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Abstract

Investigating the Role o f  Interstitial Fluid Flow in Bone Adaptation and Metabolism

By

Liyun Wang 

Advisor: Professor Susannah P. Fritton

Musculoskeletal disorders affect hundreds o f  millions o f people around the world 

today and remain a major threat especially to women and the elderly. It is clinically 

important to understand how the musculoskeletal system adapts to its physiological 

environments and remains healthy. This thesis includes four studies that investigate the 

role o f  bone interstitial fluid flow in bone adaptation and metabolism. The first study 

investigated how the different sized bone pores affect interstitial fluid flow in 

mechanically loaded bone. I developed a theoretical model and predicted the non-linear 

cusp-like fluid pressure profiles around the osteonal canals, which had been found 

experimentally but previously unexplained. The second study addressed the paradox that 

net solute transport occurs in cyclically loaded bone when the net fluid transport is zero. 

A lacunar-mixing process was proposed that for the first time outlined a detailed 

mechanism o f convective mass transport from the blood supply to the osteocytes. The 

convective transport was found to increase with increasing loading amplitude and 

decrease with increasing loading frequency. The third study involved in vivo tracer 

experiments to quantify the tracer movement in the absence o f mechanical loading and to 

delineate the bone interstitial fluid pathway Four tracers o f various sizes (reactive red. 

microperoxidase (MP). horseradish peroxidase (HRP). and ferritin with a molecular
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diameter o f  approximately 1 ,2 ,6 , and 10 nm, respectively) were injected into the rat 

circulation. The number o f the osteocytes labeled with these tracers was found to 

decrease with increasing molecular size. Results from this study suggest that the pore size 

o f  the interstitial fluid pathway is between 6-10 nm, because reactive red, MP, and HRP 

appeared in osteocytic lacunae while ferritin was found only in vascular pores. Finally, in 

the fourth study the osteogenesis o f  the blood pressure induced interstitial fluid flow were 

examined under the condition o f venous stasis. The model showed that the shear stress on 

osteocytic membrane due to blood flow is too small to account for the periosteal bone 

growth associated with venous stasis. I postulated that the elevated pressure on the 

periosteum might trigger the periosteal response in venous stasis.
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Chapter 1 Introduction

The new millennium witnessed the launching o f  a widely endorsed international 

campaign, the Bone and Joint Decade (2000-2010), at the headquarters o f the World 

Health Organization in Geneva, Switzerland in January 2000. This campaign calls for 

public attention and research efforts on the musculoskeletal system and its disorders. The 

musculoskeletal system supports the weight o f the trunk, protects the internal organs, 

confers the power o f  locomotion, and serves as the mineral reservoir to maintain proper 

metabolism. Musculoskeletal disorders, such as joint diseases, osteoporosis, osteoarthritis, 

rheumatoid arthritis, low back pain, spinal disorders, severe trauma to the extremities, 

and disabling conditions in children, affect hundreds o f millions o f people around the 

world today and remain a major threat especially to women and the elderly. Because the 

population is aging rapidly, the number o f  people older than 50 is predicted to double by 

2020 (W orld Health Report, 1998, www.boneandjointdecade.org). Therefore, more 

efforts are needed to address the clinical problems associated with the musculoskeletal 

system.

The goal o f  this dissertation is to better understand how physiological forces and 

blood circulation influence bone growth, adaptation, and metabolism. This line o f 

research provides important insights into bone physiology and helps us to better 

understand and to develop methods to combat many o f the musculoskeletal disorders 

mentioned above.
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Bone Tissue and Bone Cells

There are two types o f bone in mammalian skeleton: cortical (or compact) bone and 

trabecular (or cancellous or spongy) bone. Cortical bone is very dense and forms the 

outer shells o f  all bones and the diaphyses o f  long bones, while trabecular bone consists 

o f  small interconnected plates and rods called trabeculae and forms the ends o f  long 

bones. Both cortical and trabecular bone have a layered (lamellar) structure. Cortical 

bone consists o f  layers o f  lamellae in either a parallel or concentric arrangement, and the 

concentric cylinders are called osteons. The central lumens o f  the osteons, also called 

osteonal canals, house blood vessels and nerve fibers (Fig. 1 -1). The typical size o f  an 

osteon is in the range o f  100-300 microns in diameter and its central canal is usually in 

the range o f  20-50 microns. A trabecula usually consists o f  several parallel lamellae and 

has a typical thickness o f  200 microns with no blood vessels inside (Cooper et al., 1966; 

Black e ta l., 1974).

There are four types o f bone cells: osteoblasts, bone lining cells, osteocytes, and 

osteoclasts. Osteoblasts cover bone surfaces and are able to deposit extracellular matrix. 

Bone lining cells are resting cells that cover inactive bone surfaces and do not produce 

extracellular matrix. As the deposition front moves, some osteoblasts are left behind in 

the newly formed matrix and become osteocytes. Osteocytes, the most abundant bone 

cells, are housed in small ellipsoidal spaces called lacunae within the calcified matrix.

The long axis o f  a lacuna is ~10 microns. Osteocytes encased in the lacunae maintain 

contacts with each other and with osteoblasts located on the bone surfaces via a system o f 

cell processes located in the canalicular channels with a radius o f 50 to 200 nm (Fig. 1-1).
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Osteoclasts are multi-nucleated cells recruited from the blood stream to the resorption 

sites and are responsible for destroying bone matrix.

The intercellular network formed by osteocytes and osteoblasts is believed to play an 

important role not only in sensing external loading and communicating signals between 

cells (Cowin et al., 1991; Moss, 1997; Zhang et al., 1997; Burger and Klein-Nulend, 1999) 

but also in bone metabolism (e.g., Cooper et al., 1966; Piekarski and Munro, 1977). The 

lacunar-canalicular pores housing the osteocytic processes are connected to the vascular 

pores (i.e., osteonal canals and the transverse Volkmann’s canals) that contain blood 

vessels (Fig. l - l ) .  Therefore, the lacunar-canaliculi porosity provides a continuous fluid 

pathway for the osteocytes to obtain nutrients from the blood vessels and to dispose o f  

wastes to the blood vessels (Cooper et al.. 1966). In addition to the vascular porosity and 

the lacunar-canalicular porosity, collagen-hydroxyapatite porosity is proposed to exist 

between the crystallites o f  the mineral hydroxyapatite (Cowin, 1999). Although there is 

no doubt that the vascular pores and the lacunar-canalicular pores form a continuous 

interstitial fluid pathway, whether the collagen-hydroxyapatite porosity is a part o f the 

fluid pathway is still debated. Some investigators believe that this microporosity is 

unlikely to be a continuous pathway for fluid flow because most water in this porosity is 

bound by interaction with the ionic crystal (Neuman and Neuman, 1958, Weinbaum et al., 

1994), while others think that it may be permeable to interstitial fluid (e.g., Salzstein et al., 

1987; Mak et al., 2000).
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Bone Adaptation

Despite its inert appearance as a calcified tissue, bone is a living and continuously 

self-renewing tissue. Bone is capable o f adapting its mass and structure to its 

environmental mechanical, hormonal, and metabolic changes. For example, exercise 

increases bone mass while reduced loading such as long time bedrest or space flight 

results in bone loss. This responsive behavior o f bone, often termed bone adaptation or 

bone remodeling, remains intriguing since W olff observed more than a century ago that 

the organization o f  bone structural components appeared to coincide with the axes o f 

principal stress when the bone was subjected to mechanical loading. In addition to 

mechanical stimuli, bone also responds to hormonal and vascular factors, as shown in 

post-menopausal osteoporosis and venous stasis induced periosteal bone growth (Kiaer. 

1994).

Although it is well accepted that mechanical stimuli are critical for bone maintenance 

and bone growth, it still remains unclear which aspect(s) o f mechanical loading is the 

stimulation signal to osteocytes. Strain magnitude (e.g., Lanyon et al., 1982; Rubin and 

Lanyon, 1987; Chambers et al., 1993; Torrance et al., 1994; Cullen et al., 2001), strain 

rate (e.g., O 'Connor et al., 1982; H an et al., 1984; Turner et al., 1995; Mosley and 

Lanyon, 1998; Qin et al., 1998), strain gradient (e.g., Gross et al., 1997; Judex et al.. 

1997), error strain (Judex and Zemicke, 2000); strain energy (Carter et al., 1987; Huiskes 

et al., 1987; Brown et al., 1990; Levenston and Carter, 1998) have been proposed to be 

the mechanical stimulation, and phenomenological studies (e.g., Cowin, 1976; 1983; Hart 

et al., 1984; Siffert et al., 1996; Fernandes et al., 1999; Adachi et al., 2001; Ramtani and
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Zidi, 2001) have been performed to explore theoretically how the change o f  certain 

aspects o f mechanical loading induces the bone adaptation response.

Bone’s Mechanosensory System

One o f  the fundamental mysteries in bone adaptation is the mechanotransduction 

mechanism by which osteocytes sense their external mechanical stimuli and initiate the 

deposition or resorption o f bone tissue. It is generally believed that osteocytes. the most 

abundant cells that are buried in the mineralized matrix, are the sensory cells in bone’s 

mechanosensory system, due to the fact that the osteocytes form an interconnected 

cellular network with each other and also with osteoblasts. This cellular network is 

believed to communicate cellular signals to osteoblasts to initiate bone deposition as well 

as to recruit osteoclasts to take away existing bone matrix (Cowin et al., 1991; Burger et 

al., 1995).

Shear stresses resulting from load-induced interstitial fluid flow have been suggested 

to be involved in the signal transduction from the mechanical loading to the bone cell 

population (Weinbaum et al., 1991; 1994; Turner et al., 1994; Cowin et al., 1995); and 

the sensitivity o f  bone cell populations to fluid shear stress has been demonstrated with 

biochemical responses (i.e., releasing nitric oxide, prostaglandin, and calcium, etc.) in 

cell cultures within flow chambers (Reich et al., 1990; Burger et al., 1991; Williams et al., 

1994; Hung et al., 1995; Klein-Nulend et al., 1995; Johnson et al., 1996; Smalt et al.,

1997; Jacobs et al., 1998; Chiquet, 1999; Chen et al., 2000; Cheng et al., 2001; Donahue 

et al., 2001; Ogasawara et al., 2001).
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An alternative candidate mechanism is that bone cells respond directly to 

deformation (mechanical strain). In vitro experiments have shown that bone cell substrate 

deformation can influence DNA and protein synthesis, cyclic AMP production, and 

release o f PGE2 (Duncan and Misler, 1989; Buckley et al., 1990; Duncan and Turner, 

1995; Rawlinson et al., 1996; Toma et al., 1997; Ziambaras et al., 1998; Mikuni- 

Takagaki, 1999; Walker et al., 2000; Kurata et al., 2001). However, the strain applied to 

in vitro cell cultures in those studies (up to 10%) is generally much higher than the 

recorded peak strains in human and animal bone (~ 0.2% up to ~ 0.5%, Burr et al., 1996; 

Yoshikawa et al., 1994; Milgrom et al., 2000; Fritton and Rubin, 2001). Recently 

theoretical models have been proposed to explore the amplification mechanism o f 

mechanical strain from the tissue level to the cellular level due to the fluid flow-induced 

drag force on the pericellular transverse fibers in mechanically loaded bone (Cowin and 

Weinbaum, 1998; Y oueta l., 2001).

Other secondary effects o f mechanical loading have also been proposed to be the 

stimuli for bone remodeling. Microcracks (or microdamage) in the bone matrix has been 

proposed to provide a stimulus for bone repair and remodeling (Carter and Hayes, 1977; 

Burr et al., 1985; Martin, 1992; Burr, 1993; Mori and Burr, 1993; Taylor and Prendergast, 

1997; Bentolila et al., 1998; Verborgt et al., 2000). Experimental studies have found that 

accumulation o f  microcracks or microdamage is associated with the decline o f osteocytic 

lacunar density (Vashishth et al., 2000). Rat bone has been found to undergo intracortical 

remodeling in response to high levels o f cyclic strain, and intracortical resorption is 

associated both with bone microdamage and with regions o f altered osteocyte integrity 

(Bentolila et al., 1998).
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Interstitial Fluid Flow and Streaming Potentials

Because o f its potential role in bone’s mechanosensory system, interstitial fluid flow 

has been investigated in mechanically loaded bone. Interstitial fluid flow is produced in 

the lacunar-canalicular porosity as the porous bone matrix is deformed and spatial 

pressure gradients are produced. As the fluid passes the negatively charged bone matrix, 

an electric current is created and electrical potentials, also called streaming potentials or 

strain-generated potentials, can be recorded in bone (Eriksson, 1974). Because 

electrokinetic analyses have shown that streaming potentials are proportional to the fluid 

pore pressure in bone (Salzstein et al., 1987; Cowin, 1999), streaming potentials have 

been used as an indirect measure o f interstitial fluid, flow in mechanically loaded bone 

(Eriksson, 1974; Starkebaum et al., 1979; Gross and Williams, 1982; Pienkowski and 

Pollack, 1983; Scott and Korostoff, 1990; Otter et al., 1994; MacGinitie et al., 1997). In 

addition, streaming potentials due to the hydraulic pulsatile blood pressure have been 

recorded in bone, suggesting that blood pressure can also drive interstitial fluid flow 

(Otter e ta l., 1990).

Theoretical models have been established to enhance our understanding o f  bone 

fluid behavior due to mechanical loading. Pollack and coworkers developed a 

mathematical model that predicted the phase and frequency o f  streaming potentials (i.e.. 

fluid flow) consistent with experimental data if  a continuous microporosity was assumed 

to exist in the matrix (Salzstein et al., 1987). Weinbaum, Cowin, and coworkers have 

argued that the lacunar-canalicular porosity is the anatomical site o f  the streaming 

potentials and a pericellular fiber matrix fills the fluid annular space surrounding the
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osteocytic cell process (see Fig. 1-2) (Cowin et al., 1991; Weinbaum et al., 1994; Zeng et 

al., 1994; Cowin et al., 1995; Cowin and Weinbaum, 1998; You et al., 2002). They 

predicted that a stimulating shear stress (8-30 dyn/cm2) is induced on the osteocytic cell 

membrane under physiological strains (Weinbaum et al., 1994) and a good agreement 

with experimental streaming potential data can be achieved (Cowin et al., 1995). One o f 

their recent studies also shows that the drag force induced by the bone fluid flow on the 

fibers in the pericellular matrix can produce a 1 % to 10% hoop (circumference) strain on 

the osteocytic cell process membrane (You et al., 2001).

However, there are two remarkable experimental findings that are not consistent with 

these theoretical models. As an indirect measure o f  bone fluid flow, the detailed 

streaming potentials were recorded using electrodes across neighboring osteons o f a 

stressed bone specimen in four-point bending in the pioneering experiment o f 

Starkebaum et al. (1979). The measurement was performed when the specimen was 

mechanically loaded at 1 Hz, which led to the remarkable observation that the local 

spatial gradients in voltage near the osteonal canals were 10 to 30 times greater than the 

spatial gradients across the whole bone specimen. A second, more recent, paradox is the 

observation o f Otter et al. (1994) that the relaxation time for the bone fluid pressure or 

the strain generated-potentials does not appear to depend on the thickness o f the cortical 

bone specimen. This behavior is incompatible with the spatially homogeneous theory 

developed in Salzstein et al. (1987), Weinbaum et al. (1994), and Cowin et al. (1995), 

where the characteristic time for the relaxation o f  the bone fluid pressure is proportional 

to the square o f  the bone specimen thickness and the osteonal structure is not considered. 

The experiments o f  Starkebaum et al. (1979) and Otter et al. (1994) suggest that the
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heterogeneous microstructure o f bone should be considered in models o f  fluid flow and 

the assumption that bone fluid relaxes across the bone specimen thickness via the 

continuous same-sized small pores may be incorrect. To address these two paradoxes, a 

large-scale heterogeneous osteonal bone model has been developed (Wang et al., 1999) 

and will be discussed in Chapter 2 o f this dissertation.

Interstitial Fluid Flow and Bone Metabolism

In addition to the suggested role in bone’s mechanosensory mechanism, load-induced 

interstitial fluid flow has been proposed to enhance mass transport in cortical bone to 

insure metabolic function o f  osteocytes (Piekarski and Munro, 1977; Knothe Tate et al., 

1998a, b, and c; 2000). In living tissue, cells usually obtain nutrients and dispose o f waste 

products by the process o f  diffusion between blood vessels and cells. However, since 

osteocytes are buried in the calcified matrix, nutrients and wastes must pass through the 

long and narrow canalicular channels before reaching their destinations. Although a small 

molecule such as procion red (300-400 Daltons) with a molecular diameter o f  less than 1 

nm was found to perfuse the lacunar-canalicular porosity within 10 min o f  post-injection 

in the absence o f  mechanical loading (Knothe Tate et al., 1998b), diffusion alone may be 

insufficient to transport large molecules for cell metabolism. Knothe Tate and coworkers 

have injected procion red into the rat and sheep bone under mechanical loading and found 

that the number o f pericellular lacunar spaces labeled with the fluorescent tracer is 

significantly higher in loaded bone than in unloaded bone KnotheTate et al., 1998a; 

Knothe Tate and Knothe, 2000; Knothe Tate et al., 2000).
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Although theoretical models have shown a significant greater interstitial fluid 

displacement in mechanically loaded bone (Piekarski and Munro, 1977; Kufahl and Saha. 

1990; Knothe Tate et al., 1998c), there is no detailed mechanism o f  how the enhancement 

o f solute transport is achieved regardless o f the reversibility o f  the fluid movement. In 

cyclically loaded bone, there is no net fluid exchange during a whole cycle o f loading 

between the central osteonal canal and the porous bone matrix for any periodic waveform. 

With no net fluid exchange, it seems unlikely that the osteocytes inside the bone matrix 

could gain any net nutrient supply from the convective fluid flow. A fundamental 

question is thus how can net mass transport occur in cyclically loaded bone? To address 

the question o f irreversibility o f solute transport, a lacunar mixing process was proposed, 

which produces a difference in tracer concentration between inward and outward flows 

and thus enhances the net tracer transport in cyclically loaded bone (Wang et al., 2000). 

The model will be presented in Chapter 3.

Exploring Bone Microstructure and Tracking Interstitial Fluid Flow Using 

Molecular Tracers

In order to understand the interstitial fluid pathway in bone, tracer techniques have 

been used to perfuse the different bone fluid compartments. A substance (also called 

tracer, marker, or dye) that can be detected by its radioactivity or fluorescence or 

histochemical reaction is usually injected into the blood circulation. After a certain time 

period, the amount or distribution o f  the tracer can be studied by examining the tracer's 

radioactivity or fluorescence or chemical reactions with certain reagents. Tracers o f  

different molecular weights and sizes have been used to explore different fluid
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compartments such as the vascular space, the extravascular space, and the bone matrix 

pores. A summary o f  the tracers can be found in Knothe Tate et al. (1998b). Briefly, large 

tracers such as strontium-labeled red blood cells and microspheres with a diameter 

greater than 15 microns are usually used to measure the vascular space in bone. Smaller 

tracers such as ferritin (10 nm in diameter), albumin (7 nm in diameter), horseradish 

peroxidase (6 nm in diameter), microperoxidase (2 nm in diameter), and procion red (1 

nm in diameter) have been used to explore vascular and lacunar-canalicular pores. To 

explore the collagen-hydroxyapatite porosity in the bone matrix, tracers o f further smaller 

sizes such as sucrose and EDTA must be used.

The previous studies employing different tracers such as ferritin, horseradish 

peroxidase, microperoxidase, and procion red to explore the fluid pathways in bone have 

provided conflicting results. For example, ferritin was found to form halo-shaped labeling 

in the bone matrix surrounding the blood vessels in two-day-old chick bone (Dillaman, 

1984) and in adult dog bone (Montgomery et al., 1988), while more recent studies 

showed incomplete rings o f  a ferritin front surrounding the blood vessels in the adult goat 

(Qin et al., 1999, Mak et al., 2000). For horseradish peroxidase, some studies found the 

tracer in almost all lacunae and not in the mineralized matrix (Doty and Schofield, 1972; 

Tanaka and Sakano, 1985) while others found the tracer labeling in the mineralized 

matrix o f  adult rat bone (Dillaman et al., 1991) or labeled lacunae in the inner third o f  the 

cortex (Knothe Tate et al., 1998b). For microperoxidase, Tanaka and Sakano (1985) 

found the tracer was present in the canaliculi but was excluded from the mineralized 

matrix, while a  more recent study reported two discrete labeling bands in the mineralized 

matrix (Knothe Tate et al., 1998b). For procion red, one study reported that this tracer
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was excluded from the mineralized bone matrix 30 minutes post-injection in fresh 

sections o f the rat tibia (Knothe Tate et al., 1998b), while a later study found the tracer in 

the matrix in PMMA sections o f  the rat tibia (Knothe Tate et al., 2001).

The inconsistency o f tracer labeling patterns may be due to several factors, such as 

different species and age o f experimental animals, varied circulation time (the time 

period between injection and the stop o f  circulation), and different histological processing 

methods used in each experiment. Due to the hardness o f bone tissue, bone samples have 

to go through several necessary and time-consuming histological procedures before the 

final tracer labels can be visualized. The main artifact for tracer studies, therefore, is the 

re-displacement o f the tracer particles during the long time period when the samples are 

immersed in aqueous solutions for fixation, decalcification, embedding, or staining 

processes. To address these conflicting results from previous tracer studies, and more 

importantly, to further explore the fluid pathway in bone, a well-controlled perfusion 

experiment has been performed, which will be presented in Chapter 4.

Blood-driven Fluid Flow and Periosteal Bone Growth in Venous Stasis

Besides mechanical loading as a primary stimulus for bone adaptation, the ability o f 

blood flow to influence bone growth and remodeling has been recognized for a long time 

(Trueta, 1963; Kiaer, 1994). Altered circulation such as stasis in the venous system o f an 

extremity caused by applying tourniquets or vein ligation has been shown to stimulate 

bone formation or increase bone mass in the young dog (Kelly and Bronk, 1990), the 

young goat (W elch et al., 1993), and in a disuse rat model (hindlimb suspended) (Bergula 

et al., 1999). There are many other studies demonstrating similar effects (e.g., Lilly and
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Kelly, 1970; Amoldi et al., 1972; Green and Griffin, 1982; Liu and Ho, 1991). The 

blocking or compromised venous drainage in those experiments has been found to be 

associated with increased intramedullary pressure, decreased artery inflow, and decreased 

pulse o f  intramedullary pressure (Ficat and Arlet, 1980). The underlying mechanism of 

the periosteal bone growth induced by venous stasis, however, remains unclear. Several 

factors associated with bone vasculature have been proposed, including changes in 

oxygen tension, CO2 tension, local pH (reviewed in Kiaer, 1994), increased interstitial 

fluid flow (shear stress or streaming potentials) (Kelly and Bronk, 1990; Hillsley and 

Frangos, 1994; Welch et al., 1993; Bergula et al., 1999), and increased transcapillary 

filtration (Kelly et al., 1990; Bronk et al., 1993).

To explore the role o f  interstitial fluid flow in the venous stasis induced periosteal 

bone growth, a theoretical model was developed to examine the osteogenic capacity o f 

blood pressure-driven fluid flow in terms o f  fluid shearing stress on the osteocytic 

membrane. Unlike previous theoretical models o f  bone interstitial fluid flow that have 

been developed to explain the tracer distribution due to the centrifugal bulk fluid 

movement in porous bone matrix (Dillaman et al., 1991; Keanini et al., 1995), this new 

model links the interstitial fluid flow in the lacunar-canalicular porosity with the 

excitation o f  osteocytes and osteogenesis, which will be discussed in Chapter 5.

Organization of the Dissertation

This dissertation consists o f six chapters. The present chapter serves as an 

introduction to the entire dissertation and the last chapter concludes the dissertation and 

offers suggestions for future work. The remaining four chapters focus on the questions

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



14

that have been raised in this chapter, namely, the non-linear fluid flow behavior in 

heterogeneous porous bone matrix, lacunar-mixing in cyclically loaded bone, perfusion 

o f porous bone matrix using tracers o f  various sizes, and the osteogenesis o f  blood- 

induced fluid flow. Each o f the four chapters contains sections o f Introduction, Methods, 

Results, and Discussion. Two chapters have been published in peer-reviewed journals 

and the other two will be submitted for publication. A brief synopsis o f  Chapters 2-6 

follows:

Chapter 2 is entitled “Fluid Pressure Relaxation Depends Upon Osteonal 

Microstructure: Modeling an Oscillatory Bending Experiment,” and was published in the 

Journal o f  Biomechanics 32 (1999): 663-672. A spatially heterogeneous large scale 

model was developed to explore the hypothesis that the primary relaxation o f  the excess 

bone fluid pressure in mechanically loaded osteonal bone occurs through the osteonal 

canals and not between the surfaces o f the bone specimen as had been assumed until now. 

This new model considered two levels o f bone's intrinsic porosities (osteonal canal and 

lacunar-canalicular pores) and corrected a fundamental error in previous models with a 

uniform pore size. Using this new model, two long-standing paradoxes were successfully 

solved about bone fluid relaxation, i.e., the non-linearity of streaming potentials in 

osteonal bone and the independence o f fluid relaxation time with the thickness o f bone.

Chapter 3 is entitled “Modeling Tracer Transport in an Osteon Under Cyclic 

Loading,” and was published in the Annals o f  Biomedical Engineering 28 (2000): 1200-9. 

A novel lacunar mixing mechanism was proposed and simulated computationally to 

explain the fundamental conundrum as to how during cyclic mechanical loading there can 

be net solute transport in bone when there is no net fluid movement over a  loading cycle.
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The lacunar mixing hypothesis is that the fluid space in an osteocytic lacuna facilitates a 

nearly instantaneous mixing process o f bone fluid that creates a difference in tracer 

concentration between the inward and outward canalicular flow and thus ensures net 

tracer transport to the osteocytes during cyclic loading, as has been shown experimentally. 

The sequential spread o f the tracer from the osteonal canal to the lacunae was 

investigated for an osteon experiencing a sinusoidal loading.

Chapter 4 is entitled ‘‘Delineating the Bone Interstitial Fluid Pathway in Vivo," and 

will be submitted to Bone. Four different sized tracers (reactive red, microperoxidase, 

horseradish peroxidase, and ferritin) were injected into the rat jugular vein and allowed to 

circulate for 5 minutes. The tracer labeling patterns showed that reactive red, 

microperoxidase, and horseradish peroxidase passed through the canaliculi into the 

osteocytic lacunae, while ferritin was excluded from the mineralized matrix and could not 

label the osteocytes. This result suggests that the fiber spacing o f the pericellular matrix 

proposed by Weinbaum and Cowin (Weinbaum et al., 1994: Cowin et al.. 1995) should 

be in the range o f  6-10 nm. The tracer movement in the absence o f  mechanical loading 

was also quantified, with the results suggesting that microperoxidase and horseradish 

peroxidase, but not reactive red and ferritin, are suitable for tracking load-induced fluid 

flow.

Chapter 5 is entitled “Blood Pressure-Driven Interstitial Fluid Flow in Bone," and 

will be submitted to the Journal o f  Biomechanics. A theoretical model was developed to 

quantitatively investigate the relative osteogenic capacity o f  mechanical loading and 

blood pressure. This model was developed to test the hypothesis that the increased 

interstitial fluid flow is responsible for the periosteal bone growth in venous stasis. The
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much lower shear stress induced by blood pressure in venous stasis suggests that the 

hypothesis is invalid and other factors associated with venous stasis must account for the 

periosteal bone growth. I postulate that a higher pressure on the periosteum and/or a 

higher pressure gradient within the periosteum may be the stimulus.

Chapter 6 concludes this dissertation and suggests some future work.
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Fig. 1-1. (A) Bone structure (adapted from Zhang et al., 1997) (B) Osteocytic lacuna 
and canaliculi (from Curtis et al., 1985).
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Fig. 1-2. A schematic model o f longitudinal cross-section o f  a canaliculus. The 
osteocytic process is located in the center o f  the canaliculus. A pericellular fiber 
matrix fills the fluid annulus between the cell process (radius a) and the canalicular 
wall (radius b). The spacing between the fibers is A, which is believed to be 7 nm. 
Interstitial fluid flow in the canaliculus produces shearing stresses on the osteocytic 
cell process membrane and deforms the cytoskeleton due to the drag forces acting on 
the transverse fibers, which may help the cell to detect the external mechanical loading 
(adapted from Weinbaum et al., 1994).
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Chapter 2 Fluid Pressure Relaxation Depends Upon Osteonal 

Microstructure: Modeling an Oscillatory Bending Experiment* 

Abstract

When bone is mechanically loaded, bone fluid flow induces shear stresses on bone 

cells that have been proposed to be involved in bone's mechanosensory system. To 

investigate bone fluid flow and strain-generated potentials, several theoretical models 

have been proposed to mimic oscillatory four-point bending experiments performed on 

thin bone specimens. While these previous models assume that the bone fluid relaxes 

across the specimen thickness, we hypothesize that the bone fluid relaxes primarily 

through the vascular porosity (osteonal canals) instead and develop a new poroelastic 

model that integrates the microstructural details o f the lacunar-canalicular porosity, 

osteonal canals, and the osteonal cement lines. Local fluid pressure profiles are obtained 

from the model, and we find two different fluid relaxation behaviors in the bone 

specimen, depending on its microstructure: one associated with the connected osteonal 

canal system, through which bone fluid relaxes to the nearby osteonal canals: and one 

associated with the thickness o f  a homogeneous porous bone specimen (~ 1 mm in our 

model), through which bone fluid relaxes between the external surfaces o f  the bone 

specimen at relatively lower loading frequencies. Our results suggest that in osteonal 

bone specimens the fluid pressure response to cyclic loading is not sensitive to the 

permeability o f  the osteonal cement lines, while it is sensitive to the applied loading 

frequency. ‘O ur results also reveal that the fluid pressure gradients near the osteonal

* Reprinted from Journal o f  Biomechanics, Vol 32, Wang et al., pp. 663-672, Copyright 
(1999), with permission from Elsevier Science.
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canals (and thus the fluid shear stresses acting on the nearby osteocytes) are significantly 

amplified at higher loading frequencies.

Introduction

Although it is well accepted that bone is able to adapt its structure to its mechanical 

environment, the mechanism by which bone cells sense their mechanical environment 

and initiate the deposition or resorption o f  bone tissue has not been ascertained. The shear 

stresses resulting from bone fluid flow when bone is stressed have been suggested to be 

involved in the signal transduction from the mechanical loading to the bone cell 

population (Weinbaum et al., 1994; Turner et al., 1994; Cowin et al., 1995), and the 

sensitivity o f bone cell populations to fluid shear stress has been demonstrated in cell 

cultures within flow chambers (e.g.. Reich et al.. 1990; Williams et al., 1994; Hung et al.. 

1995; Klein-Nulend et al.. 1995). Theoretical models have been established to enhance 

our understanding o f bone fluid behavior in stressed bone either in homogeneous porous 

bone specimens (Salzstein et al., 1987; Weinbaum et al., 1994; Cowin et al., 1995) or in 

single osteons (Piekarski and Munro, 1977; Pollack et al., 1984; Petrov et al.. 1989; 

Kufahl and Saha, 1990; Zeng et al., 1994); however, some experiments are still 

unexplained (Starkebaum et al., 1979; Otter et al., 1994).

The pioneering experiment o f  Starkebaum et al. (1979), in which the detailed 

strain-generated potentials (SGPs) were measured across neighboring osteons o f  a 

stressed bone specimen in four-point bending, led to the remarkable observation that the 

local spatial gradients in voltage near the osteonal canals were 10 to 30 times greater than 

the spatial gradients across the whole bone specimen. A second, more recent, paradox is 

the observation o f  Otter et al. (1994) that the relaxation time for the bone fluid pressure
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or the SGP does not appear to depend on the thickness o f the cortical bone specimen.

This behavior is incompatible with the spatially homogeneous theory developed in 

Salzstein et al. (1987), Weinbaum et al. (1994), and Cowin et al. (1995), where the 

characteristic time for the relaxation o f the bone fluid pressure is proportional to the 

square o f  the bone specimen thickness and the osteonal structure is not considered. The 

experiments o f  Starkebaum et al. (1979) and Otter et al. (1994) suggest that the 

heterogeneous microstructure o f bone should be considered in models o f  fluid flow and 

the assumption that bone fluid relaxes across the bone specimen thickness via the 

continuous same-sized small pores may be incorrect.

The new model developed in this paper explores the hypothesis that the primary 

relaxation o f  the excess bone fluid pressure in mechanically loaded osteonal bone occurs 

through the osteonal canals and not between the surfaces o f the bone specimen as has 

been assumed until now. While such behavior might be anticipated for individual osteons 

that have an impermeable outer boundary (cement line) and are uncoupled (Pollack et al., 

1984; Petrov et al., 1989; Kufahl and Saha, 1990; Zeng et al., 1994), we shall show, quite 

surprisingly, that this same behavior is obtained when there is osteonal coupling and bone 

fluid flow across the cement line. This new model examines both the effect o f the 

osteonal canals and the leakage o f  bone fluid across the cement line due to the partial 

penetration o f this osteonal boundary by canaliculi. The model combines the 

microstructural analysis o f  the lacunar-canalicular porosity developed in Weinbaum et al. 

(1994) and Cowin et al. (1995) in a spatially heterogeneous larger scale model for the 

osteonal array.
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Methods

Starkebaum et al. (1979) measured the local variation o f  SGPs across a 1-mm 

thick osteonal bone specimen under 1 Hz four-point bending (Fig. 2 -la). To mimic this 

experiment, we formulate an idealized model o f an osteonal bone specimen that includes 

the microstructural details o f the osteons such as the osteonal canals (the circles), the 

cement lines (the squares) and the lacunar-canalicular porosity that occupies the region 

between the osteonal canal and cement line in each osteon (Fig. 2 -lb). The specimen 

thickness (2D) is 1.2 mm and there are six rows o f osteons across this thickness. The 

boundary o f  each osteon (cement line) is simplified into a square with a length (d) o f  200 

pm, although anatomically it would tend to be circular. The diameter o f  the osteonal 

canals (dc) ranges from 0 to 60 pm. The special case o f  zero canal size (dc = 0 pm ) is 

included in the model as a limiting case. The specimen is loaded sinusoidally with an 

overall linear stress distribution across the specimen thickness due to the applied bending 

moment M. Please note that physiological loading usually induces stresses that are 

aligned or parallel to the osteonal canals and that in our model the induced stresses are 

transverse to the osteonal canals to mimic the loading in Starkebaum et al. (1979).

Since the dimensions o f  the specimen in the x and z directions are much larger than 

that in the y-direction, we consider that pure bending is applied to the specimen 

according to the St. Venant approximation, and we only consider the fluid flow in the y- 

direction. Similar to the models in Weinbaum et al. (1994), Zeng et al. (1994) and Cowin 

et al. (1995), this model assumes that the fluid flows through the lacunar-canalicular 

porosity where we assume there is a gel-like matrix in the fluid annulus surrounding the 

osteocytic process in the canaliculi (see Fig. 1 o f  Cowin et al., 1995). Because tracer
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studies have shown that both the small tracer microperoxidase (2 nm) and the even 

smaller tracer procion red are blocked by the walls o f canaliculi (Tanaka and Sakano, 

1985; Ayasaka et al., 1992; Knothe-Tate et al., 1998) and because there is no evidence 

showing that the collagen-hydroxyapatite pores are continuous pathways for convective 

fluid flows, the contribution o f such smaller pores to bone fluid relaxation is not 

considered in this model.

Weinbaum et al. (1994) solved the problem of fluid flowing through a gel-like 

matrix in the canalicular annulus surrounding the osteocytic process. In that paper, the 

Darcy permeability constant, k, was obtained by first determining the fluid flux in a 

single canaliculus and then multiplying this flux by the number o f  canaliculi per unit area 

n (n = 0.022 pm*2 from Zeng et al., 1994):

k = ~mt^ q  {A[[ l l( y / q ) - q l [(yj\ + B \q K{( y ) ~  (/A?)] + ^  } 0 )

where

K0( y ) - K 0(y q) = I0{y g ) - I 0(y)

1 h ( y  q)K0( y ) - x Q(y <j)i0(y) m  1 A>(/ q ) K o ( y ) - Ko(r q) i0(y)

In these equations a represents the radius o f the osteocytic process (100 nm), b is the 

radius o f the canaliculus (200 nm), q = b/a, y  = b/yjkp , where k̂~p is the thickness o f

the fiber interaction layer near the canalicular wall (~7 nm), and Iq, I\, Kq and K\ are 

modified Bessel functions (Weinbaum et al.. 1994). This Darcy permeability constant 

will appear in the diffusion constant, c, in the governing equation o f  the pore pressure 

(Eq. 3).

Poroelasticity (Biot) theory has previously been used to calculate the bone fluid 

pressure in the canaliculi produced by an external sinusoidal loading perpendicular to the
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long axis o f an osteon (Zeng et al., 1994). The basic assumptions o f  Biot theory are (1) 

the porous material is an ideal elastic media following Hooke’s law and (2) the fluid 

flows through the porous skeleton according to Darcy’s law. The governing equation for 

the bone fluid pressure in a single osteon was derived from the balance laws and the 

constitutive equations (i.e., the isotropic stress-strain relations and the strain compatibility 

equations) in Zeng et al. (1994); in our model, we first transform the governing equation 

for the single osteon to Cartesian coordinates (Eq. 3). (For a comprehensive review o f 

bone poroelasticity, please see Cowin (1999).)

d lp  d 2p  1 dp acoB
— Kr + — f    = --------- cos (Ot
3c dy' c 3  3c

1 -
2(x : + r ) :

(3)

In Eq. 3 the coordinate origin is the center o f the osteonal canal, and the external 

oscillatory bending is -a  sincot. The Skempton constant B is a factor representing the 

coupling and relative compressibility o f  the solid and fluid phases in bone (B = 0.53), and 

the parameter c is a diffusion constant given by (k/p)*(13.5 GPa) where the viscosity of 

bone fluid, p, is assumed to be that o f salt water and the Darcy permeability constant k 

has been given in Eq. 1 (Weinbaum et al., 1994).

Because pure bending is applied to the specimen in the oscillatory bending 

experiment, the resulting stress field is not uniform in the y-direction as in Zeng et al. 

(1994). The overall stress field according to beam theory is a(v. t) = (msina>t)y/I. where 

msintot is the sinusoidal bending moment and I is the area moment o f  inertia. If six local 

coordinate systems (x(n), y(n)) are defined at the center o f  each osteon (n = 1 to 6, see Fig. 

2-2), the governing equation for the bone fluid pressure (pln)) within the nth osteon is

given as:
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d 2p (n) d lp (n) 1 dpKn)

<3c(n)2 + dy{n)1 c a
m (/cn' + / n))(oB 

3 cl
cos cot

t dc\ x ^ 2 - y {n)2) 

2 (xln)2+ y n)2)2
(4)

where y[n) is the global coordinate for the center o f  the nth osteon. Eq. 4 is rendered 

dimensionless by the introduction o f  the following dimensionless variables:

V t-> ^  -  C '  -  0)1)1 n  3 P /• Kin)= - —  r  = —  T =
D ’ D D : c

, /* = mDBT
(5)

thus

<?2/>("> <3P‘"> /v(n) v.,nK T
■ + ------- ;-------------= ~(Y + 1 )cosT  r

In) - dY < « ) • C T
1 -

d - r " r )

2(AM',,: + y (n,:)2
(6)

y  ~where D is the half thickness o f the bone specimen (600 pm), K1"* = and D = ^ .4
£>

For our idealized bone specimen, the characteristic relaxation time o f  the fluid pressure, 

defined as td  = D2/c, is 1.08 s. For physiological loading (parallel to the osteonal canals), 

the governing equation for bone fluid pressure, which will not have an angular 

dependence, is given in Eq. 6 in the special case when x = ± v.

The boundary conditions are assumed to be ‘no flow’ across the top and bottom 

external surfaces (5p/5y = 0 at y = ± D) (Fig. 2-2), because the bone specimens were kept 

in a humid chamber during the bending experiments and the fluid surface tension will 

prevent bone fluid drainage at the fluid-air interfaces o f wet bone for the lacunar- 

canalicular pores (Weinbaum et al., 1994; Cowin et al., 1995) but not for the osteonal 

canals. (One can readily show from Laplace's law for surface tension that osteonal canals 

o f  25 pm  radius will leak at pressures on the order o f 0.05 atm, while the canaliculi o f  0.2 

pm radius at the free surfaces will not leak at pressures less than 7 atm). ‘No flow'
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boundary conditions are also applied at the transverse periodic boundaries (dp/dx = 0 at x 

= ± d/2) because o f the structural symmetry o f  the osteonal arrays. As for the boundary 

conditions at the osteonal canals, Zhang et al. (1998) estimated that the fluid relaxation 

time in the osteonal canals (1.36 ps) is three orders o f magnitude faster than that in the 

lacunar-canalicular pores (4.9 ms) under an impulsive step loading. Since the rise time o f  

any physiological loading (typical impact loading is on the order o f  10 ms) is much 

longer than the fluid relaxation time in the osteonal canals, a high pressure could not be 

sustained. In addition, in vivo fluid pressures in an osteonal canals cannot exceed the 

vascular pressure (-104 Pa, Wilkes and Visscher, 1975), or the blood vessels would 

collapse. Since the pressure in osteonal canal is much smaller than the pressure produced 

within the bone tissue when the bone is mechanically loaded (~106 Pa, Piekarski and 

Munro. 1977), a zero pressure is assumed for each osteonal canal.

It is generally believed that few canaliculi penetrate the cement lines, although 

Curtis et al. (1985) reported that some canaliculi could pass through the cement lines 

between first and second generation osteons in the cortices o f long bones. Since the 

permeability at the cement lines between osteons has not been definitively determined, a 

variable parameter representing the osteonal coupling percentage has been applied at the 

cement lines (ytn)= ± d/2). The coupling percentage is varied from 0% to 100% to 

evaluate the effects o f  the osteonal coupling on the bone fluid relaxation. The 0% 

coupling represents ‘no flow' (5pln)/oytn) = 0), while 100% coupling represents ‘free 

flow’ (<3p(n'/dy(n) = ap<nH)/<3yl,W)) across the cement lines. For the 100% coupling 

condition the permeability o f  the cement lines is the same as that o f the surrounding bone. 

With partial coupling (10%, 20%, and 50%) between the osteons, only a portion o f  the
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central region o f  the cement lines is open to fluid flow, while the rest o f the cement line is 

impermeable.

To mimic the experiment o f  Starkebaum et al. (1979), the magnitude o f  the 

sinusoidal loading m is chosen so that the outer fiber stress (mD/I) is 4 MPa, i.e., the 

outer fiber strain is approximately 200 pe, and the peak fluid pressure (~ 5 atm) is about 

12% o f the maximum matrix stress (Zhang et al., 1998). Due to the complicated 

boundary conditions, we have solved the governing equations for the six osteons using an 

explicit finite difference method. Each osteon is mapped onto discrete mesh points (100 x 

100). Similar to the bending experiments, the pressure is normalized to the outer fiber 

stress (mD/I). The dimensionless pressure (3Ip/(mDB), Eq. 5) is calculated at each mesh 

point as a function o f time for the osteonal canal diameters o f  0, 40, or 60 pm, and for 

osteonal coupling percentages o f 0 ,10% , 20%, 50% or 100%. These pressure 

calculations are made at frequencies ranging from 0.01 Hz to 500 Hz. The transcortical 

pressure difference (Ap), which is the average dimensionless pressure difference between 

the two external surfaces o f  the bone specimen, is also calculated for all o f  these 

conditions. The amplitude o f the transcortical pressure difference (Ap) discussed in the 

Results section is the peak value o f Ap when it reaches the steady state after the external 

sinusoidal loading is applied. The phase o f Ap is the shift o f the steady state response 

relative to the externally applied sinusoidal loading. The amplitude o f  Ap is calculated in 

the time domain while the phase o f Ap is calculated using the FFT in the frequency 

domain.
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Results

Dimensionless pressure distributions across the bone specimen thickness show 

cusp-like shapes around the osteonal canals (where the pressure is 0) with a direction 

change from the compressive side o f the bone specimen (where the pressure is positive) 

to the tensile side (where the pressure is negative) (Fig. 2-3). At a loading frequency o f

1.5 Hz with an osteonal canal diameter o f  40 pm, the local pressure gradients are steeper 

at the osteon centerline (x = 0) compared to those at the cement line (x = d/2) for both 

thel00%  and 0% osteonal coupling conditions (Figs. 2-3a and b). The only difference 

between the two coupling percentages is that there is a discontinuity at the cement lines 

for the 0% osteonal coupling condition where fluid cannot flow across the cement lines 

(Fig. 2-3c). The size o f the osteonal canals and the loading frequency affect both the 

transcortical pressure difference and the local pressure gradients around the osteonal 

canals (Figs. 2-3d-e). With no osteonal canals (dc = 0 pm), the bone specimen shows the 

largest transcortical pressure difference. For a specimen with osteonal canals (dc = 40 or 

60 pm), the transcortical pressure difference is greatly reduced, but larger local pressure 

gradients occur near the canals. When the loading frequency is raised from 1.5 Hz to 15 

Hz, the local pressure gradients around the osteonal canals as well as the transcortical 

pressure difference increase three to four-fold (Fig. 2-3e).

Bone fluid relaxation behavior depends on the loading frequency as well as the 

microstructure o f  the specimen, i.e., the size o f  the osteonal canals and the osteonal 

coupling (Figs. 2-4 and 2-5). When the specimen does not include any osteonal canals 

and there are impermeable cement lines in the bone matrix, the bone fluid is confined and 

can only relax within each separate unit (200 pm x 200 pm). The space is so small that an
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equilibrium fluid pressure is achieved within each unit shortly after applying an external 

loading. For all loading frequencies, a positive fluid pressure is developed in the 

compressive side o f the specimen and a negative pressure o f the same magnitude in the 

tensile side; thus the amplitude o f  the established transcortical pressure difference (Ap) is 

relatively constant (Fig. 2-4a, dc = 0 pm) and closely follows the temporal changes o f  the 

external bending moment (approximately zero phase, Fig. 2-5a, dc = 0 pm). If we 

completely remove those impermeable barriers from the specimen by introducing 100% 

coupling between osteons, the fluid can relax from the compressive side to the tensile 

side o f  the specimen with a characteristic relaxation time o f  - I  second. Therefore, for 

loading frequencies less than 0.1 Hz, the fluid pressure has enough time to relax across 

the entire specimen, which is illustrated by the low amplitude o f  Ap (Fig. 2-4b, dc = 0 

pm) and its high phase (-90°, Fig. 2-5b, dc = 0 pm). As the loading frequency increases, 

the time interval available for the fluid to relax becomes shorter and shorter; therefore, Ap 

increases until it levels o ff at about 1 Hz (the characteristic frequency) (Fig. 2-4b, dc = 0 

pm), and the phase drops as Ap becomes more and more synchronized with the external 

loading (Fig. 2-5b, dc = 0 pm). If  we then add the osteons periodically into the specimen, 

the fluid can relax not only through the leakage at the cement lines (osteonal coupling) 

but also through drainage to the osteonal canals. In this case, the characteristic frequency 

has been shifted to -2 0  Hz, compared to the characteristic frequency o f - I  Hz when the 

specimen contains no osteons (Figs. 2-4b and 2-5b).

Varying the percentage o f  osteonal coupling does not affect the amplitude o f  the 

transcortical pressure difference (Ap) in a bone specimen that contains osteons. When the 

coupling percentage o f  the cement lines is increased from 0% to 100% while keeping a
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constant canal size (dc = 60 pm), the frequency response o f Ap is the same for osteonal 

couplings o f  0%, 10%, 20%, 50% and 100% (Fig. 2-6b). However, if  the bone specimen 

does not include osteonal canals ( d c  = 0 pm), the frequency response o f Ap is sensitive to 

the osteonal coupling (Fig. 2-6a), because the only pathway for fluid relaxation out o f 

each osteon occurs at the cement line.

Discussion

A model integrating two distinct bone porosities, the lacunar-canalicular porosity 

and the osteonal canals, is presented in this study. The effects o f the osteonal canals and 

the osteonal coupling on the pressure relaxation o f bone fluid flow are examined for the 

first time. The model demonstrates that the regularly arranged osteonal canals provide the 

primary space for bone fluid pressure to relax when the bone is mechanically loaded.

Electrokinetic analyses (Salzstein et al., 1987; Cowin, 1999) have shown that 

strain-generated potentials (SGPs) are proportional to the fluid pressure in bone, thus the 

two types o f  plots (pressure and voltage) can be compared. To date, the distribution o f  the 

SGPs at the osteonal level has only been reported for 1 Hz bending o f  bone specimens 

(Starkebaum et al., 1979). In our model, the pressure profiles have a cusp-like shape 

around the osteonal canals, with a change o f  cusp-like direction from the tensile side o f  

the bone specimen (negative pressure) to the compressive side (positive pressure). The 

local pressure gradients along a line through the center of the osteonal canals are at least 

an order o f  magnitude greater than the transcortical pressure gradients at the cement line 

(Figs. 2-3 a-b). Thus, by incorporating the osteonal canals into our model, we can explain 

the nonlinear voltage profiles and larger voltage fields within each osteon observed by
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Starkebaum et al. (1979). Mak et al. (1997) proposed a finite element model o f  three 

connected osteons and assumed that fluid was free to flow in the collagen-hydroxyapatite 

microporosity. They also found a similar pressure profile across the osteonal array in the 

case o f  external bending. However, their model included only four canalicular channels 

in each osteon, which is far fewer than the physiological number o f canaliculi; our model 

provides a more realistic treatment o f  bone’s microstructure.

The effect o f  the osteonal canal on the fluid pressure relaxation can be seen from 

the significant behavior changes or frequency shifts in both the magnitude and phase of 

Ap when the canal size is varied from 0 pm to 60 pm (Figs. 2-4 and 2-5). When the 

osteonal canals (40 pm or 60 pm in diameter) are periodically arranged across the bone 

specimen, the magnitude o f Ap shows similar behavior, reaching a plateau at -2 0  Hz, 

both when fluid can flow freely across the cement lines (100% coupling) or when fluid is 

confined in separate osteons (0% coupling). This suggests that in cortical bone the pore 

pressure relaxes mainly through the osteonal canals, which is further confirmed when the 

osteonal coupling is varied (Fig. 2-6b). This result can explain the paradox found by Otter 

et al. (1994) that the fluid (or SGP) relaxation time is not proportional to the square o f  the 

specimen thickness (D2) as predicted by homogeneous models (Salzstein et al., 1987; 

Weinbaum et al., 1994; Cowin et al., 1995). While the D2 dependence o f  the relaxation 

time is still valid in each osteon, our results show that the characteristic length scale for 

the fluid to relax is not the specimen thickness (1.2 mm), but instead the distance between 

the osteonal canals (200 pm). This would explain why the fluid relaxation time remained 

the same when the specimen thickness was reduced from 4 mm to I mm in Otter et al. 

(1994).
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Our results indicate that bone specimens with and without osteons exhibit different 

fluid relaxation behaviors. We have found that osteonal bone has a characteristic 

relaxation frequency o f -2 0  Hz whereas lamellar bone o f  1.2 mm thickness has a 

characteristic relaxation frequency o f  -  1 Hz (Fig. 2-4b). However, normal cortical bone 

has a far more complicated structure than we have assumed in this model. The pore 

pressure relaxation is possibly achieved through both the osteonal canals and the surfaces 

o f  lamellar bone where there are no osteonal canals or the canal array is sparse. Even 

though we have no data on the coupling between these relaxation pathways at present, we 

have been able to predict the two limiting pressure relaxation behaviors through each 

pathway and we anticipate these limiting behaviors to be the upper and lower bounds for 

the frequency response o f  physiological cortical bone specimens. Not surprisingly, we 

find that the experimental data (Otter et al., 1994; Scott and Korostoff, 1990; Salzstein 

and Pollack, 1987) fall between these two limiting responses.

Other limitations o f our model include: (1) adapting isotropic values for bone's 

mechanical properties and permeability while bone is an anisotropic material; (2) 

assuming the viscosity and bulk compressibility o f the bone fluid to be the same as salt 

water; (3) using the theoretical permeability o f the lacunar-canalicular porosity 

(Weinbaum et al., 1994); and (4) neglecting the inertia o f  the fluid and the displacement 

o f  the solid in the Biot theory formulation, which may introduce errors when a high 

frequency loading is applied to the porous media. In particular, our model is sensitive to 

the permeability o f  cortical bone associated with the lacunar-canalicular porosity. I f  this 

permeability were overestimated, the characteristic frequencies o f  the two limiting 

relaxation behaviors (i.e., 20 Hz and 1 Hz) would also be overestimated. We have no
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experimental permeability data at the lacunar-canalicular level; the measurements of 

permeability have been performed exclusively on the vascular porosity level (Li et al., 

1987; Rouhana et al., 1981). From Eq. I, the bone permeability on the level o f  the 

lacunar-canalicular porosity is estimated to range from 0.1 x 10'20 to 1.3 x 10'19 m2 (the 

permeability value used in the above calculations is 1.7 x 10'2° m2) for the following 

parameters: canalicular radius b = 200 nm, osteocytic process radius a = 100 nm, fiber 

spacing Vkp ranging from 4 to 20 nm, canaliculi number ranging from 0.022/(pm)2 to 

0.1/(pm )2, and fluid viscosity = 10'3 Pa s. The large range o f  the predicted permeability (2 

orders o f  magnitude) induces a large variation o f  the predicted limiting relaxation 

frequencies. For the above permeability range, the upper limiting relaxation frequency 

range is approximately 2 - 150 Hz and the lower limiting relaxation frequency range is 

approximately 0.06 -  7.5 Hz.

Despite these limitations, our model sheds some light on a possible amplification 

mechanism in the transduction o f the mechanical signal to the bone cells. Our study 

indicates that the local pressure gradients near the osteonal canals are significantly 

amplified at higher loading frequencies. For example, mechanical loading applied at 20 

Hz may induce a transcortical pressure difference with an amplitude 10-fold higher than 

loading applied at 1 Hz (Fig. 2-6b), which in turn induces even greater local pressure 

gradients around the osteonal canals (Fig. 2-3e). These amplified pressure gradients 

would drive the bone fluid to flow over the osteocytic membranes at a higher velocity 

and thus induce larger shearing stresses acting on the osteocytes so that the osteocytes 

may detect the high-frequency mechanical stimuli with a higher sensitivity. This result 

may explain the experimental findings o f  greater bony ingrowth with mechanical loading
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applied at 20 Hz as compared to 1 Hz (Rubin and McLeod, 1994) as well as the studies 

showing low-magnitude 30 Hz mechanical loading can cause new bone formation (Rubin 

and McLeod, 1996).
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Fig. 2-1. (a) Measurement o f  microscopic SGPs across a bone specimen as performed in 
Starkebaum et al. (1979). The specimen size was approximately 30 mm x 10 mm x 1 
mm. Two reference electrodes were placed on the two outer surfaces and the third 
electrode was moved across the specimen thickness along the probe path. Microscopic 
SGPs were recorded between the moving and reference electrodes when the specimen 
was under 1 Hz four-point bending, (b) A front view of the idealized model o f  a 1.2 mm- 
thick section o f cortical bone similar in size to the specimens in the bending experiment 
shown in (a). Each repeated unit represents an osteon with an osteonal canal. A sinusoidal 
bending moment (M) is applied to the bone section, producing a linear stress (a ) 
distribution across the specimen.
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applied to the osteonal canals. Since the permeability o f  the cement lines is not known, a 
varied coupling percentage is applied: 0% coupling corresponds to "no flow" and 100% 
coupling corresponds to "free flow" across the cement line.
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Fig. 2-3. Dimensionless pressure distributions from one surface o f the bone specimen (y 
= -600 pm ) to the other surface (y = 600 pm) for different conditions, (a) and (b) Pressure 
profiles for a specimen with 40 pm osteonal canals with the external loading applied at
1.5 Hz for 100% osteonal coupling (a) and for 0% osteonal coupling (b). x = 0: profile 
along a line passing through the canal centers; x = d/4: profile along a line halfway 
between the canal centers and the cement line; x = d/2: profile along a line passing 
through the cement lines, (c) Comparison o f  the local pressure gradients for 0% coupling 
and 100% coupling (x = 0). (d) Effects o f  the size o f the osteonal canals (dc = 0,40,  or 60 
pm) on the pressure profiles and the transcortical pressure difference (Ap) for 100% 
osteonal coupling with the loading applied at 1.5 Hz. The transcortical pressure 
difference is the pressure difference between the points marked ‘V’, ‘x ’, or ‘O ’ on the 
external surfaces, (e) Comparison o f  the local pressure gradients and transcortical 
pressure difference between loading applied at 1.5 Hz and 15 Hz.
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Fig. 2-4. The amplitude o f  the transcortical pressure difference (Ap) as a function o f  the 
loading frequency for a specimen with no osteonal canals (dc = 0 pm ) or with osteonal 
canals (dc = 40 or 60 pm) for 0% osteonal coupling (a) and 100% osteonal coupling (b). 
The amplitude has different frequency responses when the canal size and the osteonal 
coupling are changed, revealing two different behaviors o f  fluid pressure relaxation when 
bone is mechanically loaded.
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Fig. 2-5. The phase (9) o f  the transcortical pressure difference (Ap) as a function o f the 
loading frequency for a specimen with no osteonal canals (dt- = 0 pm) or with osteonal 
canals (dc = 40 or 60 pm) for 0% osteonal coupling (a) and 100% osteonal coupling (b). 
Similar to the amplitude responses, the phase responses confirm the existence o f  the two 
different fluid pressure relaxation behaviors.
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Fig. 2-6. The effects o f  osteonal coupling on the transcortical pressure difference, Ap. (a) 
When the bone specimen does not include the osteonal canals (dc = 0 pm), the osteonal 
coupling affects the behavior o f  the pressure relaxation, (b) When the bone specimen 
includes the osteonal canals (dc = 60 pm), the coupling percentage has no effect on the 
amplitude o f  the transcortical pressure difference, suggesting the fluid pressure relaxation 
is through the osteonal canals.
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Chapter 3 Modeling Tracer Transport in an Osteon Under Cyclic

Loading*

Abstract

A mathematical model is developed to explain the fundamental conundrum as to how 

during cyclic mechanical loading there can be net solute (e.g., nutrient, tracer) transport in 

bone via the lacunar-canalicular porosity when there is no net fluid  movement in the 

canaliculi over a loading cycle. Our hypothesis is that the fluid space in an osteocytic 

lacuna facilitates a nearly instantaneous mixing process o f bone fluid that creates a 

difference in tracer concentration between the inward and outward canalicular flow and 

thus ensures net tracer transport to the osteocytes during cyclic loading, as has been 

shown experimentally. The sequential spread o f  the tracer from the osteonal canal to the 

lacunae is investigated for an osteon experiencing sinusoidal loading. The fluid pressure in 

the canaliculi is calculated using poroelasticity theory and the mixing process in the 

lacunae is then simulated computationally. The tracer concentration in lacunae extending 

radially from the osteonal canal to the cement line is calculated as a function o f  the loading 

frequency, loading magnitude, and number o f  loading cycles as well as the permeability o f 

the lacunar-canalicular porosity. Our results show that net tracer transport to the lacunae 

does occur for cyclic loading. Tracer transport is found to increase with higher loading 

magnitude and higher permeability and to decrease with increasing loading frequency. This 

work will be helpful in designing experimental studies o f tracer movement and bone fluid 

flow, which will enhance our understanding o f  bone metabolism as well as bone

* Reprinted with permission from Wang et al., Annals o f  Biomedical Engineering 
28(10): 1200-1209. Copyright 2000, Biomedical Engineering Society.
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adaptation.

Keywords: bone; bone fluid; mixing; lacunar-canalicular porosity; metabolism; mass 

transport; poroelasticity.

Introduction

How calcified bone tissue maintains adequate metabolism remains a puzzle. 

Molecular diffusion between cells and their nearby blood vessels, the mechanism by 

which cells usually obtain nutrients and dispose o f waste products, may be insufficient to 

maintain bone metabolism since the bone cells (osteocytes) are buried in lacunae in the 

calcified matrix. Osteocyte signaling and nourishing materials such as ions, hormones, 

enzymes, cytokines, growth factors, and proteins can be readily perfused into the 

osteonal canal across the endothelial cells o f the capillary wall by both flowing through 

the interendothelial clefts as well as through vesicles in the cytoplasm o f the endothelial 

cells.12'25 To obtain these nutrients, osteocytes need a continuous fluid pathway to the 

extracellular fluid in the osteonal canal, and the interconnected lacunar-canalicular 

network has been suggested to be this continuous pathway.2' 1518'29 However, the fluid 

space in a canaliculus is between the plasma membrane o f the cell process (radius 0.1 

pm) and the mineralized canalicular wall (radius 0.2 pm), which is so narrow and long 

(the canalicular channel is several times longer than the diameter o f  an osteocyte body)2 

that molecular diffusion may be insufficient for cells far from the osteonal canals to 

maintain proper metabolic functions. Much smaller pores have been proposed to exist 

around the collagen-hydroxyapatite crystals, but no evidence shows that these pores
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provide a continuous pathway in mature bone because the fluid there may be bound to the 

matrix.27 Knothe Tate et al.xl experimentally demonstrated that procion red (MW 300- 

400; <1.0 nm in diameter) appeared in the lacunae of the mature rat bone only 10 minutes 

after being injected through the rat tail vein with no mechanical loading applied to the 

animal, while relatively little peroxidase reaction product was observed in the tissue when 

larger molecules such as microperoxidase (MW 1800-1900; 2 nm in diameter) and 

horseradish peroxidase (MW 40000; 6 nm in diameter) were injected and circulated for 2 

hours. The relative difficulty in delivering the large molecules into bone tissue by 

diffusion implies that transport mechanisms besides diffusion may be necessary to 

maintain adequate bone metabolism.

Fluid flow resulting from dynamic mechanical stresses experienced by bone7'31 has 

been proposed to be involved in transducing the external mechanical signals to bone 

cells3,34'36 as well as to enhance cell metabolism in bone.1516,18,29 Piekarski and Munro29 

developed a theoretical model o f  an osteon comprised o f interwoven concentric layers o f 

liquid and porous bone where tubes o f  canaliculi connected two adjacent liquid layers. 

With axial cyclic loading applied to the osteon to mimic the axial loading o f a long bone 

induced by walking, the local displacement o f the fluid during half a walking cycle was 

calculated. This local solute displacement due to convection was found to be one to three 

orders o f  magnitude larger, depending on solute size, than the diffusive displacement 

during the same time period using a diffusion model where the osteon was devoid o f any 

mechanical loading. The results o f  Piekarski and Munro29 suggest that the load-induced 

flow significantly increases the efficiency o f the transport mechanism operating between 

the blood supply and osteocytes. Kufahl and Saha18 modeled an osteon that consisted o f
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lacunae and canaliculi as well as a central osteonal canal. With a walking load applied to the 

osteon, the load-induced flow rates in the canalicular channels were evaluated as a function 

o f  time, location o f the lacunae, and the canalicular diameters. When the canalicular 

diameter was 0.2 pm and the cell process as well as the pericellular matrix were assumed 

not to affect fluid flow, the load-induced flow during half a walking cycle was found to 

move a radial distance that covered four to five osteocytes from the capillary. In addition, 

Knothe Tate and Niederer16 developed a finite element model o f  an osteon to study the 

relative contribution o f  convection and diffusion to mass transport and also found that the 

load-induced fluid flow enhanced tracer transport, which was also evident in their 

experimental study (Knothe Tate and Knothe15).

Although a significant load-induced fluid displacement has been demonstrated for a 

half loading cycle in the previous models,1618’29 no mechanism has been proposed to 

explain the irreversibility o f the solute transport, but not the fluid transport, over the 

second half o f  the loading cycle. In a cyclically loaded bone (such as during walking 

sequences), the fluid sucked into the lacunar-canalicular porosity during a half cycle o f 

loading would be squeezed out during the next half cycle o f  loading. This reversible flow 

o f fluid would occur regardless o f  the waveform o f the cyclic loading since the elastic 

restoring force o f  the solid bone matrix would imbibe new fluid as soon as the 

compression is relaxed. For any periodic loading the same amount o f  fluid enters and 

leaves the osteonal canal over a single cycle or a periodic steady-state could not exist. 

Therefore, there is no net fluid exchange during a whole cycle o f  loading between the 

central osteonal canal and the porous bone matrix for any periodic waveform. W ith no net 

fluid exchange, it seems unlikely that the osteocytes inside the bone matrix could gain
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any net nutrient supply from the convective fluid flow. We thus ask two fundamental 

questions: how can net mass transport occur in cyclically loaded bone and how is the 

transport increased by the mechanical loading as demonstrated in the experiments 

performed by Knothe Tate and Knothe?15

To address these questions, we hypothesize that the relatively large fluid space 

surrounding the osteocyte in a lacuna facilitates a nearly instantaneous mixing process o f 

bone fluid that creates a tracer concentration difference between the inward and outward 

canalicular flow that is vital for net transport during cyclic loading. A tracer substance 

that mimics large nutrient molecules is readily leaked out o f the capillary and initially is 

assumed to be present only in the osteonal canal. With a cyclic (e.g., sinusoidal) loading 

applied to the osteon, the sequential spread o f  the tracer from the canal to the lacunae 

encased in the mineralized matrix is investigated. Poroelasticity theory is adapted to 

predict the bone fluid pressure within the cyclically loaded osteon. The fluid flow in the 

canalicular channels is assumed to follow Darcy’s law and its velocity and the fluid 

displacement are estimated. An iteration algorithm is proposed to mimic the nearly 

instantaneous mixing processes in the lacunae due to the cyclic loading, and the 

concentration o f  tracer in each lacuna is calculated as a function o f loading frequency, 

loading magnitude, and number o f loading cycles as well as the permeability o f the 

lacunar-canalicular porosity o f  bone. This theoretical work will be a  helpful tool in 

designing experimental studies o f  bone fluid flow, which will enhance our understanding 

o f  bone metabolism as well as bone adaptation.

Methods
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To model tracer transport in mechanically loaded bone, an idealized osteon is 

constructed similar to that in Zeng et a/.36 (Fig. 3-1). The osteon has a circular outer 

boundary, the cement line, (radius r0= 150 pm) and consists o f three concentric layers of 

osteocytes and their lacunae as well as a central osteonal canal (radius r, = 30 pm) that 

houses one capillary. The osteocytes and lacunae are simplified as spheres and spherical 

cavities, respectively (Fig. 3-1), even though they tend to be flattened ellipsoids 

histologically;20 their radii are assumed to be 5 and 4 pm, respectively, which are reasonable 

approximations o f measured data, e.g., 50 pm2 cross-sectional area and 130 pm2 

longitudinal-sectional area o f the osteocytic lacunae in the human tibia.20 Our preliminary 

histological results from the rat tibia show that the osteocyte-to-osteocyte distance is 

approximately 30 pm, which is close to other measured values, e .g . 1 lacuna per 1000-3000 

pm2 in the dog.1 Therefore, in our model the three concentric layers o f osteocytes and their 

lacunae are evenly distributed in the cortex between the osteonal canal surface and the 

cement line (Fig. 3-1). Since the canalicular density in human secondary osteons has been 

measured to be 5-14 per 100 pm2,21 10 canalicular channels are assumed to enter or exit the 

lacunae along each hemispherical half surface. Since the cell-to-cell distance is 30 pm and 

the lacunar radius is 5 pm, these canaliculi are modeled as 20 pm long tubes housing the 

cell processes, simplified as straight lines in Fig. 3-1.

In our model, the fluid is assumed to flow through the annular space o f the canalicular 

channels between the cell process (radius o f  0.1 pm) and the canalicular wall (radius o f  0.2 

pm). As proposed in previous studies,3'34-36 our model assumes that the annular fluid space 

o f  a canaliculus is filled with a pericellular gel-like proteoglycan fiber matrix that acts as
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a molecular sieve for albumin similar to the surface glycocalyx found on endothelial cells. 

Some experimental studies have found proteoglycan fibers near osteocytes in mature 

bone.13,32,33 Because o f  this pericellular fiber matrix, the fluid flow in the canalicular 

channels assumes an almost uniform velocity profile and this "plug” flow' can be 

approximated using Darcy’s law.3,34 Because o f the small size o f the lacunar-canalicular 

porosity and its coexistence with the much larger vascular pores, there is no experimental 

data for the permeability o f the lacunar-canalicular porosity in bone. However, the fiber 

matrix model developed previously provides a theoretical tool to estimate the intrinsic 

permeability o f the lacunar-canalicular porosity from the fiber spacing that determines the 

hydraulic resistance o f  the canaliculi.3,34j6 Although the size o f albumin, the most 

abundant protein in plasma, has been suggested to be the physiological value for the fiber 

spacing (7 nm),3-34 we assume three values for the fiber spacing (3. 7. or 18 nm) in our 

model to evaluate the effect o f  bone permeability on mass transport. For each fiber 

spacing, the intrinsic permeability associated with one canaliculus (kp) is readily obtained 

(kp has been estimated as a function o f  the fiber spacing in Cow'in et cil? ). Since we have 

assumed Darcy flow in the fiber-filled canalicular channels where the boundary effect has 

been neglected, the Darcy permeability (k) at the tissue level is calculated from the kp o f 

one canaliculus, along with the canalicular density (.nc, number o f canaliculi per unit area 

o f  bone) and the cross-sectional area o f  the fluid space in one canaliculus (A): k = ncAkp. 

The estimated values o f  k and kp for the three assumed fiber spacings will be utilized to 

calculate the fluid pressure and fluid velocity in the lacunar-canalicular porosity. It is 

assumed that the 10 canaliculi emanating from each lacuna receive equal flow.

To mimic the physiological cyclic loading o f  a  long bone, e.g., during walking, the
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osteon in our model is sinusoidally loaded along its long axis (a = -  oosinoM) and the fluid 

pressures in the lacunar-canalicular porosity are then calculated using poroelasticity theory 

(reviewed in Cowin4). The fluid pressure in the osteonal canal is assumed to be zero, since 

the pressure in the canal cannot exceed the vascular pressure (~104 Pa, Wilkes and 

Visscher35) for an extended period o f  time, which is almost two orders o f  magnitude 

lower than the pressure induced by mechanical loading within the bone matrix (— 106 Pa, 

Piekarski and Munro29). In addition, the fluid pressure relaxation time o f  the vascular 

porosity has been shown to be three orders o f magnitude shorter than that o f  the lacunar- 

canalicular porosity and it seems unlikely that a high pressure is produced in the osteonal 

canal for physiological mechanical loading.37 Since the cement line is believed to be 

impermeable for fluid flow, a non-leakage boundary condition is assumed at the cement 

line, i.e., the fluid pressure gradient vanishes there. The theoretical formula for the fluid 

pressure (p) in an axially sinusoidally loaded osteon derived in Zeng et a/.36 is:

P(R. r )  = -  -  (sin Tv) Re J ^ T) I + 1  (sin Tz) (1)
r  [ . / ( * , , n j  t

where R is the dimensionless cylindrical coordinate, R, is the dimensionless radius o f the 

osteonal canal, P is dimensionless pressure, r is dimensionless time. T is dimensionless 

frequency, and J(R,T)  = IQ(yfifR)K{(V/T) + / , ( J l f ) K 0(yfif R ) , where Iq, Kq, /i, and K\ 

are modified Bessel functions o f the first and second kind. The dimensionless parameters 

are defined as follows:

* = = ^ , r  = - , r = < a r , , / >  = ^ -  (2)
r0 ro Tr

where r is the radial coordinate; r, and r0 are radii o f  the osteonal canal and the outer
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boundary o f  the osteon, respectively; t is time; co is the angular frequency o f the 

sinusoidal loading applied to the osteon; p  is the fluid pressure; cxo is the magnitude o f the 

applied stress; B is a poroelastic parameter representing the relative compressibility o f the 

fluid and solid phases of the porous bone tissue (B has been estimated to be 0.53 in 

Cowin et a/.3); andrr (relaxation time) is the time constant for load-induced fluid pressure 

to decay in the lacunar-canalicular porosity. The relaxation time is proportional to the 

square o f  the outer radius o f the osteon and inversely proportional to the Darcy 

permeability k at the tissue level,3’34'36 and for the three fiber spacings used in our model 

(3 ,7 , or 18 nm), the relaxation time rr is estimated to be 1.3, 0.13, or 0.013 sec, 

respectively. Using Eqs. 1 and 2. the induced fluid pressure p  in each lacuna o f the osteon 

is calculated when the sinusoidal loading magnitude a0 is 20 or 40 MPa with an induced 

peak strain o f 1000 or 2000 microstrain ( j i e )  (the axial Young's modulus is assumed to b e  

20 GPa) for a loading frequency f{co  = Inf) ranging from 0.5 to 100 Hz and for the three 

values o f  the fluid relaxation time xr corresponding to the fiber spacings o f 3. 7, and 18 

nm.

To obtain the fluid displacement in the canalicular channels, the fluid velocity in the 

canaliculi is calculated from the fluid pressure using Darcy's law:

(3)p  or

where p  is the fluid pressure, u is the velocity o f  the fluid flow within one canalicular 

channel, p  is the viscosity o f bone fluid which is assumed to be that o f  salt water, and kp is 

the intrinsic permeability associated with one canaliculus, which has been estimated to be 

1.109, 11.09, and 110.9 nm2 for the fiber spacings o f  3, 7, and 18 nm, respectively.3 The
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pressure gradient (dpidr) for each set o f canaliculi is approximated by the ratio o f the 

pressure difference at the two ends o f the canalicular channels over the canalicular length 

(Ap/Ar). Using Eq. 3, the fluid velocity in each set o f canaliculi (C l, C2, C3, and C4 in 

Fig. 3-1) is obtained as a function o f time. Then we integrate this fluid velocity over a 

time period o f  half a loading cycle (to = 0.5/f), and thus obtain the fluid displacement in 

each set o f canaliculi (Di, £>?, Dj, and Dj):

To mimic nutrient transport in the load-induced canalicular flow, a tracer substance 

is initially assumed to fill the osteonal canal. Because the fluid volume in the osteonal 

canal is very large compared to that in the lacunae and canaliculi (Table 3-1), the canal is 

assumed to act as a reservoir for nutrient supply, and the tracer concentration remains 

100% in the canal. Once the sinusoidal loading is applied to the osteon, for the first half 

loading cycle, the fluid with 100% tracer concentration from the osteonal canal is sucked 

towards lacuna 1. If the fluid displacement is greater than the canalicular length (20 pm), 

some fluid will enter the lacuna and mix there, raising the local tracer concentration. 

During the next half loading cycle, the same amount o f fluid is squeezed back into the 

canal but with a lower tracer concentration compared to that o f influx due to the dilution 

from mixing. Therefore, while there is no net fluid exchange over one cycle, the result is 

net tracer transport to the lacuna 1. The same transport mechanism o f lacunar mixing 

moves the tracer outwards radially from lacuna 1 to lacuna 2, and so on. We assume that 

the tracer molecules are relatively large (> 2 nm) and move at the same velocity as the 

fluid in the canaliculi because the diffusive displacement for the tracer in the canaliculi is

(4)
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much less than its convective displacement as will be discussed later. The length o f  the 

canaliculi (/<?) is the mixing threshold for net tracer transport because only the fluid that 

passes this threshold length carries the tracer into the lacunae from the osteonal canal and 

from one lacuna to the next.

An iterative algorithm is developed to mimic the mixing process that occurs in the 

lacunae (Fig. 3-2). This lacunar mixing is very rapid since the je t flow enters the lacunar 

reservoir at very low Reynolds number, and thus the tracer spreads in all directions and 

fills the lacunar fluid space by diffusion. The tracer concentration in each lacuna (Q „ / = 

1-3) and canaliculus (Co, / = 1-4) is initially zero and that in the osteonal canal (Csource) 

remains 100% all the time. The fluid volume O, that is exchanged between two adjacent 

compartments during half a cycle o f loading (i.e.. Oi between the osteonal canal and 

lacuna 1, Q: between lacuna 1 and lacuna 2, and Os between lacuna 2 and lacuna 3) is the 

product o f the number o f the connecting canaliculi (n=  10 in our model), the cross- 

sectional area o f  the annular fluid space in a canaliculus (/I), and the local fluid 

displacement (D,). i.e., 0 ,=  nADh i = 1-3. To simplify the explanation o f the algorithm, 

all three lacunae are assumed to undergo a mixing process (i.e.. the fluid displacement is 

greater than the mixing threshold (the length o f  the canaliculi), D, > lo). For the first half 

loading cycle, the influx flow for the first lacuna includes the fluid that was in the canaliculi 

(volume: Vc; concentration: Cci) with the rest coming from the osteonal canal (volume: Oi 

-Vc; concentration: Csource = 100%); at the same time the outflow from lacuna 1 is pushed 

to the downstream canaliculi and lacuna 2 (volume: Os, concentration: Cu). In the 

following iteration equations, an iterative step stands for half a loading cycle and the 

superscript (n-1, n, or n+1) o f  a tracer concentration indicates the tracer concentration
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value in the previous, current, or next iteration, respectively. After adding the amount o f 

tracer brought in with the influx and subtracting that taken out with the outflow, the 

current concentration in the lacuna becomes:

C n  -  f " - 1 | V C C C l +  ( Q l  ~  K '  SOURCE  ~  Q l ^ ~  L \ / c \

11 £l rL+Qi-Qi

and the concentration in the upstream (Cci) and downstream (Cc:) canaliculi is also 

updated to be that o f  its upstream compartment, the osteonal canal and the first lacuna in 

this case, respectively:

Q , = Cs o u r c e - C c: = C  L\ (6)

The calculation for the next two lacunae is similar except that the C source  in Eqs. 5 and 6

have to be replaced with the concentration o f  the upstream lacuna:

. VcC'a' + (0. ~ Vc )C I U  -  Q u * f V  _
' - L i  ~  '~ L ,  +  , r  ^  ^  , i  _ ,  J  V '  ^

h + Q ,  - 0 c i )

^ l = C ;- ,. l); C ^ 1)= C -- , , /  = 2f 3 (8)

For the next half loading cycle, the fluid reverses its direction and undergoes the same 

displacement as it does during the previous half loading cycle. Since there is assumed to

be no fluid flow across the cement line, lacuna 3 cannot gain or lose any tracer through the

canaliculi set C7; therefore, the concentration in this lacuna remains the same as that at the 

previous half loading cycle:

c " : 1 = c i  (9)

However, the concentration o f  the downstream canaliculi C3 is updated to be that o f 

lacuna 3:
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(10)

For the downstream lacunae (/ = 2, 1), both influx (Q,~i) and outflow (Q,) should be 

considered and the concentration for the downstream canaliculi should be updated 

accordingly.

The program is run iteratively from the first loading cycle to the second loading 

cycle until finishing the predefined number o f  loading cycles. Preliminary calculations 

showed that the tracer concentrations in the lacunae reach plateaus after 250 loading 

cycles; thus, the tracer concentration in each lacuna is calculated as a function o f the 

number o f  loading cycles (1-250 cycles), the loading magnitude (1000 pe. 2000 pa), and 

loading frequency (0.5-100 Hz), as well as the fiber spacing of the matrix in the canaliculi 

(3, 7, or 18 nm).

In an axially cyclically loaded osteon, the fluid displacement in the canaliculi during 

half a loading cycle increases when the canalicular channels are closer to the source o f 

fluid (osteonal canal) (D/ > Dj > Dj), decreases with increasing loading frequency (0.5- 

100 Hz), and increases as the bone matrix is made more permeable (Fig. 3-3). As shown 

in Eqs. 1-4, the fluid displacement is proportional to the magnitude o f  the mechanical 

loading. For the parameters examined in Figure 3. the largest fluid displacement occurs

, /  = 2 , l  (11)

( 12)

Results
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near the osteonal canal at 0.5 Hz loading (2000 ps, 18 nm fiber spacing) while the 

smallest displacement occurs near the cement line at 100 Hz (2000 pe, 3 nm fiber 

spacing). In the case o f the densest fiber spacing o f 3 nm, the fluid can cross the mixing 

threshold o f  20 pm and reach the first lacuna for only lower loading frequencies (0.5-5 

Hz) (Fig. 3-3a). However, if  the bone matrix is more permeable with a larger fiber 

spacing o f  7 nm, the fluid can reach both the first and second lacunae for the lower 

loading frequencies o f 0.5-8 Hz; but only the first lacuna can be reached when the loading 

frequency is 20 Hz (Fig. 3-3b). If the fiber matrix is further increased to 18 nm, the fluid 

can reach the first two lacunae for a wide range o f loading frequencies (0.5-80 Hz) (Fig. 

3-3c).

The tracer concentration in the lacunae increases monotonically as the number o f  

loading cycles increases and levels o ff after a certain number o f loading cycles (Fig. 3-4). 

The speed and distance that the tracer is transported to a lacuna (osteocyte) are found to 

be closely related to the fluid displacement in each connecting canaliculi set (Fig. 3-4). 

When the loading is applied at 1 Hz and 2000 pe (corresponding to locomotion) with a 

fiber spacing o f 7 nm, the tracer concentration in the first two lacunae reaches 80% after 

10 and 75 loading cycles, respectively (Fig. 3-4a). If we reduce the loading magnitude 

from 2000 pe to 1000 pe while other parameters remain the same (1 Hz, 7 nm fiber 

spacing), the tracer reaches the first lacuna only and it fills this lacuna at one-quarter the 

rate o f  the higher loading magnitude since the tracer concentration in the first lacuna 

increases to 80% after 40 loading cycles (Fig. 3-4b) compared to 10 loading cycles for a 

loading magnitude o f  2000 pe (Fig. 3-4a). If  we increase the loading frequency from 1 Hz 

to 20 Hz (corresponding to foot strike after ground contact14) while other parameters
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remain the same (2000 ps, 7 nm fiber spacing), the tracer penetrates the first lacuna only, 

and the tracer concentration reaches 80% after 88 loading cycles (Fig. 3-4c). As the fiber 

spacing is then increased from 7 to 18 nm (increasing the Darcy permeability by 

approximately one order o f magnitude) while other parameters remain the same (2000 pe, 

20 Hz), tracer transport is enhanced as the tracer moves a greater distance at a higher 

speed (Fig. 3-4d), compared to the case o f a 7-nm fiber spacing (Fig. 3-4c).

Discussion

Our model shows that the convective efficiency o f transporting large-sized tracers 

(>2 nm) from the source (capillary in the osteonal canal) through canaliculi to an 

individual lacuna by load-induced fluid flow depends approximately on the ratio o f the 

influx volume over that o f the lacunar fluid space. Because the influx volume is 

proportional to the fluid displacement in the canaliculi during a half loading cycle, it is 

not surprising to find that mechanical loading with a higher magnitude increases the 

transport efficiency by spreading the tracer from the capillary to the surrounding lacunae 

at a  faster rate and across a larger distance (Figs. 4a and 4b). It is also not surprising that a 

larger amount o f  tracer would be transported to the lacunae when bone is more permeable 

(Figs. 4c and 4d) because the fluid displacement (thus the volume o f fluid exchange) 

increases with increasing permeability o f the lacunar-canalicular porosity (Fig. 3-3). We 

have varied the permeability over a range o f  two orders o f  magnitude by assuming three 

values (3, 7, or 18 nm) for the fiber spacing o f the pericellular matrix that is assumed to 

fill in the canalicular fluid space. This range o f  values has been selected since there is no 

experimental data in the literature for the permeability o f  the lacunar-canalicular porosity
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o f bone. All existing measurements o f hydraulic permeability o f cortical bone have been 

performed exclusively on the vascular porosity level.19,30 The lower limit for the fiber 

spacing (3 nm) could explain the restrictive transport o f  microperoxidase observed in 

Knothe Tate et al. 17; the middle value (7 nm) would restrict albumin, while the upper 

limit (18 nm) would allow most proteins to be transported.

The results from the model also demonstrate that high-frequency loading is less 

effective at enhancing metabolite concentration per cycle o f loading as suggested by 

Fyhrie and Kimura.8 The loading frequency is found to have two opposing effects on the 

fluid exchange during a half cycle: an increased loading frequency results in higher load- 

induced fluid pressures in bone and thus higher fluid velocities in the canalicular 

channels, whereas the time period that the fluid is allowed to flow is reduced. Though 

these two effects partially cancel one another, there is still a net decrease o f  the fluid 

displacement (and thus less volume o f fluid exchange) for higher loading frequencies, 

especially in the canaliculi that are further away from the osteonal canal (Fig. 3-3). 

Therefore, the efficiency o f the mass transport is reduced for higher loading frequencies, 

which is demonstrated in the shorter distance that the tracer spreads from the osteonal 

canal and more cycles required to reach the same tracer concentration compared to the 

lower loading frequencies (Figs. 4a and 4c).

Less significant enhancement o f mass transport has been found not only for loading 

at relatively higher frequencies but also for cells further from the osteonal canal (Fig. 3- 

4). In our model, the fluid never reaches the lacuna that is closest to the cement line 

(lacuna 3), because the cement line is idealized to be impermeable and the pressure 

gradient there vanishes. Although the canaliculi o f  the majority o f  the outermost lacunae
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in osteons radiate inward toward the osteonal canal, some canaliculi do penetrate the 

cement lines between adjacent osteons as well as between osteons and interstitial regions 

histologically.5,10 This partial opening o f the cement line may result in load-induced fluid 

influx into the outermost lacunae and thus may increase mass transfer into that area by 

convection. However, we do not expect the enhancement o f mass transport by the load- 

induced fluid flow to be spatially uniform: instead, the enhancement would decay 

gradually as the lacuna distance from the capillary increases. Due to the spatial limit of 

mass transport o f  both convection and diffusion, osteocytes may have to be within a 

certain distance from the vessels for survival as has been previously suggested.9,22 Lack o f 

mechanical enhancement o f nourishment may be the reason for the experimental finding 

that the percentage o f dead or degenerated osteocytes increases as the distance from the 

osteonal canals increases in human ear ossicles.22

Our calculations also confirm that the load-induced fluid flow in the canalicular 

channels could greatly enhance diffusive mass transport between the capillary and the 

bone cells as suggested in previous studies.I>18,29 In bone, the diffusion coefficient o f 

glucose is on the order o f  I O’6 c m V 1.23 However, for larger molecules such as horseradish 

peroxidase, the diffusion coefficient D would be at least two orders o f magnitude lower, 

i.e., 10*8 c m V 1.29 In an osteon loaded at 2000 pe and a frequency (/) o f  1 Hz, the average 

velocity during a half cycle (U = 2fD,) is approximately 60 pm s '1 for the flow in the 

canaliculi connecting the first and second lacunae (C2 in Fig. 3-1) when the fiber spacing 

is 7 nm. In this case, the Peclet number (Pe = UloD’1. the ratio o f convection transfer vs. 

diffusion transfer) for horseradish peroxidase (6 nm in diameter) in a canaliculus (length 

l0 = 20 pm) is estimated to be as high as (20 pm x 60 pm s‘l)/(10'8 c m V 1) = 1200, which
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means that the mass transport o f large molecules is dominated by convective canalicular 

flow in the loaded osteon.

The most fundamental feature o f the present model is that it draws a sharp 

distinction between transport processes in the canaliculi and the lacunae. In the canaliculi, 

the tracer transport can be convection- or diffusion-dominated depending on tracer size, 

whereas in the lacunae transport is nearly entirely due to diffusion because o f the rapid 

decay o f the je t velocity from the canalicular exits. The diffusive spreading o f a tracer

front over one cycle is given by the characteristic diffusion distance yjD/  f  , where D is

the diffusion coefficient for the tracer a n d / is  the loading frequency. At 1 Hz o f  loading

o ^
this distance is 1 pm for larger tracers (e.g., horseradish peroxidase) when D = 10' cm's' 

\ 29 and for smaller tracers (e.g., glucose) this distance is increased to 10 pm when D = 10' 

6 cm V 1.23 It is clear by comparing this characteristic length with the length o f  the 

canaliculus (20 pm) that convective fronts are sharply defined for larger tracers (D < 10'8 

cm V 1), whereas the canaliculus will be diffusion-dominated for smaller tracers (e.g., 

small ions, D > 10"6 cm V 1). The present model, thus, does not apply to small ions.

In our model, the pathway for mass transport between the capillary and bone cells is 

assumed to be through the lacunar-canalicular channels via small openings in the osteonal 

canal wall. Although the layer o f osteoblasts and lining cells covering the inner surface o f 

the osteonal canal has been proposed to be a cellular barrier to bone fluid flow into or out 

o f  the canalicular channels,24’28 tracer experiments have shown that larger marker 

molecules such as horseradish peroxidase and ferritin can pass the bone lining cell layer 

and perfuse into the bone matrix.17’26 In addition, the measured permeability o f  the 

osteoblast monolayer has been found to be similar in magnitude to that o f  the endothelial
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monolayer in vitro (~10‘17 m2, Hillsley and Frangos11), which is almost three orders o f 

magnitude greater than that o f the canaliculi (~10‘20 m2, Zhang et al.j7). Therefore, the 

osteoblast lining layer is unlikely to be a barrier for the canalicular fluid to reach the 

osteonal canal via the openings in the canal wall.

Although we have only presented results for tracer transport through the lacunar- 

canalicular porosity from a capillary to the lacunae within a cyclically loaded osteon, the 

idea and method used here can be adapted to solve other related problems. For example, 

the disposal o f wastes from the lacunae to the osteonal canal can also be investigated in 

the cyclically loaded osteon using the same methods described above. The waste transport 

shows the same patterns as the nutrient transport except it operates in the opposite 

direction. We can also apply similar analyses to bones that do not have secondary osteons 

as modeled here. For example, rat bone has only primary osteons, which have no cement 

lines but have a capillary at their center with osteocytes surrounding the vessel. If one 

applies a symmetry boundary condition to the evenly distributed primary osteons in 

loaded rat bone, one obtains the same boundary value problem as in our model. In 

cancellous bone where the rod or plate-like trabeculae consist o f several layers o f 

osteocytes with the vasculature usually on the outer surfaces o f the trabeculae, nutrients 

are transported inward from the bone-marrow interface toward cells in the middle region 

o f  the trabecula, similar to nutrients being transported from the osteonal canal outward 

toward the outermost cells in our model. Despite the different appearance o f  these bone 

tissues, similar analyses o f  the lacunar-canalicular fluid flow can be applied to investigate 

the mass transport in these tissues under mechanical loading. In both cases, the results 

from our model are applicable qualitatively, i.e., the load-induced fluid flow as an
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enhancement for mass transport and its limitations to loading frequency and spatial 

location are also valid for the primary osteons and the trabeculae, although the degree of 

the enhancement and its frequency and spatial limitations may differ from the numerical 

predictions o f the current model.

Careful considerations should also be taken when we try to correlate these results 

from the microstructural model with the findings from tracer studies performed at the 

whole-bone level because o f the inhomogeneous bone structure consisting o f different 

osteonal, interstitial, and lamellar regions as well as the complex blood vascularization in 

bone. The assumptions in our model are very simplified and far from the real situation o f 

the experimental setting. For example, the osteonal canal is assumed to be a tracer 

reservoir in our model, which may be accurate enough to represent the continuous 

nutrient supply from the blood vessel. However, in experiments where tracers were 

injected in a bolus not all the microvessels have been shown to be perfused with the 

tracers,26 and the tracer (ferritin) that filled the extravascular space in the vascular canals 

was eventually washed out within 60 minutes due to bulk interstitial fluid flow and 

diffusion.26 The drainage pathways for the interstitial fluid flow are not clear in bone 

where no lymphatic vessels have been detected, although prelymphatic channels have 

been proposed to exist.26 The driving forces o f  this interstitial fluid flow, which is 

generally believed to be centrifugal in mature bone, are not well understood26 and thus are 

not considered in our model.

There are several other limitations o f  our model. First, active transport via proteins in 

the cellular membrane is neglected. Also, the structure o f the osteon is very idealized, as 

are the applied boundary conditions such as the zero reference pressure in the osteonal
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canal and the non-leakage boundary condition at the cement line. We have chosen a 

sinusoidal waveform for the applied mechanical stress, which is not very physiological. 

However, since an arbitrary waveform o f cyclic loading can be constructed using a 

Fourier series superposition o f sinusoidal signals, a sinusoidal waveform can be used as a 

simplification o f  more complex loading signals. Other limitations o f our model include: 

(1) assuming only radial canalicular flow in the osteon; (2) adapting isotropic values for 

bone's mechanical properties and permeability while bone is an anisotropic material; (3) 

assuming the viscosity and bulk compressibility o f the bone fluid to be the same as salt 

water; and (4) neglecting the inertia o f the fluid and the displacement o f  the solid in the 

poroelasticity theory formulation, which may introduce errors when a high frequency 

loading is applied to the porous media.

Despite its simplicity and limitations, our model has successfully demonstrated that net 

mass transport does occur in a cyclically loaded osteon. Using this model, we have explored 

a novel concept that instantaneous mixing of bone fluid in the relatively large fluid space 

surrounding the osteocyte in a lacuna creates a concentration difference between inward 

and outward canalicular flow that is vital for net mass transport. The model has predicted 

that tracer transport within the cyclically loaded osteon increases with higher loading 

magnitude and higher permeability and decreases with increasing loading frequency. The 

method and results o f  this study can also be extended to other bone tissues including 

primary osteons and trabeculae. The theoretical predications o f  our model provide a 

helpful tool to design future experimental studies o f tracer movement and bone fluid flow 

that will enhance our understanding o f  bone metabolism as well as bone adaptation.
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Table 3-1. Extracellular Fluid Volume in Pores o f Bone

Pores
osteonal canal’ 
(hollow cylinder)

lacuna+
(spherical shell)

canaliculus* 
(hollow cylinder)

Dimensions (pm) 
outer r = 30 
inner r = 15 
length = 500

Volume (pm J) 
l.lx lO 6

outer r = 5 260
inner r = 4

outer r = 0.2 
inner r = 0.1 
length = 20

2.0

Notes: 'The annular fluid space is between the outer osteonal canal wall and the inner 
capillary wall in the osteonal canal.2 fThe fluid fills the spherical shell in a lacuna 
between the outer lacunar wall and the inner osteocyte.20 :The fluid fills the annular space 
o f  a  canaliculus between the outer canalicular wall and the inner cell process.2
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tracer leaks out of 
the capillary wall

osteonal

10 canaliculi cement line

lacunae and 
osteocvtes

IfQum

Fig. 3-1. A schematic drawing showing a part o f  an osteon. The osteon consists o f  three 
concentric layers o f osteocytes (radii 4 pm) and lacunae (LI. L2. L3: radii 5 pm) that are 
evenly arranged in the cortex. The canalicular channels (20 pm long, i.e.. the 30 pm cell- 
to-cell distance minus the 10 pm lacunar diameter) that join the adjacent osteocytes are 
believed to be the pathways for the tracer transport from the canal to the lacunae (C 1, C2, 
C3 represent 10 canaliculi, respectively). A tracer, mimicking nutrients leaking from the 
capillary, is assumed to fill the fluid space o f  the osteonal canal with a concentration o f 
100%. The tracer is transported from the canal to the lacunae during mechanical loading.
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osteonal
canal lacuna 1 lacuna 2

.canaliculi K Z N  canaliculi i

time (a) The first half loading cycle

osteonal
t*®*! lacuna 1 lacuna 2

canaliculi X.canaliculi 1

fluid velocity

(b) The second half loading cycle

Fig. 3-2. A schematic drawing showing the lacunar mixing during a loading cycle, (a) For 
the first half loading cycle, the fluid with 100% tracer concentration from the osteonal 
canal is sucked towards lacuna 1. If the fluid displacement is greater than the canalicular 
length (20 pm), some fluid would enter the lacuna and mix there, raising the local tracer 
concentration, (b) For the next half loading cycle, the same amount o f fluid is squeezed 
back into the canal but with a lower tracer concentration compared to that o f influx due to 
the dilution from mixing. Therefore, while there is no net fluid exchange over one cycle, 
the result is net tracer transport to the lacuna 1. The same transport mechanism o f  lacunar 
mixing moves the tracer outwards radially from lacuna 1 to lacuna 2, and so on. In order 
to have tracer mixing in one lacuna, the local fluid displacement should be greater than 
the canalicular length. Therefore, the canalicular length is the threshold for the lacunar 
mixing. (The osteonal canal, the lacunae with osteocvte bodies, and the canalicular 
channels are not drawn to scale.)
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Fig. 3-3. The fluid displacement 
for the three canalicular sets (see 
Fig. 3-1) as a function o f  loading 
frequency for a  loading magnitude 
o f  2000 ps and a canalicular 
annulus fiber spacing o f (a) 3 nm, 
(b) 7 nm, and (c) 18 nm. The fluid 
displacement decreases as the 
canalicular set is further away from 
the osteonal canal and as the 
loading frequency is increased 
from 0.5 to 100 Hz. As the fiber 
spacing increases (increasing 
permeability o f the lacunar- 
canalicular porosity), the fluid 
displacement is greater, 
particularly at higher frequencies. 
For tracer to reach each lacuna, the 
fluid displacement must be greater 
than the length o f the canaliculi 
(20 pm), termed the mixing 
threshold.
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Fig. 3-4. The tracer concentration in the lacunae increases with increasing number o f 
loading cycles and the efficiency o f  tracer transport (i.e., the speed and distance) depends 
on the loading magnitude, loading frequency, and bone permeability indicated by the fiber 
spacing o f  the fiber matrix in the canalicular channels, (a) The osteon is loaded at 2000 pe 
and 1 Hz with a fiber spacing o f  7 nm; (b) the osteon is loaded at a lower loading 
magnitude (1000 pe) compared to (a); (c) the osteon is loaded at a higher loading 
frequency (20 Hz) compared to (a); (d) the osteon is loaded when the bone is more 
permeable (the fiber spacing is 18 nm) compared to (c). Mass transport is more efficient 
when the mechanical loading is o f a lower frequency and a higher magnitude as well as 
when bone is more permeable at the lacunar-canalicular level.
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Chapter 4 Delineating The Bone Interstitial Fluid Pathway in Vivo 

Abstract

Although interstitial fluid flow has been suggested to play a role in bone adaptation 

and metabolism, the constituents and ultrastructure o f this interstitial fluid pathway are 

not well understood. The lacunar-canalicular porosity is generally believed to be a 

continuous fluid pathway through which the osteocytes obtain nutrients from the blood 

supply and dispose o f  wastes; however, whether the smaller collagen-hydroxyapatite 

porosity in adult bone is also part o f the fluid pathway is still unclear. Previous studies 

injecting tracer molecules into bone vasculature provided conflicting results about the 

size o f the interstitial fluid pathway. Electron microscopy studies have suggested that a 

fiber matrix surrounds the osteocytic cell processes and fills the pericellular fluid space. 

The fiber spacing (the pore size) o f the pericellular matrix in the lacunar-canalicular 

porosity has not been determined experimentally. To delineate the interstitial fluid 

pathway four types o f  tracers with various sizes were injected into the rat: reactive red 

120, microperoxidase (MP), horseradish peroxidase (HRP) and ferritin, with an 

approximate diameter o f I, 2 ,6 , and 10 nm, respectively. Five minutes after injection, all 

the tracers except ferritin were found in the osteocytic lacunae in the rat tibia and no 

tracer appeared to penetrate the mineralized matrix (the collagen hydroxyapatite porosity). 

The density o f  the labeled osteocytes or blood vessels (the number o f the labeled 

osteocytes or blood vessels per mm2) were measured at the anterior, posterior lateral, and 

posterior medial regions in the mid-diaphysial cross-sections. The pooled measurements 

showed that, compared to the control where all the osteocytes were stained with toluidine 

blue, the density o f the osteocytes labeled with MP, HRP, and ferritin was significantly 

lower, while no significant difference was found between reactive red group vs the

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



control (P > 0.05). However, the density o f  the blood vessels did not show any significant 

difference between the control, MP. and HRP groups (P> 0.05), while a significant 

difference was found between ferritin vs the control (P < 0.05). This study suggests that 

the pore size (fiber spacing) o f  the pericellular matrix in the lacunar-canalicular pores is 

between the size o f  HRP (6 nm) and ferritin (10 nm). (350 words)

Introduction

It is well established that living bone tissue is responsive to external mechanical 

signals by adapting its mass and structure: however, its cellular mechanosensorv 

mechanisms are not yet well understood. Many investigators have tried to relate bone 

adaptation to different parameters o f  mechanical loading such as loading magnitude, 

loading rate (frequency), and loading regimen at the tissue level (e.g.. Lanvon et al.. 1982 

Rubin and Lanyon. 1987: Jee et al.. 1991: Turner et al.. 1991; Chambers et al.. 1993: 

Torrance et al.. 1994: Mosley and Lanyon. 1998: Mosley. 2000: Rubin et al.. 2001). 

Theoretical models have been developed to understand bone adaptation 

phenomenologicaliy (Cowin. 1983: Hart et al.. 1984; Carter et al.. 1987: Huiskes et al.. 

1987: Prendergast and Taylor. 1994: Bagge. 2000: Huiskes. 2000: Adachi et al.. 2001). 

Although mechanical stimuli have been shown to regulate bone cells' gene expression in 

vitro and in vivo (Raab-Cullen et al.. 1994: Klein-Nulend et al.. 1996; Jacobs et al.. 1998: 

Miles et al.. 1998: Chen et al.. 2000: Moalli et al.. 2000: You et al.. 2001a). the 

mechanisms by which bone cells sense external mechanical stimuli remain unclear.

One candidate mechanism o f bone's mechanotransduction is through load-induced 

bone interstitial fluid flow via shearing the osteocytic process membrane or deforming

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



68

the cytoskeleton o f  the osteocytic process (Weinbaum et al.. 1991: 1994: Hillsley and 

Frangos. 1994; Turner et al.. 1994; Cowin et al.. 1995: Burger and Klein-Nulend. 1999; 

Weinbaum et al.. 2001; You et al.. 2001b). Weinbaum. Cowin and coworkers have 

proposed a theoretical model o f bone fluid flow where a pericellular fiber matrix similar 

to the surface glycocalyx o f endothelial cells surrounds the osteocytes and fills the 

lacunar-canalicular fluid channels. The theory predicts that the interstitial fluid flow in 

the lacunar-canalicular channels yields a stimulating shear stress in the range o f  5-30 

dyn/cm2 and a hoop strain o f 1 -1 0  percent in the cell process cytoskeleton under 

physiological mechanical loading (Weinbaum et al.. 1994: You et al.. 2001b). The fluid 

pressure predicted by the theory achieves a good agreement with strain-generated 

potentials measurements (Cowin et al.. 1995: Wang et al.. 1999). The key assumption 

leading to the above predictions is a fiber spacing (i.e.. pore size) o f the pericellular 

matrix, which is assumed to be 7 nm. the effective size o f albumin, because the fiber 

matrix in the lacunar-canalicular porosity is believed to be the molecular sieve that 

prevents albumin, the most abundant protein in the serum, from leaking out o f the 

vascular pores (Weinbaum et al.. 1994: Cowin et al.. 1995). Although electron 

microscopic studies have suggested the existence o f such a fiber matrix in bone 

(Wassermann and Yaeger. 1965: Sauren et al.. 1992: Shapiro et al.. 1995: Aarden et al.. 

1996). the key assumption o f the pore size o f the fiber matrix remains to be confirmed 

experimentally.

Previous experimental studies injecting tracer molecules into bone provided 

conflicting results o f  which level o f bone pores is continuous fluid pathway and the size 

o f  bone pores. The lacunar-canalicular porosity is generally believed to be a continuous
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fluid pathway through which the osteocytes obtain nutrients from blood supply and 

dispose o f  wastes (Cooper et al., 1966: Piekarski and Munro, 1977: Kufahl and Saha.

1990; Knothe Tate et al.. 2000; Knothe Tate and Knothe. 2000: Wang et al.. 2000): 

however, whether the smaller collagen-hydroxyapatite porosity within the mineralized 

matrix in adult bone is also part o f the fluid pathway remains debated. In addition, there 

is no agreement on the size o f the largest tracer molecules that can pass through the pores. 

For example, ferritin (-10  nm in diameter) was found to form halo-shaped labeling in the 

bone matrix surrounding the blood vessels in two-day-old chick bone (Dillaman. 1984). 

in adult dog bone (Montgomery et al.. 1988). and in adult goat (Qin et al.. 1999: Mak et 

al., 2000). These results suggest that the collagen hydroxyapatite porosity in the 

mineralized matrix is a continuous pathway for interstitial fluid flow and the size o f  this 

porosity is -1 0  nm. Studies using horseradish peroxidase (HRP. - 6  nm in diameter) 

yielded conflicting results: some found the tracer in almost all the lacunae and did not 

penetrate into the mineral matrix (Doty and Schofield. 1972; Tanaka and Sakano. 1985). 

while others found strong labeling in the endosteal matrix o f adult rat bone (Dillaman et 

al.. 1991). Using microperoxidase (-2  nm in diameter). Tanaka and Sakano (1985) found 

the tracer was present in the canaliculi but was excluded from the mineralized matrix, 

while a more recent study reported two discrete labeling bands in the mineralized matrix 

(Knothe Tate et al.. 1998b). Using procion red (<l nm in diameter), one study reported 

that this tracer was excluded from the mineralized bone matrix 2 0  minutes post-injection 

in fresh sections o f the rat tibia (Knothe Tate et al.. 1998b). while a later study found the 

tracer in the matrix in PMMA-embedded sections o f the rat tibia 9 seconds post-injection 

(Knothe Tate et al.. 2001).
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To address the conflicting results from previous tracer studies and to delineate 

interstitial fluid pathway, we performed this study using four tracers: reactive red, MP, 

HRP and ferritin, ranging in size from approximately 1 to 10 nm. The goals o f this study 

were ( 1) to begin to systematically to delineate the smallest pore size o f  the interstitial 

fluid pathway in vivo; (2 ) to determine whether the collagen hydroxyapatite porosity in 

the mineralized matrix o f  adult bone is continuous fluid pathway; (3) to quantify tracer 

movement and labeling patterns in absence o f mechanical loading.

Methods

To explore the ultrastructure o f interstitial fluid pathway, we injected into the rat 

blood system the following exogenous tracers: reactive red, a dye usually used as an 

affinity chromatography media: microperoxidase (MP) and horseradish peroxidase (HRP). 

enzyme proteins derived from equine heart cytochrome and horseradish, respectively; 

and ferritin, a colloidal ion. Their molecular weights, diameters, and dosages are listed in 

Table 4-1. We chose to use these tracers, because most o f them have been safely used in 

previous tracer studies in vivo, and the molecular weights o f the tracers span three orders 

o f magnitude, from a thousand Daltons (reactive red) up to four hundred thousand 

Daltons (ferritin) (Table 4-1), which is a good representation o f solute molecules in bone. 

The sizes o f  the tracers are in the range o f  1 nm (reactive red) to 10 nm (ferritin), a range 

in which the most likely fiber spacing o f  the pericellular fiber matrix (7 nm) is thought to 

fall (Weinbaum et al., 1994; Cowin et al., 1995).

Animal preparation

Male Sprague-Dawley rats (body weight: 340 ±  50 g, n = 15) were divided into five

groups (three animals per group) receiving reactive red, MP, HRP, ferritin, and saline
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(controls), respectively. Permission for this in vivo study was granted by the IACUC at 

the Hospital for Special Surgery. To optimize the consistency o f  tracer labeling and 

minimize diffusion artifacts, preliminary work was performed to test different injection 

locations, tracer dosages, circulation times (the time interval between tracer injection and 

the stopping o f  blood circulation), as well as the subsequent histological procedures. The 

experimental protocol was established as follows.

Tracer solutions were injected into rat jugular veins while the animals were under 

anaesthesia. Rats were anaesthetized via an intraperitoneal injection o f  a mixture o f  

ketamine (80 mg/kg body weight) and xylazine (5 mg/kg body weight). Additional 

inhalation anaesthetic methoxyflurane was given if  needed using a nose cone under a 

hood. The left jugular vein was exposed surgically and a 25G5/8 needle attached to a 

syringe was inserted into the vein to inject a bolus o f tracer solution.

Tracer solutions were prepared from powder except for ferritin supplied as bottled 

liquid (concentration: 70 mg/ml). All tracers were purchased from Sigma, St. Louis, MO. 

The reactive red solution (concentration: 0.8%) was prepared by dissolving 1.4 g reactive 

red powder (purity: 60%) in 100 ml PBS and then filtering with a paper filter. The MP 

and HRP solutions were prepared by dissolving 25 mg MP or HRP in 1 ml PBS. All the 

tracer solutions as well as the saline used in control animals were administrated at 1 mi 

volume per 100 g body weight, giving a dosage o f  8 , 25, 25, and 70 mg per 100 g body 

weight for reactive red, MP. HRP, and ferritin, respectively. For a rat o f  350 g body 

weight, the total fluid volume injected was approximately 3.5 ml. which was flushed into 

the jugular vein within 2  minutes.
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The tibia was chosen to be examined in this study because this long bone has been 

widely used in bone adaptation and tracer studies (e.g., Turner et al., 1991; Montgomery 

et al., 1991; Knothe Tate et al., 1998a,b; 2000; Mak et al., 2000). The tracer was allowed 

to circulate for 5 minutes post-injection, which we found to be long enough for the tracer 

to enter bone blood vessels throughout the tibiae. The rat was then sacrificed by carbon 

dioxide inhalation, which took -2-5  minutes, and both tibiae were harvested and 

immersed into the fixatives immediately. Anatomical positions (anterior and posterior- 

lateral comers) were marked on the bone surfaces using colored markers to maintain 

orientation for later imaging and data analysis.

Histological processing of bone samples

To preserve the tracer distribution in its in vivo condition, the histological processing

time was minimized in order to reduce the possible movement o f  tracer molecules after 

the blood circulation stopped. The histological processing for each tracer is as follows 

(Table 4-2):

Reactive red
The mid-diaphyses o f the tibiae injected with reactive red were initially cut into 0.6 

mm thick cross-sections using a diamond saw (Buehler, Lake Bluff, IL) and then fixed in 

100% alcohol for 4 hrs. These calcified sections were ground down to 0.4 mm using 

polishing paper (Buehler, Lake Bluff, IL). The ground sections were put on glass slides 

and coverslipped with microscopy oil. To preserve the slides, nail polish was used to seal 

the edges o f  the coverslip and to prevent the oil leakage.

Microperoxidase and horseradish peroxidase
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The mid-diaphyses o f  the tibiae injected with MP and HRP were initially cut into 

1.5-2.0 mm thick small blocks using the diamond saw and then fixed in 0.5% 

glutaraldehyde and 2% paraformaldehyde in 0.05 M cacodylatesodium buffer while 

being agitated in a shaker for 48 hrs. The small blocks were decalcified in 10% nitric acid 

while being agitated in a shaker for 48 hrs. Thin cross-sections (5-10 jam) were then cut 

from the blocks using a cryostat (Model OTF 5030, Bright Instrument Company, England) 

and air-dried for 12  hours.

Both MP and HRP in the thin cross-sections were visualized using 3,3’- 

diaminobenzidine tetrahydrochloride (DAB), a peroxidase substrate suitable for use in 

immunoblotting and immunohistological staining procedures. This substrate produces an 

insoluble end product that is brown in color to allow visualization o f  the tracers. Fresh 

DAB solution was prepared by dissolving 10 mg DAB tablet (Sigma, St. Louis, MO) in 

15 ml PBS, which was then filtered. 12 pi hydrogen (H :Oi) was added prior to use.

Drops o f DAB solution were applied to the thin sections for 1 hr at room temperature. 

After staining, the slides were rinsed in distilled water twice, air-dried, and coverslipped 

with mounting media.

Ferritin

The mid-diaphyses o f  the tibiae injected with ferritin were initially cut into 1.5-2.0 

mm thick small blocks using the diamond saw and then fixed in 100% alcohol for 4 hrs. 

Since immersion into any acid interferes with staining o f  ferritin, the calcified blocks 

were stained en bloc for 1 hr in Perl's reagent, a freshly made 1:1 mixture o f 4% 

potassium ferrocyanide and 4% hydrochloric acid. Ferritin is split by hydrochloric acid, 

allowing potassium ferrocyanide to combine with a ferric ion to form an end product
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called Prussian Blue, allowing visualization o f the ferritin. The stained blocks were then 

decalcified in 10% nitric acid while being agitated in a shaker for 24 hrs. Thin cross- 

sections (5-10 pm) were cut from the blocks using the cryostat and air-dried for 2 hours. 

The thin cross-sections were then counterstained using 0.1% acid fuchsin for 5 seconds to 

achieve a pink background. After staining, the slides were rinsed in distilled water twice, 

air-dried, and coverslipped with mounting media.

Controls injected with saline

The mid-diaphyses o f  the tibiae injected with saline (controls) were processed 

identically as the MP and HRP-injected samples. The cryo thin sections were also stained 

with DAB as negative controls o f  the MP and HRP-injected sections. To show all the 

osteocytes and blood vessels in the mid-diaphysis o f  the rat tibia, the cryo thin sections 

from the controls were also stained with 0.1% toluidine blue O (molecular weight 305- 

383, Aldrich Chemical Co. Milwaukee, Wt) for 5 sec.

Microscopic imagine and data analysis

We examined the tracer distribution in three local regions, the anterior comer, the

posterior lateral comer, and the posterior medial comer, in each tibial cross-section (Fig. 

4-1), because the tracer was delivered through the blood vessels and the blood vessel 

distribution is heterogeneous across the tibia. To achieve consistency o f  sampling these 

regions, efforts were made to cut, collect, and image the sections in the same orientation 

for all animals. The fluorescent labeling o f reactive red was examined using selective 

green light excitation, while the sections labeled with MP, HRP, and ferritin as well as 

the controls stained with DAB or toluidine blue were examined using routine light 

microscopy (Nikon Microphot-FXA). Digital images were taken from the three regions in
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each section using a lOx objective (-0.18 mm2) using the Bioquant Nova image analysis 

system (R&M Biometrics, Nashville, TN) with a camera and an image intensifier 

(Optronics, Goleta, CA). Detailed tracer labeling was also examined and imaged using a 

40x objective in some reactive red- and ferritin-stained sections.

Three parameters, the bone area (^ 4), the number o f  the labeled blood vessels (Nv), 

and the labeled cells (Nc), were measured/counted from the lOx images o f  the thin cryo 

sections labeled with MP, HRP, ferritin, and toluidine blue using the Bioquant Nova 

imaging system. Two ratios were derived from these direct measurements: density o f the 

labeled blood vessels, rfv(the number o f blood vessels labeled per unit area (mm2), dv = 

NJAb); and the density o f  labeled osteocytes, dc (the number o f osteocytes labeled per 

unit area (mm2), dc = NJAb). The physiological interpretation o f the two ratios are as 

follows: the density o f  labeled blood vessels (dv) reflects how well the bone blood vessels 

are perfused with the injected tracer for the circulation time post-injection (5 minutes in 

this study) plus 2-5 min during sacrifice. The greater this density, the faster the tracer 

enters the bone vasculature. The labeled vessels are the sources o f  tracer that may 

subsequently leak out o f  the vessel wall and then penetrate the mineralized matrix if it 

can pass through the bone matrix pores. The density o f labeled osteocytes (dc) represents 

the amount o f  tracer that diffuses from the blood vessels into the osteocytic lacunae 

during the prescribed circulation time. The more cells that are labeled in an area, the 

more the tracer has diffused out o f the vessels. Since the toluidine blue stains all the 

osteocytes and blood vessels, the two ratios calculated from these sections are the upper 

limits and serve as references for the sections injected with other tracers.
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For reactive red, only two measures and one ratio, the bone area 04&), the number o f 

the labeled cells (Nc), and the density o f the labeled cells (dc = NJAb), were measured and 

calculated, because the bone samples injected with reactive red, unlike other groups, were 

calcified and thin sections (5-10 micron) were difficult to obtain due to technical 

limitations. In the relatively thick sections (-400 microns), the blood vessels were shown 

as a three-dimensional network and could not be counted as in the thin cross sections 

where the blood vessels were shown as oval or circles. To avoid overestimating the 

labeled cells, cells that were out o f  focus were not included in the measurement.

Measurement was performed at three regions (the anterior comer, the posterior 

lateral comer, and the posterior medial comer) per section, three sections per animal, and 

three animals per group. For each animal and each region, the mean values o f  the 

densities measured from the three sections were used for statistical analysis. An analysis 

o f  variance (ANOVA) was conducted to find whether the difference between the group 

means was significant using Excel. If yes, pairwise tests were performed to reveal which 

pairs o f  groups had significant difference using an online software 

(www.graphpad.com/calculators/posttestl.cfm). For all the statistical tests, a significant 

level o f  P < 0.05 was used.

Results

Five minutes post-injection, the four tracers showed a variety o f labeling patterns 

(Fig. 4-2). The labeling o f reactive red was extensive with dye found in most blood 

vessels and almost all the surrounding lacunae (Fig. 4-2 b). At higher magnification, the 

reactive red was found to fill the extracellular space o f  the lacunae and the fine
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canalicular channels as well, but it did not appear to penetrate the mineralized matrix (Fig. 

4-3a). The labeling o f  MP and HRP was similar, with tracer found in blood vessels and 

the extracellular space o f the osteocytic lacunae in the cortex, but not in the mineralized 

matrix (Fig. 4-2 c and d). The negative controls injected with saline confirmed that the 

DAB staining o f  MP and HRP were specific. Ferritin, the largest tracer used, was found 

in some blood vessels in the cortex with a blue halo usually seen around a labeled vessel, 

and no osteocytic lacunae were labeled (Fig. 4-2e). At higher magnification, the shade o f 

the pink background staining between the vessel wall and the ferritin halo appeared to be 

different from that in the matrix (Fig. 4-3b), suggesting that the material in the gap is 

neither the mineralized matrix nor the blood vessel. The gap between the halo and the 

vessel wall was measured to be 2.2 ± 0.5 microns (from 25 measurements), suggesting 

that the halos lined the vascular canal walls without penetrating the mineralized matrix. 

The staining intensity was found to be varied from vessel to vessel (Fig. 4-4).

ANOVA analyses showed that the densities o f the labeled osteocytes (dc) and the 

labeled blood vessels (dv) had significant difference among the five experimental groups 

receiving the four tracers and saline and no significant difference was found for the 

anterior (A), posterior lateral (I), and posterior medial (A/) regions (Table 4-3 and Figs. 

4-5 and 4-6). The pooled measurements from the three regions demonstrated a decrease 

o f  the density o f the labeled osteocytes with increasing tracer size (Fig. 4-5). Compared 

to the controls where all the osteocytes were stained with toluidine blue (density: 1248 ± 

70), the density o f  the osteocytes labeled with MP (838 ± 226), HRP (712 ± 247), and 

ferritin (0 ± 0) was significantly lower, while no significant difference was found 

between reactive red group (1101 ± 266) vs the control (Table 4-3). However, the density
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o f the blood vessels did not show any significant difference among the control (115 ± 28), 

MP (90 ± 22), and HRP (101 ± 15) groups, while a significant difference was found 

between the ferritin (53 ± 20) and other groups (Table 4-3. Fig. 4-6).

Discussion

Although electron microscopy studies have suggested the existence o f  a pericellular 

structure in the canaliculi (Wassermann and Yaeger, 1965; Sauren et al., 1992; Shapiro et 

al., 1995; Aarden et al., 1996), there are no quantitative data on the fine structure o f the 

pericellular matrix. The current study provides indirect evidence o f the fiber spacing o f 

the pericellular matrix in the lacunar-canalicular pores. Our results suggest that the pore 

size (fiber spacing) o f  the pericellular matrix in the lacunar-canaliculi falls in the range o f  

6-10 nm, because the reactive red (1 nm), microperoxidase (2 nm) and horseradish 

peroxidase (6 nm) could pass through the lacunar-canalicular pores and reach osteocytes 

away from the blood vessels, the source o f  the injected tracer, while the 10 nm ferritin 

was excluded from the mineralized matrix and is confined to the vascular canals. This 

range o f the pore size contains the most likely fiber spacing (7 nm) proposed by 

Weinbaum and Cowin based on the proteoglycan fiber matrix that lines the surface o f 

vascular endothelial cells and serves as a filter to prevent leakage o f serum albumin 

(Weinbaum et al., 1994; Cowin et al., 1995).

None o f  the four tracers used in this study appeared to penetrate into the mineralized 

matrix within 5 min after injection, suggesting that either the assumed collagen 

hydroxyapatite porosity is not continuous fluid pathway or the size o f  this porosity is 

smaller than 1 nm (the size o f reactive red, the smallest tracer used in this study). Smaller
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tracers or longer circulation time should be employed in future experiments to investigate 

the permeability o f  the mineralized matrix.

Previous tracer experiments performed to explore the fluid pathways in bone 

provided conflicting results. The tracer labeling is summarized for the previous studies 

and this present experiment (Table 4-4).

Reactive red

Our results indicate that this tracer o f  order 1 nm was excluded from the mineralized 

matrix following a short period (5 minutes) o f perfusion (Figs. 4-2b and 4-3a), which is 

consistent with one experiment where procion red (molecular weight 300-400 Daltons,

<1 nm in diameter) was not found in the mineralized matrix o f  adult rat bone 30 minutes 

post-injection (KnotheTate et al., 1998b). The same tracer was injected into mechanically 

loaded sheep bone (Knothe Tate and Knothe, 2000) and rat bone (Knothe Tate et al., 

20C0) for a varied circulation time ranging from several seconds to 18 minutes. The 

tracer was reported not to be present in the mineralized matrix. However, a recent study 

claims the procion red penetrates into the mineralized matrix in PMMA-embedded 

sections nine seconds post-injection (Knothe Tate et al., 2001). It usually takes many 

days to complete PMMA embedding, which usually involves immersing samples in many 

solvents and resins. In our preliminary experiments, reactive red was found to penetrate 

into the mineralized matrix in PMMA-embedded sections, while fresh-prepared sections 

o f  the same animals showed no labeling in the mineralized matrix. Further examination is 

needed to clarify this contradiction.
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Microperoxidase (MP)

Tanaka and Sakano (1985) demonstrated that MP passed through the unmineralized 

alveolar bone in the developing rat, but was excluded from the mineralized matrix 2 

hours post-injection, while Knothe Tate et al. (1998b) found this tracer labeled the 

mineralized matrix o f the rat tibia along two bands close to bone surfaces and was absent 

from the mid-cortex 2 hours after injection. Our study found that MP labeled both the 

blood vessels and the osteocytic lacunae across the whole rat tibia including the mid­

cortex, and that MP did not penetrate into the mineralized matrix (Fig. 4-2c).

Horseradish peroxidase (HRP)

Doty and Schofield (1972) found quite uniform labeling o f  the blood vessels and the 

osteocytic lacunae in the rat femur within 30 minutes o f injection. Similarly. Dillaman et 

al. (1991) found HRP labeling in blood vessels and osteocytic lacunae in rat femur 5 or 

15 min after injection. They also reported stronger staining o f endosteal canaliculi and 

osteocytic lacunae compared to the rest o f cortex after 5 and 15 min post-injection and 

the endosteal staining started to be washed out 30 min after injection. Knothe Tate et al. 

(1998b) found that HRP labeling o f  blood vessels and osteocytic lacunae was present in 

the inner half o f the cortex o f  the rat tibia where the bone was well-organized 2 hours 

post-injection. Our study found the HRP labeling o f  the blood vessels and osteocytic 

lacunae across the whole bone but no stronger staining near endosteum 5 min post­

injection (Fig. 4-2d)

Ferritin

Previous studies reported halo-or partial halo-shaped ferritin labeling in the bone 

matrix in two-day old chick bone (Dillaman, 1984), adult dog bone (Montgomery et al., 

1988), and adult goat bone (Qin et al., 1999; Mak et ai., 2000) after the tracer was
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circulated for 10 to 30 minutes. Young bone may be more permeable than adult bone as 

suggested in permeability measurements (Li et al., 1987) and, therefore, ferritin of order 

10 nm might penetrate the bone matrix in the two-day-old chick bone. However, unlike 

previous studies using adult bone, our study showed a totally different labeling pattern o f 

ferritin in the rat. We found that the ferritin could label blood vessels but did not appear 

in the osteocytic lacunae and in the mineralized matrix (Figs. 4-2e and 4-3b). We also 

found the halo-shaped labeling near the labeled blood vessels with a small gap o f -2 .2  

microns, and the material in the gap did not appear to be the mineralized matrix (Fig. 4-4). 

Therefore, the halos we found appeared to outline the osteonal canal surfaces and did not 

enter the bony matrix. The discontinuous halo lines (Fig. 4-4) suggested that these halos 

could be from lining cells on the canal walls taking ferritin. To further confirm that the 

halos line the osteonal canal wall, it would be helpful to measure the gap between the 

halos and the labeled vessel walls in mechanically loaded rat bone. If the gap remains the 

same, the halos must be along the canal surface.

These different tracer labeling results suggest that the outcome of tracer labeling 

depends on many factors, such as the molecular weight o f the tracer, circulation time, and 

the species and age o f  the experimental animals. All these important factors should be 

considered when interpreting the labeling results. This study also stressed the importance 

o f  adapting appropriate histological processing. When the blood circulation is stopped 

and the histological process begins, the movement o f tracer molecules injected into the 

animal is not necessarily stopped. The tracer is probably still able to diffuse during the 

subsequent processing period, especially in aqueous solutions, because these tracers are 

not known to bind to cells or extracellular matrix. Due to the hardness o f  bone tissue.
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bone samples have to go through several necessary and time consuming histological 

procedures before the final tracer labels can be recorded. The main artifact for tracer 

studies, therefore, is the re-displacement o f the tracer particles during the long time 

period o f  histological processes. For example, while bone is stained in the acid Perl’s 

reagent, decalcified in acids, and then embedded in plastics, tracer molecules may be able 

to move into the matrix that was mineralized but now is decalcified. The re-displacement 

o f  the tracer may account for the fuzzy boundaries o f the ferritin halos reported in 

Montgomery et al. (1988). Although Qin et al. (1999) and Mak et al. (2000) avoided 

using any decalcifying liquid, one should notice the acidity o f  the staining reagents and 

the resulted demineralization o f the matrix. The low percentage o f  labeled osteonal canals 

(7%, compared to 45% in our study) suggests that the tracer might have been lost during 

the plastic embedding.

Therefore, in this study the histological processing protocol was optimized to reduce 

the processing time to avoid re-displacement o f  tracer via initially sectioning into smaller 

pieces, using strong agents to shorten decalcification time, and using cryosectioning 

instead o f  embedding the samples in plastics such as PMMA or MMA, a complicated 

process taking days to complete and involving long-time immersion o f  the samples in 

alcohols and plastic resins. The histological processing time for the four tracers in this 

study is much shorter than the time used in most o f  the previous studies (Table 4-4). For 

example, the tibiae injected with ferritin were processed within 2 days in this study, while 

the previous studies took much longer time (chick, - 2  days plus time for plastic 

embedding in Dillaman (1984); dog, -2 -4  weeks plus time for embedding in 

Montgomery et al. (1988); goat, 38 hrs plus MMA embedding time in Qin et al. (1999)
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and Mak et al. (2000)). However, even with this relatively short processing time, the 

ferritin staining might have been lost to some degree in this study, and, therefore, a 

significantly lower number o f the labeled vessels was found for ferritin group compared 

to other groups.

The present study also provides quantitative data on tracer movement in the absence 

o f  mechanical loading. The data could be used to choose tracers for tracking bone fluid 

flow in mechanically loaded bone. There are two competing requirements o f a suitable 

tracer: it should be small enough to pass through the bone pores where fluid flows and 

large enough to have limited diffusion. Our results show that, within 5 minutes, the 

percentage o f  the cells labeled with reactive red, MP, HRP, and ferritin decreases from 

88%, 67%, 57%, to 0% (Table 4-2). Therefore, larger tracers (e.g., MP and HRP) are 

more likely to be able to show the convective transport besides the baseline transport 

(under no mechanical loading), because they have more unlabeled osteocytes compared 

to their smaller counterparts (e.g., reactive red). However, when the tracer is as large as 

ferritin, the tracer is most likely confined in the vascular pores and can not be used to 

track interstitial fluid flow.

Knothe Tate and coworkers have employed a very small tracer (procion red, 

molecular weight: 300-400 Daltons) in mechanically loaded bone (Knothe Tate et al., 

1998a; 2000; 2001; Knothe Tate and Knothe, 2000). For the first time, they successfully 

demonstrated the existence o f transport enhancement in loaded bone. However, the 

enhancement was only found at the early stages o f  loading and at higher loading 

frequencies greater than 2.0 Hz and no effect was found at the later stage o f  loading and 

at lower loading frequencies (Knothe Tate et al., 2000; Knothe Tate and Knothe, 2000).
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One explanation for this result is that the perfusion time in the conditions o f lower 

loading frequencies and late stage o f loading was sufficiently long so that the baseline 

tracer movement in the absence o f mechanical loading might have overwhelmed the 

convective transport. These tracer experiments and our current study suggest that a 

relatively larger molecular marker be used to track convective interstitial bone fluid flow. 

In fact, a recent study by Knothe Tate et al. (2001) successfully demonstrated a greater 

enhancement o f transport using a larger Dextran tracer (molecular weight: 10,000 

Daltons) compared to procion red (molecular weight: 300-400 Daltons).

In summary, this study yields important information on the interstitial fluid pathway 

in bone. This perfusion study with reactive red (-1 nm), microperoxidase ( -2  nm), 

horseradish peroxidase (-6  nm), and ferritin (-10  nm) in the rat bone provides indirect 

evidence o f the pore size inside the lacunar-canalicular fluid channels is 6-10 nm because 

all four tracers except ferritin passed through the canaliculi and labeled osteocytes.

Tracers with a molecular size between 6 nm and 10 nm, e.g., albumin (7 nm), could be 

used to further delineate the pore size o f the lacunar-canalicular porosity. This study also 

shows that reactive red (1 nm), the smallest tracer we used, is excluded from the 

mineralized matrix. Tracers with a smaller size should be used to explore the pore size o f 

the collagen hydroxyapatite porosity in the mineralized matrix. In addition, tracer 

diffusion, in terms o f the density o f labeled osteocytes in the mid-diaphysial cross-section, 

was found to decrease with increasing molecular weight and size. This result suggests 

that tracers with relatively large molecular weight are more suitable to track convective 

interstitial fluid flow and to demonstrate the mechanical load-enhanced mass transport in 

bone.
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Table 4-1. Four Tracers Injected Into The Rat

Reactive red MP HRP Ferritin

Molecular

Weight

(Daltons)

1470 1862 40,000 440,000

Approximate 

Molecular 

Diameter (nm)

1 2 6 10

Dosage 

(mg/100 g 

body weight)

8 25 25 70
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Table 4-2. H istological Processing Protocols

Control

“HZ__ w ___

M P/H R P

IXZ
Ferritin

X
Reactive Red

I
initial sectioning: m id-diaphyseal cross-sections (0.6-2.0 mm)

I I
fixed in EM-Fix (2 days)

I
decalcified in nitric acid (2 days)

X I
fixed in 100% alcohol (4 hr) 

1
staining in Perl's reagent (1 hr)

decalcified in nitric acid (1 day)

r-------
cryosectioning: cross-sections (5-10 micron)

J1 1 Vrs/yv/

toluidine blue 
staining (5 sec)

DAB staining  
(1 hr)

counter-staining  
(5 sec)

section grounding  
(0.4 mm)

i 4 T 1
microscopy: m easurem ents

OO
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Table 4-3. Tracer Movement in the Absence of Mechanical Loading

control reactive red MP HRP ferritin

dc (i/m m 2)

A 1209 ± 7 4 1175 ±238 662 ± 97 830 ± 88 0 ±  0

L 1260 ± 9 7 926 ± 243 764 ± 220 5 0 6 ± 108 0 ±  0

M 1275 ± 3 0 1202 ± 315 1097 ± 8 6 799 ± 50 0 ± 0

Pooled 1390± 106 1101 ±266 838 ± 226 712 ± 2 4 7 0 ± 0

Percentage 100% 88% 67% 57% 0%

dv (#/mm2)

A 91 ± 14 N/A 83 ± 3 8 16 ± 9 52 ± 12

L 143 ± 9 N/A 89 ± 16 93 ± 16 53 ± 24

M 112 ± 2 6 N/A 95 ± 13 95 ± 11 54 ± 30

Pooled 115 ± 2 8 N/A 90 ± 22 101 ± 15 53 ± 2 0

Percentage 100% N/A 78% 87% 46%

Note: The density o f the labeled cells (c/c) and the density o f the labeled vessels (dc) were 

measured in the anterior (A), posterior lateral (L), and posterior medial (M) regions. Data 

were reported as mean ± std. Pooled data were calculated using measurements from the 

three regions. The percentage was calculated by dividing the mean value o f  each tracer 

group with that o f the control group, which served as a reference o f  100%.
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Table 4-4. Summary of Tracer Studies in Bone

Tracer Studies Animal Circulation
Time

Tracer Labeling Patterns Histological Processing

Procion
Red

Knothe Tate et al. 
(1998b)
Knothe Tate &  Knothe 
(2000)
K nothe Tate et al. (2000) 

K nothe Tate et al. (2001)

rat tibia & 
metacarpi 
sheep 
forelimb 
rat tibia

rat ulna

20 min

2 - 1 8  nun

7 sec -  3 
nun 
9 sec

A ppeared in VP, LCP, not in MM

A ppeared m VP, LCP, not in MM, 
enhanced transport m loaded limb 
A ppeared in VP, LCP, not in MM, 
enhanced transport in loaded limb 
A ppeared m VP, LCP, and MM, 
enhanced transport m loaded limb

Fresh-prepared, -h rs . 

Fresh-prepared, -h rs  

Fresh-prepared, -h rs  

PM M A-em beddm g

Reactive
red

This study rat tibia 5 min A ppeared in VP, LCP, not m MM Fresh-prepared, hrs

MP Tanaka and Sakano 
(1985)
K nothe Tate et al. 
(1998b)
This study

rat alveolar 
bone 
rat tibia, 
metacarpi 
rat tibia

2 hrs 

2 hrs 

5 mm

A ppeared m VP, LCP, not m MM

Found two bands o f  labeling in MM
near bone surfaces
A ppeared m VP, LCP, not m MM

Frozen sections, -3  
days
Frozen decalcified 
sections, - 2  weeks 
Frozen sections, 5 days

HRP D oty and Schotield 
(1972)
D illam anet al. (1991) 
Knothe Tate et al. 
(1998b)
This study

rat femur

rat femur 
rat tibia and 
metacarpi 
rat tibia

15, 30 mm

5 mm -1 d 
2 hrs

5 mm

A ppeared m v p , LCP, not m MM

A ppeared m VP, LCP, &  endosteal MM 
A ppeared m VP, LCP o f  the inner half 
o f  the cortex
A ppeared m VP. LCP o f  the cortex

- not specified

- not specified 
Frozen sections, -2  
weeks
Frozen sections, 5 days

Ferritin Diilaman (1984) 
M ontgom ery et al. (1988) 
Qin et al. (1999)
M ak et al. (2000)

This study

chick femur 
dog tibia 
goat tibia 
adult goat 
tibia 
rat tibia

5-60 mm 
1 -6 0  mm 
0 mm 
-  10 mm

5 mm

Halo-shaped labeling withm MM 
Fuzzy halo-liked labeling within MM 
Halos observed m the MM 
Halos observed m the M M  and 
enhanced transport m loaded bone 
Halo-shaped labeling along canal wall, 
not withm MM

plastic em bedding 
M M A em bedding 
M M A em bedding 
M M A em bedding

2 days

Note: Circulation time is defined as the time period between the finishing o f tracer 

injection and the stopping o f blood circulation. VP represents vascular pores (osteonal 

canals in cortical bone); LCP represents lacunar-canalicular pores housing osteocytes and 

cell processes; MM represents the extracellular mineralized matrix, excluding the 

vascular and lacunar-canalicular pores.
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Fig. 4-1. A cross section o f the mid-diaphysis o f  the rat tibia (magnification: 35x). 

Measurements were performed on three local regions: anterior (A), posterior lateral (L), 

and posterior medial (M) regions in the cortex between endosteum (E) and periosteum

(P).
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Oc

Oc

(C) (d)

V

(e)

Fig. 4-2. Different tracer labeling patterns at the posterior medial region o f the rat tibia 

(magnification: 700x). (a) Toluidine blue stains all the osteocytes (Oc), blood vessels (v), 

and bone matrix, (b) Reactive red appears in most blood vessels (v) and osteocytic 

lacunae (Oc) but not in the bone matrix, (c) MP labels some blood vessels (v) and 

osteocytes (Oc). (d) HRP shows similar labeling as MP. (e) Ferritin only labels some 

blood vessels (v) but no osteocytes.
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(b)
Fig. 4-3. Detailed tracer labeling at higher magnification (magnification: 1400x). (a) 

Reactive red appears in blood vessels (v), osteocytic lacunae (Oc), and canaliculi (Cl), (b) 

In the ferritin-labeled section counterstained with acid fuchsin, ferritin halos surround the 

blood vessel walls with a  small gap. The counterstained shade in the gap between the 

halos and the vessels appears to be much stronger than other areas, suggesting the halos 

outline the canal surface and do not label the mineralized matrix.
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Fig. 4-4. Variations o f  ferritin labeling (magnification: I400x). (a) A ferritin halo 

surrounds a labeled blood vessel with a strong solid intensity, (b) Discrete labeling spots 

along the vessel wall have a stronger labeling than that inside the vessel. Note a stronger 

background shade exists between the vessel wall and the halo compared to the overall 

background color in this and the next panel, (c) Stronger labeling is shown along the 

vessel wall and the halo, (d) A ferritin halo is found surrounding a vessel that shows 

nearly no labeling.
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Fig. 4-5. The density o f  the osteocytes (#/mm2) labeled with toluidine blue, reactive red, 

MP, HRP and ferritin. The density o f  the labeled osteocytes decreases with increasing 

tracer molecular weight, in the order o f  toluidine blue, reactive red, MP, HRP, and 

ferritin. An analysis o f  variance showed that the difference between the group means was 

significant (P < 0.05). Pairwise comparison tests showed that all pairs o f  group means 

were significantly different (P < 0.05), except for the two pairs, reactive red and MP; and 

MP and HRP, which were found not significant (P > 0.05). These results also suggest that 

the pore size o f  the fluid flow pathway is larger than 6 nm (the size o f  the HRP) and 

smaller than 10 nm (the size o f the ferritin).
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Fig. 4-6. The density o f  blood vessels (#/mm2) labeled with toluidine blue, MP, HRP and 

ferritin. Post-ANOVA pairwise tests showed that the difference between toluidine blue. 

MP, and HRP was not significant (P > 0.05), and the difference between ferritin and all 

other groups was significant (P < 0.05), probably due to losing o f  ferritin during the 

histological process.
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Chapter 5 Blood Pressure-Driven Interstitial Fluid Flow in Bone 

Abstract

Several experimental results have linked increased periosteal bone growth to 

compromised venous return (venous stasis). Increased interstitial fluid flow induced by 

the increased intramedullary pressure caused by the venous stasis has been proposed to 

account for the periosteal response. To investigate the osteogenic effect o f blood 

pressure-driven fluid flow, a poroelastic model for interstitial bone fluid flow is extended 

to the situation in which the bone fluid flow in an osteon is driven by the pulsatile blood 

flow in the bone microvasculature as well as by the applied cyclic mechanical loading.

The amplitudes o f the fluid responses (i.e., pore fluid pressure, radial pressure gradient, 

and shear stress acting on the osteocytic cell process) due to the mechanical loading and 

pulsatile blood pressure are analyzed as a function o f frequency and amplitude o f the two 

driving forces. Our results show that, under normal conditions, the pulsatile blood 

pressure due to cardiac contraction (10 mm Hg at 2 Hz) and muscle contraction (30 mm 

Hg at 1 Hz) induce dynamic shear stresses on the osteocytic processes that are two orders 

o f magnitude lower than those induced by physiological mechanical loading (1 MPa at 1 

Hz). In venous stasis the induced dynamic shear stress is reduced further because, 

although the mean blood pressure is increased, the amplitude o f the pulsatile component 

o f  the blood pressure is decreased. These results do not support the hypothesis that 

increased interstitial fluid flow causes the periosteal bone growth in venous stasis. We put 

forward this new hypothesis: in venous stasis the increased mean hydraulic pressure 

acting on the periosteum can trigger cell proliferation, enhance transport o f  nutrient 

or/and signaling molecules, and stimulate periosteal bone growth.
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Introduction

The ability o f  blood flow to influence bone growth and remodeling has been 

recognized for a long time (Trueta, 1963; Kiaer, 1994). Altered circulation such as stasis 

in the venous system o f an extremity caused by applying tourniquets or vein ligation has 

been shown to stimulate bone formation or increase bone mass in the young dog (Kelly 

and Bronk, 1990), the young goat (Welch et al., 1993), and in a disuse rat model 

(hindlimb suspended) (Bergula et al., 1999). There are many other studies demonstrating 

similar effects (e.g., Lilly and Kelly, 1970; Amoldi et al., 1972; Green and Griffin, 1982; 

Liu and Ho, 1991). The blocking or compromised venous drainage in animal experiments 

has been found to be associated with increased intramedullary pressure, decreased artery 

inflow, and decreased pulse o f  the intramedullary pressure. The underlying mechanism o f 

the periosteal bone growth induced by venous stasis, however, remains unclear. Several 

factors associated with bone vasculature have been proposed, including changes in 

oxygen tension, CO2 tension, local pH (reviewed in Kiaer, 1994), increased interstitial 

fluid flow (shear stress or streaming potentials) (Kelly and Bronk, 1990; Hillsley and 

Frangos, 1994; Welch et al., 1993; Bergula et al., 1999), and increased transcapillary 

filtration (Kelly et al., 1990; Bronk et al., 1993).

To test the hypothesis that increased interstitial fluid flow causes the periosteal bone 

growth in venous stasis, an osteon model is developed to theoretically connect interstitial 

fluid flow with pulsatile blood pressure in the bone microcirculation. An analytical model 

for bone fluid flow in an osteon due to mechanical loading alone (Zeng et al., 1994) is 

extended to include bone fluid flow due to the pulsatile blood pressure in addition to the 

axial cyclic loading applied to the osteon. In order to compare the two driving forces, the
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total bone fluid flow is decomposed into two separate components contributed by each 

loading mechanism alone. The amplitudes o f the fluid responses (i.e., pore fluid pressure, 

radial pressure gradient, and fluid shear stress acting on the osteocytic cell process 

membrane) due to the two different driving forces are given and compared.

Unlike previous theoretical models that focus on tracer distribution under blood 

pressure (Dillaman et al., 1991; Keanini et al., 1995), the new model developed here aims 

to quantitatively investigate the osteogenic effect o f blood flow and mechanical loading in 

terms o f  shear stress o f bone fluid flow. Our results show that the blood pressure in either 

physiological or pathological conditions induces much smaller (two orders o f magnitude 

lower) shear stress than does the physiological mechanical loading. Therefore, this study 

does not support the hypothesis that blood pressure-induced interstitial fluid flow causes 

periosteal bone growth in the condition o f  venous stasis. Other factors associated with the 

experimentally imposed vascular changes are necessary to understand the increased 

periosteal bone growth found in venous stasis. Alternative stimulating mechanisms are 

examined in the context o f venous stasis and periosteal bone growth. We make a new 

hypothesis that, for the first time, links the periosteal bone changes due to venous stasis 

with the hydraulic pressure acting on the periosteum.

Methods

As fluid shear stress has been proposed to be the stimulating signal for bone cells 

(Weinbaum et al., 1991; 1994; Hillsley and Frangos, 1994), the osteogenic effect 

(capacity) o f mechanical loading and blood flow is examined in terms o f  peak shear 

stresses on the osteocytic process. Although a  recent study (You et al., 2001) suggests 

another mechanism for osteocyte excitation via deformation o f  cell cytoskeleton due to
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the fluid drag force, we will show later that the relative osteogenic capacity between 

mechanical loading and blood flow remains the same order for both stimulating 

mechanisms, secondary to interstitial bone fluid flow.

Theoretical modelfor bone fluidflow

Although the effect o f the venous stasis on interstitial fluid flow is on the whole bone 

level, we are going to focus on a single osteon, because one o f  our early studies (Wang et 

al., 1999) showed that osteonal canals influence the local patterns o f  the interstitial fluid 

flow in bone. In addition, since the vascular porosity has a much higher permeability 

compared to the lacunar-canalicular porosity through which the interstitial bone fluid 

flows (Zhang et al., 1998; Wang et al.. 1999), the extravascular fluid pressure within the 

osteonal canals in the cortex is spatially uniform and equals the intramedullary pressure in 

the marrow cavity. Therefore, in osteonal bone, the interstitial fluid flow in a whole bone 

can be studied using an osteon model.

The problem considered here is that o f determining the bone interstitial fluid pressure 

field p(r, t) in the lacunar-canalicular porosity o f an osteon. The osteon is modeled as a 

right circular cylinder o f radius r0 containing an osteonal canal and the osteonal canal is 

modeled as a smaller concentric, right circular cylinder o f  radius r,. The annular region o f 

the osteon contains the lacunar-canalicular porosity (Fig. 5 -la). The interstitial fluid is 

assumed to flow through the lacunar-canalicular channel surrounding the osteocytic 

process as in earlier models (Fig. 5-lb , Weinbaum et al., 1994), with the channel assumed 

to be filled with a pericellular gel-like matrix. A recent electron microscopic study has 

provided strong evidence o f  the existence o f such a fiber matrix (You et al., 2002). The 

mineralized matrix surrounding the lacunar-canalicular porosity has a Young’s modulus
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E, and bone permeability at the lacunar-canalicular porosity level is theoretically 

determined by the detailed structures o f the pericellular fiber matrix and the canalicular 

channels, since there are no experimental measurements to date (Weinbaum et al., 1994; 

Cowin et al., 1995). The characteristic relaxation time for pore fluid pressure rr is roughly 

inversely proportional to bone permeability, but it is a structural property and not a 

material property (Weinbaum et al., 1994; Cowin et al., 1995).

The osteon is subjected to two types o f oscillatory loading. The first oscillatory 

loading is a cyclic applied axial stress with an amplitude a0 and an applied circular 

frequency co (<x= - a 0 sin cot). The second oscillatory loading is due to the local blood 

pressure and is implemented by a boundary condition at the osteonal canal surface (r = r,) 

that requires that extravascular fluid pressure be equal to the intramedullary pressure. The 

local extravascular fluid pressure is represented by p = pb sin (Qt + if/)+ po where pn is the 

mean pressure (DC component); the sinusoidal term is the fluctuation o f  the fluid 

pressure due to pulsatile blood pressure or pulse pressure caused by cardiac contraction 

(Brookes and Revell, 1998; Ficat and Arlet, 1980). The interstitial fluid flow driven by 

this pulse hydraulic pressure is called the blood pressure-driven fluid flow in the 

following text, because the driving force is produced due to the blood circulation. The 

amplitude o f  the pulsatile fluid pressure is denoted by pb, its angular frequency by /2(i.e.. 

the heart rate), and its phase angle ^ w ith  respect to the applied axial loading. Due to the 

relative impermeability o f  the outer boundary (cement line) o f  the osteon, a non-leakage 

boundary condition is assumed as in our previous models (Zeng et al., 1994; Wang et al.,

2000).
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The fluid pore pressure, radial fluid pressure gradient, and shear stress are derived in 

the next three sections using poroelasticity theory. To facilitate the comparison o f the 

relative contribution o f mechanical loading and pulsatile blood pressure to the interstitial 

fluid flow, we decompose the fluid pore pressure, radial fluid pressure gradient, and shear 

stress into the mechanical load- and blood pressure-induced components. The parameters 

associated with the load-induced component are notated with a subscript / and those 

associated with blood pressure-induced component are notated with a subscript b.

Bone Fluid Pressure

A closely related problem was solved by Zeng et al. (1994) where an osteon was 

subjected to an axial cyclic stress alone. Zeng et al. (1994) employed a boundary 

condition that requires the fluid pore pressure to vanish at the canal surface (p = 0 at r = 

r,). The problem considered here replaces that boundary condition with one that requires 

that the bone fluid pore pressure equals the blood pressure, p = Pb sin (Qt + \f/) + po, at 

the canal surface (r = r,). The partial differential equation in cylindrical coordinates for 

the dimensionless bone fluid pressure P is

where R is a dimensionless radial coordinate, 9 is the cylindrical coordinate and x is a 

dimensionless time given by x =t/xr where xr is the characteristic relaxation time o f  the 

pore fluid pressure via the lacunar-canalicular porosity in the osteon (Zeng et al., 1994). 

The non-dimensional variables R. R„ T, W and P are defined as

d 2P _1 dP 1 crP dP 
dR1 + R dR + fl2 dO2 dx

= - c o s 7 r . ( 1)

’ i ’ - __  ?
ro ro a  a 0BT

(2)
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where r is the radial coordinate, r0 is the radius o f  the cement line, r, is the radius o f the 

osteonal canal, W is the ratio o f the frequency o f  the pulsatile blood pressure and the 

mechanical loading, and B is the Skempton pore pressure coefficient that represents the 

relative compressibility o f the fluid and solid phases o f  the porous bone matrix (Cowin, 

1999; Zhang et al., 1998). The boundary conditions due to the blood pressure, expressed 

in terms o f  the dimensionless pressure field P, are

P = — -— (p b s\n{WTt + (//) + p a) at R = R„ and dP/dR = 0 at R =1. (3)
croBT

When pb -  0 these boundary conditions reduce to those o f Zeng et al. (1994). The 

solution to Eq. 1 subject to the above boundary conditions is obtained as follows (the 

detailed derivation is given in the Appendix):

P (R ,z )  = -  Re{ ie ,Tt J ( R '- )- }  + i s i n f f r )  + - ^ - - - R e{ieniirr!'v) d i M I l }  + IEjl 
T J ( R „ T ) T cj0B T J (R ,J V T ) a 0B

(4)

where Re is the real part, J(R, T) is given by

J(R, T) = I0{JiTR)Kx (yfiT) + /, (4iT )K 0 (yfiTR) , (5)

and I0, K0, // ,  and K / are modified Bessel functions o f the first and second kind. In order 

to obtain the fluid pore pressure from the dimensionless fluid pressure, we multiply a 

factor o f  (JoBT/3 to both sides o f  Eq. 4, substitute cot for Tt  and Ot  for WTz and then 

rewrite the complex functions using real-valued functions. The fluid pore pressure p  is 

then as follows:

Bo
p  = coscot-(Vt -l)sinfflir) + p b(Ub c o sQ t - V b s in f i/)  + p Q (6)

where Ui, V/, Ub, Vb are real-valued functions defined as follows:

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



103

(7)

Combining the sinusoidal terms with the same frequency, the fluid pore pressure is the 

summation o f three terms:

where the coefficients and phases (Ai <f>t, Ab, <fc) associated with the two sinusoidal 

components are

The first sinusoidal term with the frequency o f the mechanical loading o> is caused by 

mechanical loading; the second sinusoidal term with the frequency o f blood pressure Q  

and the constant term are caused by the blood pressure. We will show next that the mean 

blood pressure po makes no contribution to the fluid pressure gradient or shear stress. 

Therefore, we are going to neglect this DC component and, instead, focus on the time- 

varying (AC) component (pulsatile blood pressure) only. The amplitudes o f the load and 

blood-induced fluid pressure components are

where A/ and Ab are functions o f  spatial position (R) and frequency o f  the driving forces 

(see Eqs. 7, 9).

Fluid Pressure Gradient

The dimensionless fluid pressure gradient (i.e., the rate o f  pressure change in the 

radial direction) is readily derived from Eq. 4. The fluid pressure gradient is obtained 

from the dimensionless expression as

p  = A/C0 sin(<uf + <f>x) + Ab p b sin(Q/ + <p, ) + p 0 (8 )

A, -

( 10)
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where £//’, V/', Ub\ Vb' are real-valued functions defined as follows:

' _ iJ’(R.WT) 
~ J(R,JVT)

( 12)

and

J'(R, T) = V /T [/,(yJiTR)K{ (V iT) -  / , (> //T )tf, (J iT R)] .

Combining the sinusoidal terms with the same frequency, the fluid pressure gradient 

consists o f two sinusoidal components caused by the mechanical loading and pulsatile 

blood pressure, respectively:

where the coefficients and phases (A/’, f a  Ab \ f a  associated with the two sinusoidal 

components are

The first sinusoidal term is the load-induced component with the loading frequency 

co; the second term is the blood pressure-induced pressure gradient component with the 

frequency o f  Q. Their amplitudes are

f  a~\amp f x~ \amp
I  - 4 *  <l6>{ d r j ,  \ d r  Jb

where A/’ and Ab' are functions o f  spatial position (R) and frequencies o f  the driving 

forces (see Eqs. 12 ,13 ,15).

(14)
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Shear Stress

Previous models have shown that the shear stress s(a) experienced by an osteocytic 

cell process o f  radius a in a canaliculus is directly proportional to the bone fluid pressure 

gradient and is also related to the detailed structure o f the canalicular channel and the 

pericellular matrix (Weinbaum et al., 1994; Zeng et al., 1994), as shown below:

s(i) = ~ i A l f y l q ) - B >K f y l q ) )  (17)
or y

a b Iq ( r ^ ) - h ( r )  (18)
A > 0 ' / < 7 ) * o O ' W a O ' ) M / / ‘? ) ’ 1 A ) 0 ' / ? ) M r ) - / o O ' ) M r / <7) ’

where b is the canalicular wall radius, A is the fiber spacing, q is the ratio o f  the 

canalicular wall radius to the radius o f the cell process (q = b/a), and y is the non- 

dimensional ratio y = b/A (Weinbaum et al., 1994; Zeng et al., 1994).

Since the load- and blood-induced radial fluid pressure gradients are sinusoidal (Eq.

14), their induced fluid shear stresses on the osteocytic process are also sinusoidal with 

the following amplitudes:

t

s(a)“ p = ^ £ ( A lI l( Y / q ) - B lK l(y /q ) ) ,  (19a)
7

t

s(a)J7 ^ d L l A {Aj { {r i q ) . B]K[{ri q)y  ( i9b)
r

Parameter values

The osteon we model here has a canal radius r, = 20 pm and a cem ent line radius r0 = 

100 pm (Zeng et al., 1994; Cooper et al., 1966), giving a dimensionless /?, = 0.20. The
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dimensionless coordinate R = 0.2 -»  I thus represents the bone annulus o f the osteon. The 

relative compressibility between the fluid and solid phases B is taken to be 0.43 (Zhang et 

al., 1998). Most venous stasis experiments used young animals, thus we employ a 

Young’s modulus for young bone, E = 10 GPa (Torzilli et al., 1982). Unless indicated 

otherwise, the following geometric data will be employed: the canaliculus has an outer 

radius b = 0.2 pm, an osteocytic cell process radius a = 0.1 pm, giving q = b / a -  2. The 

fiber spacing A is chosen to be 7 nm as used in Zeng et al. (1994).

The spatial distribution profiles o f the pore fluid pressure, pressure gradients, and 

resultant fluid shear stress on the osteocytic process membrane induced by the mechanical 

loading and pulsatile blood pressure are calculated using Eqs. 10, 16. and 19. For 

mechanical loading two fundamental strains are considered: one strain has a magnitude o f 

100 microstrain and a frequency o f 1 Hz and is associated with slow locomotion and the 

other has a smaller magnitude (10 microstrain) and a higher frequency (20 Hz) and is 

associated with maintaining posture (Rubin et al., 2001). For pulsatile extravascular 

pressure that equals the intramedullary pressure, two cases are considered: one is 

associated with normal cardiac contractions and has a magnitude o f  10 mm Hg (1.33 kPa) 

(Brookes and Revell, 1998) and a frequency o f 2 Hz (2 Hz is the heart rate for big 

laboratory animals such as the dog and goat (Lawson, 2000); and the other is associated 

with muscle contraction with an increased amplitude o f 30 mmHg (3.99 kPa) and a lower 

frequency o f  1 Hz (Shim et al., 1972; Ficat and Arlet, 1980).

Since loading frequency has been found to affect the resultant shear stress 

significantly (Zeng et al., 1994), the peak shear stress induced by either the mechanical 

loading or the pulsatile blood pressure is evaluated as a function o f  loading or pulse
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frequency. The amplitudes o f  the mechanical loading and the pulsatile blood pressure are 

assumed to remain the same, 100 microstrain and 10 mm Hg, respectively, while their 

frequencies are varied from 1 to 20 Hz. These numerical values are chosen parametrically 

in order to study the frequency response o f  the shear stress. We understand that the in 

vivo pulsatile blood pressure is unlikely to have a frequency higher than 10 Hz (Lawson, 

2000) and the high-frequency mechanical strains usually have decreased amplitudes 

(Fritton et al., 2000).

To evaluate the osteogenic effect for different loading or blood pressure conditions, 

we define an index called the relative osteogenic capacity, which is calculated using the 

peak shear stress induced by the individual loading and dividing it by the peak shear 

stress produced by the locomotion strain (100 microstrain and 1 Hz), which we 

(arbitrarily) consider here to be 100% osteogenic capacity.

Since the magnitude o f the peak shear stress induced by the mechanical loading and 

pulsatile blood pressure varies with the numerical values o f the input parameters used in 

the model, a parametric study is performed to show the sensitivity o f  the output (shear 

stress) to the inputs o f the model. Among the many input parameters we used, bone 

permeability has the most significant effect on the shear stress (Zhang et al., 1998; Wang 

et al., 1999). Since the bone permeability is estimated from the fiber spacing o f  the 

pericellular matrix and the fluid space the canalicular channels (Weinbaum et al., 1994; 

Cowin et al., 1995), shear stress is evaluated for a fiber spacing ranging from 4 to 10 nm 

and a fluid annular spacing ranging from 50 to 150 nm.

Results
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The total fluid flow is a linear summation o f the load- and blood pressure-induced 

components. Since both the mechanical loading and the pulsatile blood pressure are 

modeled as temporal sinusoidal signals, the fluid flow induced by the two driving forces 

is also sinusoidal in the time domain. The amplitudes o f the sinusoidal interstitial fluid 

pressure and shear stress applied on the cell membrane vary with location and depend on 

the frequency o f the driving force (Figs. 5-2 and 5-3).

The amplitude o f  load-induced fluid pore pressure increases radially from the canal 

to the cem ent line and increases with increased loading frequency (Fig. 5-2a). For a 

mechanical loading with a given magnitude, the induced fluid pressure is much higher at 

20 Hz than at 1 Hz (Fig. 5-2a). At lower loading frequencies the load-induced fluid flow 

has enough time to relax across the osteon and thus it is difficult for the fluid pressure to 

build up. At higher loading frequencies the time period available for fluid relaxation is 

shorter and an excess fluid pressure can therefore be produced. This result is consistent 

with our previous studies (Weinbaum et al.. 1994; Cowin et al., 1995; Wang et al., 1999).

On the other hand, the amplitude o f blood pressure-induced fluid pore pressure 

decreases both across the osteon radius and with increasing frequency o f  the pulsatile 

blood pressure (Fig. 5-2b). At 1 Hz, the pulsatile pressure within the osteonal canal can 

propagate to the whole osteon nearly uniformly with less than 5% decay in magnitude. At 

20 Hz, the pulsatile pressure decreases rapidly at locations further away from the osteonal 

canal. In fact the amplitude o f pulsatile fluid pressure at the cement line is only 50% of 

that in the canal. This model also predicts that a mean blood pressure in the central canal 

will cause a uniform pore pressure distribution across the osteon (Eq. 6).

Both the load- and blood-induced fluid flows have the same spatial distribution 

pattern o f  the fluid pressure gradients (and resulting shear stress) (Fig. 5-3) despite the
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apparent different appearance o f the fluid pressure profiles (Fig. 5-2). The largest pressure 

gradients (and peak shear stresses) are found at the osteonal canal wall surface (R -  R,) 

and the pressure gradients (shear stresses) diminish at the cement line ( / ? = ! )  (Fig. 5-3). 

Two typical mechanical loading conditions. 100 microstrain at 1 Hz associated with 

locomotion and 10 microstrain at 20 Hz associated with posture, produce shear stress o f 

the same approximate magnitude (Fig. 5-3). If the magnitude o f  the mechanical loading 

or blood pressure is held constant, the peak shear stress at the canal wall surface exhibits 

a 15-fold increase as the frequency increases from 1 to 20 Hz (Table 5-1).

In general, the peak shear stress acting on the osteocyte process induced by pulsatile 

blood pressure is at least two orders o f magnitude smaller than that induced by 

physiological mechanical loading (Tables 5-1 and 5-2). The normal pulse pressure (10 

mm Hg at 2 Hz) and the raised blood pressure due to muscle contraction (30 mm Hg at 1 

Hz) have only 2% and 3% relative osteogenic capacity, respectively, if  a 100% relative 

osteogenic capacity is assigned for a mechanical loading due to locomotion (100 

microstrain at 1 Hz).

The peak shear stress induced by the normal pulse blood pressure is predicted to vary 

with bone permeability (Table 5-3). When the fiber spacing is varied from 4 to 20 nm and 

the fluid annulus is changed by a factor o f  3, bone permeability varies over 2 orders o f 

magnitude and the peak shear stress calculated from this model varies by a factor o f ten. 

The peak shear stress induced by mechanical loading has the same sensitivity to the 

model parameters as that induced by pulsatile blood pressure shown in Table 5-3.

Discussion

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



110

We have expanded the poroelastic model for bone interstitial fluid flow (Zeng et al., 

1994) to the situation in which fluid flow in an osteon is driven by the pulsatile blood 

flow in the bone microvasculature as well as by the applied cyclic mechanical loading. 

This is the first model to provide a quantitative tool to investigate the relative osteogenic 

effect o f  blood flow and mechanical loading in terms o f  shear stress induced by the bone 

fluid flowing over the osteocytic cell process membrane.

Shear stresses induced by the pulsatile blood pressure do not seem to be osteogenic. 

If the cement line is assumed to be impermeable, the mean blood pressure cannot produce 

any fluid flow in the mineralized matrix (Eq. 11) in the present model. The driving force 

for the shear stress, and thus osteocyte excitation, is the amplitude o f  the pulsatile blood 

pressure (pulse pressure, the AC component), not the mean blood pressure (the DC 

component). The induced shear stress is 0.3 dyn/cm2under "normal conditions" consisting 

o f a pulse pressure o f  about 10 mm Hg (Ficat and Arlet, 1980) and a heart rate o f 1-2 Hz 

for human and big laboratory animals such as the dog and goat (Lawson, 2000). For a 

smaller animal, such as a rat, the shear stress is -0 .75 dyn/cm2 if  we assume a pulse 

pressure o f  about 10 mm Hg and a heart rate o f about 5-6 Hz (Lawson, 2000) (Table 5-1). 

Numerous studies have shown that bone cells only respond to shear stress larger than 5 

dyn/cm2 (Reich et al., 1990; Hung et al., 1995; Klein-Nulend et al., 1995; Ajubi et al., 

1996; Johnson et al., 1996; Cheng et al., 2001). The magnitudes o f the shear stresses 

induced by the blood circulation are less than the magnitude o f  the shear stress necessary 

for osteocytic cell excitation.

Results from this idealized osteon model, using the parameters employed, do not 

support the hypothesis that an increased interstitial fluid flow or streaming potential 

would account for the increased periosteal bone growth due to venous stasis. Although
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the mean intramedullary pressure is increased several-fold compared to controls (Kelly 

and Bronk, 1990; Bergula et al., 1999; Welch et al., 1993), the amplitude o f  the pulsatile 

blood pressure decreases in the condition o f venous congestion (Stein et al., 1957; Shim 

et al., 1972; Ficat and Arlet, 1980). Although there are multiple vessels draining a long 

bone (Brookes and Revell, 1998), once one big vein (e.g., femoral vein or nutrient vein) 

is ligated, or the muscle veins draining bone are compressed using tourniquets, the ability 

o f  the system to drain the blood is compromised. More blood is kept in the organ and is 

rerouted to the rest functioning vessels. Those vessels have to expand their size to 

accommodate the increasing volume o f blood and raise the vascular pressure as a result. 

Due to the leakage o f  the vessel wall, the increased infiltration flux will raise the 

extravascular pressure because bone is a relatively tight compartment. This raised 

extravascular pressure counteracts with the vascular pressure and a new equilibrating 

steady state is achieved quickly within a minute (Welch et al., 1993). Since now the 

vessel wall is stretched and becomes stiffer, the pulsatile vascular pressure induced by 

cardiac contraction drops or disappears. The pulse pressure o f the intramedullary pressure 

was found to be dramatically decreased in venous stasis (Ficat and Arlet, 1980). 

According to this model, an even smaller shear stress can be produced on the osteocytic 

membrane due to the blood circulation in venous stasis compared to normal conditions, 

suggesting it is even more unlikely to be osteogenic.

In addition to the increased interstitial fluid flow, increased filtration across the 

capillary wall is also proposed to induce interstitial fluid flow or streaming potentials, 

which could account for periosteal bone growth (Kelly and Bronk, 1990; Bronk et al., 

1993). This transcapillary flux is not included in the present model. The transcapillary 

fluid movement follows Starling’s law, J A = LA {(Pc -  P, ) - c r ( n c -  f l , )}, which says that
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the filtration rate Ja is determined by the hydraulic pressure difference between the 

capillary Pc and the surrounding tissue P, as well as the osmotic pressure difference 

between the tissue 17, and the capillary 77c. The two coefficients LA and o  represent the 

fluid conductivity and reflection o f the capillary wall, respectively. From Starling’s law, 

an increased hydraulic pressure in the capillary Pc does not necessarily increase the 

transcapillary flux as suggested in Kelly et al. (1990). The sustained time o f this flux has 

been shown to be very short (within a minute, Welch et al., 1993), because bone is such 

an incompliant compartment and there are no lymphatic pathways in bone (Anderson, 

1960; Bazantova, 1989). Therefore, transcapillary flux in venous stasis is unlikely to 

produce interstitial fluid flows or streaming potentials in the lacunar-canalicular porosity 

for osteocyte excitation..

One may ask then which signal triggers the periosteal response to venous 

congestion? If  we look at all the factors secondary to venous stasis, one pronounced 

phenomenon is the sustained high intramedullary pressure compared to controls (40 vs.

12 mm Hg in the dog, Kelly and Bronk, 1990; 29 vs. 16 mm Hg in the goat, Welch et al.. 

1993; 28 vs. 16 mm Hg in the rat, Bergula et al., 1999). We also note that the periosteum, 

a dense fibrous layer containing fibroblasts and precursor cells o f  chondrocytes, covers 

the external surface o f  a whole bone as an impermeable seal due to its relatively low 

permeability compared to the mineralized matrix (Rouhana et al., 1981; Li et al., 1987; 

Grimm and Williams, 1997). Therefore, in venous stasis the increased intramedullary 

pressure is applied directly to the interior face o f  the periosteum and stretches the 

periosteum in a way similar to the way high-pressured air inside a balloon stretches the 

skin o f  the balloon. The pressurization and stretching o f  the periosteum due to the raised 

intramedullary pressure may be the signal to trigger the cellular activity that results in
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periosteal bone growth. The periosteum has been shown to produce woven bone under 

direct pressurization in four-point bending experiments in vivo (Turner et al., 1991).

Rapid increase o f  periosteal gene expression (protooncogene c-fos, insulin-like growth 

factor I (IGF-I), transforming growth factor-beta (TGF-beta), and collagen type I) under 

mechanical forces has been found experimentally, suggesting that the acute periosteal 

response to external mechanical loading is a change in the pattern o f  gene expression, 

which may signal cell proliferation (Zaman et al., 1992; Raab-Cullen et al., 1994). In 

addition, periosteal explants have been shown to respond to immersion in a low fluid 

pressure (100 mm Hg) bath, but not a high-pressure (800 mm Hg) bath by proliferating in 

vitro both short-term (3 days, Saris et al.. 1999) and long-term (28 days, Mukherjee et al.,

2001).

Based on the above analysis and experimental evidence, we postulate that the high 

intramedullary pressure applied to the periosteum due to the sustained increased blood 

pressure in venous stasis may cause the increased periosteal new bone growth. In venous 

stasis, the intramedullary pressure is increased up to 40 mm Hg, which is not far away 

from the pressure level (100 mm Hg) that has been shown to cause periosteal response in 

vitro (Saris et al., 1999; Mukheijee et al., 2001). Compared to transcapillary influx that 

may be short-lived, the high intramedullary pressure can be sustained up to 42 days 

(Kelly and Bronk, 1990). The elevated pressure on the periosteum may regulate related 

gene expression (Raab-Cullen et al., 1994), or change mass transport o f  these genes or 

other metabolic factors within the periosteum.

The present model provides useful insights into the periosteal bone growth in venous 

stasis. However, as an idealized model, it has several limitations. The first is that, since 

bone permeability is usually measured at the vascular porosity level and not at the
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lacunar-canalicular porosity level (Rouhana et al.. 1981; Li et al., 1987; Grimm and 

Williams, 1997), we have calculated the lacunar-canalicular porosity permeability based 

on an assumed pericellular matrix in an idealized canalicular channel. We have shown 

that the parameters associated with the fiber matrix and the canalicular geometry would 

change the numerical value o f  the induced shear stress accordingly. However, the 

conclusion that the blood pressure produces much smaller shear stress is valid for the 

whole range o f the parameter changes. The second limitation is that the cement line is 

assumed to be impermeable, which may not be the case in vivo. Results from one o f  our 

previous studies (Wang et al., 1999) shows that the permeability o f  the cement line has 

little effect on the local fluid pressure profile around the osteonal canal, suggesting the 

peak shear stress at the canal wall surface in vivo would not be significantly different 

from the current analysis. The third limitation is that the mechanical loading and pulsatile 

blood pressure are simplified as sinusoidal signals while in vivo they have much more 

complicated waveforms. As the model is a linear system, the fluid flow induced by 

mechanical loading or blood pressure o f any arbitrary waveform can be decomposed into 

the summation o f the fluid flows induced by a series o f sinusoidal signals. We also only 

consider two typical mechanical strains, one associated with locomotion (100 microstrain 

at 1 Hz) and one associated with posture (10 microstrain at 20 Hz). We appreciate that the 

mechanical strains that a bone experiences in vivo have varied frequencies and 

magnitudes, depending on the species and age o f the animal and locations o f the strain 

recording (Fritton et al., 2000; Fritton and Rubin, 2001). In the present model we chose a 

relatively low locomotion strain (100 microstrain) to represent walking and a higher 

strain (e.g., 1000 microstrain) would have shown an even lower contribution o f  blood 

pressure to shear stress.
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The fourth limitation is that we assume the osteocytes sense the external loading via 

shearing stress on the osteocytic process membrane and the relative osteogenic capacity is 

calculated using the peak shear stress induced by the mechanical loading and the blood 

pressure. However multiple signaling pathways may be involved in osteogenesis. In a 

recent study, You et al. (2001) propose that the drag force induced by mechanical loading 

deforms the transverse fibrils o f the pericellular matrix and then induces a hoop strain on 

the intracellular actin cytoskeleton. Since the hoop strain o f the cytoskeleton and the shear 

stress on the osteocytic process are both secondary to the interstitial fluid flow, we should 

get a similar estimation o f  the relative osteogenic capacity for a given mechanical strain 

or blood pressure, no matter whether the shear stress or hoop strain is used for the 

calculation, because the shear stress is proportional to the drag force and the relationship 

between the drag force and hoop strain is not strictly linear but can be reasonably 

approximated to be linear (You et al., 2001).

In the present model, the extravascular fluid pressure inside the osteonal canal is 

assumed to be equal to the intramedullary pressure reported in the literature (i.e., mean 

value that is less than 100 mm Hg, pulsatile -1 0  mmHg, frequency 1-6 Hz (Ficat and 

Arlet, 1980)). We argue above that, due to the high permeability o f the vascular porosity 

in bone, the steady extravascular fluid pressure in an osteon will equal the intramedullary 

pressure. However, because o f  the intrusive recording methods o f intramedullary pressure 

(Stein et al., 1957; Azuma. 1964; Amoldi et al., 1971; Shim et al., 1972; Wilkes and 

Visscher, 1975; Tondevold, 1983; Bergula et al., 1999; Zachos et al.. 2001) and the 

heterogeneity o f the intramedullary tissue including minute and numerous venous sinuses, 

arterioles, and venules, the intramedullary pressure recording may not be the tissue 

pressure, but the pressure o f  an artificial blood pool surrounding the recording tip instead.
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Therefore, it is not surprising that the intramedullary pressure recording shows very large 

variations depending on the local vasculature and the degree o f the damage (Ficat and 

Arlet, 1980). Despite the big variation, most o f the recordings o f  the pulsatile and mean 

intramedullary pressure fall in the range o f 4-30 mm Hg and 10-100 mm Hg, respectively, 

in long bones for human and larger laboratory animals such as the dog, goat, cat, and 

rabbit in normal conditions (Ficat and Arlet, 1980).

In summary, in order to evaluate the osteogenic effect of blood pressure, we have 

expanded our previous poroelastic models to assess quantitatively the relative 

contribution o f  two driving forces (mechanical loading and blood pressure) to interstitial 

fluid flow. Our results suggest that mechanical loading is the major contributor to shear 

stress that acts on the osteocytic process membrane. We conclude that the dynamic 

component o f the blood pressure has a very limited effect on bone cells in terms o f  shear 

stress excitation. As to the periosteal bone growth in venous stasis, the present model 

suggests that the dynamic component o f the blood pressure-induced interstitial fluid flow 

and transcapillary flux are unlikely to be osteogenic. The metabolic changes due to 

venous congestion, such as oxygen tension, carbon dioxide tension, and local pH value, 

may cause the periosteal response. Finally, we suggest that the extravascular fluid 

pressure, due to the mean blood pressure rather than its dynamic component, may account 

for the periosteal new bone growth.
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Fig. 5-1. (a) A cross-section o f an osteon with an outer radius r, and an inner 
radius r0. A cyclic mechanical loading with a uniform stress cr= -  <j0 sinax is 
applied axially to the osteon. At the interior surface, the fluid pressure is assumed 
to be the blood pressure (p =pb sin{Qt + y/) + p 0). while the boundary condition 
at the cement line (the outer surface) is that o f  no leakage o f bone fluid {dpidr = 
0). Osteocytes encased in the mineralized matrix are linked together with each 
other and with the central canal via the canalicular channels, (b) A schematic 
model o f  a longitudinal cross-section o f  a canaliculus. The osteocytic process is 
located in the center o f  the canaliculus. A pericellular fiber matrix fills the fluid 
space between the cell process (radius a) and the canalicular wall (radius b). The 
spacing between the fibers is A. The lacunar-canalicular porosity permeability is 
calculated from these structural parameters and the interstitial fluid pressure 
within the osteon is calculated using poroelastic ity theory.
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Fig. 5-2. The spatial distribution profiles o f  the interstitial fluid pressure in the 
radial coordinate from the canal surface (R = 0.2) to the cement line (/? = 1) 
depend on the type o f the loading (mechanical or blood pressure) and the loading 
frequency, (a) The normalized amplitude o f  the fluid pressure induced by 
mechanical loading ( pfmp / <x0 ) increases radially from the canal to the cement

line. The induced fluid pressure is much higher at 20 Hz than at 1 Hz across the 
osteon, (b) The normalized amplitude o f  the blood pressure-induced fluid 
pressure (p™9/ p b ) decreases both across the osteon radius and with increasing
frequency o f  the pulsatile blood pressure. At 1 Hz, the pulsatile pressure within 
the osteonal canal can propagate to the whole osteon nearly uniformly with less 
than 5% decay in magnitude. At 20 Hz, the pulsatile pressure decreased rapidly 
as the location is further away from the canal. The amplitude o f  the pulsatile 
pressure at the cement line is only 50% o f that in the canal.
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Fig. 5-3. The spatial distribution o f  the shear stress on the osteocytic process 
membrane induced by (a) mechanical loading and (b) pulsatile blood pressure. 
Since the fluid pressure gradients are proportional to shear stress, the spatial 
distribution o f  the fluid pressure gradients has the same pattern (profile) as shown 
here. Two typical mechanical strains are considered; one is related to locomotion 
(100 microstrain at 1 Hz) and the other is associated with posture (10 microstrain 
at 20 Hz). The two blood pressures considered are a normal pulse pressure due to 
the heart beat (10 mm Hg at 2 Hz), and an increased blood pressure induced by 
repeated muscle contraction and release (30 mm Hg at 1 Hz). The peak shear 
stresses and the fluid pressure gradients induced by both mechanical loading and 
blood pressure are located at the inner canal surface o f  the osteon.
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Table 5-1: Peak shear stress induced by cyclic mechanical loading and blood 
pressure3

Frequency 1 Hz 2 Hz 5 Hz 10 Hz 20 Hz
load: 100 pe 16. 32. 80. 150 250
blood: 10 mm Hg 0.15 0.30 0.75 1.4 2.4

3The peak value o f  shear stress (in dyn/cm2) occurs at the osteonal canal surface at 
different frequencies. The ratio between the shear stress induced by the 
mechanical loading (100 microstrain (pe)) and the pulsatile blood pressure (10 
mm Hg) is -109  for all the frequencies.

Table 5-2: Relative osteogenic capacity for different loading conditions3

Loading
conditions

Locomotion

(100 pe,l 
Hz)

Posture

(10 
ps, 20Hz)

Pulse blood 
pressure

(10 mmHg, 2 
Hz)

Raised blood 
pressure by 

muscle 
contraction 

(30 mm Hg, 1 
Hz)

Shear
stress

(dyn/cm")
16.4 25.4 0.30 0.45

Relative
osteogenic

capacity
100% 155% 2% 3%

3The relative osteogenic capacity in terms o f  peak shear stress at the osteonal 
canal surface that the individual loading condition can produce. The osteogenic 
capacity o f locomotion is assumed to be 100% as a reference and other loading 
conditions are compared to this loading, (pe represents microstrain).

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



121

Table 5-3: Sensitivity o f  shear stress to model parameters*

Frequency 1 Hz 2 Hz 5 Hz 10 Hz 20 Hz
A = 4 nm 0.24 0.48 1.1 1.6 2.00
A = 7 nm 0.15 0.30 0.75 1.4 2.4
A = 20 nm 0.08 0.16 0.39 0.79 1.6

b-a = 50 nm 0.74 1.4 2.7 3.5 3.9
b-a = 100 nm 0.15 0.30 0.75 1.4 2.4
b-a = 150 nm 0.06 0.12 0.32 0.63 1.2

“Table o f  the predicted peak shear stress (dyn/cm2) on the osteocytic process 
membrane obtained for different cases, where the fiber spacing A is taken to be 4, 
7, and 20 nm while the width o f  the fluid annulus keeps constant (b-a = 100 nm), 
or the width o f  the fluid annulus b-a is taken to be 50, 100, 150 nm while the fiber 
spacing remains to be 7 nm. The magnitude o f  the pulsatile blood pressure is 
assumed to be 10 mm Hg and there is no mechanical loading applied to the 
osteon.
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Appendix

The partial differential equation o f interest is

d2P I d p  I t f p  dp
— 7 + ----------- H— - — 7 ------------   — COS 7 Y  ( A l )
BR2 RdR R2 d0 dr

with the following boundary conditions:

P = - ^ — (pbs\n(WTT + y/) + p 0) at R = R, 
a 0BT

dP/dR = 0 at R=  1.

Assuming P = Pj + N*Pi+ P0, where N = — and PQ = — , Pt and Pi should
ctqBT ct0 BT

satisfy the following equations and boundary conditions:

d 2P, 1 dP, dP,
 r  H     = ~ cos T r  (A2)
d R 2 R cR d r

Pi = 0 at R = R,

dPi/dR = 0 at R = 1

^  d'Pi 1 3A dP, nand — f- +    -  = 0 (A3)
dR 2 R dR d t

Pi -  sin( WTt + y/) at R = R,

dPi/dR = 0 at R = 1.

Using the complex method and separation o f  variables, the solution to Eq. (A2) is given 

as:

P, (R,r )  = -  Re{/e'rr } + i sin ( r r )  (A4)
1 T J ( R , J )  T

where Re is the real part and J(R,T) = IQ( J l f  R)Kl{iJiT) + R).

To solve Eq. (A3), we assume P[ = P, + sin(W Tr+ ^ ) . substitute into Eq. (A3), and 

then we get:

d 2P' 1 6P' cP:
 2r  + ------2-  = -WT  co s(lfT r + if/) (A5)
dR R dR dr

P-, = 0  at R = R,
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dP2/dR = 0 at /? = 1. 

Similar to Eq. (A2), the solution o f  Eq. (A5) is

/>,'(*,r)  = Re{/e',,fTr*v, J (R'WT1 } + sin(WTr + y /) . (A6)
- J(R,,WT)

Thus, the solution to Eq. (A3) is

P, (R,r)  = Re{/e'<HTr̂ ) J ^ WT^} . (A7)
2 J(R,,fVT)

Therefore, the solution to Eq. (A l) is:

P(R,t) = - Re{/e'rr ^ — 1 } + I sin (7r) + - Re{/e',"Tr"*'’ — — } + - ^ L-
T J(Rt,T) T a 0BT J(R„WT) a 0BT

(A8)
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Chapter 6 Conclusions and Future Work

Conclusions

Both theoretical and experimental approaches have been presented here to better 

understand the behavior o f bone interstitial fluid flow and how it may play a role in 

bone’s mechanosensory system and bone metabolism. The three theoretical models 

presented in this dissertation, the six array-osteon model in Chapter 2, the lacunar mixing 

model in Chapter 3, and the blood-pressure driven fluid flow model in Chapter 5, are all 

based on a previous model o f  a canaliculus where the fluid annulus in the canalicular 

channel is filled with a pericellular matrix, a structure that behaves as a molecular sieve 

and determines the hydraulic resistance o f  the lacunar-canalicular pores (Weinbaum et al., 

1994; Cowin et al., 1995). The experimental work o f tracer perfusion presented in 

Chapter 4 is designed to validate the predictions of the lacunar-mixing model as well as 

to provide indirect evidence o f  the existence and pore size o f such a pericellular matrix.

The macroscopic model o f  a piece o f osteonal bone specimen developed in Chapter 2 

successfully explained the non-linear cusp-like fluid pressure profiles near the osteonal 

canals in bone matrix, which had been found experimentally but previously unexplained. 

This model showed that the microstructure o f the bone matrix, especially the vascular 

pores, determines the local fluid flow patterns, and that the peak fluid pressure gradients 

and shearing stresses are located on the canal surface. Compared to lacunar-canalicular 

pores, the osteonal canals in osteonal bone are the primary relaxation pathways for fluid 

flow. Therefore, each osteon behaves as an independent unit.

The lacunar-mixing model presented in Chapter 3 focused on the convective transport 

o f  nutrient and signaling molecules, an important component o f  bone adaptation and
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metabolism. In this model, the interstitial fluid flow induced by mechanical loading was 

shown to carry more solute molecules into the lacunae compared to those out o f  the 

lacunae due to the proposed fluid mixing in the lacunae. This model predicted that 

convective mass transport increases with loading magnitude and decreases with 

increasing loading frequency.

To begin to validate the above model, I performed in vivo experiments to quantify 

interstitial fluid movement in bone (Chapter 4). I quantified tracer diffusion in unloaded 

rat bone using four tracers o f  various sizes (reactive red. microperoxidase, horseradish 

peroxidase, and ferritin with a molecular diameter o f  1, 2, 6, and 10 nm, respectively). 

After circulating for 5 minutes, reactive red saturated both the vascular and lacunar- 

canalicular pores, ferritin filled the vascular pores only, and microperoxidase and 

horseradish peroxidase labeled the vascular pores and some o f the lacunae. This study 

suggested that if  there exists a gel-like pericellular fiber matrix surrounding the osteocyte 

process in the fluid channels (canaliculi), the pore size (fiber spacing) o f  the pericellular 

matrix is between 6-10 nm. The results also suggested that microperoxidase and 

horseradish peroxidase be used in future studies for tracking fluid flow in mechanically 

loaded bone because they are small enough to pass the lacunar-canalicular fluid pathway 

and big enough to have limited diffusion.

Besides mechanical loading, blood circulation has been found to influence bone 

growth and adaptation. Chapter 5 presented a model that links blood pressure induced 

interstitial fluid flow with venous stasis induced periosteal bone growth. The relative 

osteogenic capacity in terms o f shear stress was examined for different cases o f  blood 

pressures and mechanical strains. This model showed that the shear stress due to blood
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flow is usually two orders o f magnitude lower than that due to mechanical loading, which 

suggests that the blood pressure in venous stasis is unlikely to produce sufficient shear 

stress stimuli for osteocyte excitation. Therefore, other factors besides the interstitial fluid 

flow may account for the periosteal bone growth under venous stasis. I postulate that the 

relative high pressures and pressure gradients acting on the periosteum may trigger the 

periosteal response in venous stasis.

Future Work

There is much work that can be done in the future to continue these investigations. In 

the three theoretical models presented here, the interstitial fluid flow is believed to flow 

in the canaliculi with a pericellular fiber matrix surrounding the osteocytic process filling 

the fluid annulus with a fiber spacing o f 7 nm. Although electron microscopy studies 

have suggested the existence o f such a pericellular structure (Wassermann and Yaeger. 

1965: Sauren et al., 1992; Shapiro et al.. 1995; Aarden et al., 1996), there are no direct 

data on the fine structure o f the pericellular matrix. Our perfusion studies yield indirect 

evidence that the fiber spacing is in the range o f  6-10 nm based on the passing or 

exclusion o f tracers with certain sizes in the canaliculi. It would be more convincing if  an 

ultrastructure electron microscopic study could show the fibers and the fiber spacing were 

measured directly.

Besides the ultrastructure o f the canaliculi. the pore size o f the collagen- 

hydroxyapatite porosity needs careful examination. Whether this microporosity is a 

continuous fluid pathway is still debated since tracer studies yield conflicting results. 

Although our tracer study (Chapter 4) showed that reactive red appears to not be present 

in the collagen-hydroxyapatite porosity, studies using a smaller tracer (procion red)
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indicated that this tracer could not penetrate into the collagen-hydroxyapatite pores in one 

study (Knothe Tate et al., 1998b) while the same tracer was found in the mineralized 

matrix in another study provided conflicting results (Knothe Tate et al., 2001). Future 

studies can utilize smaller fluorescent tracers and more powerful visualizing tools such as 

confocal laser microscopy to examine the tracer perfusion in the collagen-hydroxyapatite 

porosity.

Although bone permeability o f the vascular porosity has been measured (Rouhana et 

al., 1981; Li et al., 1987: Grimm and Williams. 1997), there is no measurement o f the 

permeability o f  the lacunar-canalicular porosity in the literature, which is essential to 

calculate the fluid pressures and shear stresses in mechanically loaded bone. In this 

dissertation, the permeability o f the lacunar-canalicular porosity was estimated from the 

structural data o f  the pericellular matrix and canalicular channels, such as the fiber radius, 

fiber spacing, the number o f  canaliculi per unit area, the canalicular wall radius, and the 

osteocyte process radius (Chapters 2, 3, 5). The permeability estimation may vary several 

orders using different parameters (Chapter 2). Therefore, experimental measurement of 

the permeability o f the lacunar-canalicular porosity is needed to confirm the theoretical 

estimations. If a piece o f mineralized bone tissue without any vascular canals, say a 

trabecula, or a piece o f  bone with the vascular pores sealed, say an osteon, can be 

obtained and used to measure the fluid flow under a pressure gradient, the permeability at 

the lacunar-canalicular porosity can be measured. O f course, this would be a very 

difficult experiment because o f  the small size o f  the sample and the difficulty o f 

preventing leakage in the system. Care also should be taken to preserve the cells and the 

pericellular matrix during the sample preparation and measurement.
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Loaded-induced fluid flow can be tracked using the protocol developed in the 

perfusion study (Chapter 4). The goal is to demonstrate and quantify the convective 

transport due to mechanical loading. Results from the current study indicate that 

microperoxidase and horseradish peroxidase can be used for this purpose. Since the 

processing time for both tracers is several days, care should be taken to reduce any 

diffusion artifacts in case the artifacts overwhelm the effect o f  mechanical loading. 

Another possibility is to use larger fluorescent dyes that have a molecular size in the 

range o f 6 nm (HRP) to 10 nm (ferritin). Besides molecular weight, other properties o f 

the dye should be considered, such as its electrical charge, molecular shape, and whether 

it can be fixed chemically.

Although the contribution o f mechanical loading and blood pressure to interstitial 

fluid flow was examined in Chapter 5. how the load-induced interstitial fluid flow affects 

blood pressure is not well understood at the present time. In the model developed in 

Chapter 5, the blood pressure is assumed to remain the same regardless o f the applied 

mechanical loading. However, an experimental study has shown that a much higher 

intramedullary pressure was recorded in an axially compressed isolated turkey ulna (Qin. 

1997). This high intramedullary pressure will definitely affect blood circulation. To 

further address this issue, I have developed a model in a whole bone with coupled fluid 

flows in both the vascular and lacunar-canalicular pores in the cortex (Fritton et al.. 2001). 

The preliminary results show that the fluid influx into the marrow cavity is not large 

enough to cause the intramedullary pressure to increase as shown in the experiments. For 

future work, it would be interesting to include the effect o f direct deformation o f  the
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marrow cavity induced by the mechanical compression as well as the collapsibility o f  the 

blood vessels.

In conclusion, bone interstitial fluid flow is an important signal pathway to transfer 

mechanical stimuli from the tissue level to the cellular level. It can also enhance transport 

o f nutrient and signaling molecules from the bone blood vessels to bone cells. This 

dissertation used a combined theoretical and experimental approach to better understand 

the behavior o f bone interstitial fluid flow under mechanical and vascular influences. 

These studies yield valuable insights into the cellular mechanisms o f bone adaptation and 

bone growth, which are helpful to investigate the pathologies o f many bone diseases 

associated with abnormal bone growth and adaptation.
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