The hypothesis
that osteocytes may exhibit certain capabilities of neurouns is supported by the reported
possible involvement of the neurotransmitter glutamate, an important transmitter in
the central neural system, in intercellular communication among bone cells (Mason et
al., 1997; Patton et al., 1998; Gu and Publicover, 2000; Hinoi et al., 2001; Huggett et
al., 2002) and the evidence of short- and long-term memory exhibited by bone cells and

tissue (Turner et al., 2002; Spencer and Genever, 2003).

To a large extent osteocytes as signal-sensing units and most likely signal-processing
units function very much like the computational elements in an artificial neural network
(ANN). A computational element that is a mathematical approximation of a biologi-
cal neuron (and an osteocyte as well) sums weighted input signals, compares with a
threshold, and then passes a new signal through a nonlinearity known as the activation
function (Figure 4.1). The weights represent the connection strength between compu-

tational elements. In biological neuronal systems, comprehensive tasks such as classifi-
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cation, pattern recognition and information processing are performed through learning,
which involves adjustments of the thresholds and the synaptic connections, or weights,
between neurons. Analogously, a bone CCN most likely is able to adjust the thresholds
and weights, or connection strength of gap junctions, between osteocytes to regulate the

bone adaptation response induced by mechanical loading.

The objective of this study is to develop a computational connected cellular network
(CCCN) with its structure and connection mimicking the bone CCN to emulate the
information-processing ability of a cluster of interconnected osteocytes. An algorithm
that enables the network to adjust its thresholds and weights is designed specifically
for the CCCN to extract the intercellular communication pattern by correlating loading
stimulus at the cellular level with experimentally obtained bone formation data from
Gross et al. (1997) and Judex et al. (1997). The loading stimulus at the cellular level is
hypothesized to be the bone fluid shear stress acting on the osteocytic processes and is

computed by the mathematical model developed in the previous chapter.

4.2 Development of a computational connected cel-

lular network (CCCN) for bone structure

The development of the bone CCCN consists of two parts: 1) development of a network
architecture similar to that of a bone CCN, and 2) design of an algorithm to adjust cell

thresholds and connection weights.
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4.2.1 CCCN structure

As discussed in the previous chapter, the development of the CCCN is based upon two
avian animal experiments (Gross et al., 1997; Judex et al., 1997). So the architecture
of the CCCN mimics the structure of avian plexiform bone, which consists of a series
of concentrically arranged alternate layers of mineralized tissue and blood plexies (Fig-
ure 4.2). Osteocytes are located and interconnected within the layers of mineralized

tissue, whereas there are no osteocytes in the vascular networks.

The structure of the CCCN is idealized as a 2-D grid (Figure 4.2). Each node of the
CCCN grid represents one osteocyte, which is assumed to be connected with six of its
nearest neighbor cells through gap junctions in the lacunar-canalicular system. Due to
lack of experimental data and reports on osteocytic neighbor connection in avian bones,
this assumption is based on observations in human bones, where the connections are
concentrated within the nearest neighbor cells and are mainly in the radial direction
of the bone section (Garven, 1965; Rasmussen and Bordier, 1975; Curtis et al., 1985).
The connection strength between osteocytes is represented by weights. Although there
are no osteocytes in the vascular networks, it has been experimentally observed that
osteocytic processes are able to cross the vascular network, connecting the osteocytes
in one lamina with those in the next one (Currey, 1960). We assume that osteocytes
between bone laminae are connected in the same manner as the osteocytes within one

lamina.
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4.2.2 CCCN algorithm

The CCCN computational algorithm is developed by modifying the back-propagation
(BP) network learning algorithm A carefully designed BP network is capable of capturing
any functional relationship between input and output data. However, it is not a suitable
network for a CCCN in that the structure of a BP network is different from that of a
CCCN. In a BP network, a computational element in one layer is connected with every
element of the next higher layer, while an osteocyte in a CCCN is connected only with
its neighboring osteocytes. The connection structure of a CCCN provides pathways
for signal transmission in all directions whereas, in a BP network there is a clearly
defined signal propagation direction namely, forward direction. Unlike the BP neural
network where the network architecture and s'ignal propagation directions are fixed,
CCCN connection patterns and signal propagation directions evolve over computational

cycles.

The CCCN algorithm consists of two steps: initialization, which is only done once, and
computational cycles, which repeat until a preset error value is reached (Figure 4.3). The
object of initialization is to assign initial values to network parameters. A computational
cycle is defined as the use of an entire set of data once to compute network parameters.
There are five parts in one computational cycle: 1) cell parameter reset, 2) output
computation, 3) error computation, 4) computation of changes in network parameters,

and 5) network parameter update.

In the CCCN algorithm, a cell can be in one of three possible states: resting (0),

active (1), or post-active (-1). An integer denoted as the activation order is assigned to
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every cell to indicate the order in which the cell is activated. If a cell is among the set
of cells activated by loading induced bone fluid shear stress, then the activation order of
that cell is 1. The cells with the activation order equal to 1 are directly activated cells,
as opposed to indirectly activated cells, which are activated by signals transmitted from

neighboring cells.

We assume that loading induced signals propagate from an active cell to a resting cell
(there is no signal transmission between two active cells) and that a cell in a post-active
state cannot receive any signals from its neighboring cells. This assumption is borrowed
from neuronal studies and experiments (Churchland and Sejnowski, 1992) as there is no

available experimental information so far for bone cells.

With a bone cell C(i, j) at location (i, 7) in a 2-D grid of a CCCN, we associate the

following parameters:

o S(i,7) is the cell state

e O(i,7) is the output of the cell

e L(i,7) is the activation order of the cell

e W"(i,4,p,q) is the connection weight between C(, ) and its neighbor cell C(p, q)

e T7*(i,7) is the loading threshold that fluid shear stress has to surpass in order to

be sensed by C(i, 7). The subscript  denotes loading.

e T™(4,7) is the signal threshold that the received signals have to surpass in order

for C(i,j) to generate a response. The subscript s denotes signal.
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Among the above parameters, three are cell parameters (S(i, 5), O(i,5) and L(¢, 5)) and
the other three are network parameters (W"(3, 4,p,q), T*(¢, ), and T2(4, j)). The values
of network parameters in one computational cycle are computed based on the respective
values of the previous computational cycle. For better presentation, superscript n is
used to denote the cycle dependency of the network parameters. The cell parameters

are independent from cycle to cycle.

Initialization: This is applied once at the very beginning of the computation. All
cell parameters are set to O and all network parameters are assigned random initial

values.

Computational Cycle: As mentioned before, there are five parts in one compu-
tational cycle (Figure 4.3). The first four parts are applied to one randomly picked
input-output data pair and the changes in cell and network parameters are computed.
The first four parts repeat for the next data pair until the whole data set is exhausted.
The network parameters are updated in the last part. The five parts are summarized

below:

1) Cell parameter reset: The cell parameters, namely cell state, output, and activation

order of every cell in the network are reset to 0.

2) Output computation: Consider a resting cell C(3, j) at the nth computational cycle.

The output O(i, j) of C(i,4) can be obtained by:

4

fm[F(Z’J) - Tln(za])]? if Lmaz =0
O7) = (4.2.1)

£l Y O,9Wn(i4,p,q) — T7(i, 5)], otherwise
\  PgEN(i)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

where f,, and f, are activation functions (see Figure 4.1), f,, is the mechanosensory

function that transforms fluid shear stress into signals sensed by bone cells, f; is the

signal communication function that describes cell response to received signals, F(i, j) is

the absolute value of the shear stress acting on cell C(4, 5), Lz is the maximum value

of the activation order of the network, N (i, 7) is the neighborhood of C(%, 5}, and (p, q)

is the location of an activated cell in the neighborhood of C(i, 7). The output of other

resting cells in the network is computed in the same manner.

After computing the output of every resting cell in the network, the state of all

previously activated cells is set to the post-active state before updating the state of the

resting cells:

L(i,j) =
If {

0(i,7) > 0

If O(i, ) <0, then: 4

then: {

\

S(i,j) =1

L(i,7) = L(p,q) + 1.

S(i,5) =0
L) =0 (4.2.2)
O(i,5) = 0.

\

This part of the computation for one input-output pair of data is repeated until no cell

in the network is in the active state.

A hyperbolic tangent function, one of the most commonly used activation functions

in artificial neural networks (Haykin, 1999), is used as the mechanosensory function f,,
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and the signal communication function fj:

fm(z) = Aptanh(B,x) (4.2.3)

fe(l‘) = Astanh(Bs:c), (424)

where 4,, and A, are magnitude parameters to control the output magnitude, and B,,
and B, are slope parameters of the functions. The optimal value set of the parameters

(1.7 for A, and A, 0.67 for By, and By) are determined by trial and error.

3) Error computation: The error between the computed bone formation and the ex-

perimentally measured bone formation is éstimated for the cells located in the last row of
the CCCN, which represent the osteoblasts on the periosteal surface of the bone section.
The experimentally measured bone formation was divided into several sectors (24 for
turkeys and 12 for roosters) across the bone sections by Gross et al. (1997) and Judex
et al. (1997). The computed bone formation By by the CCCN in sector k is assumed to

be the average output of cells in the sector.

YoM, j)

i€k

where M denotes the last row of the network, and D is the total number of cells located

in sector k. The error signal e(M, j) of C(M, ) in sector k is:
e(M,5) = By — BMi (4.2.6)

where BM;, is the experimentally measured bone formation of sector k.

4) Computation of changes in network parameters: The changes in network parame-

ters are computed for all cells that participate in activating osteoblasts that have not
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produced the desired amount of bone formation. The participating cells are traced
through the propagation pathways and the structure of the network with the participat-
ing cells can be determined (Figure 4.4). The sign (increase or decrease) of the network
parameter change is defined by the sign of the local gradient 6(¢, 7) in the weight space

of C(i,7). If cell (4,7) is in the last row (i = M) of the CCCN, the local gradient is:

56,) = o)1 S WG 2,0)0(,0)]. 2

PIEN(4,5)

For a cell located in the interior part of the network, the local gradient is:

Z W™, 4,p,9)0(p, q Z W™(p,q,s,t)0(s, t). (4.2.8)

PEN(4.5) s,teEN(p,q)

In eq.(4.2.7) and (4.2.8), f’ is the first derivative of f, which is the mechanosensory
function (f,,) if C(4,7) is a directly activated cell, or the signal communication function

(fs) if C(4,7) is an indirectly activated cell.

To compute the changes in network parameters, we employ the “Manhattan” updat-
ing step derived from the RPROP (Resilient backpropagation) update rule (Riedmiller

and Braun, 1993):

AW™(i, j, p,q) = —1"(i, j) * sign[—4(i, j)O(p, q)] (4.2.9)
ATP(G,§) = (i ) * sign|—5(, )] (4:2.10)
AT, 7) = n"(i, ) * sign[—d(i, 7)), (4.2.11)

where 1™(3, j) is the learning rate that controls the rate of change for C(z,7) in the
nth computational cycle. This completes the computation for one pair of data. The
same computation repeats for the next randomly picked input-output data pair until

the whole data set is exhausted.
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5) Network parameter update: The final step of a computational cycle is to update

the weights and thresholds:

Wi, 5, p,q) = W"(i, j,p,q) + AWg, (4, 5, p, 9), (4.2.12)
T4 (i, 5) = T (5, 5) + ATja, (i, 5) (4.2.13)
Ty (i, ) = T30, 5) + AT (0, 9), (4.2.14)

where AWZ (4, 5,,9), Ti,,(4,5) and T3, (4, ) are the averaged change in connection

avg savg

weights, loading threshold, and signal threshold of C(i, j) for the whole data set, respec-

tively.

To speed up the error minimization process, the learning rate n"*1(4, 7) is adjusted

based on the previous value as:

/

v (i, g) if AWE(5,5,0,9) * AWR-N(E, 4,p,q) > 0

avg

ntles -\
TN = N ymnni,g) i AW, 5,p.0) * AW G5, p,q) <0 (4.2.15)

avg avg

n"™(%,7) otherwise
\

where v* and v~ are growth/shrinking factors (0 < 7~ < 1 < 4%1). In this study,

vt =1.2,9" =0.5, and 107° < n™(4,j) < 1 are determined by trial and error.

We use the averaged error percentage per sector of an entire data set, denoted by E,,
to compare to a specified preset error value £, which sets the stop point for network

computation. This signals the end of one computational cycle.

With the updated weights and thresholds as the starting values, the next computa-

tional cycle starts. This process is repeated as long as the error percentage E, remains

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

above the preset value £,. When E; < E,, the updated weights show the connection

patterns between cells and the threshold values indicate the sensitivities of each cell.

4.3 Experiments with the network

The developed algorithm for the CCCN is applied to the turkey and rooster CCCNs
created using the actual sizes of the experimental turkey and rooster bone sections. Ex-
periments with the networks and the measurements of network parameters are described

below.

4.3.1 The sizes of the turkey and rooster CCCNs

The sizes of the turkey and rooster CCCNs depend on the sizes of the turkey and rooster
bone cross sections and the distance between osteocytes in the respective connected
cellular networks (CCN). In the previous chapter, the distance between turkey osteocytes
in the circumferential and radial direction was observed to be approximately 20 and
10 um, respectively. We assume the same for the rooster CCCN in absence of such
experimental data. Based on the size of turkey and rooster bone cross sections measured
in the experiments (Gross et al., 1997; Judex et al., 1997), the turkey CCCN is estimated
to be a grid of 122 rows and 1054 columns (128,588 osteocytes) and the rooster CCCN is

estimated to be a grid of 131 rows and 2427 columns (317,937 osteocytes) (Figure 4.5(a)-

(c))-
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4.3.2 The input and output of the CCCNs

The CCCN uses the distribution of bone fluid shear stress obtained in the previous
chapter as the input and the bone formation measured from the turkey and rooster
experiments (Gross et al., 1997; Judex et al., 1997) as the output. In the previous
chapter, a strong correlation (r¢es = 0.9) was found between the computed averaged
shear stress and the radial strain gradient obtained in the turkey experiment. This strong
correlation makes it possible to calculate the individual shear stress distribution for each
of the nine experimental turkeys (one turkey is taken out of the data set because there
was no bone response) based on the individual radial strain gradient obtained in the
turkey experiment. There are two loading conditions in the turkey experiment: loading
group A (four turkeys) in which the loading pins were rotated 89 degrees from those of
loading group B (five turkeys) (Figure 4.6). The fluid shear stress and bone formation
corresponding to each anatorﬁic site, i.e., the 24 bone sectors, of the nine turkeys are

used as nine input-output pairs for the turkey CCCN. Two pairs of input and output

from the turkey experiment are shown in Figure 4.5.

The computed fluid shear stress distribution in one rooster bone serves as the input for
all five roosters because the correlation between the predicted averaged shear stress and
the radial strain gradient is not very strong (reees = 0.6). The measured bone formation
and radial strain gradient data from the experiment (Judex et al., 1997) were collected
separately from different roosters, which makes it difficult to obtain the individual shear
stress distribution for each of the five experimental roosters. The fluid shear stress and

bone formation corresponding to each anatomic site, i.e. the 12 bone sectors, of the five
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roosters are used as five input-output pairs for the rooster CCCN. One pair of input and

output from the rooster experiment is shown in Figure 4.5.

4.3.3 Experiment one: Cell population responsible for regulat-

ing bone formation

This experiment is designed to investigate the cell population responsible for regulating
bone response and the maxiumum propagation of the loading induced signals in the
CCCN. The cells that perceive the loading induced signals and participate in regulating
bone formation at the periosteal surface are defined as essential cells. Starting from the
activated osteoblasts at the last row of the CCCN, the locations of the essential cells can
be determined by tracing back the cells that participate in activating the osteoblasts.
We measure and report the number of times an essential cell is activated (activation
frequency) for three groups: turkey loading groups A and B and the rooster group. The
maximum distances that signals propagate in the radial and circumferential directions

in the CCCNs of the three groups are also reported.

4.3.4 Experiment two: Averaged network parameters and shear

stress

The second experiment of the CCCN is designed to show how network parameters,
namely two thresholds (7} and Ts) and connections weights (W), change under different

values of fluid shear stress. The network parameters and shear stress are averaged
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in the radial direction and presented along the circumferential direction of the bone
cross sections. This is because the absolute value of fluid shear stress varies in the
circumferential direction with the local bending moments. The absolute value of fluid
shear stress does not remain constant in the radial direction (it is large near the vascular
networks and close to zero at the midline of each bone lamina); however, the change is

linear and is not related to local bending moments.

4.3.5 Experiment three: Effect of the network parameters on

bone formation

For the third experiment of the CCCN, three tests are designed to explore the roles of
the three network parameters in regulating bone formation at the periosteal surface. The
three tests are designed by assigning one parameter to one of a series of constants, one at
a time, while adjusting the other two. The degree of influence of the three parameters in
regulating bone response is evaluated by the error percentage F, of the network obtained
from the three tests. If one parameter has more control over the network, assigning a
constant value to that parameter will lead to a larger error percentage in the network

results.

The series of constants assigned to loading and signal thresholds for the turkey and
rooster CCCNs are from 0 to 6.8 dyne/cm? with an interval of 1.13 dyne/cm?, and from
0 to 1.2 (out of a maximum value of 10.2) with an interval of 0.1, respectively. The series
of constants were determined by testing the network results so that bone formation at

the periosteal surface occurs. The series of constants assigned to connection weights
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is from 0.1 to 1 (out of a maximum value of 1) with an interval of 0.05. The signal

thresholds and the connection weights are unitless.

4.4 Results

The designed CCCN algorithm successfully self-adjusts the network parameters to make
the error percentage Es decrease to a minimum value within a reasonable number of
computational cycles (Figure 4.7). The error percentage E, decreases from 114% to

2.56% for the turkey CCCN and from 93% to 14.6% for the rooster CCCN.

4.4.1 Cell population responsible for regulating bone formation

The cells responsible for regulating bone formation, the essential cells, vary with location
relative to the neutral axis in the connected cellular network (CCN) (Figure 4.8(a)-
(b)). Essential cells are located in the lamina near the periosteal surface and in the
inner laminae (towards the endosteal surface) near the neutral axis. Fewer cells located
in inner laminae in the rooster CCN join with the cells located in the last lamina to
regulate bone formation, as compared to the turkey CCN (Figure 4.8(c)). No essential

cell is found at the endosteal surface in the three loading groups.

Loading induced signals propagate a much longer distance in the circumferential
direction than in the radial direction of the turkey and rooster CCCNs. The averaged
maximum signal propagation distance (not shown in Figure 4.8) in the radial direction

is approximately 540 pum in turkey group A, 260 um in turkey group B, and 110 um
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in the rooster group. The maximum signal propagation distance in the circumferential
direction is approximately 450 um in turkey group A, 1130 pm in turkey group B, and

200 pm in the rooster group.

4.4.2 Averaged network parameters and shear stress

The network results show that the averaged network parameters vary with the averaged
magnitude of fluid shear stress. The averaged loading threshold 7; ranges from 0 to 18
dyne/cm? for turkey group B, 0 to 12.8 dyne/cm? for turkey group A, and 2.5 to 14.0
dyne/cm? for the roosters. The loading threshold 7; is relatively large in areas receiving

large fluid shear stress and is relatively small in areas receiving small fluid shear stress

(Figures 4.9-4.11(b)).

The averaged signal threshold 7, has the same relationship with fluid shear stress
as the averaged loading threshold 7;. The averaged signal threshold ranges (out of a
maximum value of 10.2) from 0 to 0.8 for turkey group B, 0 to 0.9 for turkey group A,
and 0 to 3.0 for roosters. T} is relatively large in areas receiving large fluid shear stress

and small in areas receiving small fluid shear stress (Figures 4.9-4.11(c)).

The relationship between fluid shear stress and the averaged connection weights is
opposite to that of the loading and signal thresholds. Relatively weak connection weights
are observed in areas receiving large fluid shear stress and strong connection weights are

observed in areas receiving small fluid shear stress (Figures 4.9-4.11(d)).
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4.4.3 Effect of the network parameters on bone formation

The results of the three desiéned tests show that loading threshold (7}) plays a more
important role in regulating bone formation than signal threshold (75) and connection
weights (W) (Figure 4.12). A constant loading threshold generates a larger percentage
error (minimum 21.1% for roosters and 5.9% for turkeys, compared to a constant signal
threshold (minimum 15.3% for roosters and 2.64% for turkeys) and connection weights

(minimum 14.7% for roosters and 2.7% for turkeys).

Compared to the percentage error generated with free parameters (minimum 14.6%
for the rooster and 2.56% for the turkeys), assigning the loading threshold to a constant
generates a larger percentage error, while assigning the signal threshold and connection

weights to a constant did not influence significantly the network results.

4.5 Discussion

Cell population: Most 6f the cells responsible for perceiving stimulus (the essential
cells) are located in the lamina near the periosteal surface and in the inner laminae near
the neutral axis. This is not a surprising result when the fluid shear stress distribution is
studied closely. The absolute value of the shear stress is maximum at the location close
to the vascular network in the lamina near the periosteal surface. The shear stress is
strong enough to directly activate some osteocytes in the lamina, which is very close to
the periosteal surface where the osteoblasts are located. This decreases the possibility

of other cells in the inner bone lamina from being involved in regulating bone formation
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because the osteoblasts most likely are activated by signals transmitted from. the closely
located activated osteocytes. In the areas near the neutral axis, the locations of essential
cells are observed diverging into the inner laminae of neighboring areas. This is because
the shear stress in the areas near the neutral axis is not strong enough to directly activate
local osteocytes. In order to activate osteoblasts near the neutral axis, the osteocytes
in neighboring areas (including both inner laminae and the lamina near the periosteal
surface) where the shear stress is stronger have to send signals to cells located near the

neutral axis.

The locations of essential cells suggested by the network indicate that the bone for-
mation occurring at the periosteal surface of the turkey and rooster CCCNs does not
require participation of cells located at the endosteal surface. This is consistent with the
observation that no bone formation is found at the endosteal surface in both the turkey
and rooster experiments (Gross et al., 1997; Judex et al., 1997). To our knowledge, this is
the first time that the cell population responsible for perceiving loading induced stimulus

of bone formation at the periosteal surface is identified via computational modeling.

Signal propagation distance: The network result of the averaged maximum signal
propagation distance in the turkey CCN indicates the integration of loading induced
signal in the CCN. The hypothesis that loading induced signal is integrated in a bone
CCN is originated from the observation of signal attenuation in intercellular propagation
reported in in vitro experiments (Enomoto et al., 1992; Demer et al., 1993; D’Andrea and
Vittur, 1997). Compared to the experimentally obtained maximum propagation distance
(320 um, Jeansonne et al. (1979)) of the signal transmitted from a single activated bone

cell, the averaged maximum propagation distance of signals in turkey group A and B
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is much longer (450-1130 pm), except in the radial direction of turkey group B (260
pm). This indicates the possibility of the signal integration in the turkey bone CCN.
The averaged maximum signal propagation distance in the rooster CCN is much shorter
(110-200 um), compared to that of the turkey CCN, which suggests that the signal

integration in the rooster CCN is more concentrated within local signals.

An important network result is that the loading induced signals propagate a much
longer distancevin the circumferential direction than in the radial direction of the CC-
CNs. This leads us to believe that fluid shear stress induced signals propagate and are
integrated to a larger degree in the circumferential direction than in the radial direction.
Based on observations of human bone (Garven, 1965; Rasmussen and Bordier, 1975;
Curtis et al., 1985), the canalicular channels in avian bones are assumed to be mainly
in the radial direction. Since the distribution pattern of canaliculi coincides with that
of the osteocyte processes (Kamioka et al., 2001), the fluid flow through the lacunar-
canalicular system creating shear stress sensed by osteocytes is predominantly in the
radial direction. The network result shows that the fluid shear stress induced signal is
transmitted mainly in the circumferential direction, which may be the reason why the
experimentally measured radial strain gradient (driving force of fluid flow in the radial
direction) does not correlate well with the bone formation in the space domain. Signal
integration observed in the network may explain the result that the combination of cir-
cumferential, radial and longitudinal strain gradients shows a much better correlation
than any of the three strain gradients (Gross et al., 1997; Judex et al., 1997). The net-
work result supports the hypothesis that loading induced signals propagate in connected

cellular networks and that bone response is a coordinated result of signal integration in
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the networks.

Averaged network parameters and shear stress: The averaged cell sensitivities
(which are negatively related to the loading and signal thresholds) and the'connection
weights are found to be inversely correlated with the averaged fluid shear stress across
the bone section. The network result shows that the thresholds of cells responding to
mechanical stimulus varies for cells in the same bone tissue. This result is consistent
with experimental reports (Hsieh et al., 2001), in which the strain threshold was found
to have a large value where the loading strains were typically higher and a smaller value
where the loading strains were lower. It has been proposed that bone cells are able to
accommodate their mechanical loading conditions, adjusting osteocyte sensitivity differ-
ently in different loading areas (Turner, 1991). When a bone cell experiences repeated
loading for a certain duration, its loading threshold will increase and a larger loading
is needed to have it activated. Both the turkey and rooster experiments have animals
subjected to a certain loading condition for a few weeks. It is reasonable to assume that
bone cells adjust or change the loading and signal threshold (sensitivities) according to

the fluid shear stress received.

Loading thresholds: Loading threshold is suggested to play a more important role
in regulating bone response to mechanical loading, compared to the signal threshold
and connection weights. This is a reasonable result as the loading threshold determines
the strength of signals sensed by osteocytes and the distribution of directly activated
cells, which control to a certain extent the signal propagation patterns in the network.
Compared to the loading threshold, the signal threshold and connection weights have

less control over the network based on the results of this study. The limited number
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of animal data sets and the large sizes of the turkey and rooster CCCNs could be a
reason why assigning a constant to the signal threshold and connection weights did not

generate considerable errors.

Differences of the results between the turkey and the rooster CCCNs: The
difference in the error percentage between the turkey and the rooster CCCNs is most
likely caused by the difference in the sizes of two CCCNs, in the number of data sets
and loading conditions between the two animal groups. The size of the rooster CCCN
is much larger than that of the turkey CCCN and the number of the data sets of the
rooster CCCN (5) is smaller than that of the turkey CCCN (9). This difference makes it
more difficult to correlate input and output data in the rooster CCCN than in the turkey
CCCN. There are two types of loading regimens (loading group A and B) in the turkey
data set and one type of loading in the rooster data set. Having more loading regimens
in the data sets enables the turkey CCCN to collect more information, as opposed to the
rooster CCCN, which uses one type of loading regimen. With more bone cells involved
in the computation, the turkey model has a better chance to generate a better result.
Ideal data sets for such a network to extract a nonlinear relationship between input and
output data should include different representatives of the network to different loading
environments, so that the data sets are good generations of the network responses to

different environments (Anderson and Rosenfeld, 1988).

The difference in the method of loading application might account for the difference
of essential cell population between the turkey and rooster groups. The natural loading
history of the turkey radius has not been fully quantified; however, the magnitude of

peak strain in the turkey experiment was in the measured physiological loading range
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of the rooster ulna due to natural wing flapping (Rubin and Lanyon, 1987). The two
loading conditions applied through an invasive method to the turkey radius most likely
induced shear stress distribution patterns different from the physiological distribution.
The loading condition applied to the roosters was induced by an exercise model of
running on a treadmill. Quantification of the loading history of roosters indicates that
the exercise model in the rooster experiment induces a similar shear stress distribution
pattern with a higher magnitude compared to normal weight bearing activities such
as walking and running (Konieczynski et al., 1998). The difference in the essential cell
population between the turkey and rooster groups could reflect the difference in how bone

cellular networks react to external loadings with different patterns and magnitudes.

Summary: The CCCN is the first computational model that bridges the gap in un-
derstanding mechanical loading induced signals at the cellular level with bone response
at the tissue level by extracting intercellular communication patterns from animal ex-
periments. This computational approach for the first time identifies the cell population
responsible for perceiving loading stimulus. With limited animal data sets, CCCNs
extract a distinct intercellular communication pattern in which the averaged cell sen-
sitivities and connection weights are inversely correlated with the averaged fluid shear
stress across the bone section. The loading threshold is found to play an important
role in regulating bone formation at the periosteal surface. The developed algorithm for
the CCCN provides a unique and important tool to analyze intercellular communication
and to discover the underlying relationship between input and output data in biological

structures.
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Output

A Computational Element

Figure 4.1: The signal processing procedure of a computational element. The element
sums the weighted input, compares with the threshold 7" and sends out a new signal

through a nonlinear active function f. W;_g are weights.
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Figure 4.2: The connected cellular network in a bone cross section is idealized to be
a 2-D grid. The annular cross section of the bone is “cut open” from the line at the
top of the section and topologically mapped to be a 2-D rectangular grid with the top
layer as the endosteal surface and the bottom layer as the periosteal surface. The radial
direction of the bone cross section is along the ba or dc direction and the circumferential
direction is along the bd or ac direction. Osteocytes are located and interconnected
within the concentrically arranged laminae (horizontal-line-filled rings). There are no
osteocytes in the vascular networks (unfilled rings). The osteocytes located on the line
ba are connected in the same manner with those located on the line de. (Laminae and

osteocytes are not drawn to scale.)
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Figure 4.3: A diagram of the CCCN algorithm.
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Figure 4.4: A diagram of signal propagation in a sample 7 x 8 network. The circles
represent bone cells and the arrows show the direction of signal propagation from cell to
cell. The numbers are the activation orders of the cells. Cells without activation orders
are in the resting state. The signals sent from the directly activated cells (activation
order equal to 1), represented by solid arrows, are transmitted to neighboring cells.
Signals transmitted from indirectly activated cells with activation order equal to 2 and 3
are represented by dotted arrows and bold dashed arrows, respectively. The cells (filled
with horizontal lines) participating in an error signal generated at the last row of the

network e(7,3) can be traced back through signal propagation pathways.
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Figure 4.5: Network Input and output. (a)-(c) are the fluid shear stress distribution of
turkey No. 3, No. 9 and rooster No. 2, respectively, obtained in the previous chapter.
Every pixel in the images represents one osteocyte/cell where the absolute vz;lue of fluid
shear stress received is color-coded with red representing the largest values (20 dyne/cm?
for turkeys and 14 dyne/cm? for roosters) and blue representing the smallest value (0
dyne/cm? for all animals). In the image, the horizontal axis is the circumferential
direction and the vertical axis is the radial direction of the bone section. The top
row is the endosteal surface and the bottom row is the periosteal surface. This spatial
presentation of the bone cross section will be used for all CCCNs in this chapter. (d)-(f)
are normalized bone formation at the periosteal surface for each bone sector (24 sectors
for turkeys and 12 sectors for roosters) for turkey No. 3 and No. 9 and rooster No. 2,

respectively.
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Figure 4.6: Loading conditions in the turkey (Gross et al., 1997) and the rooster (Judex
et al., 1997) experiments. Two loading conditions in the turkey experiment with the
loading pattern of group A (four turkeys) rotated 89 degrees from that of group B (five
turkeys). One loading condition in the rooster experiment (five roosters) (C). The cross
section of the turkey bone is divided into 24 equal angle sectors and rooster bone is

divided into 12 equal angle sectors. N A is the neutral axis.
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Figure 4.9: The averaged values of (b) the loading threshold 7; in dyne/cm?, (c) the sig-

nal thresholds Ty, (d) the connection weights W, compared to (a) the averaged absolute

value of fluid shear stress in dyne/cm? for turkey group B. Both T, and W are unitless.
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Chapter 5 Final Remarks and Future

Work

In this dissertation we developed a computational connected cellular network (CCCN)
model to explore how bone cells perceive mechanical loading induced signals through
intercellular communication. This study is based on the hypothesis that loading induced
signals are transmitted and integrated in a connected cellular network (CCN) before
reaching bone surfaces where adaptation occurs. The nonlinearity of bone response in
the space domain to mechanical loading is shown in Chapter 2, where a back-propagation
neural network captures the underlying relationship between several loading parameters
and bone formation. In Chapter 3, fluid shear stress, a mechanical loading induced
stimulus suggested to be the signal sensed by bone cells, is obtained by a mathematical
model based on avian bone microstructure. The averaged absolute value of the shear
stress shows no linear correlation with experimental bone formation in the space domain.
The results of both Chapter 2 and 3 support the hypothesis that the bone CCN is a site
where loading induced signals are not only transmitted but also integrated within the

network before regulating bone response.

The CCCN model is developed in Chapter 4, where the cell population that is respon-
sible for perceiving the loading induced signal and distinct intercellular communication
patterns are observed. The much more irregularly located essential cells in the turkey

group, compared to that in the rooster group, is in agreement with the observation found
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in Chapter 1 that the relationship between the loading parameters and bone formation
in the turkey group is much more complicated than the rooster group. This suggests
that the loading method may play an important role in bone response to mechanical
loading. Intercellular communication patterns in bone CCNs are computationally emu-
lated for the first time. Loading threshold of bone cells is found to play an important
role in regulating avian bone formation. Much is known about the response of bone cells
to fluid shear stress; however, the signal (cell response) propagation and communication

subsequently in a bone CCN have never been investigated before.

The proposed CCCN model provides a unique and important tool to analyze inter-
cellular communication and to discover the underlying relationship between input and
output data in biological structures. For future investigation in intercellular communi-
cation and in designing experiments to validate the results of the CCCN, a few ideas are

presented here.

e The signals transmitted through intercellular pathways in a bone CCN involve
electrical events through gap junctions and diffusion of biochemical signals such as
circulating and local hormones. In this study, only the signals associated with gap
junctions were taken into consideration. The CCCN model would be more close to
a bone CCN in biological functions if both electrical and biochemical signals were
taken into consideration, either with two separate networks or with one network

integrated by two mechanisms of signal transmission.

o The network revealed cell population responsible for bone response may be val-

idated if an in vivo experiment can be designed to compare bone response to a
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certain pattern of mechanical loading with or without blocking the gap junctions

of osteocytes in the bone laminae near the periosteal surface.

e It would be interesting if bone responses to different patterns of mechanical loading
applied through a noninvasive method can be collected. With varied sets of data,
one can use the proposed CCCN model to explore and study essentiél cells, and the
extent to which connection strength and signal threshold regulate bone response

may be identified more clearly.

e Bone formation is time dependent. This dictates investigation of the evolution
of intercellular communication in the time domain. Bone adaptation experiments
can be designed so that the bone response with certain time information can be
collected. This will help to specify the time duration a bone CCN takes for the
intercellular communication to reach a steady state and to study the change of the
intercellular communication in long-term loading. It would be interesting to study
how this model can be modified to take dynamics into account. Such a model can

be frozen in time to study static properties.

e The special features of the proposed CCCN, such as the local connections, cell
states and the evolving structures of the network, make it different from the con-
ventional learning networks. Mathematical analysis of the proposed CCCN needs
to be done to find out how the network evolves with computational cycles and

what kind of mathematical function the network approximates.
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Appendix 1. BP Network Algorithm

Glossary:

e M: the number of neurons in layer [ — 1
e N: the number of training data sets
e K: the number of layers in the BP network

e z(n): input vector (1 <n < N)

d(n): the corresponding desired output of z(n) (1 < n < N) at the output layer

(the last layer)

y!: the output of neuron i in the layer
) wéi: the connection weights between neuron j in layer [ and neuron ¢ in layer | — 1

f: the activate function of neuron j in layer !

6%: local gradients of the neuron j in layer

There are three steps in BP network algorithm, namely initialization, forward com-

putation and backward computation.

Initialization: Assign the connection weights and thresholds with random numbers

generated from a uniform distribution function.
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Forward computation: In this step, the computed output of the whole network and
the error signal are calculated. First, the local input of every neuron in every layer is

computed by following equation:

£(n) = 3 whi(n)y " (n) (A1)

=0

where z

5(n) is the local input of neuron j in layer ! from neuron ¢ in the previous

layer; and .7!(n) is the output of neuron i in the previous layer [ — 1. When i = 0, we

define y5 '(n) = +1; and w'y(n) = b'(n) becomes the threshold of neuron j in layer .

Second, equation (2) gives the local output yi~*(n) of neuron j in layer {, which can

be fed to neurons in the next layer.

yi(n) = fi(z(n)) (A2)
Two special cases need to be addressed:

e If { =1 (i.e. neuron j is in the first layer, or the input layer), then the local output

of the first layer is the input vector.

y5(n) = z;(n) (A3)

e If | = K (i.e. neuron j is in the last layer, or the output layer), then the local

output of the last layer is the computed network output, o0;(n):

yX(n) = o;(n) (A4)
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Finally, the error signal is computed:

e;(n) = d;(n) - 0;(n) (A5)

Backward computation: In this step, the weights are adjusted according to the gen-

eralized delta rule:

ef(n)f; (2K (n)) if neuron j is in ouput layer K

5(n) = 4 (A6)

f;(zé(n)) 2 5,’1+1(n)wfzj-'1(n) if neuron j is in hidden layer 1

where q is the number of neurons in layer [ + 1.

The weights, w;.i, of the network in layer [ can be adjusted:

wiy(n +1) = wi(n) + 8 (n)yi " (n) C (A7)

where 7 is the learning-rate parameter, which controls the amount of changes to the
weights between two consecutive iterations. The smaller 7 is, the slower rate of learning
is. On the other hand, a too-large n can speed up the learning procedure, but it may

lead a network into oscillation.

With the adjusted weights, a BP network begins iterations of the forward and back-

ward computations using next training data set until the error signal is sufficiently small.
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Appendix 2. Fourier series of the loading in

Gross et al. (1997)

The loading variation is specified by a trapezoidal function f(t), 0 <t < 2t; + t5 + 2t3,

such that
0 O<t<ty
k(t —t1) hh<t<t +t3
F(t) =4 F by bty <t <t +ts+t (A8)

k(t1+t2+2t3—t) ti+ty i3 <t <ty +ip+ 2

0 t) + g+ 285 <t <2t +ty + 23

\

where k is the loading rate, F is the peak loading magnitude, and ¢y, t,, and ¢3 are time
durations shown in Figure Al. A Fourier series representation which describes eq.(A8)

as well as its periodic extensions to all other values of ¢ is:

f(t) = %9 + i [A,, cos(nwt) + B, sin(nwt)] (A9)

where w = 27 /T}, and T, = 2¢; + 2t3 + ¢, is the loading period.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The Fourier constants are:

_ 2F(t2 + t3)
Ay = —5
An = % {cos[nw(t, + t3)] — cos(nwty) + cos[nw(ty + ta + t3)]
n= T,n2w? 1 3 1 1 9 3
— cos[nw(ty, + t2 + 2t3)]}
B,=0

Thus eq.(A9) can be written as:

x>

ft) = %2 + Z A, cos(nwt).
n=1
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£(©)

Figure Al: The trapezoidal loading function f(¢) employed in the turkey experiment
(Gross et al., 1997) (t; = 0.26 sec, to = 1.8 sec, t3 = 0.09 sec, k = 120 N/sec and

F =108 N).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117

Appendix 3. Parameter Values Adopted

from Zeng et al. (1994)

a is the radius of the osteocytic process (=50 nm)

B is a Skempton pore pressure parameter (=0.53)

b is the radius of the canaliculus (=100 nm)
e 7, is a dimensionless parameter (= b/\/kp)
e g is the ratio of b to a (=2)

e ¢ (= r2/7) is the diffusion coefficient in the differential equation governing the

pore fluid pressure
e 7, is the characteristic time of relaxation of the fluid pore pressure

e ay is the radius of the fiber traversing the annular region between the osteocytic

process and the canaliculus wall (=1 nm)

e A is the open space between the transverse fibers in the channel between the

cytoplasmic process and the wall of the canaliculus (=7 nm)

o k, is the cell process channel scale Darcy law permeability constant for fluid flow
through the mid-section of a cell process channel filled with transverse fibers (=

0.0572a02(A/a0)2‘377)

@ is bone fluid viscosity
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e d is the half thickness of bone specimen used in the experiment (d = (ry — r;)/2)

e n./(L.Lg) is the number of canaliculi in an area L. by Lg
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Appendix 4. Parameters in Pore Pressure

Solution
A = AnNy Ko(VinT Ryp) ~ Ko(VinT Ry ) (A14)
™ 4TF Io(VinT R Ko(VinT Ruz) — Io(vinT Rys) Ko(VinT Ruy)
B = AnN() Io(vm va) (V RUQ) (A15)
"7 TF Io(VinT Ry) Ko(VinT Ruz) — Io(vinT Ryg) Ko(VinT Run)
A = AnN R cos 1K1(V m Rvg) ngl(\/'L’ﬂ va)
T TE T R L (VAT Ry K (VinT Rys) — Rua Iy (VinT Rug) K1(VinT Ryy)
(A16)
B.. = AnNmRU oS szll(\/ inTva) - vall(vinTR,,g)
n = iTF 2 ’YR,QII(\/ inTva)Kl(vinTRvg) - RU211(V’iTLTRU2)K1(VinTRv1)
(A17)
A = ATLN R sin lel vin sz) ngl(vm va)
n iTF v2 7 1,2[1(\/171 Rul)Kl(VZTL Rvg) 'U2'[1 Vin' Rvg)Kl(vinTva)
(A18)
B — ATLN R sin vgll(V’L’ﬂ va) vlll(\/’inTRvg)
= OTE et Ryo I (VinT Ry ) K1 (VinT Ryp) — RyoI1 (VinT Ryp) K1 (VinT Ry1)
(A19)

A, = Ko(m) — Ko(m/9) (A20)

I(m/9)Ko(m) = Io(m)Ko(11/9)

Io(m/q) — To(m)
Io(m/9) Ko(n) — To(11)Ko(1/9)

(A21)
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Appendix 5. Parameter Values Adopted

from Gross et al. (1997)

L is the moment arm length (=13.2 ¢cm)

7o is the radius of the whole bone (=4.0 mm)

r; is the radius of the marrow cavity (=2.7 mm)

7 is the angle between the neutral axis and the z axis (=62+2.5 degrees)
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Appendix 6. Parameter Values Adopted

from Judex et al. (1997)

e I, is the area moment of inertia of the bone section (=92.1 mm?)

e I, is the area moment of inertia of the bone section (=170.56 mm?)
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