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Preface

Biophysical parameters governing bone growth and development have been of continuing

concern for various reasons. However, the study of the solid state nature of bone in its clinical

environment needs emphasis. Many data are available on the subject and a coherent approach

has been lacking.

This book is an effort to correlate the solid-state properties of bonewith its clinical behavior,

particularly concerning bone fracture healing and osteoporosis. Its characterization, treatment

and diagnosis have been discussed in detail. In turn, it may be predicted that by altering the

solid-state properties, the latter phenomena can be controlled. This then sets a relationship

between the two. An approach of this type is far from being fully understood. Presently, an

attempt has been made to sequentially put forth bone physical properties to explain its overall

behavior. This first chapter essentially deals with the basics of bone biophysics. The following

two chapters deal with piezoelectricity and its solid state behavior. The possibility of

controlling these parameters by external stimulus is discussed in subsequent chapters.

Bioelectricity in bone followed by its stimulation in fracture healing and its concept are

elaborated.

Severalworkers have developedmodels to support experimental data to explain the physical,

electrical and mechanical properties of bone. An understanding of physical phenomena

involved in bone disease is of paramount importance. Though one of recent origin this issue

is now beingwidely recognized. This book aims to fill the gap, establishing its linkwith clinical

behavior. While the treatment of fracture healing by conventional methods has long been in

practice, the use of electrostimulation has been successfully reported for only about the last two

decades, and its use is likely to increase. The treatment of induced osteoporosis add importance

to this issue. This has been discussed in the light of exogenous biochemical supplement, is also

considered alongwith electrical stimulation. The combinationmay significantly decelerate the

process of osteoporosis. An emerging aspect related to nanoparticles is also included. A greater

depth in understanding themechanism of such interactionsmay go a longway in improving the

quality of human life. Last but not the least non-invasive techniques of measuring osteoporosis

are discussed in some detail in the last chapter.

The references are available on the book’s companion website at the following URL:

www.wiley.com/go/behari
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About the Book

The present book is the culmination of an effort to bring together biophysical phenomena in

bone, relating to growth and its relation to electrical behavior. The book is primarily intended as

a bridge between physics and biology of bone, leading to its clinical applications: electro

stimulations in fracture healing and osteoporosis. The book is divided into seven chapters. The

first chapter deals with the basic biological aspects and the parameters relating to growth and

repair. Chapter 2 covers bone behavior in its relationship with mechanical properties

(piezoelectric phenomena). Chapter 3 deals with the bioelectric phenomena in bone and sets

out goals for in vivo experimentation. Chapter 4 is concerned with semi-conduction properties,

(mechanism of change transport), Hall effect, photoelectric effect, electric effects, PN junction

properties and several others aspects.

Subsequent to the above an effort is made to relate these properties with bioelectric

phenomena in bone and its relation to bone fracture healing. The bioelectric response of

bone to field stimulation, from DC to radio frequency, is discussed.

The related issue of osteoporosis is discussed in Chapter 6 in some detail, dealing with the

definition of osteoporosis and the parameters used to characterize this along with biochemical

and physical methods for treatment. Finally, Chapter 7 deals with non-invasive techniques for

the measurement of bone osteoporosis. This last chapter covers various techniques, for

example, dual energy X-ray absorptiometry, acoustic and ultrasonography, dual photon

absorptiometry and others.

The book is based upon the author�s own research work in the area and subsequent three

major review articles published in Critical Review of Biomedical Engineering (Behari, 1990,

1994) and Progress in Biophysics and Molecular Biology (Behari 1991). Work of other

researchers is mainly from their published papers and also as discuss by other workers. The

material has been updated to state of the art status.

This book is intended to be a reference book for students, researchers, those involved in

teaching in universities, medical institutes (biomechanics) and hospitals (orthopedic sur-

geons). It is intended to provide a smooth journey from basics to clinical applications, adjusted

for scientists from various backgrounds. The author will feel his efforts have been rewarded if it

meets this goal.





1

Elements of Bone Biophysics

1.1 Introduction

Bone is a dynamic tissue that, when properly organized and distributed in awhole bone, acts as

both a mechanically competent skeletal structure and a physiological unit. Bone is a very rigid

anisotropic material and a specialized connective tissue, which forms the basis of the skeleton,

and, as such, its functions are manifold and at times too complex to understand by any

simplistic model. One of its apparent roles is to provide support to the body, which is carried

out by cortical bone throughout the skeleton and by peripheral cancellous bone.While it is well

established that geometrical characteristics contribute to bone strength, their dependence upon

specific behavioral, hormonal and metabolic factors is unknown. In combination with the

associated musculature, the bones of the skeleton also provide a means of physical support,

locomotion and related movement. Evolution has led to a complex, multiphase, heterogeneous

and anisotropic microstructure. Another important role is that as a reservoir for a multitude

of inorganic ions (calcium, phosphorous, etc.) that are subsequently recruited by various

physiological systems. Subsidiary functions are participation in plasma calcium homeostasis

and support of hematopoiesis, which is carried out mainly by central cancellous bone

(Parfitt, 2001). It is well known that in the event of calcium deprivation it is the mass of

the skeleton that is sacrificed at the expense of other functions.

Bone is never static, it is a living structure, responding and adapting itself to the applied load

and has the capacity to remodel. The cells of the skeleton act continuously to maintain the

remodeling (Figure 1.1). It is thus in a constant state of dynamic equilibrium both in terms of its

composition and structure and responds to external mechanical forces (or their absence) by

adopting changes in its normal architecture. The mechanical properties of bone depend on the

load direction. The loading regimen should be dynamic (Figure 1.2). Bone possess various

physical, solid-state and electro-mechanical properties. These properties are characteristics of

bone and are modified under the action of external stimulus and changes of Ca and P

metabolism. However, the mechanism at work and their biological significance are not

completely understood. Also, the functional significance of bone renewal is still a matter of

speculation.

Biophysical Bone Behavior Jitendra Behari

� 2009 John Wiley & Sons (Asia) Pte Ltd



The mechanical competence of bone is determined by its density, the architecture and its

intrinsicmaterial properties. The conventional view holds that the intrinsic chemical, structural

and mechanical properties of bone remain invariant and, therefore, that the old and young, or

osteoporotic and normal bone, are not substantially different. It has been suggested that once

the bone architecture is determined (possibly by genetic processes) itsmechanical behavior can

Stimulus 

Structural response to 
resist force Osseous Transducer 

Transducer cellular 
and extra cellular 

Proportional electrical 
command signal  

A

B

CD

E

Extrinsic/Inirinsic

Figure 1.1 Basic response pattern of bone cells to extrinsic/intrinsic stimulus

−−

+

 V

 1 cm

Load 

Figure 1.2 Basic model experimental design for detecting electrical polarization of living/non-living

bone subjected to dynamic loading. The magnitude and resulting wave shape depend upon the duration

and type of loading
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be extrapolated – a view that is still open to question. The general understanding is one of

morphological adaptation. Namely, that peak mechanical strains in the tissue trigger a

biological response. In vitro results support the notion that bone formation in vivo is

stimulated by dynamic rather than static loads (Rubin and Lanyon, 1987) and that low

magnitude, high frequency mechanical stimuli may act as stimulator for high amplitude, low

frequency stimuli, provided that the cells are stimulated in a preconditioned state. Bioelec-

trically, it is now accepted that bone remodeling is dependent upon load-induced voltages

and, hence, also that understanding the ability of bone to generate piezoelectricity is one of

the keys to understanding bone physiology: an issue discussed in Chapter 2.

The physical hardness, which is a unique characteristic of bone, poses particular problems

requiring special laboratory procedures to achieve a high standard of tissue section preparation.

For instance, before attempting conventional histological methods, it is generally necessary to

�soften� bone (and other calcified tissue) by removing the mineralized component. This

procedure requires special treatment, and the time it adds to the overall tissue processing cycle

will inevitably cause some delays in the assessment of diagnostic specimens. There are specific

techniques that enable the preparation of sections from calcified tissue, without the need to

remove the mineralized phase. Apart from bone, many other kinds of mineralized specimens

may be encountered since virtually any normally soft tissue can become calcified, resulting in a

disease process.

Indeed, human bone has a complex hierarchical microstructure (Yeni et al., 1997) that can be

considered at several dimensional scales (Rho, Kuhn Spearing and Zioupos, 1998). At the

shortest length of scale it is composed of type-I mineralized collagen fibers (up to 15 mm long,

50–70 nm in diameter) bound and impregnated with carbonated apatite nanocrystals (tens of

nm long and wide, 2–3 nm thick). Several skeletal tissues participate in this mechanical

objective of transmission and protection: bone cartilage, tendons, ligaments and muscles.

Bone mainly determines the global structural stiffness and strength, whereas other tissues

transmit loads between bones. The mechanical properties of bone are a result of a compromise

between the need for a certain stiffness (to reduce strain and achieve a more efficient

kinematics) and the need for enough ductility to absorb impacts (to reduce the risk of fracture

and minimize skeletal weight).

1.2 Structural Aspect of Bone

It is now commonly accepted that bone tissue changes its morphology in response to

mechanical forces. An important role of the musculoskelatal system is to transmit forces

from one part of the body to another under controlled conditions of stress and strain. This also

offers protection to vital organs (e.g., lungs, brain, etc.) in addition to its other more specified

functions. Several skeletal tissues participate in this mechanical objective of transmission and

protection: bone, cartilage, tendons, ligaments and muscles. Bone exists in two main forms:

cortical and trabecular bone. Trabecular bone has a greater surface area than cortical bone –

mineral is drawn from the former during short-term calcium and phosphorous deficiencies to

maintain equilibrium within the body. Trabecular bone is located on the end of long bones, in

vertebral and envelopes themarrow (Figure 1.3a and b) (Jee, 1988;Wasserman, 1984;Hays and

Swemson, 1984). Bone contains an outer casing of cortical bone, surrounding the medullary

cavity. The latter contains a network of bone fibers, the trabecular bone. The spaces within the

trabecular structure are filled with red hematopoietic or yellow (fatty) marrow. The relative

Elements of Bone Biophysics 3
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composition of these four components is dependent on the bone location and also on the age of

the skeleton.

Long bones are made up of the diaphysis, or shaft and the epiphysis, or end of the bone

(Figure 1.3b). The diaphysis and epiphysis are connected by themetaphysis. In young animals,

the epiphysis and metaphysis are separated by a thick cartilaginous tissue known as the growth

plate. The long plate elongates the growth plate, as new bone is formed at the base of the plate

where blood vessels infiltrate the cartilage matrix. In mature animals, the growth plate is

replaced by trabecular bone and the bone ceases to grow in length. Both cortical and trabecular

bone are made up of lamellae, which consist of circular collagen fibers and mineralized

components.

In contrast to trabecular bone, which is more like a woven net, cortical bone has a solid

mass, has a very low porosity and its anisotropy is mainly controlled by lamellar and osteonal

orientation (Figure 1.4a and b). Bone anisotropy is defined bymeans of a second-order tensor

(fabric tensor) that defines the principal values and directions of the bone mass distribution

(Odgaard, Jensen and Gundersen, 1990; Whitehouse, 1974; Whitehouse and Dyson, 1974;

Odgaard, 2001). In fact, structural anisotropy has a direct influence on stiffness properties as

well as on strength. The average strength of a compact human bone in longitudinal

compression tests is 105MPa, and in transversal compression test it is 131MPa (Reilly

and Burnstein, 1975). There is evidence that resting cells in the cambium layer of the

periosteum are coupled through junctional complexes to osteocytes within the underlying,

osseous substance (Weinger and Holtrop, 1974). These junctions are very sensitive to minute

changes in their electrical or calcium ion environment (Cooper and Keller, 1984; Flagg-

Newton and Lowenstein, 1980; Lowenstein et al., 1978; Ravel et al., 1980; Sheridan et al.,

1978). Furthermore, they can act as a conduit both for macromolecular transfer and,

probably, electrical signaling. When a local change in the strain pattern reaches a threshold

level, which is strain rate, cycle and duration dependent, these cells are activated. A

transition, actively from a sub-divided to an active state (or vice versa), will stimulate an

appropriate adaptive remodeling response (Woo et al., 1981), while localized adaptation can

be seen within a single individual subjected to differential exercise (Jones et al., 1997). The

mechanism of this adaptive phenomenon remains unknown, though it has been suggested that

microdamage within the extracellular matrix, which might accumulate following long

periods of exercise, could stimulate a reparative process (Burr et al., 1993). A cascade of

events can be visualized from a single-threshold stimulus to produce a new bone (modeling

form of osteogenesis) (Tornberg and Bassett, 1977).

Human long bone is composed of woven bone before an individual reaches the age of 4.

During this time, as later, the bone diameter at the mid-diaphyses increases principally by new

bone deposition at periosteal surfaces and old bone resorption at endosteal surfaces. Thus,

microstructural information for growing woven bone may be studied discretely by examining

the mid-diaphyses at different locations across the thickness of bone from periosteum to

endosteum and representing different stages of both mineral and tissue age and maturation.

Collagen provides the fundamental organic matrix framework for the deposition of apatite in

all vertebrate mineralized tissue with the exception of dental enamel and eggshell (Lowenstam

and Weiner, 1989). The overall organization of collagen fibrils in woven bone differs

considerably from those in lamellar bone. In the latter, each lamella consist of highly oriented,

densely packed collagen fibrils. The collagen fibrils adjacent lamellae differ by 90�. Woven

bone, in contrast, has no lamellar structure. The collagen fibrils do not lie parallel to one

Elements of Bone Biophysics 5
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another, though they usually show some degree of preferential orientation parallel to the long

axis of the bone. In newly deposited woven bone the collagen fibrils are interwoven and

dispersed (Su et al., 1997). The study of longitudinal and cross-sectional woven bone sections

by transmission electron microscopy has confirmed the existence of apatite crystals in the

extrafibrillar spaces of collagen (Figure 1.4c).Within the layer of collagen, lacunae, canaliculi,

the cavities and channels comprise the communication system for bone. One concentric unit of

lamellae and its associated lacunae and canaliculi is known as an osteon or Haversian system

(Jee, 1988; Lawrence and Fowler, 1997).

The properties of the cells in bone are primarily controlled by agents that affect cell

membranes. These membranes are of two main types: (i) The rough membranes, which are

known as the endoplasmic reticulum; these are so-called because of an array of ribosome

particles on the surfaces of the membranes. (ii) The smooth membranes, which comprise the

cell surface, nuclear envelope and their connecting membranes. The endoplasmic reticulum is

responsible for the production of intercellular matrices. The surface membranes are for cell

mobility and the smooth membranes for cell division. The stages of division are pre-division

(inter phase), followed by prophase, metaphase, anaphase and telophase. The remainder of the

division process is dependent upon the pre-division stage, which is the only one that requires a

source of energy.

The structural integrity of bone, like any other form ofmatter, living or dead, is maintained

by atomic forces, which are electrical in nature. The various physical properties of bone show

that there may be a close relationship between biophysical properties and physiological

processes involved in bone growth and remodeling (Cochran, 1966; Frost, 1980; Glimcher,

1976; Bassett, 1971). The present concept of bone as consisting of collagen fibers,

hydroxyapatite crystal, a small amount of proteoglycans, non-collagenous proteins and

water (Weiner and Wagner, 1998; Robinson and Elliot, 1957; Martin, 1984; Lucchinetti,

2001) is expected to explain mineralization, along with suggestions of new composite

materials. The intervention of external agents to artificially control the growth pattern of bone

by applying mechanical stress or electrostimulation or treatment of Ca and P minerals in

isolation or in combination provides another reason for basic studies on its structure and

properties.

1.2.1 Elementary Constituents of Bone

Bone is a highly specialized form of connective tissue. The main elements of bone tissue may

be considered to consist of, besides osteocytes, a crystallinemineral phase (hydroxyapatite), an

amorphous mineral phase, a crystalline organic phase (collagen), an amorphous organic phase

and liquids. The biphasic behavior of bone composite materials arises from inorganic crystals

of calcium phosphate disposed within the collagen fibril of an organic matrix (Glimcher and

Krane, 1968). Inorganic components (mainly hydroxyapatite) are mainly responsible for the

compression strength and stiffness, while organic components provide the corresponding

tension properties. This composition varies with species, age, sex, the specific bone and its

pathogenic state. An important aspect that also characterizes this peculiarmechanical behavior

of bone is its hierarchical organization. Weiner andWagner (1998) have described this, stating

from the nanometric level and ending at the macroscopic level, relating the latter to the

mechanical properties.

Elements of Bone Biophysics 7



1.2.2 The Fibers

The organic matrix has two chief components: the collagenous fibers and ground substances.

The ratio of organic to inorganic substance in bone is 35–65% (Glimcher, 1959). The organic

component is often called osteoid. The organic part of bone is about 95% collagen by volume.

Collagen is a generic term for a class of protein that make up much of the body tissue and are

found in bone and cartilage. Osteoid consists of proteins and carbohydrates that are secreted

outside cells. These proteins and carbohydrates include type I collagen fibers, proteoglycans

and glycoproteins. These components are found throughout the connective tissues of the

body and provide tissues with strength and also flexibility. The mineral occupies 35% of the

volume. Since collagen is such an important body constituent its chemistry has been studied

extensively. Because of the need to determine the presence of collagen in tissues and to

identify its extent, the sonic and elastic properties of some types of collagen have remained an

attractive subject of investigation.

Collagen provides connective tissue with strength and makes up a major portion of bone.

A portion of cartilage supramolecular aggregate is associated with the extracellular matrix

and is stabilized by the triple helix characteristic of collagen (Wasserman, 1984; Lawrence

and Fowler, 1997; Marks and Popoff, 1988; Van der Rest and Garrone, 1991). Collagen

molecules have a repeating pattern of glycine-proline-hydroxyproline-glycine-x-y amino

acids, where x and y denote any other amino acid. Hydroxyproline and hydroxylysine are two

amino acids found predominantly in connective tissue and are prevalent in collagen. For

static reasons glycine is the only amino acid that can be in the center of the super helix of a

collagen molecule.

All collagens are highly structured materials in a multilevel hierarchal order. The molecular

weight of the basic collagen molecule, defined as tropocollagen, is approximately 300 000

daltons, which is a very large molecule even in organic chemistry. The molecule is much like a

piece of spaghetti, being about 300 nm long and having a wet diameter of 1.5mm. Bone

collagen differs from other body tissue collagens by an extensive network of intermolecular

crosslinks that render it insoluble in even the most potent of solvents. In contrast, tendon

collagen is reported to be mostly lacking in intermolecular bonds but has many hydrogen

bonded intramolecular links, and so that it can be dissolved and readily reconstituted.

Figure 1.4b shows a schematic diagram. While other tissues like arteries and joints calcify,

the special structural characteristics of bone collagen cause it to calcify in a unique manner

(Lees and Davidson, 1977).

The collagen molecule has a triple-helix structure. The triple helix itself shows in a right-

handed spiral around a common central axis (Ramachandran, 1963) that gives rise to anX-ray

diffraction pattern indicating the structural similarity of collagen in bone, tendon and skin

(Figure 1.5a–c). The collagenmacromolecules are organized to form fibrils, which in turn are

organized into fibers. Fibers are woven into lamellae, which in human compact bone tend to

form cylindrical Haversian systems. The other components in the organic matrix include

some other proteins, along with the acid mucopolysaccharides, and these constitute a part of

ground substance. Some of the mucopolysaccharides are present in the form of mucoproteins

(non-collagenous). The exact anatomical location of these components at a macromolecular

level is not certain and their state of aggregation and polymerization is not well known

(Glimcher, 1959). Collagen fibers, which are composed of 400–1200A
�
diameter fibrils with a

cross bonded structure, account for nearly one-third of the dry weight of the bone matrix

8 Biophysical Bone Behavior



(Figure 1.6). Collagen molecules form the tropocollagen macromolecules, which consist of

three polypeptide chains, each being twisted into a left-handed helix, and the three chains

being wound round a common axis in the form of a right-handed superhelix. It forms a long,

thin rod about 2800A
�
long and 14A

�
in diameter. Tropocollagen molecules are organized into

fibrils extracellularly. The lamellae are built by collagen fibers and the inorganic salts are

deposited into this organic polymerized protein crystals. An understanding of the nature of

bone at the molecular level is important not only for a basic understanding but also for the

treatment of degenerative bone diseases.

About 2% of the volume mature compact bone consists of cells, the remainder being

extracellular matrix. Of this matrix 70% is occupied by mineral, about 2% is organic and

Axis of extended chain              Triple Axes of three

Helices 

1      2    3 

3.1 Ao                                          2.8 Ao                               28 Ao

1   2    3 

(a)                                    (b)                                                (c)

Figure 1.5 (a) The a-helix is left handed. Each spot is a residue and the repeat length is 3.1A
�
. (b) The

a-helix is twisted to the right and the length between residues is reduced to 2.8A
�
; the repeat of the

supercoil is 10 times the residue length (28A
�
). (c) Three a-helices rethreaded to form a single

tropocollagen (TC) unit. (Adapted from Lees and Davidson, 1977/79)
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the remainder is water. Of the organic material 90% is collagen, about 1% is proteoglycan

and the rest is a series of matrix proteins. The collagen of bone is almost all type I. The

proteoglycans of bone are all of the small non-aggregating type (decorin and biglycan)

and contain only chondroitin sulfate. The matrix proteins are characterized by their anionic

nature, being rich in phosphate (phosphoprotein, e.g., osteonectin) sialic acid (sialophopro-

teins, e.g., osteonectin) or g-carboxyglutamic acid (Gla proteins, e.g., osteocalcin). Growth

factors such as TGF-b and BMP (bone morphogenic protein) are also stored within the

bone matrix.

As collagen is a polymer, bonemay be considered to be a two-phase, mineral-filled polymer.

Collagen is laid down first and then it becomes mineralized when the HAP crystallites are

deposited (Figure 1.4c).When bone is demineralized the collagenmatrix can be recovered as a

rubbery solid, having the form and shape of the original bone. However, when collagen is

removed the mineral structure left behind is a weak solid that easily crumbles into a powder.

It may be concluded that the collagen forms a continuous medium but the mineral does not.

The mineral fills voids in the well-laid collagen structures.

Intermolecular 
Cross Link

Figure 1.6 Schematic representation of the ultrastructure of collagen showing intermolecular crosslinks

(Lees and Davidson, 1979)
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Collagen has long been studied and much is now understood about its chemistry and

ultrastructure. Type I collagen is the most abundant form of the molecule; it is found in bone,

tendon and skin and many other tissues. This molecule has an [a-1(I)2a-2(I)]] conformation.

Type II collagen is largely found in cartilage and between vertebral and has an [a-1(II)]3
structure. Type I and II collagens are examples of fibrial-forming collagens. Other collagen

types, such as basement membrane microfibrillar, anchoring fibril, hexagonal network-

forming fibril associated with interrupted triple helices transmembrane and multiplexin

collagens, have different types of structures. These collagens have various subunits that help

to differentiate each type of collagen (Lawrence and Fowler, 1997; Van der Rest and Garrone,

1991; Van der Mark, 1999). Type I collagen is the most prevalent type (90%) in bone.

Additionally, collagen makes up about one-third of the dry weight of bone organic matrix

(Pritchard, 1972; Wasserman, 1984; Lawrence and Fowler, 1997). Collagen molecules have

many complex characteristics: such as three-dimensional order, the chemical character of

the intermolecular crosslinks and the location (Ramachandran, 1967; Gallop and Paz, 1975;

Veiss, 1974).

1.2.3 Collagen Synthesis

Collagen is synthesized intracellularly as preprocollagen, followed by hydroxylation of proline

and glycosylation of hydroxylysine to yield procollagen. The ends are cleaved and procollagen

is expelled from the cell (Wasserman, 1984). Extracellularly, the procollagen molecules

undergo hydrolyses to form tropocollagen, which is the basis for matrix collagen fibrils. The

polypeptide chains of tropocollagen are wound in a left-handed fashion, formed when every

third amino acid residue is turned into the center (Van der Rest and Garrone, 1991).

Fibril forming types of collagen molecules like those in bone are arranged parallel to each

other, with spaces strategically placed between fibers once the molecules have been cleaved at

theN- andC-telopeptides to form collagen fibrils extracellularly. The ends of the fibers can then

become crosslinked. Crosslinkage between collagen molecules at hydroxylysine and lysine

sites provides collagen with its stabilization and forms the striation in the collagen fibrils.

Collagen, in conjunction with its crosslinking, yields a scaffold for minerals to bind in the

matrix (Wasserman, 1984; Van der Rest and Garrone, 1991; Lawrence and Fowler, 1997;

Marks and Popoff, 1988).

Pyridinoline (PYD) is a 3-hydroxypyridinum derivative consisting of three amino acids and

carboxylysine residues; lysyl oxidase converts these amino acid residues into an aldehyde,

(Last et al., 1990). An analog crosslink, deoxypyridinoline (DPD), is formed in a similar

manner as PYD, but the helix rather than hydroxylysine (Ogawa et al., 1982). Eyre et al. (1988)

have found that hydroxypyridinium residues persist in human bone through adulthood, thereby

establishing them as final crosslinks.

Collagen exhibits many levels of order, terminating in a fibrous structure. The successive

levels of organization have been explained by Lees andDavidson (1977). The smallest element

is the a-helix, which spontaneously combines in triplets to form a superhelix molecule, the

tropocollagen (TC) unit. In turn, TC forms microfibril ropes, which in their turn form three-

dimensional fibrils. Some characteristics of these elements are listed below:

. The basic element, the a-helix chain, has a molecular weight of about 100 000 daltons.

Several types of chain have been identified, depending on the amino acid composition.
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Thea1 chain has 1052 amino residues, of which 1011 are in triplet sets where the first term is

glycine. The N-terminus has 16 nonhelical residues beginning with an amino (NH2) group

while the C end has 25 nonhelical residues terminating in a COOH group. Gallop and Paz

(1975) as well as Hulmes et al. (1973) have prepared the residue map.
. The hydrogen-bonded state between the a-helices, of which TC is the basic molecule, is

stable.
. A TC unit is 4.4D units long and packs into a structure exhibiting a repeated 0.6D unit

gap between TC ends. According to Hodge (1967) no two quarter stagger gaps can

be adjacent, which puts a restriction on the three-dimensional arrangement (Segrest and

Cunningham, 1973).
. The nonhelical chains at each end of the TC unit and some of the adjacent glycine

coded triplets are probably the links between molecule ends but may also serve to link

helices within ends – they may also serve to link helices within a single molecule,

indicating that the, inter- and intramolecular links are similar. However, many of the

intramolecular links are hydrogen bonds, while many of the intermolecular links between

parallel molecules are chains covalently bonded as side chains to residues in the backbone

of the molecule.
. Several three-dimensional structures have been proposed for the microfibrils, fibrils and

fibers. Figure 1.5c shows aTCunit (Smith, 1968) asmodified byMiller and Parry (1973). The

model shows a 67 nm axial stagger, 72� azimuthal displacement between axes of nearest

neighbors and a 43 nm hole between collinear TC units. It incorporates a repeat pattern after

5� 67 nm and a helixwith a fivefold screw axis (five subunits per screw turn characterized by

the holes). The pentagonal unit is 4 nm in diameter while the diameters of thewet TC unit and

the lumen are 1.5 and 1.1 nm, respectively.
. Miller and Parry (1973) have indicated that the five-strand rope must be twisted to produce a

fourfold symmetrical supercoil, where the holes are 90� apart. However, there is still a

pentagonal packing of the strands. The collinear TC units are inclined about 2.5� to the rope
axis to accommodate the twist.

. The pattern of successive helical structures suggests that the microfibrils are coiled about

each other while maintaining the four unit cell.

One way to characterize a molecule is to look for its resonance frequency. Enemeto and

Krimm (1962) calculated a value for themacromolecular resonance of a very similar molecule,

polyglycine II, which they found to be 41GHz – a value far in excess of any reported for

collagen or even for bone (26GHz). Polyglycine II has a triple helix, hydrogen-bonded

molecule and closely resembles collagen in its structure (Ramachandran, 1967).

1.2.4 Bone Matrix (Inorganic Component)

Apatite crystals are one of the major constituents in bone and other mineralized vertebrate

tissues (Lowenstam andWeiner, 1989). Their presence, which accounts for about 65wt% of

bone, provides most of the stiffness and strength of bone (Glimcher, 1992). With the normal

increase of apatite deposition during tissue aging and maturation, bone mechanical proper-

ties increase greatly, an observation confirmed by measurement of the elastic modulus and

microhardness of growing human long bone (Su et al., 1997). Correlative to the increase in

the diameter of the middiaphyses of long bone, occurring principally by periosteal bone
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deposition and the later resorption (Enlow, 1991), endosteal bone becomesmoremineralized

than the former. The elastic modulus and microhardness of endosteal bone can be up to three

times higher than that of periosteal bone (Su et al., 1997). Lees and Davidson (1977,1979)

suggested that mineralization causes additional crosslinkages to be set up, some between TC

units but more between the mineral, whether crystalline or amorphous, and the TC units. The

collagen is stiffened by decreasing the crosslink length and the mineral fills. The mineral

TC links may be reversible so that in the event of demineralization the collagen becomes

less stiff.

The first role of the mineral component in calcified tissue in this hypothesis is to stiffen the

collagen by decreasing the length of the crosslinks and increasing the crosslinking density

proportionally to the amount of mineral present. At 34% volume, all the crosslinking is

shortened to the minimum length and the maximum crosslinking density is attained. The

additional strength that is obtained by additional mineral content is in accordance with

the Reuss model (Chapter 2).

The general structure of the inorganic component of the bone matrix is mainly hydroxyapa-

tite; a small amount of non-crystalline form of calcium phosphate also exists in the mineral

phase. The plate-like hydroxyapatite crystals, roughly 400A
�
long, with a comparable width

(200–350A
�
), and 25–50A

�
thick (Robinson and Watson, 1955, 1952; Johansen and Stone,

1997), are embedded in the collagen fibers with orientations approximately parallel to the

fibers. This molecule can generally be found around the collagen fibers in a crystalline

structure. The organic matrix of the bone and the apatite crystals make a coherent unit that is

vital to bone tissue function. The tropocollagen molecules create heterogeneous centers for

crystallization of the bone minerals. These centers are usually placed at the points where the

more polar heads of collagen fibrils are located.

The structure of hydroxyapatite can be derived from the spatial organization of a small

number of the constituent ions (Posner, Perloff and Diorio, 1958). The unit cell for this is a

right rhombic prism, when stacked in the manner of a simple hexagonal lattice. The length

along an edge of the basal plane of the cells (a) is 9.432A
�
and the cell height (C) is 6.881A

�
.

The spatial symmetry is symbolized as P63/m. There is considerable evidence indicating

that biological factors are important in establishing the size, shape and orientation of bone

crystals. The C-axis of the apatite crystallites is parallel to the collagen fibers (Engstrom and

Zetterstrom, 1951).

The structural basis for the observed chemical stoichiometry of bone mineral involves the

two major constituents, Ca and phosphate. The hydroxyapatite model would predict that the

ideal composition of bone apatite should be Ca5(PO4)3OH, with Ca and phosphate in Ca/P

molar ratio of 1.67, 1.74 and 1.57 (Woodard, 1962; Eastoe, 1961). In studies on the dynamics of

mineralization, the calcium/phosphorous ratio is adopted as best reflecting the formation of

hydroxyapatite crystals. The calcium to phosphorous ratio in an ideal hydroxyapatite crystal is

1.67 : 1 and is slightly lower in vivo conditions (McLean and Budy, 1964). Diet has a significant

effect on the mineralization of bone tissue. The carbon/calcium plus phosphorous ratio reflects

the degree towhich the bonematrix is saturated with hydroxyapatite crystals (Krawczyk et al.,

2007). A value of this ratio exceeding 10 is typical and is indicative of poorly or non-

mineralized status.When fibrous bone tissue predominates the value is usually below 5 and for

most advanced remodeling process the ratio is close to 9.

The physical character of bone, including the morphology (Fratzl et al., 1993;

Heywood et al., 1990), dimensions and distribution of its composite apatite crystals, affects
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its mechanical properties. These parameters from different mineralized tissues have

been investigated over many years. Isolated fracture apatite crystals studied with transmis-

sion electron microscopy have been shown to be platelet-like and, on average, �50–100 nm

or more long and 25–50 nm wide. Relatively newly deposition crystals are �4–6 nm

thick. The crystals are associated with collagen in bone and most other calcifying vertebrate

tissues, but the precise spatial relationship between these two components is difficult to

ascertain. A major problem in this regard is that electron microscopy, used to image the

constituents, provides two-dimensional information. Three-dimensional aspects can be

incorporated by applying low-voltage electron microscopic tomography and graphic inser-

tions. These methods have demonstrated an apatite platelets are oriented approximately

parallel to the another end to the collagen fibrils. The crystals are separated by a minimum of

4.2 nm.

While information concerning the morphology and dimensions of apatite crystals and their

location and distribution, in relation to collagen, can be availed, such data have been mostly

obtained from avian tendon and lamellar bone. Comparatively less data are available regarding

these points in woven bone and particularly in human woven bone. Woven bone differs from

lamellar bone in the organization of its collagen fibrils, its cell population and its mechanical

properties. Woven bone is defined as having randomly distributed collagen fibrils and is

deposited only during initial formation in fracture repair. The tissue physical, chemical and

biological nature of woven bone, including the morphology and detailed organization of its

composite crystals, needs to be considered to elucidate possible mineralization mechanisms.

This has applications in biomechanics and biomedicine. It has been reported that bonemodulus

and microhardness increase from periosteal bone to endosteal woven bone in human fetal

tissue.

The experimental results (TEM and X-rays) appear to be in good agreement in that the

smallest dimension of the bone apatite crystal is about 50A
�
. Considerable variation in the

length appears to exist; the values reported from TEM are consistently higher than those

obtained from X-ray bone broadening studies. A possible explanation for this observation is

that the bone crystals appear subdivided in the direction of elongation. There is periodicity of

50–60A
�
(Fernandez-Moran and Engstrom, 1957) along the crystal length as a rod exhibited

subunit of about 50A
�
(Molnar, 1960). These observations (Ascenzi and Bonucci, 1966;

Molnar, 1960) suggest that bone crystals are composed of chains of microcrystals fused in an

end to end relationship. Such a fusion process would account for the variability in reported

lengths and may also account for the divergent view on shape. The X-ray diffraction study

(Posner et al., 1963) reported that the largest dimension is probably less than 100A
�
, which is

consistent with this view of bone apatite as amosaic ofmicrocrystals rather than a continuously

uniform single crystal.

Changes in the size of bone crystals with age have been noted on X-ray powdered rat bones

(Menezel, Posner and Harper, 1965). The mean size increases with age of the animal up to

maturity. The initial growth of the apatite crystals is quite rapid, occurring in a matter of

minutes or less (Eanes and Posner, 1965), with the average crystal size at the end of the

precipitation being generally smaller than that of the crystals in mature bone. The synthetic

crystals, however, gradually increase in size with subsequent aging, until they exceed the

average size of bone crystals (Eanes, 1965). The crystal growth with age in synthetic systems

continues indefinitely, though at progressively reduced rates. Water is necessary for the

ripening to proceed in these synthetic systems. Reducing the water/mineral ratio retards
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secondary growth and, at a sufficiently low ratio, ripening can no longer be detected. Robinson

(1966) has emphasized the fact that with maturation the mineral content per unit volume of

whole bone increases at the expense of displaced tissue water. The water/mineral ratio,

therefore, decreaseswith an increase in the degree ofmineralization. This drop inwater content

with maturation could stop the ripening of bone crystals and cause the constancy of crystal size

in mature bone.

Macroscopically, bone consists of tissue and anisotropic amorphous non-crystalline mineral

phase (Hancox and Boothroyd, 1965; Molnar, 1959; Fitton-Jackson and Randall, 1956;

Robinson and Watson, 1955). Porosity varies between 5 and 95%, with most bone tissues

having either very low or very high porosity. Accordingly, there are two types of bone tissue.

One is trabecular or cancellous bonewith 50–95% porosity, which is usually found in cuboidal

bones, flat bones and at the end of long bones. The pores are interconnected and filled with a

tissue composed of blood vessels, nerves and various type of cells.While themain function is to

produce the basic blood cells, the bonematrix has the form of plates and struts called trabecular

with a thickness of about 200mmand a variable arrangement (Martin, Burr and Sharkey, 1998).

The second type is cortical bone, with 5–10% porosity and a different type of pores (Cowin,

1999). The first evidence to indicate that this amorphous phase is a major component of bone

mineral came from X-ray diffraction (Termine and Posner, 1967; Harper and Posner, 1966) by

analyzing the intensity pattern of the crystalline portions. It has also been supported by several

other authors (Robinson, Doty and Copper, 1973; White et al., 1977). It is estimated that 40%

(Harper and Posner, 1966) of the mineral in the femur of adult human, cow and rat is non-

crystalline. The amorphous content of bone, however, varies with age. This age dependency in

the fraction of amorphous mineral has also been demonstrated by IR techniques (Termine and

Posner, 1966). The amorphous phase of bone, like apatite, is supposed to be composed of Ca,

phosphate and carbonate. Certain X-ray diffraction studies indicate that the crystallites are

needle like, others that they are platelets. There is evidence indicating that both forms are

present, depending on the site of formation. There are three levels of porosity, all containing

bone fluid. These include the vascular porosity associated with Volkmann canals and the

Haversian lumens (�10mm) and the lacunar canalicular porosity associated with the fluid

space surrounding the osteocytes (�0.1mm) and the collagen–hydroxyapatite porosity asso-

ciated with the spaces between the crystallites of the mineral hydroxyapatite (�20–60 nm).

Movement of the bone fluid in the collagen–hydroxyapatite porosity is negligible becausemost

of the bone water in that porosity is bound by interaction with ionic crystals (Neuman and

Neuman, 1958).

One cannot understand the structure of an amorphous particle from a knowledge of the

spatial organization of a small group of its constituent atoms. This is because the atoms are not

arranged in a regular, periodic array that would enable one to define the whole space occupied

by the particle by simple translational repetitions of a basic structure of atoms and hence define

the lattice type. This does not mean that local ordering of ions does not exist in amorphous

calciumphosphate. However, there are sufficient randomvariations in this order, on going from

one local co-ordination ensemble to the next, that long-range periodic order is absent.

Nonetheless, the spatial organization of the ions comprising the amorphous material in bone

mineral is unknown.

Bone mineral not only has a high surface area per unit weight, but its surface is chemically

reactivewith its environment. Low-temperature gas adsorptionmethods and small angle X-ray

scattering have shown that the surface area of human and bovine deproteinated bone mineral
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ranges from 100 to 200m2 g–1. The high magnitude of surface area of bone mineral provides a

large interface for mineral reactions.

By measuring the heats of adsorption of small molecules on bone surface, it is shown that

bone tends to bond strongly with certain molecules. In fact, poorly crystallized synthetic

hydroxyapatite has long been used in chromatographic adsorption columns because of the high

bonding capacity its surfaces have for specific proteins and polynucleotides. Studies on surface

bonding (Posner, Betts and Blumenthal, 1979) suggest that a chemical linkage probably exists

between themineral in bone and certain free polar groups of collagen. Bonemineralization is a

cell-mediated process in which complex events take place in sequentially (Wuthier, 1982).

It has been reported (Lawrence et al., 1994) that the mineralization process of equine bone is

almost complete (76%) by twelvemonths of age and that the bonemineral content of the equine

third metacarpal does not differ by sex.

The fluid shear stress amplitudes and frequencies in bone can be determined theoretically

from known physiological loading parameters. By applying Biot�s theory of poroelasticity to

bone, the predicted range of in vivofluid shear stress ranges from0.8 to 3 Pa due to loading, with

induced strains ranging between 1000 and 3000me (Cowin, 1999; Weinbaum et al., 1994).

Several in vitro studies (Bacabac et al., 2004; Bakker et al., 2001; Chen et al., 2000; Frangos

and Johnson, 1995; Jacobs et al., 1998; Johnson, McAllister and Frangos, 1996; Klein-Nulend

et al., 1995a, 1995b, 1995c) have confirmed that this range of fluid shear stress magnitudes is

able to stimulate bone cells.

It has been suggested that the rate (determined by the frequency and amplitude) rather

than the magnitude alone of the applied loading stimulus correlates to bone formation

(Bacabac et al., 2004; Mosley and Lanyon, 1998; Turner, 1998). This implies that bone

formation is enhanced by dynamic rather than purely static loading. Thus, both the amplitude

and the frequency of loading seem to be important parameters for bone formation. Indeed, it

has been shown that low magnitude (<10me), high frequency (10–1000Hz) loading can

stimulate bone growth and inhibit disuse osteoporosis (Rubin et al., 2001). High amplitude,

low frequency stimuli are rare in the activities of daily life, whereas high frequency, low

amplitude stimuli are more common (Fritton et al., 2000). Weinbaum et al. (1994) suggested

that low amplitude postural strains due to muscular contraction could be more effective than

high-amplitude low-frequency strains due to locomotion, in maintaining bone mass. This

suggests that bone cells are likely to be excited by low-amplitude postural strains due to

muscular contractions, and also by high amplitude, low frequency strains due to locomotion.

Such behavior might explain why astronauts in a microgravity environment lose bone mass

despite exercise. The rate of loading seems to be a decisive factor in bone formation and

maintenance. However, the nature of bone cells response to the rate of loading remains to be

fully understood.

High impact physical activity, including jumps in unusual directions, has a great osteogenic

potential in humans (Nordstrom, Pettersson and Lorentzon, 1998) and in osteopenci ovariec-

tomized rats (Tanaka, Alam and Turner, 2002). High impact drop jumps significantly increase

bone formation rates compared to that of baseline walking (Judex and Zernicke, 2000).

Furthermore, an initial high stress rate, as in step wise increases fluid shear stress, has been

shown to stimulate neonatal rat calvarial bone cells. Therefore, the osteogenic response to high

impact activity might be related to the response of bone cells to a sudden increase (i.e., stress-

kick) in fluid shear stress. The osteogenic benefits of high impact activity imply that the bone

cell response to fluid shear stress is nonlinear.
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1.3 Classification of Bone Tissues

Two types of bone are observed in the normal, mature human skeleton: compact bone and

cancellous bone. Although macroscopically and microscopically different, the two forms are

identical in their chemical composition.

1.3.1 Compact Bone

Compact (cortical) bone is a solid mass that is found along the shafts of the long bones (femur,

tibia, radius, ulna) and is the principal component of the flat bones (skull and ribs). It has an

extremely dense physical structure arranged aroundHaversian systems andVolkmann�s canals,
which are responsible for providing cellular nutrition. Because of its strength, cortical bone

plays a significant role in the support of body weight and in the protection of internal organs.

Approximately 80%of skeletal mass is cortical bone. In general, the compact bone is the ivory-

like surface layers of the mature bone.

The compact or cortical bone can be divided into three main categories: primary osteon

bones, secondary osteon bones and surface bones. Primary osteon bones are formed in the

vascular tunnels of the cancellous bone as cylinders and they are structured due to the

merging of the fine cancellous cartilage and membrane bones of young subjects. Secondary

osteon bones are established during the remodeling process in the tunnels that are opened

by osteoclastic activities. These gradually increase throughout adult life as a result of

remodeling. The internal remodeling is very active in childhood but slows during the

older ages, being lowest at about the age of 30 (Pauwels, 1948). Surface bones are the

primary formation of solid bone on the medullary and periosteal surfaces of any existing

bone shaft.

The cross section of the shaft of a long bone can be divided into the following areas. One

tenth of the outermost of the thickness of the shaft consists of approximately circumferential

lamellae, the inside, next to the bone marrow tend, to be cancellous. The thickness between the

outer and the inner portion consists of the secondary osteons, Haversian canals, interstitial

lamellae, blood vessels, and so on. The secondary osteons are also called theHaversian system –

mostly they look like hollow cylinders in cross section. The inner tube of the osteon is called

the Haversian canal and the concentric lamellae structure. Usually, osteons are made of 5–30

concentric lamellae. In the regeneration or remodeling processes, the existing bone is first

removed by osteoclasts in a circular fashion and then linedwith partlymineralized concentric

lamellae. The mineral content of these lamellae increases with increasing time and complete

mineralization may take a very long time. Therefore, the cross section of a compact bone

contains osteons of various ages. During the formation of new osteon, some of the old osteons

with irregular shapes lie in the interstitial lamellae sections. Some of the older osteons may

have been partly excavated and are replaced during the new osteon formation.

1.3.2 Fine Cancellous Bone

Compared to the cortical bone, cancellous (trabecular/spongy) bone is mesh like, considerably

finer and more delicate in appearance. Its physical arrangement of broad plates connected by

thin struts provides for maximum support but with a minimum of raw material. Cancellous
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bone is found principally in the vertebral of the spinal column and at the epiphyses of the long

bones.

Fine cancellous bones are found in the second ossification centers of the fetal skeleton and

induce new bones of pathological nature. Generally, they consist of bone bundles with a

honeycomb structure spanning the intertrabecular spaces containing both blood vessels and

cells. The small spicules of solid matrix in spongy bone are called trabeculae; therefore, the

spongy bone is often called trabecular bone.

In general, there are two kinds of the cancellous bones. The difference in their structure

depends on the place where the bone is formed. If it is formed in the cartilage, it is called fine

cancellous cartilage bone, while if it is situated near the membrane it is called fine cancellous

membrane bone. The internal cancellous structure of many bones, especially the long bones of

the leg, contributes to their strength with a little amount of material.

1.3.3 Coarse Cancellous Bone

Coarse cancellous bone has a similar structure to that of compact bone, with some exceptions.

It contains less bone cells and less osteons. The cells are nourished from the vessels in the

intertrabecular marrow spaces, because the Haversian canal system is not capable of supplying

blood to the cells.

Figure 1.3a shows the arrangement of cortical and trabecular bone in the proximal femur,

where the outer dense cortical bone of the femoral shaft encases the finer trabecular structure of

the cancellous bone. The trabeculae have adopted a preferential alignment along the direction

of osteogenic response to mechanical loading. This is because electronegativity is an

indication of the region of growth. It has been documented in compact bone in diaphyseal

cross sections (Pauwels, 1976; Radin et al., 1982; Currey, 1964; Lanyon and Rubin, 1985;

Martin and Burr, 1989; Hou et al., 1990; Gross et al., 1997; Lieberman and Crompton, 1998;

Martin, Burr and Sharkey, 1998).

1.4 Lamellation

Within each lamellae of the osteons the collagen fibers have one dominant direction; this

directionvaries from one lamellae to the next, giving the effect of a family of co-axial helices of

different helix angles. In general it is assumed that there are three types of arrangement of fibers

in the osteons. The first has the fibers in all lamellae roughly parallel to the axis of the osteon

(90� helix angle). The second has the fibers in alternate lamellae longitudinal and circumfer-

ential (helix angle alternates between 90 and 0�). The third has the inclined fibers in each

lamellae but in opposite directions in successive lamellae (the helix angle alternates between

plus and minus approximately 45�).
Bones are heterogeneous in their organization andmay be divided into two distinct structural

regions. At the outer surface is the periosteum, which is the source of the cells responsible for

growth in bone width. Adjacent to this is cortical bone and on the inner surface of the bone,

adjacent to themarrow cavity, is trabecular bone. The inner surfaces of the bone are covered by

cells that form the endosteum. Both trabecular and cortical bone are made of calcified lamellae

in which osteocytes are embedded. The osteocytes are linked by a network of unclassified

channels termed canaliculi (Figure 1.7a and b).
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In cortical bone, the canaliculi are linked to the Haversian canals in which the bone

vasculature resides (Figure 1.8a). Surrounding the blood vessels are concentric rings of

lamellar bone, which form a unit termed an osteon or Haversian system. The Haversian

canals run parallel to the axis of the bone and arise through bone remodeling. The vessels

penetrate the bone from the periosteum to the marrow cavity through transverse Volkmann�s
canals. The bone surfaces are covered with cells, which include dormant bone lining cells,

osteoblasts and osteoclasts. Like bone lining cells, osteocytes are inactive osteoblasts that are

not buried in new bone. They remain on the surface during bone formation steps and can be

reactivated in response to chemical and or mechanical stimulus (Miller and Jee, 1992). They

are located in lacunae (Cowin, 1999) and communicate with the rest of cells via canaliculi

(Figures 1.7b and 1.8b).Many authors (Cowin,Moss-Salentijn andMoss, 1991; Lanyon, 1993;

Burger, 2000; Skerry et al., 1989) suggest that osteocytes are mechanoreceptor cells that

control bone remodeling, but this needs further confirmation. Furthermore, it is assumed that

osteocytes, the only cells embedded in the bone matrix, are affected by processes that damage

the bone matrix, interrupting their communication through canaliculi and thereby affecting

their metabolic exchange. Fatigue microdamage may therefore create a situation resembling

disuse at the level of the osteocyte cell body and lead to bone remodeling starting with

osteoclast recruitment.

A cartilage model of the bone known as the analage cartilage is formed, which is

approximately the same shape as the final bone. The analage cartilage is made up of cartilage

cells with a surrounding immature intercellularmatrix. In the long bones, during the first stages

of conversion into bones, cartilage cells in the central part of the shaft increase their rate of

proliferation, enlarge and become hypertrophic. Blood vessels penetrate into this altered

cartilage and promote osteogenic activity. The osteogenic cells have the capacity to change

Figure 1.7 (a) Schematic of osteocytes; (b) model of the Haversian canal-lacunae-canaliculi system
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Figure 1.8 (a) and (b) Schematic representation of bone anatomy at the microscopic level; (c) bone

under bending, showing a negative charge on the concave surface and a positive charge on the convex

surface – the polarities will be reversed if the direction of bending is reversed
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their function, and the name given to a cell depends on its activity at the time. Cells in the

process of laying down an osteoid matrix, which rapidly calcifies, are the osteoblasts. When

the cells coalesce to form multinucleated cells, which remove bone, they are known as

osteoclasts (Figure 1.9a and b). Their precursor cells have been given various names, one is

macrophage.

The process of replacing cartilage by bone after vascular penetration is known as enchondral

ossification. This proceeds from the central regions of the shaft towards the ends, the epiphyses.

When the advancing ossification front reaches the epiphyseal region, then ossification

commences separately within the epiphyses, to form the secondary bone nucleus. During

childhood a region of cartilage remains at either end of the long bones, between the epiphysis

and the metaphysis. It is in a highly organized state, contains vigorously proliferating cells and

is known as the epiphyseal growth cartilage, or sometimes the epiphyseal growth plate.

Regulating this process is the application of physical forces, which may either act directly or

indirectly.

The zone of growth cartilage nearest the epiphysis is the germinal or resting zone. It is

similar to the analage cartilage. Then comes the proliferative zone with columns of active

rapidly dividing cells. These enlarge and form a calcifiable matrix that is laid down over the

main structural part of the intercellularmatrix. In the stages ofmost rapid growth they enlarge

further to form the hypertrophic zone. As enchondral ossification takes place each hyper-

trophic space is invaded by an advancing sinusoid vessel. When the rate of growth allows,

cartilage may be removed without enlargement of the cells to the hypertrophic state. The

mode of removal takes place bymultinucleated cells known as chondroclasts. These coalesce

from similar cells to those that formed the osteoclasts. The different names denote the

different function. In other cases enchondral ossification takes place with the formation of

bone trabeculae. They may be very regularly arranged during the period of rapid growth

which is accompanied by chondroclast activity. These trabeculae occupy the metaphyseal

region of the bone.

During growth, while the epiphyseal growth cartilage provides for the growth in length, there

is also an increase in diameter of the shaft of the long bones. New bone is laid down on the outer

part of the cortex, the periosteal surface, while at the same time bone is removed from the inner

surface of the cortex, the endosteal surface. In the case of periosteal bone formation cartilage is

not formed as an intermediate stage in the process. Changes in the shape and distribution of the

bone tissue occur both before and after growth has ceased, by the process of remodeling. One of

the main factors regulating this process is the application of physical forces, which may act

either directly on thewalls of sinusoidal vessels in the bone or indirectly by altering blood flow

and pressure. In the former case the remodeling consists of the removal of trabeculae followed

by the formation of new ones in rather different positions. The latter frequently leads to the

formation of osteons in the cortical bone in the shaft.More generally, this type of bone is known

as compact bone. During osteon formation there is a proliferation of vessels, with accompa-

nying osteoclasts. This channel – a Haversian canal – is then partly filled with new bone laid

down concentrically around the vessels.

When cortical or trabecular bone is laid down the osteoblasts arise from the vessels walls,

and are arranged in rows. Cortical bone that has been so formed in a regular array is known as

lamellar bone. It is present in children, but when they take sufficient exercise it is all converted

into osteonal bone by the time the adolescent changes are complete. Small animals, such as

rabbits, tend to retain a lamellar bone structure throughout their life.
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Figure 1.9 (a) Probable signal transduction pathways: (i) osteoclasts resorb bone on trabecular

surface locations; (ii) osteocytes sense amechanical signal due to external load transfer through

the architecture; the signal is transferred to the trabecular surface, where (iii) osteoblasts are

initiated from bone. (b) Cellular response to bone stimulus
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Bone, both the marrow, among the trabeculae and Haversian canals in compact bone are

sinusoid vessels, which are of varying diameter. In normalmarrow only about 1 in 10 of these is

open at any given time. These blood vessels have a sheath of basement membrane or reticulum

and flattened enthotheliad cells are seen at intervals on their walls. Wherever these sinusoid

vessels are formed in the body, whether in bone or in the spleen and liver, their hemopoietic

activity is possible. Their cells only act as bone precursors in the presence of a substance known

as the osteogenic factor. Other blood vessels, whether arteries or veins, have move substantial

walls. Even small capillaries tend to have a continuous layer of cells over their basement

membrane. During proliferation, sinusoid vessels and capillaries display similar character-

istics. Nerves are found accompanying may arteries.

The end of the long bones are covered by articular cartilage, while between the two

articular surfaces, in a joint, is the synovial fluid, the remaining surfaces of the fluid-

containing cavity being occupied by the synovial membrane. Cells on the surface of the

synovial membrane secrete the synovial fluid. The shaft of the bone is covered by a sheath of

connective tissue called the periosteum and outside this again there are usually muscles.

Points of attachment of muscle to bone are known as muscle insertions. The tissue

surrounding the growth cartilage is known as the perichondrial ring and fibrous tissue

surrounding those parts of the articular cartilage that are not in contact with the synovial fluid

is called the perichondrium.

Arrangements around other bones are of a related type. Between the vertebral bodies in the

spine are the intervertebral dishes. Each side of a cartilage end plate, in the growing child, acts

as a growth cartilage, while in the adult it has many of the characteristics of articular or hyaline

cartilage. The central part of the disc is a type of fibrocartilage known as the nucleus pulposus

and surrounding it is an oriented fibrous tissue known as the annulus fibrosus of the bone in the

vertebral bodies. A part of this is formed by enchondral ossification, while the remainder is

formed by periosteal ossification. The whole area of a normal vertebral body is occupied by

trabecular bone surrounded by hemopoietic tissue.

1.4.1 The Cement

The cement can be considered as the amorphous continuum phase in which the discrete

fibers and inorganic crystals are embedded. In essence, what remains after removing the

fibers and the inorganic phase constitutes the cement. This cement is composed mostly of

mucopolysaccharides, glycoproteins, lipids, carbonate and citrate. The other constituents

include sodium, magnesium and fluoride. The ground substance and the cement lines are

made of cement and they show viscous and plastic behavior.

1.5 Role of Bone Water

Next to osteoid and mineral, water occupies the largest volume fraction in bone. It is probably

because of this that the nature and role of water in calcified tissues has been a subject of

serious investigations (Neuman and Neuman, 1958; Robinson and Elliot, 1957; Timmins and

Wall, 1977).

Water not only resides within the vascular canals, lacunae and canaliculi but also exists

within the collagen matrix and the mineral apatite (i.e., extracellular matrix). The estimated
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maximumwater content in the vascular-lacunar-canalicular space is 12%of the total volume of

bone, a value higher than the 8% calculated by others (Zhang, Weinbaum and Cowin, 1998).

Robinson (1960) reported that water could exist in two fractions, one driven off at 50 �C,
associated with marrow-vascular-osteoid, and the other driven off at 100 �C, associated with

the calcifiedmatrix.Water distribution in bone not only exists as mobilewater in pores but also

has other forms, which interact with bone tissue at different energy levels.

Water interacts with the collagen and mineral phases of bone in several ways. Firstly, the

polarity of water facilitates its bonding with the hydrophilic groups of the collagen protein

(glycine, hydroxyproline, carboxyl and hydroxylysine) and the charged groups, PO4
� or Ca2þ ,

of bone mineral. Secondly, studies on the hydration of collagenous tissue (human dura mater

and rat-tail tendons) with dynamic mechanical spectroscopy indicate that water does bond

with collagen at two levels (Nomura et al., 1977; Pineri, Escoubes and Roche, 1978). Thus,

collagen has structural water and loosely bound water. The former results from hydrogen

bonding within the triple helix of collagen molecules (due to the hydroxyl group of

hydroxyproline) and requires more energy to remove than the latter, which arises from

hydrogen bondingwith the polar side chains of collagen fibrils. Thirdly, there are two types of

water interaction in the mineral phase, lattice water and surface bound water. Both X-ray

diffraction and infrared (IR) spectroscopy of heat-treated synthetic, precipitated apatites

found that water bound to surface crystals is lost at a lower temperature (<200 �C) than water
inserted into the lattice structure (between 200 and 400 �C) (Le Geros, Bonel and Legros,

1978). Nonetheless, the spectra intensities from nuclear magnetic resonance of both surface

water and lattice water decrease when bone dries up to 120 �C, with more lattice water

remaining at higher temperatures (Casciani, 1971). Based on the energy characteristics of

water with collagen and mineral, it is suggested that water removal from bone is related to

energy level as follows: (i) mobile water molecules require less energy to evaporate than

water on bone surfaces, (ii) the removal of the loosely bound water (via hydrogen bonding)

requires less energy than the water molecules trapped inside collagen molecules, which in

turn requires similar or less energy than water molecules bound to the surface charges of

mineral apatite (more ionic in nature) and (iii) water that is imbedded in the lattice of

hydroxyapatite (about 35mg of water per g mineral more covalent in nature) requires the

highest energy to dislodge (Neuman and Neuman, 1958).

This water cannot be displaced by simple drying at 100 �C. The work of Timmins and Wall

(1977) indicates that removal of water by thermal dehydration is rather gradual. Neuman and

Neuman (1958) have further pointed out that there is a 10 nm thick hydration layer (bound

water) retained at centrifuges of 10 000g around each hydroxyapatite crystal.

In the unmineralized state, as the bonematrix is laid down by osteoblasts, the collagen fibers

produced contain a large volume fraction of water (up to 60%). During calcification, while

apatite crystals are deposited in the organicmatrix, the osteoidwater is gradually displaced and

reduced down to a 20% volume fraction. The spin–lattice and spin–spin relaxation times of

proton and deuteron (water adsorbed on collagen fibers) decrease with the decrease in water

content. By comparing these changes with the change in the quadrupole splitting of heavy

water, it is concluded that shorter relaxation times correspond to a higher degree of ordering for

water in collagen. This fraction drops to 10% in senile bone (Robinson, 1952), corresponding to

reduced impact strength in old age. It is thus plausible that the volume occupied by mineral

cannot vary in amanner independent of that of collagen boundwater since the total volume has
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to be preserved.Hence, any change in themineral fractionwill result in a corresponding change

in the water fraction.

It has been suggested (Fung and Tautmann, 1971; Chapman et al., 1971) that a small fraction

of water adsorbed on collagen is highly ordered and the rest moves isotropically. It may be

speculated that the ordered water molecules would have a longer correlation time and relax

must faster than the isotropic water molecules and a change in their ratio would cause a change

in the observed relaxation times. The spin–lattice relaxation time (T1) decreases with

decreasing amount of water in collagen. The spin–spin relaxation time (T2, for
2H2O on

collagen) also decreases with decreasing water content. The relaxation times are strongly

frequency dependent.

The loosely associated water is what is referred to as �bulk water� (free water) that fills
the pores of the calcified matrix making up the Haversian and lacuno-canalicular system.

It is this fraction of water that has been shown to confer the unique viscoelastic

properties of bone, which are largely lost after drying. In its natural fully hydrated

state, stress-induced deformation upon application of a load is damped by the resistive

forces experienced by the fluid in the lacuno-canalicular system (Garner et al., 2000).

Notably, the binding state of pore water depends on its proximity to the surface and

thus is expected to be greatest in the canaliculi measuring less than 1 mm in diameter.

This water has an additional critical role in that during mineralization and demineralization

ions need to be transported to and from the osteoid sites. Water thus provides a medium

for flow and diffusion driven ion transport (Neuman and Neuman, 1958). The study of pore

water dynamics can provide detailed insight into transport phenomena occurring within the

matrix. It is also possible that pressure-induced fluid flow through the lacuno-canalicular

system is one possible mechanism of mechanotransduction regulating bone formation

(Figure 1.10).

Unstressed Body
(No Deformation)  
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                                                                                                                          Low 
High                                                                        High                                   SED
SED                                                                        SED 
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Figure 1.10 Effects of different mechanical parameters and their gradients, for strain energy density

(SED). A high volumetric strain gradient favors liquid flow (Ruimerman et al., 2005)
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1.6 Bone Metabolism

Bone metabolism is regulated by a wide variety of hormones, cytokines and other factors.

Metabolism is also regulated by the activity offive different type of bone cells: osteoprogenitor,

bone lining cells, osteoblasts, osteocytes and osteoclasts. Osteoprogenitor cells consist of

preosteoblasts, which undergo mitosis and differentiation to become osteoblasts.

1.6.1 Ca and P Metabolism

Calcium and phosphorus are essential elements required for various physiological and

biochemical functions. Calcium is needed for processes such as bone formation, blood

clotting, nerve conduction, muscle contraction, intercellular communication secretion and

membrane permeability. Phosphorus is required for bone formation and the phosphoryl moiety

is part of biologically significantmolecules, such as ATP, DNA andRNA. The source of Ca and

P for human beings and animals is food.

The level of Ca in the plasma is maintained by the diet and varies from 9.1 to 10.7 mg per

100mL (Smith et al., 1960; Peacock and Nordin, 1973). There are considerable diurnal

variations in any individual. The value goes up in the day when calcium is ingested in the diet

and it falls during the night when there is no dietary intake. The variation may be as much as

10% of 1mg per 100mL. The normal calcium level is maintained by control of absorption in

the gut and excretion in the urine. Bone calcium acts only as an emergency reservoir in the state

of calcium deficiency and possibly during the early morning fast calcium is mobilized from the

skeleton to maintain the plasma calcium concentration.

Calcium is present in plasma in three forms: ionized, protein bound and combined with

citrate and other organic acids. The ionized calcium is diffusible, the citrate calcium is not

ionized but is also diffusible, while the calcium proteinate is neither ionized nor diffusible. The

distribution of calcium (Lingarde, 1972; Walser, 1961) and its fall is affected by age. The PH
(i.e. [Hþ ] ion concetration) level is a controlling parameter which affects Ca2þ . Increased
protein calcium binding counteracts Ca2þ homeostatic control mechanism as the Ca2þ

decreases. The amount of diffusible non-ionized calcium is small and is generally believed

to be of little clinical interest except in patients (Lingarde, 1973).

Interpretation of variations in the total plasma calcium depends on how much calcium is

bound by the plasma proteins. The plasma protein involved is largely albumin; 1 g of albumin

binds approximately 0.7mg calciumand is proportional, depending on the PH and other factors.

Some 80–90% of protein bound calcium is an albumin chelate (Lingarde, 1973). The fact that

albumin may also move into bone suggests that consideration may also need to be given to the

bound calcium (Owen, Triffitt and Melick, 1973).

In the contrast with calcium, most of the phosphate in plasma is in a diffusible form as

HPO4 or H2PO4 and about 12% is protein bound (Bijvoet, Froeling and Sluys Veer, 1972).

The normal plasma level varies form 2.4 to 4.04mg in different clinical states. The relative

proportions of these two ions types depends on the plasma PH. There aremany biological uses

of phosphate, extending from its role as an inorganic to its multiple involvements as organic

phosphate in both enzymatic and structural proteins as well as in nucleic acids. The

maintenance of calcium and phosphorus homeostasis involves delicate interrelationships

of absorption by intestine, accretion and reabsorption by bone tissue and, finally, urinary

excretion by the kidneys.
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The calcium and phosphate are made available in the plasma – again a delicate balancing

operation occurs, between accretion and mobilization in the bone and excretion by the kidney.

The dietary intake or availability of calcium and phosphorus can diminish or be increased. It is

possible to tip the balance in favor of increased bonemobilization or increased bone accretions

to meet the stringent prerequisite of a constant serum calcium level. Thus the serum calcium

may become elevated through stimulation of bone calcium mobilization or through PTH

stimulation of the tabular reabsorption of Ca in the kidney. The PTH stimulates phosphate

excretion, so that as serum calcium concentration increases there is usually an associated fall in

the plasma phosphate level. In contrast, if serum calcium levels become too elevated, the action

of calcitonin may come into play.

The dynamics of phosphate metabolism are not particularly different from those of calcium.

Some 70% of the phosphate in the diet is absorbed. Absorption of phosphate is interrelated in a

complex fashion with the presence of calcium and can be stimulated by a low calcium diet as

well as vitamin D and its metabolites. The intestinal absorption of phosphate is inhibited by

high dietary calcium levels. Phosphate in the body is also partitioned among threemajor pools:

kidney ultrafiltrate, the readily exchangeable fraction of bone and the intercellular compart-

ment in various soft tissues.

The central consideration of Ca and phosphorus homeostatic is the fact that the endoskeleton

of higher organisms serves two important functions (Cummings et al., 1995): Ametabolic role

concerned with the maintenance of dynamic steady state not only of Ca and P but also of many

other ionic constituents for the body�s extracellular fluids (Kanis et al., 1994). This provides a
mechanical or supportive function to locomotion and protection of the organism. A character-

istic feature of bone that enables it to fulfill both these functions is that the skeleton normally

undergoes a process of continual remodeling throughout life. This remodeling process is

governed by changes in the mechanical stresses on the skeleton as well as by effects of

metabolic regulators.

1.7 Osteoporosis

Osteoporosis is defined mainly according to pathological and anatomical principles and is

considered a clinical entity caused by aging (Pommer, 1885;Albright, Smith and Richardson,

1941). The progressive diminution in bone volume starts at the beginning of adult life

(Atkinson, 1964), is accelerated after middle age and appears to involve, sooner or later,

both trabecular and compact bone. This is identified relating to metabolic bone disease.

Therefore, this type of aging osteoporosis constitutes a major problem and has an immense

social dimension.

Bone is a body of uniform strength and its construction seem to be optimally designed. The

adaptational processes are similar to a feedbackmechanism,which is controlled bymechanical

stress. They concern the remodeling of the tissue as well as the exchange of mineral salts. After

initial formation of bone, the tissue remains very dynamic. During long bone formation certain

areas need to be shaped as the bone continues to grow. Therefore, in modeling, formation and

resorption are separate and may occur at different sites. If the two processes are not coupled, a

drift of the bone can occur, resulting in an eccentric shaft. During growth, modeling occurs

continuously and there is an ultimate net gain of bone via this process (Jee, 1988; Lawrence

and Fowler, 1997; Wasserman, 1984). Modeling and remodeling increases bone strength
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and stiffness by adding bone to areas where deformation (stress gradient) will be the greatest,

the periosteum (Kimmel et al., 1993).

The balance between bone architecture and mechanical loading is a dynamic one, where

bone is constantly resorbed and new bone is formed. In osteoporosis, however, bone is

inadequately maintained, leading to inferior quality of bone architecture and osteopenia

(Kleerekoper et al., 1985; Parfitt, 1984). This is characterized by decreased bone density,which

correlates to a decrease in estrogen levels. In the postmenopausal stage, the production of

follicle steps are the primary source of estrogen. In the absence of estrogen, bone resorption

increases due to an increased number of active osteoclasts. In males the corresponding role is

that of testosterone. In osteoporosis there is a loss of both hydroxyapatite and osteoid

components and bone becomes much thinner and more fragile. It may be that many serious

fractures occur in the vertebrae of osteoporotic patients, resulting at times in a bent-over

posture.

Most workers now agree that aging osteoporosis results from an increased rate of bone

resorption. This can be inferred from the normal rates of bone formation or accretion that most

workers have observed in osteoporosis (Dymling, 1964; Heaney and Whedon, 1958). Jowsey

(1960) demonstrated an increase in the resorbing surfaces of bone in the elderly. Moreover,

Bordier (1964) has shown increased osteoclasis in the iliac crest biopsies of patients with

osteoporosis. The cause of this increased bone resorption is uncertain, but there are two main

hypothesis. The first is that there is a primary change in the bone matrix, which leads to an

inevitable bone breakdown analogous to that occurs in other tissues with age. It has been

pointed out thatwith pathologic osteoporosis the skeleton is, as it were, aging prematurely. This

hypothesis describes certain biochemical (Casuccio, 1962), histologic and biophysical (Little

andKelley, 1962) changes in osteoporotic bone thatmight be interpreted in this sense, aswell as

certain associated skin changes (McConkey et al., 1963).

Many types of genes are involved in bone metabolism. Such genes include those coding for

structural proteins, such as type I collagen and the vitaminD receptor and genes involved in sex

steroid metabolism. These categories of genes and others are referred to as osteoporosis

candidate genes (Gennari andBrandi, 2001). Polymorphismhas been discovered in these genes

and investigations into their associations with a male osteoporotic phenotype is sought

(Melton, 2002).

A loss of bone mass is accompanied by a negative balance of bone remodeling. However,

different parts of the skeleton are not affected to the same degree. The clinical syndrome of

spinal osteoporosis is characterized by the occurrence of nontraumatic vertebrae fractures.

The observation that bone mass in the general population decreases with age has led to

the suggestion that osteoporosis represents an extreme form of the normal aging process

(Newton-John and Morgan, 1968). Therefore, we speak of a deficiency in bone mass in

comparison with a healthy control group of corresponding age and sex, while the quality

of bone substance is normal. According to this definition, the term osteoporosis clearly marks

a pathological condition, which has to be sharply distinguished from physiological bone

loss with increasing age. The age-dependent atrophy is sometimes called physiological

osteoporosis, as opposed to a pathological osteoporosis (McLean and Wrist, 1968). The

breaking strength of bone is linearly related to its mineral content and porosity (Saha, 1977),

hence the measurement of bone mineral content at the actual site of fracture appears to be the

most accurate method of determining fracture risk (Arnold, 1973; Chalmers and Weaver,
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1966). Several methods of quantifying BMC (bone mineral content) of the appendicular

skeleton have been developed (Mazess, 1979). These measurements, however, have not

provided good discrimination between subjects with spinal osteoporosis and age and sex

matched controls (Johnson et al., 1968). Because appendicular bone is predominantly

trabecular, several authors (Nordin, 1971; Mazess, 1979; Wahner, Riggs and Beabout,

1977) have hypothesized that subjects with spinal osteoporosis have lost disproportionately

large amounts of trabecular bone.

1.8 Bone Cells

Cellular dynamics play a major role in natural and stress induced bone remodeling and

consequently are also important in normal and in bone diseases. There are five different type

of cells controlling bonemetabolism, namely, osteoprogenitor, bone lining cells, osteoblasts,

osteocytes and osteoclasts. Hormones growth factors, ion concentrations and nutrition

regulate all five bone cells. Mesenchymal stem cells can also differentiate into bone marrow

cells, which can then differentiate into blood forming cells (Marks and Popoff, 1988;

Lawrence and Fowler, 1997). The role of cell dynamics in bone remodeling and repair of

bone fracture is of major concern (Binderman, Somjen and Shimshoni, 1986; Frost, 1964a).

Bone adapts to changes in its mechanical environment based on the principle of cellular

accommodation. For bone to adapt to a new mechanical loading state, bone cells must have

somememory of their previous state in order to determine that the new state is different and to

respond accordingly (Schriefer et al., 2005). Bone cells process loading information locally

because of poor innervations of bone tissue and, unlikemanymechano receptor cells, they do

not depend on the central nervous system to integrate and distribute information about

mechanical signals. Frost (1983) has proposed that adaptive changes in bone shape occur

when minimum effective strain (MES) thresholds are surpassed. It is assumed that when a

strain threshold is surpassed the sensor cells will gradually accommodate to the new state,

either by cytoskeletal reorganization or by changing the extracellular microenvironment.

Using this definition of cellular accommodation, a set point can be determined simply by

summation of the past history of daily strain stimuli (Turner, 1999). Bone formation (or

resorption) would then be dependent upon the difference between the new strain stimulus and

the ever changing set point. The temporal skeletal adaptive response will depend, to some

extent, upon how the strain history is integrated into cellular memory. It is further assumed

that thememory of the cells previous loading decays exponentially. Lanyon (1992) assumes a

value of the MES that sets the threshold for a response. However, for the cellular response to

be bone specific the MES must vary from bone to bone. Furthermore, the MES is location

dependent within bones. Most long bones are loaded in bending (Bertham and Biewener,

1988), creating a strain gradient across bone section that has a value of zero along the neutral

axis (Figure 1.8c). To avoid excessive bone resorption at the neutral axis, the MES varies

across the bone section.

Each mechanosensitive cell must have some strain threshold above which a mechanical

signal causes a cellular response. It is well known that many cell types, including

osteoblasts, recognize their cytoskeletons in response to a mechanical stimulus. Cytoskel-

etal reorganization in turn changes a cell�s mechanosensitivity, allowing the cells to

accommodate to the strain environment. In addition, cellular mechanosensitivity may be
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altered through reworking the local environment around the cell (Rubin, Judex and

Hodijiargyrou, 2002). Osteocytes are considered to be part of the mechanosensory apparatus

in bone and hence any change in their extracellular microenvironment could affect their

mechanosensitivity. The extracellular environment of osteocytes does not remain constant

as these cells actively form and remove layers of matrix on the surface of their lacunae

(McKee and Nanci, 1996).

In principle, there are four types of functionally distinct cells that are known to play major

roles in bone physiology: mesenchymal cells, osteoclast, osteoblast and osteocyte. Figure 1.9a

and b shows their role in controlling bone dynamics. The mesenchymal cells have an

outstanding capacity for proliferation and are capable of further differentiation into osteoclasts

and osteoblasts (Hall, 1965).

Bone cells respond to mechanical stimuli with various biological signals, and a number of

these signals have been utilized as measures of their responsiveness to oscillatory fluid flow

(OFF) (You et al. 2000, 2001; Kurokouchi et al., 2001). Batra et al. (2005) have reported that

insertion of 10 and 155 rest periods into an OFF profile results in greater [Ca2þ ]I response
magnitudes then those found in cells exposed to continuous OFF. The intracellular calcium

magnitude has been shown to control cell processes in other cell types (Thomas et al., 1996;

Dolmetsch et al., 1997; Berridge et al., 1998; Dolmetsch, 2003).

1.8.1 Osteoblasts

At the bone surface, osteoblasts are recruited from the environment or by reactivation of lining

cells (Chow et al., 1998; Dobnig and Turner, 1995) to form bone in response to the total

stimulus they receive. Bone lining cells cover the surface of bone. They also serve as ion

barriers between the canaliculi and interstitial fluids.Distraction osteogenesis is predominantly

achieved by intramembraneous bone formation that is characterized by direct differentiation of

mesenchymal cells into osteoblasts without the occurrence of cartilage tissues (Aronson

and Harp, 1990; Bizarov et al., 1984). The osteoblast can then secrete matrix, which will

become calcified. This increases the amount of bone in the area. This differs principally from

secondary bone healing where perivascular mesenchymal cells are induced to differentiate

into chondroblasts (Brighton, 1984), and with further development of the callus undergo

endochondral ossification (Schenk, 1992). Mesenchymal stem cells concentrate in the area of

new bone formation and differentiate into osteoblasts. This then increases the amount of bone

in the area.

Osteoblasts, the bone-forming cells, become entrapped in the lacunae and canaliculi and

secrete intracellular bone matrix, known as osteoid. Osteoblasts originate from osteogenic

lineage and secrete minerals, the amorphous ground substance osteocalcin, osteonectin, water

and type I collagen into the matrix; osteoblasts have rough endoplasmic reticulum. Osteo-

blasts surround themselves with osteoid, mature into osteocytes and reside in the lacunae till

death (Jee, 1988; Lawrence and Fowler, 1997). Osteoblasts make all the proteins and

carbohydrates in osteoid and secrete them to form a gel in the extracellular environment

around the cell.

Osteoblasts are derived from stromal stem cells (fibroblast colon forming units, F-CFU) that

differentiate into osteoprogenitor cells. The same stem cells can also give rise to fibroblasts,

endothelial cells or adipocytes. In more mature bone, osteoprogenitor cells are present at the

periosteum and stem cells are present in bone marrow. The number of stromal stem cells in the
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bone marrow decreases with age, while the number of adipocytes increases. The osteopro-

genitor cells may differentiate into chondrocytes or osteoblasts depending to a large degree on

the environmental conditions. In regions with a good blood supply (via the presence of

capillaries) the development of osteoblasts is promoted,whereas in regions of inadequate blood

supply differentiation into chondrocytes takes place.

1.8.2 Osteoblast Differentiation

Studies of the pathophysiology and genetics of skeletal cell differentiation have provided

insight into the mechanism by which osteoblasts arise from mesenchymal precursors and

osteoclasts arise from hematopoietic precursors (Ducy et al., 1997; Karsenty and Wagner,

2002; Karsenty, 2003). The differentiation of osteoblasts is controlled by the transcription

factor Runx2 and also the transcription factor osterix, which functions downstream of

Runx2 (Karsenty and Wagner, 2002; Nakashima et al., 2002). In the absence of either

Runx2 or osterix, no osteoblasts are formed. Mice and humans that carry only a single copy

of Runx2 have abnormalities that are specific to certain bones rather than the entire

skeleton. Overexpression of Runx2 leads to a decrease in bone mass (Geoffroy et al., 2002).

A role for polymorphism of these transcription factors in osteoporosis has not yet been

identified.

LRP5 (low density lipoprotein receptor-related protein 5) deficiencies lead to the develop-

ment of osteoporosis in both mice and human (Gong et al., 2001; Kato et al., 2002) and also to

chronic inflammatory disorders (Raisz, 2003). There are also suggestions that some of

the anabolic effects of parathyroid hormone (PTH) are exerted through suppression of

Dickkopf1 expression (Guo, Bringhurst and Kronenberg, 2004). Mutations in human LRP5

that interferewith the Dickkopf1 inhibition are suggested to cause a high bonemass phenotype

(Boyden et al., 2002).

The function of mature osteoblasts, including the ability to synthesize extracellular

matrix proteins, also requires LRP5 as well as the signaling protein ATF4 (Yang et al.,

2004) and bone morphogenetic proteins (BMPs). Members of a family of secreted growth

factors provide important tissue specific signals to preosteoblasts that are essential for full

osteogenic differentiation (Chen, Zhao and Mundy, 2004; Mundy, 2002). Thus, it has been

possible to use a reporter system driven by the BMP-2 promoter to screen a set of chemical

compounds and natural products for potential bone anabolic agents (Mundy, 2002).

There is evidence for interactions among the possible pathways (Mbalaviele et al., 2005;

Yang et al., 2004).

A changing pattern of cell adhesionmolecules (CAMs) expressionmay also characterize the

aging process at the tissue level. One can speculate that age-related changes in the type and/or

amount of CAM expressed may impair cell–cell communication, either directly or through

abnormal expression of connexins. Cell–cell communication is necessary tomaintain thework

of osteoblasts synchronous within basic multicellular units. An improper signal exchange may

cause the remodeling units to become asynchronous. This may disrupt or slow down bone

turnover. Ultimately, age-related abnormalities in the expression of CAMs and/or connexins

may impair the ability of osteoblasts precursors to differentiate, with a consequent decrease in

osteoblast number. This is a commonly accepted cause and phenomena in osteoporosis. This

phenomena of aging on the skeletal tissuemay lead to decreased bone formation. Additionally,

because cell–cell contact and communication may be required for osteoclast development
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(Suda, Takahashi andMartin, 1992), abnormal expression of CAMsmay also lead to decreased

osteoclast activity and translate into reduced activation frequency of the remodeling cycle at

the tissue level.

The identification of the critical role for the Wnt signaling pathway in regulating osteoblast

function is of particular interest. It plays an important role in determining bone mass and

strength (Little et al., 2002; Boyden et al., 2002; Van Wesenbreeck et al., 2003; Gong et al.,

2001). LDL receptor related protein 5 (LRP5) interacts with the frizzled receptor to transduce

signaling byWint ligands. Amutation of LRP5 that leads to constitutive inactivation can result

in an increase in bone density (Little et al., 2002; Boyden et al., 2002). Another key predictor is

the rate of bone remodeling, increased rates of osteoclastic bone resorption, measured by the

level of collagen breakdown products, and increased bone formation, measured by bone-

specific alkaline phosphatase and osteocalcin. Procollagen peptide levels are also associated

with an increase in risk of bone loss and fragility fractures.

1.8.3 Osteoclast

Osteoclasts are identified as multinucleated cells that can move about in tissue, are physiolog-

ically specialized, do not undergo cell division and are considered the daughter cells of a

mesenchymal cell (Frost, 1963). They are monocyte-macrophase derivatives that are respon-

sible for degrading bone, and are derived from preosteoclasts in the bone marrow. Active

osteoclasts cells are usually found in resorption pits or Howship�s lacunae. Their specialized
role is central to the process that continuously removes and replaces segments of the skeleton in

the higher vertebrates. Osteoclasts allow skeletal mineral to be used to manage extracellular

calcium activity. This allows solid skeletal structure to be replaced by hollow architecture that

has a superior strength-to-weight ratio. Osteoclasts tend to dissolve bone mineral by acid

secretion and secrete specialized proteinases that in turn degrade the organic matrix, mainly

type I collagen. Osteoclastic differentiation is normally balancedwith bone formation,which is

a function of stromal cell-derived osteoblasts. Interactions between osteoclast precursors and

bone-forming cells are believed to control osteoclast differentiation undermost circumstances,

preserving bone architecture over many cycles of bone replacement. The junction of osteoclast

and bone forms a ruffled border, which forms an impermeablemicroenvironment and enhances

resorption.

Osteoclasts are assumed to be recruited by osteocyte apoptosis due to microdamage or

possibly cracks (Bronckers et al., 1996; Noble et al., 1997; Parfitt et al., 1983; Verborgt,

Gibson and Schaffler, 2000). Ruimerman et al. (2005) assumed that, due to daily loading

conditions, microcracks and damage occur at spatially random locations, occurring any-

where at any time. This describes the coupling between formation and resorption as an effect

of mechanical stress transfer. Regulatory biomechanical factors related to this are still to be

elucidated.

Osteoclasts are apparently giant cells with the ability to resorb mineralized tissue (Katagiri

and Takahashi, 2002; Suda et al., 1999). They evolve out of the fusion of mononuclear cells of

exterosseal origin (Suda et al., 1999). The osteoclast initials bone resorption by demineralizing

the bone (Remedios, 1999). Osteoclasts appear only rarely in intact adults bone tissue

(Miyamoto and Suda, 2003). However, areas with high bone turnover are characterized by

an increasing number of osteoclasts. This regularly occurs in growth plates of juvenile bones

but is especially pronounced in bone fractures.
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The bone resorbing osteoclasts participate in bone healing. The osteoclasts are drawn to a

resorption area by signals sent by osteoblasts (Bonewald, 2002). Osteoclasts are always found

at or near the bone surface (Amling and Delling, 1996). In contrast to osteoblasts, which are

densely populated and normally appear in layers on the bone surface, osteoclasts resorb

misaligned or redundant bone tissue during bone healing (Cruess and Dumont, 1975). A single

osteoclast can resorb the amount of mineralized tissue synthesized by 100 osteoblasts

(Remedios, 1999).

1.8.4 Osteoclast Differentiation

Osteoclast differentiation requires the binding of macrophage colony-stimulating factor to its

receptor as well as the binding of the soluble differentiation factor receptor activator of NFB

ligand (RANKL) to its receptor (RANK) on osteoclast precursor cells (Teitelbaum and Ross,

2003). This process is also regulated by a secreted decoy receptor of RANKL, osteoprotegerin

(OPG),which functions as a paracrine inhibitor of osteoclast formation (Udagawa et al., 2000).

Osteoprotegerin, originally identified as a novel secreted member of the TNFR super family,

was later found to inhibit spontaneous or induced bone resorption and cause osteopetrosis (the

converse of osteoporosis). Osteoprotegerin acts as a decoy receptor that binds to RANKL and

prevents it from interacting with its receptor RANKL and osteoprotegerin, which are both

produced by osteoblasts at different stages of maturity (Gori et al., 2000), thereby accounting

for some of the signals in osteoblast–osteoclast communication. In conjunction with macro-

phage colony-stimulating factor, the RANK-RANKL-osteoprotegerin system regulates oste-

oclast differentiation. Thus, mice and humans deficient in osteoprotegerin have a high rate of

bone loss (Whyte et al., 2002). As in other high turnover states, anti-resorptive agents can still

reduce both bone formation and resorption and compensate for osteoprotegerin deficiency. The

mechanism of how the signal(s) couples resorption and formation remains elusive, although

several anabolic ligands, such as BMPs and TGF, are stored in bonematrix as one is formed and

are released at the sites of bone resorption and can thus act on osteoblasts and precursors in the

vicinity. Signals from osteoblasts to osteoclasts can be provided by RANKL and osteopro-

tegerin. In this case preosteoblasts express a high level of RANKL relative to osteoprotegerin,

which stimulates osteoclast differentiation and function. More mature osteoblasts, by contrast,

express high levels of osteoprotegerin relative to RANKL, which inhibits osteoclast differen-

tiation and function (Boyden et al., 2002). The production of RANKL andOPG is regulated by

agents that signal through CAMP, the vitamin D receptor (VDR) and gp130 (Suda et al., 1999;

Boyle et al., 2003). RANKL produced by cells of the osteoblast lineage binds to its receptor.

The precise nature of the mechanism by which osteocytes translate mechanical signals into

bone formation stimuli is still unknown. Ruimerman et al. (2005) have used the strain energy

density (SED) rate as the relevant osteocyte signal (Figure 1.10). That alternative choices of the

osteocyte stimulus signal may affect the results considerably is obvious as the precise

distribution of the mechanical signals throughout the structure can differ significantly.

The osteoclast can transform into an osteoblast and vice versa (Frost, 1963) (Figure 1.11).

The osteocyte has been referred to as the inhabiting cell of formed bones. Coupled with the

bone formation process is osteoclastic activity on the innermost surface of the cortical bone.

This results in an increased diameter of the diaphyses, without altering thewidth of the cortical

bone (Wasserman, 1984).
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It can thus be said that stresses applied from time to timeplay a definite role in the development

of bone. Basically, these induce an electrical activity that is sensed as a command signal by cells

or their environment that then respond accordingly. However, the nature of the command signal

remains to be understood. Elevated external loads increase trabecular thickness (Jee et al., 1990;

Li, Luidier and Schaffler, 2003) and reduced loads cause trabecular thinning and loss of

connectivity (Mosekilde, 1990). Evidently, bone is a part of system controlled by feedback from

the applied stresses. The intrinsic and extrinsic control mechanism in bones, based on the

generation of piezoelectric changes emanating from changes in pressures on or movements of

crystals, remains, therefore, an attractive point of investigation. As an extrapolation of this,

experimental and theoretical studies have shown that bone cells residing in intact matrixmay be

activated to initiate bone adaptation processes by interstitial fluid flow through the lacuno-

canalicular network (Weinbaum et al., 1994; Cowin et al., 1995; Knothe Tate et al., 2000).

During life, bones adapt their mass and structure to the average prevailingmechanical loads,

to resist mechanical failure with a minimum of material expense. It is presently believed that

this process of adaptation is governed by osteocytes, which respond to the loading induced flow

of interstitial fluid through the lacuno-canalicular network (Burger and Klein-Nulend, 1999).

When bones are loaded, the resulting deformation will drive the thin layer of interstitial fluid

surrounding the network of osteocytes within the calcified bone matrix to flow from regions

under high pressure to regions under low pressure (Piekarski and Munro, 1977; Weinbaum

et al., 1994). The loading-induced movement of labeled molecules demonstrates fluid flow in

mechanical signals 

Stimuli to recruit 
osteoblast 

OBL 

Figure 1.11 Aschematic diagramofOsteocytes recruiting osteoblasts cells. (Adapted fromRuimerman

et al., 2005)
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the mineralized matrix of bone both in vivo (Knothe Tate, Niederer and Knothe, 1998) and in

ex vivo (Knothe Tate andKnothe, 2000; Klein-Nulend et al., 1995a, 1995b). Osteocytes, and to

a lesser extent also osteoblasts, respond to fluid flow stimulation in vitro (biochemical

messengers) that is transduced through the canalicular network to the trabecular surface

(Bacabac et al., 2004; Bakker et al., 2001; Chen et al., 2000; Frangos and Johnson, 1995;

Jacobs et al., 1998; Johnson, McAllister and Frangos, 1996; Klein-Nulend et al., 1995a,

1995b, 1995c; Burger and Klein-Nulend, 1999; Cowin, Moss-Salentijn and Moss, 1991;

Knothe Tate et al., 2002;Martin, 2000;Mullender and Huiskes, 1995; Nicolella and Lankford,

2002; Skerry et al., 1989; Ruimerman et al., 2005).

Osteoblasts are sensitive to fluid shear stress (Bakker et al., 2001; Jacobs et al., 1998) rather

than to a streaming potential mediated by the transport of ions with the flow (Bakker et al.,

2001; Hung et al., 1996). Bone cells are also more responsive to shear stress by fluid flow

stimulation than to direct mechanical strain by substrate stretching (Mullender et al., 2003;

Owan et al., 1997; Smalt et al., 1997). Bone cells respond to fluid flow with increased nitric

oxide (NO) and prostaglandin E2 production, which are essential for the induction of new

bone formation in relation to mechanical loading in vivo (Forwood, 1996; Turner et al., 1996).

In particular, MC3T3-EI osteoblastic cells produce NO in response to fluid shear stress in a

rate-dependent manner (Bakker et al., 2001). However, how bone cell sensitivity is modulated

by the various flow parameters (amplitude, frequency, duration, etc.) is yet to be fully

understood. It is suggestive that, as an alternative pathway, mechanical loading induces fluid

flow due to the cyclic nature of the applied loads in vivo. This indicates that flow through the

canalicular network is the actual trigger for metabolism (Burger and Klein-Nulend, 1999).

Osteocytes are stimulated by a relatively small fluid shear stress acting on the membranes of

their osteocytic processes (Weinbaum et al., 1994). These authors have shown that in the

physiological frequency range (1–20Hz), associated with either locomotion (1–2Hz) or

the maintenance of posture (15–20Hz), the fluid shear stress is nearly proportional to the

product of frequency and strain. The impact of loosing osteocytes in bone may be enormous

(Parfitt, 1993). In human bone, osteocyte cell death can occur in association with age and both

osteoporosis and osteoarthritis, leading to increased bone fragility (Dunstan et al., 1990;

Dunstan, Somers and Evans, 1993; Frost, 1960).

Several in vivo studies have shown that bone can recover its responsiveness and can respond

to mechanical stimuli with the same magnitude as earlier exposures to loading with the

insertion of an appropriate length of rest periods (Forwood et al., 1996; Robling et al., 2000).

Modulating loading parameters such as duration andmagnitudemay be a key factor in allowing

bone to recover its mechanosensitivity. Understanding the mechanism required to restore

mechanosensitivity in bone will be important for optimizing the osteogenic potential of

mechanically induced bone formation. Robling et al. (2000) found, in a four-point bending

model of rat tibia, that the insertion of a recovery period between loading cycles led to

significantly higher relative bone formation rates than with continuously loaded limbs.

Srinivasan et al. (2002) found that although continuous low magnitude loading is a non-

osteogenic stimulus, the insertion of a 10s rest period between each loading cycle results in a

potent anabolic response. These studies show that the introduction of short-term recovery

periods, introduced into mechanical loading regiments in vivo, can have an osteogenetic

effect at the tissue level. This corresponds to the fact that static loading (or approximating to

that) has an effect on bone behavior. However, the cell–cell response to this loading pattern
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remains to be fully understood (Batra et al., 2005). The quantum difference in the effect

between the dynamic and near static loading on osteogenesismay be important to examine: if it

resets the modeling pattern.

Ramnaraine, Pan and Clonisy (2006) found that treatment of NCD (cytosine deaminase

fusion gene) transduced osteoclasts can promote killing of cancer cells. This introduces the

possibility of developing osteoclast based treatment of primary bone cancers and breast

cancers.

1.8.5 The Osteocytes

Osteocytes are mature bone cells that have many long cytoplasmic branches projecting from

the main body (Figure 1.7a). Osteocytes are cells of osteoblast lineage that reside within the

lacunae in the bone matrix. They communicate with each other and with the bone surface via

cellular processes extending through canaliculi. While the genetic influence may dictate the

general structural plan of bone but the environmental influence and growth modify it

significantly. The osteocytes have a round cell body and many long fine extensions for

cytoplasmic processes. Many types of osteocytes exist in the different parts of the bone matrix.

Theymay vary in geometry and cytoplasmic detail as well as in the regularity and density with

which they are placed in the matrix. Their main functional role is to facilitate the exchange of

materials between tissue fluids and the bone matrix. In the normal adult skeleton, a balance

exists between bone resorption and bone formation. The osteoclastic and osteoblastic activity

cause a continuous turnover in the bone tissue but not an appreciable change in bone mass or a

significant change in bone tissue structure. In a pathological case (e.g., osteoporosis), these

activities become unbalanced and one of the processes dominates (resorption) and in turn

causes a change in the bone structure.

1.8.6 Mathematical Formulation

The interrelationship of bone cell types and a summary of the theoretical formulation can be

illustrated with a regulation scheme. Mathematical equations are introduced to quantify the

relationship (Huiskes et al., 2000; Ruimerman et al., 2001). The change in bone mass at a

particular trabecular surface location x at time t is determined by:

dmtotðx; tÞ
dt

¼ dmblðx; tÞ
dt

� dmclðx; tÞ
dt

ð1:1Þ

with osteoblast bone formation, dmbl(x,t)/dt, and osteoclast bone resorption, dmcl(x,t)/dt.

Osteoblast activity at the trabecular surface is controlled by osteocyte bone formation

stimuli. For a total stimulus P (molmm�2 day�1) that exceeds a certain threshold value,

ktr(molmm�2 day�1), the osteoblast tissue formation rate becomes:

dmblðx; tÞ
dt

¼ t Pðx; tÞ�Ktr½ � ð1:2Þ

where t (mm5mol�1) is a proportionality factor that regulates the formation rate relative to the

formation stimulus. All osteocytes N within the influence region contribute to the bone
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formation stimulus P on trabecular surface to cation X, depending on their mechanosensitivity

mi, their distance d to surface location x and the signalR (SED rate) the osteocytes sense in their

location xi; hence:

Pðx; tÞ ¼
XN

i¼1

f ðx; xiÞmiRðx; tÞ; with

f ðx; xiÞ ¼ e� dðx;xiÞ=D
ð1:3Þ

where f(x,xi) is an exponential function that describes the signal intensity relative to distance d

and a decay parameter D.

The overall osteoclast bone resorption is described by:

dmclðx; tÞ
dt

� rcl ð1:4Þ

where rcl (mm3 day�1) represents a stochastic function that describes that portions of tissue are

removed randomly from the surface.

Bone essentially receives all its nutrition via its extensive vascular system and when blood

flow ceases the osteocytes entrapped in their calcifiedmatrix rapidly die. Nutrients move to the

osteocytes through the canaliculi by diffusion from the Haversian canals. Fluid flow through

the canaliculi is not very efficient but osteocytes may bewithin 0.1–0.2mm of blood vessel for

adequate nutrition.

Examined in this way bone behaves like a dynamic structure in which the structural

elements and the overall architectural plans are being continuously modified by proper cells,

proper stimulations and proper nutrition. Bone undergoes substantial changes in structure,

shape and composition according to the mechanical and physiological environment. Bone

adaptability allows for efficient repair, which in turn helps to prevent fractures. Bone

adaptation to mechanical loading depends on the duration and magnitude of the applied

loads (Rubin and Lanyon, 1984; Forwood and Turner, 1994; Forwood et al., 1996). However,

application of continuous dynamic mechanical loads in vivo in animal models suggests that

the osteogenic response of bone saturates with continued long-term mechanical loading

(Turner et al., 1994; Umemura et al., 1997; Turner, 1998). However, the mechanisms behind

bone�s osteogenic saturation in bone to loading are not well understood. Bone as living tissue
consists of cells (e.g., osteoblasts, osteoclasts and osteocytes) and their products, the

extracellular substance (Hancox, 1972), and the cells that produce it belong to the connective

series. The activity observed during the formation of bone is carried out by osteoblasts and is

known as �osteogenic activity.� The osteogenic cells have the capacity to change their

function – the name given to a cell depends on its activity at that time (Little, 1973).

Osteoblasts are the differentiated mesenchymal cells that produce bone, and are created at the

periosteum layer or stromal tissue of bone marrow. Bone lining cells are inactive osteoblasts,

remain on the surface when bone formation stops and can be reactivated in response to

chemical and/or mechanical (electrical) stimuli (Miller and Jee, 1992). Like bone lining cells,

osteocytes are former osteoblasts and are buried in the bone matrix and are located in lacunae

(Figure 1.11) and communicate with other cells via canaliculi (Figure 1.7a and b). Look at in

this way, matrix disruption may be expected to directly injure osteocytes, disrupting their

attachments to bone matrix. This intervention is expected to interfere with their communi-
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cation through canaliculi or alter their metabolic exchange. Fatigue micro damage may

therefore create a situation resembling disuse at the level of the osteocyte cell body and

lead to bone remodeling. These are responsible for the maintenance of bone, as a living

tissue.

The presence of nerve terminals in bone is well established (Chenu, 2002), and the inter-

actions between neurons and bone cells have come under intense study (Spencer, Hitchcoek and

Genever, 2004; Chenu, 2002; Madsen et al., 1996; Kingery et al., 2003; Suyama et al., 2003).

Bone cells express a wide range of neurotransmitter receptors and transporters. This includes

glutamate, g-aminobutyric acid, purines, pyrimidines, (S)-hydroxytryptamine, catecholamines

and neuropeptides (Chenu, 2002).

Intramembranous growth occurs on bone surfaces or �in membrane� such as under the

periosteum of long and flat bones. There are two forms of bone growth – endochondral and

intramembranous ossification. The compound (bone or cartilage) that provides the starting

material for bone formation characterizes each of these forms of osteogenesis. Endochondral

ossification indicates growth occurring in the cartilage, which is made up of chondrocytes and

occurs in long bones at the growth plate. The growth plate is composed of zones. The first

zone, known as the resting zone, is near the epiphysis of the bone and is made up of hyaline

cartilage formed by chondrocytes. Although the exact function of this zone is unclear,

chondrocytes are the likely recruit into the maturation process during growth. The hypertro-

phic zone begins when chondrocytes differentiate. Finally, in the zone of calcification,

terminally differentiated chondrocytes, near the metaphysis, begin to lay down mineral into

the matrix (Jee, 1988). The chondrocytes in this region undergo apoptosis. Endothelial and

phagocytic cells initiate vascularization in the empty lacunae (Jacobson, Weil and Raff,

1997). In the chondro-osseous function, where calcification and chondrocyte cell death have

begun, the marrow begins to form the primary spongiosa. In this region, osteoblast and

surrounding matrix of the woven bone continue to release osteoid. Additionally, the marrow

carries osteoclasts and resorbs the bone. This synergistic effect of formation and resorption

helps to shape the long bone.

1.9 Bone Remodeling

The growth and development of bone to a stage of maturity is controlled by the combination of

intrinsic and extrinsic forces. The mass and architecture in bones are governed, to some extent,

by adaptive mechanisms sensitive to their mechanical environment.

The idea thatmechanical forces shaped thearchitectureof the skeletonemerged in theworkof

Roux (1905) and Meyer (1967). However, Wolff (1892) stated that when bone is bent under a

mechanical load itmodifies its structure soas to resist externalpressurebybonyapposition in the

concavityandby resorption in theconvexity.Supportedbymuchexperimentaldata, the idea that

mechanical stresses affect the form of bone is now generally accepted (Thompson, 1917;

Frost,1964b, 1964c). A reduction in bone formation (Wronski and Morey, 1983; Shaw et al.,

1988;MoreyandBaylink, 1978),mineral content (Vico etal., 1987;Rambout andGoode,1985;

Russell and Simmons, 1985; Turner et al., 1985; Cann and Adachi, 1983), and bone matrix

protein production (Patterson-Buckendahl et al., 1985) result from the skeletal unweighting

associated with spaceflight. Conversely, increased skeletal loading through exercise has been

shown to increase bone mass (Bassey and Ramsdale, 1994; Smith and Gilligan, 1990; Eisman

et al., 1990) and retard bone loss caused by postmenopausal osteoporosis (Krolner et al., 1983;
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Simkin, Ayalon and Leichter, 1987; Prince et al., 1991; Chesnut, 1993). Figure 1.12 shows a

sequence of bone mechanical stimuli leading to consequent bone remodeling.

The general hypothesis is that animals that experience higher levels of load-bearing activity

are predicted to have larger articular surface areas (ASAs) relative to the body mass. This may

be summarized in the modified Wolff�s law as:

The form of a bone being given, the bone elements place or displace themselves in the direction of

functional forces and increase or decrease their mass to reflect the amount of functional forces

(Figure 1.1).

The results indicate that the effects of mechanical loading from moderate exercise are not

only complex but also differ substantially in diaphyses and the subchondral articular surfaces of

epiphyses (Lieberman, Devlin and Pearson, 2001). Bone is not homogenous, both morpho-

logically and mechanically, but interestingly inhomogeneities do not disturb the functional

adaptation (Bennok, 1972). On the contrary, they contribute towards it. Most experiments and

theory on bone adaptation are concerned with the size and shape of the bone. This is termed

modeling and is probably produced by uncoordinated activity of bone cells. In contrast,
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Figure 1.12 A schematic presentation of broad steps in Broad steps in bone growth, development and in

remodeling
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�remodeling� occurs in cancellous bone, in which osteoclasts and osteoblasts work together in
coordinated sequence to replace bone (Figure 1.9b). This leaves the total amount of bone

unaltered, in the from of secondary osteons (Haversian systems). There has been much less

concern about the adaptations that bone may have, in particular there has been little

consideration of whether hard bone material properties may be related to the loads falling

on the bone (Currey, 2003). The mechanical properties of whole bones depend both on the

material properties of the bone and the architecture of the whole bone. There may be adaptive

links between these two features. This feature is better seen during growth: the material

properties of bone can change in synergywith the architecture as the function of the bone either

changes or is about to change. In this case the material properties are determined over a long,

evolutionary, time, while the architecture of the bones may also respond to the strains in the

bone over a correspondingly short period.

Bone remodeling can conserve and reduce bone strength and mass but does not increase the

same. Remodeling process achieves three goals (Burn, 2002). First it provides a way for the

body to alter the balance of essential minerals by increasing or decreasing the concentration of

these in serum. Second it provides a mechanism for the skeleton to adopt to its mechanical

environment, reducing the risk for fracture and increasing the organisms chances for passing its

genes to the next generation. Third, it provides a mechanism to repair damage created in bone

by repetitive cycles of mechanical loading. The mechanical properties of bone are a result of a

compromise between the need for certain stiffness and the need for enough ductility to absorb

impacts. Bone undergoes substantial changes in structure, shape and composition according to

the mechanical and physiological environment.

It is nowwidely accepted that bone remodeling is the mechanism of bone replacement in the

vertebrate skeleton. One of the primary reasons for replacement is the functional capacity of

bone, which in someway is compromised if it is allowed to become too old (Parfitt, 2001). The

remodeling process arranges a given amount of calcified material to support the naturally

occurring loads with the largest possible safety factor. The remodeling apparatus can

accommodate circadian fluctuations in calcium balance (Parfitt, 1993) and can also cater to

a temporary need for additional calcium lasting for a few months (Parfitt, 1981) and

accomplishes slow thickening of trabeculae during growth (Parfitt, 2000). This also entails

slow elimination of surplus bone in response to the age related decline in physical activity

(Parfitt, 1990). Frost�s mechanostat theory is unique in its distinction between modeling and

remodeling processes, the threshold for activating lamellar or woven bone formation and its

application to the etiology of osteopenia and osteoporosis. Frost (1987) suggested that certain

hormones and biochemical agents might overcome this mechanical setting of bone to alter the

boundaries of the pathological window. This allows normal mechanical usage to increase bone

mass and bone strength in a significant manner.

Modeling can increase bone �mass� and hence its strength. It increases these when bone

strains equal or exceed a threshold range. Formation and resorption drifts use osteoblasts and

osteoclasts, respectively, to determine the cross sectional shape and size of bones and trabeculae

and their longitudinal shapes and to increase their strength and mass. The modeling is best in

evidence during growth and slows down on attainment of adulthood. If strain is greater than a

particular threshold the modeling takes place otherwise it does not:

Strain <Threshold < off
Strain >Threshold > on
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Bone that is strong enough to keep strains from reaching or exceeding the threshold would

satisfy the above criterion (Frost, 1997). Peak bone strains from voluntary activities should be

larger in growing subjects than in adults. These range between 2000 and 4000 microstrain in

most growing subjects, but between 800 and 1300 microstrain in most adults (Frost, 1997)

(Figure 1.13).

The mechanisms by which the mechanostat works are not fully understood; however, they

require some form of cellular mechanotransduction. Mechanotransduction, or the conversion

of a biophysical force into a cellular response, is an essential mechanism for a wide variety of

physiological functions that allow living organisms to respond to themechanical environment.

Mechanotransduction in bone necessarily includes four distinct phases: (i) mechanocoupling,

the transduction of mechanical force applied to the bone into a local mechanical signal

perceived by a sensor cell; (ii) biochemical coupling, the transduction of a local mechanical

signal into a biochemical signal and, ultimately, gene expression; (iii) transmission of signal

from the sensor cell to the effecter cell, that is, the cell that will actually form or remove bone;

and (iv) the effecter cell response, the final tissue level response. on the basis of mehano-

transduction mechanics, forms the model for bone adaptation.

Bone remodeling is essentially a surface based event – themetabolic activity of cancellous

bone is tenfold greater than at the cortical sites. At any given instant, approximately 10–15%

of the bone surface is undergoing remodeling, the remaining surface being relatively

quiescent. In the stage of dynamic equilibrium the process of calcium resorption (5mmol)

and new matrix formation are equal, as in the case of healthy adults (normal bone).

Mineralization of bone occurs after matrix production and hence the skeletal demands for

calcium are governed by the rate of matrix synthesis. This is consistent with clinical findings

that severe calcium deficiency is associated with severe osteomalacia, but not with the

formation of new bone. There is evidence that low calcium diets decrease formation in

growing rats, but in adults most evidence suggests that calcium deficiency increases bone

formation by increasing the turnover of bone. This is suggestive that, under normal

Bone Dynamics at different stages of strain 
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Disuse                       Physiological                     Overuse                         Pathological

Region                                                                       Overload
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Increased                                                             Increased modeling  
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Figure 1.13 Mechanostat theory according to Burr andMartin (1992). In the disuse window (I), strains

are low and bone is lost due to increased remodeling. In the normal physiologicalwindow, bone is at a state

of normal turnover and bone equilibrium is maintained (II). In overuse (III), bone formation exceeds

resorption. The site depends upon strain. This causes laying down of woven bone (IV)
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conditions, the skeletal requirement of calcium is governed by the rate of matrix synthesis

rather than by the availability of calcium.

From Wolff�s law it can be easily extrapolated that living cells are constantly subjected to

mechanical stimulations arising from the external environment, mechanical properties of bone

and internal physiological conditions (Figure 1.14). Depending on the magnitude, direction

and distribution of thesemechanical stimuli, cells can respond invariousways. Themechanism

bywhich themechanical signal is translated into biological and chemical responses in a cell is a

matter of continuing investigation (Wang, Liu and Shiau, 1993; Ingber, 2003) Apart from

mechanical loads induced within or outside the body many chemicals also affect the

mechanical properties of living cells. In turn, the mechanical properties of individual cells

can control the structural integrity of the whole tissue. This may arise from the mechanical

interactions between cells and the surrounding extracellular matrix (Wakatsuki et al., 2000).

On the other hand, mechanical loads exerted at the tissue level are possibly transmitted to

individual cells and can influence their physiological functions (Guilak, Ratcliffe and Mow,

1995; Guilak and Mow, 2000).

The remodeling process is not performed by each cell but by group of cells functioning as

organized unit, which are named �basicmulticultural units� (BMU) (Frost, 1963). Theyoperate

on bone periosteum, endosteum, trabecular surfaces and cortical bone, replacing old bonewith

new bone in discrete packets. The cycle of remodeling stages may be described as:

Activation!Resorption!Reversal! Formation!Quiescence

Upon activation of bone surface, osteoclasts are recruited from the bone marrow andmigrate to

the site of activation, where they remove mineral and matrix in the resorption period

Osteoclast

Osteoblastic
Stromal cell

Osteoblast
precursor

Hematopoietic
stem cell

Mesenchymal
stem cell

Osteoblast
Osteocytes

Activation Resorption Reversal Formation 

Tlymphiocyte

Lining cells

Figure 1.14 BMUwith possible estrogen action. Bone remodeling on the surface of trabecular bones is

illustrated (Raisz, 2005). (Reproduced with permission from Lawrence G. Raisz, Pathogenesis of

osteoporosis: concepts, conflicts, and prospects, Journal of Clinical Investigation, 115(12),

3318–3325 �2005, The American Society for Clinical Investigation)
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(Figure 1.15). The reversal phase is characterized by the repression of osteoclastic activity and

deposition of cement into the resorption cavity. Finally, new bone formation begins with matrix

formation and sequential mineralization. Once this cycle is completed the surface of the bone

will return to the quiescence level (Parfitt, 1984). The site of resorption and formation,where the

remodeling occurs, is referred to as the bone remodeling unit. Furthermore, this turnover cycle is

usually completed in about four months. Trabecular bone remodeling occurs on the surface,

while cortical bone remodeling occurs by osteoblastic apposition occurring during Haversian

canal formation (Jee, 1988). Initiation of the remodeling cycle begins with activation of

osteoprogenitor cells in a localized area in bone. The stimulus produces mitotic division in

the precursor cells, producing osteoclasts that gradually resorb bone. After resorption subsides,

the reversal phase begins. New osteoblasts appear and lay down similar amounts of bone as

previously resorbed. On the completion of the cycle, cellular activity returns to its resting state,

leaving the remaining osteoblasts as inactive lining cells or surface osteocytes.

The process from activation to quiescence involves the disappearance of bone lining cells

and their replacement by osteoclasts that generate resorption lacunae on the endosteal surface

of bone over a 2–4-week interval. The resorption phase is then terminated, probably by

osteoclast apoptosis and, after a brief reversal phase, osteoblasts are recruited that fill in the

resorption cavity with new bone (Riggs, Khosla and Melton, 2002). The net result, the

replacement of a packet of old bone with new bone, may be due to electrostimulation,

mechanical stimulus, hormonal changes (estrogen deprivation or in response to endogenous

parathyroid hormone uses), cytokine stimulation, growth hormone surges, glucocorticoid

excess or changes in serum calcium level, and may be a combination of some of these.
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Figure 1.15 Living cells subjected tomechanical stimulations and their broad response. (Adopted from

Lin et al., 2006)
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Bone formed by modeling during the growth phase tends to be structurally inferior to the

bone that is formed during remodeling. Additionally, adult bone tends to change over time,

becoming damaged by microfractures as a result of loading or reduction in quality as it ages.

For these reasons remodeling is an important mechanism adopted by the body to replace and

repair bone. Remodeling is a different process than modeling, whereby formation and

resorption events are coupled and isolated to the same location. Remodeling occurs to replace

the Haversian systems upon their demise and to respond to altered stress and strains placed on

the bone (Jee, 1988; Lawrence and Fowler, 1997; Wasserman, 1984; Lanyon, 1994).

There are three types of strain: tensile, compressive and shear. The cells that make bone up

undergo these strains with normal use. Therefore, loaded bones must adapt by continually

altering their shape and architecture (Lanyon, 1994). This is also in the spirit of theWolff�s law.
Remodeling may strengthen bone by replacing damaged areas caused by strain, without

altering bone mass (Kimmel et al., 1993). Remodeling can also occur during times of disuse

and acts to decrease the total amount of bone present, thereby decreasing the strength of bone.

The bone remodeling cycle begins with the activation of resting osteoblasts on the surface of

bone and stromal cells in the marrow. This is followed by a cascade of signals to osteoclasts

designed to stimulate the recruitment and differentiation of these multinucleated cells from

hemoietic stem cells. After osteoclast-induced bone resorption, matrix components such as

transforming growth factor-beta (TGF-b) and insulin-like growth factor-1 (IGF-I), as well as
collagen and osteocalcin, are released into themicro-environment. The growth factors released

by resorption contribute to the recruitment of new osteoblasts to the bone surface, which begin

the process of collagen synthesis and biomineralization. In healthy adults, as many as two

million remodeling sites may be active at any given time, and it is estimated that nearly one

quarter of all cancellous bone is remodeled each year. In general, resorption takes only

10–13 days, while formation is a comparatively longer process, taking upwards of 3 months.

In an ideal equilibrium situation the amount of bone resorbed by the end of the cycle equals the

amount reformed. It is, however, also apparent that some individuals have impaired peak bone

and acquisition. This scenario may be more common than previously appreciated and almost

certainly represents inherited or acquired alterations in the rate of either bone formation or bone

resorption during a critical period when several hormones acting synchronously leads to a

marked increase in bone mass.

Some investigators (Mori and Burr, 1993; Parfitt, 1996a, 1996b) have suggested that there

may be two kinds of bone remodeling: one that is stochastic (site independent though not totally

random) and a second that is target specific. However, related aspects and their control

mechanisms remain to be explored. Experimental studies in which damage is created in canine

bone by cycling loading have demonstrated that remodeling sites associated with microcracks

are more probable (four to six times) than expected by chance alone (site independent)

(Burr et al.,1985, 1993; Mori and Burr, 1993). It is estimated that remodeling events occur

subsequent to microdamage and the local initiation of repair. One can thus infer that damage

leads to remodeling. Bentolila et al. (1998) have noted an increase in the number of a typical

appearing osteocytes following fatigue loading in rat bone.

Tanaka, Alam and Turner (2002) have shown that stochastic resonance enhances bone

formation, bywhich nonlinear systems are able to amplify a response to a small periodic stimuli

with the aid of noise (Gammaitoni, 1998). Stochastic resonance has been used to explain

various phenomena in biological systems (Gammaitoni, 1998; Pierson and Moss, 1995),

including the activity of cells under microgravity (Kondepudi, 1991). During exercise, as in
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active sports, bone is subjected to quick variations in loading, which is equivalent to a noisy

loading environment. Therefore, the possibility arises that bone cells are more responsive to

fluid shear stress mediated by high impact activity compared to low impact activity. If so, the

bone cell response to fluid shear stress might be nonlinear, that is, requiring an initial stress-

kick. The initial stress-kick occurs during the quick transition from zero to a nonzero stress

initiating a fluid shear stress stimulation of cells. NO production has been used as a parameter

for bone cell activation since it is an early mediator of mechanical loading induced bone

formation (Fox, Chambers and Chow, 1996) and it has been shown to be essential to adapt bone

formation in vivo (Turner et al., 1996).

One study (Bacabac et al., 2005) suggests that the bone cell response to fluid shear stress is

rate dependent, but that an initial stress-kick is required for the cells to respond. It has been

reported that increasing either the shear stress amplitude or frequency, without increasing the

average stress, enhanced NO production by bone cells in vitro. Bone cells respond similarly to

similar rates of fluid shear stress, despite different frequencies (5Hz, 21.99 PaHz or 9Hz,

17.53 PaHz). Hence, the rate of fluid shear stress (i.e., 2p� f� t) is proportional to the product
of the fluid shear stress amplitude and frequency (Bacabac et al., 2004).

Osteoblasts and osteocytes are mainly involved in the bone remodeling process (Frost,

1990). At the cellular level, bone remodeling can be traced to the combined action of the

osteoblast and the osteoclast. Bone remodeling consists of a strict coupling of resorption and

formation that continues throughout life and is necessary not only for skeletal growth but also in

themaintenance of normal bone structure and function (Frost, 1964a;Harris andHeaney, 1969;

Parfitt,1982, 2002; Martin and Rodan, 2001; Eriksen, 1986). Throughout life, bone is

continuously being remodeled with resorption of old bone (catabolic process) performed by

osteoclasts and deposition of new bone (anabolic process) performed by osteoblasts. The

activities of osteoblasts and osteoclasts are combined into defined anatomical spaces (BMUs)

(Frost, 1983). It can be stated that bone remodeling takes place in focal remodeling units that

consist of osteoblasts, osteoclasts and their precursors, in which resorption and formation are

coupled. Bone resorption is likely the initial event that occurs in response to local mechanical

stress signals. The sequence of a cycle of resorption ! formation on all surfaces appears to be

valid for cortical bone remodeling as well as for trabecular bone. Hence, in densely compact

bone the remodeling process must begin with bone resorption to produce surfaces for the

apposition of new bone.

Several key components of the remodeling cycle are susceptible to systemic and local

alterations. These, when perturbed, lead to a deleterious change in bone mass. The osteoblast–

osteoclast interaction mechanism may have relevance for therapeutics as well as for

understanding the dynamics of bone turnover. In particular, the activation of remodeling and

the recruitment of osteoclasts represent the two most vulnerable sites in the cycle. The

remodeling cycle clearly favors resorption over formation as the process of laying down new

bone requires the combination of several processes. The osteoblast also functions to lay down

collagen and regulate the mineralization of previously resorbed lacunae in the skeletal matrix.

The differentiation of mesenchymal stem cells become osteoblasts and rest on the surface of

the remodeling space (Lian and Stein, 1999). Recruitment of the stem cells to osteoblasts,

rather than adipocytes, is a critical step in bone formation and requires a series of factors that

enhance differentiation. One of the most important components of this process is cbfal, a

transcription factor that is essential in the early differentiative pathway of stemcells to bone and

away from adipocytes (Ducy et al., 1997). With the activation of resting osteoblasts,
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osteoblastic cells begin to synthesize several types of collagen as well as elaborating a series of

growth factors in the skeletal matrix, where they are stored in latent forms. These are then

released during subsequent remodeling cycles.

In addition to endogenous (cellular) signals, external signals (e.g., PTH, GH, interleukin-1

and oestrogen deprivation) to resting osteoblasts and stromal cells cause these cells to release

cytokines [interleukins such as IL-1, -6 and -11, as well as m-CSF, tumor necrosis factor (TNF)

and TGF-6]. These enhance the recruitment and differentiate the function of multinucleated

giant cells destined to become bone-desorbing cells (Lian and Stein, 1999; Lorenzo and Raisz,

1999; Udagawa et al., 1999). It is now accepted that osteoprotogluin (OPG) is a member of the

TNF receptor super family, its role in bone remodeling being to act as a dummy receptor for the

ligand now known as osteoprotegrin ligand (OPGL, TRANCE a RAKL). OPGL is a surface

peptide that, when expressed on the osteoblast, can bind to the trueOPG receptor on osteoclasts

and initiate the cell–cell contact necessary for osteoclast activation and subsequent bone

resorption (Suda, Takahashi and Martin, 1992).

The fundamental issue behind the choice of the stimulus signal is whether (re)modeling

signals originate in the osteocytes themselves or whether they are an effect of increased flow

through the osteocyte network. In the former case, they could be triggered by the osteocyte

lacunar stress and strain concentrations, which can bemuch higher 15� the tissue (continuum)

level (Kufahl and Saha, 1990; Burger and Klein-Nulend, 1999; Nicolella and Lankford, 2002).

In this case the time derivatives of SED, maximal principal strain (MPS) or volumetric strain

(VS) could be relevant controlling parameters. The osteocytes may signal the osteoblasts and

osteoclasts to change their bone remodeling activities (Burger and Klein-Nulend, 1999; Smith,

Burger and Huyghe, 2002). Osteocyte signals are important in the mechanostat, the gravity

sensing device that modulates bone formation.

The osteocytes within bone, together with the osteocytes lining external and internal

surfaces and resting osteoblasts, form a continuous syncytium of cells lining all surfaces,

including the larger trabecular spaces as well as lacunae and tiny canaliculi. The cellular

continuum is organized into distinct functional subunits that do not always communicate

directly with each other. The cells in each subunit may respond independently from neighbor-

ing units. Each of these pockets of cells may be termed as BMU, which can be considered to

represent an organizational unit of metabolic activity that remains after a remodeling unit has

completed its task. Rasmussen and Bordier (1974) have suggested that the term BMU be used

during the remodeling phase.

BMU is most readily demonstrated in cortical bone and possibly extends to cancellous bone

(Parfitt, 1994). The BMU exists and moves in three dimensions, excavating and refilling a

tunnel through cortical bone or a trench across the surface of cancellous bone. A cortical BMU

travels for about 400 mm at about 20mm per day (Parfitt, 1994). A cancellous BMU travels

about half this distance at about half the speed (Parfitt, 1996). It is suggested that one important

local stimulusmay be obtained from extracellular nucleotides. This can exist locally within the

bone microenvironment to initiate intracellular signaling via P2Y receptors, which sensitizes

cells to the action of PTH. This is one mechanism for integrating local and systemic responses

in bone.

There is evidence that osteocyte apoptosis is an important factor in initiating new remodeling

sites. The prevailing view is that an intact osteocyte-canalicular system inhibits the recruitment

or activation of osteoclasts, and that disruption of the network by microcracks, for instance,

releases the normal inhibition to resorption (Burger and Klein-Nulend, 1999). A positive
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correlation has been shown between osteocyte apoptosis and bone resorption by osteoclasts in

growingbone (Bronckersetal., 1996) andbetweenosteocyteapoptosis and increased activation

frequency in estrogen-deficient osteoporosis (Noble et al., 1997; Tomkinson et al., 1997).

The quantum concept of remodeling in which discrete microscopic packets of bone are

removed and replaced throughout the skeleton is now recognized as the predominant form of

turnover in the adult skeleton. The primary event in remodeling is activation, during which

lining cells retract from the bone surface to allow access of osteoclasts or their precursors to the

underlying mineralized matrix. The focal nature of remodeling indicates that activation of this

process is sensitive to local stimuli, including mechanical strain. In addition, systemic factors,

in particular parathyroid hormone (PTH), are known to increase the rate of activation (Mundy,

1998). The visible bone damage is initiated at themolecular level and is then carried over to the

submicroscopic level, proceeding and ending at themicroscopic level (Parfitt, 2002). However,

the signal pathways of the process and its detection threshold remain within the realm of

investigation. Plasma calciumhomeostasis requires rapid ion exchange (Parfitt, 1993), which is

impeded by progression of secondary mineralization and loss of water from the surface

mineral. It would be advantageous for hypermineralized surface bone to be preferentially

replaced, but the existence of such targeted remodeling has not been established. A turnover

rate greatly exceeding that required tomaintainmechanical equilibrium could obviate the need

for targeted remodeling. Such a need may, however, exist if turnover is at the low end of the

normal range (Han and Mould, 1990). Thus, remodeling at foci is the combined action of

systemic factors and local phenomena.

Both osteoblasts and osteoclasts are targets for nucleotide activation through multiple P2

receptor types (Arnett and King, 1997; Bowler et al., 1995; Gallinaro, Reimer and Dixon,

1995; Kumagi, Sacktor and Filburn, 1991; Naemsch et al., 1999; Reimer and Dixon, 1992;

Weibe, Sims and Dixon, 1999). These receptors couple to multiple signal transduction

cascades, including inositol triphosphate (IP3)-mediated intracellular calcium release (P2Y

receptors) or nonselective outward cation currents (P2X receptors). These signaling cascades,

dependently and independently of mitogen-activated protein kinase activation, induce

expression of genes such as c-fos (Bowler et al., 1999), a transcription factor. The importance

of this, in the early regulation of remodeling processes is reflected in the skeletal pathologies

associated with its deletion (Wang et al., 1992) or overexpression (Johnson, Spiegelman

and Papaioannou, 1992). Nucleotides have been reported to modulate osteoblast induced

bone formation (Jones et al., 1997) and proliferation (Shimegi, 1996) and also modulate

osteoclastogenesis and bone resorption (Arnett and King, 1997; Buckley et al., 2000;

Morrison et al., 1998).

The ability of ATP (adenosine triphosphate) to effect neurotransmitter responses from

certain nerve terminals has been proposed by Burnstock (1972). Since that time, a large family

of receptors has been defined, both pharmacologically and molecularly, which transduce

signals arising from nucleotide stimulation (Boarder et al., 1994; Fredholm et al., 1994). These

P2 receptors have been subdivided into two classes: P2Y, which consists of five distinct

receptors coupled to heteromeric G proteins, and P2X, which contains seven distinct receptors

that function as cationic gated channels. Physiologically, P2X receptors are activated exclu-

sively by adenine nucleotides, whereas P2Y receptors are responsive to adenine or uridine

nucleotides or, in some cases, to both. Receptors are coupled to multiple specific cellular

functions in processes as diverse as neurotransmission, wound healing, morphogenesis and

apoptosis (Burnstock, 1993).
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Some of the notable observations can be summarized thus:

. Cells of the osteoblast and osteoclast lineages express functional P2 receptors.

. Activation of P2 receptors results in the induction of c-fos, a transcription factor that plays a

pivotal role in the regulation of bone remodeling.
. Extracellular nucleotides exhibit a potent synergywith PTH, enhancing intracellular calcium

release ([Ca2þ ]i), downstream signaling and gene activation (Bowler et al., 1999; Dixon and

Sims, 2000; Jones et al., 1997; Yu and Ferrier, 1993).
. Bone cells release ATP into the extracellular environment and this release is enhanced by

mechanical strain and other combinations of regulatory parameters, leading to healing

processes in bone.

For P2 receptors to modulate the activity of bone cells, ATP must exist at a sufficient

concentration in the surrounding microenvironment to initiate receptor activation. All cells

contain high intracellular ATP concentrations (1–5mmol L�1), as well as the capacity to

release ATP following trauma. In addition, increased blood flow associated with the general

inflammatory response could greatly increase the nucleotide concentration available upon

platelet aggregation. Hence, at sites of tissue injury, wounding or fracture, high local ATP

concentrations are present to activate P2 receptors. Nevertheless, it is obvious that nucleotides

must exist transiently in the bonemicroenvironment without cell damage to be physiologically

relevant regulators of bone remodeling. A real-time detection system has been used that relies

on the high yield chemiluminescent reaction generated by luciferin and luciferase in the

presence of ATP (Cobbold and Lee, 1991; Koop and Cobbold, 1993). This demonstrated that

human osteoblasts constitutively release ATP into their extracellular environment in the

nanomolar range. Released ATP probably reaches much higher concentrations near the

membrane, because the presence of nucleotidases at the cell surface, membrane trapping and

unstirred layer effects will all influence bulk phase measurement. This concept has been

confirmed in a study in which membrane anchored luciferase revealed micromolar ATP

concentrations at the surface of platelets (Beigi et al., 1999).

In addition to receptors responsive toATP, osteoblasts expressP2Y (Albert et al., 1997;Arnett

and King, 1997) and P2Y receptors (Bowler, Bilbe and Gallagher, 1998; Maier et al., 1997) are

preferentially or selectively activated by uridine nucleotides. Some studies have demonstrated

conclusively that cells release uridine triphosphate (UTP) into their extracellular environment,

providing locally released agonist capable of activating these P2-receptor family members

(Lazarowski et al., 1997). Opinions differ as to why cells are so responsive to nucleotides. One

hypothesis suggests that this may be a means of regulating ATP concentration at the plasma

membrane, where it is required for the activation of ATP-dependent channels and enzymes

(Schwiebert, 1999). Others propose that nucleotide release, through autocrine signaling,

represents a universal key determinant in establishing the �set point� for activation of signal

transduction pathways (Ostrom, Gregorian and Insel, 2000). It appears that nucleotide release is

fundamental in defining basal cellular activity. Nucleotide-activated cellular activity is visual-

ized as awave ofmobilized [Ca2þ ]i spreading outward through the cell population from a single

point ofATP/receptor contact (Osipchuk andCahalan, 1992).Thismechanismwould seem to be

important in cells and tissues that lack communication via gap junctions, such as chondrocytes

and cartilage. In agreement with this model, chondrocytes abundantly express P2Y receptors

(Leong, Russell and Caswell, 1994) and can release ATP (Figure 1.16) (Lloyd et al., 1999).
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Further evidence for a distinct, nonlytic mechanism of nucleotide release lies in the

observation that it can be regulated positively (and presumably negatively) (Figure 1.16)

(Bodin, Bialy and Burnstock, 1991; Bowler et al.,1998a, 1998b). In a positive feedback loop,

UTP acts through P2Y (Albert et al., 1997) receptors to upregulate ATP release from primary

human osteoblasts (Bowler et al., 1998a, 1998b). In addition, ATP and UTP release is

modulated positively by fluid flow (Bowler, Bilbe and Gallagher, 1998; Lazarowski et al.,

1997). Indeed, recent evidence suggests that nucleotide release occurs as a consequence offluid

forces generated following cellular manipulation in almost all in vitro experimental systems

(Lazarowski et al., 1997; Ostrom, Gregorian and Insel, 2000). The importance of this finding

becomes particularly apparent in the context of the bonemicroenvironment, where shear forces

resulting from fluid flow within trabeculae and canicular spaces are thought to transmit

mechanical forces (Hung et al., 1995; Korenga et al., 1994; Reich, Gay and Frangos, 1990;

Turner et al., 1994). These observations indicate that a cellular mechanism exists to release

ATP into the extracellular environment at concentrations sufficient to activate cell surface P2

receptors and that this release can be modulated by mechanical and agonist stimulation.

Once released, ATP is rapidly broken down by ectonucleotidases that is bound on the

extracellular side of osteoblast membranes (Caswell and Russell, 1988). The half-life for ATP

released from human SaOS-2 osteosarcoma cells is estimated to be circa 50 s. This short half-

life restricts the action ofATP to that of a localized signal.However, the ability of nucleotides to

induce their own release provides amechanism for sustaining and possibly propagating a more

widespread response (Bodin and Burnstock, 1996; Bowler, Bilbe and Gallagher, 1998). ATP

release and subsequent paracrine signaling in osteoblasts might provide a mechanism for cell-

to-cell communication independently of gap junction (Jorgensen et al., 1997). Elevated

calcium levels can also activate various intracellular signaling systems in different cell types.

One that is activated in osteoblasts upon P2Y receptor stimulation is the extracellular signal

regulated (ERK) cascade.

Figure 1.16 Mechanism of P2 receptors modulating bone cell activity. (Reproduced with permission

from W.B. Bowler et al., Extracellular nucleotide signaling: a mechanism for integrating local and

systemic responses in the activation of bone remodeling, Bone, 28(5), 507–512 �2001, Elsevier B.V.)
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The self-remodeling of long bone in child with midshaft fracture during angulation in

response tomechanical stress is an example of the effects of environmental (epigenetic) factors

on the genetically determined processes, development and tissue remodeling and may be

explained with the help of Wolff�s law (Figure 1.1). The causal relationship between bone

modeling or remodeling and the mechanical stresses placed upon it is sufficiently well

understood for clinical use to be made of it in the correction of congenital disorder of the

skeleton (Frost, 1973; Pauwels, 1976). The maintenance of a continuous supply of reactive

bone, housing the labile bone mineral, depends upon the continuity of remodeling of bone,

which is believed to be determined by weight bearing and other forces acting externally on the

skeleton as awhole, and is now seen to have importantmetabolic functions (McLean andWrist,

1961). In orthodontics the ability to move teeth through bone in response to applied stress is

well proven. However, the way in which the mechanical forces are mediated to the tissues at

cellular level has not been well understood. The remodeling that occurs with the growth and in

response to changing skeletal stress consists largely of resorption from one site to, and

redeposition of bone on, another. The bone formation and resorption rates are closely linked

and synchronized (Sissons, 1971; Lee, 1964; Manson and Walters, 1963; Harris, 1960) and

have been found to be 10–15mmweekly. Information on the rate of remodeling or turnover of

the tissue has also been well documented (Lee, Marshall and Sisson, 1965; Marotti, 1963;

Vander Hoeft, Kelly and Peterson, 1962; Frost, 1960). This may be of interest in understanding

diseases of bone as well as its behavior under normal conditions.

1.10 Biochemical Markers of Bone and Collagen

An intermediate event in bone cell mechanotransduction is prostaglandin E2 (PGE2) synthesis

and release. PGE2 is released by osteoblastic cells in response to mechanical loading and has

been implicated in regulating bone turnover in vivo. (Nolan et al., 1983; Feyen et al., 1984;

Rodan et al., 1986; Imamura et al., 1990). Prostaglandins can regulate bone turnover by both

stimulating bone formation and regulating bone resorption (Dietrich, Goodson and Raisz,

1975; Raisz and Fall, 1990; Jee et al., 1991). Other studies have shown that bone cells respond

to OFF with increase in PGE2 release (Donahue et al., 2003a; Saunders et al., 2003).

Osteocalcin (OC) is a non-collagenous protein synthesized largely by the osteoblast; it

contains three amino acids of g-carboxyglutamic acid and is therefore known as bone Gla

protein (Fraher, 1993). Osteocalcin is vitamin K dependent (Price, 1982) binds Ca and may

be involved in the control of mineralization (Fraher, 1993; Lepage et al., 1991). The Gla

residues specific to OC are formed after translation of the protein occurs by a carboxylase

enzyme system. In the presence of Ca, these Gla residues undergo conformational changes

that allow OC to bind to hydroxyapatite and then accumulate in bone matrix (Lian and

Gundberg, 1988). Furthermore, OC has a high affinity for hydroxyapatite (Price, 1982). The

protein exists in a 1 : 1 ratiowith collagen in bone and is proportional to hydroxyapatite (Lian

and Gundberg, 1988). OC may regulate the size of the hydroxyapatite crystal. Osteocalcin is

cleared through proteolysis and is cleared from circulation by the kidneys (Gomez et al.,

1995). Serum concentrations of OC are probably a product of diffusion into the circulatory

system prior to binding to the hydroxyapatite (Price, 1982). Osteocalcin is mostly formed by

osteoblast activity and thus is highly correlated with bone formation (Lian and Gundberg,

1988; Kannus et al., 1996). Therefore, serum OC is invariably used as marker of bone

synthesis.
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It is reported thatwhen animals are exposed to natural lightOCundergoes a circadian rhythm

(Lepage et al., 1991). Osteocalcin concentrations in normal female standard bred horses were

found to be consistent during the day from0700 to 1900. The concentration then fell in the early

evening hours (1900–2000) and increased at night until a peak at 0500 the next morning

(Lepage et al., 1991). These authors concluded that blood samples should be taken during

daylight hours, since this period experienced the least fluctuation in OC concentrations.

However, in another study, where horses were exposed to only fluorescent lighting, a circadian

rhythm was not observed (Hope et al., 1993).

Carboxy-terminal pyridinoline crosslinked telopeptides of type I collagen (ICTP) are a kDa

portion of type I collagen that is released during resorption of bone (Hassager et al., 1994) and

can be quantitated in serum and urine (Risteli et al., 1993). Once type I collagen is broken down

into ICTP it can not be used again for synthesis of new collagen in bone and is cleared from the

body in circulation through the kidneys (Tahtela and Tholix, 1996; Risteli et al., 1993).

Concentrations of ICTP decrease with the age of a horse, up until about four years of age, after

which there are no significant differences (Price et al., 1995). A diurnal cycle has also been

reported with ICTP concentrations (Risteli et al., 1993).

Finally, PYD and DPD are crosslinking amino acids residues of collagen released from

bone matrix during turnover. An enzyme-linked immunoassay (ELISA) exists for PYD

and DPD crosslinks in serum and urine. Since PYD is formed in cartilage and bone, PYD

and DYD can be used as biochemical markers to analyze metabolic bone or cartilage

diseases. Increased urinary PYD is seen in patients with osteoarthritis and rheumatoid arthritis

(Robins et al., 1986).

1.11 Summary

The concept of bone behavior consists of three parts. The first considers the solid state behavior

of �in vitro� bone while the second is concerned with studying inherent bioelectricity under

external stimuli with different possible combinations. This finally culminater (third part) onto

its clinical behavior. Initially, however, there is need to understand basic bone properties such

as piezoelectricity and its intermixing with stress generated potential. These two together

define the physical aspects of total bone behavior.

The solid state behavior of bone appears to be one of the most baffling observations in solid

state biology. It has been reported that bone has wide variety of properties ranging from

semiconduction to piezoelectricity.Many semiconductor properties have been studied in detail

in our laboratory (Behari and Andrabi, 1981; Andrabi et al., 1980). In the present context

the optical behavior is seen over a fairly wide band of frequencies. The choice of properties to

be examined is dictated by the fact that it is important to characterize the solid state of the

materials. It provides a clue as to the mechanism of charge transport, band gap and nature of

the charge carrier besides unfolding possibilities for its use as an optical sensor. The surface

morphological changes arising after UV exposure are studied by scanning electron micros-

copy to examine the changes at the microscopic level.

The above discussions show that bone growth and remodeling can be controlled by external

stimulations. Though several successful attempts, mainly reported from Professor Bassett�s
laboratory, are in clinical use, the search for optimizing the clinical usefulness of these is still

on. It may be felt that this task will be considerably facilitated by knowledge of the basic

mechanism at work. This task has been undertaken (Behari, 1991) in two ways. First, the
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response of bone to electrical stimulations in wide range extending from DC to MHz

frequencies regions, is scanned. So far only the DC and low frequencies stimulations have

been examined.

The physiological state of bone under Ca and P deficiency is expected to provide data of

considerable clinical importance. The model adopted is to stimulate the pathological condi-

tions in a colony of rats extending over both sexes. The physical state of bone is characterized

by measurement of various parameters, using, for example, X-ray, infrared spectra, transmis-

sion electron microscopy, fluorescence, spectrochemical analysis, and with various biochemi-

cal messengers. Accompanying biological changes are measured by an estimation of blood

parameters, for example, Hb cell counts, PH, PCO2, PO2, Ca and P. Various biophysical

parameters used to characterize bone osteoporosis are elaborated in Chapter 4. In addition,

various established techniques of measuring bone osteoporosis are discussed.
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2

Piezoelectricity in Bone

2.1 Introduction

It has long been known that tension or compression of bone can effect its formation and

resorption. The mechanism is not fully understood, although piezoelectric effects on bone

crystal or matrix have been identified that might affect bone cells and alter their activity

(Bassett, 1968). Piezoelectricity is a bilinear interaction between electrical and mechanical

variables, while pyroelectricity is the interaction between electrical and thermal variables. A

linear system is one in which the variables for two different phenomena are linearly coupled.

Because of the orientation of their molecular elements, pyroelectric crystals posses a perma-

nent electric dipole moment, in which the direction coincides with that of a polar crystal axis.

Any change in temperature modifies the length of the pyroelectric body and alters its

elementary dipole moments (i.e., the pyroelectric effect). In the same way, any mechanical

change in length or any deformation, of a piezoelectric body produces a modification of its

dipole moment (i.e., piezoelectric effect). Thus, every pyroelectric system is at the same time

piezoelectric.

Bone has electrical properties that depend uponmechanical loading. It has been suggested

that the electrical potentials might mediate biological processes (Bassett and Becker, 1962).

Studies of the mechano-electrical response of bone under a wide range of conditions have

shown it to be a feature of living, freshly excised and dry bone. It is a bone material property

and is possibly unrelated (or at least not shown otherwise) to the cellular or other in vivo

factors.

The direct piezoelectric effect is that electric polarization is produced by mechanical stress.

Closely related to it is the converse effect. In this process a crystal becomes strained. Both

effects are manifestations of the same fundamental property of the crystal. Investigation of the

converse piezoelectric effect is a way to quantify the existence of this phenomena. The spatial

condition required for a crystal to be piezoelectric is that it lacks a center of symmetry. The

permanent electric dipoles already present in the unit cell will not therefore cancel each other

out when the crystal is deformed butwill produce a net resultant dipole moment. Not all crystal

classes satisfy this relationship. The electrical charges bound within the lattice of the material
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contract with the frequency of the applied field to produce a mechanical stress. As a

consequence of the above, dimensional changes (converse effect) are predictably associated

with the application of an applied electric field (Foresbergh, 1956). Piezoelectricity is thus also

a cross effect between elasticity and dielectricity (Nye, 1960). Dielectricity is the relation

between electric field and polarization.

It may also be asked whether the electrical phenomenon is of primary importance in

determining cell regulation and hence growth or healing characteristics. The chargesmeasured

may be only an indication of structural deformation (strain), that is, of secondary importance in

being descriptive of conformational changes that have occurred in response to other factors.

The healing of bone, in vivo and other biological processes in vitro, can though be influenced by

externally applied electrical fields.

2.2 Piezoelectric Effect

Wolff�s law, that bone macro- and microstructures adapt to their mechanical environments, is a

long-held principle of bone biology (reviews in Currey, 1984; Lanyon and Rubin, 1985;Martin

and Burr, 1989; Bertram and Swartz, 1991; Lieberman and Crompton, 1998; Martin, Burr and

Sharkey, 1998). Osteogenic responses to mechanical loading have mostly been documented in

trabecular bone in diaphyseal cross sections and in epiphyses (e.g., Pauwels, 1976; Radin et al.,

1982; Currey, 1984; Lanyon and Rubin, 1985; Martin and Burr, 1989; Hou et al., 1990; Gross

et al., 1997; Lieberman and Crompton, 1998; Martin, Burr and Sharkey, 1998). In addition,

problems arising from electrostriction and thermal dilatation need to be resolved and

understood.

Bone adapts to its mechanical environment (Wolff and Das Gesetzder, 1986), and responds

to cyclic rather than static strain. In an isolated turkey ulna preparation a few cycles of load per

day are enough to prevent disuse osteoporosis (Rubin and Lanyon, 1984). The precise

mechanism for the response is not fully understood, but it has been proposed that strain

produces transient pressure changes in bone, leading to interstitial fluid flow, and this in turn

produces shear forces acting on the osteocyte cell membrane (Reich, Gay and Frangos, 1990).

This theory has been modified to provide a mechanism for amplification of the signal detected

by the osteocytes (You et al., 2001). Both shear and mechanical load lead to a release of nitric

oxide (NO) from bone. NO is a small uncharged free radical with diverse multifunctional

signaling properties inmany tissue, including regulation of blood pressure. NO has been shown

to have many effects on bone, namely, a reduction in osteoclastic motility and much cytokine

action on bone is mediated by NO production by osteoblasts (Hukkanen, Polak and Hughes,

1998).

In bone, two dissimilar materials (collagen and calcium hydroxyapatite) are cemented

together by polysaccharides, whose role is very significant in explaining the mechanical

properties of bone. This has led to the suggestion that bone may be considered as a two-phase

composite (Currey, 1964). Piezoelectric properties are central to mechanical, electrical, bone

growth and the remodeling, and for any other tissue, and for understanding life processes in

general.

The mechanical properties of bone are a function of position and orientation (Pope and

Outwater, 1974). In general, bone obeys Hooke�s law with certain limitations. Beyond the

boundaries of linear behavior, Hooke�s law is not true. Dry bone (Evans, 1969) behaves
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completely in accordance with Hooke�s law, whereas wet bone, because of its water content,
ceases to followHooke�s lawbeyond a certain limit of stress. The long bone changes frombeing

highly anisotropic at the mid-diaphysis to essentially isotropic at the epiphyses. The above

authors have concluded that the strength and structure of compact bone indicate that these

properties are adapted to the bone�s physiological role. X-ray analysis confirms that there is an

increase in density at sites of high stress and a corresponding decrease at lower stress sites. In

this respect, bone behaves like a system controlled by feedback. An applied force causes

stresses and strains in bones; the latter are the stimulus for remodeling processes. In the

equilibrium state both the osteoblastic and osteoclastic activities are equal (Bennok, 1972).

Several authors have concluded, from observed relationships between polarization and

stress, that the effect is truly piezoelectric, resulting from the slipping of collagen-fibers past

one another (Fukada and Yasuda, 1957; Shamos, Lavine and Shamos, 1963). However,

calcified bone (Bassett, 1962) was found to lose its capacity to generate DC potentials due to

applied stresses. Shamos and Lavine (1964) attributed the piezoelectric effects in bone to the

organic constituent, that is, collagen. The effect is highly directional, with a maximum for

shear stresses and minimum for pure compressive or tensile stresses. Bone in cantilever form

and under stress acquires a positive charge on the convex surface (maximum tension) and a

negative charge at the concave side (maximum compression) (Fukada and Yasuda, 1957).

Eriksson (1974), however, postulated that for wet bones this stress induced electrical

polarization arises from streaming potentials caused by a unidirectional flow of extracellular

bone fluid in transversely running pores of ultramicroscopic dimensions. It is proposed that

channels that run in transverse directions will be increased in diameter on the convex side (if

extracellular fluid in bone carries a net positive charge) and simultaneously decreased in

diameter on the concave side when the bone is flexed, leading to a flow of fluid towards the

convex surface.

Viewed in this way, bone behaves like a biotransducer with unique characteristic. A related

parameter, the coupling coefficient (k), is a kind of characteristic index for the performance of a

transducer. The value of k2 is a measure of the magnitude of the transducer bandwidth. For

composite materials, the macroscopic piezoelectric constant is a function of the piezoelectric

moduli, elastic moduli, dielectric constants and geometry of the different phases (Date, 1972).

Electrostriction is the most common effect of higher order electro-mechanical coupling.

In non-piezoelectric substances, a strain induced by an electric field is proportional to a square

of the field strength. This is interpreted from the strain dependence of the dielectric constant in

electromagnetic theory. The moisture content is important for the piezoelectric and dielectric

properties (Lakes, Harper and Katz, 1977).

The existence of piezoelectricity in bone has aroused great interest because it seems to

provide an important key in understanding bone physiology and the mechanism controlling

osteogenesis. Several authors have also predicted and showed this effect in biological tissues

(Anderson andEriksson, 1968; Shamos andLavine, 1967). Stresses of about 107 Nm�2 applied

to bone produce some 10mV in suitably attached electrodes (Damask, 1978; Steinberg et al.,

1973). This generation of an electrical potential difference of bone under mechanical stress has

been variously ascribed to piezoelectricity (Becker, Bassett and Bachman, 1964; Fukada

and Yasuda, 1957; Williams and Breger, 1975) and to streaming potentials (Gross and

Williams, 1982; Guzelsu and Saha, 1984; Pollack et al., 1984). Marino and Becker (1964)

suggested a mechanism by which bone�s piezoelectric signal could regulate bone growth. The
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piezoelectric-like effect in bone is now generally accepted as the mechanism by which bone

cells sense the stress-state in their vicinity and add or remove bone to meet the demand of the

situation (Lakes, Harper and Katz, 1977; Reinish and Nowick, 1975; Marino and Becker,

1975). This raises the question of a possible relationship in thewell-understood behavior of dry

bone and that of wet bone. The bioelectric potential is now closely linked with possible bone

formation and resorption (Bassett, 1989). Piezoelectric inhomogeneity in bone has been

indicated by the work of McElhaney (1967) and is also suggested by the microstructural

variations in density and orientation of the piezoelectrically active constituents, namely, the

fibers of collagen (Fukada and Yasuda, 1964; Williams, 1974).

Dielectric effects in bone (including conductivity) have a strong influence on the piezo-

electric effect, especially in composites, and the presence of a finite conductivity introduces a

frequency (or time) dependence into the measured voltages. A simple system is represented by

a dielectric (a capacitor) in parallel with a resistance, where the ratio e0/s is simply the RC time

constant. In this case e(v) can be a complex quantity; the real part (e0) represents the dielectric
constant and the imaginary part (e00 ¼s/v) represents the conductivity divided by the

frequency (v). Then:

e ¼ e0 � i
s

v

As the resistance and the capacitance depend on the frequency, so e0 is frequency dependent

(Figure 2.1) (Reinish and Nowick, 1979; Lakes, Harper and Katz, 1977). Several authors have

measured the electrical and dielectric properties of cortical bone (Chakkalakal et al., 1980;

Chakkalakal and Johnson, 1981; Kosterich, Foster and Pollack, 1983; Lakes, Harper and Katz,

1977; Reddy and Saha, 1984; Singh and Behari, 1984a). The dielectric measurement of bone

(Freeman, 1967) shows that the bound water exists in the structure of bone.

The mechanical behavior of a composite at the level of extracellular matrix is a function of

the individual phases (matrix and filler), their interaction and adhesion. Other key parameters

are crystal size, filler aspect ratio and volume fraction ofmineralization. Such informationmay

be useful in describing the mechanism of fracture and fatigue phenomena. The complex nature

of bone microstructure may necessitate that, ultimately, some combination of mechanical

models will be needed. An understanding at the molecular level may also provide useful

information for subsequent histologic-based models.

R                     C 
∈’

σ

Figure 2.1 Dependence of a resistance and capacitance combination on frequency;20 is thus frequency
dependent
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The stiffness, toughness and compressive strength of a polymeric solid such as collagen

can be enhanced by incorporation of a second hard inorganic phase. Kerner (1956) has given

predictions of stiffness for spherically symmetric inclusions. Formulations have been

applicable over a wide range of volume fraction of the inorganic phase. In this theory, the

properties of a matrix phase are changed by the presence of a particle with different

properties. Direct application of Kerner�s equations to bone would be limited because the

hydroxyapatite inclusions are not spherical. For calculation purposes, the bulk modulus (K)

and shear modulus (m) of collagen may be estimated from Young�s modulus (E) and the

Poisson ratio (n) using known identities for isotropic solids. A relationship between these

parameters is:

K ¼ E

3ð1� nÞ ð2:1Þ

m ¼ E

2þ 2n
ð2:2Þ

The filled composite model approximates cortical bone most closely where there is a

maximum concentration of hydroxyapatite and collagen matrix and a lack of fat and

hematopoietic elements. In cortical bone, the volume fraction of filler or percent minerali-

zation is approximately 0.65 (Currey, 1975). Paracrystalline aggregates of hydroxyapatite

from bone have an aspect ratio of approximately 10 and are 4.0–4.5 nm wide and 40 nm long

(Ascenzi, 1988).

2.2.1 Properties Relating to Piezoelectricity

The thesis that bone components behave as a pressure sensitive semiconductor junction

can be examined by applying stress to vacuum stored rectangular bone samples (7.0� 1.1�
0.2 cm) by means of a tensometer. Strain can be measured with strain gauges bonded to

opposite faces of the sample and bone resistance by electrodes embedded into the sample and

secured with silver conductive paint. A constant direct voltage is applied and the current

measured with a picoammeter. The electrical resistance is measured in both x and y

directions.

The effect of ionic fluids can be studied using cylindrical samples (0.5–1.5 cm long,

0.3–0.4 cm diameter). They are immersed in deionized water for two weeks to ensure the

absence of ions and then, after drying in vacuo, silver electrodes are painted on the end faces.

The electrodes are sealed from water ingress by coating with epoxy resin followed by

encapsulation with silicone rubber. Samples are conditioned by immersion in solutions of

known conductivity buffered to known pH with standard buffers, in a strictly controlled

temperature environment. A strain rate of 5� 10�4mm s�1 can be used, neglecting the

viscoelastic behavior.

A converse effect can be examined by applying an electrical stimulus over a wide frequency

range (up to MHz) and examining the response, using a strain gauge. A good correlation is

realized by the adopted relationship. A cut of around (13–14MHz) is obtained (Figure 2.2a

and b) (Jha and Behari, 1993).
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2.3 Physical Concept of Piezoelectricity

Piezoelectric media are intrinsically anisotropic. Piezoelectricity provides a coupling between

elastic and dielectric phenomena. In a quasi-static case, the importance of coupling between the

mechanical and electrical fields has been emphasized by Guzelsu (1978). Since bone is an

anisotropic material containing oriented crystallites, the piezoelectric data are expressed in

terms of the piezoelectric matrix:

Pi ¼
X6

j¼1

dijTj ð2:3Þ

where d is the constant of proportionality between the applied mechanical stress T and the

generated electric polarization P (Figure 2.3). The dmatrix contains 18 coefficients relating to

the piezoelectric polarization in different directions with the applied tensile and shear stress in

different directions; i¼ 1, 2, 3 corresponds to x, z, coordinates andwhere themacroscopic field

E across the sample is zero. The six j indices correspond to three tensile stress and three shear

stresses. In general the d coefficients are complex quantities, d� ¼ d 0 � jd 00, where the real part
is proportional to the charge generated in phasewith the applied stress and the imaginary part is

proportional to the charge generated out of phasewith the applied stress.When d 00 is nonzero, a
relaxation dispersion is present and measurements as a function of frequency become a

necessity. The equations for the piezoelectric relations in a crystal producing a single mode of

motion can be written in the form:

S2 ¼ SE
22:T2 þ d21E1

D1 ¼ d21T2 þ 2T
1 E1

ð2:4Þ

t

t

t
y

xx

z

Figure 2.3 Relationship between applied mechanical stress Tand the generated electric polarization in

an anisotropic crystal
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where S2 and T2 are the extensional strain and stress, respectively; SE
22 ¼ SE

11, the elastic

compliance (i.e., inverse of Young�s modulus along the length measured at constant electric

field), d21 is the piezoelectric constant relating the strain with applied field E1;D1 is the electric

displacement; and 2T
1 is the dielectric constant measured at constant stress. These equations

suffice to determine the static and low frequency behavior of piezoelectric crystals. The

constant strain dielectric constant ð2S
1Þ is related to the constant stress dielectric constant ð2T

1 Þ
by the relation:

2S
1¼2T

1 ð1� k2Þ ð2:5Þ

where k is the electromechanical coupling factor.

The square of the coupling factor is written as:

k2 ¼ d2
21

SE22 2T
1

ð2:6Þ

By solving Equations 2.6, it is readily shown that the clamped dielectric constant ð2S
1Þ,

obtained by setting S2¼ 0, and elastic compliance of constant displacement (SD), obtained by

setting D1¼ 0, are related to the constant stress dielectric constant ð2T
1 Þ and the elastic

compliance at constant field ðSE22Þ by the equation:

2S
1

2T
1

¼ SD22
SE22

¼ 1� k2 ð2:7Þ

2.3.1 Piezoelectric Theory

The phenomenon of stress generated potential (SGP) in bone has been interpreted as

piezoelectric and originates in its organic component (Marino and Becker, 1971). However,

the correlation between the observed sign of potential in bending and the sign fixed by

specimen orientation has not been established. Obviously, there is some aspect of bone that

decouples the sign of the strain gradient potential (SGP) in the PZE matrix from the

macroscopic specimen coordinates. The problem was solved by Korostoff (1979). To solve

these problems there has been growing interest in the electromechanical properties of bone, the

stiffness constant and the piezoelectricity.

Bone has amicroscopic polycrystalline structurewith a certain degree of ordering that varies

substantially from one point to the other in a given sample. Gundjian and Chen (1974) assumed

the microscopic unit of the crystalline structure of bone consisting of collagen molecules and

hydroxyapatite crystals intervened with their crystallites c-axes parallel to each other. A bone

crystallite unit is thus a composite of these two, having an equivalent c-axes of infinite

rotational symmetry [T(¥)]. This structure results in a physical behavior corresponding to that
of a single crystal of point group symmetry (Lang, 1966, 1970). In conformity with this, an

idealized parallel plate lamellae has been suggested for a specimen in bending, in which the

prevailing collagen orientations in a local region are alternatively at approximate right angle to
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each other. Each lamellar region is composed to be described by the same PZE matrix. Acting

upon these crossed (90�) orientations of collagen are the tensile stresses parallel to the plane but
at some angle to the collagen axes.

The relationship between piezoelectric polarization P and the mechanical stress s is

expressed in terms of a series of piezoelectric moduli, given by:

Pi ¼ dijksjk

and dij ¼
0 0 0 d14 0 0

0 0 0 0 � d14 0

0 0 0 0 0 0

ð2:8Þ

The resulting polarizations are perpendicular to the lamellar plane and they are antiparallel for

adjacent planes. An antiparallel arrangement would result in cancellation of polarization to

give zero net polarization perpendicular to the lamellar plane, while experimentally one

observes a net unidirectional polarization. The apparent disagreement between this theoretical

postulate and experimental finding is averted by suggesting a possible mechanism for

reorientation on the antiparallel polarization configuration to a parallel configuration. These

energies are estimated to be þ 36 and �36 Jm�2, respectively, for a polarization strength of

2� 10�6 Cm�2 (Korostoff, 1979). The higher energy for the antiparallel configuration derives

from the interactions of the electric field due to the polarization in a given lamella with the

oppositely directed polarization of the adjacent lamella. The concurrent energy increase for

strain and demagnetizing field that accompany the change from antiparallel to parallel

alignment is very small. Thus, the antiparallel state predicted by the PZE sensor is unstable,

and yields to the equilibrium configuration inwhich the polarizations are parallel. In this theory

the process of redirection of polarization from the unstable antiparallel configuration thus

decouples the macroscopic bone specimen from the rigid polarity imposed by the PZE matrix.

It is further postulated that the trigger is based upon the net molecular surface charge of bone,

which is normally negative (Nieders, Weiss and Cudney, 1970; Eriksson, 1976). The bone has

been idealized as composed of surfaces with net negative charge. In a bent configuration, the

polarization vector can be thought of as adding vectorially to the antiparallel piezoelectric

polarization to enhance that direction. It is seen that the trigger polarization is about 0.1%of the

PZE polarization.

2.4 Sound Propagated in a Piezoelectric Medium

Sound propagation in a non-piezoelectric medium has been fully elucidated. When a wave

vector direction, or a wave normal direction, is specified, three sound modes are found, one

(quasi-)longitudinal and two (quasi-)transverse polarized that are perpendicularly to one

another. The sound velocity is given by:

n ¼ ðCeff=rÞ1=2 ð2:9Þ
with an effective elastic constant (Ceff) for eachmode. This constant is given an eigenvalue for a

Christoffel equation or a velocity equation.
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When the medium is piezoelectric, it is necessary to take electrical conditions into

account because an electric field is associated with the sound. Accordingly, Maxwell�s
equations of electromagnetic theory are considered together with the elastic equations of

motion. However, the velocity of sound is very small compared with that of an electromag-

netic wave. Therefore, a polarization wave cannot be propagated in the form of an

electromagnetic wave. The electric field is only associated with the sound as an electrostatic

field. Accordingly, B is usually disregarded in favor of rot E. This assumption is called a

quasi-electrostatic approximation. If the medium is insulating, the electrical conditions are

given by:

divD ¼ 0 and rot E ¼ 0 ð2:10Þ
A coupling coefficient is usually defined for the v ! 0 limit on the basis of an appropriate

piezoelectric relation. Nevertheless, the transducer has electrical and mechanical terminals for

energy supply and delivery. The fundamental or first resonance occurs at a position

corresponding to the half-wavelength of the sound and harmonic resonances occur succes-

sively at odd multiples of the fundamental frequency. Accordingly, it could be said that the

resonance itself represents a real mechanical aspect of the sound.

2.5 Equivalent Single-Crystal Structure of Bone

Gundjian and Chen (1974) further suggested that the equivalent c-axis of the composite

collagen–hydroxyapatite crystallite is not oriented perfectly throughout a macroscopic bone

sample but is distributed around a distribution symmetry axis with a finite angular dispersion

around this axis. The “standard equivalent single crystal structure” (SESCS) of bone is thus

considered a hypothetical structure in which the bone crystallites are all perfectly oriented in

the direction of the distribution symmetry axis. Since the measured values of the physical

properties of natural bone correspond to an average over a large aggregate of differently

oriented bone crystallites, they are expected to be sensitively dependent on the actual crystallite

orientation distribution function of the sample. Consequently, natural variations for different

samples will produce corresponding variations in the measured values of the physical

properties, thus making impossible the identification and interpretation of the more

fundamental intrinsic changes in the values of these properties.

It is thus apparent that the standardized value of the physical properties will correspond

directly to those of the individual crystallites. This will, therefore, exhibit only changes

resulting from actual physical changes in these crystallites. The angular position of the

crystallite distribution asymmetry axis, as well as the distribution function, vary slightly with

position in a given bovine femur sample. The width is found to be of the order of 30�.

2.6 Piezoelectric Properties of Dry Compact Bones

Most experiments have been carried out under zero electric field or zero stress. Here we select

the former case – a well-accepted assumption by researchers in this field. Thus, Equation 2.7 is

to be applied for the description of the piezoelectric body under investigation. The elastic
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properties are uncoupled from the electrical properties under the assumption of zero electric

field. In general, for a anisotropic crystal the piezoelectric constants, in matrix form, can be

represented by (Cady, 1964; Nye, 1960):

d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36

2
4

3
5 ð2:11Þ

While working on the dynamical properties of bones, Yasuda, Noguchi and Sato (1955)

observed the piezoelectric behavior of bone tissue. However, the systematic investigation of

direct and converse piezoelectric effects in bone tissue starts with the work of Fukada and

Yasuda (1957). In this work the authors showed that the polarization is linearly related with the

pressure (direct effect), while a similar relationship is also valid between electric field and the

strain (converse effect). Using dry specimens cut from the femur of aman and ox, they observed

that the piezoelectric surface charge appears only when the shearing force is applied parallel to

the collagen fibers, that is, when the collagens slipwith respect to each other, and themagnitude

of the piezoelectric constants depend on the angle between the applied pressure and the axis of

the femur, as well as the angle between the gravitational field and the femur axis in the standing

position of the subject. As a result of their experimental observations, Fukada and Yasuda

(1957) showed that, for bone, the matrix in Equation 2.11 reduces to:

0 0 0 d14 0 0

0 0 0 0 � d14 0

0 0 0 0 0 0

2
64

3
75 ð2:12Þ

which fits to the hexagonal (D6)þ crystal class (Cady, 1964). Figure 2.4b shows that the

piezoelectric constants of the femur of a man depends on the angle between the pressure

direction and the bone axis. By examining this, one can see that the material symmetry axis of

the femur is inclined about 10� to the right-hand side of the femur axis. In later work on

collagen, Fukada and Yasuda (1964) showed that the material symmetry of a horse femur has

the hexagonal polar (C6) structure, which revises their former observation on human femur

(Fukada and Yasuda, 1957) and in which case the non-shear components d11, d12, d13, d21, d22,

d23 of the matrix dim are taken to be zero. Anderson and Eriksson (1968, 1970), testing wet and

dry beef bone samples (the latter being dried over silicon gel), showed that the non-shear

portion of the matrix dim is not necessarily zero (they have, rather, finite values). This

inconsistency, however, results from the differences in selecting the reference coordinate

system in measuring the material coefficients. As was pointed out by Fukada and Yasuda

(1957), taking the values given in by Eriksson (1974) for dried Achilles tendon collagen as the

reference values and then rotating the coordinate system by 10�, they observed that the

calculated coefficients relative to the coordinate system gives coefficients similar to those of

Anderson and Eriksson (1970). This provides a measure of the agreement between the

experimental and calculated results. Their measurement further showed that, taking the

specimen texture into account, the coefficients measured for pure collagen of dry states and

dry bone tissue are quite similar. From this observation it is concluded that the electrical
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signals, obtained by stressing dry bone samples, are derived from the collagen portion of the

bone tissue, which is the same as observed by Bassett and Becker (1962).

Liboff et al., (1971) and Liboff and Furst (1974) studied the piezoelectric properties of dry

bovine femur in vacuo at 38 �C and obtained the matrix (dim) for their sample crystals. Similar

results have been obtained by Bur (1976), who measured the piezoelectric constants of bone

samples with 75% relative humidity. The results of the latter measurements are not consistent

with these of Fukada and Yasuda (1957, 1964) and Anderson and Eriksson (1970). Although it

has been emphasized (Liboff, Shamos and De Virgilio, 1971; Liboff and Furst, 1974; Bur,

1976) that bone has a very complex anisotropic and heterogeneous structure, it is generally

assumed that it has hexagonal polar (C6) symmetry.

McElhaney (1967), he measured the charge distribution on the surface of a femur under an

axial load. Observing the charge density resulting from the piezoelectric effect and varying

from one point to another on the femur, it was concluded that this is the result of a non-uniform

distribution of collagens in the osteons.

2.6.1 Piezoelectric Properties of Dry and Wet Collagens

2.6.1.1 Structure of Collagen

It is nowpossible to study ultrasonicwave propagation in bonewith two concepts inmind. First,

that for a specific two-phase mineral-filled polymer the longitudinal modulus of the composite

can be found from theReuss formalism and, second, the longitudinalmodulus of thematrix can

be affected by the presence of the filler.

Several attempts have beenmade to describe the biomechanical properties of bone (Ascenzi,

1988), but with marginal success. Often this description does not go beyond the histological

level. Others have studied the forces in bone macroscopically, as exemplified in models using

finite element analysis (Manhanian and Piziali, 1988).

Fukada and Yasuda (1964) have shown that the crystal symmetry of collagen fits to

hexagonal polar (C6) symmetry, which is given as follows:

0 0 0 d14 d15 0

0 0 0 d15 � d14 0

d31 d31 d33 0 0 0

2

64

3

75 ð2:13Þ

They measured the direct and converse piezoelectric effects in dry Achilles tendon of bovine

and horse, which are composed of well-oriented collagen fibers. They also showed that, for dry

collagen, the polarization results from the displacement of hydrogen bonds formed in the

polypeptide chains of collagen crystals. Measurement of collagen (Lang, 1966), separated

from bone by use of the nitric acid, shows that the piezoelectric (as well as pyroelectric)

behavior of bone arises from the structure of collagen molecules. Similar tests by Shamos and

Lavine (1967) indicated that the fibrous structure of collagen in bones and the fibrousmolecular

proteins in the soft tissue are themain causes of the piezoelectric behavior of biological tissues.

The streaming potential and wet bone experiments of Anderson and Eriksson (1968, 1970)

indicated that wet collagen has a different structure to dry collagen, because the boundwater in
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the material changes its crystal symmetry to the point where no piezoelectric properties are

observed. Since the solid matrix of bone tissue puts constraints on the collagen, the water

molecules absorbed by collagen in tendon cannot be the same as in the bone tissue. Studies

by Liboff, Shamos and De Virgilio, 1971 and Liboff and Furst, 1974 show that a certain

minimum amount of water concentration, which increases the crystal symmetry, is required to

maintain overall structural integrity. Owing to the variability in behavior of collagen in thewet

and dry states, wet bone has a different piezoelectric symmetry relation (Anderson and

Eriksson, 1970).

2.6.2 Measurement of Piezoelectricity in Bone

The measurement of piezoelectricity in bone and collagen and its quantification is beset with

several problems:

1. Bone impedance is large, meaning that low voltage measurements show fluctuations and

hence are unreliable (Gizdulich and Calsolaro, 1993);

2. The capacitive effects of the bone–electrode interface (Gizdulich and Aschero, 1993);

3. Electrode polarization (Schwan, 1963).

The first quantitativemeasurement of the piezoelectric constant of bone bymeans of both the

direct and converse piezoelectric effect were performed by Fukada and Yasuda (1957). In their

method (Figure 2.4a) the direct effect was studied by the staticmethod. Pressurewas applied on

the side plane of the specimen by a lever mechanism and the resultant electric charge that

appeared on the square plane was detected by galvanometer deflection. The piezoelectric

constants were found to depend on the pressure direction and bone geometrical axis

(Figure 2.4b). These authors measured the converse piezoelectric effect by a method of

comparison. When the electric field is applied in the direction of the electric polarization the

resultant mechanical strain is produced in the direction of applied force. Due to the converse

piezoelectric effect the oscillational force is transmitted to the piezoelectric crystal. In the

direct and converse effect both the relationship between stress and applied electric field turns

out to be linear (Figures 2.5 and 2.6). Table 2.1 shows the corresponding piezoelectric constant

of bone for human samples. Fukada and Yasuda (1957) also studied the variation of the

complex dielectric constant (e0 and e00), at 1 kHz, with temperature and humidity. As reported,

these parameters increase sharply with increasing hydration.

Marino, Becker and Bachman (1967) measured the dielectric constant (e0, e00) of human

cortical bone at 1–100 kHz and found that these parameters alter sharply at a critical hydration

level, which ranges from 0.037 to 0.048 g g�1. Tomaselli and Shamos (1973) working in the

frequency range 0.1–100 kHz at room temperature found the critical hydration of bovine

Achilles tendon to be 0.054–0.115 g g�1. Marino et al. (1971) have measured the piezoelectric

constant in bone and its two constituents and reported that themineral exhibits no piezoelectric

behavior (Figure 2.7).

Reinish and Nowick (1976) have investigated collagen hydration with X-ray diffraction

and reported that absorption of water by the helical structure of the collagen molecule

becomes saturated at a moisture content of 26wt% (RH¼ 60%). The piezoelectric

properties of bone are generally attributed to the collagen, because tendon (almost pure
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collagen) is piezoelectric (Fukada and Yasuda, 1964), while the crystal structure of

hydroxyapatite is 6/m, which is centrosymmetric. For collagen with 10% weight moisture

content, there exist two kinds of relaxations, which depend upon moisture content and the

frequency. It is concluded that the relaxations at 0 �C result from reoverietal motion of the

collagen molecules� side chains, whereas relaxation around �80 �C is caused by low

frequency oscillation of the collagen�s main chain. This seems to be correlated with the

amount of adsorbed water.
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Figure 2.4 (a) Schematic diagram of a device for measuring the piezoelectricity in bone. (Reproduced

with permission from E. Fukada and I. Yasuda, “On the piezoelectric effect of bone,” Journal of the

Physical Society of Japan, 120, 1158–1162�1957, The Physical Society of Japan.) (Fukada and Yasuda,

1957.) (b)Dependence of the piezoelectric constant of the femur ofman on the angle between the pressure

direction and the bone axis (Fukada and Yasuda, 1957)
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For collagen, e0 and e00 increased with increasing hydration, while d 0 at �150 �C increased

below critical hydration (hc) but decreased above hc with increasing hydration. For bone the

dependence of piezoelectric constants on hydration and temperature reflects a two-phase

structure consisting of collagen and mineral hydroxyapatite. The critical hydration for bone is

0.04 g g�1. The piezoelectric constant (d¼ d 0 � jd 00) gives the ratio of polarization to stress at
45 �C to the direction of fibrillar orientation in the collagen (¼d14/2).
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Figure 2.5 Direct piezoelectric effect of bone
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From the above it is evident that there is a sonic contribution to the piezoelectric response in

bone. The converse piezoelectric effect for collagen has been similarly measured (Fukada and

Yasuda, 1964). The absolute value of the piezoelectric constant of a specimen is determined by

the ratio of two output voltages when the alternating voltage is applied to specimen and quartz

crystal respectively. When the shearing force is applied in the direction of fiber axes the upper

end becomes polarized negatively and the lower end is polarized positively.When the pressure

is applied in a perpendicular direction to the fiber axis, similar polarization takes place. If the

direction of force is reversed, the sign of electric polarization is also reversed. Converse

piezoelectric effects are also observed when the electric field is applied in the direction of

electric polarization.

The dielectric relaxation and mechanical properties of collagen and bone have been

examined by Meda and Fukada (1982). These authors determined the piezoelectric

elastic and dielectric constants of collagen at a selected hydration and temperature range

(�150–50 �C) at a frequency of 10Hz.

Table 2.1 Piezoelectric constant of bone of man

Direct effect Converse effect

Static Dynamic Dynamic

1 2.0� 10�9 2.9� 10�9 2.9� 10�9

2 2.2� 10�9 3.6� 10�9 3.5� 10�9
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Figure 2.7 Piezoelectric effect in bone and its constituents (Marino et al., 1971)

68 Biophysical Bone Behavior



Pfeiffer (1977) has described amethod ofmeasuring the frequency response of piezoelectric

coefficients of the mineralized collagen fibril, including the ground substance of adult human

cortical bone. Reinish and Nowick (1974) have found that the piezoelectric polarization at

100%humidity decreases to 30%of the value obtained for dried bone. Thismodelmakes use of

the fact that:

1. Bone exhibits mechanical isotropy but piezoelectric behavior is anisotropic.

2. The symmetry for the mineralized fibril is C¥.

Sedlin and Hirsch (1966) and McElhaney (1967) have pointed out that cortical bone is a

viscoelastic material and hence material data become time dependent. This implies that the

piezoelectric coefficients for direct and inverse effects are not identical. If the stress is applied

periodically, the material parameters become frequency dependent.

The magnitude of piezoelectric constants increases with increasing molecular orientation

for bone tendon and extracted collagen film (Fukada, 1974). The single crystal equivalent

parameters, as reported by Gundjian and Chen (1974), show a greater increase than the

averaged data for bone reported by Fukada (1968), although the results of Pfeiffer (1977) are

greater still. The difference can be explained best by the increase at low frequencies and, on the

other hand, by different organization of the lamellae in bovine and human femur samples.

Measurements of the piezoelectric properties of bone (Holt, Martin and Advani, 1977;

Liboff and Furst, 1974; Bur, 1976; Fukada, 1974) indicate that:

1. Although the piezoelectric element of bone (the collagen molecule) has a hexagonally

symmetric crystal structure, bone itself exhibits no apparent symmetry in its matrix of

piezoelectric coefficients.

2. Inhomogeneities in bone composition and/or structure result in considerable variations in

the piezoelectric matrices, measured in different specimens, even though the specimens

may come from neighboring sites in the same bone.

2.7 Bone Structure and Piezoelectric Properties

The bone samples used in the work reported were all taken from the shafts of femurs and tibias

of mammals and primarily from mature bovine femurs and tibias. Such bone is called

“compact” or “cortical” bone. Compact bone is a composite consisting of calcium phosphates

(about 70–75wt% in dry bone) and collagen (about 20–25wt% in dry bone) (Miller and

Martin, 1968 and Herring, 1968).

Collagen, a fibrous protein, is a major component of most connective tissue, for example,

tendon, skin and ligament, and has remained an attractive subject of investigation. As

mentioned in Chapter 1, collagen fibers are made of tropocollagen (TC) molecules. The TC

molecule is about 2900A
�
long and 15A

�
in diameter and is itself a triple helix of three

polypeptide chains (Figure 1.5) (Kuhn, 1969). In solution the TC molecule exhibits the large

dipole moment characteristic of polypeptides (Bernengo, Rous and Herbage, 1974) and the

existence of a pyroelectric effect in dry collagen indicates that the TC molecule may possess a

permanent dipole moment when dry. Although collagen will denature at 64 �C in solution, the

collagen in dry bone does not denature until about 200 �C (Liboff and Shamos, 1973). Fukada

and Hara (1969) have measured the temperature dependence of the piezoelectric moduli in
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bone and found that no irreversible changes take place, other than effects associated with

drying, when the samples are heated to 150 �C.
The collagen fibers form layers or lamella that are typically 7mm thick (Robinson, Doty and

Copper, 1973). The fibers within a lamella appear to be approximately parallel, but different

lamella often have differing fiber directions. This difference in fiber orientation can be detected

with a polarizingmicroscope. The lamellamake several different types of structural units. They

may formconcentric cylinders about aHaversian canal, a channelwhich in living bone contains

blood vessels. The canals range from 25 to 80 mm in diameter and the canal plus concentric

lamella, a unit called an “osteon,” typically has a diameter of 120–230 mm (Pfeiffer, 1977). In

other instances the lamella will have a flat or wavy appearance known as “primary” bone.

Compact bone contains osteons andprimarybone in the interstitial regionsbetween the osteons.

Mature, remodeled bone is characterized by the presence of a large numbers of osteons,

while younger bone has fewer osteons and more primary bone. In bovine specimens the earlier

lamellar bone is usually replaced by osteons from the inside out. The osteons form first near the

endosteal, or inner, surface of the bone and gradually spread towards the periosteal, or outer,

surface (Carter, Hayes and Schurman, 1976 and Smith, 1960).

X-Ray diffraction studies of bone have shown that the hydroxyapatite crystals have a

preferred orientation down the length of the bone axis (Eanes, 1973). Since the hydroxyapatite

crystals are parallel to the collagenfiber axis, this observation implies that there is a preferred or a

net orientation of the collagen fibers down the length of the bone. This conclusion is confirmed

bymicroscopic examination. However, the orientation is only approximate and deviations from

parallelism may have important consequences for the electrical properties of bone.

Fukada and Yasuda (1957, 1964) showed that bone was piezoelectric when they measured

both the direct effect, using uniaxial compression, and the converse effect in samples cut from

dried femurs of oxen, humans and horses. The piezoelectric tensor they found had hexagonal

polar symmetry with the polar axis nearly parallel to the long axis of the bone. It has the

following form in matrix notation:

0 0 0 d14 d15 0

0 0 0 d15 � d14 0

d31 d31 d33 0 0 0

2

4

3

5 ð2:14Þ

For horse femur they measured d14¼�65, d15¼ 0.13, d31¼ 0.01 and d33¼ 0.01 in units of

10�8 cgs-esu. (Fukada and Yasuda, 1964). However, more recent piezoelectric measurements

using uniaxial compression indicate that the symmetry of bovine bone cannot be described so

simply. Liboff, Shamos and De Virgilio (1971) measured the piezoelectric matrix for speci-

mens cut from bovine femurs and found the following matrix:

0:06 0:27 � 0:18 6:09 0:33
� 0:48 0:00 0:54 0:33 � 3:90
� 0:57 0:51 0:15

2
4

3
5

where the units are in 10�9 cgs-esu, the z-axis is along the length of the femur and the y-axis is in

the radial direction.

Two experimental studies have demonstrated the existence of a unique electrical axis in

bone. Bone is found to be pyroelectric (Lang, 1966, 1969), and the electrical signals generated
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in bone are measured by the application of hydrostatic pressure (Athenstaedt, 1968, 1969,

1970). Athenstaedt performed his measurements on a large number of samples and found that

the direction of the piezoelectric axis varied both with position in the bone and with the age of

the animal. He also found a component of the piezoelectric axis perpendicular to the collagen

fiber direction in some collagenous tissues (Athenstaedt, 1970).

2.8 Piezoelectric Transducers

A transducer has electrical and mechanical terminals for energy supply and delivery (Ikeda,

1990). In the range of ultrasonic frequencies, piezoelectric transducers are used at all levels of

intensity. These transducers make use of piezoelectric components, such as plates or other

suitable configurations that generate a charge on preferred surfaces under the influence of

stresses that change dimensions when they are subjected to an electric field. The electrical

characteristics of transducers are influenced by their mechanical properties and by the types

of mechanical loading to which they are subjected. Since these influences have the

characteristics of electrical impedances, they may be represented in a circuit diagram that

also includes all the electrical parameters of the transducer. A circuit diagram of this type is

called an “equivalent” circuit (Figure 2.8a). This, like any other electrical circuit, is useful for

estimating the efficiency and power handling capabilities and for analyzing its performance.

An equivalent circuit is based on the assumption that the transducer operates in a linear

manner and, therefore, all circuit values are constants. However, when nonlinearities occur in

the stress–strain curve of materials, in the electrical–mechanical interaction at various driving

potentials, there occurs variations in the acoustical load impedances at various levels of

intensity.

The suitability of a material for use in transducers for producing ultrasound is dependent

upon several factors, the relative importance of which is determined by the application.

These factors include the magnitude of the piezoelectric coefficients, stability, dielectric

properties, electrical breakdown strength and tensile properties of the material. A simple

piezoelectric transducer, consisting of a plate vibrating in the thickness mode, may radiate

from both faces (symmetrical load) or from only one face (air backed). An air-backed

transducer has only one half of the radiating surface of a symmetrically loaded transducer.

Thus, if a transformation factor a is used to convert mechanical impedances into electrical

impedances for a symmetrically loaded transducer, a factor of 2a must be used for the

air-backed transducer.

In a piezoelectric material, the imposed stress is in phase with the impressed voltage. The

piezoelectric element is an electrical condenser of capacitance C0 by virtue of the dielectric

nature of the transducermaterial. The electrical resistance of the condenser is negligible. The

capacitance C0 appears in parallel with a series branch that includes the converted

mechanical impedances. These mechanical impedances consist of (i) a resistances Re

corresponding to the losses in the transducer (negligible in high-Q piezoelectric transducers);

(ii) a load resistance or radiation impedance ZR¼P0C0S, where P0C0 is the characteristic

acoustic impedance of the load and S is the area of the radiating surface; (iii) an inductance

M due to the mass of the transducer; and (iv) a capacitance 1/K due to the compliance of the

transducer. The equivalent circuit assumes that Re is negligible (Figure 2.8b).
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Figure 2.8 (a) Four terminal network representing the equivalent circuit of a transducer; Ze and ZM are

the electrical and mechanical impedance, respectively, and F is the force. (b) The equivalent electrical

circuit for a piezoelectric plate transducer operating near resonance where mass, elastic compliance and

mechanical damping are transformed into equivalent electrical elements L, C, R by piezoelectric effect;

CO is the capacitance of the transducer at the resonant frequency under static conditions; Rrad is the

radiation resistance. (c) Thickness longitudinal vibration of the L-effect
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The piezoelectric element is electrically excited to vibrate in a plate thickness mode to

radiate acoustic energy into amediumof characteristic impedancePC that is in contact with the

element over one of the larger faces. It is also assumed that the medium in contact with the

opposite face has an extremely low impedance, so that practically no radiation is emitted from

this face, as compared with the other face. This condition is nearly fulfilled if the former

medium is liquid and the other face is air backed. In these formulations it is assumed that no

losses occur in the holder and that the element is essentially unrestrained as far as the vibration

is concerned, except by the medium into which it radiates.

2.8.1 Transducer Vibration

In the vibration of a transducer various electrical and mechanical situations can be simulated.

The vibration behavior depends upon the nature of coupling, that is, the longitudinal (L) or

transverse (T) effect.

2.8.2 Transverse-Effect Transducer

In this case, the fundamental or first resonance occurs at a position corresponding to the half-

wavelength of the sound and harmonic resonances occur successively at odd multiples of the

fundamental frequency. Accordingly, it can be said that resonance itself represent a real

mechanical aspect of the sound.

When interpreted with the equivalent circuit, a series resonance of L and Cn in the

piezoelectric branch give rise to this resonance. In contrast, the anti-resonance corresponds

to a parallel resonance of LCn and a capacitance close to C0. Thus, the resonant angular

frequency of the nth harmonic is given by:

W2Rn ¼ 1=LCn

The anti-resonant angular frequency by (Ikeda, 1990):

W2An ¼ 1

L

1

Cn

þ 1

C0

� �

where:

C0 � C0 þ 1

4
Cn

The value of C0 is estimated by examining the admittance of other piezoelectric branches.

Around thenth overtone frequency, the higher branches look capacitive and the lower inductive.

Figure 2.8c shows the thickness longitudinal vibration of a plate with L-effect coupling for

an X-cut plate under constant voltage excitation. The transverse vibration may be excited

though, but this resonant frequency is assumed to be far below the resonance of the thickness

vibration.

In the L-effect mode of vibration, the first anti-resonance corresponds to the sounds half-

wavelength and each harmonic resonant frequency is equal to an oddmultiple of this frequency.
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Accordingly, in this transducer, the anti-resonance reflects, as it were, the real mechanical

situation for the sound. This is in contrast to the situation in the transducer with T-effect

coupling.

2.9 Ferroelectricity in Bone

Considering the compositematerial of bone, interest has arisen in investigating the origin of the

mechano-electrical phenomena. However, its physiological consequences remain to be fully

understood. The strain-dependent potentials are a consequence of its ferroelectric nature and

have an important role in normal stimulated bone growth and fracture treatment.

Pyroelectric materials produce electric charges on the surface during uniform heating,

and an additional structural requirement is that the crystal should have a single polar axis. It

should also be present in the absence of external electric fields. The discovery of

pyroelectric properties in bone (Lang, 1966; Athenstaedt, 1969) has further focused our

understanding of the role of piezoelectricity in a wider context. It is therefore important to

investigate the ferroelectric properties of bone. The ferroelectric materials are spon-

taneously polarized dielectric materials. The crystal contains several domains and in each

of these the polarization has a specific direction. The direction varies from one domain to

another, which can be changed by the application of small magnitude of external electric

fields. The structural implications are that bone possess a domain structure with respect to

charge distributions. The charged dipoles are arranged in domains. Their mutual orientation

within the domains can be changed by the application of an external electric field. Applied

mechanical forces can also produce a perturbation and can lead to a non-equilibrium

situation in which the distortion of the dipoles leads to the generation of a net electric field. It

is the deformation of the domain structure that is likely to be of greater importance than the

magnitude of the force. This further emphasizes the significance of strain rather than stress.

Support for an internal arrangement of dipoles into a domain structure also comes from

observations that bone can behave as an electret and that these can be effected by physical

methods (Andrabi and Behari, 1981). These authors have emphasized the importance of

persistent charge storage effects. Both electret and ferroelectric behavior both require a

grouping of dipoles in domains that can be affected by applied electric fields. A micro-

domain can be energized separately within an organized layer, for example, in a membrane.

However, their role in controlling biological processes in bone and in biological systems, in

general, remains unclear.

Ferroelectric studies show (Hastings, El Messiery and Rokowski, 1981) that the D–E

relationship of dry cortical bone is characterized by a hysteresis loop comparable to that of a

weakly ferroelectric material (Figure 2.9a). This is repeatable with different samples

irrespective of age or site and orientation in the tibia. Therefore, ferroelectricity is an intrinsic

property of dry bone and confirms its piezoelectric character. Such results frommoist bone are

often unreliable because of the presence of leakage currents.

The presence and hence role of ferroelectricity inmoist bone and in vivo is, and probablywill

always remain, within the realm of speculation. The dimensions of the collagen matrix will

change with extent of hydration and it may possibly alter intrinsic properties related to basic

structural elements. It has been so-reported for mechanical properties. A dry matrix may,

however, differ from its hydrated counterpart and the difference remains to be explained from a

purely physical point of view.
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Hence, local domains may have a very important role inmonitoring the constant mechanical

strains towhich bones are subjected and in controlling or triggering the transport of calciumand

other ions at the cellular level.Application of small electric field to effect physical behavior (PN

junction, photoelectric effect, Hall effect, etc.) offers support to these findings. Once a transport

mechanism has set in, there are various built-in amplification systems that may increase the

effectiveness of the process. The role of such processes in bone fracture healing and

osteoporosis appears to be important.

2.9.1 Experimental Details

Hastings, El Messiery and Rokowski (1981) and Andrabi and Behari (1981) used normal

human bone obtained from tibiae following amputation and sacrificing animals respectively.

7

6

5

4

3

2

1

0.5    1   2  Eex  (kV/cm) 

(a)

 D
 (n

 c
b/

cm
2 )

                              P
Saturation

                                                                                    Eex

                   EC           A σ                             Domain rotation 

Initial arrangement 

                                                                                                        of domain 

(b)

      EIn

E

B       C    O

ω

Figure 2.9 (a) Voltage displacement response of a known ferroelectric crystal; (b) type of hysteresis

loop for ferroelectric materials, showing the relationship between externally applied field E and internal

polarizationP (Hastings andMahmud, 1991). (Reproducedwith kind permission fromG.W.Hastings and

F.A. Mahmud, The electromechanical properties of fluid-filled bone: a new dimension, Journal

of Materials Science: Materials in Medicine, 2(2), 118–124 (p.121, Figure 2) � 1991, Springer

Science þBusiness Media)
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The samples are dried at room temperature for six weeks. The test pieces used in the different

experiments are cut at the desired orientation and to the required shape. This permits a very

light loading of the sample during the cutting operation. The bone surface at the site of electrode

attachment is polished with progressively finer grades of glass paper, washed with distilled

water, acetone, water again and then dried. A thin layer of silver paint is applied and copper

connecting leads are attached using the paint as adhesive.A standard procedure is used to attach

gauges to bonewith adhesive.Whenwet bone samples are to be studied, the gauges are attached

first to dry bone, which is then rehydrated by immersing in deionized water. Test pieces are

stored in vacuo for two days prior to experimentation.

To measure ferroelectricity, vacuum dried samples are prepared in rectangular form (0.5 to

8mm thick) and electrodes and leads are attached to the two opposite, parallel faces. The

thickness and area of each sample are measured and the value of the capacitance determined.

The applied electric field (E) produces a displacement current (D) in the sample and this is

supposed to be made up of two components. One is due to the linear part of the dielectric

constant of the sample (er) the other to a nonlinear polarization vector (Pferr) corresponding to

the ferroelectric domains such that D¼ erE þ 4pPferr. The D–E relationship for ferroelectric

materials shows a hysteresis loop. Figure 2.9b shows the increase of polarization occurring

when domains are rotated (OA), with saturation being attained at B. As the external field E is

reduced a polarization Pr remains when E is zero. This is the remnant polarization and to

remove itEmust be reduced to a valueEc, which is called the coercive field (Figure 2.9a and b).

While these authors convincingly demonstrated ferroelectricity in bone, it has not been

explicitly examined/reproduced by other groups.Moreover, its biological significance remains

to be established and understood.

2.10 Two-Phase Mineral-Filled Plastic Composites

2.10.1 Material Properties

The composition of bone tissue is extremely complex compared to most engineering

composites. The complex nature of bone microstructure suggests the need for mechanical

models. An understanding at the molecular level may also provide useful information for

subsequent histologic based models. The organization of bone within a Haversian system

consists of a central canal surrounded by concentric lamella (Figure 1.8a). Lamellae can be

observed with the light microscope. Bone is elastically isotropic and its modules in the

longitudinal axis are greater than in the directions normal to it (Reilly and Burnstein, 1975).

This has effect of increasing somewhat the stress concentrating effect of voids if the load on the

bone is directed primarily along its length (Green and Taylor, 1945; Kaltakci, 1995).

In nature, the strongest and most efficient materials, bone, wood and fiber glass, have two

phases (Katz, 1971). They are made up of two different substances with contrasting properties

of strength and elasticity.Materially, the strength of any tissue is derivable from two sources, its

elastic and plastic components. For a calcified tissue, elasticity is related to themineral phase of

the tissue and plasticity to the matrix (Burstein et al., 1977; Currey, 1989; Jepsen et al., 1992).

Knowledge of the orientation of the hydroxyapatite (HAP) crystallites with respect to the

collagen fibers is important in predicting the orientation of the principal axis of stress in bone

tissue. These are (i) compound bar, (ii) pre-stressed material and (iii) a two-phase material.
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To explain the mechanical properties of bone, Currey (1964) suggested a two-phase

composite. This initial work applied the simple rule of mixtures wherein the modulus of the

composite is calculated by averaging the proportional contributions of each phase. Reported

data of Lees and Davidson (1977), Lees (1979) suggest that bony tissues considered as a two-

phase composite systems ofHAP andCOL (collagen) are described as a family of Reuss solids,

where the soft matrix (COL) become stiffer as the hard filler (mineral, HAP) is added until a

maximum elastic modulus is reached (Figure 2.10). It is postulated that an increased density of

cross linking is associated with increased HAP content and that HAP crystallites provide rigid

bases for shortened links to stiffen the composite by reversible enzyme-directed processes

(Figure 2.10). These investigations open up the possibility of obtaining a desired set of bone

material properties by mixing these constituents in different proportions.

Currey (1964), Bonfield and Li (1967) and Katz (1971) have tried to model bone as a simple

composite material using the linear rule of mixtures from a strictly volumetric viewpoint.

If one assumes that the stresses are the same in the materials, one has the Reuss model and the

longitudinal modulus of the composite as:

ER ¼ EfEm

EfVm þEmVf

ð2:15Þ
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Figure 2.10 Epoxy-crystabolite composite system (Lees and Davidson, 1977). (Reproduced with

permission from S. Lees and C. Davidson. A theory relating sonic velocity to mineral content in bone.

In: Linzer, M, ed. Ultrasonic Tissue Characterization Vol. II, Special Publication 525. Government

Printing Office, Washington, DC � 1979)
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whereVm andVf are, respectively, the volumetric concentrations ofmatrix (collagen) and fibers

(hydroxyapatite). If, on the other hand, onemakes the strains equal in the twomaterials, one has

the Voight model, for which:

EV ¼ EfVf þEmVm ð2:16Þ

The density of the composite is given by:

P ¼ pmnm þ pfvf

The Reuss model gives a lower bound to the modulus, the Voight model an upper bound. For

instance, assuming Vf¼ 0.41, Vm¼ 0.59, Ef¼ 11.5� 1011 dyne cm�2 (1 dyne¼ 10�5 N) and

Em¼ 0.124� 1011 dyne cm�2, one has ER¼ 0.209� 1011 dyne cm�2 and EV¼ 4.788� 1011

dyne cm�2. The range of experimentally determined values of elastic modulus of bone lies

between these limits.

Hirsch (1962) has proposed a model that combines the Reuss and Voight models and

expresses the elastic modulus as:

1

ER

¼ x

EV

þ ð1� xÞ
ER

ð2:17Þ

where x and (1� x) are the relative proportions of material conforming to the upper and lower

boundaries of solutions, respectively. Piekarski (1973), using his experimental data and the

Hirsch (1962) model, found that if x¼ 0.925 the theoretical model fits well with experimental

data. This may be interpreted as showing that the matrix is predominantly an equal strain

system. Another model (Hashin and Strikman, 1963) distributes the mineral and collagen

phases in an arbitrary geometry, but improves the modulus bounds only to a limited extent. In

all these models the effect of the Poisson ratio is neglected and only the longitudinal elastic

modulus is calculated.

Turhan (1977) has treated a compact bone as a hexagonally symmetric composite material

and calculated all the elastic coefficients. Following the usual mixture laws for composite

materials he expressed EL (longitudinal Young�s modulus), ET (transverse Young�s modulus),

GL (shear modulus in the 2–3 plane),GT (shear modulus in the 1–2 plane) and VL (longitudinal

Poisson ratio) in terms of the elastic properties and volumetric concentrations of constituents

as:

EL ¼ VfEf þVmEm;
1

ET

¼ Vf

Ef

þ Vm

Em

ð2:18Þ

1

GL

¼ 1

GT

¼ Vf

Gf

þ Vm

Gm

VL ¼ Vfnf þVmnm ð2:19Þ

However, notably, the longitudinal and transversemoduli correspond to elastic moduli in Voigt

and Reuss models, respectively.

To explain bone structure, Currey (1969) has suggested that the microcrystallites are

fused together to make the hard material more fibrous, which is contrary to the findings of
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other workers (Ascenzi, Bonucci and Bocciarelli, 1965; Glimcher and Krane, 1968). Bone

contains various other components in addition to the two major constituents, though in small

proportions. These include ground substances, namely mucopolysaccharides, and various

trace components, for example, citrate, Na, Mg, K, Cl, Zn, Sr, Pb, Cu and Ba. Some of these

function through involvement in metabolism and so there is a need to understand the

mechanisms of the physical and biological changes they produce. For example, vanadium

and strontium cause a marked stimulation of mineralization in bone while calcium

changes the electrical activity in membrane by forming insoluble salts (Schroeder,

1960). Absorbed lead exchanges for calcium in bone mineral (Neuman and Newman,

1953). Furthermore, the observations that trace elements in bone may be associated with

either the organic or the inorganic components and influence the electrical or physical

properties of bone demand further investigations of the mechanical properties of bone doped

with varying proportions of additives. Some studies of this type have been undertaken by

Singh and Behari (1984a).

The longitudinal sonic velocity has two values: one for the Voigt and other for the Reuss

model. The Reuss calculations shown by Hill (1952) provide a rigorous lower bound to the

elastic modulus of a mixture. When the modules of the components are almost equal there is

very little difference between the models in predicting the correct behavior and the average of

the two may be a good approximation.

In a two-component bone composite material mineral phase (mainly hydroxyapatite)

confers the strength (Zioupos 2001) and stiffness (Currey 1988) and the organic matrix

(mostly type I collagen) primarily influences the toughness of bone (Wang et al. 2001, Zioupos

2001, Zioupos et al. 1999). Mineral and collagen each contribute to the bones competency and

to microarchitecture (e.g. porosity and trabecular connectivity) (Figure 2.11). They also

contribte to the microstructure (e.g. the curvature of diaphysis) and thickness of the cortical

shell besides in vivo microdamage (e.g. microcracks and diffuse cracks) and their interaction

with water is responsible to effect the mechanical behavior of bone. Thus bone may also be

considered a fluid structure inwhich the distribution ofwater affects themechanical properties

of bone (Nyman et al. 2006). Currey (1969) suggested that the crystallites are much longer

than observed in order to attribute a fibrous mineral structure to bone to account for the

observed elastic and strength properties. Figure (1.4C) indicates a representation of mineral-

ized bone collagen showing crystallites embedding the cross links.

This two-component rule is useful in estimating the modulus of unidirectional continuous

fiber composites but is not considered a proper model for bone. Katz (1977, 1980, 1981) has

developed a model of Haversian bone such that individual osteons are treated as circular

coherent cylindrical entities packed in a hexagonal manner. The osteons are built up of

concentric lamellae containing ground substance and hydroxyapatite. One of the objectives in

this model is to account for the anisotropy in the modulus of bone. The smallest elements that

are treated are those that are observed microscopically. There are, however, interactions at the

molecular level that are important in determining the mechanical properties of bone. These

interactions would take place within each lamella. One approach is to apply composite theory

to the smallest constituentmicrostructural elements thatmake up bone and treat them as a filled

polymeric composite. The structure–function relationships in bone are addressed at essentially

the level of the extracellular matrix. The mechanical behavior of a composite at this level is a

function of the properties of the individual phases (matrix and filler), their interaction and

adhesion. Other key parameters are crystal size, filler aspect ratio and volume fraction of
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mineralization. Such information may play an important role in describing the mechanism of

bone fracture and fatigue.

Williams and Breger (1974, 1975) have extended the linear, phenomenological theory of

piezoelectricity, in which the polarization is assumed to be proportional not only to the stress

but also to the gradient of the stress.With fourth rank tensor formalism it is possible to derive an

expression that predicts the observed symmetry properties of the transverse voltage and its

dependence on electrode location for a bent cantilever beam.

Williams andBreger (1975) demonstrated that piezoelectrically homogeneous specimens of

quartz and tourmaline do not model bone or tendon. It is shown that specially fabricated poled

ceramics can do so successfully and thus places the electromechanical response of dry bone and

tendon on a solid theoretical foundation. When subjected to fluid shear stress, endothelial cells

align parallel to the direction of flow (Dartsch and Betz, 1989). This response to mechanical

stimulation is accompanied by an increase in filamentous actin (F-actin) stress fibers, which

also align in the direction of flow (Dartsch and Betz, 1989). Interestingly, when endothelial

cells, fibroblasts or osteoblasts are grown on flexible, silicone-bottomed culture plates and

subjected to cyclic biaxial deformation the cells align perpendicular to the major vector of

strain (Buckley et al., 1988; Dartsch and Betz, 1989). This realignment is also accompanied by

an increase in cytoskeletal stress fibers aligned in the same direction as the cell. These

observations suggest that different types of mechanical strain produce different cellular

responses.
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Figure 2.11 Collagen–HAP composite system (Lees and Davidson, 1977). (Reproduced with permis-

sion from S. Lees andC. Davidson. A theory relating sonic velocity tomineral content in bone. In: Linzer,

M, ed.Ultrasonic Tissue CharacterizationVol. II, Special Publication 525. Government Printing Office,

Washington, DC � 1979)
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2.10.2 Bone Mechanical Properties

2.10.2.1 Theoretical Considerations

Figure 2.12 depicts an idealized composite stress–strain relationship under tension. At low

levels of tensile strain, stress is proportional to the strain and the constant of proportionality is

known as Young�s modulus. Lower levels of strain represent the elastic region before any

irreversible damage is induced. At higher levels of strain the yield point is reached, which

represents the onset of plastic deformation. In bone, it occurs at a strain level of approximately

1% (Crowninshield and Pope, 1974). For a filled polymeric composite, interfacial debonding

represents the primary mode of failure (Trachte and Dibenedetto, 1971). This is most likely an

important mechanism in bone, although failure can take place also between larger elements,

such as those at the lamella level. The critical strain release rate or energy required to extend a

crack exhibits a positive correlation with mineralization (Wright and Hayes, 1977). This

suggest that increased levels of particle–matrix bonding results in increased fracture energy.

Fracture toughness is increased by increasing the filler concentration or by improved adhesion

(Trachte and Dibenedetto, 1971; Jancar and Kucera, 1990).

For the purpose of studying the mechanical properties of bone, the crystalline and

amorphous mineral phases may be assumed to be lumped together and the amorphous organic

phase, which is found in small amounts in the bone,may also be lumped togetherwith collagen.

With these assumptions and classifications presented in the work by Welch (1970) at the

ultrastructural level, compact bonemay be considered to consist of hydroxyapatites (minerals),

collagen (organic) and liquid (pores). With the help of electron microscopy, it is revealed that

the crystals are actually within the fibers. Differences in making further assumptions on the

structure of bone has led investigators to suggest different analyticalmodels for themechanical

behavior of compact bone. These are (i) the elastic composite model and (ii) the porous elastic

solid. In the composite model, the organic phase and liquids (pores) are lumped together to
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Figure 2.12 Stress–strain relationship in a solid medium
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form a matrix material of the composite reinforced by hydroxyapatite fibers. However, in the

porous elastic solid model, the organic and mineral phases are assumed to be lumped together

to form the basic material of elastic solids in which the pores are randomly distributed.

For ellipsoidal fillers, Eshelby (1957) calculated the elastic field for a dilute suspension.

Chow (1977, 1978, 1980) subsequently generalized Eshelby�s theory to estimate the five elastic

constants of a filled composite at a finite volume concentration of filler particles. Chow�s
general theory reduces toKerner�s equations for spherical fillers. Particle shape is characterized
by the aspect ratio, r, which is the ratio of the major to minor axes. For a composite model of

bone the theory is very useful, as it addresses the principal relevant parameters such as filler

dimension, interfacial debonding, elastic constants of the constituent phases and volume

fraction of filler or mineralization.

The mechanical properties of bone depend upon composition and structure. However,

composition is variable in living tissues. It changes in terms of the mechanical environment

(stimulation), ageing, disease, nutrition andmany other unaccounted factors. Efforts have been

made to correlate mechanical properties with composition (Carter andHayes, 1977; Carter and

Spengler, 1978; Gibson, 1985; Goldstein, 1987; Rice, Cowin and Bowman, 1988; Martin,

1991). Vose and Kubala (1959) tried to establish a relation between composition and

mechanical properties, thereby obtaining a correlation between ultimate binding strength and

mineral content. Carter and Hayes (1977) found that elastic modules and the strength of

trabecular and cortical bone are closely related to the cube and the sequence of the apparent wet

bone density, respectively. Bone that is exposed to high mechanical strain will add bone tissue

to reduce the strains to an acceptable level. Bone tissue subjected to high mechanical strains

will increase the lamellar bone formation rate (Turner et al., 1994; Chow, Jagger andChambers,

1993). Rubin, Bain and Mcleod (1990) have observed that high frequency (15–30Hz) strain

peaks are functionally important because bone adapts more easily to strains applied at these

frequencies than at low frequencies (1–2Hz) (Turner et al., 1995). However, it has been shown

that in humans the higher frequency harmonies ofwalking are greater than 15Hz (Antonson and

Mann, 1985). Themechanical properties of bone have significant clinical importance, especially

in understanding fracture and osteoporotic behavior as a function of mineralization.

Several authors (Currey, 1969, 1988, 2002; Schaffler and Burr, 1988; Keller, 1994) have

shown that the mechanical properties of cortical and cancellous bone depend on apparent

density andmineral content. Themost representative compositional variable is the ash density,

which has the following correlation:

EðMPaÞ ¼ 10500 P2:57�0:04
a sCðMPaÞ ¼ 117P1:93�0:04

a ð2:20Þ

where Pa is ash density. This expression explains over 96% of the statistical variation in the

mechanical behavior of combined vertebral and femoral data over the range of ash density

(0.03–1.22 g cc�1).

Keyak, Lee and Skinner (1994) also studied the relationship between the mechanical

properties and ash property for trabecular bone, obtaining the following expression (r2¼ 0.92):

EðMPaÞ ¼ 33900 P2:2
a if Pa � 0:27 g cm� 3

sCðMPaÞ ¼ 137 P1:88
a if Pa � 0:317 g cm� 3

ð2:21Þ
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One limitation of these models is that they do not separate the influence of bone volume

fraction from the ash fraction. Hernandez et al. (2001) express the apparent density as a

function of the bone volume fraction [bone volume (BV)/total volume (TV)] from the ash

fraction (a):

P ¼ BV

TV
Pt ¼ BV

TV
ð1:41þ 1:29aÞ ð2:22Þ

where Pt is the true density of the bone, which is linearly related to the ash fraction (a). They
determined the elastic modules and compression strength, independently of bone volume

fraction and ash fraction, (r2¼ 0.97):

EðMPaÞ ¼ 84370
BV

TV

� �2:58�0:02

a2:74�0:13

sCðMPaÞ ¼ 749:33
BV

TV

� �1:92�0:02

a2:79�0:09 ð2:23Þ

In these expressions, the exponent related to ash fraction is larger than that associatedwith bone

volume fraction, suggesting that a change in mineral content will produce a larger change in

mechanical properties.

Pietruszczak, Inglis and Pande (1999) have included the directional dependence of strength

using the expression:

sCð~eÞ ¼ sCo

1�~nðeÞ
1�~n0

� �
Y ð2:24Þ

where n0, sCo are reference properties (the first is the average porosity, and the second the

corresponding strength for the level of porosity), Y is a constant in the interval (1,2) and n(e) is

the directional porosity that can be approximated as:

~nðeÞ � nð1þ orij liljÞ ð2:25Þ

where n is the average porosity, li the orientation in relation to a fixed Cartesian coordinate

system and orij is defined as a symmetric traceless tensor, which describes the distribution

of voids.

Interrelationships of trabecular bone electrical and dielectric properties with mechanical

properties and density need to be explicitly examined and established. Since the trabecular

bone is an inhomogeneous composite material, containing porous bony matrix filled with

fluid and being structurally and mechanically anisotropic, its electrical characteristics are

complex (Chakkalakal and Johnson, 1981). Several in vitro studies have been carried out to

clarify the electrical and dielectric properties of either compact, trabecular or whole bone

(Freeman, 1967;Cochran, Pawluk and Bassett, 1968; Behari, Guha and Agarwal, 1974;

Chakkalakal and Johnson, 1981; Singh and Saha, 1987; Saha and Williams, 1989). To
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separate the effect of the fluid phase from that of the solid matrix, studies on dry bone and

fluid saturated tissue (Kosterich, Foster and Pollack, 1983) have been made. These studies

have shown that the high frequency limit of relative permittivity depends on the water

content: the main source of dielectric dispersion in long bone and in biological tissues in

general. Conflicting results exist on the interrelationships between bone density and

electrical or dielectric properties. In contrast to the findings of De Mercato and Garcia-

Sanchez (1988, 1992), Williams and Saha (1996) found that there is a statistically significant

and positive, linear correlation between the bone density and specific capacitance, which is

strongly and positively related to relative permittivity. Investigation of the properties of bone

in three orthogonal directions revealed a strong electrical and dielectric anisotropy of

compact bone (Reddy and Saha, 1984) and a transversely isotropic nature of cancellous

bone (Saha and Williams, 1989). In addition, in vitro studies and a few in vivo studies exist

(Tzukert et al., 1983; Rubinnacci and Brigatti, 1984; Skinner et al., 2001). In an in vitro

study, the bone healing and corticotomy have been reported to be successfully followed by

measuring electrical impedance (Skinner et al., 2001).

Sincemost bones are composed of compact and trabecular tissue, knowledge of the electrical

and dielectric properties of both components is desirable. Several investigators (Sierpowska

et al., 2003; Williams and Saha, 1996) have reported that bone relative permittivity and phase

angle show a strong linear correlation with volumetric bone mineral density. De Mercato and

Garcia-Sanchez (1988) found that the relative permittivity decreased with increasing com-

pactness of bovine bone, that is, they proposed a negative correlation between the bonemineral

density and relative permittivity.

The absolute values of electric and dielectric parameters reported by Sierpowska et al.

(2003) agreewith those of Saha andWilliams (1989) andGabriel, Gabriel andCorthout (1996).

Both absolute values of electrical and dielectric parameters, as well as the correlations between

the mechanical properties or BMD with relative permittivity, depend significantly on the

frequency. At frequencies over 6 kHz, the relative permittivity predicted well both the

mechanical properties and the BMD value. This variation is attributed to site-dependent

variation of electrical and dielectric parameters. The variation may be related to difference in

tissue structure (e.g., size and orientation of trabeculae) as well as to differences in spatial

distribution and density of the liquid phase (Kosterich, Foster and Pollack, 1983; De Mercato

and Garcia-Sanchez, 1988, 1992).

Mineral and collagen each contribute to bone strength, while for other parameters, namely,

microarchitecture (e.g., porosity and trabecular connectively), macrostructure (e.g., curva-

ture of diaphysis and thickness of cortical shell), and in vivomicrodamage (e.g., microcracks

and diffuse cracks), their interaction with water is equally important to the mechanical

behavior of bone. Thus, bone is also a fluid embedded material in which the distribution of

water affects its mechanical properties. Some studies have demonstrated that the stiffness,

tensile strength and hardness increases, whereas the strain at fracture and energy to fracture

decreases, following the dehydration of bone tissues (Dempster and Liddicoat, 1952; Evans,

1973; Evans and Lebow, 1951; Sedlin and Hirsch, 1966; Smith andWalmsley, 1959; Yamada

and Evans, 1970).

Reduced energy to fracture has also been observed for dehydrated dentine (Jameson, Hood

and Tidmarsh, 1993). In addition, as trabecular bone loses water, its buckling behavior changes

from ductile to brittle. The effects of drying on bone properties arewell documented; however,

the effect of hydration is less well known. Water is present in the microscopic pores, which
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increase in number and size with age, but also exists within the extracellular matrix of bone

tissues. The distribution ofwater in bone appears to change throughout life. It has been reported

that the distribution ofwater in bone tissues decreaseswith skeletal growth (Jonsson, Ranta and

Stromberg, 1985) and with progressive mineralization (Robinson, 1975, 1979). The observa-

tion that mineral content increases with age, tapering at 60 years (Mueller, Trias andRay, 1966;

Timmins andWall, 1977), implies that the amount of water in the tissue is likely to be reduced

in the elderly skeleton. Furthermore, non-enzymatic, glycation induced collagen cross links

increasewith age (Wang et al., 2002) andmay decrease water interaction with collagen as seen

in connective tissues (Kopp, Bonnet and Renou, 1989). Understanding the role of water

distribution in the mechanical behavior of bone may provide insight into the susceptibility of

bone to fracture in the elderly population.

The distribution of water within the tissue of bone – the amount of water bound to collagen,

to mineral and the mobile water in the vascular-lacunar-canalicular cavities – may control the

bone�s mechanical behavior:

Water lossð% volumeÞ ¼ 100� Wet �Wdry

Wet �Wsub

ð2:26Þ

whereWet¼mass ofwet specimen before drying,Wdry¼mass of the specimen after drying and

Wsub is the mass of weight bone when submerged in water.

The mechanical properties of bone show variation, depending upon the physical conditions:

for example, Young�s modulus for wet bone (load in the direction of bone axis) varies in the

range 0.71–2.65� 1011 dyne cm�2 (Guzelsu and Demiray, 1979). If we can obtain an insight

into the determinants of bone strength, then better methods to image, assess and treat patients

with abnormal bone can be identified. Vose andKubala (1959) have reported a rapid increase in

breaking strength of bone from 6.5 kgmm�2 for an 8% increase in mineral content. Currey

(1969) has also reported a gain in Young�s modulus by a factor of three as the ash content

increases from 63 to 68%.

There have been difficulties in attaining a proper understanding of themechanical properties

of bone as the elastic modulus of collagen is not well known and there has been no distinction

among thevarious types. Firstly, some investigators have used estimates for tendon fibers rather

than bone collagen. Except for Mason (1966), sonic velocity measurement on kangaroo tail

tendon fibers, the estimates of elastic modulus are probably based on low strain rate tests.

Secondly, the relationship between the chemical structure of collagen and the properties of

bone has not been fully explored. Collagen is considered to be a structureless homogeneous

isotropic continuum and the short-range order of body tissue collagen is often ignored. Thirdly,

there is much to be understood as to how the HAP crystallites are laid down vis-�a-vis the
collagen molecule. Fourthly, estimates of the elastic modulus of bone have been mostly

obtained by standard stress–strain tensors. However, bone is viscoelastic in nature. Strain rates

and themagnitude of the strain in conventional stress–strain testing causes hysteresis and often

permanent distortion. In ultrasonic velocity measurements the amplitude of displacement is of

the order of an a
�
ngstr€om and the corresponding period is much less than that of any relaxation

time of the medium (ms).
Studies on the dynamic characteristics of bone have been aimed at elucidating some of the

basic viscoelastic properties of bone and also at developing non-invasive techniques for

diagnosing various diseases of bone (e.g., osteoporosis, fractures). These investigations can be
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divided into three categories: resonance, ultrasound and impact studies. Investigators studying

the resonance properties of bone (Saha, 1982; Selle and Jurist, 1966; Jurist, 1970a; Jurist, 1972;

Campbell and Jurist, 1971; Doherty, Bovill and Wilson, 1974; Jurist and Kianinan, 1973;

Garner andBlackketter, 1975) have treated the long bones as a vibrating body that will resonate

at certain frequencies that are related to the length, geometry andmass distribution of the bone.

They have attempted to use the variation of mechanical properties of bone in certain disease

states and thus variations in the resonance frequency and the impedance characteristics to

obtain a measurement of such parameters for osteoporosis or the state of healing of fractures

(Jurist, 1970b). However, in these methods, the vibration monitoring transducer is generally

placed on the skin. The vibration response thusmeasured is seriously affected by the properties

of the soft tissue and by the pressure that is applied to the transducer itself (Lakes and Saha,

1977). Pelker and Saha (1983) have performed measurements on fresh and embalmed human

long bones. These authors generated stress waves by the longitudinal impact of a steel ball on

one end of the bone. The wave characteristics (velocity, attenuation and dispersion) were

measured by using twobonded strain gauges (Figure 2.13). The authors claims to have obtained

data of clinical significance.

FollowingChow (1982), in a longitudinally oriented compositewhere the filling particles are

firmly bonded to the matrix, Young�s modulus is given by:

E0

Em

¼ 1þ ðKr=Km � 1ÞG1 þ 2ðmr=mm � 1ÞK1

2K1G3 þG1K3

f ð2:27Þ

where E0 is the longitudinal modulus of the composite, Em is the matrix modulus, K is

the bulk modulus,m is the shear modulus and � is the volume fraction of filler. The subscripts

Bridge circuit Bridge circuit 

Preamplifier Preamplifier 

Display and 
recording system 

Electronic  circuitary 

Distal Proximal 

d
Mechanical
Stimulator

Figure 2.13 Experimental set up for demonstration of stress wave propagation in bone (in vitro)
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“f” and “m” refer to the filler and matrix, respectively. Ki and Gi are functions of k, r, � and

the Poisson ratio of the matrix. The filling particles are aligned along the long axis but are

randomly distributed and thus are transversely isotropic. The experimental data of Reilly

and Burnstein (1975) also support a transversely isotropic bone model. Because the

composite strain is low with respect to the matrix phase, it does not carry much tensile

load and transfers primarily shear stress to the high modulus filler particles. This can also

be viewed as a function of the difference of modulus between the organic and inorganic

phases.

Themodel can be further extended to predict the ultimate tensile strength (Chow, 1982). The

ratio of the maximum stress within the composite to the applied stress is denoted by the stress

concentration factor. If this local stress is sufficient, it may lead to evolution of a defect and

subsequent failure of the composite. For aligned reinforcing particles, the stress concentration

factor is highest at the ends of the particles, which is where an adhesion failure may take place.

For a crack to form, the strain energy must exceed the energy of debonding (that required to

create new surfaces of matrix and filler). Thus:

W 	 gA

where g is the work of adhesion and A is the surface created. From calculations of the strain

energy required for crack formation, Chow (1982) derived a critical particle size, dc. Inclusions

larger than dcwill provide flaws, or stress concentrations greater than the inherent flaw size, and

reduce the ultimate strain. The critical size is given as:

dc ¼ 12g=Eme
2
m½E0
 ð2:28Þ

where em is the ultimate strain of the matrix, and [E0] is the effective Young�s modulus of the

composite:

E0½ 
 ¼ E0 �Em

Emf
ð2:29Þ

The ultimate tensile strength at the point can then be calculated and is given by Chow (1982)

as:

su ¼ ½ð12gEm=dÞð1=½E0
 þfÞ
1=2 ð2:30Þ

The inverse square-root dependence of strength on particle size was reported earlier both

theoretically (Nicholson, 1979) and experimentally (Leidner and Woodhams, 1974).

No adequate theory has yet been developed to model compression in a filled composite.

While incorporating from Equations 2.26 and 2.28, data on the constituent phases of bone

need to be defined. The properties of hydroxyapatite crystals have been reported by Katz and

Ukraincik (1971). The bulk modulus is given as 89GPa, the shear modulus as 44.5 GPa and

the Poisson ratio as 0.22. Currey (1969) has estimated the true modulus of the collagenous to

be approximately 1.47GPa. This is a reasonable value, considering that the moduli of highly
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cross linked aromatic epoxy resin systems range between 2.5 and 3.5 GPa. The Poisson ratio

for the organic matrix may be assumed to be 0.35, which is close to the value for polymeric

materials.

To calculate the tensile strength, an estimate of thework of adhesion is needed. In the case of

complete particle wetting, this should be close to the surface energy of hydroxyapatite. Kelly

(1973) estimated the surface free energy of a solid (g) as:

g ¼ Ea0=10

where E is Young�s modulus and a0 is the equilibrium separation between atomic planes. For

hydroxyapatite, given that a0¼ 0.94 nm and E¼ 114GPa (Katz and Ukraincik, 1971), g is

estimated to be about 104 erg cm�2 (1 erg¼ 10�7 J).

The critical filler dimension in bone is estimated from Equation 2.28, which demands an

estimate for the ultimate strain of the collagen matrix. While this is unknown, the calculation

may be performed using a realistic range of 0.1–0.5 strain. Assuming a value of 104 erg cm�2

for thework of adhesion, the critical diameter is approximately 2–5mm for abovematrix strain.

Thus, the effect of particle size is felt only when there are inclusions larger than this critical

value. The measured sizes of hydroxyapatite particles are well below this value and they

should, therefore, not degrade bone tensile strength.

In modeling the compact bone it is generally assumed that both matrix (collagen) and fibers

(hydroxyapatite) are locally isotropic in their elastic properties. Thus, in constructing the

composite model one has to know the Young�s moduli and Poisson ratio of hydroxyapatite and

collagen fibrils. For specificity one uses the subscripts “f” and “m” for the quantities associated

with hydroxyapatite fibers and collagen matrix material, respectively. The elastic properties of

hydroxyapatite have been determined by Gilmore and Katz (1968) and Katz and Ukraincik

(1971). Table 2.2 lists the estimate of Currey (1964) for the Young�s modulus of collagen and

the computed values of Katz (1971) for the bulk and shear moduli (K and G) of collagen,

assuming that its Poisson ratio is 0.35.

2.10.2.2 Effect of Strain Rate

Figure 2.12 shows a relationship between stress and strain, yielding the Young�s modulus. One

of the important factors that contributes to the elastic properties of compact bone is the rate of

strain (or the speed of loading). McElhaney and Byras (1965) and McElhaney (1966) were

among the first to investigate the effects of strain rate on the elastic properties of bovine and

human femora. It is generally observed that with increasing strain rate the Young�s modulus

Table 2.2 Elastic propertiesa of hydroxyapatite and collagen (1011 dyne cm–1)

Material K G E n

Hydroxyapatite (Lang, 1969) (f) 8.9 4.45 11.5 0.27

Collagen (Wright and Hayes, 1976) (m) 0.14 0.046 0.124 0.35

aK, G, E: bulk, shear and Young�s moduli, respectively; n is the Poisson ratio.
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increases, while the Poisson ratio decreased (Table 2.3). Similar results have been found by

other authors (Bird et al., 1968; Bonfield and Clark, 1973; Panjabi, White and Southwick,

1973). Black and Korostoff (1973) tested cylindrical specimens cut from tibia at various strain

rates. They observed that Young�s modulus increases with increasing loading frequency

(almost linearly), drops sharply by nearly 50% at about 200Hz and then starts to increase

at a more rapid rate. The presence of an anomalous reduction in modulus near 200Hz suggests

that there is a mechanical component in bone that has never been in non-physiological

conditions. Jurist (1970) has made similar observations.

Crowninshield and Pope (1974) have shown that the elasticmodulus of fresh bovine compact

bone is comparatively less sensitive to strain rate when the specimen is tested under tension.

However, performed similar tests on standardized longitudinal specimens of bovine compact

bone at strain rates from 5.3� 10�4 to 237 s�1 and obtained contrary results. They found,

instead, a linear relationship (approximately) between Young�s modulus and the logarithm of

strain rate. This is somewhat similar to the results of McElhaney (1966). The results of Currey

(1975) on fresh bovine femur also support the above findings. However, Currey introduced a

linear regression line between Young�s modulus, strain rate (S in units of s�1) and ash content

(C%), for example:

E ¼ ð13:5þ 1:37Cþ 0:75SÞ � 1010 dyne cm� 2 ð2:31Þ

The organic percentage of rat long bones increases during the growth period until the age of

about 180 days and then tends to level off (Dickerson, 1962; Jankovich, 1970). In

conformation with this the electrical conductivity of bone can be expected to increase with

age during growth. Owing to increased bone density and mineralization, dry bone mineral is

more conductive than dry collagen at room temperature (Becker, Bassett and Bachman,

1964).

Jankovich (1970) has studied the effects of age and whole body vibration on electrical

conductivity in rat tibiae. This author exposed rats to 25Hz vibration (12 h day�1) at the normal

Table 2.3 Effect of strain rate on elastic constants (tension) (Burstein, Reilly and Martens, 1976)

Material

Young�s moduli (1011 dyne cm�1)

Strain rate (s�1) Wright and Hayes (1976) Currey (1975)

Fresh bovine femur 0.00 013 — 2.1

0.00 053 1.77 —

0.0053 1.99 —

0.0055 — 2.13

0.0183 — 2.47

0.053 2.30 —

0.174 2.23 —

14.3 2.75 —

59.2 2.38 —

237 4.04 —
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level of acceleration due to gravity (g). Sixty-day-old rats were vibrated until the age of 180 and

240 days. The author concluded that there is an increase in conductivity until the age of

343 days (corresponding to maturity) (Figure 2.14a). This is largely because the inorganic

portion of bone and bone density increases during the growth period. Conductivity, as well as

bone growth, is unaffected in rat limbs following prolonged exposure to vibration (Swanson

and Lafferty, 1972). There is a decrease in conductivity after the animal attains maturity

(Figure 2.14b). These authors also reported an increase in average conductivity as a function of

density change with age. Also, there is a linear relationship between average density and

conductivity among the same group of animals.

Swanson and Lafferty (1972) further reported that conductivity is decreased following bone

demineralization by immobilization. However, after release from the cast, normal values are

recovered.
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Figure 2.14 (a) Average conductivity in rat tibiae as a function of calculated density changewith age; I,

L and A represent the current, length and area, respectively, of the cortical bone. (b) Conductivity as a

function of age for vibrated (.) and control (*) rat tibiae; the labels on the x-axis are the same as in (a). The

decrease in conductivity after 343 days is due to moving beyond the maturity age
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2.10.2.3 Effect of Age

The elastic modulus of bone is also affected by the age of the subjects considered. Studies by

Yamada (1973),Mather (1967) and Sedlin andHirsch (1966) show that theYoung�smodulus of

compact bone increases with the age of subject up to (approximately) the age of 30 but it

decreases thereafter. Examining the data, after 30 years of age, one can approximately obtain a

linear relationship between Young�s modulus in the axial direction and age (A):

E ¼ ð1:78� 0:6AÞ � 1011dyne cm� 2 ð2:32Þ

Burstein, Reilly andMartens (1976) have studied the effects of aging on the elastic properties of

human femur and tibia by grouping the subjects according to their ages as 20–29, 30–39, 40–49

and 50–59 and found results whose average value is given in Table 2.4. Interestingly, in all the

cases examined the elasticmoduli increasewith age approximately up to 45 year and then starts

to decline.

Expressing the elastic modulus of human femur as a function of bone density andmeasuring

the latter as a function of age,Martin andAtkinson (1977) have shown that Young�smodulus of

bone increases up to the age of 50 and thereafter starts to decrease. In these studies only adult

human femur is considered. The mechanical properties of children�s wet bone have been

studied by Vinz (1970, 1972) and Currey and Butler (1975). Vinz (1970, 1972) divided ages of

his subjects into seven categories, more or less on a logarithmic scale: group I, 0–2 weeks,

group II, 3–5 months; group III, 7–11 months; group IV, 1.5–2.2 years; group V, 4–13 years;

group VI, 8–40 years and group VII, 70–85 years. He found that the elastic modulus increases

from group I to group VI and fell in group VII. Using three-point bending test method Currey

and Butler (1975) studied the Young�s modulus of subjects between 2 and 48 years old and

observed that it again increases with age.

2.10.2.4 Effect of Mineral Content

An important factor that contributes to the values of elastic modulus is the mineral content of

bone, which is also related to aging. Several authors (e.g., Ascenzi andBonucci, 1968; Bonfield

and Clark, 1973; and Currey, 1975) have found an increase in modulus of elasticity with

increasing mineralization.

Table 2.4 Effect of aging on elastic constants (Burstein et al., 1976)

Young�s moduli (1011 dyne cm–1)

Age (yr) Femur (tension) Femur (compression) Tibia (tension)

20–29 1.70 1.81 1.89

30–39 1.76 1.86 2.70

40–49 1.77 1.87 2.88

50–59 1.66 1.82 2.31
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An inverse problem has been studied by Burstein et al. (1975), who showed that progressive

surface decalcification of wet bovine Haversian cortical bone with dilute hydrochloric acid

resulted in a progressive decrease in elastic modulus.

2.10.2.5 Effect of Drying

Another important parameter that affects the elastic modulus of a material (bone) is the state of

wetness of the specimen.Wertheim (1847) was the first to work out the effects of drying on the

modulus of elasticity of human femora, finding that the elastic modulus of dry bone is larger

than that of fresh bone. Rauber (1987) also studied a similar problem and observed that the

elastic moduli of a longitudinal specimen cut from human femur are 2.1� 1011 (fresh) and

2.5� 1011 dyne cm�2 (dry). The wetness of a specimen is particularly important in viscoelas-

ticity and plasticity.

In addition to above-mentioned factors, other parameters also contribute to the elastic

properties of material. Some of these are sex, race, species, density, porosity and histology

(Evans, 1973). Moreover, contrary to the assumption of isotropy by (Petrov, 1975), the bone

tissue is strongly anisotropic in its mechanical properties (Lang, 1970).

The physical structure of the wet bone tissue can be considered as the collection of two

different phases, namely, the solidmatrix phase and liquid phase (blood). During remodeling of

wet bone tissue, the bone salts in the blood are transferred to the bone matrix and vice versa.

Moreover, because of the piezoelectric properties of the matrix bone, the electrical potentials

generated by external effects decay very rapidly through the attraction of monovalent ions (Na,

Cl, CO3) to charged surfaces (Bassett, 1971). These two distinct physical phenomena, taking

place in the bone, suggest that the bloodmay be considered to consist of two species, which are

the bone salts [Ca3(PO4)2] and monovalent ions (Naþ , Cl�, HO3
þ ). In the light of the above,

one can state that a suitable mechanical model for wet bone is a mixture of bone matrix, bone

salts and conducting ions.

2.10.2.6 Effect of Collagen Content and Collagen Crosslinking

The precise reasons for the age-related declines in strength and failure energy ofwhole bone is a

matter of concern and hence of continuing interest. The role of collagenmay be related either to

the amount of collagen or to its molecular stability and crosslinking. Bailey and Knott (1999)

have found that the age-related decline in collagen content in bone from the human iliac crest is

nonlinearly correlated tomaximum stress at failure (a strength criterion, r2¼ 0.46–0.50 inmen

and women, respectively) and to the modulus of elasticity (r2¼ 0.36–0.48 in men and women,

respectively). This does not mean, of course, that changes in collagen content are necessarily

responsible for the changes. Other changes with age, for example, the rate of bone turnover or

the degree of mineralization, could affect both the collagen content and the mechanical

properties of bone independently. In other locations, such as the femoral head and neck, no

changes in collagen content are found (Bailey et al., 1993).

It has been proposed that the interfibrillar pyrrole crosslinks have a greater influence on the

bending strength of bone than the intrafibrillar pyridinoline crosslinks (Bailey and Knott,

1999). This is consistent with the decline in pyrrole crosslinks and the constant level of

pyridinoline crosslinks in osteoporosis. It has also been speculated, however, that the
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intramolecular crosslinks are important for enhancement of bone toughness, whereas the

intermolecular bonds may be less important for this purpose (Zioupos, Currey and Hamer,

1999). The maturity of the crosslinks may not be very important to bone�s mechanical

properties (Bailey and Knott, 1999; Zioupos, Currey and Hamer, 1999), although there is a

decrease in the number of immature collagen crosslinks in newly formed collagen from

osteoporotic subjects (Bailey andKnott, 1999).Wang et al. (2001) have suggested that the age-

related degradation of collagen�smechanical properties is due to the increased concentration of

pentosidine, a marker of non-enzymatic glycation of the collagen. Their work demonstrates

that normal changes in collagen with age can have a significant effect on the properties of the

bone.

The mineralization of bone and dentine is a process of filling the spaces in the microfibrils.

About 60%of themineral is crystalline, locatedwithin, on and between the collagenfibrils. The

rest of the mineral (40%) is amorphous (Eanes, 1973). The crystalline matter is supposed to be

hydroxyapatite. Glimcher and Krane (1968) have noted that the holes between TC units fill in

with mineralized matter first and that the microcrystals in such tissue are about the same

dimensions as holes. Gallop and Paz (1975) have noted that enzyme-directed covalent

crosslinking is most often unidirectional and irreversible. These authors also reported that

protein phosphorylations directed by specific kinases are reversed in many cases by specific

phosphatases. In addition, certain proteins that contain senyl phosphate residues (as do bone

and phosphorous) homeostate in reactions involving mineralization and the insertion and

removal of phosphoryl groups. Veiss (1967) pointed out that there are several noncollagenous

components that apparently play a part in crosslinkage.

2.11 Mechanical Properties of Cancellous Bone: Microscopic View

By taking a homogenous and isotropic approach within a small region, cancellous bone can be

assumed to be a homogenous material that is not related to the structure of individual

trabeculae. With this approach, only bone density is evaluated and the isotropy of the

cancellous bone is ignored. The bone density can be defined in several ways. An apparent

density has been used for many investigations, which is defined as the mass of bone tissue

divided by the bulk volume of the test specimen including mineralized bone and bone marrow

spaces (Goldstein, 1987; Kabel et al., 1999). In histologic studies, bone density can be defined

as the ratio of the bone area to the entire field area. It is sometimes called an area fraction.

Radiographic density is also often used to define the bone density by calibrationwith the known

hydroxyapatite (HA) density or normalization by density of the control area. The bone density

can be defined as the volume of the bony tissue to the bulk volume of the test specimen

including the bone marrow space.

Although the distinction between low-density cortical bone and high-density cancellous

bone is somewhat arbitrary the stress–strain properties of the cancellous bone are markedly

different from those of cortical bone. A linear relationship for bone density versus strength and

elastic modulus has been reported for cortical bone. However, a nonlinear dependence of

strength and elastic modulus of cancellous bone on bone density is observed (Goldstein, 1987).

This nonlinearity has been well described as a power law by Carter and Hayes (1977). Their

study reveals that the compressive strength of cancellous bone is related to the square of the

apparent density and that the elastic modulus is also related to the apparent density by a power
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law function with an exponent range between 2 and 3. It is now accepted that the directionality

and density of cancellous bone are related to the direction and magnitude of the load applied to

the bone (Wolff, 1986). Anisotropy of the microstructure and mechanical properties of the

cancellous bone are also well recognized (Goldstein, 1987).

The results of Nyman et al. (2006) indicate a relationship between themechanical properties

and water distribution in cortical bone. The results suggest that the removal of water from

extracellular matrix, in addition to that removed from the void spaces within bone, affects the

mechanical properties of bone.

2.12 Ultrasound and Bone Behavior

Piezoelectricity and converse piezoelectricity in bone having been established, it is now

suggestive to go one step further: to the lack of a center of symmetry in bone and hence its

ultrasonic behavior and frequency response. This suggests the use of bone as an ultrasonic

transducer to establish it as an ultrasonic material. Over the last decade, ferroelectric ceramics

have been accepted as the active material because of their high piezoelectric and electrome-

chanical coupling coefficients. Unfortunately, some of their benefits are lost due to the

mismatch between the ceramic and a biological medium. Greater incentive is thus given to

exploit materials with lower acoustical impedance. Singh and Behari (1984a) have prepared

variousmaterials bymixingmajor bone components with various inorganicmaterials, yielding

a group of biomaterials whose properties can be adjusted according to the demands of the

situation. It is suggestive of the possibility that the bone matrix may behave as an ultrasonic

transducer and respond to dynamic loading. Although bone composites have lower voltage

constants and charge constants, the piezoelectric coupling coefficient is comparable and they

have the added advantage of a lower dielectric constant and acoustical impedance (Singh and

Behari, 1984a). It is, therefore, anticipated that bone composites will serve as an active

material, as a good piezoelectric transducer, specifically at high frequency for miniature and

wideband ultrasonic transmitters. This is discussed in more detail in Chapter 4.

2.12.1 Biochemical Coupling

Immobilization produces a bone loss (Uhtoff and Jaworski, 1978) and is resorbed at the rate of

100mg day�1 (Johnson, 1964). This is sufficient to prove an important and interdependent

relationship between the biomechanical activity of bone and the process of osteogenesis (bone

formation) and, consequently, to its ultrasonic behavior.

Though the mechanism for the initial detection and conversion of mechanical force into a

biochemical signal remains to be established several likely candidates have emerged. One

possible transduction pathway is that the cells attach to the extracellular matrix through

binding to membrane-spanning glycoproteins called integrins. Integrins in turn attach to the

actin cytoskeleton through several actin-associated proteins such as vinculin, talin, tensin and

a-actinin (Pavalko et al., 1991). The cytoskeleton has been shown to form a network,

connecting the extracellular matrix with the nucleus and the cytoplasmic constituents of the

cell (Bockholt and Burridge, 1993). Modeling and experimental evidence indicate that the

cell generates an internal force through the cytoskeleton, which exerts a tension on the

extracellular matrix (Sims, Karp and Ingber, 1992; Ingber et al., 1993; Ingber, 1993). This
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internal tension, similar in concept to the architectural system of tensegrity (Fuller, 1975),

produces forces on the adhesion sites of the cell in excess of those produced by exogenous

mechanical stimuli (Ingber, 1993). Without attachment these internal forces would produce a

spherical cell. The binding of integrins to the matrix proteins must, therefore, have to

overcome the tensional forces of the cell, evoking changes in the cytoskeletal structure.

Owing to the tension of the cytoskeleton, physical stimulus is transmitted to the nucleus and

may alter the gene expression. Indeed, cellular attachment to the extracellular matrix plays an

important role in the regulation of cellular proliferation, differentiation, morphogenesis and

gene expression (Ingber, 1993; McClay and Ettensohn, 1987; Ingber and Folkman, 1989;

Mooney et al., 1992; Ben-Ze�ev et al., 1988). Recruitment and/or differentiation of osteo-

blasts and osteoclasts similarly are modulated by cellular adhesion to the extracellular matrix

(Suda, Takahashi and Martin, 1992; Tenenbaum, 1992) and attachment of the osteoblasts to

specific extracellular matrix proteins appears to depend on the differentiated state of the cell

(Manduca et al., 1993; Vukicevic et al., 1990). Experimental evidence suggests that

modulation of cellular function by attachment to the extracellular matrix occurs through

changes in the cytoskeleton, which, in turn, alters phenotypic expression. Chondrocytes

assume a flattened morphology and do not express differentiation markers when grown in

culture. However, when treated with cytochalasin B, a mold metabolite that induces

repolymerization of filamentous actin, the cells assume a spherical shape and produce type

IV collagen (Brown and Benya, 1988). Furthermore, type IV collagen production is

stimulated even when cytochalasin B is given at concentrations that induce actin repolymer-

ization but do not alter cell shape (Benya, Brown and Padilla, 1988). These observations

suggest that it is the modulation of the cytoskeleton that mediates alterations in gene

expression during cell adhesion and mechanical stimulation.

Wang et al. (2001) has attempted to address the difficulty of assessing the direct effect of

collagen, independent of mineral, on the biomechanical properties of bone using a model of

heat-induced collagen denaturation in human cadaver femurs. Collagen denaturationwithout a

change in bone mineral significantly decreases bone� toughness and overall strength, while

having a minimal effects on elastic modulus. This underscores the positive contribution that

collagen makes to increasing the energy required for bone failure.

There have been attempts to focus on the importance of bone�s strength and stiffness, both as
a structure and as a tissue. These are the properties that are definedmechanically. Collagen does

not contribute much to the strength and stiffness of the whole bone, or bone matrix. This is

evident from the respective elastic moduli of collagen (�1.5GPa) and hydroxyapatite

(114GPa) (Zioupos, Currey and Hamer, 1999). Collagen is, however, crucial in determining

the amount of energy required to cause matrix failure (Wang et al., 2001). This mechanical

property –the failure energy of the material independent of its size or geometry – is defined by

the area under the stress–strain curve and is called the modulus of toughness. This fracture

mechanics property is called the stress intensity factor [Kc]. It is related to the modulus of

toughness, but is a different property of bone. Themodulus of toughness is reported asNm�2 or

Jm�3, whereas Kc is presented in units of Nm�1 or Jm�2 (Martin, Burr and Sharkey, 1998;

Norman, Vashisth and Burr, 1995; Turner and Burr, 2001). Collagen may be the primary

toughening mechanism in bone, having greater effects on bone toughness (Wang et al., 1998;

Wang et al., 2002) than on strength or stiffness (Zioupos, 2001). Indeed,when bone is subjected

to ionizing radiation that specifically damages the collagen (producing crosslinking) bone

toughness shows a decline (Currey et al., 1997).
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With advancing age, an inherent fragility in bone tissue allows it to be damaged more

easily from cyclic loading (Courtney, Hayes and Gibson, 1996). Changes in the bone collagen

with age and in osteoporosis are partly responsible for this increased fragility. In cyclic load

tests performed ex vivo, cracks are initiated in specimens from older women (mean age

72� 6 years), but not in bone from younger women (mean age 26� 5 years), even with an

equivalent 34% decline in elastic modulus in both groups (Courtney, Hayes and Gibson,

1996). This suggests that microdamage accumulation in bone stems from some inherent

fragility in the tissue. In studies using a baboon model, the percentage of denatured collagen

as compared with total collagen content is significantly related to failure energy and to the

fracture toughness of the tissue (Wang, Athanasiou and Agrawal, 1998a; Wang et al., 1998b).

This means that collagen in bone is a primary arrestor of cracks, inhibiting their growth

to critical level. This may be one explanation for the observation that aging has a more

profound effect on the plastic deformation of bone than it has on elastic deformation

(McCalden et al., 1993).

It is generally thought that one component of the increased tissue fragility in older people

is as a result of the slowing of bone turnover as one ages (Birkenhager-Frenkel and Nigg,

1993;Burstein, Reilly and Martens, 1976; Currey, 1979; Currey, Brear and Zioupos, 1996;

Dickenson, Huton and Stott, 1981). It could also be related to molecular changes in either

the inorganic (Grynpas, 1993; Paschalis et al., 1997a, 1997b; Simmons, Pritzker and

Grynpas, 1991) or organic (Bailey et al., 1993; Danielsen et al., 1994; Mehta, Oz and

Antich, 1998; Oxlund, Mosekilde and Ortoft, 1996) fractions of the matrix (Batge et al.,

1992). The age-related reduction in post-yield deformation (i.e., less energy in the post-

yield region required for fracture) occurs in the collagen moiety. As demonstrated by Wang

et al. (2002), this may contribute equally to age-related fragility by decreasing overall

fracture toughness (Currey, 1988; Norman, Nivargikar and Burr, 1996; Zioupos, 2001;

Zioupos and Currey, 1998) and increasing risk of fracture, in men and women. The age-

related reduction in the ability of bone to absorb energy prior to failure has clinical

significance. This makes osteoporotic bone more prone to failure from any impact load, such

as one resulting from a fall. Collagen changes that reduce bone�s energy absorption

capability, therefore, are possibly a primary factor increasing the risk of fracture in older

women with low bone mass.

2.13 Traveling Wave Characteristics

To understood many facts concerning the impact loading of bones, Pelker and Saha (1983)

measured some of the traveling wave characteristics (velocity, attenuation coefficient and

dispersion) for a single compressivepulse. These have been correlatedwith themineral density,

porosity and cross-sectional area of the bone for normal bone and wet and dry embalmed bone.

The wave velocity for fresh bone is 3377m s�1 and for embalmed bone 3228m s�1. Owing to

the viscoelastic, porosity and non-uniform geometry of a long bone, any stress wave will

attenuate as it propagates along the length of the bone (Guzelsu and Saha, 1981; Saha, 1982).

The attenuation coefficient can be calculated from the peak strains measured at each location

using the relationship (Kolsky, 1963):

a ¼ 1

X
lnðE=E0Þ ð2:33Þ
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where a¼ attenuation coefficient, E0¼ the strain measured at the proximal strain gauge end,

E¼ the strainmeasured at the distal strain gauge site andX¼ the path length between the strain

gauges. These authors have further reported that for fresh bone the attenuation coefficient was

0.023� 0.030m�1 and for embalmed bone 0.058� 0.035 cm�1.

The dispersion is determined by measuring the broadening of the wave pulse. The

“broadening factor” is calculated from the ratio of the pulse width at the distal strain gauge

station to the width at the proximal end:

Dispersion ¼
ðT1=

2
Þ2

ðT1=
2
Þ1

ð2:34Þ

where (T1/2)1¼ the pulse width at the half-maximum at the proximal strain gauge station and

(T1/2)2¼ pulse width at half-maximum at the distal strain gauge station. For measured

porosities ranging from 3.4 to 25.7% and equivalent mineral densities in the range 0.97–1.57 g

cm�3. The dispersion for fresh bone is 1.07� 0.12 and for embalmed bone 0.97� 0.07. A

correlation between the cross sectional area (A) and the attenuation coefficient (a) is given by
the linear equation:

A ¼ 0:746þ 94:3a

and the parabolic relationship:

A ¼ 1:57þ 135a� 908a2 ð2:35Þ
These imply that by measuring the attenuation of a traveling wave one could extrapolate the

cross-sectional area of a bone. It is thus possible to estimate the cortical thinning or thickening

that occur in a diseased bone. A theoretical analysis reveals that the wave velocity depends on

the frequency and the diameter of the bone (Pelker and Saha, 1975; Pelker, 1976; Guzelsu and

Saha, 1981). Another correlation is the parabolic relationship between the porosity of the bone

(F) and the attenuation coefficient (a):

a ¼ 0:012� 0:010 Fþ 0:000 28 F2 ð2:36Þ
This suggests a manner of calculating the porosity of bone by measuring the attenuation of a

stress wave. Measuring the velocity or pulse dispersion might also prove to be feasible

techniques for assessing this, as suggested by their relationship with porosity and mineral

density, respectively.

The technique, used to study the wave propagation characteristics, is a variance of the bar

method. It is applicable to the study of wave propagation in a cylindrical bar when the pulse

length is much longer than the radius of the bar and if the bar is not stressed beyond the

proportional limit. If these criteria are met, then the wave will propagate down the bar without

distortion. Themaximum strain created here is well within the elastic limit for bone. For awave

velocity of 3� 103m s�1, this corresponds to a length of 15 cm (50ms pulse). This is

significantly greater than the average radius of the specimens, which is approximately 1.5 cm.

A wave velocity of approximately 3200m s�1 is not significantly different in fresh and

embalmed bone. Also, bone drying does not significantly affect the velocity. Several authors

(Ko, 1953; Yahoo, 1952) have reported an increase in the elastic modules by 20–30%. From the
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elementary theory of elasticity (n¼HE/s) the velocity should be increased 9–14%with drying.

It can be imagined that such a change is masked by the biologic variation between specimens.

2.14 Viscoelasticity in Bone

Many observations show that bone is anisotropic and shows viscoelastic behavior (Katz, 1971,

1980; Currey, 1969; Abendschein and Hyatt, 1970). In general, bone behaves according to

Hook�s law for low values of strain. For higher strains, both dry and wet bone cease to follow

Hook�s law and behave as viscous materials.

Bone, which has a large amount of fibrous proteins, is probably held together to a

significant extend by hydrogen bonding. The pressure generated by loading is time dependent

because water moves. Therefore, bone exhibits viscoelastic behavior and sowater moving in

the pores certainly influences viscoelasticity, as has been observed when collagen is

denatured (Yamashita et al., 2002). Viscoelasticity is now recognized as an important

property of bone (Currey, 1965; Lakes and Katz, 1979; Sasaki and Yoshikawa, 1993).

Bonfield and Li (1967) pointed out that the initial inelastic flow occurs in the collagen of

bone. Since the bone mineral (hydroxyapatite) is a crystalline substance and not likely to be

affected by room-temperature drying, it is assumed that the collagen content of bone is the

substance that is primarily targeted by changes in moisture content. Therefore, any change in

properties due to drying are attributable to the changes in collagen. Laird andKingsbury (1973)

found that bone specimens become more rigid as they lose their moisture content. Thus one

would expect that the water content of bone would add significantly to its viscoelastic

properties. This appears to be borne out by the measurements of attenuation or damping

coefficients. However, the differences are not statistically significant. A higher damping

coefficient for wet bone has been reported by Saha and Haines (1979).

A successful theoretical treatment of the viscoelasticity of bone requires a quantitative

treatment. The relaxation modulus, M(t), of a material is described as:

MðtÞ ¼ ME þcðtÞ ð2:37Þ
where ME is the modulus in an equilibrium state at t�¥, and c(t) is the relaxation function.

The conventional model used to describe viscoelasticity is the Debye model, which gives the

exponential relaxation function exp[�t(t)], where t is the characteristic time of the relaxation.

However, very few solids and liquids show Debye type relaxation. It is generally believed that

all of the relaxation phenomena of the Debye type in condensed matter can be described by a

few simple relaxation functions. Several models for the relaxation mechanism have been

proposed, which lead to the universal description of a relaxation function, c(t).
Sasaki and Yoshikawa, 1993 have carried out investigations to (i) classify the stress

relaxation of bone as Debye or non-Debye type and (ii) to check the adaptability of the

proposed universal description for the relaxation function, that is, whether it is non-Debye type.

For a viscoelastic material, a relaxation function of the shape:

cðtÞ ¼ expð� t=tÞ ð2:38Þ
has been proposed, where t is the relaxation time. As Equation 2.38 is consistent with Debye�s
dielectric decay function, such a relaxation process is called a Debye-type relaxation. Such

a viscoelastic response in an actual material is defined as non-Debye relaxation. The
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conventional approach to non-Debye relaxation is to consider a distribution of Debye-type

relaxing elements, each with its own relaxation time. Then the relaxation function is expressed

by the relaxation spectrum, H(ln t) d(ln t) as given below (Ferry, 1980):

cðtÞ ¼
ðþ¥

�¥

Hðln tÞexpð� t=tÞdðln tÞ ð2:39Þ

Several empirical relaxation functions for non-Debye relaxation process have been proposed

and applied to specific samples of materials. Non-Debye relaxations are obtained when

relaxation is governed by a continuum or hierarchy of sequential cooperative process. (Ngai,

1979).

Generally, the relaxation function of stress relaxation in bone and bone collagen is described

as a combination of a general Debye-type relaxation function (process II) and the KWW

function (process I). The ultimate strength of bone is greater under compression than under

torsion and tension (Nielson, 1975; Reilly and Burnstein, 1975). In KWW-type stress

relaxation of bone and bone collagen, the viscoelastic properties of collagen seem to play

an important role.

On the basis of the empirical formula for the relaxation modulus (Sasaki and Yashikawa

1993) deduced the relaxation mechanism of bone. These authors have reported that each

relaxation process has two stages, which are referred as process I and process II in order of time.

Process II is described by a simple exponential decay while process I is Kohlraush-Williams

and Watts (KWW) function. This is shown in Figure 2.15. (Klafter and Shlesinger 1986,

Palmer et al. 1984). For the Debye type of the relaxation, a slippage of osteons along a cement

line has been considered as an important factor (Lakes and Saha 1979).

On the basis of this equation the relaxation mechanism in bone and bone collagen is

identified. Figure 2.15 shows a schematic description of the relaxation observed in bone. For

the Debye-type the relaxation, a slippage of osteons along a cement line has been considered as

an important factor (Lakes and Saha, 1979).

I 

                                        II 

KWW 

Debye

t(sec)

Figure 2.15 Schematic diagram of the stress relaxation of bone and bone collagen. During the initial

stress relaxation, the KWW- and Debye-type relaxation processes are mixed. Later, the KWW-type

relaxation diminishes and merges into the Debye-type relaxation process
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The measured physical properties (cross sectional area, mineral density and velocity) are

statistically intercorrelated with the traveling wave characteristics (velocity, dispersion and

attenuation or damping coefficient). Linear and parabolic correlations are found to be

statistically significant.

Several techniques have been considered for applying these concepts to clinical applica-

tions. However, none have yet received widespread support. This is owing to the shortcomings

inherent in most of the techniques used to date, such as the soft tissue affecting the measured

response (Lakes and Saha, 1977). To overcome these problems some investigators have tried

“semi-invasive” designs such as using a percutaneous pin to directly stimulate and monitor the

bone (Sonstegard and Matthews, 1976). Non-invasive systems in use have good sensitivity

based on the earlier developed techniques (Lakes and Saha, 1978; Behari and Singh, 1980).

Dehydration affects the viscoelasticity of bone: compared with wet bone, dry bone has less

anelastic deformation (i.e., less recoverable strain from creep) (Currey, 1965), a lower loss

factor tan d (Yamashita et al., 2001; Yamashita et al., 2002) and a much higher relaxation rate

(Sasaki and Enyo, 1995). Despite the documented effects of drying on bone properties, more

needs to be known about the underlying mechanisms of such changes at the microscopic level.

2.15 Discussion

It is suggested that drying at room temperature in a vacuum oven may affect the mechanical

properties of bone. Assuming that water in pores does not affect the mechanical properties

(which is likely when measured with monotonic loading at a constant strain rate), these results

suggest that water may be lost from some phases of extracellular matrix even at room

temperature.

Nyman et al. (2006) observed that (i) for each drying temperature the rate of water loss

between the third and fourth hour in the vacuum oven was less than 2%; (ii) an increase in the

drying temperature always causes an increase in the loss of water; (iii) there is a nonlinear

relationship between strength andwater loss; and (iv) water loss affected toughness, evenwhen

it did not exceed the amount that could exist in the vascular-lacunar-canalicular space.

Water loss caused by drying at room temperature increases the strength of bone. The stiffness

of collagen increases (Nomura et al., 1977; Pineri, Escoubes and Roche, 1978) and the

molecular diameter of collagen decreases (Lees, 1981) with a decrease in hydration. There

appears to be enough energy in the vacuum oven at 21 �C to remove not only mobile water but

also thewater loosely bound to collagen.As the surfaces of vascular channels dry, water loosely

bound in the nearby extracellular matrix may diffuse into the newly opened space. Subse-

quently, collagen fibrils can stiffen and contract longitudinally, compressing the mineral phase

and thereby increasing the strength of bone, in agreement with the observed data. It has been

suggested that the increase in mineralization generates pre-strains in bone (Yeni et al., 2002).

This may involve a reduction in interaction between water and collagen. Under normal

hydrated conditions, the collagen phase is thought to have little influence on strength in

comparison to mineral and porosity. Removing the water associated with collagen, however,

would impart a contribution to its strength. Strength decreases when bone is dehydrated,

when sufficient energy is applied to remove both the water–collagen interaction and the

water–mineral interaction. Loss ofwater from themineral phasemay affect its strength, though

the loss of lattice water changes the size of the bone mineral crystal (i.e., the distance between
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neighboring lattice sites decreases), as has been observed in dehydrated enamel and precipi-

tated apatites (LeGeros, Bonel and Legros, 1978).

A loss of plasticity (or post-yield toughness) occurs upon room temperature drying in which

only the water–collagen interaction is believed to be mainly affected. Collagen is known to

influence toughness (Wang et al., 2002), and its interaction with water appears to be important

in giving bone post-yield deformation behavior. At higher drying temperatures, there is also a

decrease in work to fracture, suggesting that water bound to the mineral phase also affects the

toughness of bone. Of course, this decrease is related to the decrease in strength and also to the

decrease in strain at fracture. The decrease in the energy absorbing capacity of bone with an

increase in mineral content, as observed by Currey, Brear and Zioupos (1996), may be due to a

decrease in the interaction between water and mineral. Demineralization experiments have

shown that there is less water in more mineralized bone (Broz, Simske and Greenberg, 1995;

Lees, 1981).

The modulus of elasticity has a linear association with water loss. There is a general trend of

increasing stiffness with water loss. Thus, the strength and stiffness of bone has an inverse

relationship when water is removed from the extracellular matrix by drying at 70 �C. As found
in earlier mechanical tests (Dempster and Liddicoat, 1952; Evans and Lebow, 1951; Smith and

Walmsley, 1959; Yamada and Evans, 1970), dehydration increases the stiffness and decreases

the toughness of bone. Also in agreement with earlier tests, it has been observed that

dehydration decreases strain at fracture, correlating with the decrease in toughness.

Strength, however, does not necessarily increase after dehydration but does so in uniaxial

tension and compression tests reported in earlier studies (Dempster and Liddicoat, 1952;

Evans, 1973; Evans and Lebow, 1951). In contrast, the three-point bending tests of Sedlin and

Hirsch (1966) found no significant change in maximum stress for mid-femoral cortical bone

tested after 1week of incubationwhen compared towet bone of similar type. As an explanation

for these discrepancies, those studies observing an increase in strength and stiffness did not heat

the specimens; therefore, the applied energy was not sufficient to remove the water associated

with the lattice. It seems that water removal by low-temperature drying increases strength

(as collagen stiffens) while greater water removal at higher temperatures decreases strength

(as the mineral lattice changes). In any event, the failure mechanism of bone is complex

because of its hierarchical architecture and interacting constituents, but water certainly has a

role in affecting the mechanical properties of bone.

The use of heat to determine the water distribution in bone does not necessarily reveal the

exact distribution ofwater in pores and bone constituents. Emerging techniques based onNMR

(Fernandez-Seara et al., 2004; Fernandez-Seara,Wehrli andWehrli, 2002;Wang andNi, 2003)

may provide themeans to distinguish betweenwater in pores andwater in the bonematrix. That

the pores in control specimens are actually filled with water can not be established. Thus, the

maximum volume of mobile water (12%) may have been overestimated. Regardless, room

temperature drying likely removes water at least from the collagen matrix, given its effect on

strength (which increased). Room temperature drying only causes a loss of mobile water and

strength would decrease, as there would not be any fluid pressure to resist deformation.

It may be concluded that the loss of water from the extracellular matrix of bone tissue affects

the mechanical properties of bone. Based on the relationships between these properties and

water loss, a working model for the effects of water distribution on mechanical behavior of

bone runs as follows.Water bound to the collagen fibrils provides post-yield toughness to bone.

Removing this water though increases both strength and stiffness but decreases bone
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toughness. Whether water bound to the surface of mineral increases or decreases strength is

unclear. Nonetheless, loss of lattice water within the apatite likely decreases strength and

toughness. Age-related changes in bone strength and toughness (indicators of bone fragility)

may also reflect age-related changes in water distribution. It may be inferred that, with aging,

the amount ofwater in the tissue decreaseswhile the amount in the pores increases. Therefore, a

loss of toughness may reflect a decrease in water bound to collagen due tomineralization, or an

increase in collagen crosslinks that displaces water in the collagen matrix.
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3

Bioelectric Phenomena in Bone

3.1 Macroscopic Stress-Generated Potentials of Moist Bone

A clearer understanding of electrokinetic phenomena in bone is necessary to an understanding

of life processes. Fundamental to this is a knowledge of stress-generated potentials, under

simulated physiological conditions, that though small in magnitude are yet important. These

potentials may play an important role in controlling bone growth and remodeling process. The

electrokinetic phenomenon of streaming potential has generally been accepted as the dominant

mechanism for the electrical potentials observed in wet bone upon deformation (Johnson et al.,

1980; Gross andWilliams, 1982; Otter, Goheen andWilliams, 1988;Walsh andGuzelsu, 1991;

Guzelsu and Walsh, 1990). A piezoelectric contribution in stress-generated potentials pro-

duced upon mechanical deformation may also exist (Hastings and Mahmud, 1991). Both

mechanisms are present at full hydration, with the piezoelectric effect leading the streaming

potential in the time domain (Hastings and Mahmud, 1991). However, streaming potentials

arise due to themovement of ions in the fluid flow. Theymay also arise due to fluid flow under a

pressure gradient (Figure 3.1a and b).

3.2 Mechanism of Biopotential Generation

In an aqueous medium, the surface charges on a protein-containing surface are opposed by a

layer of absorbed counterions of opposite polarity electrostatically bound to the solid surface

(Figure 3.2). To a first approximation, this electrostatic double layer may be regarded as a

parallel plate capacitance. In addition, a diffuse, weakly held layer of ions extends away from

the interface into the bulk of the liquid. This diffuse layer contains both positive and negative

ions in unequal numbers. As a consequence, this diffuse layer is electrostatically charged

(Figure 3.3). The motion of a liquid through a porous membrane under the influence of an

applied electric field is called as electro-osmosis. The converse of this is called a streaming

potential (Figure 3.4).

When the liquid is forced to move against such a surface, the region of the diffuse layer

outside the hydrodynamic slip plane is carried along with the rest of the liquid. Amovement of

charged liquid generates an electric current and therefore causes a difference in potential
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between two electrodes placed in the streaming liquid. Correspondingly, these voltages are

therefore referred to as “streaming potentials.” The magnitude of this current depends on the

rate ofmotion.Wet collagen, which is not piezoelectric (Anderson and Eriksson, 1968; Fukada

and Yasuda, 1964), can not generate bioelectric signals in the wet bone. However, it has been

pointed out (Anderson and Eriksson, 1970) that collagen in wet bone cannot behave like free

wet collagen in tendon. Wet bone tissue, therefore, shows piezoelectric behavior as well as the

streaming point effect. The potential difference between the bulk of the liquid and that which

exists at the hydrodynamic slip plane is termed the zeta potential. All electrokinetic phenomena

may be related to the zeta potential for a particular solid–liquid interface. For a laminar flowof a

liquid under pressure (P) through a capillary, the streaming potential (Es) across the ends of the

capillary is given by:

Es ¼ 2 Px
4ph k0

ð3:1Þ

ElectrodeElectrode

Voltmeter     

(a)

Liquid Flow Liquid Flow 

+ ΔP −

−ΔV + (Voltage difference)

(b)

Figure 3.1 (a) Schematic illustration of the measurement of a streaming potential between two

electrodes placed in a liquid flowing through a capillary; (b) model for the generation of a streaming

potential (SP) flow through cylindrical channels under a pressure gradient
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where j is the zeta potential, 2 represents the dielectric constant of the liquid, P is the pressure

across the capillary,h designates the viscosity of the liquid and k0 is the specific conductance of

the liquid. Streaming potentials are, therefore, directly proportional to the pressure that causes

the liquid to move, the zeta potential and the dielectric constant. They are inversely

proportional to the viscosity and the specific conductance of the liquid. It is evident from

the above relationship that streaming potentials are independent of the size, shape and length of

the capillaries. When the radius of the capillary becomes so small that the thickness of the

Solid-Liquid interface 
Shear slip plane

Liquid

Diffuse Layer Electrostatic
Double layer
(Parallel Plate Capacitor) 

Fluid flow 

Solid

Figure 3.2 Schematic representation of an electric double layer at a solid–liquid interface

Solid –Liquid Interface 
Layer of Rigidly Bound Ions 

Hydrodynamic slip Plane 

Liquid 

Solid

Zeta-Potential

Figure 3.3 Variation in electrical potential with increasing distance from a solid–liquid junction. The

potential difference between the bulk of the liquid and the plane of shear (hydrodynamic slip plane) is

termed the zeta potential. All electrokinetic phenomena are related to the zeta potential
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double layer is not negligible, deviations result from the above formula. For most capillaries in

bone, this limitation is acceptable.

The electrical current owing to streaming is directly proportional to the cross sectional area

of the capillaries, so that the total current that flows in a thick piece of bone is greater than the

total current that flows in a thin piece. However, because the electrical resistance is inversely

proportional to the cross sectional area and because the streaming potential and streaming

current are related by Ohm’s law, streaming potentials are independent of the diameter and

length of the capillaries. The movement of the fluid in bone causes an electrical current and,

therefore, is directly responsible for measured streaming potentials. As a result, within the

limits of laminar flow, the faster the movement of the liquid the greater the magnitude of the

streaming potential. It is of no consequence to the phenomenon whether the fluid is caused to

flow on application or release of the stress. The slope of the streaming potential versus

pressure curve has been analyzed for pressure levels less than 69 kPa where the flow

conditions are satisfied (circa 10 psi) (Walsh and Guzelsu, 1991). The fluid flow assumptions

necessary for the use of this equation to calculate zeta potentials from intact streaming

potential experiments have been examined previously and verified in bone permeability

experiments (Walsh andGuzelsu, 1991). To produce bending, any small transverse canaliculi

are differentially strained. The stress distribution in a living bone is time dependent. If the

time averaged rate of strain, and, therefore, the time averaged rate of fluid flow upon

application of a functional deforming force, differs from the rate of strain when the stress is

released, the total change in electrical potential on a convex surface over a period of timewill

differ from that on a concave surface. Streaming potentials may, therefore, have a direct role

in stress induced bone remodeling.

Since streaming potentials are directly proportional to the zeta potential, with all other

variables constant, it is suggestive that local stress-induced streaming voltageswill be greater

in areas of highmineralization than in areas of lowmineralization. Thesewill also increase in

value as the calcium content of the local extracellular fluid decreases. As a result, stress

induced streaming potentials in bone depend on both the calcium content of the extracellular

Figure 3.4 Generation of electrical signal as a result of fluid flow
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fluid and on the effective calcium content of the surface against which the fluid moves.

Consequently, when the degree of mineralization is locally increased at the expense of ionic

calcium in the local extracellular fluid, the magnitude of localized stress induced streaming

potentials rises considerably due to these two effects. Streaming potentials and the electrical

double layer are dependent on the properties of the solid as well as the liquid phases. In bone,

the solid phase is composed of the mineralized organic matrix of type I collagenous matrix

and non-collagenous proteins embedded with bone mineral (hydroxyapatite analogue)

[Ca10(PO4)6(OH)2] (Posner and Betts, 1975). In this context, wet bone obviously has a

component of electrokinetic potentials, though its exact nature and contribution remains to

be understood.

3.3 Stress-Generated Potentials (SGPs) in Bone

In principle, the potentials measured as a result of bending are termed as stress generated

potentials (SGPs) and were first measured in bone by Yasuda (1954). Because of its crystal

structure, these were attributed to piezoelectricity in bone. In dry bone, piezoelectric voltages

are of the order of few hundred millivolts (Williams, 1982). Fukada and Yasuda (1957) also

demonstrated that the electric field was linearly related to strain (at 200Hz), in line with the

prediction of classical piezoelectric theory.

The much smaller potentials generated by bending moist cortical bone (�100mV) are now
generally accepted to be electrokinetic (streaming) potentials (rather than electrostatic,

piezoelectric). Examined in this way, it is suggestive that the potentials produced either by

bending hydrated bone or by forcing fluid through bone can be termed electrokinetic

(Carquiglini et al., 1967). Conversely, SGPs for bone soaked in solutions of pH near the

isoelectric point for tendon (Anderson and Eriksson, 1970) undergo several order ofmagnitude

change in potential as the bone is dried. Streaming potentials (SPs) and streaming currents

(SCs) in bone generated as a result of mechanical loading may send signals to cells to undergo

remodeling (Becker, Bassett and Bachman, 1964; Cowin, Moss-Salentijn and Moss, 1991;

McLeod and Rubin, 1992; Pollack, 1984). The electrokinetic phenomena (streaming poten-

tials) can be used to investigate pore structure, fluid composition and possibly the molecular

interactions in a given system (Berkenbilt et al., 1995; MacGinitie et al.,1993a, 1993b; Otter

et al., 1994; Pollack et al., 1977). Since the deformation of the high-modulus stiff mineral

phase of bone will be very small, the transient streaming potential behavior is a function of the

electrical double layer and possible deformation of adsorbed ions in the slip plane caused by

fluid flow.

Experimental evidence indicates that SGP is due to flow in very small pores, with a radius of

less than several hundred a
�
ngstr€om (MacGinitie, Gluzband and Grodzinsky, 1994; Salzstein

and Pollack, 1987; Scott and Korostoff, 1990). Some studies support the hypothesis (Johnson

et al., 1982; Petrov, Pollack and Blagoeva, 1989) that fluid relaxes through small pores to large

vascular canals, or other large pores, so that the SP magnitude and kinetics depend on large as

well as small pore structures (Cochran et al., 1993; MacGinitie et al., 1993a, 1993b; Otter

et al., 1994; Starkebaum, Pollack and Korostoff, 1979; Steinberg, Singh and Mitchell, 1981).

Since the SP is taken as a basicmeasurement parameter as a result of stress, in a clinical sense it

is a clear indication of healing and remodeling as compared to normal bone (MacGinitie et al.,

1993a, 1993b). As the healing progresses the gap decreases and hence the impedance also

decreases.
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The smaller SPmagnitude in laminar tissue for various flow types as assessed by comparison

ofmagnitudes at each frequency is consistentwith the hypothesis that vascular canalsmodulate

SP magnitude. Further, the mean SP magnitude is smaller for greater vascular canal connec-

tivity (for laminar tissue with tangential flow), as indicated by canal orientation across the

electrode site, which is consistent with smaller SPs for healing and remodeling versus normal

cortical bone (Cochran et al., 1993; MacGinitie et al., 1993a, 1993b; Steinberg, Singh and

Mitchell, 1981) and for trabecular versus cortical bone (Wu et al., 1993). For healing versus

normal bone, a large increase in porosity produces a difference in SP kinetics (MacGinitie

et al., 1993a, 1993b). The lack ofmeasurable difference in SP or SCkinetics indicates the small

difference in connectivity between groups. Even for trabecular bone, the intertrabecular spaces

produce a faster decay time than cortical bone (Wu et al., 1993).

The results of MacGinitie et al. (1997) suggest the importance of SPs as remodeling signal.

No difference has been observed for radial flow, a predominant flow for bone bending in vivo.

For the same loads, laminar andHaversian bonewould produce similar, uniformSPs. However,

under some conditions tangential flow might be important, perhaps near muscle attachment

sites. Haversian bonewould produce larger SPs than laminar bone.Hence it can be said that SPs

in normal bone depend on a large pore structure and fluid flow direction, but are independent of

macroscopic bone impedance.

Gross and Williams (1982) found that potentials increased with pH between 6.2 and 8.2, in

agreement with the findings of Anderson and Eriksson (1970) and with the streaming

hypothesis. The relaxation time of the potential in response to step loading increases with

increasing viscosity.

The measured potential magnitude normalized to strain decreases with NaCl concentration

(and measured conductivity) for near physiological conductivities and with viscosity. The

potential reaches a plateau at low NaCl concentrations (<0.009mol L�1), as expected

theoretically for concentrations low enough for the double layer thickness to approach

the pore radius. The relaxation time increases with viscosity and does not depend on NaCl

concentration.

However, the Z potential calculated byGross andWilliams (1982) from themeasured SP is

independent of concentration, while that of Pienkowski and Pollack (1983) shows a

concentration dependence. In addition, Pienkowski and Pollack (1983) observed a

sign change in Z potential for high NaCl concentration and viscosities, which has not

been reported by Gross and Williams (1982). These studies indicate that the dependence of

stress generated potentials on ionic concentration, on viscosity and on pH and hydration

is consistent with a streaming rather than a piezoelectric hypothesis. Piezoelectric fields

may, however, be generated locally, resulting in local displacement currents with

relaxation times on the order of microseconds, which are measured macroscopically

(Williams, 1982).

3.4 Streaming Potentials and Currents of Normal Cortical Bone:
Macroscopic Approach

Bending of wet cortical bone tissue results in deformation of the bone matrix and the

subsequent fluid flow has been used to characterize the electromechanical properties of bone

(Johnson et al., 1980; Gross andWilliams, 1982; Pienkowski and Pollack, 1983; Otter, Goheen

and Williams, 1988; Hastings and Mahmud, 1991). The change in spatial charge density
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followed by ionic movement can generate piezoelectric and streaming potential responses

(Hastings and Mahmud, 1991). Bone streaming potentials and currents are important – they

may provide a signal to cells to remodel bone in response to mechanical loading (Becker,

Bassett and Bachman, 1964; Cowin, Moss-Salentijn and Moss, 1991; McLeod and Rubin,

1992; Pollack et al., 1984). Electrokinetic phenomenamay also be used to probe pore structure,

matrix and fluid composition and molecular interactions (MacGinitie et al., 1993a, 1993b;

Otter et al., 1994; Pollack et al., 1977). This is also suggestive of a relationship between

electrokinetic phenomena and bone structure. Both SP and SC result from fluid flows driven by

mechanical loading, past the negatively charged bone matrix in the charge double layer, past

the negatively charged bone matrix. This flow produces a convective current in the same

direction. Thus, SPs represent the balance of conductive and convective currents, while SCs

represent the trabecular and resorption spaces in healing and remodeling. Osteoporotic bone

appears to play a role in SP generation with more porous (lower impedance) bone having

generally smaller SPs (MacGinitie et al., 1993a, 1993b; Otter et al., 1994; Otter et al., 1995)

and faster SP kinetics (MacGinitie et al., 1993a, 1993b).

Streaming potentials have been considered to be the dominant mechanism and a piezoelec-

tric contribution in fully hydrated bone has often been questioned, largely because of the

absence of a piezoelectric response fromwet collagen.However, Hastings andMahmud (1991)

have shown a piezoelectric response in fully hydrated bone saturated with deionized water.

Therefore, a piezoelectric response may modify the streaming potentials generated and

influence bone formation, repair and remodeling, though to a lesser extent. Stress-generated

potentials do not allow the streaming potentials to arise due to directmechanical pressure on the

fluid phase alone. The SPs (Walsh and Guzelsu, 1991; Guzelsu and Walsh, 1990) may be

considered to arise only from ion flow (without deformation of the surrounding matrix).

Alterations in the characteristics of in vitro fluid phase used in electrokinetic characteriza-

tion of bone (pH, ionic strength, ion composition, viscosity) result in attenuation in the

measured voltage (Gross and Williams, 1982; Pienkowski and Pollack, 1983; Otter, Goheen

and Williams, 1988; Walsh and Guzelsu, 1991; Guzelsu and Walsh, 1990; Hastings and

Mahmud, 1991). Therefore, changes in the composition of bone fluid in vivomay also modify

the bioelectric potentials. The electrokinetic properties of cortical bone tissue reflect the

compartmental organization of fluid spaces (Walsh and Guzelsu, 1991). Unique fluid spaces

have been demonstrated in bone, associated with the vascular channel system (Haversian

canals) and the mineralized matrix (Hughes et al., 1978). Different electrokinetic potentials

have been found to be associated with the vascular channel system (examined in direct

streaming potential experiments) (Walsh andGuzelsu, 1991;Guzelsu andWalsh, 1990) and the

mineralized matrix (examined in particle electrophoresis) (Eriksson, 1976; Beretta and

Pollack, 1986; Guzelsu and Regimbal, 1990). These two fluid spaces have different organic

constituents exposed to the fluid phase, as revealed by their different isoelectric points (Walsh

and Guzelsu, 1991; Guzelsu and Walsh, 1990). Zeta potentials obtained from streaming

potential experiments in increasing ionic strength NaCl solutions are reported to be much

greater than those for bone particle electrophoresis (Beretta and Pollack, 1986). This supports

the compartmental model for the electrokinetic properties of bone (Walsh and Guzelsu, 1991).

Positive streaming potentials, which stabilizes after a few seconds, are found at each pressure

level in 0.145–0.6M NaCl at pH 7.3 for intact samples. The positive streaming potentials

indicate a negative zeta potential and an exposed organic interface. The slope of the streaming

potential (mV) versus applied pressure gradient to the fluid phase (kPa) decreases inmagnitude

Bioelectric Phenomena in Bone 109



between 0145 and 0.6MNaCl. This reflects an increase in conductivity and compression of the

electrical double layer with an increase in ionic strength (Hunter, 1981).

Deproteinized samples provide a simplified system with only an inorganic bone mineral

surface in a univalent ionic sodium chloride solution. The deproteinized samples (NaOCl

treated, mineral alone) generated negative streaming potentials in 0.145 and 0.5MNaCl at pH

7.3. The negative streaming potential at pH 7.3 indicates that the mineral phase has a positive

zeta potential. This supports the possibility that the mineral phase is not directly exposed to the

fluid phase but is shielded by the organic layer (Streeter and Brandi, 1990;Walsh and Guzelsu,

1991; Guzelsu and Walsh, 1990; Guzelsu and Regimbal, 1990). Streaming potentials appar-

ently depend upon the saline concentration. The SP is reduced in magnitude for deproteinized

samples from 0.145 to 0.5MNaCl. Pienkowski and Pollack (1983) have reported bone SGPs in

solutions of different concentrations and viscosities. These authors also demonstrated a

reduction in SGP amplitude as the NaCl concentration is increased. The SGP polarity changes

at NaCl concentrations above 0.7M (Pienkowski and Pollack, 1983). The streaming potentials

versus applied pressure for intact samples in 0.75 and 2.0M NaCl differed from samples of

relatively lower concentration (0.145–0.6M NaCl). The intact cortical bone streaming

potentials in 0.75 and 2.0M NaCl under a continuous flow condition suggest that the SP

sign inversion observed in a four-point bending experiment during a step loading profile in high

concentrationNaCl solutions is a transient phenomena. Samples equilibrated in 0.75 and 2.5M

NaCl indicate that at the onset of a newpressure level the slope of the streaming potential versus

pressure curve changes (the zeta potential changes during this time period from positive to

negative). Under constant fluid flow (due to direct pressure to the fluid phase) the SP stabilizes

and remains constant at each pressure level. From this it is apparent that electrokinetic

phenomena depend upon several parameters. Extrapolation of such data to in vivo is largely

speculative. Figure 3.5 shows a typical variation of microelectrode potential with distance in

both compression and tension modes.

The streaming potential polarity is determined by the polarity of the zeta potential and the

direction of fluid flow. The differences between the SGP (Pienkowski and Pollack, 1983;

Pollack et al., 1984) and the SP results may reflect, in part, that the two techniques do not

characterize the same surface (Walsh and Guzelsu, 1991). The overlap region might be an

indication of themechanical deformation of the bonematrix and a piezoelectric contribution to

the SGP (Pienkowski and Pollack, 1983; Hastings and Mahmud, 1991; Pollack et al., 1984).

Streaming potentials are generated in response to direct application of mechanical pressure on

the fluid phase. Deformation of the bone matrix at such pressure levels is assumed to be

extremely small. At this stage, a piezoelectric contribution is minimal. This may also account

for the differences observed in SGP work (Pienkowski and Pollack, 1983; Hastings

and Mahmud, 1991; Pollack et al., 1984) and SP results. The transient SP voltage recorded

in high NaCl solutions may be characteristic of the electrical double layer itself and the

constituents that comprise it in intact samples [ions and organicmaterial (proteins) adsorbed to

the mineral phase].

SPs in response to a step load typically look like an exponential decay in time. However, the

magnitudes in response to sinusoidal loading increase with frequency monotonically towards

an asymptote (on a linear scale) near 10Hz (Salzstein and Pollack, 1987; Scott and Korostoff,

1990; MacGinitie et al., 1994). SP phase relative to bending, for sinusoidal loading, decreases

monotonically from p/2 radians at low frequencies towards zero near 10Hz. Typical SPs

measured across normal intact cortical bone at or near 10Hz are on the order of a fewmVm2�1
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(where strain is assessed on the sample surface) in vitro and slightly less in vivo (MacGinitie

et al., 1993a, 1993b; Otter et al., 1992). Several SP measurements show that the difference

between in vitro and in vivo measurements is small (Cochran, Pawluk and Bassett, 1968;

Steinberg et al., 1968).

From the above it can be concluded that the Z potential can be altered by changing the pH or

otherwise changing the fluid ionic composition to modulate the matrix change. This is because

the conductivity (s) depends on ionic concentration.As theSPdepends on stress drivenfluidflow
andfluid relaxation in response to stress depends onviscosity andnot on ionic concentration, SGP

relaxation times are expected to depend accordingly on these parameters. (Gross and Williams,

1982; Pienkowski and Pollack, 1983). Cignitti et al. (1970)measured the potentials produced by

step loading of bone and an imposed pressure difference across bone samples kept in fluids with

different conductivities, composition and pH. They measured potentials across cortical (rabbit

tibias) and trabecular bone (lamb and ox ribs) and showed that a component of the signal

generated by bending varied with conductivity and increased pH.
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Figure 3.5 Microelectrode potential versus distance. Open circles (*) are measured potentials relative

to electrode on the compression side of specimen and filled circles (.) are relative to the tension side

(Starkebaum, Pollack and Korostoff, 1979)
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While the electrokinetic phenomenon, in intact bone appears obvious, the mineral phase

seems to be shielded by organic layers at high ionic strengths. However, in high ionic strength

solutions the zeta potentials of control samples (where both the mineral and organic are

present) are negative. Therefore, possible changes in organic secondary and tertiary

structures may expose the mineral phase and contribute, in addition to the organic con-

stituents, to the electrokinetic behavior in high ionic strength solutions. Streaming potential

per applied pressure demonstrates an inverse relationship versus viscosity (Equation 3.1)

(Gross and Williams, 1982). The slope of the SPs versus applied pressure decreases with

increasing viscosity due to the addition of sucrose. Sustained fluid flow does not result in any

measurable transient SP phenomena with an increase in viscosity. Increasing the viscosity of

the solution reduces the magnitude of the SP per applied pressure due to a reduction in flow

velocity (Pienkowski and Pollack, 1983; Pollack et al., 1984). However, zeta potentials

calculated in 0.5 and 1.5M sucrose solutions do not differ. The charge in the electrical double

layer does not differ, but the physical parameters of an increased viscosity lead to a reduction

in flow velocity and streaming potential. Alterations in the fluid phase (conductivity,

viscosity or dielectric constant) can modify the streaming and zeta potentials. The electrical

double layer may be susceptible to alterations due to mechanical pressure to the fluid phase.

Localized changes in the fluid phasemay play a role in altering the biofeedback signal and the

repair and remodeling of bone.

3.4.1 Streaming Potential and Current Dependence on Bone Structure
and Composition: Macroscopic View

Macroscopically, electrokinetic phenomena depend on bone matrix, fluid composition and

matrix structure. Spirt and Pollack (1993) reported that the Z potential of rat femur, as assessed

by particle electrophoresis, decreased from 1.5 to 6 months and then increased between 12 and

24 months. The SP magnitude varies as bone matures (Pollack et al., 1977) and may also vary

with bone age after maturation (Spirt and Pollack, 1993).

Cochran et al. (1993) have measured SPs generated by sinusoidal bending at the callus of

healing gap osteotomies in canine tibia in vivo, 6 or 12 weeks following surgical creation of the

osteotomy. The SPmagnitude is greater on the callus relative to an adjacent remodeling cortical

bone site when the callus is immature and flexible. For more mature rigid callus, the callus is

like the SP measured at the adjacent cortical bone site. SP normalized to surface strain is

somewhat smaller for the callus (0.11� 0.11mVm2�1), than for the adjacent cortical bone

(0.16� 0.11mVm2�1). Linear regression showed that SP normalized to strain for both callus

and adjacent cortical bone sites tends to increase with decreasing porosity, as can be

anticipated.

Using electrokinetic methods the difference in bone structure and composition between

osteoporotic and normal cortical bone has been studied by several workers. Otter, Goheen and

Williams (1988) studied the effects of disuse osteoporosis on SP using a canine tibia model.

Disuse osteoporosis is produced by surgically removing a segment of the Achilles tendon,

dividing the patella tendon and then maintaining the foot in dorsiflexon by banding for

12weeks following surgery. SPs for the more porotic disuse bone are significantly smaller than

for normal intact bone. The relaxation time for SPs generated by bending osteoporotic bone
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was also significantly shorter than for normal control bone. This implies that SP magnitude

increases more slowly with bending frequency.

Cochran et al. (1991) have compared the Z potential of osteoporotic human bone (as

assessed by clinical examination) to normal bone by using particle electrophoresis and found

that the potentials are larger for osteoporotic bones. This increase suggests that measured SP

magnitudes should also be larger for osteoporotic bone because the two are proportional.

However, SPs also tend to decrease with bone porosity, as observed in healing bone

(MacGinitie et al., 1993a, 1993b; Cochran et al., 1993) and osteoporotic bone (Otter

et al., 1994). The effect of a change in bone porosity may prevent measurement of an increase

in SPmagnitude due to an increase in Z potential. The increase in Z potential may be a response

to compensate for the increase in porosity.

3.5 Microscopic Potentials and Models of SP Generation in Bone

Although tissue level fields have beenmeasured under various conditions, cellular level fields

are difficult to measure and interpret. Two approaches appears suggestive for determining

fields at the cellular level: microscopic measurements and models to relate these fields to

bone anatomic structure.

Microscopic measurements are the most direct approach for determining fields near

cells. Several workers (Iannacone, Korostoff and Pollack, 1979; Starkebaum, Pollack and

Korostoff, 1979) have measured microscopic SPs on the polished bone surface of fully

hydrated samples tested in four-point bending and in compression. These SPs exhibit a nearly

symmetric cusp-like dependence on distance from the Haversian canal, with local fields 1–2

orders of magnitude greater than the macrofields. The sign and magnitude of the cusp depends

only on the macro stress for four-point bending (Starkebaum, Pollack and Korostoff, 1979)

(Figure 3.5). An abrupt change in magnitude is observed at cement lines. Pienkowski and

Pollack (1983) found that microscopic fields measured on the bone surface depended on fluid

concentration in the samemanner as macroscopic potentials. Models that have been developed

relate SP generation to bone fluid spaces. These spaces include Haversian canals (radius

10–100A
�
), canaliculi (R� 0.05–0.1mm) and interstitial matrix spaces (R� 100– 600A

�
)

(Chakkalakal, 1989; Salzstein and Pollack, 1987; Scott and Korostoff, 1990).

The homogeneous models of Salzstein et al. (1987) and Spirt and Pollack (1993) require, in

addition, a no-flow boundary condition at the bone surface to obtain nonzero SPs, as postulated

in another model (Johnson et al., 1982) for measurements in a humid environment. For a no-

flow boundary condition, there is a net pressure difference across a bone sample in uniform

bending and therefore nonzero SP. This no-flow condition may not be valid, especially in vivo,

where soft tissues surround the bone. The alternative, a free-flow boundary condition, has been

assumed to be valid (Salzstein et al., 1987) for fluid covered bone. This alternative boundary

condition results in no net pressure difference across a sample in uniform bending, Suggesting

an obvious: that for a homogeneous model theremay be nomacroscopic SP. The validity of the

no-flowboundary condition has been suggested for SPmeasurements in a humidity chamber on

the basis that the surface is not wetted and capillary pressurewill keep the fluid within the bone

(Salzstein et al., 1987; Johnson et al., 1982). This hypothesis has some experimental basis.

Iannacone, Korostoff and Pollack (1979) have observed menisci in lacunae and Haversian

canals at the bone sample surface during microscopic SP measurements. However, the SP
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magnitude and frequency response are the samewhether measured with agar bridge contacting

the bone,with a pool offluid contacting the bone orwith anAgCl electrode directly contacting a

dry bone surface (MacGinitie et al., 1993a, 1993b).

Petrov, Pollack and Blagoeva (1989) have developed a microscopic model for a homoge-

neousmatrix surrounding aHaversian canal. The SP is calculated as a function of distance from

the canal, based on the assumptions of zero pressure (instantaneous fluid relaxation) and zero

potential in the Haversian canal, and no flow at the cement line. This model predicts a SP

magnitude as a function of distance from the canal that is similar tomicroscopicmeasurements.

Weinbaum, Cowin and Wu (1991) have developed a microscopic model in which flow

canaliculi around the cellular processes gives rise to SPs. This model takes into account the

cellular processes in the canaliculi.

Kowalchuk, Pollack and Corcoran (1993) have developed a model for the bone interface,

based on zeta potential measurements of bone and hydroxyapatite particles, in various fluids

and following various treatments. The proposed bone–fluid interface consists of a bone

substrate (including mineral and proteins), a stationary layer (including proteins and ions)

and the bone fluid. The zeta potential is assumed depending on all three components.

3.6 Stress-Generated Fields of Trabecular Bone

Weinbaum et al. (1994) have shown that in the physiological frequency range 1–20Hz, associated

with locomotionor themaintenanceofposture (15–20Hz), thefluid shear stress isnearlyproportional

to the product of frequency and range. These authors have emphasized that the lacunar-canalicular

porosity determines the fluid pressure relaxation time and the occurrence of the SP.

Wu et al. (1993) havemeasured SPs acrossmoist cubes of trabecular bone in sinusoidly non-

uniform axial loading and compared thesewith SPs of cortical bone under the same conditions

and from the same specimens. Trabecular bone SPs are more than one order of magnitude

smaller than the cortical bone SPs (�0.001 versus �0.3mVme�1 at 20Hz). Trabecular bone

SPs also increased less rapidly with bending frequency than cortical bone SPs.

Trabecular bone anatomy suggests that the trabecular bone SP frequency response should

be similar to that of cortical bone but that the SP magnitude should be smaller, because of the

more porous structure of trabecular bone. Distances to the intertrabecular fluid space or

Haversian canals within trabeculae are similar to the inter-Haversian distances in cortical

bone (Lozupone and Favia, 1990; Sata et al., 1986). Trabecular bone, however, has a much

smaller resistivity than cortical bone [�0.2–1.0 kW cm (Saha and Williams, 1989) versus

�15–55 kW cm (Singh and Saha, 1984)]. If the intertrabecular spaces in trabecular bone

contribute to fluid relaxation as the Haversian canals do in cortical bone, then the SPs of

trabecular bone (neglecting any contribution by the marrow) would have a similar frequency

response but smaller magnitude than those of cortical bone. Measured differences in the

frequency response between trabecular and cortical bone SPs cannot be explained in terms of

fluid relaxation to the Haversian canals or intertrabecular spaces alone.

Gross and Williams (1982) and Pollack et al. (1984) have developed microscopic models

for SP generation by flow in canaliculi to the Haversian system. Themodel due to Pollack et al.

(1984) incorporated the idea of flow to the Haversian system and as a result explains the

cusp-like dependence of microscopic potentials. Neither of these approaches, however, can be

used as a predictive model for macroscopic potentials.
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Salzstein et al. (1987) have developed a macroscopic biphasic continuum model for flow

in small pores for rectangular bone samples in four-point bending. Spirt and Pollack (1993)

extended the Salzstein model to a cylindrical geometry to model SPs produced by loading

the diaphysis of whole long bones. The model of Salzstein et al. (1987) provides fits to

macroscopic SP data as a function of frequency. These have been used to identify radii on the

order of 105–350A
�
(Salzstein and Pollack, 1987) and 200–600A

�
(Scott and Korostoff, 1990)

for the pores involved in SP generation. The size range suggests that these pores are interstitial

pores. This estimate of the effective pore radius, R, is close to estimates (R< 200A
�
) obtained

by another method (MacGinitie et al., 1994) and is consistent with pore radius estimates

for macroscopic SPs measured across cortical bones (R near 45A
�
) (Pollack et al., 1977) and

R� 0.1mm (Johnson et al., 1982). However, the homogeneous model predicts that SP

frequency response should depend on sample thickness. Contrary to experimental results

(Otter et al., 1994), frequency response is found to be independent of sample thickness for SPs

measured across bovine bone strips in sinusoidal cantilever bending for thicknesses between 1

and 4mm. These authors predict that the SP should be independent of sample thickness for

greater than the inter-Haversian spacing. This hypothesis that fluid relaxes viaHaversian canals

could also explain the faster relaxation time for healing, remodeling and osteoporotic bone. The

greater porosity (R< 5mm) visualized in these cases suggests, if this hypothesis is correct, that

shorter relaxation times are possibly due to the shorter distance that the fluid travels between

resorption lacunae.

Some models have assumed (Gross and Williams, 1982) that macroscopically measurable

SPS arise from fluid flow within the canaliculi. Others have proposed (Williams, 1993; Spirt

and Pollack, 1993) that SPS arise from flow to take bone surface through homogeneity.

Weinbaum et al. (1994) have proposed that osteocytes can be stimulated by relatively small

fluid shear stress acting on the membrane of their osteocytic processes. These authors have

further pointed out that these stresses lead to the release of intracellular Ca2þ that regulates the

opening and closing of membrane ion channels in the communicating functions linking

the osteocytic processes at their apical ends. In this manner, the gap functions modulate the

intracellular potential and current that passes through the network of interconnected osteocytes

and surface osteoblasts. This view has also been supported byXia and Ferrier (1992). Table 3.1

shows a set of SGP generation data as measured by various workers.

Table 3.1 Stress-generated potentials in whole bone

Reference

Source

of specimen Technique Results/comments

Bassett, 1962 Animal tibia Cantilever bending 30mV for 30 g stress

Shamos, Lavine and Shamos, 1963 Human rib Compression 0.3mVkg–1

Cochran, Pawluk and Bassett, 1968 Animal tibia Cantilever bending 0.5–2.0mV for 1–2 kg

Steinberg et al., 1968 Rabbit femur

and tibia

Two-point

compression

1.3mV

Steinberg et al., 1974 Rabbit tibia Cantilever bending 4.5mV

Steinberg et al., 1976 Rat femur Four-point bending Temperature dependent
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Several authors (Walsh and Guzelsu, 1991; Guzelsu and Walsh, 1990), using a pressure

controlled nitrogen gas supply to force fluid through intact bone samples, have determined the

flow in their system through the vascular channel system. Streaming potentials measured

using this technique are due to ion flow in response to direct application of mechanical

pressure to the fluid phase (Hastings andMahmud, 1991). This experimental technique differs

from the stress generated potential binding where fluid motion is the result of mechanical

deformation of the solid bone matrix, which generates a piezoelectric effect and streaming

potentials (Hastings and Mahmud, 1991). The relationship between the applied pressure

gradient and developed streaming potential allows the calculation of the zeta potential in order

to characterize the electrokinetic properties of bone tissue. The surface of shear is considered

to lie close to the surface of the solid phase where ions in the electrical double layer are

stationary (Hunter, 1981).

3.7 Biopotential and Electrostimulation in Bone

As considered above for electrokinetic phenomena, the measurement of biopotentials in bone

seems to provide directions to the bone growth and remodeling process. This arouses interest in

their measurement under various conditions.

3.7.1 Electrode Implantation

The experiments are preformed on adult rabbits weighing 1.5 to 2.0 kg. Themethod consists of

measuring the biopotential and applying stimulation by implanting high-speed stainless

electrodes inside the tibia and femur bone under general anesthesia. Six electrodes (of 1mm

diameter) insulted along their length, except the tips, are drilled through the bone with their

ends touching its inner portion and clamped at their positions with dental cement. The

electrodes (Figure 3.6a) on both tibia and femur are kept 1 cm apart.

3.7.2 Control Data

Biopotentials can be measured by using a high input impedance digital electrometer. The

reference electrode is taken as the lowest electrode “1,” while the bone potentials are recorded

between any two electrodes. Data on biopotential can also be measured after stimulation of

electrical and electromagnetic fields, which are applied under various combinations.

Bioelectrical potentials (DC) have been found to vary in the range 60–120mVusing stainless

steel electrodes. The potential decreases as one moves toward the femur from the tibia

(electrodes 1–6) with respect to reference electrode 1 (Figure 3.6b). These findings confirm the

established view that areas of active growth have higher electrical activity (Assima, 1968;

Friendenberg and Brighton, 1966; Klapper and Stellard, 1974; Bassett, Pawluk and Becker,

1964). In studies carried out by Behari and Singh, 1981b, the full length of the electrode is

insulated, except at the tip, suggesting that potentials are picked up from the bone’s inner

surface. The electrode material was chosen so as to reduce the polarization effect. In addition,

since both electrodes are made of identical material, the polarization due to the galvanic cell is

identical near both electrodes. This helps to reduce the polarization effect. Biopotential

variation is insignificant at each electrode site (p > 0.1).

116 Biophysical Bone Behavior



120

100

 80 

 60 

 40 

 20 

    0 
   5    4    3    2     1        0 

Distance (in cm) between electrodes (b)

B
IO

P
O

T
E

N
T

IA
L

 (
-m

V
)

Figure 3.6 (a) Positions of electrodes in the femur and tibia; (b) biopotential between any two

electrodes versus the corresponding distance curve for various electrodes; (c) electrode implantation

(1–6) in bone and related measurement; (d) method of determining potentials at different levels on the

rabbit tibia/femur; the reference electrode remains fixed while the recording electrode is placed at

different levels along the tibia
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Guided by the above observation that there is a definite potential profile as we go from

electrodes 1 (reference electrode) to 6, the external stimulus can be applied so as to control the

ongoing bioelectrical processes. This follows from the fact that higher electronegativity will

result in enhanced bone growth processes. Reversing the direction of the external stimulus

tends to reverse the potential profile along the segment of bone in question. Because a uniform

change in potential variation is obtained through electrodes 1–6, it may be interpreted that

bioelectrical bone behavior is spatially distributed along this region. No abnormal variations in

electrical behavior under question have been reported when the experiments are repeated with

electrode positions 1,3 and 1,6.

(c)
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Figure 3.6 (Continued)
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3.7.3 Pulsating Fields

The pulsed electromagnetic field is generated by applying the pulse with a pulse generator in

the range of 1–10V through a copper coil (22 gauge, 15 turns) implanted along the femur and

tibia of an adult rabbit. Signals at different frequencies (0.1–10MHz), pulse delay (0.1–100 ms)
and pulse width (0.1–100 ms) were applied.

The biopotentials are recorded after the exposure of fields, where the instantaneous rise is

recorded in all cases. The procedure is repeated for seven days and the enhanced values of

biopotentials are recorded. Before each stimulation, the potential between 1,2 electrodes

(Figure 3.6a and c) is measured. Figure 3.6d shows a method of measuring biopotentials on

bone surface.

3.7.4 DC Stimulation

A constant current source of 100mA is used for DC stimulation. Excitation is given through the

implantedelectrodes in tibia andfemur.OnapplyingDCstimulation (3.5mA)there isa significant
(P< 0.001) rise in voltage at each electrode position (with respect to the reference electrode).

3.7.5 Electromagnetic Field (50 Hz) Stimulation Along
with Radio Frequency Field Coupling

The control value of the biopotential is measured between electrodes (Figure 3.6a and b), using

a high input impedance digital electrometer. To examine the field exposure effect on bone

biopotential the current is passed through the solenoid and the biopotential is measured. The

solenoid coil used has 200 turns and is 8 cm in diameter (field¼ 1.8 gauss at the center).

The tibia of the rabbit with implanted electrodes is placed at the center of the solenoid to record

biopotentials under stimulated conditions. The biopotential is recorded with the field in “on”

and “off” positions. Figure 3.7 indicates the effect of a low frequency electromagnetic field

alone. Application of this field brings about an increase of bone potential that tends to return to

original value once the field is turned off. This clearly indicates the effect of an induced field in

“in vivo” bone and distinguishes it from DC stimulation (Rai, 1983).

DC and the AC (1.27MHz) have been applied between electrode positions (1,5) and (1,4),

respectively (Figure 3.8). These electrodes are implanted along the longitude in the cortical

region of the bone asmentioned earlier. ADC stimulation of 25 and 50mA (constant current) is

used for excitations that fall in the stimulation range of physiological interest (Friendenberg

et al., 1970). A DC stimulation of 50mA applied for 15min raises the potential from þ 60 to

about �500mV, and an application of 1.27MHz produces a diminution in the potential,

which recovers almost immediately to the original value once the AC stimulation is turned off.

This can be attributed to the charge fluctuation with the application of AC stimulation. There is

usually a sharp decline in biopotential over a period of about 20min (after turning off the

DC stimulation), with the potential falling close to the basal value. As anticipated, a smaller

DC source stimulation leads to a smaller rise in bone basal potential. In this case the 1.27MHz

excitation affords an almost instant rise, which tends to reach to a saturationvalue, and once the

stimulation is turned off the bone potential returns to the original value. The change in potential

due to AC excitation is independent of the polarity of the basal value voltages. The effect

produced by AC stimulation remains the same, even when it is preceded by DC stimulation.
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Figure 3.9 reflects the effect of coupling the electromagnetic field with the possible

ultrasonic wave propagation generated by excitation of 1.27MHz. Owing to 1.27MHz

excitation there is a rapid rise in bone potential followed by a slower rise, which tends to

reach a saturation value. At this point an electromagnetic field (50Hz) (applied through

solenoid) tends to increase the biopotential further. Switching off the 1.27MHz excitation

brings about a fall in bone potential, which tends to fall further when the low frequency (50Hz)

field is switched off.

3.7.6 Continuous Fields

Another experiment employed a frequency of 1.27MHz (45V) to introduce an oscillating

field through the implanted electrodes by the signal generator. The surface biopotentials are

measured by using needle electrodes on tibia and femur, by removing all skin, muscles and

fats from the surface of bone. Needle electrodes made of identical material (stainless steel)

and having the same tip sizes are used. The insulation is used for insulation on the needle

electrodes except at the tip. The immediate rise in biopotential in longitudinal and

transverse directions is measured along the bone by an electrometer. A change in potential

due to stimulation is considered to arise because of ultrasound propagation (Figure 3.9)

(Rai, 1983).
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Figure 3.7 Biopotential under electromagnetic field (50Hz) stimulation
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Figure 3.8 Extremely low frequency electric field (50Hz) stimulation
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Figure 3.9 Rise in bone potentials due to low and high frequency electromagnetic field coupling in the

dielectric configuration as shown in figure 3.6a



These investigations aimed to study the effect of various electrical stimulations on

the bioelectric potential of bone and their possible role in bone growth. Several authors

have studied the effects of direct current and low frequency pulsating field stimulations on

bone behavior in vivo (Becker, Spadaro and Marino, 1977; Bassett et al., 1982; Ilfeld et al.,

1974; Levy, Lees and Stevenson, 1992; Bassett, Pawluk and Becker, 1964); the high

frequency effect has received scant attention. The bioelectrical state measured by

(0.1MHz–10.0 MHz) stimulation follows a consistent pattern for all pulse delays applied

(0.1 ms–100ms). This suggests that the pulse delay in combination with a given frequency

would optimize the biopotential bone response (Behari, 1991).

Figure 3.10 is drawn by keeping the pulse delay at 0.1ms and changing the pulse width

(0.1ms to 100ms). Here the 10MHz stimulation and a pulse delay of 100ms has the maximum

effect, closely followed by 1MHz frequency having the same pulse delay. Figures 3.10

and 3.11 show that the effect of pulse delay and pulse width depends upon various repetition
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Figure 3.10 Biopotential under pulsating wave stimulation at frequencies of 0.1 MHz, 1 MHz &

10 MHz
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frequencies. The results support the view (Bassett et al., 1982) that pulse induced currents

depend on the characteristics of the pulse, for example, pulse design, shape, duration and

repetition frequency. The pulse excitation is made more effective by choosing the pulse design

to exert selective influences on ionic species near the cell and its membranes and produces

frequency matching and response effects (Bassett, 1978). Selective action is not possible with

DC. A similar trend has been observed by Friendenberg et al. (1974). Guided by these

observations, it is concluded that the rise in biopotential depends upon the pulse width (pulse

delay). Also, increasing the pulse width produces higher responses (Behari, 1991). These

results also incorporates the fact that pulsed signals contain multiple messages and that the

biological system response to this is more effective. While a DC stimulus is effectively a

polarization, the pulsed signal is a signal transmission.
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Figure 3.11 Biopotential under pulsating wave stimulation at frequencies of 0.1 MHz, 1 MHz &

10 MHz
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Figure 3.12 shows the measurement of surface potential with changing distance between

two electrodes in tibia and femur. On application of the 1.27MHz stimulation the potential

uniformly decreases in the region extending from tibia to femur. The excitations are given

on electrode positions 1,2 and 4,5. Near the tibia and femur joint the electrical activity is more

than in other positions. The surface potential varies longitudinally but not transversely. This

suggests that endochondrial ossification (Ogden, 1980) responsible for longitudinal growth is

greater than appositional growth. The above observation further indicates that bone activity is

very sensitive to the manner, in which the stimulations is applied.

An electric current causes augmented healing of bone (Spadaro, 1977; Norton, 1974;

Klapper and Stellard, 1974; Hassler et al., 1977). The ability of such an electrical current to

mediate cell functions such as controlled healing, regeneration and growth has also been

investigated (Becker, Bassett and Bachman, 1964; Harrington and Becker, 1973). Biopoten-

tials from bone can be considered as a measure of electrical activity. Electrical signals have

beenmeasured at various points in the bone (tibia and femur). These properties were compared

with those obtained after bone stimulation. Since bone possesses inherent electrical activity, it

is treated as a source of electrical power. Hence measurement of impedance, loss factor and Q

parameter (quality factor) for the bone in the frequency range of interest (500Hz–100 kHz)

provides an understanding to explain the nature of bioelectricity in bone and assist in

optimizing electrical stimulus for clinical work.

100

50

0

       5               15               25               35               5               15               25              35 

Distance (mm)                                 Distance Between Electrodes (mm)        

                           Bone Surface Biopotential  (Hypodermic Needle electrode) 
                                                                  Normal 
                                                                  1.27 MHz Stimulation 

TIBIA
                          FEMUR 

         Knee Joints 

B
IO

P
O

T
E

N
T

IA
L

 (
-m

V
) 

Figure 3.12 Bone surface potential and 1.27 MHz stimulation
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3.7.7 Impedance Measurements

The impedance between consecutive electrodes implanted in cortical bone is of the order of�kW
and, as anticipated, it decreases with increasing frequency (500Hz–100kHz) (Behari and Singh,

1981b). The impedance betweendifferent electrodes positions turns out to beof the sameorder of

magnitude (Figure 3.13). The nature of the variation of impedance (and also of resistance and

capacitance) with frequency is in agreement with the reported results of Geddes, 1972.

The voltage available across the electrodes is indicative of the fact that bone can be treated as a

biogenerator. This concept can be used as a current source in controlling a biofeedback system.

The loss factor and Q have been found in the frequency range 500Hz–100 kHz; the loss

factor in this frequency range falls in the range 10�8–10�5. The correspondingQ values are low

(<3). This seems to be in agreement with the work of Kawai (1969) for other high resistivity

materials.

Figure 3.14 shows the fall of charge between electrode positions (1,6) with time (for 45min)

after the stimulation was turned off. The process was repeated for seven days. Clearly, the

charge values are higher for the seventh day, which may be attributed to the retention of charge

by intact bone. At the end of the seven-day period the stimulation (10mA) was stopped and the
charge between respective electrodes was measured until it returned to the original value of

8.45� 10�9 coulomb (the charge available between electrodes 1 and 6 before stimulation). It

took about seven days to fall to the original value from the saturated one (2.40� 10�7 C). This

has also been found to be true for the intermediate electrode (1 and 3) positions.

This is interpreted by suggesting that passing a higher constant current results in a higher

degree of polarization and results in an increase in charge retention. It can be inferred
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Figure 3.13 Frequency vs impedance curve between electrodes (1,2) & (1,5)
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that retaining a capacity of charge depends on the magnitude of the current (in the region of

physiological interest) and the duration of stimulation. From this, the electrical activity of bone

in vivo is clearly significantly enhanced by direct current. It has also been found that the area of

active growth (lower extremity) has a higher electrical activity, and hence by increasing the

activity of these electrical signals bone growth can be enhanced/controlled.An electret effect in

bone in vivo is an established fact (Yasuda, 1977) that can be exploited clinically. From the

above analysis, it may be postulated that the precise origin of DC electrical activities may be

ionic gradients and ionic transport acrossmembranes to the inhomogeneous structure of tissues

that give rise to polarizedmolecules of dipoles. This agrees with reported results (Behari, Guha

and Agarwal, 1974, 1975; Andrabi, 1978; Behari, Rai and Jha, 1979) wherein it has been

pointed out that the source of electrical activities are dipoles, ionic spaces and proton

conduction (Hþ vacancy migration). The behavior observed here is similar that reported for

other biological tissues (Repachole et al., 1971).

3.8 Origin of Various Bioelectric Potentials in Bone

Friendenberg et al. (1973) have recorded potentials from the anterior, medial and lateral

surfaces of the tibia that indicated that the surface voltage is constant around the transverse

axis of a bone but varies in relation to its long axis. This suggests that stress can not be the

origin of such potentials, which is corroborated by the fact that tensile and compressive forces

have been shown to distribute positive and negative charges on opposite surfaces of a bone.

Further, the steady state potentials on bone are the sum total of the electromotive forces of

all the cells in the localized area (Friedenberg et al., 1973; Harlow, Friendenberg and

Brighton, 1971).
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Figure 3.14 Charge decay versus time between for electrode position (1,6) each day after stimulation.

The experiment was repeated for seven days in succession. The saturation value on the seventh day was

2.40� 10�7 coulomb
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The sources of potential in unstressed bone are cells. It is thus suggestive that electrical

activity is an inherent property of bone and that it varies along its length. These results offer

support to the findings of Athenstaedt (1979) and Sawyer and Pete (1953). Athenstaedt (1979)

found the existence of a permanent electrostatic field (PESF) in collagenous structure. He

pointed out that such potentials play a significant role in controlling the direction of biological

growth processes. The generation and reorientation of the permanent dipoles as a result of

external stimulus seem to be in a direction that controls the potential variation for enhancement

of bone electrical activity. However, the mechanism underlying this phenomenon remains

obscure. Sawyer and Pete (1953) have also suggested that the direct current potential may be

related to the trabular shape of the bone.

Three types of potentials can in general be identified in living organisms: (i) bioelectrical,

(ii) action and (iii) strain related. Bioelectric potentials are generally attributed to the difference

in potentials and are a general property of all living tissue (Burr, 1950). At the time of

occurrence of fractures there is a sharp rise in electronegativity, which tapers with the healing,

stress and muscle contraction and decreases in magnitude following bone death (Friendenberg

andBrighton, 1966). These are in the region of 10–20mV.Action potentials are ofmuch higher

magnitude and arise from muscle contraction or nerve stimulation. These are of very short

duration (milliseconds) and depend upon cellular viability. On the other hand, strain related

potentials have their origin in the strained collagen fiber or hydroxyapatite crystal. These

signals last for a duration for a period of the application or release or stress (Bassett and Becker,

1961; Becker and Murray, 1970), indicating a time dependance.

To establish possible clinical significance of the above-mentioned, more measurements on

similar lines are required. This is supported by the fact that bone growth can be modulated by

various parameters (Yasuda, 1977; Hassler et al., 1977; Becker, Spadaro and Marino, 1977;

Connolly, Hahn and Jardon, 1977; Engler et al., 1978; Bassett, Pawluk and Pilla, 1974). Before

formalizing such a relationship on a quantitative basis, precise measurement of electrical

parameters must be carried under in vivo conditions. These parameters may be:

. bone biopotentials;

. surface potentials;

. cavity potentials;

. after electrical stimulation, the above potentials and electrical

properties such as impedance values.

Such data are expected to lead to a better understanding of biological events (including

pathological) that are important for living organisms and particularly in bone. Electrical signal

generation and propagation is, in general, a key parameter in understanding the growth and

development of life processes.
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4

Solid State Bone Behavior

4.1 Introduction

The solid state of bone more than any other biological tissue has been a subject of continuing

investigation because of its varied behavior. The prime reason seems to be that it retains and

reveals several of its physical properties, even after extraction from the body. Intrinsically, it is

subjected to stresses and consequent generation of charges and currents that contribute to bone

growth and development. Bone possesses various solid state properties that are governed by

low fields and currents.

The concept of charge transport in biology is of utmost importance, for it holds key to

understanding several biological phenomena. While mainstream thinking about life processes

is oriented towards molecular and ionic reactions, key processes such as locomotion,

photosynthesis, respiration and vision are electrically mediated. The idea that electron

transport mechanisms and their control should be universal in biology is not new and, indeed,

it preceded recent developments in electronics. Szent-Gyorgyi (1941a, 1941b) pointed out that

electrons play an important role in cellular processes, especially in cell division and even in

cancer. The author suggested that the proteins, long-chain active polymeric molecules, provide

pathways for electron flow that may be regulated in the cell by semiconductor-like interaction

of acceptor or donor molecules with the protein. The concept that proteins and collagen might

be semiconductors has been pursued experimentally over many years (Cardew and Eley, 1959;

Eley and Spirey, 1960; Eley, Lockhart and Richardson 1977, 1979; Rosenberg and Postow,

1969; Behari et al., 1975). Such studies have shown that samples in the form of compressed

discs have temperature sensitive conductivities with activation energies of around 2–3 eV.

In contrast, cell membrane systems are topologically closed and have a conductance many

millions times less than the aqueous medium on either side of them. They consist of

phospholipid molecular bilayers less than 50A
�
thick, together with proteins that either

completely span the membranes or are partially integrated with them. The proportion of

phospholipid to protein varies with the type of membrane. Each phospholipid molecule has a

hydrophilic phosphatidic head group and a hydrophobic hydrocarbon tail, the latter being

responsible for giving the membrane its insulating properties.
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Though the early ideas of Szent-Gyorgyi that biological systems might act as semiconduc-

tors are still valid, a biosystem cannot be treated as an elemental crystalline semiconductor as

this often leads to incorrect ideas about the character and transport process of electrons. In less

periodicmaterials (such as biologicalmatter)where electron states are localized, the passage of

electrons and holes can be extremely slow, sequential and deliberate. In semiconductor

crystals, by contrast, their passage is naturally haphazard and, until their free wanderings

are brought under control by the erection of barriers and filters built at the limits of modern

technology, they do not act intelligently or take on even the simplest attributes of a living

system.

This field was further developed by earlier experiments conducted by several group of

workers (e.g., Bassett, Pawluk and Becker, 1964; Bassett, Pawluk and Pilla, 1974; Becker,

Bassett andBachman, 1964;Behari, Guha andAgarwal, 1974, 1975; Friendenberg et al., 1970)

who observed that when electric current of different magnitudes is made to pass through bone

(in vivo) osteogenic and osteoclastic like activity took place at the negative and positive

electrodes, respectively. In addition, this conductivity can be varied by physical methods. The

results of some of these experiments generally indicate that DC currents in the range 1–100 mA,
or an applied voltage of 1.0–1.5 V, are sufficient to induce osteogenesis and, consequently, the

efficiency of wound healing can be increased under induced electrical conditions. It is further

suggested that the electrical environment of mesenchymal cells may control, to a large extent,

theirmitotic and functional activity. Because of the above, bone solid state (electrical) behavior

remains a favorite subject of investigation.

Equipped with present knowledge of electrical stimulus induced osteogenesis and with the

knowledge of piezoelectricity, it can be concluded that such behavior significantly affects the

function of bone in the body.

4.2 Electrical Conduction in Bone

Interest in bioelectric bone behavior began with Bassett (1991) first reporting electrical

polarization in cantilever beam samples of fresh bone and wood during dynamic deformation.

There is ample evidence that not only bone but also its two major constituents exhibit solid-

state behavior. This finding is of primary importance for it may lead to a better understanding of

basic phenomena in biology. The need is, therefore, to correlate the observed phenomena to

behavior in vivo and to other known properties.

4.2.1 Bone as a Semiconductor

Piezoelectric like effects in bone and the suggested role of semiconduction in biology (Szent-

Gyorgyi, 1941) has significantly extended the scope of investigation in the field. The relevant

solid state properties in relation to bone are subsequently taken into account (Shamos and

Lavine, 1964; Becker and Brown, 1965; Bachman and Ellis, 1965; Becker, Bassett and

Bachman, 1964; Becker andMarino, 1966; Lakes, Harper andKatz, 1977; Behari andAndrabi,

1978; Behari, Rai and Jha, 1979). Themechanism and nature of charge transport is the first such

phenomena that needs to be investigated. The difficulty here lies in the complex composition of

bone and the consequent difficulties in drawing energy level diagrams. To explain the electrical

conductivity in bone Behari, Guha and Agarwal (1974, 1975) pursued an indirect approach.
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The free electron resonance, analyzed by EPR spectroscopy, the photoconductivity (Becker

and Brown, 1965) and fluorescence in bone (Bachman and Ellis, 1965) show that bone

possesses solid state properties and behaves as a semiconductor.

Various solid state materials have been grouped on the basis of their electrical resistivity

(reciprocal of conductivity). Conductors are loosely defined as materials having resistivities

less than about 10�3W cm (metals) and insulators are considered to include substances with

resistivities of 1010W cm (ebonite, glass, mica, etc.).

It was reported earlier that dry bone is a semi-insulator with a resistivity in the range of 1010–

1012W cm and activation energy of greater than 6.7 eV (Shamos and Lavine, 1964).Wet bones,

in contrast, have corresponding parameters in the range of 108 ohm cm and <1 eV (Becker,

Bassett and Bachman, 1964). The same authors also reported that bone has many character-

istics of a semiconductor. These characteristics of a semiconductor are related to the

semiconduction properties of each of the two major components of the bone matrix and

structured water.

Another parameter that governs bone conductivity is temperature. In pursuance of these

ideas, the temperature dependence of the resistivity of bone under varying field strengths has

been measured. These studies offer some data relating to the transport phenomenon in bone.

However, limited information is available. In an earlier attempt (Behari, Guha and Agarwal,

1974) the variation of resistance with temperature was measured between ambient tempera-

ture up to 60 �C. The slope of the straight line plot obtained gives the energy gap in the

expression:

P ¼ A expðEg=2kTÞ ð4:1Þ
where A¼ constant; Eg¼ energy gap (in joules), P¼ resistivity, T¼ temperature (kelvin).

Values of 42.5� 1.2, 37.3� 0.5 and 41.8� 0.6� 10�20 J were obtained for the three

samples and are consistent with results reported elsewhere.

Figure 4.1 shows the voltage–current characteristic curve. The values of current as voltage

increase up to 240V are the same as those obtained for a decreasing voltage, but as reported

earlier (Becker andBrown, 1965) the slope changeswhen the polarity is reversed. These results

indicate the effect on bone conductivity of temperature. In another study tibiae from a middle

aged human exhibited similar results to those of adult rat bone, with activation energy that is

independent of temperature up to 322K. Becker, Bassett and Bachman (1964) obtained

activation energies of 1 eV for hydrated bone and 5 eV for collagen.

Dehydrated bone exhibits (semiconductor properties) conductivity that increases nearly

exponentially with temperature. The activation energy of dehydrated rat tibiae decreases more

rapidly with age below body core temperature than at body temperature while above body

temperature the activation energy shows little variation with age. As the bone approaches

maturity, the activation energy becomes independent of temperature, reflecting the effect of

complete mineralization. The independence of activation energy on temperature at maturity

indicates that the interaction between the bone apatite and collagen has changed. Brown and

Aftergut (1962) have postulated that the substance with lower activation energy is preferen-

tially excited to the triplet state and, as the temperature is increased, the higher activation

energy substance reaches the triplet state for the case where no interaction occurs between the

two components. Below the age of 240 days, the rat tibiae activation energy decreases with

increasing temperature, indicating that the interaction between the apatite and collagen is of
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primary importance, while above this age the highly mineralized bone with a low activation

energy behaves as a single component material with activation energy independent of

temperature. On the other hand, hydrated bone behaves like a heterogeneous dielectric with

a broad spectrum of relaxation times.

It can be assumed that charge carriers (during conduction process) are sensitive to radiation

and this can affect the electrical properties of bone. Further, bone and its twomajor constituents

(collagen and apatite alongwithwater) are hydrogen-bonded structures (Ramachandran, 1967;

Berendsen, 1962; Hamilton, 1968; Urback, 1969 and Behari and Guha, 1976). The findings of

these authors suggest that the conductivity in all three cases (i.e., bone, collagen and apatite)

decreases by one to two orders of magnitude upon exposure to UV radiation (Figure 4.2). They

attributed this to the breaking of hydrogen bonds, which then offer impediments to charge

transport. This further led them to suggest that protonic conductionmay be predominant in such

types of solids.

The foregoing discussion shows that a definite link exists between the bioelectrical activity,

semiconduction and other solid state properties of bone. One event flips the other and at certain

stages a series of cyclic phenomena takes place. Whereas, the bioelectrical properties are

thought to be responsible for the development of bone, the solid state nature can evoke, sustain,

store, convert and direct them as command signals. But the gap between the findings in vivo and

in vitro needs to bemore clearly understood and firmly cemented. Apart from this the nature of
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the charge carriers and conduction mode is not yet well understood. Consequently, various

experiments have been undertaken, both in vivo and in vitro, and efforts have been made to

lessen the lacunae in the available data, and to work out other solid state and semiconductor

properties in bone.

4.2.2 Bone Dielectric Properties

Reinish (1975) found that the permittivity increased with increasing humidity and decreasing

frequency. Dielectric values at low frequency are of interest because a pulsed field at these

frequencies stimulates bone growth in vivo (Levy, 1974). Also, bone in the body is subjected to

these frequencies in every day activity. Biologically important energy transfer processes may

occur in bone at a frequency of a few hertz, corresponding to the rate at which the bone is

stressed in walking. Marino, Becker and Bachman (1967) have performed dielectric measure-

ments on bone and concluded that the effects of free and bound water can be distinguished and

that a value for the critical hydration corresponding to filling of the bound water compartment

in bone can be assigned.

Several in vitro studies have been carried out to clarify the electrical and dielectric properties

of either compact, trabecular or whole bone (Freeman, 1967; Cochran, Pawluk and Bassett,

1968; Chakkalakal and Johnson, 1981; Singh and Saha, 1984; De Mercato and Garcia-

Sanchez, 1988; Saha andWilliams, 1989). To separate the effect of the fluid phase from that of

the solid matrix, studies on dry bone (DeMercato and Garcia-Sanchez, 1922) and fluid

saturated tissue (Kosterich, Foster and Pollack, 1983) have been undertaken. These studies

have shown that the high frequency limit of relative permittivity depends on the water content
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Figure 4.2 V–I characteristics of bone; effect of exposure to ultraviolet light
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of the tissue and that the collagen fibers are the main source of dielectric dispersion in a long

bone.

The measurement of bone electrical and dielectric properties may provide a tool for the

diagnosis of bone quality (Saha andWilliams, 1989). Earlier studies investigating properties of

compact and trabecular bone in three orthogonal directions revealed strong electrical and

dielectric anisotropy of compact bone (Reddy and Saha, 1984). Not much is known about the

relation between electrical, mechanical and structural properties of trabecular bone. The

electrical and dielectric properties of tissue determine the pathway of current flow; a deeper

understanding of these properties is crucial for the measurement and analysis of parameters

obtained by impedance techniques (Foster and Schwan, 1989). Compared to in vitro studies,

few in vivo studies exist (Tzukert et al., 1983; Rubinnacci and Brigatti, 1984; Skinner et al.,

2001). In therapeutic studies, establishing an interrelationship between bone density and

electrical and dielectric properties is necessary, for example, for the calculation of electrical

field and current distribution during electrical stimulation of bone fracture (Williams and Saha,

1996). Bone healing after corticotomy is successfully followed by correlation with electrical

impedance. Obviously, better known interrelationships between these properties may be of use

in clinical practice.

Saha and Williams (1989) have measured the electric properties of wet human cancellous

bone as a function of frequency. These authors reported that the resistivity decreased by 15%

from 1 kHz to 1MHz and then remained fairly constant for the frequency range up to 10MHz.

The log of the specific capacitance decreased as the log of the frequency increased, showing an

inverse relationship, which changed less at higher frequencies (Figure 4.3). The specific

impedance is almost equal to the resistivity at lower frequencies. Table 4.1 summarizes the

electric properties of whole bone.
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Figure 4.3 StandardizedCV [sCV (%)] ofmeasured electrical and dielectric parameters as a function of

frequency.At frequencies over 1 kHz, the sCVwas less than 1% for all electrical and dielectric parameters

(Reproduced with permission from J. Sierpowska et al., Electrical and dielectric properties of bovine

trabecular bone: relationships with mechanical properties and mineral density, Physics in Medicine and

Biology, 48, 775–786 � 2003, Institute of Physics and IOP Publishing Limited)
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Table 4.2 shows the means and standard deviations for the resistivity and specific capaci-

tance of cancellous bone specimens measured in the three directions at 100 kHz. Both the

specific capacitance and resistivity are somewhat lower in the longitudinal direction than in the

anterior-posterior (AP) or lateral medial (LM) directions.

The transversely isotropic nature of cancellous bone in the distal tibia is interesting. The

difference in capacitance values between the longitudinal and transverse directions is signifi-

cant (P < 0.01) at 100 kHz and 1MHz but not at the lower frequency of 10Hz. The same authors

have reported a highly significant (P < 0.001) and positive correlation between the resistivities
in the longitudinal (RL) and AP direction (RAP). This relationship is expressed as:

RAP ¼ � 1:70þ 12:3 RL ð4:2Þ

where RAP and RL are in W cm�1. These authors further stated that the variation in electrical

properties for longitudinal and transverse directions can be explained in terms of the orientation

of trabeculae in cancellous bone samples.

Sincemost studies have focused on compact bone, knowledge of the electrical and dielectric

properties of both components is desirable. Sierpowska et al. (2003) have studied the

relationships between bovine trabecular bone’s electrical and dielectric properties, mechanical

characteristics and mineral density (Figure 4.3). Measurements of trabecular bone electrical

and dielectric properties are highly reproducible over a wide range of frequencies. At

frequencies above 1 kHz, standardized coefficient of variations (SCVs) are less than 1% for

all electrical and dielectric properties. Below 1 kHz the reproducibility is less. The relative

permittivity showed the strongest linear correlation with mechanical properties (r > 0.547,

P < 0.01, n¼ 40 at 50 kHz), and with BMDvol (r¼ 0.866 P < 0.01, n¼ 40 at 50 kHz).

In general, at frequencies over 6 kHz, linear correlations between relative permittivity and

BMDvol ormechanical properties are found tobemaximum, even though they are still dependent

on frequency. BMDvol, mechanical properties and dielectric and electrical properties show

significant variation (P < 0.05). At 50 kHz, the relative permittivity reaches the highest value

(381� 61) in the femoral head and the lowest (85� 35) in the greater trochanter. The highest

BMDvol (0.586� 0075 gmcm�3) is also found in the femoral head and the lowest

(0.198� 0.032 g cm�3) is in the greater trochanter. Similarly, all mechanical properties reached

their highest and the lowest values in the femoral head and greater trochanter, respectively.

Following Williams and Saha (1996), one concludes that, relative permittivity and phase

angle show a linear and phase angle showing linear correlation with BMDvol. However,

Sierpowska et al. (2003) suggests a stronger relation between the relative permittivity and

density (r¼ 0.866) at 50 kHz than that at 100 kHz (r¼ 0.617). This differencemay be related to

the use of bovine femoral bone, instead of human tibial bone, studied by Williams and Saha

(1996). Bovine trabecular bone is denser and stiffer than human bone (Jiang et al., 1998; Toyras

et al., 2002). Initially, De Mercato and Garcia-Sanchez (1988) found that the relative

Table 4.2 Electrical properties (mean� s.d.) of 30 cancellous bone specimens measured at 100 kHz

Longitudinal Anterior-posterior Lateral-medial

Resistivity (W cm�1) 580� 170 613� 221 699� 242

Specific capacitance (pF cm�1) 8.64� 2.53 15.25� 3.71 14.64� 4.56
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permittivity decreased with increasing compactness of bovine bone, that is, they proposed a

negative correlation between the bone mineral density and relative permittivity. This contra-

dicts the findings of Sierpowska et al. (2003) and Williams and Saha (1996) of a positive

density–permittivity relation.

In two samples from different anatomical sites and with similar BMDvol, the permittivity is

also highly similar (Sierpowska et al., 2003). The conductivities, however, are different.

Obviously, the conductivity is affected by different factors than the permittivity, and different

properties of bone are reflected by these two electrical parameters.

While it is suggestive that both phases (mineralized tissue and marrow) contribute to the

results, it may not be possible to determine the quantitative contribution of each phase,

especially over a wide frequency range. The simple rule of mixtures for trabecular bone

matrix with physiological solution or bone marrow as an inclusion cannot be applied

successfully for either conductivity or permittivity. The effect of the wet phase in the

composite structure of bone is smaller than the estimate based on the amount and the values of

separated wet phase (Kosterich, Foster and Pollack, 1983). For example, the conductivity of

bone is only 1% of the value of the immersion solution, although the content of the wet phase

is 15–20% in volume. In the frequency range kHz–MHz other factors, such as microstructure

or polarization by diffusional processes in double layers surrounding charged interfaces,may

play a major role. Measurements of the electric properties of wet bone with and without

marrow could provide more evidence about the role of the wet phase in the electrical

properties of trabecular bone.

Phase angle, loss factor and especially conductivity are poor estimates of bone density or

mechanical properties, as compared to the relative permittivity. The conductivity is mainly a

consequence of ion movements through the fluid phase and may change without any change in

mineral density. The absolute values of electric and dielectric parameters reported here are in

agreement with other studies (Saha andWilliams, 1989; Gabriel, Gabriel and Corthout, 1996).

Both absolute values of electrical and dielectric parameters as well as the correlations between

the mechanical properties or BMDvol with relative permittivity depend significantly on the

frequency. The site-dependent variation of electrical and dielectric parameters may be related

to differences in tissue structure (e.g., size and orientation of trabeculae) as well to differences

in spatial distribution and density of the liquid phase (Kosterich, Foster and Pollack, 1983;

De Mercato and Garcia-Sanchez, 1988, 1992).

The electrical parameters account for about 30% of the variation in mechanical properties

(ultimate strength, Young’s modulus). The correlations might possibly be even higher with

some viscoelastic parameters of bone. Although the electrical parameters do not characterize

mechanical properties of bone perfectly, they could still be used in some clinical cases. In this

connection it may be mentioned that the electric parameter predicted mechanical character-

istics of bovine are better than the broadband ultrasound attenuation (BUA) measurements

(Hukulinen et al., 2002), which are known to be feasible in osteoporosis diagnostics and predict

risk of fracture for elderly people as effectively as BMD measurements (Kroger et al., 1995;

Schott et al., 1995; Pfeifer, Pollaehne and Minne, 1997).

Tomaselli and Shamos (1973) haveworked on the dielectric properties of hydrated collagen

and the effect of water on the complex dielectric constant of bovine Achilles tendon in the

frequency range 100–10 000Hz. The experiments at room temperature show that the dry

collagen exhibits almost no frequency or temperature dependence. When the water content of

the collagen increases the dielectric constant and the loss factor increase simultaneously. They

Solid State Bone Behavior 137



also showed a sharp rise at a hydration level, whichmay be related to occupation of the primary

adsorption sites. The authors found that, at about 40 �C, the dielectric constant of hydrated

collagen takes its maximum value for various frequencies. This result is attributed to (i) the

state of boundwater molecules changes to the free state and (ii) thewater molecules diffuse out

of the system. Their measurements for the dielectric constant of dry collagen at room

temperature give the value 4.5. However, for elevated temperatures, the dehydration reduces

this value to about 2.3. The above experiments verified that (Lang, 1966; Friendenberg et al.,

1970; Shamos and Lavine, 1967) the main cause of the piezoelectric behavior of bone tissue is

the collagen molecules and that the difference in piezoelectric properties between dry and wet

bones is also caused by the structure of the collagen (Bassett and Pawluk, 1972; Anderson and

Eriksson, 1968; Liboff, Shamos and De Virgilio, 1971; Liboff and Furst, 1974; Tomaselli and

Shamos, 1973).

Several other authors (Toyras, Kroger and Jurvelin, 1999; Toyras et al., 2002) have shown

linear correlations between the mechanical properties and BMD. The values of electrical

properties for wet trabecular bone as measured lie between the values reported for compact

bone and those for bonemarrow (Smith and Foster, 1985;Gabriel, Gabriel andCorthout, 1996).

The conductivity in bonewith high BMDapproaches that of compact bone. These authors have

concluded that relative permittivity is, comparatively, a better estimate of bone density or

mechanical properties. Sierpowska et al. (2003) further concluded that there is a linear

correlation of trabecular density and mechanical bone properties with the relative permittivity.

This suggests that measurement of electrical and dielectric properties may provide the means

for quantitative diagnosis of bone status and that 50 kHz is an optimal choice in diagnostic

measurement.

The significant linear correlations of trabecular bone density andmechanical properties with

relative permittivity suggest that measurement of electrical and dielectric properties may

provide the means for quantitative diagnostics of bone status. The correlations between the

mechanical parameters and BMDvol are higher than those for electrical parameters. Electrical

parameters may not provide more information on the bone strength or stiffness than that

obtained with DEXA. At most they may offer some supporting data on bone quality and

structure to supplement DEXAmeasurements. In special cases, such as during bone grafting or

total hip replacement, there is no method for direct measurement of bone quality. Electrical

measurements utilizing open ended probe technology (Whit Athey, Stuchly and Stuchly, 1982)

are potentially feasible in this kind of application. In addition, better understanding of the

relationships between bone density, mechanical, electrical and dielectric properties may help

us in pathological situations to improve techniques related to electrical stimulation and follow

up of healing processes in fractured bone (Williams and Saha, 1996).

4.3 Microwave Conductivity in Bone

Microwave dielectric constants provide clues as to the mechanism of interaction of an

electromagnetic field with biological systems. The complex impedances of dry and fluid

saturated bones can be measured using a Network analyzer system. The technique provides

good phase resolution in the frequency range 400–1300MHz. This provides a comprehensive

view of the conductivity and permittivity of bone, and to further assess the nature of bonding in

bone and its relation to the dielectric constant UV-irradiated bone has also been examined (Ray

and Behari, 1985, 1986).
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Specimens of bone were obtained from femurs of adult goat. The cylindrical samples of

compact bone specimen used were machined from femur portions using a low speed saw.

Continuous water irrigation was applied to minimize any thermal damage during the

machining process. The final specimens were approximately 7mm in diameter and 1mm

thick. A 3-mm hole was glued through the center of each sample and filled with conducting

silver cement in each case. Proper care was taken during the drilling so that the temperature of

the sample did not increase; any increase may affect the microscopic structure. For wet bone,

the specimens were kept in 0.9% saline solution for 24 hours before experiment to achieve

complete equilibrium at 17 �C and 72% humidity level. Additional liquid was then blotted out

from each sample before the start of an experiment. After an experiment, each sample was

exposed to UV light source (300watt, 350 mm). The light was then turned off and the samples

allowed to equilibrate with room temperature environment for 24 hours before making the

measurements. To obtain collagen specimens, fresh bone samples were taken and kept in 15%

formic acid at 52 �C for 18 hours with occasional stirring. This dissolves apatite and the

chemical process leaves only collagen components along with some macromolecules and

minerals. Thereafter the samples were treated similarly as those of whole bone.

The key instrument used is the H.P. Network Analyzer (8754A) and reflection transmission

test set-up (8402A) (Figure 4.4). The sample is placed at the test port of a reflection

Figure 4.4 Schematic diagram of instrumentation with a network-analyzer
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transmission test set-up so that the silver-filled hole makes a continuation with the inner

conductor of the test port. The reflection coefficient is calculated from the measured reflection

loss and change in phase angle. The instrument is standardized at the reference plane of the test

port using short circuit, open circuit and matched load at three different positions (da Silva and

Mephun, 1978). From the reflection coefficient data the impedance is calculated. The

permittivity (e0) and conductivity (s) are calculated from the following relationship in which

bone is modeled as a right circular cylinder (Reddy and Saha, 1984):

s ¼ G

2pl
ln
a

b
and:

e0 ¼ C

2pepb
ln
a

b
ð4:3Þ

where s¼vepe00, with e00 being the relative loss factor permittivity of free space. In these

equations G and C are the parallel equivalent conductance and capacitance of the sample,

respectively, while l is the length of sample; a and b are the outer and inner diameter,

respectively, of the bone sample.

Figure 4.5 shows dielectric permittivities for dry, fluid saturated, UV-irradiated bone and for

collagen in the frequency range 400–13MHz. In each case a small distinct dispersion is
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Figure 4.5 Dielectric permittivity versus frequency of dry bone, fluid saturated bone, UV-irradiated

bone and of collagen tissue at 17 �C and 72% humidity level
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observed. The high frequency limit of the permittivity can be explained on the basis of the

mixture theorem proposed by Maxwell (1873):

e0 ¼ eb
2eb þ ew � 2fðeb � ewÞ
2eb þ ew þ 2fðeb � ewÞ ð4:4Þ

where eb and ew are the permittivities of the solid matrix and the electrolyte, respectively, and f
is the volume fraction of the electrolyte in the tissue. Assuming the permittivity of the bone

matrix is 6 and that of fluid 79, it is readily observed that, as ew� eb, the permittivity will

increase with increasing f. If we assume that, at this humidity level (72% at 17 �C), the water
fraction of fully saturated bone is 15%, the same value adopted by other authors (Kosterich,

Foster and Pollack, 1983), then e0 will reach the limiting value of 10. In our case, the e0 of 21.5
suggests that the dielectric relaxation of most of the fluid (free water) occurs above 1.3GHz.

Accepting the data of 400MHz, a slight dispersion is observed that can be assigned to the

presence of bound water, as has been done for other protein solutions (Grant, Keefe and

Takashima, 1968). If a protein of volume np and permittivity ep is surrounded by a shell of

hydration of permittivity el the relationship is expressed as (Schwan, 1965):

ep � el
ep þ 2el

þ np
n

ep � ew
ep þ 2el

ð4:5Þ

Taking el¼ 100 gives that 2.6%water compared to protein volumewill act as bound water. To

obtain all the dielectric parameters, a range of values of relaxation wavelengths (ls) and
distribution parameters (a) are initially calculated for the dispersion range (d) by using the

corresponding values of e0 and e00 in the equation:

le00

e0 � e¥
¼ l

ls
l

� �1�a

1þ ls
l

� �1�a
ap
2

" #
ð4:6Þ

Table 4.3 gives the dispersion parameters of bone in different physiological conditions and

collagen at 17 �C and 72% humidity level and hence affords the most probable value of a and

ls. The equation was derived by Grant, Buchanan and Cook (1957) assuming the Cole–Cole

dielectric theory. Table 4.3 shows that the relaxation frequencies for dry and wet bone are close

although for wet bone is larger than that of dry bone. This is due to the presence of an extra

amount of water. For UV radiated bone and collagen the relaxation frequency differs greatly.

This is expected because the amount of boundwater attached to dry andwet bone under the two

conditions will be different and hence the extent of dispersion will vary. It is anticipated that,

due to exposure of UV light, the collagen molecules aggregate, leading to a decrease in dipole

moment and consequently a decrease in relaxation frequency. For collagen, one of the

Table 4.3 Dispersion parameters of bone in different physiological conditions and collagen at 17 �Cand

72% humidity level

Parameters Dry bone Wet bone UV irradiated bone Collagen

a 0.04 0.04 0.03 0.01

ls (cm) 29.33� 3.8 28.92� 4.2 37.44� 6.7 57.48� 7.5

fs (MHz) 1022� 117 1037� 131 801� 160 518� 56.7
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components of bone, the structure and shape is unique. Naturally the relaxation frequency is

entirely different from intact bone under different physiological conditions. However, the

extent of dielectric dispersion is much higher compared to intact bone. This suggests that,

owing to the removal of apatite by chemical process, the nature of binding of water with

collagen may be altered, which leads to a larger dispersion. The depression of the permittivity

curve at the high frequency end of this dispersion compared to that of purewater is ameasure of

the amount of water that is unable to turn in the electric field at a frequency near 1GHz (Grant,

Sheppard and South, 1978). Considering the essential role of water in the structure and

functioning of biological systems, the comparative estimates of the quantity of bound water

presentmay be of interest. The stability of collagenmolecule is also affected by a chain ofwater

molecules running parallel to the collagen helix. This suggests that relaxation of bound water

alone can explain the observed dispersion in all four cases.

The dielectric decrement de0 is defined by:

de0 ¼ e0w � e0

c
ð4:7Þ

where e0w is the dielectric constant of pure water at the appropriate wavelength and c is the

concentration in grams of protein per 100mL of solution. The term bound water is taken to

mean water bound to protein molecules by bonds of greater strength than the water bond

existing in pure water. An estimation of hydration from dielectric results has the disadvantage

that a dielectric mixture formula must be chosen. According to Fricke (1924):

e0 � e1 ¼ KPðe2 � e1Þ
where e1 and e2 refer to solvent and solute, respectively, and K is the shape factor of the solute,

which lies range 1.0–1.8 in most cases. The term P can be modified to the form (Grant, Keefe

and Takashima, 1968):

100 de0 ¼ K½�nðe0W � e0pÞþWðe0W � e0BÞ� ð4:8Þ
where n is the partial specific volume of the protein, which is chosen to be 0.73 cm3 g�1

(Hunter, 1966),W is theweight of the boundwater per unit weight of protein and e0p, e0w and e0B
are the permittivities of the protein, free water and bound water, respectively. Using above

formula, estimations have beenmade for dry bone, wet bone, UV-irradiated bone and collagen.

Themost consistent values are obtainedwithK¼ 1.6. The term eSB is the dielectric permittivity

of boundwater at a frequencymuch lower than the relaxation frequency and e11 is the dielectric
permittivity of the sample at 1GHz (Table 4.4).

Table 4.4 Hydration and static dielectric permittivity of bound water attached with bone in different

physiological conditions and collagen at 17 �C and 72% humidity level

Sample W in gms/gm

of protein

eSB e11

Wet bone 0.05 116.5 22.1

Dry bone 0.02 172.8 24.0

UV irradiated bone 0.07 63.2 19.8

Collagen 0.05 113.47 22.0
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ForK¼ 1.4, the boundwater fractionW turns out to be 0.10, 0.15, 0.18 and 0.16 for dry bone,

wet bone, UV-irradiated bone and collagen, respectively.

Behari et al. (1982) measured the dielectric constant of bone samples using cavity

perturbation method (Figure 4.6) developed by Bethe and Schwinger (1943). They used the

following expressions to calculation of real and imaginary part of e:

e0 ¼ 1þ 1

2

VC

VS

ðf1 � f2Þ
f2

ð4:9Þ

e
00 ¼ 1

4

VC

VS

1

Q2

� 1

Q1

� �

where VS and VC are the volumes of the sample and the cavity, respectively; (f1, f2) and (Q1,Q2)

are the resonance frequencies and quality factor without and with samples loaded in the cavity.

These authors reported a decrease in e0 and e00 ranging from 19 to 27% and 44 to 61%,

respectively. However thevalue of tan d (¼e00/e0) remains the same before and after the exposure

of ultraviolet light (300W, 350mm). Of the many possible mechanisms of interaction of

biopolymers with electromagnetic radiation (i) monowater rotation and (ii) segmental rotation

of biopolymers have been characterized as responsible for microwave interaction (Illinger,

1970).Monowater acts as a broadband microwave attenuator and thus partially accounts for the

high dielectric loss factor.

Exposure of proteins to UV light (UVL) causes the rupture of some disulfide (–SS–) and H-

bonds, which changes the tertiary and possibly the secondary structure of the proteins

(McLaren and Shugar, 1964). The dielectric constant of solids depends simply on the

1. Klystron Power Supply  6. Frequency Meter 
2. Klystron with Mount  7. Slotted Section 
3. Circulator    8. E-H Tuner 
4. Matched load                9. Sample Holder (Cavity) 
5. Variable Attenuator                       10. VSWR meter 

9

   2 

3 5 6 7 8

4

10 

  1 

Figure 4.6 Schematic of the set-up for dielectric measurement using the cavity perturbation technique

Solid State Bone Behavior 143



displacement of charges inside the molecules. The presence of H-bonds in collagen and apatite

(Hamilton, 1968; Ramachandran, 1967) will cause displacement of charges when the samples

are placed in an electromagnetic field. The observed decrease in dielectric constant of bone,

collagen and apatite may be attributed to H-bond breakage in collagen and apatite and also

aggregation of molecules in collagen. Owing to breakage of H-bonds the transport of charges

inside the molecules can not take place as effectively as before exposure. Also, an aggregation

of molecules may lead to decreased segmental rotation.

At microwave frequencies, the loss factor e00 is determined by DC conductance and dipole

orientation (Smyth, 1955). Owing to a decrease in dipole orientation on exposure to UVL, the

dielectric loss factor would decrease – as indicated by these results. The decrease in e00 may also

be partly due to the decrease in e
00
dc, which is directly proportional to DC conductivity. The DC

conductivity of bone, collagen and apatite decreases upon exposure to UVL (Behari, Guha and

Agarwal, 1975).

Collagen constitutes almost 35% by weight of bone and it has no disulfide bonding.

Consequently, the only vulnerable points are the breakage of H-bonds and H-bonded water

bridges in the secondary structure and even photolysis of peptide bonds between polypeptide

chains. Some free radicals may also be produced, which may lead to aggregation of collagen

molecules and increased crosslinking. In hydroxyapatite crystals, too, H-bonds will break

down. After UVL exposure the dielectric permittivity decreases throughout the frequency

range with respect to that of wet bone. The percentage reduction is 15%, as compared to 21%

observed earlier (Behari, Kumar and Aruna, 1982). It is anticipated that, due to aggregation of

collagen molecules, the dielectric permittivity of bone matrix has been reduced.

From the conductivity data it is seen that the wet bone has a larger conductivity than dry

bone. The increase in conductivity from 150 to 240msm�1 shows the relaxation phenome-

non in this frequency region. Wet bone probably shows greater conductivity than dry bone

because of its higher DC conductivity, which is primarily determined by the movement of

ions through the fluid filled portion of the bone, including the Haversian canals, canaliculi

and porous fractions. However, the contribution of boundwater relaxation cannot be assessed

from the present data. The percentage decrement of conductivity due to UVexposure is 33%

compared to 50% observed by others (Behari, Kumar and Aruna, 1982) at 9.4 GHz.

Kosterich, Foster and Pollack (1983) have found a sizable increase in conductivity at

100MHz. Not much data are available for bone conductivity in the higher frequency range.

In the frequency range of studies by Ray and Behari (1987) a relaxation phenomena due to

‘‘bound water’’ molecules attached to the protein molecules of bone was observed. This is

identified as d dispersion, which is usually smaller than b dispersion (Schwan 1977). The

relaxation frequency lies in the range 800–1100MHz for dry bone, wet bone and UV-

irradiated bone. The contribution from these two adjacent dispersions (b and d) actually
determines the conductivity in the frequency region 400–1300MHz. The nature of the

conductivity curve for dry bone, wet bone andUV saturated bone can be explained physically

as due to b and d dispersion (rotation of polar protein molecules and bound water due to

applied field). Separate contributions due to these two dispersions cannot be assessed due to

the complexity of the system. For collagen, a major component of bone, the relaxation

frequency turns out to be 500MHz. A small discontinuity at 1 GHz observed with collagen

may be attributed to the polarizability due to its side polar chain (Schwan, 1957). In the

absence of hydroxyapatite and mucopolysaccharides (present in full bone) the dielectric

behavior is expected to be markedly different.
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4.4 Electret Phenomena

Amongmany others physical properties, bone possesses electret phenomena, which contribute

toward callus formation. A body behaving like the electric analog of a permanent magnet is

termed an ‘‘electret.’’ Figure 4.7 depicts electret formation in the presence of an electric field.

Role of electret phenomena in living system, thoughmay have a significant role is yet to be fully

understood, as the former would require a pre-poling.

The charge storage capability in bone has been studied by Mascarenhas (1974). The dried

bone was shown to be able to store charge of the order of 10�8 C cm�2. However, it is difficult,

in practice, tomeasure such effects in physiologicallymoist bonewith a highwater content and

the effect as yet has not been demonstrated to occur. Such a method of charge storage could

have important consequences for the understanding of mineralization as well as the induction

of new bone by external electric fields (Eriksson, 1974). However, Yasuda (1977) and Shiro

et al. (1977) showed that a Teflon electret either wrapped around or laid near the rabbit femur

gives rise to a callus formation.

Sources of electric fields in bone are dipoles, ionic space charge and the mechanism of

charge transport includes protonic conduction (Hþ vacancy migration). Upon switching off

the electric field a change in alignment takes place that accounts for the decay of charge with

time. The effect in bone is due to the collagen component and is linked to a space charge type of

10-5

10-6

10-7

10-8

10-9

                                    2                          4                          6             20             60 

Time (mts) 

d
C
b

d
c
a

b
d
c
b
a

THERMO ELECTRET 

BONE                                               Tem = 35°C 
COLLAGEN                                     Field 
APATITE                                          a) 1 kv/cm 

                       b) 3 kv/cm 
                                                           c) 4 kv/cm 
                                                           d) 5 kv//cm 

C
H

A
R

G
E

 (
C

ou
lo

m
bs

/c
m

2 )

Figure 4.7 Charge of area vs time plot for bone, collagen and apatite at 35 �C and at the indicated field

(thermo electret) (Andrabi and Behari, 1980)
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storage mechanism. Bound water in bone may also be responsible for electrical energy storage

via that electret effect (Mascarenhas, 1974). A similar mechanism may be assumed to be

present in collagen and apatite. The behavior observed here is similar to that reported for other

dielectrics.

The formation of callus may be due to the transfer of dynamic energy into electrical energy

(Hamburg et al., 1971). Yasuda (1977) showed that the cathode side had more callus than the

anode sidewhen a current of 1mAwas passed through femur for three consecutiveweeks. They

further observed that for a current of between 1 and 100mA bony callus was formed.When the

current was higher than 100mA contilagineous callus also appeared and when the current was

further raised bone destruction took place. From this experience, Yasuda, Noguchi and Sato

(1955) concluded that dynamic energy upon being transformed into electrical energy plays an

important role in callus formation (Becker, 1972).

Several experiments (Andrabi, 1980) extended to bone and its two major components

(collagen, and apatite) offer an interesting comparison. Apatite, which is considered to be a

non-piezoelectric material, also exhibits the electret phenomenon and can retain the charge

for a long time (five months). This may be attributed to the void and defects in the

inorganic structure introduced by the method of extraction. Different types (viz. thermo,

electro and magneto) of electrets of all three materials (bone, collagen and appetite) were

made and consistent results were obtained. Figure 4.7 shows a typical data set for thermo

electrets.

4.4.1 Thermo Electret

This type of electret is prepared by placing the electret holder in a temperature controlled

chamber, whose temperature is allowed to stabilize for at least one hour before taking the

readings. The specimens are subjected to a particular field strength at the required temperature

for thirtyminutes before the saturation currents are recorded. The field is then turned off and the

fall of current with time is recorded until it becomes almost constant.

In a second set of experiments the temperature is varied and the entire procedure repeated. In

this way the samples have been polarized at three temperatures, viz. 35, 45 and 65 �C at

different field strengths, namely 1, 3, 4 and 5 kV cm�1. From these observations a charge per

cm2 vs time graph can be obtained.

4.4.2 Electro Electret

This type of electret is prepared by applying a high electric field across the specimen sandwich

for about thirty minutes and then turning off the field. A charge per cm2 versus time graph is

obtained.

4.4.3 Magneto Electret

In this case polarization is carried out by placing the sample between the two pole pieces of an

electromagnet. A weak electric field and a high magnetic field of �16KGauss are applied

across the specimen sandwich. After ten minutes, both the electric and magnetic fields are

turned off and a charge per cm2 versus time graph is obtained.
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4.5 Hall Effect in Bone

Since the epochmaking discovery of Fukada andYasuda (1957) of the piezoelectricity of bone,

manyworkers (Becker, Bassett andBachman, 1964;Bassett, 1971;Williams andBreger, 1974)

have pointed to the existence of several other electrical effects in bone. Further to this is the

demands for knowledge of other solid state parameters such as the Hall effect and its optical

counterpart (Figure 4.8a and b). This study further helps in understanding the mechanism of

charge transport processes in bone. Since it is directly connected to the mobility, a comparison

of Hall mobility and drift mobility is expected to offer insight into the mechanism of charge

transport. This provides information on the number of charge carriers and their mobility. In

organic semiconduction and also in the present case the mobility values may differ markedly.

While the Hall mobility (mH) is related to the motion of current carriers within the limits of a

single crystallite, the drift mobility (mD) is determined by the concentration of energy levels of

the carriers’ traps. Behari and Andrabi (1978) have measured these parameters, viz. the Hall

t
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Figure 4.8 (a) Hall effect experiment in a typical solid. (b) Configuration of photovoltaic cells in the

Hall geometry. The incident beam, electric and magnetic fields are orthogonal to each other
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coefficient, Hall mobility and drift mobility. A similar set of measurements were also carried

out in collagen and apatite, at room temperature and humidity. This ensures that specimens

have a normal component of full and bound water. In view of the structural similarly it is

expected that the data will be similarly oriented.

The Hall coefficient (RH) is obtained using the relationship (Kittel, 1974):]

RH ¼ Vy � t

Ix � Hz

ð4:10Þ

where Vy is the Hall voltage generated in the y direction, when magnetic field (Hz) is applied in

the z direction, and Ix refers to the direction of the current I, and t is the thickness of the sample.

The conductivity (s) is related to the Hall mobility (mH) through the relationship:

mH ¼ RHs ð4:11Þ
To obtain an indication of the order ofmagnitude of the driftmobility, the electrode contacts are

taken so that the samples are in sandwich form. I and V2 are related through the dielectric

constant (2) of the medium through the relationship (Gutmann and Lyons, 1967):

I ¼ 10� 13 V
2 2 mD

t3
ð4:12Þ

where mD is the drift mobility. Equations 4.11 and 4.12 allow comparisons between mH and mD.
Figure 4.9 shows I vs V2 plots.
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4.5.1 Hall Effect, Hall Mobility and Drift Mobility

The resistivity of the sample is of the order of 106–108W cmat room temperature, and decreases

with increasing temperature. Also, as anticipated, the activation energy falls with increasing

temperature, and hence the conductivity increases with rising temperature.

The Hall voltage, of the order of a few tens of a millivolt, has been recorded for bone,

collagen and apatite. Table 4.6 presents the resistivity of these materials. For accuracy, the

measurements were restricted to specimens of moderately high resistivity (an indication of

hydration levels) for the application of the applied field. The sources of polarization or charge

storage in the macromolecules are dipoles and the ionic space charge. Bound water and free

water can both contribute (Mascarenhas, 1974).

Table 4.6 also lists the Hall coefficients (RH). RH is strongly dependent on the resistivity and

the thermodynamic history of the sample. TheHallmobility is evaluated by Equation 4.11. The

small value of mH (�1 cm2V�1 s�1) suggests the inapplicability of the simple band model to

explain the phenomenon in such materials. Eley and Spirey (1960) have suggested a band

model for the propagation of electrons having low energy contributing to the conductivity.

Also, as reported earlier (Behari, Guha and Agarwal, 1975) the conductivity decreases on

exposure to UV light. This is attributed to the breaking of hydrogen bonds and a subsequent

reduction in probability of Hþ transport. A diminution of the Hall voltage in the same

specimen after exposure toUV light has also been reported, possibly because of the decrease in

conductivity of the sample. These data suggest an important role of protonic transport in these

cases. The lowmobilities suggest that the carriers canmove onlywithin the limits of the regions

of continuous conjugation. On application of the electric field the medium is polarized with the

formation of dipoles. The dipoles are aligned along the direction of the electric field. On

application of the magnetic field the dipoles undergo realignment, causing generation of a Hall

voltage. A reversal in the direction of the magnetic field does not change the sign of the Hall

voltage.A lowvalue ofmH further suggests the possible operation of a hopping typemechanism

in such cases (Gutmann and Lyons, 1967). The distance between the atoms (or molecules) is

less than their own dimension and ions move with the holes as a group in the regions of

continuous conjugation separated by thin barriers. Protons and their holes may move together

Table 4.5 Dielectric constant of bone, collagen and apatite at 9.2GHz

Sample e0 e00 tan(d)

Bone 4.96� 0.37 1.72� 0.20 0.347

Collagen 3.85� 0.34 1.78� 0.11 0.459

Apatite 3.61� 0.24 1.75� 0.17 0.484

Table 4.6 Resistivity and corresponding drift mobility in bone and its two major constituents

Sample Resistivity

(r, 108W cm�1)

Mobilitya

(mD, 10�4 cm2V�1)

Bone 10.8 0.52

Collagen 2.26 22.8

Apatite 11.24 94.3

aThese mobilities refer to the highest points in the I vs V2 plots.
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through hydrogen bridges, as a pair. The order of the Hall voltage observed here is of the same

order ofmagnitude as that for a P- orN-type semiconductor, thoughwith amuch higher applied

electric andmagnetic field. Thismay be due to the high resistivity of the samples. Figures 4.10–

4.12 show the variation of drift velocity (mO) (<mH) with applied field.

4.5.2 Magnetic Field Dependence of the Hall Coefficient in Apatite

Figure 4.13 shows an increase of RH with magnetic field; RH does not increase appreciably at

lower fields but shows a sharp increase beyond 10 kG. The Hall voltage was not reversed by a
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reversal inmagnetic field. TheHall mobility remains less than 1 cm2V�1 s�1 at lower fields but

increases at higher field strengths. The electret effects observed in apatite (Andrabi and Behari,

1981a) confirm the hypothesis that given a sufficient energy to excite the charge carriers they

can be aligned in accordance with the direction of the applied field.

These results differ from previously reported data for P-type inorganic material (Dunlap,

1950; Willardson, Harman and Beer, 1954). RH in the case of germanium decreases with the

field while the effect is opposite with apatite. The Hall voltage increases by an order of

magnitude when the field is increased from 10 to 16 kG. This may be because in apatite the

bonding is comparativelyweak (Hamilton, 1968) so that the atoms (or group of atoms) aremore

mobile and hence they are more prone to the magnetic field variations. This is supported by the

fact that mobility (both drift and Hall, Tables 4.6 and 4.7) is consistently higher for apatite than

for bone and collagen.

4.6 Photovoltaic Effect

In pursuance of the above, photovoltaic effects (Becker and Brown, 1965) in bone received

early attention. This has been extended to include collagen and apatite (Andrabi and Behari,

1981b). On this basis the lifetime of photogenerated carriers and the effect of magnetic field on

photoconductivity have been obtained and an estimation of the diffusion length is subsequently

obtained.

This suggests examining the bone photovoltaic cell in the Hall geometry (Figure 4.8b).

Subsequently, the light absorption constant, extinction constant, mass absorption constant and

efficiency of such cells can be obtained. These constants will consolidate the prospects for

generating basic data for bone and its major constituents.

4.7 PN Junction Phenomena in Bone

The functional unit formed between apatite crystals and collagen fibril is a PN junction.

Osteogenesis is attributed to the electrical phenomenon arising due to stress sensitivity of

multiple PN junctions (Figure 4.14a and b). The semiconduction mechanism may be of

functional significance in biological systems as it has been shown (Huggin and Young, 1962)

that strong electron donors or acceptors can produce mammary cancer provided the steric

configuration of the molecule permitted it to attach to a receptor site in the tissue, resulting in

charge transfer. The injection of large charge carriers into living systems influences the growth

pattern (Becker, Bassett and Bachman, 1964). If the semiconductor properties of bone can be

Table 4.7 Resistivity, Hall Coefficient and Hall Mobility in bone and its two major constituents

Sample Resistivity

(rW cm) 106
Hall coefficient

(RH, 10
6 cm3 col�1)

Mobility

(mH, cm2 volt/sec)

Bone 23.0 3.08 0.13

Collagen 1.61 1.26 0.78

Apatite 4.40 7.31 1.66
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changed by stimulations, a structural change in bone is expected. It seems, therefore, that

manipulation of a control system may eventually be directed to result in a clinically useful

control of bone growth and architecture.

PN junction diode characteristics for bone and the behavior under reverse and forward bias

can be obtained. It is suggested that mucopolysaccharides play an important role in controlling

junction characteristics. On subjecting the junction toUVLor IR (infrared) light a photocurrent

is generated. UV exposure produces a permanent change in behavior. Photoelectromagnetic

effects in such a junction have been observed and it has been found that the magnetic field

enhances the optical response of the junction (Figures 4.15 and 4.16).

The PN junction components are confirmed by the observation that a probable contact to

apatite and collagen material surface produces a diode characteristic curve. In contrast, a

probable collagen–collagen and apatite–apatite contact produced a purely linear V–I charac-

teristic. Furthermore, a reversal of polarity in PN junction contact confirms the well-known

reverse bias characteristic. The fact that diode characteristics are obtained only when the

contact is across collagen and apatite complex confirms that their formation in full bone has a

similar link to that inwell-known inorganic PN junctions. Failure to obtain such a characteristic

with collagen–collagen or apatite–apatite contact substantiates that there is no homogeneity at

the molecular level. On the other hand, in PN junction contact, a breakdown region occurs that

makes the V–I characteristic irreversible. Also, below a particular value (the breakdown

voltage) the V–I diode characteristics are reversible. The samples are mounted on a holder

placed between the pole pieces of an electromagnet such that the light from an IR radiation

source (250W) can be focused on the junction and the magnetic field applied parallel to the

junction surface. To study junction diode characteristics, contacts (26 gauge needle) are

established (Figure 4.15a and b).

REVERSE BIAS

                                                                                                         FORWARD BIAS 

Pressure contact 

                                                                                                                     Pressure contact  

                            P                                                                       P

FORWARD BIAS  Silver Paste Contact    

(a)

              REVERSE BIAS  

P P

N

N

N

N

N N

Silver paste contact 

Figure 4.14 (a) Electrode placement for measurements of PN junction characteristics and photoelec-

tromagnetic studies; (b) a bone in the PN junction configuration
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For the photoelectromagnetic effect, a given bias voltage establishes the current and IR light

is allowed to fall on the junction. A rise in current with time is observed andwhen it reaches to a

saturation limit the light is then turned off and the fall of current with time is recorded. Such

observations are repeated after equilibrium is reached. The experiments are repeated with

various bias voltages.

In another set of experiments, the junction is exposed to IR/VL (VL¼ visible light) that

results in generation of a photocurrent and its saturation value. At this stage a magnetic field

(�16 kG) is turned on and off instantaneously. The resulting increase in current is monitored.

For comparison, the magnetic field and light source (IR/VL) are turned off simultaneously and

the fall of current with time is noted.

                 ATTRACTION                                             REGULATION 

   P        DIPOLE LAYER                M               SPACE CHARGE LAYER    N       

APATITE                 MUCOPOLYSACCHARIDES                          COLLAGEN 

         UNBIASED CONDITION 

Figure: Model for PMN junction in the bone 

                P                                                M                                                          N 

                                                                + 
                                                Forward Bias condition       
              P                                                     M                                                        N 

                                                                        +
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Figure 4.14 (Continued)
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4.7.1 Breakdown Phenomenon of PN Junction

When the junction is forward biased, that is, the collagen end is connected to the negative

terminal of the battery and apatite to the positive terminal (Figure 4.14b), the current rapidly

increases, thus showing a path of lesser resistance. In the reverse bias configuration

(Figure 4.14b), the current first increases and later becomes constant in the region of 2–3V.

The current showed a sharp increase by about one to two orders of magnitude with a small

further increase of voltage. The junction is said to be in the ‘‘breakdown’’ region beyond this

point and its diode behavior is lost. The breakdownmaybeof theZener effect or avalanche type.

The current–voltage relationship for a PN junction diode is written as:

I ¼ I0 exp f
Ve

kBT
� 1

� �
ð4:13Þ

where I0¼ saturation current; V¼ applied voltage; kB¼ the Boltzmann constant; T¼
temperature (K).

Equation 4.13 is derived by assuming a band structure model. Though no such theoretical

data are available or can be easily derived for structures like collagen and apatite and it may be

assumed that they have a very complex geometry. The value of f may be the ratio of drift

mobility to Hall mobility (10�3), which affects the carrier transport (Behari, Rai and Jha, 1979;

                                                                                               Reverse Bias 0.2 Volts 
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Figure 4.15 Behavior of a PN junction at 0.2V reverse bias under (1) IR; (2) indicates repeat

characteristics after IR exposures; (3) indicates the PN junction behavior during IR exposure after a

dose of UV light for 30min
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Behari and Andrabi, 1978). An exact conduction mechanism of a PN junction is difficult to

offer owing to the complex structure of bone at themolecular level, though a qualitative picture

can be presented on the following lines. The collagen and apatite are cemented together by

mucopolysaccharides, which are electrically negative (Bassett, 1971). The crystalline collagen

tends to have an abundance of electrons, while crystals of hydroxyapatite, a lack of them

(Bassett, 1965) and as such the interface between collagen and apatite is a semiconductor

junction of PN type. Further, tropocollagen, which makes up the native collagen fibril, is polar

and there is a permanent electricmoment in the direction of the longitudinal tropocollagen axis

(Athenstaedt, 1970). Collagen fibril behaves like an electrical analogue of a permanent rod

magnet (Ramachandran, 1967, 1968; Hodge, 1967). Mucopolysaccharides accelerate the

process of calcification by regulating Ca2þ supplies (Samachsam, 1969), which takes

place inside the fibrils of collagen (Glimcher, 1959); therefore, it may be assumed that

calcification generally takes place near the negative end of the native tropocollagen because the

intermolecular forces between collagen and inorganic ions must be just strong enough to affect

their interaction energies without firmly binding them to the collagen structure. Otherwise, if

either calcium or phosphate ions were very strongly bound by collagen fibrils, collagen would

act as a demineralizer similar to chelating agents, unless a second mechanism were involved

that released the ions after theywere bound. Hence, a layer ofmucopolysaccharides alongwith

proteins separates and cements the two main constituents of bone and as such acts as both

inhibitor and promoter during calcification.
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Figure 4.16 Behavior of a PN junction at 0.8V reverse bias under (1) IR light. The dotted line (2)

indicates PN junction behavior during IR exposure. The line labeled (3) shows the PN junction behavior

after a dose of UV light for 30min
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Negative charges on tropocollagen molecule are sites for calcification and the negatively

charged mucopolysaccharides molecules are between collagen and apatite. Hence, it may be

suggested that the negative charge on the ‘‘M’’ faces the negative charge on N during bone

formation. The mucopolysaccharides form two different electrically charged layers, namely a

dipole layer (attraction) on the apatite side and an unipolar space charge layer (repulsion) on the

collagen side. No charge transfer or conduction takes place in the junction, say PM or PN,

because a space charge layer may form near the PM junction as the negative charges from ‘‘M’’

will be attracted towards ‘‘P,’’ which will then produce a negative player on the ‘‘P’’ side facing

‘‘M’’ and there is no possibility of conduction betweenMandN. The extent of this space charge

layer between the two materials is known as the ‘‘depletion layer.’’ The characteristics of

junctions can be summarized as follows:

1. In an unbiased PMN junction there is no applied voltage and the junction is said to in

dynamic equilibrium.

2. In a junction is forward biased (Figure 4.14b) the positive charge carriers, under the action

of applied field, cross the potential barrier in P and M side and move towards M and N

regions and in the process are accelerated, thus causing a net current to flow in the PN

junction. The path is of least resistance and therefore the magnitude of current flow is

greater.

3. In a junction that is reverse biased (Figure 4.14c), the potential barrier between P and

M and M and N increases and it also widens and, therefore, the current flow is less. At a

particular critical voltage the molecules are suddenly polarized, forming dipoles that

are aligned in the direction of the applied field and an increase in current of about one

to two orders of magnitude is observed; this is called the ‘‘breakdown’’ of the junction.

Beyond this voltage the current remains practically constant. If the voltages applied

cross this critical voltage then ‘‘thermal breakdown’’ occurs, which destroys the

collagen apatite fiber (junction) properties and as such as the PN characteristics are

not reproduced.

4.7.2 Behavior of the PN Junction Under IR and UV Conditions

The behavior of a PN junction under reverse and forward conditions with different applied bias

when subjected to IR radiations has been examined. The current first increases and then

decreases (Figures 4.15–4.17). A faster decrease is observed when the light is turned off at

constant current value. The magnitude of current with IR light was greater than after UVL

exposure, indicating a change in structure at themolecular level introduced by the later. The PN

junction characteristics of such samples are lost. These observations show that the energy of

UVL is sufficient to bring about structural changes (probably by disruption of hydrogen bonds)

whereas IR light changes the structure to a significantly lesser extent (Behari and Andrabi,

1978; Behari, Rai and Jha, 1979).

4.7.3 Photoelectromagnetic (PEM) Effect

The PN junction of bone subjected to IR light and visible light (VL) shows an increase in

photocurrent (Figure 4.17) that is further increased by the application of magnetic field. The

phenomenon can be explained as follows.
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On exposure of junctions (PM,MN) to light they absorb photons of sufficient energy to effect

excitation and migration of charge carriers and some impurities. Consequently, there are more

charge carriers than in the absence of radiation and hence an increase of current is observed,

which shows a steady state after some time. At this steady state value, turning on and off

instantaneously amagnetic field of the order of 16 kGproduces an enhanced photocurrent. This

phenomenon can be explained by suggesting that the application of a magnetic field provides

extra energy for themovement of dipoles and hence the enhancement of photocurrent. It is also

observed that reversal in the direction of the magnetic field does not change the direction of

‘‘enhanced current.’’ It may be suggested that the application of a field merely reverses the

alignment of charge carriers.

On further exposure of light after the steady state value the current starts falling. This

may be due to the breaking of hydrogen bonds. However, as pointed out earlier (Behari, Rai

and Jha, 1979), the energy of these radiations is not sufficient to bring this process to

completion. On exposing the sample to UVL and repeating the process the photoresponse of

a PN junction becomes insignificantly less and the effect of the magnetic field is also not

clearly perceptible under similar conditions. Thus, it may be suggested that UVL ruptures

the arrangement of diodes (hydrogen bonds) in bone by causing a structural change at the

molecular level.
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Figure 4.17 Growth and decay of photocurrents before (due to exposure of IR light) and after the

application of a magnetic field for bone, collagen and apatite; bias, 0.4V
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The sensitivity of bone to variouswavelengths of the electromagnetic spectrumhas also been

examined (Becker andBrown, 1965). The existence of absorption bands in the visible and near-

infrared region (Behari and Guha, 1977) confirms the sensitivity of bone to these radiations.

This is further augmented by the observation that a photovoltage is developed when bone is

exposed to visible light and IR light. These results give an overall estimate of the phenomena

occurring in bone at the molecular level. A related aspect seems to be the lifetime of

photogenerated carriers in bone. This will clearly depend upon the structure of the solid and

the type of charge carrier and is expected to help in elucidating the mechanism of photo-

dynamics of charge carriers. The photoconductivity of bone and its two major constituents is

sensitive to IR light (Behari, Rai and Jha, 1979).

4.7.4 Life Time of Charge Carriers

To obtain basic data on the solid state of bone (viz., lifetime of charge carrier, drift mobility)

experiments have been performed in vitro. A pulse of light was taken from a strobometer and

the flash duration adjusted to�10 ms. This short duration pulsewas absorbed and photocarriers
were generated. The flashing rate was 1800 revmin�1 and the pulse duration and flashing rate

were kept constant for all threematerials. The average thickness of the samplewas 0.5mm. The

decay pattern of the pulse was recorded and the time at which the pulse height fell to 36.8% of

its peak value (Lindmayer and Wigley, 1971). This gives the lifetime of the photogenerated

carriers (Figure 4.18). The curves in the figure are drawn on the same scale and their shapes are

identical for all three materials. Calculation of the lifetime yields values of 15, 25 and 5ms for
bone, collagen and apatite, respectively.

I versusV2 plots are similar to those obtained for such relationships in high resistivity organic

semiconductors. The mobility (mD) has been evaluated for the highest field values, and its

variation in that region is plotted in Figures 4.10–4.12;mD shows a strong field dependence. The

Bone                             Collagen                              Apatite 

0.5 μμ Sec. 

Figure 4.18 Decay characteristics of injected charge carriers in bone, collagen and apatite
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transit time (t) can be calculated using the relationship:

t ¼ t2

mDV
ð4:14Þ

which turns out to be 2.0, 3.5 and 9.5m s�1 in the case of bone, collagen and apatite,

respectively, and is nearly independent of the magnitude of the electric field under study.

The similar order of magnitude of these values for all three materials suggests that a similar

mechanism is operative in all three cases, and this establishes the semiconduction behavior of

bone and its components.

Tables 4.6 and 4.7 show comparative values of mH and mD. As expected mH is higher than mD
by several orders of magnitude. This provides qualitative support to these findings. An exact

quantitative comparison of the various parameters in the three samples is not possible because

different amounts of free and bound water may be present. However, their order of magnitude

compares favorably and the magnitude of the evaluated parameters agrees with those of other

organic semiconductors (Gutmann and Lyons, 1967) with resistivities in the range reported in

these investigations:

mD ¼ mq
0 ð4:15Þ

where u¼ fraction of the total space charge that remains free and m0¼ free carrier mobility.

This yields mD� 10�4 cm2V�1 s�1. The value of u is found to be �10�3, suggesting that the

band model is not applicable in these cases.

It is possible that, on exposure to light, a set of Hþ -vacancy pairs (or ion-vacancy pairs) are
generated and this groupmoves as awhole in the region of continuous conjugation, separated by

thin barriers. Since thepath length of the carriers is very small (smaller than the dimensionsof the

molecules themselves) theyarequickly trappedat the sitesof impurity andare thenexcitedagain.

The diffusion coefficient and diffusion length can be calculated from the Einstein diffusivity

mobility relation (Lindmayer and Wigley, 1971):

D ¼ mDkBT

e
ð4:16Þ

and L2¼Dt

where D¼ diffusion length, mD¼ drift mobility, kB¼ the Boltzmann constant, T¼ absolute

temperature, e¼ electronic charge, L¼ diffusion length and i¼ the lifetime of the photo-

generated carriers. Using the value of mD above, D is calculated to be �10�4 cm2 s�1 and,

knowing t, L comes out as �10�5 cm. These data agree well with those reported for other

biological materials (Gutmann and Lyons, 1967).

The initial rise in current with time may be attributed to the generation of charge carriers on

exposure to light. The phenomenon of photoconductivity can be explained on the basis of

electronic and protonic transport: electrons are excited from the traps due to the energy

provided by the incoming photons, thereby contributing to the conduction phenomena. Bone

and its components are also hydrogen-bonded solids. There is a probability of protons (Hþ )
moving by a hopping mechanism and contributing to the conduction. This is supported by the

decline in photoconduction seen after prolonged exposure to IR radiation. This is attributed to

the probability of hydrogen-bond breaking. This seems possible since the energy of the
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hydrogen bond is of the same order ofmagnitude as that of the incident photon.A heating effect

would have produced an effect in the opposite direction.When the breaking of hydrogen bonds

becomes dominant, the current starts falling with time.

The effect of the magnetic field on photoconductivity in bone and its constituents can be

explained thus. Clearly, there is a rise in current as a result of applying the magnetic field and

this may be attributed to the energy supplied to the charge carriers (by the magnetic field)

over and above that gained due to the incident photon beam. On reversing the direction of

the magnetic field the overall effect remains the same in magnitude and polarity, as also

observed in Hall effect measurements. However, this phenomena is clearly distinguishable

from a pure magnetoresistance effect. Application of a magnetic field of the same order as

above with its direction parallel to the electric field and of the same value produces no

change in the current. In addition, as one increases the electric field the corresponding

magnetic field effect becomes smaller. It is thus concluded that the effects of magnetic fields

(for this order of magnitude) can be detected only at low electric fields. In the studies

described here the effect of the magnetic field was examined at one value only. This is

intended to separate the contribution of the magnetic field from the photo effect. As pointed

out, bone and both of its constituents are sensitive to IR light and hence the magnetic field

effect is examined at the point where the light effect reaches its saturation value. The

magnetic field is then switched off immediately (Figure 4.17). A similar phenomenon is

observed in collagen and apatite.

The role of water is significant in biomaterials as it has been reported that for protein an

absorbedmonolayermay raise its conductivity by a factor of 108 or so (Cardew andEley, 1959).

A significant amount of water is contained in bone in vivo and some is bound with collagen

fibers. From experimental results Becker, Bassett and Bachman (1964) concluded that bone

samples exposed to room humidity seem to have a thin film of free water on their surface that

can not be removed by heating up to 100 �C since it produces irreversible damage to collagen

fibers. The hydration experiments reveals that bound water is an important factor in collagen

conductivity, which increases with increasing content of absorbed water, in agreement with

results on other proteins (Rosenberg, 1962). However, bound water seems to be of much less

functional importance for apatite and for the diode zone itself. The high conductivities for all

bone components in partially rehydrated specimens are interpreted as representing re-acqui-

sition of the complete bound water components by apatite–collagen complex. The decline in

magnitude in conductivity when a specimen is left to re-equilibrate to normal humidity is,

perhaps, the result of hygroscopic action producing a free-water compartment, providing a

shunt resistance to the diodes. These results show the importance of boundwater and freewater

in controlling the conductivity of bone.

4.8 Bone Electrical Parameters in Microstrip Line Configuration

Ray and Behari (1988) have designed a microstrip line with bone as a substrate material and

measured the dielectric behavior in two orthogonal directions. They used a time domain

reflectometer (TDR) to observe a pulse that is reflected from the impedance discontinuities of

the microstrip line (Figure 4.19). The aim of a TDR system is to observe the shape and size of

the input and output pulses, which can be used to calculate the dielectric constant at each

frequency point of interest. The authors have measured the permeability of the microstrip

substrate for a pulse of step rise time of 35 ps, which corresponds to a fundamental frequency of
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4.5GHz. The system can, however, respond to other frequencies. The advantage of the system

is that despite the presence of multiple reflections, a TDR system is capable of the frequency

domain where only aggregates of reflections can be traced.

4.8.1 Theoretical Formulation

As we apply a step function to the microstrip line through a coaxial line of characteristic

impedance 50W, the pulsewill be partially transmitted and partially reflected from the two ends

of the microstrip line due to mismatch of impedance with the connectors at the two ends. The

time difference between the two pulses coming from these surfaces of discontinuity is:

t ¼ 2x
p
e0eff
c

ð4:17Þ

where e0eff is the effective permittivity of the microstrip substrate and x is the length of the

microstrip line; c is thevelocity of electromagnetic radiation in free space (Grant, Sheppard and

South, 1978). The size of the pulses gives information about the reflection coefficient, which is

related by:

r1;2 ¼
Z1 � Z2

Z1 þ Z2
ð4:18Þ

whereZ1 is the impedance of the coaxial line andZ2 is that of themicrostrip line:Z2 is a function

of frequency. By analyzing the pulses, it is possible to evaluate the frequency dependence of the

dielectric constant of the substrate material. In microstrips, the dielectric substrate has to be

considered as a capacitor with mixed dielectric. Thus, in this case it is partially filled. The

effective filling fraction q is related to the effective dielectric constant ðe0effÞ by the following
relation:

e0eff ¼ ð1� qÞþ e0 ð4:19Þ

50 Ω Termination discontinuity

Tunnel
diode

Matched tee

Sampler 

Microstrip 
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     50 Ω
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Figure 4.19 Experimental arrangement for reflection measurement using a time domain reflectometer
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Based on conformal transformation, the expression for dielectric filling q for thewide strip line

(where the width of the strip w is�d, the thickness of the dielectric substrate) is expressed by

the relationship:

qn ¼ n� ln
nþm

n�m

� �
þ 0:732

e0
ln

nþm

n�m

� �
� cosh� 1ð0:358nþ 0:953Þ

� �

þ e0 � 1

e0
0:386� 0:5

n� 1

� �
ð4:20Þ

where n¼ 1 þ (1 þ m2) and m is given by the expression:

Wp
2d

¼ m� sinh� 1 m ð4:21Þ

Given the knownvalue of e0eff , e0 (the relative dielectric constant of themicrostrip substrate) can

be determined from Equation 4.19.

The microstrip line is connected to the Network analyzer and the transmission loss is

determined in the frequency range 4–11GHz in each case. To determine e0eff of the microstrip

line the ‘‘time domain reflectometer’’ is used. The theoretical and experimental values of Z0
agree fairly well and confirm the accuracy of measurements. The relative dielectric constant,

relative loss factor, loss tangent, characteristic impedance and microstrip dispersions have

calculated for several samples when the signal passes along the longitudinal and the transverse

direction. In the longitudinal direction the relative dielectric constant for dry bone substrate is

11.5, which is in fair agreement (�10) with the findings of Kosterich, Foster and Pollack

(1983). In the transverse direction, the permittivity value increases about threefold with respect

to the above value. The transmission loss at the same frequency in the longitudinal direction is

4.19 dB cm�1, whereas in the transverse direction it is 3.14 dB cm�1. The change in transmis-

sion loss, dielectric parameter, and loss tangent may be attributed to the structural difference in

the two orthogonal directions leading to anisotropy (Katz and Yoon, 1984). Microstrip

dispersion in the longitudinal direction (0.725) is lower than that in the transverse direction

(1.42). In the transverse direction, the dispersion is similar to that of Rexolite substrate

(Yamashita, Atsulci and Hirahata, 1981). However, the loss is very much higher than for

substrates conventionally used for microstrip fabrication.

4.9 Bone Physical Properties and Ultrasonic Transducer

The electromechanical properties of bone have been investigated by variousworkers (Cochran,

Pawluk andBassett, 1968; Abendschein andHyatt, 1970, 1971; Gjelsvik, 1973). Knowledge of

such properties is of potential importance in understanding bone remodeling dynamics and

mechanisms involved therein, upon application of external fields. It is now established that

bone is a heterogeneous, viscoelastic and anisotropic material and its physical properties

depend on such factors as physical dimensions, density, rigidity, microhardness, mineral

content, anisotropy, temperature, position and orientation of collagen (COL) fibers and

hydration. Becker, Bassett and Bachman (1964) have reported that the conductivity can be

expected to increase with age during growth owing to an increase in bone density and

mineralization, probably because bone material is more conductive than dry COL at room
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temperature. Inasmuch as (i) the material properties of bone have been shown to be related to

its growth and development (Lanyon and Bourn, 1979) and (ii) those parameters that affect the

electrical properties of bone change with age (Marino and Becker, 1970), the study of physical

properties at various stages of bone development has much importance. The electrical

characteristics of bone materials in the high frequency region (1–100MHz) have been

examined and an equivalent electrical circuit for bone materials as ultrasonic transducers has

been worked out (Singh and Behari, 1984b).

To highlight this aspect, various physical, dielectric, piezoelectric and electromechanical

properties have been measured together with the ultrasonic propagation velocity in bone

materials obtained bymixing COL and HAP in different proportions by weight. This study has

been extended to examine the role of various foreign additives in bringing about changes in the

above properties by adding 5–10% powdered additives, namely, AlBr3, Na2CO3, Li2CO3,

SrCO3, Sb2O, ZnO, Nb2O5, PZT, Ba(OH)2 and Pb(NO3)2. The choice of a particular doping

material is governed by various factors, for example, it should be compatible with bone matrix

and have effects onvarious physical, dielectric, piezoelectric and electromechanical properties

(Singh and Behari, 1984b).

Table 4.8 gives data on various physical (density, resistivity, Curie temperature), dielectric

(dielectric constant, dielectric loss), piezoelectric (charge constant and voltage constant) and

electromechanical (frequency constant and coupling coefficient) properties. In addition, the

temperature dependence of the dielectric constant (KT) and loss factor (tan d¼vCR) has been
examined at 25–225 �C (Figure 4.20).

The variation of capacitance with temperature from 25 to 225 �C is also not the same for all

bone compositions. In some cases (85% COL þ 15% HAP, 95% COL þ 5% HAP, 90%

COL þ 10%HAP, 75%COL þ 25%HAP and 100%HAP) the rise in dielectric constant with

temperature is very sharp. Themaximum capacitance at the Curie temperaturewas observed at

about 1500 pF for the 85% COL þ 15% HAP composition, while for others it fell to around

400 pF. An identical trend was also observed in the variation of loss factor with temperature,

which was in the range 0.03–0.3 (Singh and Behari, 1984b).

The density, resistivity and loss factor show definite enhancement as mineral content

increases. However, there is no definite trend in the variation of dielectric constant with bone

compositions. While some bone compositions (50% COL þ 50% HAP, 40% COL þ 60%

HAP) have dielectric constant of about 22 others (100% COL, 95% COL þ 5% HAP 35%

COL þ 65% HAP, 25% COL þ 75% HAP and 15% COL þ 85% HAP) have lower values

(	6). Furthermore, the resistivity is enhanced by a factor of 102 after the test pieces are poled,

although there is no such rise in dielectric constant. The resistivities and dielectric constants are

higher for intact bone than for the samples made of powdered bone materials. Furthermore,

heating denatures COL. The fall in density, resistivity, dielectric constant and loss factor may

be attributed to the pores present in test pieces, as also observed by Katz (1971), and also to the

presence of poly(vinyl alcohol). A similar observation has been reported with multiphase

ceramic materials, wherein the rupture strength decreases as the porosity increases

(Ryshkewitch, 1953; Coble and Kingery, 1956; McAdam, 1951; Balshin and Fedotor, 1964).

The piezoelectric behavior of an unpoled specimenmay be attributed to the inherent property

of the components. After crushing the specimen the microcrystallites still retain their identity,

which is reflected in the bulk properties. This may result from a particular ordering of COL

molecules. Piezoelectric effects have also been observed in electro-deposited and evaporated

films of COL, suggesting that they originate at the level of the tropocollagen molecule or with
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aggregated structures no more than 50A
�
in diameter (Marino et al., 1980). However, in such

mixing as here, it is not possible to control the relative orientations in composites.

The rise in resistivity is due to polarization of the sample. It is known that bone and its two

major constituents show electret phenomena comparable to those of any other dielectric

(Mascarenhas, 1974; Andrabi and Behari, 1981). However, the actual rise in resistivity (extent

of polarization) will depend upon the composition of the material in question. Though some

role of electrets in controlling bone behavior is conceded (Yasuda, 1977), its effect and the

mechanism at work is still a matter of investigation.

Figures 4.21 and 4.22 present the variation of phase angle and relative output voltage with

frequency at 0.5–1.08MHz. The impedance value may also be related to the nature of the

material. Furthermore, the graph of phase angle (tan l) vs frequency shows that the material is

highly capacitive (sample diameter 10.0mm and thickness 1.0mm). On the other hand, in

PCB-6 the phase angle is always positive and hence it behaves as an inductor in the region of

concern. No significant variation in peak position was observed for bone compositions

containing varying proportions of the minerals. The frequency constant is higher for samples

made with pure powdered COL than with pure HAP; for other compositions, the frequency

constant fell close to 7.2. The maximum value of the coupling coefficient (k) was about 0.53

and the minimum 0.36 for 90% COL þ 10% HAP and 100% HAP, respectively. These

parameters changed, though marginally, for poled samples.

9000               Additive (10%) 
                            ZnO
                            Ba(OH)2

                            PZI
                            Pb(NO3)2

                            ZnO (15%) 
5000

1000

  400 

          25                   65                   105                   145                   185                   225 

                                                              Temperature (oC)
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 (
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)

Figure 4.20 Variation of capacitancewith temperature for disc-shaped samples (1.2 cm in diameter and

2.00mm thick) containing different additives
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shaped samples 10.0mm in diameter, 1.0mm thick)
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Regarding electromechanical and piezoelectric properties, bone compositions correspond-

ing to 50% COL þ 50% HAP showed the highest charge and voltage constants, 3.64� 10�12

CN�12 and 24.75� 10�3 VmN�1, respectively, for unpoled and 4.84� 10�12 CN�1 and

32.56� 10�3 VmN�1 for poled samples. Of all the combinations examined, this comes closest

to the in vivo situation (30–35% COL þ 65–70% HAP) (Glimcher, 1959). Changing the

proportions of COL and HAP alters these parameters but a definite trend is not visible.

Ultrasound propagation velocity is also an important parameter for characterization. The

increase in density and elastic constant (ultrasound velocity) may be attributed to cross-

linking that may be produced in the type of mixing used. The variation for mineral

proportions versus velocity shows that the materials under study behave as a family of

Reuss solids wherein the soft matrix (COL) becomes stiffer as the hard filler (HAP) is added

until a maximum velocity (elastic constant) is reached (Singh and Behari, 1984b). These data

are consistent with the reported theoretical results on ultrasonic propagation velocity for

other composite materials (Lees and Davidson, 1977; Lees, 1979). The data on ultrasonic

velocity may be useful in characterizing the physical state of bone. This work offers a

comparison of elastic constants under various conditions for bone compositions using a non-

invasive technique.

There is quite a significant variation among different physical, dielectric piezoelectric and

electromechanical properties in the presence of various additives. Addition of 10% ZnO or Ba

(OH)2 increased the dielectric constant to about 29 and 14, respectively. The dielectric constant

was not much changed by other additives: AlBr3, Na2CO3, Li2CO3, SrCO3, Sb2O3, Nb2O5,

PZT, Pb(NO3)2. For doped specimens the dielectric constant varied from 2 to 10. The density,

resistivity, loss factor and Curie temperature showed values of 1668–1885 kgm�3, 109–

1010W cm, 0.03–0.09 and 130–180 �C, respectively, for unpoled test pieces. Poled pieces

showed the same values except that resistivity increased by a factor of 102 (Table 4.8).

Another piezoelectric property of interest is the coupling coefficient (k). The highest values,

0.55, was found for 10% ZnO and lowest value, 0.32, for 10% Pb(NO3)2, PZT and SrCO3;

intermediate values were observed for other bone compositions. The voltage constant and

charge constant showed a marginal increase for 5% AlBr3 and 10% PZT mixture. The 10%

ZnO reduced the voltage constant from 24 to 1.2. In view of the complex nature of the mixture

product, it is difficult to make any prediction about these trends.

These results have twofold significance, one for the characterization of bone electrical

properties in vivo bone and another in the design of ultrasonic transducers, though the

magnitude of the parameters will have to be ascertained in any given situation. It is also

suggested that transducers having different resonant frequencies can be so constituted as to

have varying amounts of power handling capacity to meet the demands of the situation.

However, the sample preparation method is quite crucial in obtaining the desired properties.

This is an attempt to show that the contents of cadaver bone can be usefully exploited as a base

to obtain other solids of desired properties by adding foreign materials in small quantities.

Figure 4.23 shows the design of a transducer using bone as the material.

For a miniature probe design, some salient features are:

. small effective area

. broad bandwidth

. high acoustical transparency

. high immunity from radio frequency interference.

168 Biophysical Bone Behavior



Someminiature transducers have been designedwith bone composites as the activematerial for

this purpose. A unique characteristic of such probes is their ability towork over a broad range of

frequencies up to 100MHz or even higher. Some piezoelectric polymer probes have been

designed for ultrasonic absorption measurements and tested at correspondingly low frequen-

cies (De Reggi et al., 1981). These probes are constructed by rendering a small region of a thin

sheet of a polymer [poly(vinylidene fluoride)]. By employing thinner sheets we can achieve a

higher resonance frequency (up to 160MHz for a 6mm film). However, thinner films will have

reduced pressure sensitivity as the active volume of the piezoelectric medium will be reduced.

An obvious extension of the above is to examine the field pattern of this bone transducer. This

has been studied in deionized water, in 0.9% saline solution and in a phantom material

mimicking soft tissues, near the resonance frequency of the transducer (36MHz). Figure 4.24

shows a plot of normalized output of the bone matrix transducer and probe (sets I and II) over a

frequency range of approximately 15–100MHz. This plot is constructed by varying the

frequency continuously and by measuring the acoustic pressure pulses using an identical

transducer as receiver. In (set I) two peaks of maximum output, corresponding to thickness

resonance frequencies of 36MHz and 72MHz, are observed. These correspond to the

frequency and its higher harmonic. Similarly, for the miniature transducers, the maximum

normalized output corresponds to 36 and 100MHz. Although we take the same biomaterial as

the active material in both cases, the resonant frequencies show a difference because of the

Figure 4.23 Schematic diagram of the mounting of a large ultrasonic bone transducer: (1) piezoelectric

bone element, (2) insulating epoxy, (3) quarter wave matcher, (4) thin window, (5) backing material,

(6)wire connecting upper electrode, (7) earth plane, (8) electrical connector and (9)metallurgical housing

sleeve

Solid State Bone Behavior 169



differing geometry of the transducer material. Output voltage amplitudes also differ in the two

cases. It may be suggested that the phenomenon under observation is related to themicroscopic

nature of thematerial used therein (Singh and Behari, 1984a, 1984b). Owing to its biphasic and

anisotropic structure, the stress is expected to be distributed non-uniformly over the entire

medium of the transducer and, as such, a non-uniform field pattern might be expected from

transducers employing bone matrix as an active material.

For calibration purposes a particular frequency (36MHz) was chosen, close to the resonance

frequency of the transducer. Figure 4.25 shows plots of the field patterns in deionized degassed

water, 0.9% saline and the phantom material mimicking soft tissue structures. Here the plot is

of output voltage as observed by the receiving miniature transducer, at different angular

positions and on the circle of a constant radial distance from the center point. The output

voltage is expressed in decibels with respect to that at the central point. It is found that the

radiation field is not isotropic in any of these media. At 36MHz the attenuation in 0.9% NaCl

solution is higher than that of water. From the observed output voltages along the center axis of

the transmitting transducer we have estimated the attenuation coefficient a for three media

(at 22 �C) (Table 4.9). At 36MHz, a detailed quantitative comparison is not possible. The

attenuation coefficient is related to the frequency by the relationship a¼ afn. Taking a at

1MHz for deionized degassed water at 22 �C (Hall, 1948), the calculated value of a at 36MHz

is 0.32� 0.02 dB cm�1 and n¼ 1.4.

Attenuation coefficients of freshly excised biological tissues such as liver and fat muscle

have been measured at the near resonance frequency (36MHz) using these transducers. The

observed attenuation coefficients are presented in Table 4.9 along with the corresponding data

at 1MHz reported by Goss, Johnston and Dunn (1978).
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Figure 4.24 Transducer characteristics (output voltage per unit external input voltage). (——) Set I:

large transducers with an active element 1 cm in diameter; (-----------) set II: miniature transducers with an

active element 3mm in diameter
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Again, considering that the attenuation coefficient a for biological tissues depends on the

frequency and is governed by the empirical relationship a¼ afn, where a and n are constants

and are characteristic of the tissue, thevalue of n turns out to be 1.32 for liver and 1.08 for fat and

muscle. There is an almost linear relationship between frequency and attenuation coefficient

for these two soft tissues. The viscous forces acting between a suitably chosen distribution of

suspended particles and a suspending liquid can account for the experimentally observed linear

relationship between the ultrasound attenuation coefficient and frequency (Fry and Dunn,

1962). The frequency band over which linearity is obtained is determined by the limits of the

distribution of values for the parameters chosen to describe the structural element. This

frequency band may extend beyond 36MHz. The excess attenuation coefficient (in excess of

π/2

0
2π

3π/2 

π

Figure 4.25 Field pattern of an ultrasonic transducer in water (––), saline (0.9%, -------) and phantom

(-
-
-
-
-
-) at a depth of 1 cm.Calibration is carried out in a circle of radius 3 cmwith the origin at the center

of the co-ordinates. Along the radius, one division¼ 1dB

Table 4.9 Attenuation constant a (dB cm�1)

Sample Frequency (MHz)

36 10 1

Degassed water 0.32� 0.02 0.02a

0.9% saline 0.43� 0.05 4.00� 0.24b 0.16� 0.03

Fat muscle 7.10� 1.74 — 0.26cc

Liver 11.03� 1.30 1.20a 0.099c

aHill (1986).
bParry and Chivers (1979).
cGoss, Johnston and Dunn (1978).
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the limiting high frequencyvalue due to viscosity)may be attributed to the reaction of hydrogen

phosphate ions (HPO4
2�) with the protonated imidazole ring of the histidyl residue and the

imidazole itself at the normal pH of the solution (Slutsky, 1980).

The attenuation constant on tissue specimens has also been measured at 100MHz using a

scanning laser acoustic microscope (Kessler, 1973). The method provides an estimate of phase

velocity compared with group velocity obtained by the pulse echo method. By using multiple

specimens of varying thickness the errors in making average attenuation measurements at

100MHz with this instrument have been reduced significantly (Tervola et al., 1985a, 1985b).

Some advantages of bone transducers are:

. wide frequency band

. low cost and ease of fabrication

. peak frequencies can be shifted by suitable mixing of composites (Singh and Behari, 1984b).

The significance of such transducer-like behavior may enable one to study the phenomena of

high frequency ( > 10MHz) ultrasound propagation in awide range of media and to investigate

their biological significance. One of the advantages of using this higher frequency is that the

resulting wavelength is expected to be less (0.05 and 0.1mm). This is smaller thanmost normal

tissue structures and much smaller than the lateral dimension of the ultrasonic beam. The

probable use of ultrasonic waves at high frequencies for medical diagnostic instrumentation

has necessitated our understanding of its interactionwith human tissues. This knowledge is also

vital in evaluating and establishing exposure safety standards, determining the hazard levels

and the various effects in this frequency region. Also, their role in biological systems remains

illusive.
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5

Bioelectric Phenomena:
Electrostimulation and Fracture
Healing

5.1 Introduction

Since Fukada and Yasuda (1957) demonstrated that dry bone behaved piezoelectrically, both

with direct and converse effects, it has become apparent that potentials in the range 1–5mV

cm�1 in cartilage, tendon and other structural tissues reflect at least two electrogenic events.

Both piezoelectric and electrokinetic properties can contribute to the voltage waveforms

that follow mechanical deformation of these tissues. When rates of deformation are rapid, the

initial, high amplitude of thewaveform appears to be shaped by piezoelectric response (Bassett

and Pawluk, 1972; Reinish and Nowick, 1974, 1975, 1976). This suggest that bone electrical

activity and hence its remodeling pattern can be influenced by external stimuli.

When bone is subjected to mechanical strain, a part of the energy is converted into other

forms and ultimately dissipated as heat. There appear to be a correlation between healing

quality and power dissipation (Hassler et al., 1977). There is a rapid increase in bone growth

with increasing power dissipation, reaching an optimum value around 35 mW. This pattern of

power dissipation also depends on the bone physiological state and itsmode of function (Behari

and Singh, 1981). This is a manifestation of the fact that bone can be treated as a biogenerator

and, possibly, dissipated power is involved in bone growth and repair.

Presently, two main possibilities have been suggested to account for the response of bone to

external stimuli. The first hypothesis assumes that the pressure transmitted through the tissue

to the cell surface or its extension produces a deformation that is received by the cell (Bassett,

1968). The second widely accepted hypothesis states that mechanical stress generates an

electrical signal, which sets in motion the subsequent events. This hypothesis is based on the

fact that (i) in bone, exposed to mechanical forces, electrical signals are produced by

piezoelectric effect/or streaming potential or electret (Bassett and Pawluk, 1972) and (ii)

electrical current affects bone growth and remodeling (Becker andMurray, 1967; Friendenberg

Biophysical Bone Behavior Jitendra Behari
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et al., 1970; Lavine et al., 1974; Marino and Becker, 1971; Mascarenhas, 1974). If one

considers that the primary function of bone is to bear load, which is a physical function, then it

is suggestive that the signal that directs bone growth, repair and remodeling, through action on

cells, may also be of physical origin.

Viewed in the above context, initiatives have been made towards understanding the

mechanism of bone growth by external stimulation. It implies that in response to a stimulus

applied internally or externally the bone adjusts itself to meet the demands of the situation.

Since then, several animal experiments and human trials have been carried out with varying

degrees of success. In accordance with Wollf’s law, Figure 1.1 presents two suggested

possibilities.

All changes in environmental conditions (internal or external) are considered as stimuli that

are converted into electrical stimulus. This in turn acts on the cells, causing them to proliferate

and form the callus. By extrapolation, the final cause of callus formation and consequent

fracture healing is the electrical stimulus. It seems possible that alterations in the physico-

chemical properties of bone influence the occurrence of piezoelectric and streaming potentials,

which in turn influence the transformation of bone. The biphasic nature of the piezoelectric

potential in intact bone may be the result of a series of low frequency relaxation phenomena

that depend upon its structure and elastic properties.

A significant amount of literature has accumulated relating to cyclic mechanical deforma-

tion with dynamical electrical polarization (Fukada and Yasuda, 1957) and the control of bone

cell activity (Bassett, 1984, 1989). It appears that electrical or mechanical stimulation is

equally effective in maintaining or improving bone mass (McLeod and Rubin, 1992).

5.2 Biophysics of Fracture

5.2.1 Mechanisms of Bone Fracture

Bone strength depends on its material properties and architecture (Martin and Burr, 1989).

Genetic information in osteoblasts mainly determine bone material properties, including

stiffness, ultimate strength, true density, proportional limit and yield point. These properties do

not changewith age, disease, sex and species. The architectural features that determine awhole

bone’s strength also include the amount of bone in a cross section.

Key to fractures are two main mechanisms: when the damage rate exceeds the remodeling/

repair rate (excess damage) or when a normal damage rate is not repaired properly due to a

defective remodeling/repair mechanism (deficient repair). At the macroscopic level damage

is hardly visible before there is a large crack even though the mechanical functionality may

have altered substantially during earlier stages. Since mechanically triggered osteogenesis is

related to strain rate, level, distribution and duration, bone formation can also be site specific

(Rubin and Lanyon, 1987). The whole bone, or only a given part, can undergo hypertrophy.

For example, stress fractures occur frequently in the regions of teenage bone where residual,

unremodeled woven or interstitial lamellar bone serves as a stress resin in the surrounding,

(Johnson, 1964). Remodeling produces a structure that distributes stress evenly.

Bone fracture appears when an accidental load exceeds the physiological range, inducing

stresses over the strength that bone tissue has achieved after adaptation during growth and

developmental phase (traumatic fracture). There are two main causes of this type of fracture

(Sloan and Holloway, 1981): an external impact produced, for example, by a fall, or fractures
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that occur ‘‘spontaneously’’ by a muscular contraction without trauma (Figure 5.1). The latter

are quite common in elderly people with osteoporosis. Several authors suggest that the main

cause of hip fracture is contraction of the iliopsoas muscle and gluteus medius (Yang et al.,

1996; Smith, 1953). Figure 5.2 shows the same effect in an osteoporotic bone.

When bone fracture occurs, the blood supply to the severed vessels ceases and the osteocytes

in the immediate vicinity of thesevessels die. This accounts for the fact that a cortical bone graft

is essentially dead tissue. Dead bone grafts are useful not only for the support that they provide,

but also for their ability of their matrix growth factors to promote resorption and subsequent

new bone formation. Impairment of blood supply to a region of bone due to vessel trauma or

occlusion results in osteonecrosis.

The kind of fracture that is often produced by normal loads acting on a bone that has been

weakened by disease or age (Zioupos and Currey, 1998) is normally called pathologic. Most

of these fractures are provoked by osteoporosis in the elderly and are more frequent in

women than in men. In fact, the higher risk of bone fracture in the elderly is not only due to

the progressive reduction of bone consistency (osteoporosis) and therefore strength but also

to additional factors such as the inability of soft tissues to absorb the energy generated in a

Impact on the hip Impact on the hip 

Insufficient 

Insufficient 

Incidental  Fall 

Orientation of the Fall 

Muscular Contraction 

Protection  Mode 

Local Absorption of 
Impact 

Bone Strength 

Fracture

Fall due to consequent 
imbalance 

Local Absorption of 
Energy due to Impact 

Insufficient Bone 
Strength in the given 
configuration

Fracture

Figure 5.1 Two, usually, probable modes of bone fracture
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fall and the change of the kinematic variables of the gait. Lotz and Hayes (1990) report that

only a small amount of energy is needed to break a bone (i.e., 5% of the energy available in a

fall).

The second type of fracture is produced by creep or fatigue. Bones often support more or

less constant loads for prolonged periods, and cyclic loads may produce microdamage. If the

accumulation of microdamage is faster than repair by remodeling, microcracks (or other kinds

of microdamage) can multiply to produce macrocracks and complete fracture. Clinically,

this is called a stress fracture. It also occurs at lower activity levels in bones weakened by

osteoporosis, especially at advanced ages when bone remodeling almost stops. However,

the prevention of stress fractures does not only depend on repair by remodeling but is also

controlled by the specific process of crack initiation and propagation. The microstructure of

cortical bone is similar to fiber-reinforced compositematerials. Osteons are analogous to fibers,

interstitial bone tissue is analogous to the composite matrix and the cement line acts as a weak

interface where cracks may initiate (Burr, Schaffler and Frederickson, 1988).

It is generally recognized, based on clinical observation, that pathologies that affect the

material properties of bone tissue by changing its mineralization, such as osteomalacia or

osteopetrosis, increase the risk of fracture. It is also true, however, that diseases that are

primarily the result of a collagen defect without any inherent alteration of tissue mineralization

can likewise increase the risk of fracture. For example, collagen defects in a mouse model

of osteogenesis imperfecta (OI) reduced the post-yield deformation of bone by 60%, (Jepsen

et al., 1996, 1997).

There is ample evidence that changes in the collagen molecule alone can alter fracture risk.

Several reports have shown a direct link between a polymorphism in the COLIAI gene, which

encodes the a1(I) protein chain of type I collagen, and increased risk of fracture independent
of low bone mineral density (BMD) (Langdahl et al., 1998; Mann et al., 2001). Using a meta-

analysis, Mann et al. (2001) showed a stronger association between the COLIAI Spl binding

site polymorphism and osteoporotic fracture than between these and BMD or bodymass index

(BMI) at both the lumbar spine and the femoral neck. In a separate study, Bernad et al. (2002)

also showed the COLIAI (Spl) TT genotype to be associatedwith a 5.9-fold increase in fracture
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Figure 5.2 Sequential arrangement of factors leading to osteoporotic fracture. It effects bone material

properties and bone strength
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risk in postmenopausal women and a 4.8-fold increase when prevalence was adjusted for

age, BMI and BMD. This polymorphism increases the collagen content of the tissue, and

alters the ratio of the collagena1(I) toa2(I) chain. Although the effect on fracture risk could be
partly explained by the lower mineral content in heterozygotes (Keen et al., 1999a, 1999b,

Uitterlinden et al., 1998), the fact that the effects are at least partly independent of bone

mass (Bernad et al., 2002) suggests a potential direct effect of the alteration in collagen on

bone quality.

5.2.2 Mechanical Stimulation to Enhance Fracture Repair

The concept that bone formation and remodeling is controlled by both physical and biochemi-

cal factors has long been known. Mechanical loads such as high-impact exercise, which

produce dynamic strong bones, may also play an important role in controlling bone mass and

strength. Several studies have shown the beneficial effects of physical training on site-specific

bone mineral density in postmenopausal women (Danz et al., 1998; Kerr et al., 1996; Nelson

et al., 1994). The effects of exercise are more pronounced at the spine than at the femoral neck

(Wallace and Cumming, 2000). Rats and canines have been used as experimental animal

models for manually creating long bone fracture in surgically producing transverse oblique

osteotomies (Aro et al., 1989, 1990; Aro, Wahner and Chao, 1991; Behari et al., 1991b). Gap

and contact with and without static compression were used to study the effects of several

fracture immobilization methods on healing patterns.

When loss or rigid internal fixation (intramedullary nail without interlock) and external

fixation (smaller and fewer pins in unilateral frame) methods are used, fracture repair follows

the secondary healing mechanism with an abundant amount of periosteal and endosteal

callus but without osteonal migration (Rand et al., 1981). Bone formation occurs secondary to

endochondral and intramembranous ossification. The distribution of these two depends on the

biologic environment and loading condition. The transformation from callus into mineraliza-

tion woven bone occurs early in the healing period and increases its volume quickly to replace

cartilage and undifferentiated tissue (Markel, Wikenheiser and Chao, 1990). This is responsi-

ble for the mechanical strength. Osteocytes, which are distributed throughout the bone,

produce a signal through electrical potentials, activation of ion channels, flow of interstitial

fluid and activation of signaling cascades, in direct proportion to the amount of mechanical

loading (Martin, 2000).

It has been suggested that bone contains sensor cells, possibly osteocytes that monitor

mechanical stress and activate adaptive biological processes to remodel the bone. It can be

assumed that osteocytes are distributed in a network throughout the bone tissue. The external

mechanical load is transmitted through the tissue whereby each osteocyte senses a particular

mechanical signal (Mullender and Huiskes, 1995). After evaluation of the signal the osteocyte

stimulates groups of osteoblasts and osteoclasts, the basic multicellular units (BMUs), to

regulate net bone turnover. It is further assumed that the effect of each osteocyte on a BMU

depends on the distance from the osteocyte. At each location of the bone tissue, the total

stimulus is evaluated and bone mass is adapted according to its magnitude. This process

is continued until a balance between the external loads and bone architecture is established,

vis-�a-vis the bone mass. An absence of this leads to decreased bone formation (Figure 5.2).

The amount of stimulus received by a BMU depends on the distance between the osteocyte

and the location of the cells above (Figure 1.9b). Hence the stimulus, F(x, t), at location x at
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time t is the sum of the stimuli received from all osteocytes:

Fðx; tÞ ¼
XN

i¼1

fiðxÞ½siðtÞ� k� ð5:1Þ

where k is an arbitrary constant,N¼ number of osteocytes and the spatial influence function is:

fiðxÞ ¼ e� diðxÞ=d ð5:2Þ

which describes the redirection of stimulus with increasing distance, di(x) (mm), between

osteocytes, i, and location, x. The parameter d determines the gradient of the decline.

The change in relative density,m(x, t), at location x is governed by the local stimulus,F(x,t).

Hence:

dmðx; tÞ
dt

¼ t Fðx; tÞwith 0:015m5ðx; tÞ51 ð5:3Þ

where t is a constant of proportionality concerning the rate of the process. The local elastic

properties of the tissue [E(x,t)], are calculated from the local relative density using a cubic

power law:

Eðx; tÞ ¼ Cm3ðx; tÞ

where C is a constant.

Mechanical stimulation can induce fracture healing (alter its biologic pathway) (Aro and

Chao, 1991; Brighton, 1984; Claes et al., 1997; Wu et al., 1984). Repetitive loading under

small strain and high frequency or overloading through an elevated exercise regime causes

bone hypertrophy (Goodship and Kenwright, 1985; Rubin et al., 2001). The added bone

formation is also related to the direction and magnitude of overloading, which will affect the

internal state of stress of the repairing tissue. However, the regulating cellular mediations

responsible for such a phenomenon at the cell membrane or cytoplasmic level can be linked

directly to the mechanical stimulant; the most effective modality to maintain or enhance bone

regeneration may be established for the treatment of different fractures especially in patients

with deficient osteogenic potential attributable to either local or systematic factors. When the

mechanisms for tissue formation at the cellular level are understood and well defined,

physiologic conditions or pharmacologic agents may be developed to accomplish the same

callus formation and bone regeneration effects without the mechanical interventions that

are difficult to administer under adverse conditions. However, the cellular mechanisms and

the potential mechanical receptors on the cell membrane that are sensitive to stress, inhibit

electromechanical or stream potential signals remains to be identified. Chao et al. (2004) have

concluded that under rigid internal or external fixation, the logic features of the fracture union

matched those of the primary healing mechanism with direct osteonal migration across the

fracture gap. However, periosteal and endosteal callus and new bone formation are common,

depending on the loading condition and the consequent movement at the fracture site inherent

to the specific immobilization method. To date, it can be said that the mechanical signal is

primary to the fracture healing (callus formation) (Figure 5.3).
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The initial mechanotransduction event in cells contained in bone is that transactivation of

target genes involves stimulation of mitogen activated protein kinase signaling cascades, as

well as protein phosphorylation and dephosphorylation and ultimately results in the direct

binding of transcription factors to gene promoters. The mechanical shear stress that is the

stimulus in both systems causes transcriptional activation via distinct transcription factor

binding sites that function as shear stress response elements (Braddock et al., 1988). These

elements are found in many promoters such as PDGF-B, TGF-b and FGF (Khachigian et al.,

1996) that are activated by injury. Transcription factors themselves, such as early growth

response factor-1 (Egr-1) and stimulating protein-1 (Sp-1), are also responsive to mechanical

stimuli such as shear stress (Schwachtgen et al., 1998). At a fracture site, it appears that an

optimum level of mechanical stress is a route to fast and effective healing. For example,

distraction osteogenesis is a surgical procedure that may be used to correct limb length

discrepancies or deformities or to treat non-union fracture following acute loss of functional

bone, for instance after a crush injury. In this procedure, an osteotomy is performed followed

by the application of an external fixator device. After �1 week, distraction is performed at a

controlled rate and the bone begins to grow and will eventually fill the gap. Studies in a rabbit

model of distraction osteogenesis have shown that the expression of BMP-2, -4 and -7 is

increased after distraction is initiated and is maintained throughout the distraction period

(Rauch et al., 2000). In addition, in vitro studies in rat osteoblasts exposed to pulsed

electromagnetic fields have shown that expression of BMP-2 and -4 is increased, which is

accompanied by an increase in mineralized bone nodule formation (Bodamyali et al., 1998).

These observations are consistent with physical forces inducing BMP expression and sub-

sequent stimulation of new bone formation. Finally, it has been known for some time

that cartilage regeneration may be enhanced by drill hole injury into subchondral bone.

One possible explanation for this regenerative effect may be mechanotransduction, in which
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Figure 5.3 Bone formation/Resorption (Remodeling); mechanical VS electrical stimulus (mechanical

stimulus is primary)
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injury-induced stimulation of immediate-early genes (IEGs) drives the production of growth-

stimulating proteins. BMP-4, for example, stimulates the production of the IEG Egr-1, which

may feed back to stimulate BMP-4 expression, which in turn serves to promote tissue repair by

activation of multiple growth factors and cytokines.

5.3 Bone Fracture Healing

There are several causes of bone fractures. However, in contrast with inert materials, bone can

regenerate to form newosseous tissuewhere it is damaged ormissing. Bone adaptability allows

for efficient repair, which in turn helps to prevent fractures. In fact, the healing of a fracture is

one of the most remarkable of all the biological processes in the body. Fracture healing can be

divided into two types: primary and secondary. Primary healing occurs in cases of extreme

stability and negligible gap size, involving a direct attempt by the bone to form itself (Einhorn,

1998). Secondary healing occurs when there is not enough stabilization and the gap size is not

negligible. In this case, healing activates responses within the periosteum and external soft

tissues that form an external callus, which reduces the initial movement by increasing stiffness.

Secondary fracture healing has a series of sequential stages that can overlap to a certain extent,

including inflammation, callus differentiation, ossification and remodeling. Most fractures

are repaired by secondary healing, which does a more thorough job of replacing old and

damaged bone.

The first stage begins after bone fracture. Once a fracture occurs, the basic healing process

is auto-activated naturally to repair the site. Blood emanates from the ruptured vessels and a

hemorrhage quickly fills the fracture gap space. Macrophages remove the dead tissue and

generate initial granulation tissue for the migration of undifferentiated mesenchymal cells,

originating an initial stabilizing callus. These cells proliferate and migrate from the surround-

ing soft tissue (Einhorn, 1998; McKibbin, 1978; Iwaki et al., 1997; Sandberg, Aro and Vuorio,

1993).

The repair of a fractured bone takes time, depending upon the nature of the injury. For

example, a long bone shaft fracture takes about 3–4 months to heal completely. As a result of

immobilization and unloading of the affected bone, considerable restrictions in the usual daily

activities are connected to the relatively long rehabilitation period needed after a fracture.

Furthermore, the healing processes are disturbed in 5–10% of all fractures. This leads to,

depending upon the geometric, mechanical and biologic factors, a delayed union or a non-

union. (Einhorn, 1995). In these cases, the necessary additional treatments and prolonged

reconvalescence time give rise to much morbidity. Consequently, treatment methods aimed

at enhancing fracture healing are being developed. The ultimate goals of these methods are

twofold: to lesser the healing time and to reduce the rate of impaired healing. Healing involves

the differentiation of several tissues.

During normal fracture repair, there is an intermediate stage in bony bridging in which the

newly formed tissues opposite the break are composed offibrocartilage and the avascular tissue

must be calcified before the final stages of healing (bone union) can occur. Cartilage is

essentially composed of an avascular ancural and alymphatic hyaline matrix interspersed with

a single cell type, the chondrocyte. The primary constituent of this matrix is aggrecan, an

aggregating proteoglycan that interacts with hyaluronic acid and link protein and type II

collagen, representing most of the cartilage fiber. This matrix is responsible for the ability of
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cartilage to facilitate articulation and to resist compressive forces, whereas the chondrocytes

are responsible for matrix maintenance (Buckwalter and Mankin, 1997; Mow, Rateliffe and

Poole, 1992). Following calcification, the fibrocartilage is invaded by new blood vessels from

the bony areas flanking the gap. As the blood vessels operate the calcified tissue, cells begin its

removal (chondroclasia) and its replacement by bone. The process is called endochondral

ossification and is similar in its cellular dynamics to those that occur in the normal growth plate

(epiphysis). Once bridging with fiber bone is accomplished, the ends of the fractured bone

are connected and controlled mechanical stresses can result in a gradual maturation and

strengthening of the break area.

Fracture healing is a natural process that can reconstitute injured tissue and recover its

original function and form. The fracture evolution depends on many factors, including,

mechanical loads, type of fracture, gap size, blood supply, hormones, growth factors, and

so on. It is a complex process that demands the coordinated participation of immigration,

differentiation and proliferation of inflammatory cells, angioblasts, fibroblasts, chondroblasts

and osteoblasts, which synthesize and release bioactive substances of extracellular matrix

components (e.g., different types of collagen and growth factors). Deviatoric stresses are the

specific stimulus for the formation of fibrous connective tissue or bone, whereas hydrostatic

stress controls the formation of cartilaginous tissue damaged or missing. Pauwels (1960) has

suggested that bone ossification in the embryo and the growing child could occur in different

forms: endochondral, intramembranous or appositional ossification. In the first, cartilage is

formed, calcified and replaced by bone. In the second, bone is formed directly by osteoblasts

(flat skull bones). In the third, ossification is adjacent tomembrane layers ofmesenchymal cells

that differentiate into osteoblasts. When osteoblasts are not part of a membrane (i.e., endosteal

or Haversian canal surface) ossification is called appositional. This ossification (appositional)

is normally the only one found in healthy adult but the two types can be activated during the

fracture healing process. Therefore, this process is important in understanding tissue repair and

generation.

5.3.1 Histologic Fractures

As osteogenesis increases the cross sectional and/or material property (strength), the load

per unit area decreases, and strain may fall below threshold requirements. It is entirely likely

that this response is triggered, and controlled, electromechanically, through transduction of

mechanical energy into electrical energy and vice versa. Fracture healing of long bone

involves the formation and resorption of the extracellular matrix. Cartilaginous callus is

formed at the fracture site and is subsequently replaced by new bone during the endochondral

ossification process. In this process, replacement of type II collagen, the major component of

cartilage, with type I collagen, the predominant structural protein of bone, occurs rapidly.

For fracture repair process to proceed, matrix resorption should coincide with matrix

synthesis. Little is known about the replacement of matrix proteins. Yamagiwa et al.

(1999) have concluded that MMP-13 plays an important role in the healing process of

fractured bone in mice.

Mesenchymal cells may differentiate into chondrocytes, osteoblasts or fibroblasts, depend-

ing on the biological and mechanical conditions. These differentiated cells begin to synthesize

the extracellular matrix of their corresponding tissue. Intramembranous woven bone is

produced by direct differentiation of the stem cells into osteoblasts and appears adjacent to
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each side of the gap site, advancing to the center of the callus. At the same time, at the center

of the callus, cartilage is formed by chondrogenesis, except immediately beside the gap where

the stability is still very low and high relative displacement prevents the differentiation of

mesenchymal cells (Figure 5.4). The ossification continues until all the cartilage has been

replaced by bone and a bone bridge surrounds the fracture gap, achieving a good stabilization

and sufficient stiffness.When the fracture is completely stabilized, mesenchymal cells begin to

invade the gap (Figure 5.4). Once the gap has ossified, remodeling of the fracture site begins

gradually in order to restore the original internal structure and shape (internal and external bone

remodeling). The last stage ismuch longer than the previous one (1 year down to several weeks,

depending on the animal species).

Three developmental features of the fracture healing process (Sandberg, Aro and Vuorio,

1993) inflammation, resorption and remodeling are observed in sequence. During the in-

flammatory phase (day 1 and 3 after the onset of fracture), the periosteum thickens at a distance

of about 0.5mm from the fracture site and proliferation of periosteal cells occurs. In the

reparative phase (days 5–10), intramembranous bone formation is observed in the periosteal

region. Chondrogenesis is also observed in the thickened periosteum. At day 5, hypertrophic

chondrocytes appear beside cortical bone. At day 10, fracture callus grows and vascular

cavities began to invade the callus. In the remodeling phase (days 14–21), new trabecular

formation by endochondral ossification is observed. The amount of fracture callus peaks at day

14. In the newly formed marrow cavity, TRAP-positive cells and osteoblasts lining the newly

formed trabeculae are observed. At day 21, the callus undergoes further remodeling. The

fragment ends unite and the bone marrow space is regenerated. Figure 5.5 shows a schematic

representation.

Figure 5.4 Repair of a fractured bone by formation of new bone tissue through periosteal and endosteal

cell proliferation
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The histological features and function of the fibrocartilage callus in non-union bone fractures

are similar to those of the secondary cartilage in the mandibular condyle (Gerling, Sinclair

and Roa, 1985). Kopman et al. (1987) has noted that molecular changes in proteoglycans in the

fracture callus are similar to those seen in normal endochondral ossification.

The successful outcome of a healing fracture, wherein bone tissue differentiates both

functionally and spatially, is a illustration of cell–cell communication (Doty, 1981; Lowenstein,

1981). Secondary fracture healing has a requirement that can overlap to a certain extent,

including inflammation, callus differentiation, ossification and remodeling. Some authors

(Perren, 1979; Perren and Cordey, 1980) have proposed that tissue differentiation is controlled

by the resistance of various tissues to strain. Their main idea is that a tissue that ruptures or fails

at a certain strain level cannot be formed in a region experiencing strains greater than this

(Lacroix et al., 2000).

Carter et al. (1998) have developed a tissue differentiation theory, which correlates new

tissue formation with the local stress/strain history. They described qualitatively the relation-

ship between the ossification pattern and the loading history, using finite elements to quantify

the local stress/strain level, assuming that the tissue in the callus is formed by a single solid

phase. They proposed several differentiation routes (Figure 5.6). When the tissue is subjected

to high tensile strains (above the tension line) fibrous matrix is produced with cartilage or

bone depending on the hydrostatic pressure level. Ament and Hofer (2000) have proposed a
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Figure 5.5 Histological stages in bone fracture healing
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tissue regulation model based on a set of fuzzy logic rules derived from medical experiments,

using the strain energy density as the mechanical stimulus that controls the process of cell

differentiation. Many authors have also used computational models (mainly based on finite

elements) to estimate local strains and stresses during the different stages of fracture healing

(Carter et al., 1998; Carter, Blenman and Beaupre 1988; Blenman, Carter and Beaupre, 1989;

Cheal et al., 1991; Claes and Heigele, 1999; Gardner et al., 2000), since there is experimental

evidence (Sandberg, Aro and Vuorio, 1993; Ashhurst, 1986) that tissue differentiation is

dependent upon mechanical signal.

Kuiper et al. (1996) and Kuiper, Richardson and Ashto (2000) have developed a differenti-

ation tissue theory using the tissue shear strain and fluid shear stress as the mechanical stimuli

regulating tissue differentiation and the strain energy as the mechanical stimulus regulating

the bone resorption. In an attempt to predict typical healing patterns, including callus

formation, these authors used an axisymmetric biphasic model of finite elements of a fracture
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Figure 5.6 Tissue differentiation in the fracture healing process
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and applied movements on the cortical bone. Their results show that larger movements tend

to increase callus size and caused a delayed bone healing. Lacroix et al. (Lacroix et al., 2000;

Lacroix and Prendergast, 2002) used the differentiation rules proposed by Prendergast,

Huiskes and Soballe (1997) to predict different fracture healing patterns depending on the

origin of the stem cells. Themodel can predict the callus resorption produced in the last stage

of the fracture healing process, but can not predict callus growth during the initial reparative

phase.

When bone is first formed after injury and local cell death it is irregularly arranged and has

different properties. This type of bone is known as woven bone. Available evidence shows

that cells of the sinusoidal vessel walls are the source of osteogenic cells, for both ordinary

bone and woven bone. When bone tissue is formed it is accompanied by bone marrow.

Marrow is of two main types. One is red marrow, containing hemopoietic tissue, which is

found in those parts of the bone when there is cell activity, either because of growth or due to

turnover. This tissue contains the precursors of the circulating blood cells, red cells or

erythrocytes, leucocytes of various types and platelets. These platelets are formed from large

cells known as megakaryocyte. The proportion and properties of the components of

hemopoietic tissue are under hormonal control. However, in the more quiescent regions

of bone, fatty marrow is found.

5.3.2 Growth Hormone (GH) Effect on Fracture Healing

Koskinen et al. (1975) have demonstrated increased callus formation and faster stabilization

in rat tibial fractures when growth hormone (GH) is taken everyday, and their beneficial effects

have been demonstrated (Ashton and Dekel, 1983; Muhlbach et al., 1972).

Some later reports have also demonstrated that intermittent treatment with PTH promotes

osteogenesis in experimental fracture healing (Alkhiary et al., 2005; Andreassen et al., 2001;

Holzer et al., 1999; Nakajima et al., 2002). Intermittent low-dose treatment with rhPTH (1–34)

can increase hard callus formation (callus formed by intramembranous bone formation in

periosteal osteoblasts and osteoprogenitor cells) and its mechanical strength without apparent

systematic side effects (Nakajima et al., 2002). These authors have reported that treatmentwith

PTH stimulates proliferation and differentiation of osteoprogenitor cells and production of

bonematrix proteins early in the fracture healing process. Thus, based on its osteogenic effects,

treatment of fractures with intermittent low-dose rhPTH (1–34) may represent an effective

strategy for the enhancement of fracture healing and could be the first systemic intervention for

the repair of skeletal injuries.

Chondrogenesis, an essential component of endochondral ossification in long bones, is a key

component of fracture healing. Growth factors and cytokines that are produced by the

inflammatory response to skeletal injury support the chemotaxis of immature mesenchymal

cells to the site of the fracture and promote their differentiation into chondrocytes. A well-

organized development and maturation process progresses, leading to the formation of

calcified cartilage that is subsequently replaced by bone (Nakajima et al., 2001, 2003).

Intermittent low-dose treatment with rhPTH (1–34) increases the recruitment of mesen-

chymal cells into the chondrocyte lineage, proliferation of mesenchymal (chondroprogenitor)

cells and synthesis of type II collagen. This results in the formation of a larger

cartilaginous callous. The PTH-induced cartilaginous callus is rapidly replaced with bone

(Nakazawa et al., 2005).
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5.3.3 Biological Principles

Bioelectrical potentials (DC) vary in the region (80–120mV) for stainless steel electrodes.

There is definite trend in this variation, as we move towards the femur region (electrodes 1–6)

with respect to the reference electrode ‘‘1’’ (Figure 3.6a).

5.3.4 Cell Array Model for Repairing or Remodeling Bone

An essential requirement for an external signal E(t) to achieve a physiologically meaningful

bioeffect is that it must be detectable above the baseline electrical activity and the prevailing

thermal noise, at the target. This suggests that the signal to noise ratio (SNR) must be in the

range 0.5–1. Given the characteristic of the EMF target, E(t) must have a requisite amplitude

(S) in the desired frequency range to affect the kinetics of processes such as ion or ligand

binding and ion transport in the presence of thermal noise forces. This effect can be understood

using theoretical stimulations that evaluate SNR using either a single spherical cell or a cell

array as the target. The cell array is themore general of themodels. Cell–cell communication in

theHaversian system of contact bone, and in each stage of repairing bone, provides an adequate

template for a cell array of tissue model. In this case, the target is modeled with an electrical

equivalent circuit, representing the electrical properties of the membrane capacitance and

the rate constant of the ionic process of the cells involved in bone repair and remodeling

(Figure 5.7). The cell array utilizes a distributed parameter electrical equivalent circuit to

represent cells in gap junction contact.

The induced transmembrane voltage isV(x,w) at any point x along the array from an applied

electric field, E(w), where w is the angular frequency and is the frequency domain representa-

tion of E(t). It has been shown (Pilla, Nasser and Kaufman, 1994) that V(x,w) is given by:

Vðx;wÞ ¼ �abs
EðwÞsin hðy xÞ
Y cos hðy LÞ

� �
ð5:4Þ
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Figure 5.7 Distributed-parameter cell array model. Cells are in gap junction contact via electrical

impedance Zg. This model is identical to a transmission line. The applied electric field E(v) propagates

throughout the array causing progressively higher changes in induced transmembrane voltage V(x,v).
ZM, Ri, Re and Rg are the membrane impedance and intracellular, extracellular and gap junction

resistances per unit length, respectively
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where 2L is the array length and Y contains the membrane impedance:

Y ¼ ðRe þRi þRgÞ
ZMðwÞ

� �1=2

ð5:5Þ

where ZM, Ri, Re and Rg are the membrane impedance and intracellular, extracellular, and

gap junction resistances per unit length, respectively.

The voltage spectrum E(w) depends upon the particular waveform characteristics of the

induced electric field and determines the spectrumof the array response. Comparison ofV(x,w)

with the transmembrane thermal noise voltage determines whether the cell tissue can detect the

EMF signal. The SNR is given by:

SNR ¼ jVðx;wÞj
RMS½SnðwÞ� ð5:6Þ

Where RMS is the root mean square value (in volts) of the thermal noise spectrum (Sn).

Equation 5.4 shows that transmembrane voltage is a function of both frequency (w) and the

array length, L. As the length of array increases, for example, the dendritic formation of cells

within the canaliculi of remodeling bone, SNR increases as tan h(yl), and the array acts as

an increasingly low pass filter. This change can produce transmembrane voltages above the

thermal threshold in a frequency range at amplitudes significantly lower than that expected for a

single 10 mm-radius spherical cell. Equations 5.4 and 5.6 may be employed to evaluate the

SNR for a target pathway utilizing E(t) from any input waveform, even if the electrical

equivalents are nonlinear, as in the Hodgkin–Huxley membrane model (Oin, Rubin and

McLeod, 1998). Due to the nonlinear effects of the propagation of the pressure wave in the

tissue, the major frequency components are below 1 kHz. Induced E in this case is a single

repetitive pseudorectangular pulse with slow (millisecond) rise and fall times. Induced SGP is

most often a slowly decaying exponential-type function having peak amplitudes in the

mV cm�1 range and major frequency components centered in the extremely low frequency

limit (5100Hz).

5.4 Electromagnetic Field and Fracture Healing

Several authors (Bassett and Becker, 1962; McElhaney, 1967) suggest that in vivo bone

development is related to physiologically generated electric fields. Knowledge of variations

in the electrical characteristics of bone during growth (age and physical exercise) and atrophy

(loss of muscular activity and immobilization) is therefore of potential importance in under-

standing bone remodeling dynamics and in controlling bone growth by the application of

electric fields.

The ability to heal a fracture is a latent potential of the mesenchymal tissue in bone. Several

authors have suggested (Pawluk andBecker, 1964;Yasuda,Noguchi and Sato, 1955) the ability

to initiate and control this transient osteogenic response. This provides a means of accelerating

the rate and capacity of fracture healing. Potential hazards associated with electric and

magnetic fields, at extremely low frequency, especially those associated with overhead electric

power lines, have been amatter of much debate (McCann et al., 1993). There is some evidence
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that very high intensity electric fields are capable of genotoxic effects after in vivo exposure

(Nordenson et al., 1988). Similar results for in vitro exposure are lacking. A large volume of

data on electromagnetic fields suggest a lack of genotoxicity for this type of energy.

Martini et al. (2003) have examined the effects of an electric field applied to osteoblast like

human cells in culture. These authors found that after 24 hours of treatment there is a significant

increase in osteocalcin and nitric oxide (NO) production: Biochemical pathways are activated

when electrical stimulation is applied to bone cells. Signal transduction of the capacitated

coupling has been shown to translocate Ca2þ ions through cell-membrane, voltage-gated

calcium channels, inducing an increase in cytosolic Ca2þ (Brighton et al., 2001). It has

also been reported that capacitively coupled electric fields accelerate cell proliferation and

differentiation in osteoblast-like cells in vitro and enhance cell synthesis. This leads to matrix

formation and maturation (Harting, Joos and Wiesmann, 2000). It is further suggested that

osteoblasts in culture are sensitive to electrical stimulation, resulting in enhancement of

biomineralization (Wiesmann et al., 2001).

Various PEMFs (pulsed electromagnetic fields) promote bone formation in vivo (endochon-

dral ossification) and skeletal homeostasis and in clinical studies of fracture non-unions.

An important effect is to decrease osteoclastic bone resorption in vitro. Investigations of the

effect of EMFs on bone formation in vitro require the growth of osteoblastic cells and,

particularly, the production of mineralizing osteoid and the formation of bone-like tissue

(Bellows et al., 1986; Sudo et al., 1983; Whitson et al., 1984; Williams et al., 1980).

In essence, fracture healing proceeds along two different pathways: intramembranous

ossification and endochondral ossification. During the healing process, various cellular and

biochemical events occur: migration and proliferation of immature mesenchymal cells, differ-

entiation to chondrogenic or osteogenic cells, production of proteins and preparation of vascular

invasion. The control of such morphogenetic events requires regulatory interactions between

different types of cells and between the cells and extracellular matrix. These interactions are

mediated by many local and systemic regulatory factors, including growth and differentiation

factors, hormones, cytokines and components of the extracellular matrix. Some molecular

studies have revealed that certain peptide growth factors and hormones, such as TGF-b1 and b2
(Joyce et al., 1990; Steinbrech et al., 1999), bonemorphogenetic protein (BMP)-2 (Onishi et al.,

1998; Sanyal et al., 1999), metalloproteinase (MMP)-13 (Yamagiwa et al., 1999) and 1a,25-
dihydroxyvitamin D3 (Jingushi et al., 1998) play important roles in fracture healing. Further-

more, Cyr61 (Hadjiargyrou, Ahrens and Rubin, 2000), a member of the CCN gene family, is

reported to be one of the regulators of fracture healing.

5.4.1 Methods in Bone Fracture Healing

Present day applications of electromagnetic energy for the purpose of bone fracture healing

are in a way an extension of the concept of converse piezoelectricity. To date, various animal

experiments, adopting different models and under various clinically stimulated conditions,

have been found to produce positive results (Chao et al., 2004). This probably arises because of

the fact that cellular responses to a given form of energy (electromagnetic energy) is tissue

specific and leads to bone healing. The fact that biopotentials affect the growth of bone suggests

that the effect of externally introduced voltages or currents should be studied in greater detail.

Experimental studies have been made on the effects of direct and indirect electrical and

magnetic stimulation on bone metabolism in normal and abnormal bones (Bassett, 1984;
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Brighton, 1984; McLeod, Rubin and Lanyon, 1987). Low-intensity (non-thermal) non-

invasive electromagnetic fields (EMFs), ultrasound (US) and mechanical loading (strain-

generated potentials, SGPs) have been demonstrated to accelerate bone repair. Capacitive

coupling using electrodes placed on the skin (non-invasive), DC stimulation using implanted

electrodes (invasive) and electromagnetic stimulation by inductive coupling using timevarying

magnetic fields (non-invasive) are the three techniques frequently employed for accelerating

bone fracture healings. Electrical fields and currents have been shown to stimulate the process.

Figure 5.8a and b shows a general method for the generation and application of an electro-

magnetic field.

H
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 Coil to detect magnetic field 

Field induced in 
Biological Sample 
placed in a 
magnetic field
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Transverse electric field (Case b) 

I

V

Coil to detect electric field Field induced in 
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H

Transverse magnetic field (Case a) 

Figure 5.8 Method of generation, measurement and application of an electromagnetic stimulus.

Disposition of the PEMF generating coils, tissue samples and search coil: case a – transverse magnetic

field; case b – transverse electric field
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The hypothesis that stimulating bone and cartilage through the application of electric and

magnetic fields will affect growth and repair has been investigated (Bassett, Pawluk and Pilla,

1974; Gupta et al., 1991). It appears from these observations that electricity, whether it may be

constant direct current, pulsed direct current or magnetically induced current can stimulate

osteogenesis and consequently bone fracture healing. However, it is still under investigation as

to which form of electrical energy is the most efficient stimulator for these purposes and why.

5.4.2 Stimulation by Constant Direct Current Sources

The observation that the electric potential on the surface of long bones affects fracture, the

diaphysis being positively charged with respect to the bone ends whereas the fracture site

became electro-negative (Friendenberg and Brighton, 1966), led to a study of the effect of

direct currents on fracture healing (Brighton et al., 1975). This technique can produce union

with the use of implantable electrodes, which is essentially an invasive method (Figure 5.9a).

Electrodes are commonly used to promote fracture healing because thick soft tissues surround

bone structures. Stainless steel electrodes are used. In pursuance of the above, bone is known

to adapt its architecture to best carry out its functions, in which it also tends to provide skeletal

support (Treharne, 1981; Epker and Frost, 1965).

Several authors (Pawluk and Becker, 1964; Yasuda, Noguchi and Sato, 1955) have reported

that increased osteogenesis could be ‘‘triggered’’ by weak electric currents in the absence of

significantmechanical inputs. It is experimentally observed that the negative pole causes faster

ossification (Hambury et al., 1971; Friedenberg and Brighton, 1974). In conformity with this,

the introduction of current by means of surgically implanted electrodes has received wide-

spread attention (Connolly et al., 1974; Kenner et al., 1975). Bassett, Pawluk and Becker

implanted electrodes into the femoral cortex of dogs, with penetration into the medullary

cavity. Weak direct currents passed through the electrodes produce bone growth and enhance-

ment of biopotentials (Bassett, Pawluk and Becker, 1964). It has been reported that in rabbits

the passage of direct current (�15 mA) between the electrodes, near the fractures, alters the

biopotentials and accordingly the field distribution, pointing toward the possibility of an

accelerated bone growth (Andrabi, 1980).

In the technique of exogenous physical stimulation, electrodes are used to promote fracture

healing, because bony structure is surrounded by thick soft tissues. Originally, stainless steel

electrodes to administer DC or AC were implanted to promote bone repair; however, less

reactive materials such as platinum, titanium or tantalum have replaced steel as electrodes of

choice. Thework of Yasuda (1977, 1974), Bassett, Pawluk and Becker (1964) and Levy (1974)

utilized the transcortical model in which electrodes are introduced through small holes into

the medullary canal of long bones to stimulate bone formation. These experiments tend to give

confusing results, even under controlled conditions because many animals tend to spontane-

ously repair such defects rapidly with exuberant endosteal and periosteal callus. This makes

discernment of electrically stimulated bone difficult. The output from such experiments has

focused on speed, strength of union and quality of callus.

Subsequently, a direct current has been applied to bone defects in human (Friendenberg

et al., 1971; Cieszynsktio, 1964). These workers reported the successful treatment of a

non-union of the medial malleolus with 10mA of constant direct current delivered to the

non-union site for a total of nineweeks. Thereafter Lavine et al. (1972) reported the successful

treatment of a congenial pseudarthrosis of the tibia with a constant direct current.
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Figure 5.9 (a) Stimulation by electrode placement in a fractured bone using DC stimulation;

(b) variation of biopotentials with the introduction of injury and stimulations applied (Andrabi, 1980)
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Jacobson, Weil and Raff (1997) have developed an implantable stimulator. For each assay,

the cells exposed to pulsed fields via sterile electrodes traverse electric dish lids with the tips

immersed in the culture medium. In this set-up the pulsed electric field consists of a burst of

pulses, with a repetition rate of 1.5 bursts per second. Each individual pulse consists of a

positive portion 65 ms wide, and a negative portion 195ms wide. The results of these authors
indicate that the field types generated by the implantable stimulator and the PEMF signal

devices are notmutagenic and clastogenic.Neither do these fields increase the frequency of cell

transformation or unscheduled DNA synthesis. This technique requires the surgical implanta-

tion of current by transcutaneous routes, which enables the electrodes to be close to the affected

site to promote new bone growth. In fracture healing, the bones are then stabilized with internal

plates and screws or intramedullary nails, and/or the limb is immobilized by using an external

cast. Its other advantages are that it allows full weight bearing, uses portable equipment and

does not require patient compliance.

Point application techniques have been applied over a small area to hasten bone fracture

healing, to change existing bone structure and to enhance primordial limb regeneration in

Rana Pipens. It has been suggested that the generation of very low amperage on the surface of

bone in the presence of tropocollagen initiates bone deposition. Electric current stimulation

provides a significant increase in new bone formation and a higher mechanical strength of

healing.Animal studies have demonstrated that electrical stimulation increases the healing rate

of a mandibular fracture. This phenomenon could be of great benefit. The efficacy of electrical

stimulation is inversely related to the size of the gap and the size of the fractured bone.

The success rate (84%) is high for the use ofmultiple cathodes in the treatment of non-unions in

larger bones (Brighton, Pollack andWindsor, 1981). Schaden, Fischer and Sailler (2001) have

reported a success rate of 76% in non-unions or delayed unions treated with one-time therapy

that resulted in bony consolidation with a simultaneous decrease in symptoms. Non-union

cases have been extensively treated in human patients and the success rate is claimed to be

around 71%. Such demonstrations of several groups of workers suggest that it is possible to

speed up fracture healing by DC stimulation.

Some investigators have contended that the promotion of osteogenesis seen following the

insertion of a wire is partly attributable to the inflammatory (Ijiri et al., 1995) or injury

(Aronson et al., 1988; Einhorn et al., 1990) reaction of the tissue rather than the sole action of

the electricity (Spadaro et al., 1986; Spadaro, Albanese and Chase, 1990). Spadaro, Albanese

and Chase (1990) noted that mechanical movement of the wire caused by animal movement

led to osteogenesis and that insertion of wire that caused injury and inflammation leads to

bone formation. Black, Baranowski and Brighton (1984) and Brighton and Hunt (1986) have

described osteogenesis induced by trauma with or without electrical stimulation.

Distractionosteogenesis (DO) is theprocess of generatingnewbone ina gapbetween twobone

segments in response to the application of graduated tensile stress across the bone gap. Various

animalmodels have beendescribed in the literature to investigate the process of cranio-facialDO.

Osteocyte viability as well as adequate blood supply to the distraction site are an essential source

of osteoblastic activity (at the distraction site) for osteogenesis to occur. The application of direct

current to bone is an effort to stimulate bone regeneration in order to increase normal healing by a

factor of two. Swennen et al. (2001) reported that different animal, such as dogs, rabbits, sheep,

minipig, monkeys, rats and cats, have been used as an animal model to study the effect of an

electric current on bone. The results of this study proved that goats are a suitable experimental

animal model to study the effect of electricity on the healing of distraction osteogenesis.
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The use of a computer program to assess the newly formed bone during different distrac-

tion phases after direct current stimulation indicated that electrical stimulation displays

synergism on healing of distracted bone when it is simultaneously applied during activation

and consolidation periods. This is in agreement with Hagiwara and Bell (2000) who reported

that electrical stimulation during gradual distraction promotes new bone formation in the early

retention period. The lack of an electric current effect during latency found in this studymay be

attributed to the lack of cells present between the distraction gap during latency, as the presence

ofmature osteoblasts in the gap tissue is a prerequisite for effective electric current stimulation.

The results of El-Hakim et al. (2004) agreewith those of Lavine et al. (1971), who reported that

electric stimulation affects the functional activity rather than the total number of osteoblasts or

the differentiation of an additional number of osteoblasts from the undifferentiated mesen-

chymal cells.

The results of the study by El-Hakim et al., 2004 also agree with those reported by Tis

et al. (2002), who found that the electrical current increases the size of the distraction callus

and might alter the composition of regenerated bone. One possible mechanism for this to

occur could involve stimulation of macrophage migration to the site of the wound. Electric

fields cause macrophage migration on laminin or fibronectin coated substrates without

inducing changes in cellular morphology. The migration velocity is not significantly altered

but the random movement is suppressed. The electric current so-generated might stimulate

the undifferentiated mesenchymal cells in bone marrow to proliferate and transform into

osteoblasts. Block and Brister (1994) and Blank (1987) have reported that calcium gates

enlarged during electric stimulation and that this resulted in more incorporation of calcium

into the cells. Cane et al. (1996) suggested that an electric field might accelerate the healing

process through enhancement of the enzymatic activity of the repaired tissue. Electric

stimulation might affect the external callus (periosteal), intermedullary callus and the

cortical callus as a result of osteoblastic stimulation, and bone cells respond to electro-

magnetic stimuli by modulating the activity of more primary activators such as hormones,

growth factors, cytokines and mechanical forces. DC stimulation may be useful in

mandibular distraction during activation and consolidation periods and may shorten the

overall duration of lengthening, and the distractor can be removed earlier as early bone

healing is expected.

Some mechanism other than the piezoelectric effect must also be considered in accelerating

bone healing. Fluid transport may play a significant role not only in various aspects of bone

metabolism (such as mineralization) but also in the electromechanical properties of bone.

Electric potentialsmight control cell nutrition and proliferation, the proliferative ability of cells

and the orientation of intra- and extracellular macromolecules. It may be that the an electric

potential activates the cyclic adenosine monophosphate (AMP) system within the cell and

directs it to proliferate and produce osteoid. The cathodal growth may modify the associa-

tion–dissociation equilibrium to the extent that both phosphate and calcium ions migrate

towards the cathode. In addition, collagen fibers become oriented in the electrical field, which

might lead to a spatial arrangement that enhances calcification.

Mathematical analysis of electric fields inside the bone together with Fourier analysis of

induced voltagewaveforms produced by commonly used electrical stimulation waveforms has

been performed. A hypothesis based on assigning different weightings to different frequencies

for osteogenic response has been proposed. Using this hypothesis similar effective values of

electric fields have been found in different systems. It is shown that the effective electric field
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rather than peak electric field is the main parameter responsible for osteogenesis. The results

are in agreement with experimental findings made on human beings by some investigators

(Gupta et al., 1991). A delay in the Haversian remodeling within the first 2 weeks was found in

the animals. This delay could not be detected in all electrically stimulated groups (Schubert,

Kleditzsch and Wolf, 1986).

Exposure to certain low-frequency electrical fields may improve the clinical outcome of

osteonecrosis of the femoral head (ONFH) by modifying the repair process. Modification of

bone is generally governed by the characteristics of the electrical signal. A low frequency

electrical signal decreases bone loss and maintains bone mass by decreasing osteoclastic bone

removal. Studies of the effect of these fields upon osteoclast in vitro have shown a decrease in

osteoclastic differentiation and lysosomal enzyme content. Finally, these fields have been

shown to interfere with parathyroid hormone receptor signaling, associated with a decrease

in osteoclastic differentiation. It is suggested that a low frequency electric field may lead to an

increase in local vasculature and bone production so that the balance of repair may be altered

in favor of bone conservation, maintenance of structural integrity and, ultimately, preservation

of the femoral head (Aaron and Ciombor, 1997).

An experimental model has been devised for the consistent production of delayed bone

healing of the tibia in adult dogs. A double blind trial was undertaken to evaluate the use of a

commercially available direct current bone growth stimulator with this model. The stimulator

produced a statistically significant acceleration of bone healing at four weeks in the experi-

mentalmodel. Osteogenesiswas normal and no dysplastic, inflammatory or neoplastic changes

were found. This research has shown that electrical stimulation of bone is safe and augments

bone formation. The bone growth stimulator unit remains on trial, but in future it may alter the

management of difficult orthopedic problems (Paterson et al. (1977).

The obvious advantage of using implanted electrodes in bony tissue is that they can be

inserted directly into or close to the area to promote new bone growth. In fracture healing, the

bones are then stabilizedwith internal plates and screws or intramedullary nails, and/or the limb

is immobilized by using an external cast.

This clinically attractive idea is beset, though, with several difficulties:

1. The osteogenic effect is dose dependent within 5–20mA and demands constancy of the

applied current. The authors found that smaller or larger currents than the above produce no

effect and cause cell necrosis, respectively. Also, the modalities required for optimum

results, for example, type and size of electrical stimulation, density of the current applied,

and the positioning of anode and cathodes, needs investigation.

2. In the case of possible application to large bones of men, multiple electrodes would be

required to produce a clinically significant bulk of callus in a reasonable period of time.

3. The method is surgically invasive, and is therefore clinically unacceptable.

4. Electrode materials (platinum, iridium, stainless steel) are in intimate contact with cells,

extracellular matrices and fluids. Under these conditions some electrolysis effect may

develop, where toxic ions will build up in the extracellular environment. At high DC

currents both anodic and cathodic effects would be undesirable.

Because of these shortcoming of this procedure other methods that are essentially non-

invasive are being increasingly adopted. This involves two methods of field coupling to the

body tissue, by using the specific nature of field characteristics.
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5.4.3 Pulsed Electromagnetic Fields (PEMFs)

Some stimulation of bone growth occurs with selected wave patterns, including sine wave and

the use of ultrasound (Li, 1992; Bachner, Klion and Caruana, 1987; Pilla et al., 1990; Heckman

et al., 1994). The induction of electric current in bone is not only speculated to prevent the bone

loss of functional disuse but also induces new bone formation. The promise of successful non-

invasive alternatives to accelerate bone healing is thus of continuing concern.

The healing rate of 24 acute tibial fractures with a pulsating asymmetric direct current was

reported to be 30% faster than in a control group (Jorgensen, 1972). Krause and Lechner (1972)

used an electromagnetically induced current to heal non-unions and pathological fractures.

They reported the successful treatment of a congenital pseudarthrosis of the tibia bymeans of a

pulsed electromagnetic field. These clinical protocols, using pulsating electromagnetic fields,

were subsequently followed in the treatment of Paget’s disease, osteoporosis, avascular

necrosis and metastatic bone disease (Bassett, 1978). Low frequency AC currents (Klapper

and Stellard, 1974; Iida et al., 1956), pulsating DC (Richez et al., 1972) and electric fields

(Bassett, Pawluk and Pilla, 1974) have also been successfully employed for bone growth.

5.4.3.1 Physical Principle of PEMF Generation and Interaction

When a conductor, such as a wire, is moved through a static magnetic field, due to a relative

displacement, a current is produced. The magnitude of the current produced depends upon

the strength of the field (H) and the rate of relative displacement. Since cells and tissues also

have finite conductivity, and if similarly treated, induced currents will be produced, which are

mainly ionic in nature.

Currents are induced inside in a stationary biologic specimen subjected to a time varying

magnetic field (i.e., inductive coupling).With these currents are an associated electric field (E),

which exists in air, tangential to the magnetic field (B) flux lines. Biological materials that

display predominantly ionic conduction are affectedmainly by the electric field component of a

low energy time varying magnetic field. This being the case the positioning of biological

materials in the magnetic field becomes significant, since the electric field arises as function of

distance. By adopting an appropriate design of coils, magnetic fields of greater or lesser

homogeneity can be created. For maximum uniformity, a double coil system consisting of a

pair of circular, flat coils placed half their diameter apart can be used (Figure 5.10a and b). Such

coils are termed ‘‘Helmholtz-aiding’’ and are characterized by a uniform distribution of

magnetic flux lines within the volume.

Pulsing currents delivered by electrodes differ from DC and are rarely similar to those

developed inductively. When the electrical microenvironment of a cell is modified by non-

electrochemical capacitive coupling, one type of effect exists if the field is static and another if

the field is dynamic (Bassett, 1968). Further, if the field is dynamic, different results may be

expected depending on pulse characteristics such as amplitude, shape, duration and repetition

rate (Bassett, 1978, 1971). The biological implications of electric currents induced by pulsing

electromagnetic fields clearly far exceed those of constant currents (delivered by electrodes)

because the two systems are fundamentally different. Inductively coupled pulsed electromag-

netic fields (PEMFs) produce electric currents in tissue in the absence of electrodes (Bassett

et al., 1982; Bassett, 1978; Bassett, Pawluk and Pilla, 1974). They do not, therefore, give rise to

the polarization, electrolytic by-products and foreign chemicals species normally associated
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with the Faradaic (redox) action of electrodes (Zengo et al., 1976). Several commercially

available intermedullary cathodes are now available to surgeons and less invasive techniques

have also been developed.

PEMFs carry a broad band of frequencies that occupy a discrete portion of the lower end of

the electromagnetic spectrum. Although their repetition rate falls in the ELF range (e.g.,

1–100Hz), their frequency content by discreet Fourier transform ranges from DC to

410MHz. These characteristic derive mainly from their waveform pattern and sequencing.

Typically, thesewaveforms are asymmetric, biphasic and quasi-rectangular or quasi-triangular

in shape, having various amplitudes. The patterns differ considerably from the usual action

Figure 5.10 (a) (A). Top and side views of PEMF apparatus constructed of concentric Lucite cylinders.

Animals are placed in the inner chamber, PEMF-Mand outer chamber, PEMF-E. The coils are arranged in

a Helmholtz configuration. (B) Schematic representation of the induced magnetic field across the

horizontal axis of the PEMF apparatus. (C) Schematic representation of the induced electrical field across

the horizontal axis of the PEMF apparatus (Adopted from Bassett, 1991). (b) Electromagnetic coils

connected to a pulse generator (inductive coupling)
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potentials arising in nerves, skeletal or cardiac muscle and are quite different from sine waves

(e.g., power lines). Signal parameters of PEMF affect signal efficacy. PEMF-induced tissue

waveforms range from 50 to 100 ms in duration. The rise time in response to PEMFs varies

between fractions of a microsecond to several milliseconds, which is equivalent to frequencies

ranging from several hundred Hz to over 1MHz (Bassett, 1989). Gaussian white-noise

generators, centered on the dominant frequency range found in PEMFs, have demonstrated

significant effects in fresh fracture repair as judged by technetium polyphosphate uptake

(Wahlstrom, 1984). Antonson andMann (1985) have found that the activities like walking can

induce mechanical strains and endogenous currents primarily below 10Hz. Consequently, the

frequency of the PEMF is set at around 7.5Hz, as used by several authors (Chyun and Raisz,

1984; Nefussi and Baron, 1985).

Goodman and Henderson (1986) have confirmed that PEMF effects are athermal, as they

could not detect heat shock proteins. The inductively coupled fields expose tissues to an energy

level of 10�10Wmm�3, whichwill result in a change of 0.001 �Cat nominal tissue impedances

(Iannacone et al., 1988; Bassett, 1989). These authors (Goodman and Henderson, 1987) also

showed that pulse burst and single pulse triggered characteristically different translational

indications. They found a continuous 72Hz sine wave field, with energy matched to the 72Hz

single pulse, produced yet another ‘‘signature.’’ Their studies strongly indicate that gene-

specific activation and de-activation by selected PEMFs and other time varyingmagnetic fields

(i.e., continuous fields) occurs.

As compared to the continuous wave frequency, Pulsed electromagnetic fields have been

used successfully in several orthopedic pathologies andmore detailed studies of the interaction

Pulse
Generator Pair of 

Coils

(b)

Figure 5.10 (Continued)
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between PEMFs and bone pathologies have been carried out in patients and animals. Pulsed

electric fields have been found to stimulate bone growth, particularly after spinal fusion

surgery. This is to distinguish other part of the electromagnetic spectrum. It implies therefore

that continuous wave signals have no effect on biological systems. PEMFs show a highly

selective biological effect when the living system and the time varying magnetic field to which

these are exposed are appropriately matched. These methods now provide a valid alternative to

bone grafting for delayed unions and non-unions. The key to their rational use lies in an

increasing ability to define the patterns (e.g., amplitude, frequency, orientation and timing) that

must be encoded as intelligent content in the signal. These may modify the pathologic states in

themusculatetal system. At present twomethods are available, which are strictly non-invasive:

1. Inductive coupling: In thismethod time varyingmagnetic fields are adopted as non-invasive

means to alter the microenvironment of bone cells. These are confined to low frequencies

only (51 kHz). At the low applied field, induced currents in tissues are in the range of

mAcm�2 or less and the possibility of heating does not occur (Figure 5.10b).

2. Capacitive coupling of pulse modulated radiofrequency fields at the fracture site has also

been adopted (Figure 5.11).

These methods make use of the fact that bone behavior can be altered by pulsed

electromagnetic fields to produce osteogenesis. In methods 1 and 2 the affects are non-thermal

in nature. These fields applied across the extremity will induce voltages capable of altering the

pattern of bone healing. The inductivemethod, mainly introduced by Bassett, Pawluk and Pilla

(1974), uses pulsating electromagnetic field to produce electrical currents in tissueswithout the

placement of electrodes in physical contact. The method is based on the appropriate choice of

electrical waveforms, which can selectively increase or decrease the calcium content of

chondrocytes but not of fibroblasts. By a proper choice of pulse parameters (e.g., amplitude,

rise time, shape, duration and repetition rates) it is possible to produce frequency matching

Pulse Modulated Output 
 (bone stimulator) 

Figure 5.11 Placement of capacitor plates on skin/cast for pulsed radio frequency field coupling at the

fractured site
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resonance effects. Selective action is not possible with direct currents. Furthermore, the

biological effects (osteogenesis) of pulsed electromagnetic fields are not spatially limited as

they are with DC electrodes.

5.4.4 Inductive Coupling

The exposure of cultured bone marrow cells to 60Hz electric fields at 9.6mVcm�1 over 8 days

suppressed the formation of osteoclast-like cells in the marrow culture (Rubin et al., 1996;

Shankar et al., 1998). The results indicate that an approximate twofold increase in bone

resorption in bone occurs when osteoclast–osteoblast co-cultures are exposed to the PEMF-

generating coil for 18 h.

Earlier devices were developed so as to generate waveforms that would simulate stress-

generated signal in bone. This would demand a multifrequency signal with a sizable com-

ponent in the low frequency end. The chosen induced waveform parameters were based upon

naturally occurring piezoelectric-like signals present in bone. This has also been used for tissue

culture studies on fibroblasts (Bassett and Herrmann, 1961) and erythrocytes (Hassler et al.,

1977). Evidence has accumulated that an appropriate waveform can also increase or decrease

the calcium content of chondrocytes (Bawin and Adey, 1976). Plastic immobilization and non

weight bearing have been important clinical allies of PEMFs in producing the most consistent

and rapid results in the treatment of non-union. (Bassett et al., 1978). Bassett and his group

adopted two type of waveforms: the first based upon the piezoelectric like approach and a peak

induced voltage field at the osteotomy site of 2mV cm�1, a waveform duration of 1.5ms, and a

repetition rate of 1Hz. The second, derived from the dynamic cellular model approach, had a

peak induced voltage field of 20mVcm�1, a duration of 0.15ms and a repetition rate of 65Hz.

The experiments were conducted on dogs. These authors discovered no evidence of malignant,

premalignant or mitotic changes, including in the surrounding soft tissues.

Gonzalez-Riola et al. (1997) subjected growing female rats to a 3mT, 100Hz, Helmholtz-

type electromagnetic field 24-hours a day for 30 days and compared the results with a

corresponding control. These authors reported no significant difference in body weight, femur

length and weight and growth cartilage thickness. These results indicate that the electromag-

netic fields of this type reduced bone formation and increased bone resorptionwithout affecting

bone development in rats.

In this method the chamber is designed with the coils in a Helmholtz configuration

which are connected to a signal generator and amplifier. In this configuration, the mean

radius of the coils equals the distance of separation of the coils vertically and the magnetic

and electric fields do not vary in the vertical planewithin the partitioned rings (Figure 5.10a).

In a typical configuration, the coils are made of copper wire 1/16 inch thick with 30 winds of

each coil in the horizontal plane. The two coils are separated vertically by 14.3 cm with the

mean diameter of the coils being 28.6 cm. An electric signal is pulsed through the coils,

producing a PEMF with a repetitive train of 20 pulses for a total duration of 380 ms (positive
going) and spaced 55ms apart. Thewaveform is quasirectangular and repeated at a frequency

of 72Hz. The amplitude was adjusted to yield 15mVon a standardized coil probe, placed

midfield, parallel to the coil faces and connected directly to an oscilloscope. Figure 5.10b

shows a general method of coil placement over the fracture site. There is abundant evidence

that PEMF can stimulate the synthesis of the major components of bone matrix and cartilage

(Murray and Farndale, 1985; Norton, 1982). Bassett, Pawluk and Pilla (1974) found that
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muscle and vessels are also normal. In another set of experiments on fibula fractures in

beagles, with 65 Hz circuits, the stimulated legs demonstrated continuous enhanced bone

repair with improved bone qualities 28 days after osteotomy. These authors found no

evidence of neoplastic or preneoplastic processes in the stimulated bone. It is pointed out

that bone growth involves continuous accretion on the surface and at the extremities and a

continuous process of remodeling of its internal structure.

In another set of experiments, with a well-controlled calvarine unilateral delayed union

model, pulsed PEMF stimulation for 1–4 h per day for 8 weeks significantly increased weight

bearing on the affected limb, with higher mechanical strength of the healing osteotomy

attributable to periosteal new bone formation. Another striking finding in this study is the effect

of pulsed electromagnetic fields on reducing cortical porosity in the bone adjacent to the

osteotomywhen comparedwith the nontreated group (Inoue et al., 2002). Double blind studies

confirmed the clinical effectiveness of pulsed electromagnetic field stimulation on osteotomy

healing (Borsalino et al., 1988; Ilmeni et al., 1996) and delayed union fractures (Sharrard,

1990).

However, other authors has reported opposite findings. The remodeling system of bone can

be activated to respond maximally by a frequency periodic source that operates at approxi-

mately 0.7Hz. Law et al. (1985) have described the effect of the non-invasive electromagnetic

method operating at this frequency on the healing of experimental osteotomies in sheep tibia.

They used a pair of coils each of 790 turns and 0.2mm diameter with a rectangular winding

cross section of 15� 17mm and a mean coil diameter of 52.5mm. These authors concluded

that electromagnetically induced current had no discernible effect on bone union as assessed

clinically and radiographically (Rinaldi and Shamos, 1981). These authors have further

concluded that the shape of the waveform is not so critical in fracture healing, which is

contrary to many other findings.

A generally accepted approach emerges that the intensity of low frequency electromagnetic

fields applied across an extremity will induce voltages of magnitude generally produced by

deformation (0.1–50mVcm�1) in bone. The induced voltage is apparently capable of altering

the rate of bone healing in animals and can be extrapolated to humans.

Canine bone growth is electrically stimulated by a weak current between implanted

electrodes and thereby causes accelerated fracture healing. Electric fields are reported to

control tissue development. Pulsatile current is also found to stimulate bone growth. Electrical

pulses are favored in bone therapy because they resemble electrical stimulation associated

with physical activities, primarily walking. These signals are also credited with carrying a

multiplicity of messages that can stimulate bone growth processes. Pulsed currents, hence,

become important when they can be induced non-invasively.Magnetic or electromagnetic field

pulses also stimulate other tissues, for example, collagen synthesis by chondrocytes and

glycosaminoglycans and cellular transcription in eukaryotic cells. Tissue apparently responds

to extremely low frequency (ELF) and bioelectric DC fields in a qualitatively similar manner.

Generation of electric fields and potential gradients when mammalian or amphibian skin is

injured is another indication of the role of endogenous electric stimuli in tissues. The potential

gradient slowly diminishes as the healing proceeds. Transcutaneous potentials of 103� 5mV

were found in guinea pigs and in humans. The cell membrane is recognized as the prime site

of electrical field interaction in the stimulation of bone cell growth. Nonhealing wounds

have often been implicated as carcinogens. The effect of pulsed electromagnetic fields on
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bone and their ability to activate bone metabolism have been studied in multicenter

randomized and prospective clinical studies, which confirmed PEMFs efficiency for treating

certain orthopedic conditions (Lavine and Grodzinsky, 1987). Electromagnetic fields have

also have a beneficial effect on the repair of fracture calluses (Bassett, Pawluk and Pilla,

1974) and they may increase bone mass (Martin and Guttman, 1978). A combination of

EMF and PGE2 (prostaglandin E2) exhibited a trend of additive effect on bone formation

(15 mg per kg of PGE2) (Tsai et al., 1991).

Three clinical trials (prospective randomized and double blinded) involving cartilage have

also been undertaken in which the effects of the PEMF (Trock et al., 1993; Trock, Bollet and

Markoll, 1994), or a pulsed low amplitude, monophasic, 100Hz spiked signal delivered via

surface electrodes (Zizic et al., 1995), were evaluated in osteoarthritis (OA) of the knee. All the

clinical studieswere of comparatively short duration (4–6weeks) but showed a decrease in pain

and an improvement in various clinical variables. None of these clinical studies showed that

the electrical stimulation had a direct effect on the joint cartilage and they showed only a

symptomatic relief of pain.

The utility of pulsed electromagnetic fields (0–300Hz) is now successfully established for

clinical use; however, their mechanism of interactions in relation to bone metabolism that

influence bone healing remains to be fully understood. In particular, when coils are used to

administer ELF-EMF, it is not clear whether the response obtained is due to the magnetic field

or the resultant induced electric field.

The inductive method has the advantage of being an outpatient method and is non-invasive.

However, it has certain disadvantages: (i) it does not allow full weight bearing on the lower

extremity in a cast and (ii) and the equipment is not portable for long bone reunions and

demands patient compliance. In this method, the magnetic fields can be shaped to localize the

currents that occur in a volume conductor.

5.4.5 Capacitive Coupling

5.4.5.1 Radio Frequency Bone Response

The electrical properties of bone in the high frequency limit (41MHz) have received scant

attention, probably because the frequencies of physiological interest fall in the extremely low

frequency limit. These govern the biological process in bone and tissues in general. Kosterich,

Foster and Pollack (1983, 1984) have used an impedance analyzer and a vector impedance

meter to study the electrical properties of fluid saturated bone in the range 10 kHz–100MHz.

While analyzing the data they predicted a relaxation frequency for fluid saturated bone well

above 100MHz (Kosterich, Foster and Pollack, 1984). Ray and Behari (1986) have studied

bone conduction in the range 400–1300MHz and reported relaxation frequencies around

1.0GHz for dry and wet bone. Exposure of bone samples to UV light substantially affects the

magnitude of relaxation frequencies. Reddy and Saha (1984) have developed a differential

technique to measure the electric and dielectric properties of wet bone from DC to 1.0MHz.

They found a significant dependence of specific resistivity on frequency.

Singh and Behari (1984a, 1984b) (Figures 4.21 and 4.22) have measured the impedance

and phase angle of bone specimens using a vector impedance meter from 0.5 to 108MHz and

dielectric parameters at microwave frequencies (Behari, Kumar and Aruna, 1982; Ray and
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Behari, 1986). These investigations suggest that bone (in vitro) shows relaxation phenomena at

radio frequencies. On the basis of these findings a bone transducer has been designed (Ray and

Behari, 1987). If kHz–MHz frequency signals are applied externally at the bone fracture site

these may affect the healing rate. High frequency (radio frequency) bone stimulation using

capacitor plates seems not to have been attempted, apart for some scanty efforts (Brighton,

Pollack and Windsor, 1981; Brighton and Pollack, 1985; Brighton et al., 1985a, 1985b).

Evidently, to optimize the effects of electrostimulation, knowledge of both the characteristics

of the naturally occurring electromechanically induced signals inside the tissue and its

electric field configuration with and without electrical stimulation is necessary.

Behari et al. (1991b), experimenting on rabbits, has identified that a pulsating frequency of

14MHz (modulated at ELF frequencies 16–76Hz) and externally applied voltage of 10Vp-p is

sufficient to induce a voltage of requisite magnitude to accelerate the healing process

(Figure 5.12). Electrostimulation using such a method is shown for humans in Figure 5.11

and for animals in Figure 5.13.

Several studies have demonstrated the beneficial effects of PEMFs in the treatment of non-

union of fracture, osteonecrosis and tendonitis (Aaron, Ciombor and Jolly, 1989; Bassett et al.,

1981a, 1981b; Binder et al., 1984; Borsalino et al., 1988; Brighton, 1984; Coliacicco and Pilla,

1984; Cruess, Kan and Bassett, 1983; Farndale and Murray, 1985; Fitzsimmons et al., 1986).

It is claimed that electrical fields produce results in the healing to non-union similar to those of

bone grafting alone, depending on the anatomical site and degree of non-union (Boyde,

Lipinski and Wiley, 1961). Improved success rates have also been reported when exposure to

electromagnetic fields is combined with surgical intervention (Bassett, Caulo and Kort, 1981;

Bassett, Mitchell and Gaston, 1981; Rosen, 1979). These reports are, however, difficult to

interpret due to the influence of additional procedures such as bone grafting and/or fracture

stabilization, the unpredictable natural history of the underlying condition being treated

(Bassett, Caulo and Kort, 1981a; Bassett, Mitchell and Gaston, 1981b; Brighton et al.,

1988; Paterson, Lewis and Cass, 1980) and the lack of well-designed studies. In one double

blind study of 45 patients (Sharrard, 1990) no effect of electromagnetic fields was discernable

on the rate of regression of non-union of tibial fractures. One study reported using low energy,

time varying magnetic fields to induce specifically-configured electrical currents in rats

Carrier Frequencey   14.0 MHz 

Modulating Frequency  16.0 Hz 

Voltage output (Peak to Peak) 10.0 V 

Output    Pulsating Type 

Figure 5.12 Electromagnetic field stimulator used in the investigation has the following characteristics

202 Biophysical Bone Behavior



subjected to a model of disuse osteoporosis (Cruess, Kan and Bassett, 1983). Field exposure

clearly stopped bone loss. Other reports also confirm the positive effects of capacitively

coupled fields on bone density (Billota et al., 1994).

Some authors chose to study the effects of PEMF on bone during limb lengthening. The

surgical procedure involves an osteotomy, preserving where possible the periosteum. The

proximal and distal segments are thereafter slowly distracted by means of external fixators.

Regenerated bone is formed in the distraction gap (Ilizarov, Ledyasevand Shitin, 1969) at a rate

dependent on the rate of distraction, stability of the fixator and on the underlying pathology.

After distraction is complete, the affected site undergoes consolidation analogous to the

Figure 5.13 Stimulating bone fracture healing using a pulsed electromagnetic field in a fractured rat

bone
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changes that occur after fracture repair. In addition, marked osteoporosis occurs in the distal

segment of the long bone, as seen after traumatic fractures (Eyres and Kanis, 1995; Kannus

et al., 1994a, 1994b). In contrast with the repair of traumatic fracture, calcification of the

regenerate and its consolidation is highly reproducible (Eyres, Bell and Kanis, 1993a, 1993b),

which makes this a suitable model to study the effects of PEMF.

The capacitively coupled method is finding greater acceptance. The method uses a time

varying electric field in the portion of bone located between the capacitor plates. Themagnitude

of the accompanying time varying magnetic field is small and can be neglected. This is in

contrast with the method of inductive coupling where the time varying magnetic fields

produces the primary effect and the electric field produces a secondary effect in the tissues.

Capacitive coupling is more efficient in producing an electric field in bone. It can cover a large

area of the fracture and the volume to be treated and is invariably an outpatient method. The

device is portable, can also be battery operated and works under weight bearing conditions and

can be applied over the cast as soon as it is put on. So far no untoward side effects have been

ascribed to any of these exposure conditions and for the durations and no safety measures are

required.

Despite the significant advances, studies on PEMFs have failed to adequately deal with the

dose–response relationship. This demands a precise identification of the targeted biological

process and simultaneously several characteristics of the applied field. In fact, individual,

passive electrical properties of each target tissuewill determine, in part, the derivative electric-

field patterns as a result of inductive coupling. Nonetheless, steady progress has been made in

modifying cell function by electrical means.

5.4.6 Mechanism of Action

The propagation of a stress wave gives rise to velocity gradients near the boundaries of the

viscoelastic media of bone, resulting in shear stresses. Stimulation caused by the PEMFs

adopting a non-invasive method is likely to perturb the fluid flow in bone and hence affect the

bone healing processes. The response to PEMFs is tissue and cell specific. A prerequisite to

effective electrostimulation is knowledge of, among the possible variables, the tissue

structure, wave shape, amplitude, field distribution and species (Brighton and McCluskey,

1985). Investigations have shown that electrical stimulation of cartilage or bone cells in

culture induces changes in the intracellular levels of cyclic AMP that are followed by a

delayed increase in the synthesis of DNA (Rodan, Bourret and Norton, 1978; Korenstein

et al., 1984).

It is important to understand the molecular mechanisms linking cell exposure to PEMF in

PEMF-biointeractions (Aaron et al., 2004a; Aaron, Ciombor and Simon, 2004; Ibiwoye et al.,

2004). PEMFs have been demonstrated to regulate osteoclastogenesis, bone resorption,

osteoproteglin, receptor activator of NFkB-ligand and macrophage colony-stimulating factor

concentration in a murine marrow culture system (Chang et al., 2005). One concern is the

amount of PEMF energy that is absorbed by the tissue.

Heermeier et al. (1998) have concluded that human osteoclastic cells facilitates investiga-

tions on the effect of EMFs on human skeletal tissue under defined in vitro conditions. The

EMF induced enhancement of collagen type I mRNA expression and substantial collagenous

matrix synthesis, as observed in the normal human osteoblastic HO-197 cells as well as in
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myositis ossificansMO-192 cells, is comparable to the effects of TGF-b and TGF-I. This result
may indicate the basis of EMFs observed treatments. Diniz, Soejima and Ito (2002) have

studied osteoblasts of the MC3T3-E1 lineage, with or without an NO synthase inhibitor

(L-NMMA), that were exposed to PEMF stimulation for 15 days. The electrical signal

significantly increased NO synthesis, cellular proliferation and osteoblast differentiation.

Consequently, NO production seems to be an essential parameter in the effect of electrical

fields on bone cells.

Fracture repair is a complicated, multistage process that ends in a complete structural and

functional restoration of the involved bone. The application of direct current would reduce

local tissue that could transformpolymorphic cells into bone (Brighton andHunt, 1986). Such a

mechanism also applies to mesenchymal cells associated with bone fracture hematoma. It has

been postulated that the extracorporeal shock wave produces microtrauma or microstructure

and induces neovascularization through hematoma formation, which increases osteoblast or

fibroblast activity (Wang et al., 2001). Bony continuity is re-established both by subperiosteal

membranous bone formation adjacent to the fracture ends and by enchondral ossification of

mesenchymal tissue that has replaced the hematoma in the fracture gap (Barnes et al., 1999;

Bostrom et al., 1995; Ishidou et al., 1995; Onishi et al., 1998). The repair process includes

inflammation and subsequent chemotaxis, proliferation and differentiation of cells, which is

mediated by several growth factors (Barnes et al., 1999; Einhorn, 1995; Schmitt et al., 1999).

Bone morphogenetic proteins (BMPs) belong to the transforming growth factor-b (TGF-b)
superfamily and play a crucial role during the embryonic development of the skeleton (Sakou,

1998; Wozney and Rosen, 1998). Fracture healing is a close recapitulation of embryonic bone

formation (Barnes et al., 1999; Sakou, 1998; Schmitt et al., 1999) and therefore it is suggested

that the same growth factors (i.e., BMPs) are involved in both fracture repair and in embryonic

skeletogenesis. In animal studies, clues have been found that indicate BMPs have a dominant

role as regulating growth and differentiation factors during the healing process of fractures.

PEMF stimulation is reported to induce osteogenesis through upregulating BMP-2 and BMP-4

in osteoblasts (Bodamyali et al., 1998). Immunohistochemical analysis of closed fractures in

rats has shown that BMP-2, BMP-4, osteogenic protein-1 (OP-1 or BMP-7) andBMP receptors

are abundantly expressed in various cell types within the fracture callus (Bostrom et al., 1995;

Ishidou et al., 1995; Onishi et al., 1998). This finding indicates that OP-1may be one of the key

molecules in the regulation of normal fracture healing.

Brighton, Unger and Stambough (1984) have reported that bovine knee articular chon-

drocytes cultured in pellets and exposed to a capacitively coupled electric field showed an

increase in glycosamino-glycan synthesis. Others, in articular cartilage chondrocytes or

cartilage explants exposed to various electrical fields, found an increase in proteoglycan

synthesis (Aaron, Ciombor and Jolly, 1989; Ciombor et al., 2002; MacGinitie, Gluzband and

Grodzinsky, 1994), a decrease in proteoglycan and an increase in cell proliferation (Grande

et al., 1991; Pezzetti et al., 1999; Liu et al., 1997), or an increase in protein synthesis

(MacGinitie, Gluzband andGrodzinsky, 1994). It thus appears that the chondrocyte phenotype

is susceptible to modulation by electrical stimuli.

Various PEMFs have been shown to promote bone formation in vivo (endochondral

ossification) and skeletal homeostasis and in clinical studies of fracture non-unions. An

important feature is the reduction in osteoclastic bone resorption in vitro. PEMFs may act

to decrease bone resorption and maintain bone mass, thereby retarding the loss of structural

Bioelectric Phenomena: Electrostimulation and Fracture Healing 205



integrity associated with resorption. Bassett, Schinik and Mitchell (1984) have presented

data indicating up to five years of clinical benefit after treatment of the femoral head of

osteonecrosis.

Recombinant human OP-1 (rhOP-1) induces enchondral bone formation after ectopic

implantation in conjunction with a collagenous matrix in rats and baboons (Ripamonti

et al., 1997; Sampath et al., 1992). In vitro studies have shown that rhOP-1 stimulates

proliferation and chondroblastic and osteoblastic differentiation of mesenchymal and

osteoblastic cell types (Asahina, Sampath and Hauschka, 1996; Asahina et al., 1993; Sampath

et al., 1992). Bone marrow and periosteum contain mesenchymal stem cells with the potential

to differentiate into chondrocytes or osteoblasts (Bruder and Fox, 1999; Einhorn, 1995;

Nakahara et al., 1990). Currently, it is supposed that, during fracture repair, BMPs, including

OP-1, act on these cells, causing their proliferation and subsequent differentiation into cartilage

and bone (Barnes et al., 1999; Reddi, 1995; Schmitt et al., 1999).

Because of its osteoinductive activity, rhOP-1 has great possibilities as a therapeutic tool for

the enhancement of bone repair (Cook et al., 1995). In segmental long bone defects in rabbits,

dogs and monkeys, and in calvarial defects in baboons, local implantation of rhOP-1 in

conjunctionwith a collagenousmatrix induced healing of the defects (Cook et al., 1994a, 1995;

Ripamonti et al., 1996). In contrast to these bone defect models, a closed fracture model has

been used to investigate the efficacy of rhOP-1. In this study, the ability of rhOP-1 to accelerate

undisturbed physiologic fracture healing was tested in a closed tibial fracture in goats. Bovine

collagenous matrix is widely used as a carrier material of rhOP-1. However, bovine collage-

nous matrix complicates injection of the material and carries the risk of disease transmission.

It is now widely accepted that the primary site of PEMF and other extremely low frequency

fields with tissue is at the cell membrane. Several groups of workers (Bawin et al., 1978;

Coliacicco and Pilla, 1984) have studied cell membrane associated activities such as Ca2þ flux

and cAMPmetabolism in bone and bone cells. The calcium content of chondrocytes exposed to

different pulse types is significantly increased by one and decreased by the another as compared

with control values (Bassett et al., 1979). Differential effects of various pulses of calcium

uptake in chick limb have also been reported (Assailly et al., 1981). One possible explanation is

that an appropriate electrical signal to the bone and cartilage cells stimulates osteogenesis, or

bone growth, by increasing cellular cyclic AMP or cytosolic calcium, both of which may act as

intracellular second messengers.

It has been reported that PEMF inhibited the cAMP response to parathyroid hormone in an

osteoblast-like cell line. Changes in cAMP metabolism correlated with changes in bone

resorption. These data are consistent with the hypothesis that PEMF influences cell membrane

activity, resulting in changes in the membrane-associated second messenger system such as

Ca2þ , cAMP and subsequent cellular and organ responses. Cain, Adey and Luben (1981),

basing their studies on cAMP metabolism in primary calvarial bone, proposed that PEMF

inhibits PTH stimulated coupling of the adenylate cyclase system. They also pointed out that

this inhibition does not affect the intrinsic activity of the G protein and the catalytic subunit.

Coliacicco and Pilla (1984) have suggested that the electromagnetic field couples with specific

processes such as bicarbonate dependent Ca2þ adenosine triphosphatase and active ion

transport at the plasmalemma. An alternating current creates a varying electrical and magnetic

field, while DC produces a constant electric and magnetic field. Therefore, it is suggested

that a DC creates a field that acts synergistically on the tissue, whereas AC fields effectively

counteract each other.
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Ishidou et al. (1994) have reported that TGF-b appeared in the stimulated area soon after the

start ofDC stimulation. Other investigators have suggested the involvement of such cell growth

factors in electrically stimulated osteogenesis (Ryaby et al., 1994). Some studies demonstrated

that electrical stimulation altered the uptake of calcium ions by cells (Allen et al., 1994). Adey

(1986) hypothesized that changes in the Ca2þ binding receptor (glycoprotein) took place.

Alkaline phosphatase (ALP) activity plays an important role in calcification. Its activity is

useful as a marker of osteoblasts. The elevation in ALP observed after electrical stimulation

(Yonemori et al., 1996) reflects an increased number of osteoblasts and a greater degree of

osteogenesis. The effect of electrical stimulation on ALP activity in tissue has also been

reported (Matsunaga, 1986; Berg and Zhang, 1993). Such electrical stimulation elevates

the transmembrane voltage and the resultant elevation in electrical conductivity of the cell

membrane affects the functions of the cell membrane proteins and lipids, as well as the

expression of genes, leading to cell proliferation.

In general, the repair process depends on the blood supply. Relating the pluripotential nature

of these processes to the hemodynamic states suggests that in ischemic conditions the cells tend

toward fibroblast and chondrocyte production, while hyper-vascularity simulates production of

osteoblast and bone production (Hall, 1970). Ijiri et al. (1995) have reported that electrical

stimulation increased local blood flow through the tissue as well as the permeability across

blood vessels, and that the administration of indomethacin (to exert anti-inflammatory effects)

during electrical stimulation suppressed osteogenesis. Based on these results Yonemori et al.

(1996) have concluded that electrical stimulation in the presence of reactive cells leads to

promotion of osteogenesis. Some in vitro experiments have yielded indirect evidence that cell

proliferation is promoted by electromagnetic stimulation (Batista, Miklavac and Sersa, 1991;

Becker andEsper, 1981; Cadossi et al., 1985; Korenstein et al., 1984). In contrast, some in vitro

experiments have suggested that cell proliferation is suppressed by electromagnetic stimula-

tion (Jones, Pedley and Ryaby, 1986; Revoltella et al., 1993).

Using immunostaining, it has been demonstrated that CTGF/Hcs24 is localized in hyper-

trophic chondrocytes and proliferating chondrocytes in the regions of regenerating cartilage

(Nakata et al., 2002). These authors have reported that CTGF/Hcs24 is detected in hypertro-

phic chondrocytes on days 8 and 14; less immunostaining is detected in these cells on day 20.

CTGF/Hcs24 is also detected in active osteoblasts in the regions of intramembranous

ossification. In addition, it is detected in newly formed osteoid matrix, which indicates the

presence of the secreted form of CTGF/Hcs24. As in chondrocytes, CTGF/Hcs24 is strongly

detected in active osteoblasts on days 8 and 14, with less immunostaining detected on day 20.

Because CTGF/Hcs24 stimulates the proliferation and differentiation of chondrocytes

(Nakanishi et al., 2000) and osteoblasts (Nishida et al., 2000) in vitro, it is speculated that

CTGF/Hcs24 could promote chondrogenesis and osteogenesis in vivo through its direct action

on these cells.

CTGF/Hs24 is also detected in cells in fibrous tissue (on days 8 and 14). This finding supports

data indicating that CTGF/Hcs24 is localized in fibroblasts (Bradham et al., 1991; Igarashi

et al., 1993) and suggests that it is involved in themigration of fibroblasts and acts as a regulator

of wound repair during fracture healing. In addition, CTGF/Hcs24 is detected in vascular

endothelial cells in the callus from days 8 to 20. It has been shown that CTGF/Hcs24 promotes

the proliferation, migration and tube formation of vascular endothelial cells in culture and

angiogenesis in vivo (Shimo et al., 1998, 1999). These observations may explain why CTGF/

Hcs24 plays a role in angiogenesis during fracture healing.
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CTGF/Hcs24 and CTGF/Hcs24 mRNA are detected (Nakata et al., 2002) in various cells

at the fracture sites, particularly proliferating and differentiating cells. These observations

can be added to the findings of in vitro data that CTGF/Hcs24 stimulates proliferation and

differentiation of chondrocytes (Nakanishi et al., 2000) and osteoblasts (Nishida et al.,

2000) and proliferation and migration of fibroblasts (Frazier et al., 1996) and vascular

endothelial cells (Shimo et al., 1998, 1999). It is therefore, suggested that CTGF/Hcs 24

is an important regulator in chondrogenesis, osteogenesis and angiogenesis in vivo and

promotes intramembranous ossification and endochondral ossification in the process of

fracture healing.

Rosenberg et al. (1965) have suggested that the different responses of cells to electrical

stimulation may be attributed to differences in the culture systems employed in the experi-

ments. To assess the effects of electrical stimulation on cells, it is essential to examine the effect

of electrical stimulation in promoting osteoblast proliferation in vivo.

Some investigators (Croker and Nar, 1987; Woosley, 1991) have used NOR (nucleolar

organizer region), a region of the cell nucleus associated with ribosomes, as an index of the

proliferative activity of cells in vivo. TheNOR is aDNA loop of the ribosomalRNAgenewithin

the cell nucleolus. When stained with silver, this area is visible as a dot within the nucleus,

representing the orgyrophilic proteins of the nucleolar organizer region (Ag NOR). Because

ribosome is the site of protein synthesis, AgNOR is believed to correlate with cell proliferation

and maturation, and the number of AgNOR dots correlates with the proliferative activity of

cells (Grotto, Lorand-Metze andMetze, 1991; Lischwe et al., 1979). AgNOR has been used as

an indicator of the malignancy level of tumor cells because it is related to the proliferative

activity of cells (Kuratsu et al., 1991).

Yonemori et al. (1996) have reported that the proliferative activity of osteoblasts in bone

marrow increased significantly at 7 and 14 days after electrical stimulation. This finding

in vivo demonstrates that electrical stimulation promises osteoblast proliferation. Horii et al.

(1993) have also shown that electrical stimulation promotes not only cell proliferation but

also the differentiation of mesenchymal cells into osteoblasts. The effects of electrical

stimulation on the cells of the osteogenic system might play a role in the promotion of

osteogenesis.

Yonemori et al. (1996) have concluded that the electrical stimulation of osteogenesis is

influenced by the local tissue environment and that osteogenesis is promoted markedly when

electrical stimulation is provided in the presence of reactive cells. These observations then

explain the clinical experience in which electrical stimulation for the treatment of non-union is

effective in some cells, but is totally ineffective in others.

An indication of fracture healing process is its metabolic activity. This can be accom-

plished through measurement of isotope labeled glucon analogues as a function of fracture

configuration and time since fracture (Severns et al., 2004). The metabolic activity of a

normally healing fracture is higher than that of a normal bone. Further, a bone defect destined

not to heal will stabilize to a metabolic activity level that remains elevated relative to a

normal bone.

5.4.7 Mechanism of PEMF Interaction at the Cellular Level

Asmentioned above, the induction of a change in calciumflux across the plasmamembrane is a

primary event following a short stimulation of bone cells by capacitively coupled electric fields.
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The mechanism underlying this induced process involves interaction of the applied electric

field mainly with the cellular plasma membrane. Bone cells in tissue culture form a monolayer

of cells and are electrically uncoupled. The cells can be modeled by an array of membrane

vesicles. Exposure of such a suspension of vesicles to an external electric field causes

polarization of the membrane (Figure 5.14). The membrane polarization (Dc) induced by

an external electric field (Eext) is given by:

Dc ¼ 1:5REext cos u ð5:7Þ

where R is the radius of the membrane vesicle and u is the angle between the external electric
field direction and the radius vector to the membranal plane. Evidently, from Equation 5.7,

membrane polarization is maximal at the poles of the two hemispheres and vanishes towards

the equator. Furthermore, the polarizations at the lower and upper parts of the vesicle are of

equal amplitude but of opposite sign (phase difference of p). It has been shown previously

(Korenstein et al., 1984) that when employing capacitive stimulation the electric fields

prevailing in the medium in which the cells are in the range 12–54V cm�1. If we assume

that thevesicles are 4mmin diameter, the induced polarization for the above electric fields turns

out to be 4–16mV, respectively.

The cells are assumed to be attach to the substratum any rotational mobility of the cells is

prohibited. Each electric field pulse applied will influence precisely the same region in the

plasma membrane as indicated by Equation 5.7. Therefore, increasing the frequency of

stimulation will always affect the same membranal region. The monotonic increase of

calcium uptake with the frequency of stimulation suggests that the frequency region

studied (0–100Hz) is still far from the refractory region. Capacitively coupled electrical

Figure 5.14 Electrical polarization of a membrane vesicle (with an internal and an external conductive

medium) by an external electric field. As is apparent, the polarization is of opposite sign in the lower and

the upper hemispheres
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stimulation of bone cells in culture for several minutes induces an increase in calcium

uptake, which increases monotonically with the strength of the applied electric field (Danon

and Korenstein, 1984).

Modulation of cellular processes by externally applied electric fields accelerates limb

regeneration in amphibia (Becker, 1972; Sisken and Smith, 1975; Jaffe, 1979) as well as

peripheral nerve regeneration (Wilson and Jagadeesh, 1976) and bone fracture repair (Bassett,

Pilla and Pawluk, 1977; Brighton et al., 1977) in mammalians. In vitro studies of bone-derived

cells have shown that exposure of cartilage (Rodan, Bourret and Norton, 1978) or bone cells

(Korenstein et al., 1984) to time dependent electric fields enhanced DNA synthesis. These

effects are preceded by changes in the intracellular level of cyclic AMP as well as Ca2þ influx

(Korenstein et al., 1984), suggesting a second messenger mechanism for mitogenesis. In this

respect, electric stimulation to some extent mimics the effects of peptide hormones (Somjen

et al., 1983). Various studies have shown either direct effects of such hormones on the

cytoskeleton (Freidkin, Legg and Rozenguri, 1979; Gonzales, Garrido and Vial, 1981) or

effects on cell processes, which seem to be cytoskeleton mediated (Miller, Wolf and Arnaud,

1976; Brunk, Schellens and Westermark, 1976). It has been shown that several agents

interacting with the plasma membrane induce actin polymerization (Pribluda, Laub and

Rotman, 1981; Laub, Kaplan and Gitler, 1981). In these studies, ligand binding to receptor,

receptor aggregation and possibly internalization must be considered as plausible initiators of

the cascade of events, this includes cytoskeletal changes and eventually leads to proliferation.

Since electric stimulation circumvents these initial steps, one would expect to obtain some

clues as to the direct role of receptors in cytoskeleton changes.

There is a report (Laub and Korenstein, 1984) of a direct electric field effect on the

cytoskeleton. Under optimal conditions we obtain polymerization of 28% of the G-actin pool.

Similar results have been obtained with chemical stimulation (Pribluda, Laub and Rotman,

1981; Laub, Kaplan and Gitler, 1981). Some of these studies suggest that receptor rearrange-

ments (aggregation) may be important in nucleating actin polymerization (Laub, Kaplan and

Gitler, 1981; Bourgignon and Singer, 1977). It is indicative that ligand-induced receptor

changes may not be essential, it is unlikely that short electric pulses directly induce the

aggregation of specific receptors.

In parallel with actin polymerization, a transient rise in intracellular cyclicAMP (Korenstein

et al., 1984) and increased Ca2þ uptake has been found within 1–2min after electrical

stimulation. This correlation suggests that second messengers could mediate the effect on

action. Cyclic AMP and Ca2þ are themselves interrelated by a complex feedback system

(Berridge, 1975). Each of them could also affect the microfilament system in several ways

(Dedman, Brinkley and Means, 1979).

Pulsed electric stimulation, coupled capacitively to bone cells isolated from rat embryo

calvaria, caused changes in the intracellular level of cyclic AMP and enhanced DNA synthesis.

The capacitive method of electrical stimulation is characterized in terms of displacement

currents (0.7–4.0mA) and voltages (10–54V cm�1) prevailing in the stimulation chamber.

Changes, both in cyclic AMP and in incorporation of ½3H�thymidine into DNA, are correlated

with the strength of the applied electric field. Unlike the mechanical stimulation of bone cells,

the electrical stimulus is not medicated by de novo synthesis of prostaglandins. The findings

suggest that cyclic-AMP changes, induced by the capacitive electrical stimulation of bone

cells, trigger DNA synthesis (Korenstein et al., 1984).
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5.4.8 Spatial Coherence

Although the mechanism of EMF–cell interaction is not completely known, hypotheses can be

constructed to account for thermal field (which may cause fluctuations in temperature) being

ignored by cells. The data imply that cells distinguish between applied noise and thermal noise.

Although both are (by definition) temporally incoherent, they do exhibit a distinct difference in

their spatial behavior. At a given instant, the value (magnitude and direction) of the thermal

noise field at any point is uncorrelated with its value at other locations more than a few

nanometers or so apart. This property follows because the Debye screening length (roughly the

range over which an ion is not shielded from other ions) in the extracellular fluid is only about

1 nm. Thus, thermally driven localized charge density fluctuations (and consequently, endog-

enous thermal noise fields) are spatially incoherent over distances greater than a few

nanometers. By contrast, exogenously impressed fields (either temporally coherent or inco-

herent) always exhibit spatial coherence because their wavelengths are much larger than

cellular dimensions. It is hypothesized that the spatial incoherence of the thermal noise field

allows cells to ignore it. On the other hand, because externally imposed electromagnetic

noise is spatially coherent cells respond to this. Two possibilities that should be examined

are (Weaver and Astumian, 1990): that rather more cells must be simultaneously stimulated

or (Adair, 1991) that there is a collection of receptors on each cell that must be excited to

produce the observed biochemical responses. For signal transduction, in either case some

cooperativity among the entities involving inter- or intracellular signaling, respectively, must

be operative.

First the multicell stimulation hypothesis was developed by Weaver and Astumian (1992)

and further elaborated by Gailey (1993). The basis for this is that communication among a

group of cells is required for an alteration of cell functioning to occur. Gap junctions between

adjacent cells have been proposed as amechanism bywhich cells are coupled so that there is an

‘‘amplification’’ of the stimulating field energy. This explanation is obviously restricted to

cellular systems in which gap junctions exist. For example, in in vivo studies, field-induced

changes in the frequency of developmental abnormalities and in ODC activity levels could be

described in terms of such a mechanism. However, it is not appropriate as a explanation of the

EMF-induced effects in L929 cell cultures, because these cells do not form gap junctions

(Matthews and Neale, 1989). Further, EMF effects have been observed with transformed or

cancer-derived, attachment-independent cell lines, including HL-60 (Blank et al., 1992;

Goodman et al., 1992), Daudi (Mullins, Krause and Litovitz, 1993) and CCM-CM3

(Phillips et al., 1992), which should exhibit few, if any, gap junction couplings hence it is

suggestive that only this possibility is unlikely. However, other forms of intercellular signaling

may exist that would allow amulticell (as opposed to a single-cell, multireceptor) hypothesis to

be preserved.

Other explanation relies on the spatial coherence of the field (Litovitz et al., 1994a;

Litovitz et al., 1994b). Cellular detection of EMFs is assumed to result from the impressed

fields modifying either the probability of ligand–receptor binding (Weaver and Astumian,

1990) or an increase in the number of receptor binding sites available on the cell surface

(Adair, 1991). Either case would result in an increase in ligand binding and, therefore, a

change in cell function. The first explanation is thermodynamically not viable, in that it does

not explain how individual receptor binding would be modified by the EMF in the presence

of large thermal noise. The probability of the second explanation is, therefore, greater. The
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requirement that many receptors over the cells surface be simultaneously activated (known

as ‘‘cooperativity’’) prevents random activation of individual receptors from triggering an

erroneous cellular response. It would also demand that EMF activation occur only if the

stimulating field is essentially uniform over several receptor sites on the cell membrane. This

requirement leads to spatial coherence in the EMF if a cellular response is to be evoked.

Liburdy and Eckert (1994) have presented initial data indicating that the number of

CD3 proteins available on the surface of Jurkat E6.1 cells is increased in the presence of

an applied 60Hz field.

One can determine the extent of cooperativity required by observing the threshold for

biological response as a function of the concentration of the ligand near the cell. If n receptors

must be stimulated to produce a response, then it can be shown (Alberts et al., 1983) that the

response varies with concentration as:

response /1� 1

1þðC=CTÞn ð5:8Þ

where CT is the threshold concentration. As n increases, CT becomes rather large. Extending

this concept to EMF stimulation requires either a modification of the ligand–receptor binding

or an assumption that the number of receptors available at the cell surface is proportional to the

local field strength. The generalization of the equation for the response would be:

response /1� 1

1þðE=ETÞn ð5:9Þ

where E is the field strength and ET is the threshold field. A satisfactory fit to these data can be

obtained for essentially any value of n larger than about 10. These data are suggestive of

biological cooperativity involving activation of a significant number of membrane integral

protein receptors.

5.4.9 Effects of EMFs on Signal Transduction in Bone

Although the effects of ELF fields at the tissue level have been clarified somewhat by research

over the past two decades, the primary biochemical and biophysical effects at the molecular or

ionic level remain obscure. One clear likelihood for the effects of ELF fields on bone is that the

plasma membrane of osteoblasts is likely to be the major site of action. Figure 5.15 shows a

possible mode of field amplification.

5.4.10 The Biophysical Interaction Concept of Window

For a given signal type, it is interesting to know the range of waveform parameters over which

the waveform may exhibit meaningful bioeffects. This is achieved by assuming a target

pathway and spectral matching the frequency components of the input signal to the target’s

frequency response. The pathway chosen to illustrate this approach is Ca2þ binding to

calmodulin (CaM). Some studies suggest the EMF-sensitive pathway for bone repair may

involve Ca2þ /CaM-dependent growth factor release (Zhuang et al., 1997).
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Assuming first order binding kinetics:

dQ

dt
¼ kbQðtÞ ð5:10Þ

where Q(t) is the concentration of the bound species (in this case Ca2þ ) and kb is the rate

constant of Ca2þ binding. The rate of binding resulting from the application of a time varying

electric field E(t) may be described in the frequency domain by Equation 5.11:

GðwÞ ¼ kb

jw
�GðwÞþ dEðwÞ½ � ð5:11Þ

whereG(w) represents the frequency dependence of the surface concentration of the bound ion,
and d is an appropriate constant yielding the change in bound charge to first order in E(w). The
kinetics described by Equation 5.10 may be translated into a binding impedance Zb(w) (Pilla,

Nasser and Kaufman, 1994; Oin, Rubin and McLeod, 1998):

ZbðwÞ ¼ 1

d
1

kb
þ 1

iw

� �
ð5:12Þ

which has the form of a series resistance–capacitance electrical equivalent circuit:

ZbðwÞ ¼ Rion þ 1

iw Cion

ð5:13Þ

whereRion¼ (1/dkb) andCion¼ d are the equivalent resistance and capacitance, respectively, of
the ion-binding pathway (Pilla, Nasser and Kaufman, 1994). The series circuit time constant,

Co-opertivism

Non-linearity 

Non-equilibrium thermodynamic behavior 

Amplifying effect of the Extremely weak applied 
EMF

Figure 5.15 Model for low frequency field amplification at the membrane site
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tion¼Rion�Cion, is thus related to the rate-determining kinetic step via tion¼Rion�Cion¼ 1/kb.

The frequency response of the ion-binding impedance is inversely proportional to the applied field

frequency, so that frequency components at low frequencies may be expected to have the greatest

effect on the system.

Ion, or ligand, binding pathways such as Ca2þ binding to calmodulin (CaM) are considered

for which the ensuring steps of calcium-dependent signaling to intracellular enzyme systems

may act as primary transduction mechanisms for EMF detection. For Ca2þ /CaM binding, a

linearized Michaelis–Menten kinetics leads to (Markov and Pilla, 1997):

Kb ¼ Vmax

½Ca2þCaM�ð1þKD=½Ca2þ �Þ
ð5:14Þ

where Vmax is the maximal reaction rate. The Michaelis–Menten relation thus determines Kb,

that is, defines the binding time constant.

Research into PEMF stimulation has also been directed at understanding the mechanisms of

response using tissue culture (Norton, 1982; Norton, Hanley and Turkewicz, 1984; Norton,

1985;Norton,Witt andRovetti, 1988; Jannacone et al., 1988;Aaron, Ciombor and Jolly, 1989).

Grodzinsky (1983) conjectured that direct currents do not penetrate the cellular membranes

and that control is achieved via extracellular matrix differentiation (Nods and Sato, 1985).

Others have found changes in the second messenger, CAMP and cytoskeletal rearrangements

due to electrical perturbations (Norton, Rodan andBourret, 1977; Ryaby, Jones and Pilla, 1986;

Jones, Pedley andRyaby, 1986), aswell as effects on glycosamino-glycan sulfation, hyaluronic

acid, lysozyme activity and polypeptide sequences (Norton, 1982, 1985; Norton, Witt and

Rovetti, 1988; Goodman and Henderson, 1988).

Luben (1991) has shown that the PEMF used in the most widespread clinical fracture

treatment devices (Bassett, Pilla and Pawluk, 1977) produces activation of mouse osteoblasts

in vitro bymeans of a strong inhibition of PTH responsiveness in the cells (Luben et al., 1982).

This leads to increased synthesis of collagen (Rosen and Luben, 1983), decreased levels of

bone resorption and accelerated differentiation of osteoblasts from stem cells (Cain and Luben,

1987). The effects of EMFs on PTH responses are consistent with decreased coupling of

receptors to adenylyl cyclase via the stimulatory G protein (Cain, Adey and Luben, 1987).

Related studies (Luben, 1989) using flow cytometry and immunohistochemistry indicate that

exposure to EMFs produces a change in the accessibility of some PTH receptor epitopes to

monoclonal antibodies. This indicates that the fields induce a relatively persistent conforma-

tional change in the medium accessible domains of the receptor and a corresponding decrease

in signal transduction capacity. Luben (1991) has proposed that some or all of the fracture

healing effects of electromagnetic devices in vivo may be due to localized desensitization of

osteoblasts to endogenous PTH at the site of application.

The probability that the effect of EMFs on PTH responsiveness is specific to themembrane is

increased by the observation (Rosen and Luben, 1983) that the effects of 1,25-dihydroxyvi-

tamin D3 and dexamethasone on collagen synthesis by bone cells are not modified by EMF

exposure. Both of these agents act primarily bymeans of cytosolic nuclear receptors rather than

membrane receptors. Moreover, the effect appears to be receptor specific because EMF

exposure does not change the responses of the cells to insulin or prostaglandin E2 (Rosen

and Luben, 1983; Cain and Luben, 1987). However, exposure of the bone cells to EMF did

modify the responsiveness of the b-adrenergic receptor (Luben, 1993). These data are thus
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consistent with the hypothesis that EMFsmay act at themembrane surface to cause a change in

conformation of G-protein-linked receptors.

A 60Hz, a 1.0-G sine wave field (encountered in environmental and occupational settings)

causes a significant effect in osteoblasts in response to PTH (Luben, 1993). The effects of

the 1-G, 60Hz sinusoidly varying magnetic field on the activities of the signal transducing

enzymes PKC and PKA has also been investigated. Exposure to the 1-G field has a very rapid

and profound effect on PK activity in these cells – indeed a much stronger effect than on the

AMP responses. Luben et al. (1982) have reported that exposure to the field for times ranging

from 1min to 24 h caused a transient activation, followed by progressive down-regulation of

PKC activity associated with the particulate fraction of the cell. When combined with the

observations of the effects of EMFs on PTH receptor function, the results support the

hypothesis that EMFs may produce cellular responses by specifically modulating the confor-

mation of G-protein-linked membrane receptors and thus perturbing associated signal trans-

duction processes. PKC is thus taken to be the key enzyme involved in desensitization of the

PTH receptor in bone cells (Ikeda et al., 1991; Pernalete et al., 1990). These data suggest that

the effects of EMFs on PKC could be an important step in the signal transduction cascade

that results in enhanced bone formation. PKC is also modulated by electromagnetic energy in

developing rat brain is also now established (Paulraj and Behari, 2004, 2006). These findings

have led to the suggestion (Luben, 1991) that G-protein-linked receptors may be a particular

target for the interaction of EMFs with cell membranes in responsive cells. Overexpression of

the serotonin receptor, for example, has been shown (Julius et al., 1989) to cause neoplastic

transformation of cells. G-protein-linked receptors can also be influential in controlling cell

growth and development (Gupta, Gallego and Johnson, 1992). Thismay be by controlling gene

expression via transcriptional regulators (e.g., fos and CREB) that are phosphorylated by PKC,

PKA or both. Very small changes caused by EMFs in the surface charge distribution of cells

bearing G-protein-linked receptors (Smith et al., 1991) could possibly lead to significant

changes in the signal transduction properties of those receptors. In studies using monoclonal

antibodies specific for the PTH receptor, treatment with PEMFs produces changes in the

expression of certain receptor determinants that are similar to changes observed in cells

desensitized by treatment with hormone analogs. The receptor determinants whose expression

is modified by ELF EMFs appear to be homologous to the signal transduction domains of other

G-protein-linked receptors. Desensitization of other G-protein-linked receptors is known to be

associated with changes in the configuration of the transmembrane domains adjacent to

intracellular phosphorylation sites. These configurational changes lead to phosphorylation of

the receptor by intracellular enzymes.

A wide range of ELF field effects on hormonal, neural and neurohormonal processes may

become more amenable to direct molecular investigations. This hypothesis also seems to

suggest that low energy fields may produce biological effects because the energy needed

to produce small (but functionally significant) conformational changes in the surface domains

of membrane proteins may be correspondingly low. This can also be evidenced by examining

the effect of modulated radio frequency (RF) fields.

5.4.11 Mechanisms for EMF Effects on Bone Signal Transduction

One key observation is that osteoblasts exposed to PEMFs for as little as 10min exhibit a

persistent desensitization to the effects of PTH on adenylyl cyclase. This desensitization may
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occur variously: in the absence of a decrease in the total amount of adenyl cyclase enzyme, in

the number of hormone receptor sites, in the affinity of the hormone for the receptor, or in the

fractional occupancy of the PTH receptor by hormone. Studies using biochemical probes of

G protein coupling indicate that the ability of bound hormone receptor complex to activate

G proteina-subunits is impaired by treatment of the osteoblast with PEMFs. Desensitization of

the PTH receptor results in an elevated rate of synthesis of collagen by the osteoblast and a

decreased rate of bone resorption by osteoclasts. Both of these effects would tend to increase

the amount of bone in a localized area exposed to PEMFs in vivo and these effects are in fact

observed in healing bone in clinical situations.

RF/MW (microwave) fields modulated at ELF frequencies produce ELF-like effects. No

single model yet explains the observed bioeffects across the spectrum from ELF to millimeter

waves.Many effects are independent of RF but relate closely tomodulation frequency (ELF) of

the RF field. There is wide speculation that the detection of certain modulation components of

RF/MW fields may be related to intrinsic property of tissue organization. The available data

indicate similarities between certain cell ionic and biochemical responses to ELF fields, and to

RF/MW fields’ amplitude modulated at these same ELF frequencies. This suggests that

demodulation of RF/MW fields may be a critical parameter in controlling the biological

processes. Figure 5.16 presents a model for their cellular interaction with the modulated field.

These findings suggest that ELF field treatment may change the conditions at the cell

membrane surface in some as-yet-unknown way, so that the configuration of key residues

of the PTH receptor is changed, leading to desensitization (possibly by phosphorylation) of the

receptor and thus a shift in the balance of osteoblast activities toward increased bone formation.

5.5 Venous Pressure and Bone Formation

Although measurements in microgravity provide an important facility for research, logistical

reasons limit the number of experiments that can be performed, or the number of subjects

available for investigation. It is, therefore, useful to combine, experiments inmicrogravitywith

supporting ground based experiments. There is evidence from several independent sources that

venous pressure and intraosseous pressure can modify bone mass. Both laboratory and clinical
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studies have shown that increasing venous pressure by application of an external tourniquet

stimulates bone formation at the distal site. Studies have shown the application of a venous

tourniquet proximal to the knee of puppies increased the fluid spaces in bone and the amount of

periosteal newbone formation by significant amounts after a period of 7 days (Kelly andBronk,

1990). These authors also demonstrated that application of a venous tourniquet increased

significantly intraosseous pressure in the tibia. Work from the same laboratory has also shown

the acceleration of fracture repair in tibia distal to a venous tourniquet (Kruse and Kelly, 1974).

A direct increase of intramedullary pressure in immature goats has also been shown to

initiate periosteal bone apposition (Welch et al., 1992; Welch et al., 1993). Intraosseous

pressures of 30–45mmHg increased bone mineral significantly after 5 days. There was also

a significant increase in cancellous new bone formation and osteoclast covered bone

surface.

5.6 Ultrasound and Bone Repair

Wave propagation and vibration tests can be used to determine the in vivo properties of bone

(Saha and Lakes, 1977; Behari and Singh, 1981a; Nokes et al., 1984) by detecting stress

waves in bone using the piezoelectric effect. Behari and Singh (1981a) have examined

ultrasound (US) propagation (1.2MHz) in vivo in bone and therebymeasured the attenuation

and relaxation time. The resonant frequency of the stress wave signal can be used to

characterize physical properties of human long bones (Diherty, Bovill and Wilson, 1974;

Lowet et al., 1993) and in bone repair studies (Singh et al., 1990). The elastic wave

propagation technique has been used in estimating the mechanical properties of human tibia

(Cheng, Timonen and Suominen, 1995). The resonant frequency of a long bone measured

using the impulse response method can reflect the bending rigidity of the bone (Nakatsuchi,

Tsuchikane and Nomura, 1996).

Several workers studying the properties of ultrasound in bone (Anast, Fields and Siegal,

1958; Rich et al., 1966; Floriani, Debevoise and Hyatt, 1967; Brown, 1977; Brown and

Mayor, 1974, 1976; Abendschein and Hyatt, 1970; Saha et al., 1982; Rao et al., 1982;

Saulgozis et al., 1996) have attempted to differentiate the various stages of a healing fracture

by measuring the velocity change in the acoustic wave crossing a fracture gap. The small

difference in this velocity can easily be overshadowed by a small difference in path length of

the wave. However, the magnitude of the signal output (attenuation) seemed to be a more

reliablemeasure of the different stages of the healing of the fracture (Saha et al., 1982). Those

studying the impact properties of bone (Clemedson and Johnson, 1961; Bird et al., 1968;

Kenner et al., 1975; Lewis andGoldsmith, 1975;Wong, Goldsmith and Sackman, 1976) have

used similar approaches, including bonded strain gages, to measure some of the dynamic

properties of bone. From these observations it seems that it is feasible to use wave

propagation characteristics of bone to measure some of the parameters of bone that are

of clinical interest.

Mechanical vibrations in the form of ultrasound (Polyakov et al., 1974; Dyson et al., 1968;

Forest et al., 1953) produce bonding of bones and give rise to the phenomenon of osteogenesis.

No pathway is involved in the stimulation of angiogenesis, mechanical stress and bone

turnover. This also covers the three essential steps for bone repair. These observations may

be crucial in helping to explain the valuable clinical roles of the therapeutic range of ultrasound
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in promoting angiogenesis and healing in soft tissue and bone.Uglow et al. (2003) did not find a

significant improvement in the parameters of bone healing that were evaluated using low

intensity pulsed ultrasound in a stress-free model. These authors have further concluded that

different intensities may be required for different mechanical situations.

Changes in the mechanical and/or geometrical properties of cortical bone can be used to

assess fracture stiffness (Barbieri et al., 2006; Protopappas et al., 2005; Protopappas, Fotiadis

andMalozos, 2006). This relationship betweenvelocity and elasticmodulus indicates the onset

of osteoporosis (Chen, Zhao and Mundy, 2004; Haiat et al., 2005; Tatarinov et al., 2005).

Fracture healing of long bone is assessed by measuring the time delay brought about by the

differences in velocity between cortical bone and the material filling the fracture site. The time

delay is also dependent upon the fracture gap size. Therefore, a large change in velocity

compared to the intact bone velocity for a particular transducer separation is desirable for the

initial inflammatory stages of the healing process, which can then be compared with the

velocity measured as the bone heals. Similarly, a large change compared to a baseline

measurement on the intact bone is desirable when using the signal amplitude as a potential

parameter to monitor healing in long bones (Saulgozis et al., 1996). The ultrasound velocity is

given by (Heaney et al., 1989):

v ¼
ffiffiffiffiffiffiffiffi
E=r

p

where E is the Young’s modulus and r is the density.

Dodd et al. (2007) have measured ultrasound velocity and attenuation. They employed an

axial transmission technique using two 20mmdiameter, 200 kHz, unfocussed transducers, one

acting as the source and the other as the receiver. The assembly was immersed in a tank

containing distilled water. These authors plotted attenuation as sound pressure level (SPL) (db)

versus transducer separation (x) using the relationship:

SPLðxÞ ¼ 20 log VðxÞ=Vðx0Þ½ � ð5:15Þ

where V(x0) is the arrival signal voltage at x¼ x0 and V(x) is the voltage at each measurement

position x.
As parameter is defined using Equation 5.15 to quantify the effect on amplitude [SPL(x)] of

introducing a discontinuity to a specimen, that is, simulating a fracture. The difference in sound

pressure levels, expressed as a fracture transmission loss (FTL), at a given measurement

position x, is calculated using:

FTL ¼ � SPLFðxÞ� SPLLðxÞ½ � ð5:16Þ

where the subscript ‘‘L’’ denotes an intact specimen and ‘‘F’’ a fractured specimen. From

Equation 5.16 it is apparent that a reduction in signal as a result of the fracture will give rise to

positive FTL.

Thevelocity of an ultrasonicwave across a discontinuity in a structure, such as a fracture site,

will be reduced, and a subsequent increase can be used as a measure of fracture healing. It can

be compared to the wave velocity in the continuous structure (the unfractured contralateral

bone) as the bone regains its structural integrity. Hence age and activity related changes in bone
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mechanical properties (i.e., osteoporosis) can also be detected using ultrasound techniques

when compared to a normal population (Heaney et al., 1989; Rubin et al., 1987).

With uncomplicated healing, despite some early variation in the results for the control tibia,

the velocity subsequently stabilizes to a constant value of about 2800m s�1. The results for

fractured tibia approach those of the control tibia as healing progresses but by the time of

clinical union (16 weeks) there is still a marked difference between the results for the control

and fractured tibiae.

In the case of an undisplaced distal third tibial fracture, the ultrasound velocities in the

control and fractured tibiae are coincident at the time of initial measurement and remain so

throughout the course of treatment. These results suggest that the fracture is either incomplete

or so closely aligned to minimally affect the transmission of the ultrasound across the fracture

site. For the case of delayed healing of a commuted distal third fracture, the results for the

fractured tibia show a steady, although slow, increase towards those of the control tibia.

However, by 45 weeks post fracture the results are still markedly different and showed no signs

of further convergence.

Low intensity pulsed ultrasound can show osteogenic effects relating to fracture repair

(Maclman et al., 1998; Mayr et al., 2002; Leung et al., 2004), treatment of non-union (Mayr

et al., 1999; Nolte et al., 2001), or bone lengthening (Sato, Matsushita and Nakamura, 1999;

Shimazaki et al., 2000). The beneficial effects of low-intensity pulsed ultrasound has also been

seen even in an in vitro study and in complex fracture healing (Leung et al., 2004). The

nonthermal effects of ultrasound have been shown in control trials to result in stimulation of

tissue regeneration (Dyson, 1997; Young et al., 1996), angiogenesis (Young andDyson, 1990),

healing of ulcers (Nussbaum, Biemann and Mustard, 1994), increased blood flow in chroni-

cally ischemic muscles (Fabrizio et al., 1996), increased protein synthesis in fibroblasts (Doan

et al., 1999; Ramirez et al., 1997) and tendon repair (Enwemeka, Rodriguez and Mendosa,

1990). Ultrasound effects in bone include the induction of bone formation in vitro (Reher et al.,

1997) and bone repair in animals (Azuma et al., 2001; Nolte et al., 2001; Takikawa et al., 2001;

Yang et al., 1996). In an uncontrolled series of 22 cases ofmandibular osteoradionecrosis, 20 of

these healed in response to ultrasound (Harris, 1992). It may be inferred that the increase in

resonant frequency with decreasing fracture gap is an indication of fracture healing (Singh

et al., 1990). The bone stiffness K, which is a measure of bone quality, is of greater clinical

significance than an estimation of bonemineral quantity in fracture assessment and is estimated

from the resonant frequency.

Ultrasound has also been reported to accelerate bone repair in various animal models.

Corradi and Cozzolino (1953) showed that US treatment for 5min day�1 for 15 days at an

intensity of 1.5Wcm�2 accelerated healing compared to contralateral controls. One study

showed that 200mWcm�2 enhances the healing of fibular fractures in rabbits (Klug, Franke

andKnoch, 1986). A daily exposure of 5min enhances fracture healing in rat fibula (Dyson and

Brookes, 1983). A study on rabbits using intensities of 50 and 57mWcm�2 applied for 15min

daily (Duarte, 1983) suggest that US had stimulated fractured repair.

The results of a large study on fracture healing using rabbits has been reported by Pilla et al.

(1990). In this study, a 30mWcm�2, 1.5MHz pulsed US signal was applied for 20min

daily to a highly reproducible fibular osteotomy model. This study utilized biomechanical

torsion testing to assess the effects of US. The results demonstrated a statistically significant

acceleration of healing by a factor of 1.7. A power intensity dosimetry study in the same animal

model (Pilla et al., 1991) varied the US intensity from 1 to 45mWcm�2 for 20min daily; the
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biomechanical data showed a statistically significant acceleration of healing at all doses except

at 1mWcm�2. An independent study using the same power intensity (30mWcm�2) as used by

Pilla et al. (1990) has been carried out using the standard rat femoral fracturemodel (Bonnarens

and Einhorn, 1984) by Wang et al. (1994). The results showed a 22%increase in maximum

torque versus the contralateral limb 21 days post-fracture. Signals with both 0.5 and 1.5MHz

carrier frequencies were effective. In another investigation, 50mWcm�2 was employed with

resultant increases in maximum torque and torsional stiffness of 29% and 37%, respectively, at

21 days post-fracture (Yang et al., 1996).

PEMF waveforms are typically employed for the repair of recalcitrant and fresh

fractures, consisting of a 25ms burst of 200 ms pulses. The peak induced electric field

is 1–10mV cm�1 in a 2.5 cm radius target. The US signal consists of a 500ms burst of

1.5MHz sinusoidal waves repeated at 200 s�1, inducing 1–10mV due to the nonlinearities

of the propagation of sound wave along the surfaces of the bone cells in the canaliculi

(microstreaming). The SGP generates 0.1–1mV cm�1 peak amplitudes (for 1000 micro-

strain) at frequencies below 100Hz and exponentially decays at higher frequencies (Pilla,

2002).

In bone repair, both osteogenesis and angiogenesis are essential. It has been shown that the

therapeutic range of ultrasound stimulates bone formation (Reher et al., 1997) and osteoblast

proliferation (Daon et al., 1999) and stimulates the synthesis of angiogenic factors, vascular

endothelial growth factor (VEGF), basic fibroblast growth factor (FGF) and interleukin-8

(IL-8) (Reher et al., 1999). This has been confirmed by animal studies (Hadjiargyrou et al.,

1998; Hantes et al., 2004; Rubin et al., 2001; Wang et al., 1994; Yang et al., 1996). Clinical

trials (Kristiansen et al., 1997; Leung et al., 2004a, 2004b) have been carried out using

ultrasonic techniques to accelerate the process of bone fracture healing. It is not clear, however,

how the therapeutic range of ultrasound induces bone formation and angiogenesis. One

possibility is that the ultrasound may act like mechanical stress, by which mechanical

stimulation is transduced and leads to new bone formation. The latter may hold in the

therapeutic range of interest. Prostaglandins (PGs) are necessary for the induction of bone

formation and remodeling bymechanical stimuli (Chow andChambers, 1994; Forwood, 1996;

Meghji, 1992; Pead and Lanyon, 1989). In addition, nitric oxide (NO) production is required

for mechanically induced bone formation (Fox, Chambers and Chow, 1996; Turner et al.,

1996). NO, like PGs, may also play an important role in bone remodeling because it also has

potent affects on both osteoclast (Collin-Osdoby, Nickols and Osdoby, 1995; Kasten et al.,

1994; Macintyre et al., 1991) and osteoblast (Riancho et al., 1995a, Riancho et al., 1995b)

activity.

The results reported show that the therapeutic range of ultrasound can stimulate osteoblasts

to produce NO and PGE2. The synthesis of NO appears to be via the inducible form of NOS,

which may explain the presence of NO at 18 and 24 h. The iNOS pathway is thought to be

capable of generating much larger quantities of NO over a more prolonged period than the

constitutive NOS (Moncada and Higgs, 1993; Palmer, Ferrige and Moncada, 1987). Of

the NOS isoforms, eNOS has been the most widely reported in bone (Brandi et al., 1995;

Helfrich et al., 1997; MacPherson, Noble and Ralston, 1999), but iNOS does not appear to be

constitutively expressed in normal adult bone (Fox and Chow, 1998; Helfrich et al., 1997)

although it can be induced by proinflammatory cytokines and endotoxin (Armour et al., 1999;

Ralston et al., 1995; Ralston et al., 1994; VantHof and Ralston, 1997).
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Bone adaptation to mechanical stimuli is dependent on the bone strain magnitude and the

loading frequency (Fig. 1.10). Some stimulation of bone growth appears to occur with other

wave patterns, including sine wave and the use of ultrasound (Li 1992; Bachner et al., 1987;

Pilla et al., 1990; Heckman et al., 1994). Low intensity ultrasound at a spatial averaged

temporal averaged intensity of 30 mw/cm2 may attenuate gradually in the soft tissue and

posterior distal radius particularly in the cortical shell. Its averaged force is reported to be

substantially less than the threshold for bone formation, and ineffective in stimulating

remodeling (Turner et al., 1994). Apart from the effects of low intensity pulsed ultrasound

attenuation from the intact bone matrix, the bone in late adult life becomes less responsive to

mechanical stimuli. This may be considered as another reason for the absence of a beneficial

effect of low intensity pulsed ultrasound (Leung et al., 2004). These finding seem to suggest

that therapeutic effects are related throughmechanical to electrical output. This in turn controls

cellular function.

Low intensity pulsed ultrasound is suggested to enhance fracture healing by stimulating

earlier synthesis of extracellular matrix protein, the aggrecan in cartilage, possibly altering

chondrocytematuration through the endochondral bone formation pathway (Yang et al., 1996).

5.6.1 Ultrasonic Attenuation

The attenuating properties of the oscalcis diminish with decreasing density (McCloskey et al.,

1990; McKelvie and Palmer, 1987), suggesting that density and porosity are inversely

proportional. Hence the attenuation in the oscalcis decreases with increasing porosity. If,

therefore, the attenuation coefficients of various porosities of trabecular bone display a similar

peak to that given by the phantom, then the porosity of the oscalcis should be greater than 50%.

Although several studies of the properties of the oscalcis have been undertaken, no direct

information on its porosity is available. Density values are obtained by means of Archimedes’

principle. However, these measurements can be unreliable if great care is not taken to exclude

all air from the sample or if there is a degree of uncertainty about the nature of the pore filling

material. For example, McKelvie and Palmer (1987) measured the density of samples of

oscalcis to lie in the range 940–1170 kgm�3, despite the density of marrow being 970� 60

kgm3 and that of cortical bone being 1990� 27 kgm�3 (ICRP, 1975). The existence of a peak

in attenuation as the porosity is changed means that a lower than normal attenuation

measurement at a particular skeletal site cannot be interpreted as an indication of osteoporotic

bone without knowledge of the porosity of that bone. The nature of the ultrasonic attenuating

mechanism in porous materials is the subject of debate. Two models have been suggested, one

based purely on multiple scatter and the other taking care of viscoelastic mechanisms (Biot

1956, 1962). Biot theory treats attenuation as an effect of the viscous forces that are created as

fluid is moved though the porous matrix.

In pursuance of the above, for the transmission of an ultrasound pulse across a fracture the

amount of attenuation of a vibration pulse across the fracture site has also been used as a

measure of fracture healing (Figures 5.17 and 5.18) (Pelker and Saha, 1985; Behari, Arya and

Alex, 1991). In another set of investigations an impulse has been applied to the bone and the

output from accelerometersmounted either on the skin (Nokes et al., 1985), or directly on to the

bone via hypodermic needles (Sonstegard and Matthews, 1976), at the proximal and distal of
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Figure 5.17 Circuit diagram for measurement of ultrasonic attenuation in rat femur
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Figure 5.18 Averaged difference in attenuation between a control and an experimental leg versus

frequency in rat femur
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positions the fracture site, has been measured. The output from the proximal and distal

accelerometers was compared and the amount of attenuation of the signal across the fracture

site was used as a measure of healing.

5.6.2 Measurements on Human Tibiae

The transmitter (T) is pressed against themedial side of the tibia near the ankle and kept fixed at

this position. The receiver (R) is then placed on themedial face at different known distances (X)

from the transmitter (Figure 5.19a). For each position of the receiver, the traveling time of the

US pulse is noted and a graph of distance between transducers against propagation time can be

obtained, which is found to be linear. From these measurements the US propagation speed can

be derived. By using the slope to calculate the velocity one excludes time delays due to soft

tissues.

5.6.3 Measurements on Models

To assess the influence of soft tissue thickness overlying the bone, amodel consisting of ametal

plate placed in awater tank (Figure 5.19b) can be used. Thewater height above the plate (h) can

be changed, as can the distance (X) between the transducers.

The velocity of US in water is 1500m s–1, similar to that of soft tissue, while in metal it is

5570m s–1. The transmitter and receiver are kept a fixed distance apart, touching the water

Figure 5.19 Propagation and measurement of ultrasound parameters in a simulated phantom media

(Van der Perre et al., 1991)
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surface. By changing the water height above the metal plate, it is intended to simulate the

influence of soft tissue thickness on US transmission measurements. From this figure, a linear

relationship between propagation time and water height is observed, until a certain water

height, above which the propagation time appears to be constant, indicating that the wave is

traveling only through water.

The behavior of the first part of the curve is linear. The propagation time (t) of the ultrasonic

signal is the sum of the time needed to travel fromA to B, from B to C and fromC to D. This is:

t ¼ 2
h

cosðaÞ
1

vw
þ X� 2:h:tanðaÞ

vm
ð5:17Þ

where vw and vm are the US velocities in water and metal, respectively. This expression is

minimal for a¼ arcsin(vw/vm).

Derivative of equation 5.17 fields

dt

dh
¼ 2

cosðaÞ :
1

vw
� 2tanðaÞ

vm
ð5:18Þ

For vw¼ 1500, vm¼ 5570 and a¼ 16.6�, one obtains dh/dt¼ 778m s�1.

A linear regression on the first part of the curve of Figure 5.20 gives a slope dh/dt of

754m s�1, which is very close to these theoretical results.
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Figure 5.20 Influence of water height on propagation time
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To allow for transmission of the ultrasonic wave through the water (or soft tissue), the time

elapsed ismeasured (t) and corrected. To obtain the time thewavewould need to pass a distance

in metal that is equal to the distance between the transducers:

t0 ¼ t� X

vm
¼ 2h

1

cosðaÞ :
1

vw
� tanðaÞ

vm

� �
ð5:19Þ

For in vivo measurements on bone, vbone¼ 3500m s�1. Bone mass measurement has shown a

high degree of accuracy. It is well established that the measurement of bone mineral content

(BMC) in the lumbar spine is highly reproducible in normal population, even if this diagnostic

modality is greatly affected by the quantity of fat tissue and other physiological and

pathological situations (Parrini, Gallazzi and Parrini, 1987). Forearm mineral density appears

to be influenced by the site of measurement (distal or ultradistal), and since it measures the

cortical bone compartment it does not provide a way to detect the early stages of bone

deterioration (Mazess, 1983).

Notably, the heal BMC is possibly the most accurate measurement of bone mineral content

(Wasnich et al., 1987), because it is far less affected by obesity, it does not appear to be

influenced by dominance of the site and it measures prevalently cancellous bone (more than

90%of the oscalcis is represented by trabecular bone). Furthermore, decreasedmass is only one

of several factors known to influence bone fragility.

Paradis andKelley (1975) have suggested that the principalmechanism of control ofmineral

deposition in fracture healing is blood flow. Sympathectomy enhances blood flow to bone

(Davis, Jones and Hungerford, 1987) and enhances the healing process, though this demands

further confirmation. Some data suggest that vasoconstrictive responses that are induced by

diverse mechanisms in the vascular bed of bone may be blocked by selective blocking agents.

Pharmacologicalmanipulations of the blood flow to the vascular bed of bone offer the potential

to enhance the local supply of nutrients and oxygen and would probably promote improved

fracture healing (Brinker et al., 1990). An increase in blood flow to bone by prevention of local

constriction may also be useful in the treatment of patients who have an infection of

bone. Selective vasodilation of the vascular bed of bone may have important clinical

applications.

5.7 SNR Analysis for EMF, US and SGP Signals

Clearly, from the foregoing discussions, both EMF and US signals have a clinically significant

effect on bone repair, though the extent of their effect remains to be determined. The intensity of

the signal (EMF and US) employed does not cause a physiologically significant temperature

rise in the target cell/tissue area. The same is true for SGP signals. Bioeffects from weak EMF

signals are caused by the time varying electric field [E(t)], induced from either an applied time

varyingmagnetic field,B(t), in the case of the therapeutic devices, or from streaming potentials

in the case of mechanical signals. Both modalities are now a common part of the treatment for

delayed union, non-union and fresh fractures. It is also clear that controlled weight bearing

can also enhance bone repair. Such studies consider the dosimetry of both electromagnetic

and mechanical signal modalities and suggest a possible unifying mechanism for the
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bioeffects from EMF, US and SGP signals. The E(t) field is directly induced with EMF devices

and is also indirectly induced via the streaming potentials associated with the mechanical

movement of ionic fluids within bone canaliculi or directly past cell surfaces fromUS and SGP

signals. It is shown here that both electrically and mechanically induced E(t) have common

waveform characteristics at the treatment site and thus can deliver similar doses of electrical

stimulation. These are induced either by a time varying magnetic field, B(t), in the case of

therapeutic devices, or from streaming potentials in the case of mechanical signals. Most EMF

clinical devices induce a peak E of 1–10mVcm�1 at the treatment site (Otter, Goheen and

Williams, 1988; Pilla, 1993), except for the combined magnetic field device, which induces a

much lower E and are designed to have a magnetic field component (McLeod and Liboff,

1987). It is then proposed that the time varying endogenous electric field, E(t), from a time

varying change in the mechanical environment of healing or remodeling bone, can act as a

dose-dependent growth stimulus (Pilla, 2002). Ultrasound SGP signals induce similar electri-

cal field amplitudes from the movement of charged fluids in contact with cell and molecular

surfaces but with substantially different waveforms. An aspect of this is whether US and SGP

signals induce similar electric field amplitudes from the movement of charged fluids in contact

with cell and molecular surfaces but with substantially different waveforms or if at some stage

they can have the equivalent bioeffects. An associated aspect is whether the signals can be

detected at the molecular/cellular/tissue target in the presence of thermal noise, that is, the

signal to thermal noise ratio (SNR) is important. The mechanistic pathway most often con-

sidered for EMF bioeffects involves the cell membrane, across which a time varying magnetic

field can induce a transient voltage change.

A bioeffect from EMF, US or SGP signals requires that the induced E has frequency

components corresponding to the bandpass of the target and that the resulting transmembrane

voltage (VM) is detectable above thermal and other baseline voltage noise. To assess this, each

of thesewaveforms has been applied to the cell array tissue model using Ca2þ /CaM binding at

a bone cell as the target pathway. The effect of array length on the induced electric field from a

typical SGP signal is around (1–10Hz). Here it is seen that E increases significantly for longer

array lengths, but over a limited frequency range, corresponding to the bandpass imposed by

the kinetic parameters of the Ca2þ binding process. Themean transmembrane thermal noise is

in the range 1–10 mV, depending the on membrane impedance and array lengths (Pilla, Nasser

andKaufman, 1994). The SNRwas clearly satisfied only at the 100mmand 1mmarray lengths.

These lengths are typical for cells in gap junction contact for normal remodeling bone.

Interestingly, for the 1mm array, E(w) exhibits a peak in the 10Hz range. Remarkably, this is

within the ideal frequency range for pulse mechanical modulation of disuse osteopenia (Oin,

Rubin and McLeod, 1998).

The question to be settled is whether E(t) from US and EMF signals can be similar enough

to produce equivalent bioeffects. The EMF bioeffects involve the cell membrane, across

which a time varying magnetic field can induce a transient voltage change (Foster and

Schwan, 1986; Pilla, 1972). The argument then is that the induced transmembrane voltage

change is buried in thermal and other voltage noise across the membrane, rendering the

applied signal relatively insignificant. The simple model generally employed to justify this

conclusion assumes that the EMF target is a spherical cell of approximately 10 mm radius. In

addition, the dielectric characteristics of the cell membrane are limited to a simple

membrane capacitance. These calculations often lead to an unfavorable SNR for many
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EMF signals that have, however, demonstrated biological effects (Adair, 1991). However,

the spherical cell model for SNR is certainly oversimplified and does not represent the

geometric complexity of EMF cellular and tissue targets. All organized tissue is developed

and maintained by an ensemble of complex geometry cells that probably have coordinated

activity (Caveney, 1985). The most prevalent cell shape in living system tissue is elliptical

and flattened, with processes extending in at least two directions. For example, human

fibroblasts can typically exceed 100 mm when attached to a substrate (connective tissue). In

addition, nerve axons can be tens of centimeters long. Furthermore, most cells are

anisotropic in shape and function and can detect significantly more of the applied field

than an isotropic shape can (Pilla et al., 1992). In this connection, the role of cooperative

organization in the EMF sensitivity of biological systems has been quantitatively considered

(Adey, 1988). Gap junctions provide pathways for ionic and molecular intercellular

communication (Lowenstein, 1981) and are present in all tissues, including bone (Doty,

1981). Gap junctions provide ionic coupling and metabolic cooperation, without which

disorders in growth control and tissue repair, as well as neoplastic transformations, could

occur (Sheridan and Atkinson, 1985).

In this connection, the functional modification of gap junctions by modulated MW fields as

well as EMF signals has been reported (Fletcher et al., 1986;Hu et al., 2001). It has been shown

that the potential effectiveness of any given EMF waveform on molecular, cellular or tissue

targets may be first assessed by evaluation of the SNR. It is shown that, for connected cells in

real tissues, sensitivity to EMF or mechanical signals is determined by both the geometry and

the electrical characteristics of the target and can be several orders of magnitude higher than

that for single isolated (e.g., circulating) cells or molecules. A distributed parameter can be an

accurate representation of the electrical behavior of the cell array typical in repairing and

remodeling bone tissue (Pilla, Nasser and Kaufman, 1993, 1994).

5.7.1 Ununited Fractures

Occasionally, bone fractures fail to heal in a normal period of time and require some form of

intervention to complete the process of healing. This condition is commonly referred to as non-

union fracture. Many factors, such as smoking, diabetes and age, may contribute to the

development of a non-union. However, inmany cases the cause is unknown. Themost common

method of treating a non-union in bone is graft surgery. In this procedure, bone is taken from

another location in the patients body and surgically implanted in the non-union site. Metal rods

or plates and bone screws also may be attached to the broken bone to secure the ends in place

while it heals. However, there is an element of serious health risk associated with bone graft

surgery.

About 5% of long bone fractures fail to follow the normal repair pattern and the healing

process stalls in the intermediate phase. Fibrocartilage may persist for months or years

because it is never calcified. Various factors are responsible for this outcome, such as

severe devascularization at the time of initial injury, uncontrolled motion, poor reduction

of the fragments and infection and so on. Intraarticular fractures of the scaphoid and high

femoral neck are typical sites for non-union, largely because of their tenuous blood

supply. The end result is persistence of soft tissues, motion, pain and tenderness at the old

fracture site along with disability; operative methods that are successful in establishing
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bony union result in calcification of this persistent soft tissue (fibrocartilage) in the gap

(Adey, 1984).

Themain application of PEMFs has been in orthopedics in healing non-union bone fractures,

with an 80%success rate for the tibia, as reported byBassett (1982a, 1982b, 1989) andBrighton

et al. (1986). Using a capacitively coupledRFfield such as used for bone fracture healing a high

success rate in animals (rats) and humans for healing of bone fractures has also been reported

(Behari, Arya and Alex, 1991). Yang, Chang and Liu (1994) have reported that the following

settings can heal fracture non-union: frequency 7.5Hz, pulse width of 300ms and induced

electric field intensity of 1–2mVcm�1. Borsalino et al. (1988) have reported results on the

treatment of delayed and non-union of fractures using PEMFs. Their success when PEMF

therapy was used in conjunction with surgery has been 100%, but for fractures treated with

PEMF alone it was 86%.

Ultrasound technique can be easily used and is not time consuming. It compares the results

of the fractured and the non-fractured bone. This has the advantage that the results are

self-contained for a patient, but the disadvantage is that, if the results are not coincident

on clinical healing, treatment may be prolonged for longer than necessary. The velocity of

ultrasound depends on the mechanical properties, E and r of the bone, rather than the stiffness
of the fracture. The results for the control and fractured bone are unlikely to be coincident until

significant remodeling of the bone has taken place.When the results are coincident, it would be

expected that the properties of the remodeling fracture zone are similar to those of the

unfractured bone. This has the advantage that it would enable the later stages of healing, when

treatment has usually been discontinued. However, should asymmetrical bridging of the

fracture have taken place, then the ultrasound results would be the same as if complete bridging

had occurred.

The positive effect of low intensity pulsed ultrasound on simple fractures, like distal radial

fractures and diaphyseal fractures of the tibia, have been reported (Busse et al., 2002; Duarte,

1983; Heckman et al., 1994; Nolte et al., 2001). The effects of low intensity pulsed ultrasound

on more complicated fractures have also been reported. The physical property of low intensity

ultrasound has limited penetration characteristics, the effect ofwhichmay be best shown on the

stimulation of more superficial structures. However, tibial fractures were shown to be healed

with large amount of callus that developed on the anterolateral surface, where the ultrasound

probe is applied and on the posterolateral surface. The large amount of callus shows that the

stimulatory effect of ultrasound is not localized but is propagated in the biologic tissues in the

fracture site (Leung et al., 2004). Leung et al. (2004) have investigated the effect of low

intensity pulsed ultrasound on the human periosteal cells (proliferation and differentiation) and

the biology of fracture healing [expression of alkaline phosphatase (ALP), osteocalcin,

vascular endothelial growth factor and calcium deposition]. These authors used a low intensity

ultrasound signal of a 200 ms burst of a sine wave, repeating at 1.0 kHz, with 30mWcm�2

spatial averaged, temporal averaged intensity. 5� 104 periosteal cells perwellwere seeded into

a six-well plate for 2 days. The ultrasound did not affect the total number of viable cells.

However, it did stimulate cell proliferation at the early phase of cell culture. The activity ofALP

increased significantly in the culture at day 4. A similar effect was seen for osteocalcin

secretion and the response is dose dependent. Vascular endothelial growth factor secretion

increased in day 2 and day 4 cultures, with a dose-dependent effect. The formation of calcium

nodules found to be significantly higher with ultrasound treatment. Leung et al. (2004) have

concluded that the low intensity pulsed ultrasound stimulated periosteal cell proliferation and
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differentiation toward oseogenic lineage. It has been suggested that ultrasound treatment be

started from the beginning of fracture healing.

However, Emami, Petren-Mallmin and Larsson (1999) indicated that low intensity ultra-

sound had no effect on tibial fractures treated with intramedullary nailing.

Although differences may exist between the healing of the gap osteotomy and typical

fractures, the results of Chen et al. (2003) support the potential beneficial effects of PTH in

bone regeneration during fracture healing. Andreassen, Ejersted and Oxlund (1999) used 60 or

200mg kg�1 day�1 PTH (1–34) injections to promote callus formation and, thereby, increased

the mechanical strength of tibia fractures in rats. They found that the high PTH dose

(200mg kg�1 day�1) led to more beneficial effects on fracture healing than the low dose

(60mg kg�1 day�1).

PTH delivered through daily injection and gene therapy resulted in a significant anabolic

effect in femoral osteotomy sites despite the lack of significant results when applied

individually (Chen et al., 2003). The combination treatment group, when compared with

other groups, showed significantly highermineral bone density, bonemineral content and bone

area using DEXA analysis, and a trend for greater bone area in microradiographic analysis.

These authors have reported that an additive anabolic effect exists between intermittent PTH

subcutaneous injection and local PTH gene therapy. This is at pointer toward the concept of a

combination of local and systematic treatments.

5.8 Low Energy He-Ne Laser Irradiation and Bone Repair

Figure 5.21 shows the general features of laser–tissue interaction. A low energy laser beam is

reported to control bone fracture healing (Figure 5.22), though this has yet to find a clinical

acceptance. Low energy laser irradiation has been found to modulate various processes in

different biological systems (Gallent, Bolognani and Ussia, 1992; Karu, 1989). Laser energy is

photochemical in nature and the energy is absorbed in intracellular chromophores and

converted into metabolic energy, most likely by involving the respiratory (cytochrome) chain
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Figure 5.21 General features of laser–tissue interaction

Bioelectric Phenomena: Electrostimulation and Fracture Healing 229



(Karu, 1989). The sequential events of the repair process of the cortical bone of the tibia appear

to be an elevation of alkaline phosphatase (ALP) activity in the injured site and 45Ca

incorporation, which is an indication of mineralization. Calcium accumulation at the site of

injury reaches a maximum after the peak of ALP and 45Ca incorporation in control rats

(Yaakobi, Maltz and Oron, 1996). This phenomena has also been reported in other studies

dealing with bone growth in rats (Reddi and Sullivan, 1980). In the study carried out by

Yaakobi, Maltz and Oron (1996) peak ALP activity in the injured site was found on day six

of post injury as compared with those of other workers (Barushika et al., 1995). This finding

supports the notion that the endosteal bone beneath it, as if a local response to injury

following ablation of the medullary canal, precedes the process of bone repair in the cortical

bone, as revealed by histological analysis (Barushika et al., 1995). Thus the peak activity of

osteoblast at the injured site of the cortical bone is delayed relative to their peak activity in

the injured medullary canal. Consequently, the peak of calcium accumulation was found on

day 13 post injury in the cortical bone (Yaakobi, Maltz and Oron, 1996), while it was day 11

in another study (Barushika et al., 1995). Yaakobi, Maltz and Oron (1996) concluded that,

by direct measurements of rate and extent of calculation at the site of injury, low energy

laser irradiation causes a twofold increase in the rate of bone repair in the cortical part of the

tibia in an experimental model of rats. This phenomenon corroborates the presence of a

significantly higher number (2.2-fold) of active osteoblasts at the injured site – as reflected

by significantly higher ALP activity. Interestingly, in the laser irradiated rats, the peak

activity of ALP lasts for about day 9–15 post injury, whereas in the control rats the peak is

observed on the ninth day. It is suggested that the differentiation of the osteoblast to

osteocyte is delayed by the laser irradiation and it remains active for longer time interval in

Figure 5.22 Treatment of bone injury by low level laser irradiation
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the injured zone. Kusakari, Orikasa and Tani (1992) have reported stimulation of DNA,

protein synthesis and ALP activity in UMR 106 osteoblast like cells in culture by low

energy laser irradiation at 780 nm. It can be deduced, therefore, that simulation of

proliferation and/or bone matrix secretion by the laser irradiated osteoblast in vivo may

also have caused the elevated rate of bone repair in the rat. There may be a possibility that

the laser irradiation also promoted the new formation of blood vessels at the site of injury,

essential for bone repair. This phenomenon also occurs during skeletal muscle regeneration

(Bibikova, Belkin and Oron, 1994). Some other studies have also indicated a faster healing

of bone in induced fractures in mice (Trelles et al., 1990).

Various biostimulatory effects of low energy laser irradiation have been reported that involve

wound healing (Mesler, Mesler and Mesler, 1985; Mesler, Nagylueskav Tisza and Mesler,

1978), fibroblast (Boulton and Marshal, 1986; Van Breugel and Bar, 1992) and collagen

synthesis (Kana et al., 1981).

The stimulatory mechanism of low energy laser irradiation on bone is not fully explored

and understood. Osteoblast like cells may simultaneously secrete osteoblastic differentiation

factor in vitro (Harris et al., 1994) and local regulation of bone cell function is regulated by

cytokine growth factors and prostaglandins (Marks, 1988). Exogenous application of factors

can either increase or inhibit the number of nodules formed in cultures in a reproducible

manner. These factors are bone morphogenetic proteins (Hughes et al., 1995) and pros-

taglandins (Flanagan and Chambers, 1992; Nagata et al., 1994).These investigators have

pointed out that the increase in bone nodules is the result of the action of the factor on an

earlier progenitor cell. This action may be comparable to the effect of laser irradiation

(Ozawa et al., 1998). Ozawa et al. (1998) have used osteoblast like cells isolated from fetal

rat of calvarial, which were irradiated once with a low energy Ga-Al-As laser (830 nm

500mW) at various cell culture stages (day 1–16). Laser irradiation at the early stages of

culture significantly stimulated cellular proliferation, ALP activity and osteocalcin gene

expression. Furthermore, laser irradiation at earlier stages of culture significantly stimulated

a greater number (1.7-fold) and larger area (3.4-fold) of bone nodules that had developed in

the culture dish on day 21. However, these effects could not be found by irradiation later. This

suggests that the role of laser irradiation is twofold: one is stimulation of cellular prolifera-

tion, especially proliferation of nodule forming cells of osteoblast lineage, and the other is

stimulation of cellular differentiation, especially to committed precursors. This results in an

increase in the number of more differentiated osteoblastic cells and an increase in bone

formation. Both bone formation stimulating roles may be exhibited by laser irradiation of

immature cells only.

5.9 Electrostimulation of Osteoporosis

EMF stimulation of hard tissue healing and regeneration is now a well-recognized therapeutic

area of medicine. Most of the data available are on animals though some success on humans

is reported. This is because osteoporosis is in general a systematic disorder and hence the

clinical trials and realization of EMF exposure is not easy. Nonetheless pulsed electromagnetic

field exposure is an attractive proposition. Few studies have been performed on disuse

osteoporosis in animal models. There are two standard procedures for inducing osteoporosis:

(i) neuroectomy and (ii) ovariectomy. Experiments show that these exhibit osteoporosis one
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month after treatment. Tabrah et al. (1990) experimented with the prevention of systematic

osteoporosis induced by bilateral ovariectomy with PEMF in studies using Helmholtz coils to

generate uniform extremely low frequency electromagnetic fields on osteopenia. These

experiments demonstrated that extremely low frequency single pulse electromagnetic fields

significantly suppressed the trabecular bone loss and restored the trabecular bone structure in

bilateral ovariectomized rats.

PEMFs have been used to deal with different kinds of osteoporosis in both animal and

clinical experiments. Experimental results show that PEMF exposure stopped bone

loss (Bassett et al., 1979). Another kind of osteoporosis, which resulted from both

bilateral ovariectomy and right sciatic neurectomy, has also been used to test the effects

of PEMF. These results suggest that PEMF stimulation exerts a preventive effect against

bone loss on osteoporotic hind-legs (Mishima, 1988). Other studies carried out by

Cruess, Kan and Bassett (1983), McLeod and Rubin 1990, 1992) and Simske, Wachtel

and Luttges (1991) have confirmed inhibition of bone loss by PEMF. On the basis of these

studies, PEMF effects on osteoporosis in humans were carried out. Single photon

absorptiometry of the distal and midradius was used to quantify changes in bone mineral

density in a group of postmenopausal osteoporosis. The results show that the bone

mineral density of the treated radii increased significantly as compared to controls (Tabrah

et al., 1990).

The ovariectomized (OVX) of rat has been widely used as a model of postmenopausal

osteoporosis and has been validated as a clinically relevant model of human postmenopausal

bone loss (Turner, Colvard and Spelsberg, 1990; Kalu, 1991; Wimalawansa, 1993; Wronski

et al., 1989, 1985). The similarity between the two include increased bone turnover, unequal

bone resorption and formation, a greater loss of trabecular than cortical bone and a rapid

initial phase of bone loss followed by a slower phase (Kalu, 1991).There is an age-related

reduction of bone mass and strength in humans as well in rats (Martin, 1993; Turner, 1993).

Miller et al. (1991) have reported that ovariectomy decreases the total calcium content and

calcium percentage of ash in rat femur without affecting total ash weight of the femur. This

suggests that the mechanical properties of bone could be partly influenced by the changes in

chemical composition of bone matrix. Bone geometry is altered after ovariectomy as a result

of increased periosteal apposition and endocortical resorption in the long bones. The

marrow cavity expands in the femoral shaft in the OVX rats. Cortical bone thickness and

trans sectional area did not change, however, indicating that both endocortical resorption

and periosteal bone formation increased in parallel in the femur. This increase in the outer

diameter and following increase in the polar moment of inertia is probably the most

important factor in the increased maximal torque of the humerus in OVX rats (Peng et al.,

1997). Estrogen deficiency in rats leads to a significant and permanent loss of trabecular

bone.

Although the model is useful for experimental design in studies of postmenopausal bone

loss, its relevance in assessing postmenopausal women with osteoporosis needs further

investigations. When OVX rats were fed a low calcium diet (LCD) the decrease in calcium

absorption due to ovariectomy became significant (Kalu, 1991) and bone loss was significantly

enhanced (Jiang et al., 1997;Nordin,Horstnan andMarshall, 1979). One study using aOVX rat

model has suggested delayed fracture healing and impaired biomechanical strength (Miwa

et al., 1999;Walsh et al., 1997). The study demonstrated the influence of bone loss on the early
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phase of fracture healing in a rat osteoporotic model induced by ovariectomy and LCD (Jiang

et al., 1997; Wronski et al., 1985).

Li (1992) has tested a Capacitively Coupled Electric Field (CCEF) signal (60Hz

symmetrical sine wave) for osteoporotic treatment. After treatment with CCEF the animals

were tested for restoration of bone mass and strength. The author found a statistically

significant enhancement of wet weight, dry weight, ashed weight, ultimate strength and

cortical area. In a neurectomy model for localized disuse osteoporosis, single PEMFs were

found to prevent the loss of tibia trabecular bone mass and mineral strength by evaluation

of histomorphometry and mechanical testing system methods (Bassett et al., 1979). Electrical

or mechanical stimulation can be equally effective in maintaining or improving bone mass

(Mcleod and Rubin, 1992). Cruess, Kan and Bassett (1983) used low energy time varying

magnetic fields inducing specifically configured electrical currents in rats subjected to a model

of disuse osteoporosis. In another study carried out by Rubin, McLeod and Lanyon (1989)

functionally isolated ulna of an adult turkey was developed as a localized osteoporosis model

after eight weeks of disuse by proximal and distal epiphyseal osteomis. The results revealed that

short daily periods of PEMF stimulation (induced electric power between 0.01 and 0.04T2 s�1,

an effective intensity window) had the ability to inhibit bone loss. Some other reports

also confirm positive reports about the effectiveness of capacitively coupled fields on bone

density (Billota et al., 1994). Experimental results suggest that PEMF stimulation exerted a

preventive effect against bone loss of osteoporotic hind legs (Mishima, 1988). Studies carried

out by other investigators (Cruess, Kan and Bassett, 1983; McLeod and Rubin, 1990, 1992;

Simske,Wachtel and Luttges, 1991) found the same experimental results of bone loss inhibition

by PEMF.

Brighton et al. (1985a, 1985b) and Brighton, Nichols and Arangio, (1985) have determined

the dose–response relationship of a low voltage, 60 kHz CCEF signal on an established

osteoporosis in a rat tibial model with sciatic neuroctomy. In the first part of the study, rats

subjected to different intensities of CCEF [0.25, 0.50, 1.0, 2.5, and 5.0V (p-p)] for 12 days

beginning on the 28th day after sciatic neuroctomy all showed mean losses of tibial ash weight

that were significantly less than those of the controls. The rats that had a 0.5-volt p-p signal

showed the least mean loss of tibial ash weight (only 6%). In the second part of the study, the

duty cycles of a sine wave, 60 kHz, 0.5-V p-p signals, were varied (12.5, 50 and 100% on) and

the wet, dry and ash weights were determined and compared with those of unstimulated

osteoporotic controls. Only the 100% duty cycle was effective in reversing the loss of bone

mass in the neurectomized tibiae.

Chang and Chang (2003) have demonstrated that reduction of trabecular bone mass,

destruction of trabecular bone structure, and an increase of serumPGE2 concentration resulting

from estrogen deficiency in ovariectomized female rats were inhibited by exposure to PEMF

stimulation. These workers used a stimulating waveform having repetitive single pulses with a

pulse duration of 0.3ms and frequency of 7.5Hz. The intensity of magnetic field was 4–8G.

Since this PEMF stimulation had no effect on the bone formation rate, it seems reasonable to

infer that the prevention effect of this PEMF stimulation on trabecular bone lossmight be due to

the suppression of the bone resorption rate.

Using Helmholtz coils and self-developed PEMF stimulations to generate uniform time

varying electromagnetic fields, the effects of extremely low frequency electromagnetic fields

on osteopenia have been investigated in bilateral OVX rats. Some investigators (Bassett et al.,
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1979; Cruess, Kan and Bassett, 1983) have found that the a particular field (frequency 72Hz,

pulse width 380ms and induced electric field intensity of 1.5mV cm�1) was as effective as

pulse bursts in preventing disuse osteoporosis in rats. They applied fields by whole body coils

for 24 h a day. These experiments demonstrated that extremely low intensity, low frequency,

single pulse electromagnetic fields significantly suppressed the trabecular bone loss and

restored the trabecular bone structure in bilateral OVX rats (Tabrah et al., 1990). These

investigators also examined bone mineral density changes of the radii of osteoporosis prone

women during 12 weeks of daily PEMF exposure and for the subsequent months follow up.

Increased bone density in the PEMF treated limb was also reported during treatment, with a

return to the contralateral control values after treatment stopped.

Mishima (1988) found that pulse burst waves at a positive amplitude of 25mV, burst width

of 4.2ms, pulse width of 230 ms and repetition rate of 12Hz are effective in preventing

osteoporosis caused by bilateral ovariectomy and right sciatic neuroectomy in rats. Pulse bursts

with a pulse width of 30ms, repetitive rate of 1.5Hz and positive amplitude of 2.5mV could

inhibit bone loss in disuse osteoporosis.

A repetition rate of 1.5 Hz, with each burst containing 120 repetitions of an asymmetrical

pulse, was effective in preventing bone loss by regulating cortical bone remodeling. Simske,

Wachtel and Luttges (1991) found that twin pulses with a pulse width of 25 ms, twin pulse

separation of 875 ms, and pulses in the pairs that were separated by 75ms were capable of

strengthening the biomechanical properties of tibiae of disuse osteoporosis caused by tail

suspension in mice. However, Takayama et al. (1990) found that PEMF (square wave with a

frequency of 15Hz and a peak magnetic field strength of 15G) did not show any protective

effects against bone loss in estrogen deficient osteoporosis in rats. PGE2 concentrations

between 10�5 and 10�7M were effective in promoting both bone formation and resorption.

However, experiments performed byMano et al. (2000) found that PGE2 at a concentration of

10�6 or 10�7M directly inhibits bone-resorbing activity of functionally mature osteoclasts.

These results show that PGE2 exerts diverse influences on bone remodeling under various

concentrations and experimental models.

Jayanand and Behari (2005) induced osteoporosis in femaleWistar female rats by bilateral

ovariectomy. Pulsed electric stimulation of a 16Hz modulated square wave (carrier fre-

quency 14MHz) and 10V (p-p) was applied in one leg, while the other was treated as control

(sham exposed). The treatment was applied for 2 h per day for 60 days. In a mineralogical

analysis the bone mineral content, bone mineral density, calcium and phosphorous content

were analyzed. These parameters showed a significant increase in the exposed group as

compared to OVX group but differed insignificantly from the untreated (control) group

(Table 5.1). Further to this, DNA single-strand break analysis performed by comet assay

showed no genotoxic effect of exposure in bone marrow cells. Similar results were reported

earlier by using sciatic neuroectomy (Jayanand et al., 2003). The above-mentioned electric

field is capacitively coupled to a portion of the long bone. Ovariectomy is associated with

similar histologic changes in rat bone as in human bone, and it may thus provide beneficial

information related to human post menopausal bone loss (Turner, Colvard and Spelsberg,

1990; Kalu, 1991).

Another way of looking at the management of osteoporosis by electromagnetic fields is to

consider the role of osteoclasts. For instance, experiments in which cultured bonemarrow cells

were exposed to 60Hz electric fields at 9.6mVcm�1 over 8 days resulted in the suppression of

osteoclast like cells (Rubin et al., 1996).
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5.10 Other Techniques: Use of Nanoparticles

Various barriers exist to the use of pharmaceutical agents to stimulate new bone formation.

First, the agents can cause non-specific bone formation in areas not desirable. This is because

these agents are often delivered in non-specific ways (such as through the mouth, directly into

the blood stream, etc.). Second, if delivered locally to tissue around the area of low bone

density, they may rapidly diffuse in the surrounding tissues, which is likely to limit their

potential to promote prolonged bone formation in targeted areas of interest (weak osteoporotic

bone). It is because of these limitations that even the best strategies to sufficiently increase bone

mass (although, to date, in the experimental stage) require at least one year to see any change; a

time period too long for the elderly. In addition to these the side effects of such pharmaceutical

agents are always a target of close observation and often of suspicion.

For these reasons, nanotechnology (or the design of materials with 10�9m dimensions) has

been deployed to develop novel drug-carrying systems that will specifically attach to

osteoporotic (not healthy) bone. Nanoparticle induction is essentially a procedure for affecting

small volumes and small microstructural features. The method can be used to examine

variations in the individual lamellar properties within osteons, as a function of distance from

osteonal center. Characterization of lamellar bone properties by nano-indentation methods

would thus aid in further theoretical developments of the mechanisms of fracture in bone.

Moreover, some of these novel drug carrying systems will then distribute pharmaceutical

agents locally to quickly increase bone mass. Efforts are therefore underway to obtain

prolonged release of bioactive agents to efficiently regenerate enough bone for the patient

to return to a normal active lifestyle. Specifically, inorganic biodegradable nanomaterials

(including ceramics like hydroxyapatite) will be functionalized with bioactive chemicals such

as bonemorphogenetic protein-2 (BMP-2) that bind to bone of lowmass. Such bioactivegroups

can be placed on the outer surface of nanoparticle systems using various techniques (such as

covalent attachment). After bonding specifically to osteoporotic bone, excluding healthy bone,

nanoparticle systems will deliver bioactive compounds to locally increase bone mass. Lastly,

the outer coating of the embedded nanoparticle systems will be created to have different

biodegradation rates for the release of bone building agents over various time spans. This will

allow for not only quick bone formation but also long-term sustained bone regeneration. The

method has inherent shortcomings in distinguishing osteoporotic bone from the healthy bone

and hence the growth rate process will remain uncertain.

HA (hydroxyApatite) is chemically very similar to themineral component of bones and hard

tissues in mammals. Nanosized HA consists of needle-like crystals approximately 5–20 nm

wide by 60 nm long. They have properties such as surface grain size, pore size and can control

protein interaction and related biological functions. Utilizing nanotechnology, calcium and

phosphorous are programmed at themolecular level and then assembled to produce the desired

structural and functional properties. Crystalline material is strong and osteoinductive. It is one

of few materials that are classified as biocompatible and bioactive with respect to bone cells

and tissues. Osteoblastic cells on HA exhibited unique attachment and subsequent behavior

in vitro. Divalent cations (Mg2þ ) are known to be active in cell adhesion mechanisms (Fitton,

1995; Hynes, 1992). It will, thus support bone in growth and osseointegration when used in

orthopedic, dental and maxillofacial applications. This is because bone itself is composed of

hydroxyapatite and other calcium phosphates. When loaded with bioactive compounds, such

systems can also release the drug at therapeutic concentrations directly to the needed area.
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Implants of this type can release the bioactive agents over the entire period of resorption. To

achieve a fast resorption rate, amorphous calcium phosphate and nanocrystalline HA drug

delivery carriers are excellent candidates.

It is suggestive that the ability to functionalize amino groups on nanophase HA and calcium

phosphate materials are the critical criteria to allowing attachment of drug molecules,

particularly BMP-2 and agents that will direct nanoparticles to osteoporotic bone. The next

steps are to the determine attachment efficiency to osteoporotic compared to healthy bone,

imbed bone building agents into the nanoparticles, determine release profiles once attached to

weak bone and, finally, to determine bone regeneration. Nanophase coatings enhance bone

integration and better device fixation mechanical testing reveals that the lightly adherent

nanoporous coating on titanium has a mechanical property similar to that of bone (Paul and

Sharma, 2006).

Du et al. (1998) have studied the tissue response of nano-HA-collagen implants in marrow

cavities and concluded that nanoparticles allowed for a quicker implant surface turnover. The

process of implant resorption and bone substitution is similar to bone remodeling.

Muller-Mai et al. (1995) have tested nanoapatite and nanoapatite/organic implants in vivo.

From their results, it was seen that both materials were suitable for bone replacement and for

drug release such as antibiotics, growth factors or other substances. In addition, the organic

component can be used to control the physical properties in the bone implantation bed.

The following applications can be considered:

1. HA coating based on sol–gel technology (Liu et al., 2002) or electrodeposition

(Shirkhanzadeh, 1998; Manso et al., 2000), allowing for the formation of thin adherent

films. This do not affect the substrate morphology and topography.

2. Composite preparations with other materials, like chitosan (Yamaguchi et al., 2001a;

Yamaguchi et al., 2001b), collagen (Du et al., 1998; Itoh et al., 2002; Kikuchi et al., 2001;

Itoh et al., 2001; Du et al., 1999; Ten Husen et al., 1955) and other polymers (Cho et al.,

2001), that can reinforce the matrix while promoting osteoconduction, therefore providing

scaffolding properties required in tissue engineering applications.

3. Nanosized HA can be used in drug delivery systems like intestinal delivery of insulin (Paul

and Sharma, 2001) or other drugs such as antibiotics (Kano et al., 1994). This in turn can

also be controlled by the application of pulsed electromagnetic field applied across the

treated site.

4. Further examples studied include its use in genetic therapy for certain types of tumors (Kano

et al., 1994).

Presently, it can be concluded that new HA-based materials are certainly among the most

promising challenges in bioactive ceramics for the near future and, consequently, the research

effort put in their development will continue to increase.

5.11 Possible Mechanism Involved in Osteoporosis

The relationship between fracture healing and osteoporosis is complex. The underlying

etiology (which may include aging, hypogonadism, rheumatism, thyroid and parathyroid

disorders, malignancy and mastocytosis) and the therapies commonly used for osteoporosis

(estrogens, vitamin D and bisphosphonates) may all potentially affect fracture healing.
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Fracture healing may also be complicated by accelerated local bone loss and regional

osteoporosis (Raisz, 1988). Owing to these complexities, animal osteoporotic models, such

as the rat, rabbit, or dog,may bemore appropriate to study the effects of osteoporosis and to test

drugs on fracture repair.

Some studies suggest that prostaglandin E2 (PGE2)might play a crucial role inmediating the

responses of bone cells to external physical stimuli (Davidovitch et al., 1984; Lorich et al.,

1998). In addition, other studies give direct proof that PGE2 can stimulate bone formation

(Chyun and Raisz, 1984; Jee et al., 1985; Mori, Jee and Li, 1992). Chang and Chang (2003)

have demonstrated that reduction of trabecular bone mass, destruction of trabecular bone

structure and an increase of serumPGE2 concentration resulting fromestrogen deficiency in the

ovariectomized female rats were inhibited upon exposure to PEMF stimulation.

Large pores, such as vascular, intertrabecular and resorption spaces in healing, remodeling

and osteoporotic bone appear to play a role in stress generated potential (SP) generation. Bone

Improper Cell – Cell 
Communication

Impaired  Transcellular signaling 

Decreased Osteoblastic Cell 
Number 

Impaired Osteoblast 
Development 

Slower Response to Soluble or 
Mechanical Signal 

Slow Remodeling Rate 

Decreased Bone Formation 

Figure 5.23 Schematic representation of establishing that osteoporosis in bone is mainly due to defect

remodeling
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having more porosis (lower impedance) has generally smaller SPs and faster SP kinetics

(MacGinitie et al., 1993a; 1993b, Otter et al., 1994a, 1994b, 1995).

In analogy to organ development and tissue differentiation, a changing pattern of cell–cell

adhesionmolecule (CAM) expressionmay also characterize the aging process at tissue level. It

is suggested that age-related changes in the cell in the type and/or amount of CAM expressed

may impair cell–cell communication, either directly or through abnormal expression of

connexins (Figure 5.23). In theory, the impact of a deranged intercellular communication on

bone can bemultiple. An impaired transcellular signalingmay lead tomore difficult integration

of input signals with a consequent slower system response to chemical or mechanical stimuli.

In addition, if cell–cell communication is necessary to maintain the work of osteoblasts

synchronous within multicellular units then inefficient signal exchanges may cause the

remodeling units to become asynchronous, which may disrupt or slow down bone turnover.

Ultimately, age-related abnormalities in the expression of CAMs and/or connexinsmay impair

the ability of osteoblasts precursor to differentiate, with a consequent decrease in osteoblast

number – a frequent finding in osteoporotic conditions. All these potential effects of ageing in

the skeletal tissue may lead to decreased bone formation (Civitelli, 1995). Additionally,

because cell–cell contact and communication may be required for osteoclast development

(Suda, Takahashi andMartin, 1992), abnormal expression of CAMsmay also lead to decreased

osteoclast activity and translate into reduced activation frequency of the remodeling cycle at

the tissue level. Because abnormalities in bone remodeling occur in most metabolic bone

diseases such as osteoporosis, an impaired intercellular signaling may contribute to the

pathogenetic mechanism and/or functions of CAMs. This may help in elucidating the role

of cell–cell communications in healthy and pathologic conditions.

The ability to accurately assess bone quality in vivo is essential for reaching the diagnostic

and therapeutic goals for bone loss from such varied etiologies as osteoporosis, microgravity,

bed rest or stress shielding from an implant. Early diagnostic ability is important because the

effectiveness of treatment diminishes with disease progression, yet patients are rarely

symptomatic before considerable bone loss has occurred and sometimes not until after the

first fracture (Davidson, 2003; Homminga et al., 2004).
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6

Biophysical Parameters
Affecting Osteoporosis

6.1 Introduction

Bone is a living tissue and normally there is an equilibrium between the amounts of old bone

being removed and the new bone replacing it. In humans about 80% of the skeleton consists of

cortical bonewhile the rest is cancellous bone, though its surface to volume ratio ismuch larger.

Osteoporosis results when the rate of bone resorption exceeds that of new bone formation

(Meunier et al., 1980; Avioli, 1983) coupled with a defective osteoblast function. This causes

an imbalance between bone resorption and bone formation. Osteoporosis is probably the most

commonmetabolic disorder of bone and may be drug induced, idiopathic and postmenopausal

or oophorectomy, but is mostly a result of aging. As a person ages, bone becomes more brittle,

fracturing more easily and healing more slowly. Many elderly persons also are less active and

have poor diets that are deficient in protein. This is a multifactorial and polygenic disease

(Gennari and Brandi, 2001). Bone fragility may be the result of reduced bone size, reduced

bone mineral density (BMD) or architectural changes (Duan, Parfitt and Seeman, 1999;

Duboeuf et al., 1997; Hans, Schott and Meunier, 1993; Karlsson et al., 1993; Karlsson et al.,

1998; Vega et al., 1998). There is evidence that the change ofmicrostructure of trabecular bone

such as loss of connectivity and removal of trabeculae, leaving those that remain more widely

separated, can significantly decrease bone strength in osteoporosis (Parfitt, 1987; Aaron,

Ciombor and Jolly, 1989; Parfitt, 1983; Riggs and Melton, 1986; Escher, Gambert and

Rothschild, 1987;ConsensusDevelopmentConference, 1993;Nguyen et al., 1996). In contrast

to women, male osteoporosis is secondary in most cases (Orwoll and Klein, 1995). It has been

proposed that postmenopausal osteoporosis is the consequence of impaired bone formation due

to estrogen deficiency (Albright et al., 1940). The other type of osteoporosis is due to calcium

deficiency and aging of the skeleton (Riggs et al., 1982). It is likely that multiple pathogenetic

mechanisms converge to cause loss of bone mass and microarchitectural deterioration of

skeletal structure. These factors seem to couple to contribute to a high incidence of fragility

fractures in osteoporotic patients. The exact mechanism of osteoporosis at the cellular level
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remains to be fully understood but it is thought to be mainly due to the uncoupling of

osteoclastic–osteoblastic activity, where the osteoclastic activity dominates (Avioli, 1983).

Osteoporosis is essentially a clinical syndrome in which there is a decrease in cancellous

bone and to a variable extent also a decrease in cortical bone to levels below those required for

mechanical support (Parfitt, 1983; Riggs and Melton, 1986; Escher, Gambert and Rothschild,

1987; Cann et al., 1980). In normal women, there seems to be an accelerated decline in bone

mass after menopause (Riggs et al., 1981). Nevertheless, there is a considerable overlap in the

amount of bone between age and sex-matched men and women with and without fractures

(Aitken, 1984; Cummings, 1985). Rico et al. (1992) have concluded that total bone mass

acquisition takes place earlier inwomen than inmen, leading tomore reduced bonemass value,

which in turn may be an osteoporosis predisposing factor. The association between low body

mass and fracture risk is now well established. Correspondingly, an inverse relation between

bone size and fracture risk is also suggestive. When subjected to mechanical stress, a small

bone is more likely to break early, than a large one of similar volumetric density, although it

might be affected by bone geometry (Faulkner et al., 1993). Studies of differential changes in

bone mineral content (BMC) and bone mineral density (BMD) should provide more informa-

tion about the relative contributions of bone size and bone density to skeletal strength in adults,

although in the growing skeleton changes in bone size will dominate these parameters

(Compston, Cooper and Kanis, 1995). Studies have reported that the assessment of trabecular

architecture can give additional information for the prediction of bone strength (Chevalier

et al., 1992; Link et al., 1998; Wallach et al., 1992). Densitometry at most provides a measure

of an average BMD but not architecture.While the first major pathogeneticmechanism, failure

to achieve optimal peak bone mass, is determined largely by human genes, nutrition and

lifestyle have an added effect during growth and developmental processes.

It has become increasingly clear that osteoporosis is a serious medical problem and a major

cause of morbidity in the elderly. As of now, there is no effective treatment of established

osteoporosis, hence the efforts are directed toward the prevention of bone loss and fragility

(Kleerekoper and Krane, 1989). Increased bone mass has a protective effect against the effects

of osteoporosis. A person with a large skeletal mass will withstand the disease better than a

person with a small skeletal mass who suffers the same rate of bone loss. The demonstrated

relationship between areal bone density and both bone strength (Dempster et al., 1993) and

fracture risk (Wasnich et al., 1985; Cummings, Browner and Ettinger, 1990; Black et al., 1992;

Cummings et al., 1993) provides justification for the use of areal density in clinical and

epidemiological practice.

Osteoporosis (porous bone) is a disease characterized in addition to low bone mass and

structural degradation of bone matrix but has normal composition. This is a clinically silent

disease until it manifests in fracture. Accelerated bone loss occurs with limited weight bearing

activity, as in the case of space flight, immobilization and long-term bed rest (Donaldson et al.,

1970; Lang et al., 2004; Le Blanc et al., 1990). Half of all white women suffer an osteoporotic

fracture after the age of 50 (Chrischilles et al., 1991). Such fractures not only entail high health

risk costs (Chrischilles et al., 1991; Ray et al., 1997), but are also associated with pain and loss

of quality of life, very often resulting from insufficient healing (Johnell, 1996). This leads to an

increased morbidity and mortality risk (Center et al., 1999). Risk factors for osteoporosis

can be classified into two categories: modifiable and nonmodifiable (Heinemann, 2000).

Nonmodifiable risk factors include the personal history of fracture. Potentially modifiable

risk factors include prolonged glucocorticoid therapy, cigarette smoking, low body weight
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(<127 lb), estrogen deficiency, early menopause or bilateral ovariectomies, prolonged pre-

menopausal amenorrhea, impaired vision despite correction, alcoholism, recurrent falls,

inadequate physical activity, low life long calcium intake and poor health (Lin and Lane,

2004). The lifetime risk of fractures of the hip, wrist and spine is 40%. It is estimated that at 80

years, 20%ofwomenwill have a hip fracture and at 90 years this will increase to approximately

50%. Women older than 85 years are approximately eight times more likely than 65–74 year-

old women to fracture a hip (Lin and Lane, 2004).

Increased intracortical porosity has been observed as a consequence of aging, disease

(hyperparathyroidism, osteoporosis) and pharmacologic intervention (thyroid hormone, fluo-

ride, parathyroid hormone, prostaglandins) (Sietsema, 1995), and has been considered to be of

importance for the mechanical strength of cortical bone (Barth, Williams and Kaplan, 1992;

Martin and Ishida, 1989). The mechanical incompetence of bone would reveal impaired

adaptations of bone strength and mechanical usage and hence a consequent mechanostat

disorder.

Normal osteoporosis is primarily a decrease in BMD and predisposes to mechanical failure

of the skeleton (Consensus Development Conference, 1987). The World Health Organization

(Genant et al., 1999) has defined osteoporosis on the basis of BMDmeasurements. This being

obtained by dual energyX-ray absorptiometry (DEXA) as aT-score of greater than 2.5 standard

deviations below the mean for normals, who are young healthy individuals at their peak bone

mass. As such the importance of mechanical loading in maintaining skeletal health has been

widely recognized. Clinical trials (Aloia et al., 1978; Dalsky, 1989; Rikli andMcManis, 1990)

and animal studies (Barengolts et al., 1993; Chow et al., 1998; Westerland et al., 1998) have

described the significance of weight bearing activity in the maintenance of bone mass and

strength. However, clinical investigations and biological tests are normal in about 50% of

middle-agedmenwith osteoporosis. Some studies have shown that family factors and probably

genetics factors contribute to bone loss in men (Cohen-Solal et al., 1998). Despite our better

understanding of the pathogenesis of fractures, the exact mechanism of bone loss remains to be

understood in primary male osteoporosis.

Evidence is also accumulating that osteoporosis may be reprogrammed by environmental

influences during critical periods of early development. Studies have shown that growth in

infancy correlates with adult bone mass independently of adult life style (Cooper et al., 1995,

1997; Jones, Riley and Dwyer, 1999). Dennison et al. (2003) have demonstrated a positive

association betweenmeasures of the circulatingGH (growth hormone) profile and bonemass at

the lumbar spine in cohort British women (60–75 years). The relationship is more pronounced

for basal GH concentration and for measures of BMC and areal density than for volumetric

bone density. The effects remained significant after adjustment for body mass index, life style

determinants of bone loss – including calcium intake, physical activity, cigarette smoking,

alcohol consumption – and age at menopause. It also remained after adjustment for severity of

osteoarthritis. These authors did not find a relationship between anymeasure of the circulating

GH profile and bone loss over a four-year-period in this female cohost.

The ramifications of such bone loss continue to be a major health concern, emphasizing the

need for effective countermeasures that can prevent or reduce the rate of bone loss. In

postmenopausal women, BMD simplistically reflects peak bone mass, which is related to

the age of menopause and rate of postmenopausal bone loss. Bone density at any stage in later

life depends on the peak level attained during growth and consolidation of the skeleton and the

subsequent rate of bone loss. Past and current regulation of these factors determines the bone
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mass in each individual although traditionally osteoporosis has been associated with fractures

of the hip, spine and forearm. Evidence suggests that many other fractures are associated with

reduced bone density (Seeley et al., 1991; Editorial, 1990).

Osteoporosis arises in adults as a result of skeletal gains during the process of growth and

losses after the attainment of peak bonemass, from the fourth decade of human life (Figure 6.1a

and b). Peak bonemass is amajor determinant of bonemass in later life and therefore of the risk
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Figure 6.1 (a) Women lose about 0.75–1.0% of their skeletal mass per year after age 35 – this may

accelerate to asmuch as 2–3%per year following themenopause; (b)men lose about 0.4%of their skeletal

mass per year after age 50; (c) patterns of trabecular bone loss in the spine
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of developing osteoporosis at that time.Men reach a peak bonemass that is 10–15%higher than

peak bone mass in women. This difference may be explained by gender differences in body

size, mass as well as possibly in bone remodeling during the critical period for bone mass

increment, that is, puberty. Indeedmore than one half of peak bonemass is accepted during this

critical period (Cidogan et al., 1998). During puberty, the spurt is accompanied by a large

increase in bone remodeling (Mora et al., 1999; Szule et al., 2000). Known determinants of

bone remodeling are genetic factors, gender, puberty and environmental factors such as

nutrition and exercise (Soyka, Fairfield and Klibanski, 2000).

It therefore seems imperative to examine the mechanism by which the skeletal mass is

maintained and bone loss occurs in the adult and the implications for calcium nutrition. In

adults in whom longitudinal growth of bone ceases, skeletal turnover is maintained by

remodeling of bone, which consists a series of well-characterized morphological events.

Bone turnover is important for the self-repair of skeletal tissue and when remodeling does not

take place spontaneous fracture may arise, which is presumably related to the inability of the

skeleton to repair fatigue damage.

6.1.1 Osteoporosis in Women

Compared to men, women experience excessive bone loss during the time period surrounding

menopause (Eriksen, Mosekilde and Melsen, 1985). Although the start and the length of

menopause varies inwomen, the activation frequency of BMUs and the remodeling rate of both

cortical and trabecular bone always increase due to a response to the decline in estrogen during

menopause. The increased remodeling rate eventually returns to a rate parallel to that in men,

but during the menopause period there is a net imbalance in resorption compared to formation

and, consequently, a net bone loss. This net increased bone loss is thought to be a significant

factor in the development of postmenopausal osteoporosis in women, because it relates to an

increased probability of trabecular perforation during menopause (Parfitt et al., 1983; Reeve,

1986). Also, the mineral apposition rate in postmenopausal women decreases markedly with

age (Recker et al., 1988).

A study by Lauretani et al. (2006) confirms the observational studies that muscle mass

primarily affects bone size and not volumetric density in the loaded skeletal sites (Heinonen

et al., 1996, 1998).

6.1.2 Osteoporosis in Men

Until recently, the focus of age-related bone loss has been on postmenopausal women, mainly

because women start losing bone earlier than men. However, the male skeleton also undergoes

predictable age-related changes in bonemass (Kassem,Melton and Riggs, 1996). Testosterone

positively affects bone mineral density (Composton, 2001). In fact, androgen deprivation

therapy in adultmenwith advanced prostate cancer is followed by rapid bone loss, similar to the

loss of skeletal integrity in women after surgical ovariectomy (OVX) or during early

menopause. Significant bone loss, though to a lesser extent, has also been observed at

appendicular skeletal sites, including the hip and the radius, after the cessation of androgen

therapy (Van der Schueren et al., 2004).
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The prevalence of osteoporosis is less in men than in women for several reasons: a greater

evolution of skeletal mass during growth, a greater bone size, an absent midlife menopause, a

slower rate of bone loss and a shorter male life expectancy (Amin and Felson, 2001).

Nevertheless, osteoporosis in men is an increasing public health concern. The most commonly

occurring hip fractures in men are associated with a greater morbidity and mortality than in

women. The first two decades of life are characterized by rapid bone growth followed by peak

bone mass at about 35 years of age. The peak mass persists for some time and is later followed

by a gradual but progressive loss of bone with aging. Some epidemiologic studies show that

approximately 30% of hip fractures occur in men (Legrand et al., 1999, 2001; Seeman, 1999;

Seeman, 2001), while the number of vertebral fractures is half of that reported in women

(Cooper et al., 1992). In men, osteoporosis causes vertebral compression fractures and there is

an increase in the incidence of vertebral fractures inmen inmany countries (Anderson, Hodges

and Moylan, 1999). Fractures related to osteoporosis occur mainly in the hip vertebral and the

wrist (Melton, 1993). Currently, there are no established animalmodel for studying age-related

male bone loss.

The cause of senile osteoporosis inmen is unknown. The logical speculation that a decline in

testicular or adrenal androgen production increases bone resorption is offset by the observation

that most osteoporotic men have normal levels of plasma testosterone (Nordin, 1983).

According to Jones et al. (1987), osteoporosis in men has different aspects than that observed

in postmenopausal osteoporotic women. In men, it is more severe and is related to corticoste-

roid treatment and to idiopathic causes. These authors� results indicate a dominant decrease of

bone mineral density of the anterior spongious portion of the vertebral body in osteoporosis.

Both demineralization and increase of marrow fat occur in aging and osteoporosis (Minaire

et al., 1984a).

Some clinical surveys have indicated that adult bonemass diminishes at a mean rate of 0.5%

per year and it can reach a loss of 2%per year aftermenopause. Inman it is 0.5–0.7% (Matkovic

et al., 1979). One study (Mou et al., 2001) found a 2.1% decrease at the lumbar spine while

another (Black et al., 2000) of 10 women found a 2.0% decrease only. The results of these two

studies are in broad agreement with the finding of Kaur et al. (2003), who reported a small

(statistically non-significant) decline in BMD at all sites.

Changes of bone density for the humerus, the third lumbar vertebra and the eight caudal

vertebra of the rhesus monkey show differences due to age and sex (Pope et al., 1989). In

general, bone density decreases with age and then reaches a plateau at approximately 3–4 years

in all bones measured. These results indicate that the rhesus monkey shows a natural pattern of

change in bone mineralization that parallels that seen in humans. Age-related osteoporosis

shows itself in altered urine biochemistry (Harma et al., 1987). As the probability of fracture is

closely related to a person�s effective bone mass, a modality that could prevent or retard loss of

bone might provide a substantial reduction in the incidence of skeletal morbidity. Hence the

ability of measurements to capture elements of both bone size and density may prove

advantageous to clinicians for making decisions.

Someworkers (Cummings, 1985; Hall, Davis and Baran, 1987; Davis, 1987) have, however,

concluded that bone mass may not provide an adequate indication of fracture risk. Using

reports of fracture prevalence and incidence, a logistic regression procedure was used to

evaluate the relationship between bone mass and fracture recurrence (Walker and Duncan,

1967). The logistic transformation of fracture risk, expressed as a multivariate model, is

represented mathematically as:
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where P¼ the probability of fracture, a¼ intercept, X¼ covariates (e.g., BMC, age) and

bi¼ coefficients for the corresponding covariates (i¼ 1, 2, 3 . . . k).
Vertebral crush fractures are often an indication of an accelerated case of osteoporosis (Ross

et al., 1992). Although wedging of vertebral is present in 60% of elderly women, only 5–10%

develop two or more crush fractures (Nordin, 1983). Each vertebral crush fracture shortens

height by approximately 1 cm, which confirms its occurrence. Vertebral crush fractures result

from a combination of the osteoporotic process and minor trauma. The most commonly

affected vertebrae are generally T12, T11 and T4. Treatment of vertebrae fractures consists in

having bed rest and most of these fractures heal without treatment.

6.1.3 Osteoporosis Types

Riggs andMelton (1983, 1986) have suggested that evolutional osteoporosis can bedivided into

two categories: postmenopausal (type I) and age related (type II). This division is based on

differences in patterns of fractures in different age groups: type I osteoporosis (Colles fracture)

and type II osteoporosis (hip fracture). There are also differences in parathyroid function and

mechanismsoffracturebetween these twogroups (RiggsandMelton,1990). Inpostmenopausal

osteoporosis, increased bone resorption related to estrogen deficiency is a major predictive

factor. Age-related factors such as decreased calcium absorption, vitamin D deficiency and

overall inhibition of bone formation are important factors in type II osteoporosis.

Type I osteoporosis is present during the first 15–20 years after menopause and is

characterized by an excessive and disproportionate loss of cancellous bone over cortical

bone, leading to acute vertebral compression fractures and distal forearm (Colles) fractures.

Although there are some exceptions, most studies in patients with type I osteoporosis have

found values for serum estrogen and related hormones that are not different from age-matched

controls (Davidson et al., 1983). It is hypothesized that type I osteoporosis results from

estrogen deficiency plus some additional factors, which produces an exaggeration of the rate

and duration of the rapid postmenopausal phase of bone loss (Riggs and Melton, 1983). It has

been reported (Pacifici et al., 1989; Manolagas and Jilka, 1995; Kawaguchi et al., 1995) that

cytokines, such as interleukin-1, interleukin-6, tumor necrosis factor and prostaglandin E2,

may act as paracrine mediators of estrogen action in bone. In the presence of estrogen

deficiency, perhaps, paracrine effectors may predispose some postmenopausal women, but not

others, to excessive cancellous bone loss and thus to type I osteoporosis. Genetic polymor-

phism resulting in differences in the number or function of ER (endoplasmic reticulum) could

also augment the effect of estrogen on bone cells. Another potential predisposing factormay be

the presence of impaired renal tubular calcium transport leading to chronic renal losses in

women in type I osteoporosis (Heshmati et al., 1998). These abnormalities are not mutually

exclusive and both could result from a local increase of the same cytokine(s) in bone and

kidney.

The process causing type II osteoporosis in women and evolutional osteoporosis in men

corresponds to the slow phase of age-related bone loss and involves comparable losses of both
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cancellous and cortical bone. This process appears to involve virtually the entire population of

aging women and men and as more and more bone is lost those in the lower part will be at the

greatest risk for fracture. The major fractures associated with this process are those of the

proximal femur and wedge fracture of vertebrae, although various fractures occur also at sites

with mixtures of cancellous and cortical bone (Riggs and Melton, 1986). Nordin et al. (1990)

have estimated that over half of the bone loss after menopause is age related. At the tissue and

cellular levels menopause-related bone mass is characterized by increased bone resorption.

Correspondingly, decreased bone formation is probably the main cause of age-related bone

loss. Loss of mineral salts causes osteoporotic bone to become more lucent than normal. This

may be difficult to detect, since about 30% of the bone density must be lost before it be

demonstrated as a lucent area on routine radiographs.

6.1.4 Spinal Cord Injury (SCI)

Spinal cord injury (SCI) results in substantial and rapid osteoporosis and occurs primarily in

sublesional sites rich in cancellous bone, where the BMCdecreases by about 70% (Dauty et al.,

2000). Increased urinary calcium and hydroxyproline excretion during the first sixmonths after

injury is indicative of accelerated bone resorption (Claus-Walker et al., 1975). Most bone loss

occurswithin first sixthmonths following injury (Biering-Sorensen et al., 1990). This bone loss

results in increased bone fragility (Lee et al., 1997) and a subsequent increase in the risk for

low-trauma fractures (Vestergaard et al., 1998). It is therefore suggestive that the first six

months are important if some intervention is to be applied.

Bassett, Schinik and Mitchell (1984) have presented successful data that indicate an up to

five year clinical benefit after treatment of femoral head osteonecrosis.

6.1.5 Effect of Microgravity

The two main physical factors that lead to physiological responses are (i) weightlessness, so

that muscles are required to work at much lower load, resulting in smaller strains in bone; and

(ii) redistribution of tissue fluid pressure. Under normal gravity there is a gradient of tissue fluid

pressures, whereas in microgravity this disappears. The redistribution of tissue pressures has a

significant impact on the function of the cardiovascular system, but the most easily visible

manifestation of this is swelling of the face and thinning of the legs within a short time of

exposure to microgravity.

Descriptions of bone density changes associated with microgravity have come from

measurements on space stations (Lang et al., 2004; McCarthy et al., 2000) and models to

simulatemicrogravity: prolonged bed restwith head down tilt (Leblanc et al., 1990) and animal

experiments involving tail suspension (Morey-Holton and Globus, 2002). Both these models

simulate the fluid shifts observed in microgravity as well as unloading of parts of the skeleton.

Data from spaceflight show that bone density changes are not uniform throughout the skeleton

(McCarthy et al., 2000). Bone is lost at around 1% per month from the lumbar spine and about

1.5% permonth from the hip, withmore trabecular than cortical bone loss from the hip. Similar

distributions of bone changes have also been observed in some studies of tail suspended rats

(Roer and Dillaman, 1990). It is normally assumed that loss of bone in microgravity is due to
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reduced loading and also produces a cranial fluid shift (Morey-Holton and Globus, 2002).

These data suggest that bone density changes may be associated with fluid shifts occurring in

microgravity. Experimental countermeasure studies have been performed based on this

assumption, both in space (Goodship et al., 1998) and on experimental animals (Fluckey

et al., 2002). During upright posture on earth there is a gravitational gradient of capillary

pressures from head to foot, but during microgravity it has been postulated that there is a

uniform capillary pressure of 30mmHg. The change in capillary pressure is, therefore, positive

in capillaries above the heart and negative for capillaries below the heart. Bone measurements

in models of microgravity conditions have shown that the change in bone density is correlated

with the change in capillary pressure (Le blanc et al., 1990; Roer andDillaman, 1990; Roer and

Dillaman, 1994). In studies of bone density changes during a 180-day mission, the overall

skeletalmass did not change, though therewere significant decreases in bone densitywithin the

lumbar spine and proximal femur (McCarthy et al., 2000). It has, therefore, been proposed that

there is a causal relationship between tissue fluid pressures and bone density changes.

6.1.6 Bone Loss

Bone mass starts to decline gradually from its peak during the forth decade of human life

(Figure 6.1a and b). At the tissue and cellular levels, menopause-related bone loss is

characterized by increased bone resorption. This is in agreement that fracture at most sites

is associated with low BMD. Much of our understanding about age-related changes in bone is

based on histomorphometric studies of bone and bone mineral density measurements. Studies

have shown that age-related changes in cortical bone and in cancellous bone are different.

There are also differences in the way the male and female skeletons lose bone during aging

(Eriksen et al., 1989). During aging, cortical bone begins to thin because of endosteal

resorption. However, because the periosteum is still actively laying down new bone, there

is also a continuous increase in bonewidth. In trabecular bone, the thickness of bone structural

units decreaseswith advancing age. Trabecular thicknessmay not necessarily be reduced, it can

even be increased, because net bone loss is mainly due to a result of perforative resorption and

the complete removal of this perforated trabeculae (Reeve, 1986) (Figure 6.1c). Rodin et al.

(1990) have demonstrated that significant premenopausal bone loss occurs from both the

lumbar spine and neck femur. The rate of loss in neck femur is slower than that seen in the spine,

but by the late forties the cumulative loss from peak density at both sites is comparable.

The WHO have established diagnostic criterion for the detection of osteoporosis based on

BMD values attained in women (Amin and Felson, 2001). However, the applicability of these

criteria for men has yet to be accepted. Some studies have suggested that fracture prevention

depends not only on BMD values but is also influenced by the decrease in bone turnover

(Bjarnason et al., 2000; Garnero et al., 1996). BMD and bone marker changes are associated

with the ultimate clinical target, that is, fracture risk reduction. There is also evidence of an

effect on fracture risk independent of bone density and bone turnover, whichmight be due to an

alteration in the frequency of falls (Garnero, Darte and Delmas, 1999). Figure 6.1c shows the

appearance of spine after bone loss.

Although bone loss in osteoporosis is generally related to bone density, biomechanical

studies have demonstrated that other properties of bone, such as the architecture and chemical

composition, contribute to its strength. For example, both the elastic modulus and the fracture
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stress increase with the amount of mineral deposited within collagen fibrils (Burstein et al.,

1975). Also, the size, orientation and local arrangement of the mineral particles are important

determinants of bone strength (Martin and Ishida, 1989; Sasaki, Ikawa and Fukuda, 1991;

Wagner and Weiner, 1992).

Bone loss, evaluated by iliac crest biopsies, proceeds mainly by trabecular thinning in men

and correspondingly by loss of connectivity in women. Patients with fractures matched by iliac

crest trabecular bone volume have a greater loss of connectivity than controls (Han et al., 1996;

Kleerekoper et al., 1985). Karlsson et al. (2000) have suggested that BMD reduces trabecular

connectivity, as connectivity is more greatly diminished in elderly women than in young

women or elderly men, in persons with low BMD but not in persons with high BMD and in

fracture cases more so than in nonfracture cases, as evaluated in the iliac bone by crest biopsies

(not calcaneus) (Hans, Schott and Meunier, 1993; Kaufman and Einhorn, 1993; Salamone

et al., 1994). In two histomorphometric studies of men and women with spine fractures with

matched controls by age, gender, body mass index and bone density, a greater reduction of

trabecular connectivitywas observed in fracture cases (Kleerekoper et al., 1985; Legrand et al.,

2000). However, differences in other structural features, such as microarchitecture, geometry,

bone size, ultrastructure and quality of bonematrix, and non-skeletal factors, such as soft tissue

composition and thickness, may also contribute.

Women seem to experience more marked perforative resorption than men. This leads to

more rapid disintegration of the trabecular structure than the simple thinning of the trabeculae

seen in males. According to Aaron et al., (1987), the main defect in males is decreased bone

formation, but increased bone resorption predominates in women. Rico et al. (1993a) have

indicated that measurements of specific body areas may not be extrapolated to others, due to

different losses in different body areas, and that there is a marked bone loss rate in the axial

skeleton in the first 5 years following menopause.

Age-related pathogenesis of male osteoporosis has, in part, been linked to gonadal hormone

deficiency (Seeman, 1999; Jackson and Kleerekoper, 1990). For instance, serum total and free

testosterone levels have been reported to be significantly lower in elderly menwith hip fracture

(Jackson, Riggs and Spiekerman, 1992). In addition to compromised testosterone levels,

evidence suggests that a decrease in bioavailable estrogens may play a pivotal role in age-

associated bone loss inmen (Khosla et al., 1998, 2001; Szule et al., 2001).Additionally, inmale

animals, estrogens have been seen to be a predictor of bone density and metabolism (Erben

et al., 2000; Vandenput et al., 2002).

The number of osteoblasts present in bone tissue depends not only on their proliferation rate

but also on the rate of apoptosis. Several observations demonstrate that regulation of the

osteoblasts life span is critical for maintenance of the skeleton. Osteoblast apoptosis increases

in association with inflammation-mediated osteoporosis (Armour et al., 2001) and glucocor-

ticoid-induced osteoporosis (Weinstein et al., 1998).

Mass reduction of the osteoporotic bone causes structural changes. Structural changes

arrow the tolerable loading directions, which in turn may increase fracture risk. This is

interspersed with individual life style stimulus to the body. Different types of non-invasive

techniques provide different information on the structural changes in osteoporosis.

To interpret the information correctly, it is important to understand the structural level of

the bone and underlying assumptions on which the individual measurement is performed.

Figure 5.2 summarizes a sequence of events leading to fracture. A large body of evidence

suggests that bone mass is not adequate to completely explain either the skeletal fragility of
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osteoporosis or the effects of bone active agents (Heaney, 2003). This author has suggested

that excess remodeling is a major source of osteoporotic bone fragility.

Several investigators have studied the mechanical properties of osteoporotic bones and

reported a decrease in elastic modulus and strength in the transverse direction compared with

those of the longitudinal direction (Kabel et al., 1999). These findings correspond to an increase

in intensity of the trabecular orientation in the loading direction in the osteoporotic bone. The

ratio of the elastic modulus in amajor principal axis (longitudinal direction) to that in theminor

axis (transverse direction) has been reported as 1.00–1.51 in osteoporotic vertebral body

(Hagiwara et al., 2000) and 1.05–7.04 in the bovine proximal tibia (Inoue, 1987).

In Sprague–Dawley (SD) rats, from an age of about onemonth, cancellous and cortical bone

parameters decreased with aging. The decrease with aging in cancellous bone in the proximal

tibia of male SD rats in this study and in male Fisher 344 (F 344) rats was larger than in the

lumbar vertebra and femoral neck (Erben et al., 2000).

There are two reasons for selecting age-related bone loss inmen (Wang et al., 2001): (i) first,

men do not normally experience the abrupt loss of sex hormones with aging that occurs in

women following menopause, although gonadal deficiency can cause some osteopenia in men

(Daniell, 1997; Katznelson et al., 1996) and in male rats (Erben et al., 2000; Vander Schulren

et al., 1992; Wink and Felts, 1980); (ii) secondly, men lose bone with aging despite clinically

evident hypogonadism occurring only infrequently (Riggs, Khosla and Melton, 1998).

Therefore, it is suggested that animal models of age-related bone loss in men be based on

gonad-intact, aging, male animals and not on gonadectomized male animals, as has been done

by some workers (Wink and Felts, 1980).

The lifetime risk of a forearm fracture in a postmenopausal woman is 16% (Riggs and

Melton, 1986) – similar to the risk of hip and vertebral fractures. The occurrence of distal

forearm fractures in Eastern Europe is similar to that observed in Scandinavia (Ismail et al.,

2002). Several studies have clearly established the relationship between osteoporosis and

fractures of the distal radius, especially in women up to 65 years of age (Eastell, 1996; Kelsey

et al., 1992). An epidemiological association (Cleghorn et al., 1991) has also been demon-

strated. From cross-sectional data, the difference in BMD measured at the forearm among

individuals with a fracture of the distal forearm and controls was about one half a standard

deviation (SD) (Mallmin and Ljunghall, 1994;Wong and Pun, 1993), whereas the difference in

BMDmeasured at the femoral neck or trochanter in individuals with a hip fracture turns out to

be between 0.9 and 1 (SD) relative to the controls (Marshall, Johnell andWedel, 1996). Similar

results were obtained in two prospective studies (Kelsey et al., 1992; Gardsell et al., 1993).

Unlike hip and vertebral fractures, the risk of forearm fracture is not associatedwith smoking

(Vestergaard and Mosekilde, 2003), and the variation in fall frequency could not explain the

incidence of distal forearm fractures in women (O�Neill et al., 1995). These studies indicate
that fracture of the distal forearm is less osteoporotic than hip fracture. Important conditions in

addition toBMDare involved in pathogenesis of distal forearm fragility fracture. BesidesBMD

measurements as a surrogate measure of bone strength, bone material and structural properties

are also important components that determine bone�s ability towithstand loading (Wehrli et al.,

2002). In addition, several extra skeletal factors play a substantial role (Ismail et al., 2002;

Honkanen et al., 2000; Miller et al., 2002).

Talmage et al. (1986) have found that athletic women did not undergo the normal

postmenopausal bone loss and instead maintained higher bone mass than age-matched

peers. Other studies have also shown that exercise can reduce the bone loss occurring after
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menopause (Smith et al., 1989; Chow, Harrison and Notarius, 1987; Dalsky et al., 1988;

Berverly et al., 1989).

6.1.7 Secondary Osteoporosis

The causes of generalized secondary osteoporosis in adults may by one of the following types:

(i) hormonal, (ii) nutritional, (iii) drugs related to mineral metabolism and (iv) inherited

metabolic disorders and others. Factors identifying the occurrence of localized secondary

osteoporosis are:

. Aprolonged immobilization of a limb, for example in a plaster cast or high dorsal paraplegia/

low cervical quadriplegia and neurectomy rats. This form of osteoporosis is known as disuse

osteoporosis.
. Monoarticular rheumatoid arthritis.

A practical method of the study of osteoporosis in population groups is to define or derive a

fracture threshold, which is related to variations in the BMD. Based on this, fracture risk at

the level of the neck of the femur, the proximal third of femur, fracture of the lumbar

vertebrae with anterior wedging and fracture of the lower forearm, at the level of the distal

third of the radius, are indications of reduction of bone mineral density and the onset of the

osteoporosis.

The factors that determine the occurrence of a fracture in an osteoporotic individual depend

on skeletal and extraskeletal causes. Sketal causes are bone mass per unit volume, cortical

thickness at sites of maximum loading, the trabecular pattern of the bone matrix and the

turnover of the bone mass per unit volume. The precipitating factor might be a fall.

6.2 Senile and Postmenopausal Osteoporosis

These twoentities are themost commoncausesofgeneralizedosteoporosis. Senile osteoporosis

simplyrefers to thegradual lossofskeletalmass that is seenwithadvancingage.Postmenopausal

osteoporosis refers to the increasedbone lossseen inwomenfollowingmenopause.Bothof these

processesareverycommonandbothcommonlyoccur in thesameindividuals, so the twoentities

are often lumped together. In general, the gradual loss of skeletal mass begins in women in the

fourth decade and in men in the fifth or sixth decade of life. This bone loss accelerates during

women�smenopause.Thepathogenesisofbothof thesestates isnotclear,butprobably involvesa

combination of decreased bone production and increased resorption.

Bone loss occurs in both cortical and trabecular bone. In the cortex, bone may be lost along

the endosteal or subperiosteal surfaces, or may be lost along the surface of theHaversian canals

(cortical tunneling). Trabecular bone loss occurs mostly among the trabeculae that are subject

to the least stress. Conversely, the trabeculae that are unaffected the most are those that receive

themost stress, generally the primary, verticalweight bearing trabeculae. In the femur, one sees

gradual loss of both the compressive and tensile groups of trabeculae and the compressive

group is usually the last to go. Similar patterns of trabecular bone loss are observed in the spine.

With loss of skeletal mass, one also loses bone strength. This loss of bone strength may be

asymptomatic for many years, although significant loss may be accompanied by fractures and
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bone pain. In the spine, these fractures may take several forms, leaving the vertebral bodies

wedged anteriorly, symmetrically flattened (vertebra plana) or with biconcave endplates.

Increased thoracic hyphosis leads to a hump in elderly females. Fractures may occur in other

areas as well, such as the proximal femur and humerus, distal radius and ribs.

Bone pain is a very common feature of many metabolic bone diseases such as metastatic

bone disease, osteoporosis and Paget�s disease. The common factor in many metabolic bone

diseases is increased bone resorption, a pathophysiological process that often results in pain by

various direct and indirect mechanisms. The majority of painful episodes of osteoporosis are

not due to the osteoporotic process itself but are associatedwith fractures, particularly vertebral

fractures. The mechanism of the pain produced is still not fully understood, but may be due to

distortion of surrounding structures that contain nociceptors. Chronic back pain is often

associated with osteoporosis, but may not be due to the osteoporotic process itself and is

probably caused by either resulting structural changes or unrelated degenerative osteoarthritis

of the spine.

Possibilities have been explored whereby effective treatments could be developed by

manipulating the primary elements in bone biology that control the size and shape of bone

structures. In the spirit of Wolff�s law, changes in bone structure are brought about by a

feedback system in which changes in peak mechanical strain drive bone cells to change bone

structure (Frost, 1964a, 1964b, 1983, 1987; Currey, 1984; Hart and Davy, 1989; Beanpere, Orr

and Carter, 1990). According to “mechanostat” theory due to Frost (1983, 1987, 1990a, 1990b)

a feedback control system exists whereby bone structure is maintained such that ordinary

mechanical strains do not exceed a minimum effective strain (MES) (1500–2500microstrain).

If the local strain within the bone surpass theMES, bonewill undergo modeling and change its

structure to reduce the local strains to below the MES. This theory has been expanded to

incorporate another effective strain level of 50–200microstrain (Martin and Burr, 1989). If

local strains within the bone fall below the lower effective strain level, bone tissue will be

resorbed until the local strains are increased.

The adaptation model, as presented in Figure 1.13, suggests a “physiological window” for

bone (Frost, 1989; Martin and Burr, 1989). It is suggested that, if mechanical usage causes

strain levels to fall outside the physiological window, the bone will be in a state of disuse or

overuse. This leads to an adaptation response and an imbalance between bone formation and

bone resorption (Bassett, 1971). Frost (1989) has further suggested that certain hormones and

biochemical agents may alter the boundaries of the physiological window. Normal mechanical

usage would then increase bone mass and bone strength significantly.

Bone remodeling takes place in several multicellular bone remodeling units (Frost, 1964).

The first event (activation phase) is uncovering of the bone surface by osteoblasts to allow

attachment of osteoclasts. A bone resorption phase lasts for about 10 days and is followed by

invasion of the resorption cavity by mononuclear cells (reversal phase). Osteoblasts are then

activated to form bone matrix. They first synthesize unmineralized osteoid, which is subse-

quently calcified. In osteoporosis, this tightly regulated systembecomes unbalanced, leading to

postmenopausal bone resorption, resulting in net bone loss. Rubin, Bain and Mcleod (1990)

showed that a bonemodeling response to amechanical stimulus, whichwas exuberant in young

animals, was almost nonexistent in old animals. The age-related decrease in the modeling

capacity of bone may be due to decreased efficiency of the cellular effectors. For instance, an

electron microscopic study of the lining cells on the bone�s surface shows the presence of gaps
between these cells that increase with age (Tonna, 1978).
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At the molecular level, the various inorganic components of bone, including calcium

(Ca2þ ), phosphate (PO4
3�), carbonate (CO3

2�) and acid phosphate (HPO4
3�), can affect the

formation, maturation and dissolution of bonemineral (Posner, 1970). The organic component

of bone is predominately collagen and is bonded to the inorganicmineral component to provide

strength. Mutations of type I collagen and defects in post-translational processing can alter the

strength and fatigue behavior of bone tissue (Japsen et al., 1997). In addition, they indirectly

affect the mechanical properties of bone by influencing the mineralization process. For

example, in osteogenesis imperfecta, mutations in collagen disrupt the ability of collagen

fibrils to incorporate crystalline mineral, leading to a higher fracture risk (Culbert et al., 1995).

6.2.1 Type of Bone Pathogenesis

Pathological disorders of bone may develop when osteoclast production or its function is

impaired. A deficiency in osteoclast production or action results in deficient bone resorption

and the development of osteoporosis. Osteoporosis is a relatively rare inherited disorder that

may be due to either reduced numbers of osteoclasts or their decreased functional ability. The

inability of the osteoclast precursor cells to differentiate and the inability to form a ruffled

border have been associated with defects in the transcription factors fos and src, respectively.

Another transcription factor is associated with deficient pycnodysostosis. In this case

dissolution of the organic bone matrix following demineralization is defective.

In contrast to the above, excessive bone resorption results in osteoporosis. Excessive

resorption can be due to a decrease in sex hormone levels, as occurs in post-menopausal women

(type I osteoporosis) or castrated males. Excessive bone resorption also occurs in hyperpara-

thyroidismdue to increased releaseofPTH(parathyroidhormone)andwith theprolongeduseof

glucocorticoid drugs. Acute calcium deficiency concernment with immobilization effectively

ensures a high turnover state in bone due to elevated serum (PTH) (Cynthia et al., 1999), though

this is age dependent in rats. These authors further concluded that mechanical loading imposed

onimmobilizedcorticalboneexperiencinghigh turnovereffectivelymaintainedBMDandtibial

cross sectional area in that region experiencing bending forces during loading. Uncontrolled

bone remodeling prevents the production of normal lamellar bone architecture and gives the

bone a haphazard mosaic appearance in Paget�s disease.
Osteogenesis imperfecta (OI) is a rare disease of the connective tissue characterized by

osteopenia – progressive skeletal deformities cause severe growth retardation. OI is identified

as a heterogeneous group of inherited disorders associated with bone fragility in the genes

coding for type I collagen (Byers, 1989, 1990; Kuivaniemi, tromp and Prockop, 1991; Prockop,

1992). Blue scerae, dental and cardiac abnormalities, joint laxity and maturity onset deafness

can be additionalmanifestations of this clinically variable disease (Kusick, 1972). AlthoughOI

is a disease characterized by increased bone fragility, the role of the mineral phase of bone in

this disease is still a matter of speculation.

The expanding genetic diversity in OI as determined at the level of molecular genetics and

biochemistry (Chu et al., 1984; Pentinnen et al., 1975; Williams and Prockop, 1983) has not

been matched by an in-depth study to show possible difference in the quaternary structure of

type I collagen that would be visualized by electron microscopy. Some electron microscopic

studies have suggested (Doty and Mathews, 1971) that OI can be unequivocally differentiated

from other osteopenias on the basis of characteristic changes involving the osteoblasts, osteoid

and mineral formation. Some studies have also demonstrated that the structure of collagen
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fibrils in the osteoid is not uniform (Haebare, Yamasaki and Kyogokuni, 1969; Stoss and

Freisinger, 1990).

Several workers (Sillence, Senn and Dnks, 1979; Sillence, 1988; Byers, 1989) have

identified four major subgroups of OI patients (types I–IV). Type I OI is a mild, nondeforming

type, while type II OI is the most severe form, resulting in perinetal death of several workers.

Type III leads to progressive skeletal deformity and type IV is associated with a mild to

moderate frequency of fracturing. A histomorphometric analysis of the diameters of collagen

fibrils photographed by transmission electron microscopy indicated that type I collagen in OI

bone was larger in diameter than normal bone. This increase in diameter of type I collagen

fibrils may represent an alteration in the quaternary structure of the collagen fibril as a

consequence of poorly packed collagen molecule. Such alterations in the collagen fibril may

affect the formation and stability of bone mineral associated with it.

Most cases of type I result frommutations that decrease the amount of normal type I collagen

synthesized (Rowe et al., 1985; Genovese and Rowe, 1987). These mutations can produce

nonfunctional proa (I) chains that cannot associate with their normal counterpart. However,

most remaining OI cases are due to mutations that affect the structure of the triple helical

domain of al (I) chain (Byers, 1990; Kuivaniemi, tromp and Prockop, 1991). Most of these

mutations result in the synthesis of procollagen with decreased thermal stability, poor

secretion and an increased rate of intracellular degradation (Bonadio and Byers, 1985;

Steinmann et al., 1984).

Despite the identification of mutations in a large number of OI patients, relatively few of

these cases have been examined at the level of bone organization. Recent histological studies of

bone from type II OI patients with known molecular defects have demonstrated severe

deficiencies in trabecular and cortical bone, as well as the absence of lamellar bone structures

and mature Haversian systems (Cole et al., 1990a, 1990b, 1992).

The calcium-to-phosphorus ratio is lower inOI than in normal bone (Cassella andAli, 1992).

There has been speculation (Vetter et al., 1991) that because crystal growth is tightly associated

with collagen fibrils in bone (Weiner andTraub, 1989), defects in severely affected patients that

lead to distributed fibril formation (Byers, 1988) also lead to retarded crystal growth. Haebare,

Yamasaki and Kyogokuni (1969) have stated that the presence of pathologically immature

collagen in the bone matrix causes irregular and granular calcium deposits and thus brittle

bones build up.

The cellular mechanisms of cancellous bone loss contribute to the pathogenesis of vertebral

fracture (Parfitt, 1988). The total amount of cancellous bone, expressed as bone volume/tissue

volume (BV/TV), has been partitioned into two independent components – trabecular number

(Tb.N) and thickness (Tb.Th) (Parfitt et al., 1983). This gave rise to the concept that rapid bone

loss is the result of complete removal of trabeculae, leading to a fall in Tb.N,whereas slow bone

loss is the result of thinning of residual trabeculae, leading to a fall in Tb.Th. (Parfitt, 1988).

There is considerable indirect evidence that a decline in Tb.N is mainly the result of increased

resorption depth and, therefore, is osteoclast mediated. In contrast, a fall in Tb.Th is mainly the

result of decreasedwall thickness and is osteoblast mediated (Parfitt et al., 1983; Parfitt, 1988).

Possible etiologic agents include calcium malabsorption (Baylink et al., 1980; Orwoll et al.,

1989), impaired protein synthesis and hypoproteinemai (Parfitt et al., 1985; Parfitt, 1990a) and

possibly the deficiency of one or more nutrients (Heaney, 1988; Avioli and Lindsay, 1990).

Unfolding the pathogenesis of interstitial bone diseases may eventually shed light on the

various more common forms of osteoporosis, in which similar abnormalities of osteoblast
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recruitment and function are often found (Parfitt, 1988, 1990b). Parfitt and Folds (1991) have

concluded that when both (interstitial bone thickness) are reduced, trabecular thinning can still

be accounted for mainly by a reduction in W.Th. (Croucher et al., 1989).

The observation that reduced wall thickness is the major mechanism of trabecular thinning

after intestinal shunt surgery is consistent with the significant correlation between W.Th and

Tb.Th and with the other evidence of disordered osteoblast function (Parfitt et al., 1985).

Nonosteomalacic osteopenia with low bone turnover is common in a wide variety of

gastrointestinal and hepatobilary values for osteoid apposition rate, as well as reduced wall

thickness. These abnormalities can be accounted for by (i) reduced lifetime capacity for matrix

synthesis by individual osteoblasts or (ii) by too few osteoblasts recruited during each cycle of

remodeling (Parfitt, 1990b).

Pagel et al. (2003) have shown that thrombin inhibits apoptosis induced by serum

deprivation in osteoblasts and osteoblast like cells. Osteoblasts express two of the three

known thrombin receptors, but thrombin�s inhibition of osteoblast apoptosis is independent of
these receptors. The mechanism by which thrombin does inhibit osteoblast apoptosis would

seem to result from the synthesis and/or secretion of a survival factor(s) by the osteoblasts,

which then acts in an autocrine fashion to inhibit apoptosis.

Several studies have shown that short-term changes in the biochemical markers of bone

turnover (bone markers) are related to the long-term response in bone mass during anti-

resorptive therapy (Bjarnason and Christiansen, 2000; Christgau et al., 1997; Garnero, Darte

and Delmas, 1999; Gonnelli, Cepollaro and Pondrelli, 1997; Rosen, Chesnut and Mallinak,

1997; Delmas et al., 2000). In clinical trials, the bone mass response within a treatment group

can be estimated from the group wise degree of suppression in the bone markers (Ravn et al.,

1999a, 1999b; Riis, Overgaard and Christiansen, 1995). The practical consequences are that

resources and time used for product developmentmight be reduced if the bonemarkers are used

for early screening and treatment effect in phase I and for interim analysis of phase II trials with

the purpose of dose selection for phase III trials.

6.2.2 Risk Factors for Fractures

In both children and adults, most extremity bone fractures from falls begin in diaphyseal and

metaphyseal cortical bone. They rarely begin in trabecular bone, which can help to support

metaphyseal cortices (Rockwood and Green, 1991; Ferrethi et al., 1995).

Risk factors are a result of both trauma and decreased bone strength. All fractures are not

related to osteoporosis. Trauma depends on factors related to falling and to the force of the

impact. For example, bones will breakmore easily when subjected to torque than compression.

Bone strength depends on both the density (quantity) and on the quality of the bone (structure of

the trabecule, size of the crystals, visibility of bone cells, etc.). Clinically, factors can be

described for low bone density or for risk of falling. Some risk factors, such as age, are in both

categories. Older people are more likely to fall and they also have low bone density. Persons

with illness also may fall more easily and have lower bone density. Figure 5.2 summarizes the

compound effect of various factors leading to fracture as a result of a fall.

It is generally accepted that it is particularly important to increase trabecular bonemass in the

treatment of osteoporosis. However, cortical bone represents 80% of bone mass. There are

many differences between trabecular and cortical bone that are suggestive that bone compart-

ments are distinctive structures with characteristic behavior and responses. Cortical bone

256 Biophysical Bone Behavior



containsmuchmore osteocalcin and less osteonectin than trabecular bone and therefore the two

may be subjected to different regulatory mechanisms (Ninomiya et al., 1990). Eriksen et al.

(1993) reported that bone remodeling has a different duration in the cortical and trabecular

compartments, which indicates basic differences in metabolism pattern. Bone remodeling

requires 200 days in trabecular bone, but only 120 days in cortical bone. In the early year of

menopause, only a trabecular bone mass shows significant bone loss. Later, trabecular and

cortical bone also behave differently. After about 15 years of menopause and coinciding

roughly with the presentation of vertebral osteoporosis, only the cortical compartment shows

significant bone loss. It has been reported that cortical thickness was present in 95% of cases

regardless of whether the hip fracture was trochanteric or cervical, but trabecular osteoporosis

was present only in 78% (Rico, 1997).

6.2.3 Fracture Risk Models

Risk is defined as the probability of a mishap (fracture) occurring. Typically, the measures of

risk are the frequency and rate of fractures (Ross et al., 1989). The fracture threshold is often

defined as a BMC cut-off, below which the large majority of fracture cases (80–95%) are

observed (Ross et al., 1987a, 1987b). However, this approach ignores the gradient that exists in

fracture risk, which in turn is determined not only by present BMC but may also be influenced

by age and other factors. Because it does not quantitate the level of risk, the fracture threshold

approach cannot be used for cost–benefit analysis. The fracture threshold approach also does

not permit the use of multiple treatment categories.

It is now documented with some certainty that 11–18% of the bone mass is lost in the first

10 years following menopause (Nordin et al., 1990; Gotfredsen et al., 1987). Menopause is

preceded by a transitional phase that is characterized by rising gonadotropin levels and falling

total estrogen output from the ovaries (Sherman, West and Korenman, 1976). Several studies

have modeled bone loss immediately following menopause with an exponential function

(Nordin et al., 1990; Gotfredsen et al., 1987; Gallagher, Goldgar and Moy, 1987; Heaney,

1989). According to these authors, menopause may be modeled as many small changes in the

set point that converge to a new set point with the cessation of menses. On average 5 years pass

from the first sign of menopausal transition to the cessation of menses (Treloar, 1981). During

the menopausal transition, some bone loss may also occur. The logarithmic rate of bone loss

associated with oophorectomy (Lindsay et al., 1980) is about three times greater than that

associated with menopause (Gotfredsen et al., 1987). Therefore, it seems likely that the

patterns of endocrine changes will vary between individuals, and it is assumed that genetic and

environmental factors interact to influence the timing and profile of the hormone fluxes

associated with menopause.

Studies have shown that bone loss due to disuse (Li et al., 1990) and bone loss due to

oophorectomy (Wronski, Clintron and Dunn, 1988a; Wronski et al., 1988b) follow a similar

pattern. Published data on bone mineral density measurements suggest that bone losses in men

and women are around 0.8 and 1% per year, respectively. An acceleration to 2–3% per year

occurs in women during menopause. There is sufficient evidence that bone density is a major

determinant of vertebral fracture risk (Krolner, Berthelsen and Pors Nielsen, 1982; Firooznia

et al., 1984; Cann et al., 1985; Hayes, Piazza and Zysset, 1991).

Riggs et al. (1981) found that bone loss from the vertebrae begins in young adulthood and

is linear. However, the bulk of evidence now conflicts with this early model. Krolner and
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Pors-Nielsen (1982) examined the lumbar spine bone mineral content in 70 women in relation

to age. By fitting the data to gamma variate functions they showed amaximum spinal density at

34 years; however, this method of statistical handling has been subjected to criticism (Tothill,

Smith and Sutton, 1983) – the authors results support the view that there is an increased loss of

spinal bone mineral after menopause. Nilas and Christiansen (1987) carried out a cross

sectional study of 178 healthy women and found no evidence that substantial premenopausal

bone loss occurs from any site. Several authors (Hansson and Roos, 1978; Rodin et al., 1990)

noted a continuous age-related decrease of spinal bone density after the age of 35.Mazess et al.

(1987), with a heterogeneous study population of 892 women, found a 10% decrease in spinal

density in the decade preceding menopause. A similar pattern was shown for femoral bone

density. Schaadt and Bohr (1988) found that the bone mineral content of the femoral neck

decreased linearly after 30. Premenopausal bone loss is also suggested by histomorphometric

studies (Meunier et al., 1973; Marcus et al., 1983) and by post-mortem investigations (Weaver

and Chalmers, 1966; Arnold, 1973). The differing descriptions of age-related changes in

trabecular bone are explained by technological differences in the sample sizes between the

groups. Sambrook et al. (1987) pointed out the pitfalls of using cross sectional data to draw

conclusions about longitudinal changes in population and emphasized the importance of an

adequate sample size.

The above results provide compelling evidence that a significant loss of trabecular bone

occurs before menopause. The significant increase in spinal bone density between the 20s and

mid-30s may have important implications for the prevention of osteoporosis in later life. Also,

the results of Rodin et al. (1990) provide further evidence that trabecular bone at different

anatomical sites exhibits different patterns of age-related density changes, but the reason for

this variation is not fully known.

More tenable models that have been constructed consider fracture risk as a continuum, using

the results of either case control (cross sectional) (Melton, Eddy and Johnston, 1990) or

prospective studies of fracture risk (Ross et al., 1987a, 1987b, 1988). Because the progressive

lossof boneand the riskof fracture areboth cumulativeover time, thesemodels also consider the

probabilityof survivalwhenprojectingfracture risk into the future.Modelsbasedonprospective

data have not been developed yet that can predict vertebral fracture risk from spine BMC. It is

desirable that separate models should be developed for various types of measurements (e.g.,

spine, radius, calcaneus, hip, etc.).CombinationsofBMCmeasurements (includingultrasound)

and combinations of BMC with other risk factors also need to be investigated (Wasnich et al.,

1989). Fracture risk prediction models for men may demand separate consideration.

In as much as all cost–benefit analysis depends directly on fracture costs, this is also one of

themost important areas for improvements. Furthermore, because of comorbid conditions, it is

difficult to determinewhich direct costs are associatedwith fractures. One approach for dealing

with the problem of comorbid disease is that followed by Phillips et al. (1988). They examined

the excess costs among patients with both osteoporosis related and comorbid conditions

compared with hospitalized patients matched by a non-osteoporosis diagnostic related group.

Two potential approaches are considered: (i) spinal bone density increases in young women

until the mid-30s, and if this can be enhanced the peak spinal bone density can be maximized.

(ii) If bone loss in the climacteric can be prevented or reduced, women would again reach

menopause with a better reserve. Exercise and calcium supplementation may be suitable

strategies, but before anymeasures can be recommended theymust be fully evaluated andmust

be shown to reduce fracture risk.
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6.3 Theoretical Analysis of Fracture Prediction by Distant BMD
Measurement Sites

The mathematical model for describing the BMD distribution of a fracture population when

there is just one measurement site is simplified if BMD values are expressed in terms of Z-

scores that are calculated by taking the difference between the measured BMD and the mean

BMD for a healthy population. Subjects are matched for age, gender and ethnic group and

divided by the respective population SD. In the same patient the prediction at distant sites by the

knowledge of fracture BMD at a particular site is discussed in chapter VII. (page 345). For a

group of subject from the a group of subject from the general populationwith a narrow range of

ages the distribution of Z-score values approximates to a Gaussian curve with its peak at Z¼ 0

and SD¼ 1.0:

rðZÞ ¼ 1p
2p

expð� Z2=2Þ ð6:2Þ

Based on the proportional hazards model, the fracture risk can be modeled by an exponential

curve that scales with Z score as exp(�bZ), where b is the logarithm of the relative risk [b¼ ln

(RR)]. TheZ-score distribution for the fracture population is found bymultiplyingEquation 6.2

by the fracture risk curve. It is found to be a Gaussian curve with its peak at Z¼�b and

SD¼ 1.0 (Blake and Fogelman, 2001):

rfðZÞ ¼
1p
p
exp �ðZ�bÞ3=2
h i

ð6:3Þ

Equations 6.2 and 6.3 introduce the relationship that the value of b is equal to the separation

between the two population distributions expressed in Z-score units.

The singlemeasurementmodel described by Equations 6.2 and 6.3 can be generalized to two

BMD measurement sites by using a bivariate Gaussian model (Blake et al., 2003). Let the Z-

score at the fracture site be represented by Zfrac and that at the distant site by Zdist.

Now with the correlation of Zfrac to the fracture prediction by the Zdist measurement we can

write Zdist in terms of its regression line with Zfrac and Zres:

Zdist ¼ rZfrac þ Zres ð6:4Þ

Using the above relation in a bivariate Gaussian model and rearranging, one obtains the

following equation for the distribution function of the fracture population:

rfðZfrac; ZdistÞ ¼
1p
2p

exp� ðZfrac þbfracÞ2
2

1p
2pð1� r2Þ exp�

ðZres þbdist � rbfracÞ2
2ð1� r2Þ ð6:5Þ

where r is the correlation coefficient between Zfrac and Zdist.

The above equation is the product of two Gaussians, the first expressed in terms of the

fracture site Z-score and its b-value bfrac and the second in terms of the residual Z-score of the

distant site and an associated b-value bres¼ (bdist� rbfrac)/H(1� r2). The latter term quan-

tifies the independent fracture discrimination of the measurement at the distant site after

allowing for the effects of the correlation of Zdist with Zfrac. It follows that if the correlation

hypothesis is true then bres¼ 0 and bdist¼ rbfrac (Figure 6.2).
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All types of DEXA examination are affected by systematic and randommeasurement errors

caused by inhomogeneity in the composition of soft tissue and bone marrow (Bolotin et al.,

2001). The magnitude of these errors can be assessed from cadaver studies (Svendsen et al.,

1995). The randommeasurements errors directly affect the T-score and Z-score figures used to

interpret BMD results.

One consider now the effect of the random measurement errors on bdist and bfrac.

Comparison of Equations 6.1 and 6.2 shows that the b-value is equal to the difference in

mean BMD between the fracture population and the general population (dBMD) divided by the

population SD (s):

b ¼ dBMD=s ð6:6Þ

Since the error affects both populations equally they in fact do not change the value of dBMD.

However, they will lead to a larger population SD, which will be related to the original value of

s by s� ¼H(s2 þ e2), where e is the root mean square error associated with the random

measurement error. It follows that the effect of these errors is to reduce b by the factor s/s�:

b� ¼ dBMD=s
� ¼ bðs=s�Þ ð6:7Þ

We now consider the effect of the random errors on the value of the correlation coefficient

between BMD measurements at the two sites. The value of r is related to the covariance

between the two BMD measurements and their individual SD values:

r ¼ covðBMDfrac;BMDdistÞ=sfracsdist

It follows that the effect ofmeasurements is to reduce the value of the correlation coefficient to:

r� ¼ covðBMDfrac;BMDdistÞ ð6:8Þ
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Figure 6.2 Theoretical relationship between the bone mineral density correlation coefficient g and the
gradient b (BMD measurement errors are ignored)

260 Biophysical Bone Behavior



The bivariate Gaussian can be represented as:

rfðZfrac; ZdistÞ ¼
1

2p
pð1� r2Þ exp

� fðZfrac þbfracÞ2þðZdist þbdistÞ2� 2rðZfrac þbfracÞðZdist þbdistÞg
2ð1� r2Þ

ð6:9Þ
where r is the correlation coefficient between Zfrac and Zdist.

The above equation has found to be the correct form to represent the fracture population and

can be verified by projecting the distribution onto the Zfrac axis when it reduces to the Gaussian

in Equation 6.9 withb¼bfrac. Clearly, therefore, the constant bfrac is related to the relative risk

of fracture for the BMD measurement by bfrac¼ ln(RRfrac). In the same way it can be shown

that the constant bdist is related to the relative risk of the distant site BMD by bdist¼ ln(RRdist).

Thismodel alongwith experimentalmeasurements of BMDcan prove to be a powerfulmethod

for scanning large population for possibilities of fracture risk.

6.4 Markers of Osteoporosis

6.4.1 Structural Changes

Postmenopausal osteoporosis is the result of increased bone resorption associated with

menopause or oophorectomy. In the case of trabecular bone, it is not evident that postmeno-

pausal osteoporosis is associated not only with a decrease in trabecular bonemass but alsowith

a loss of bone trabeculae and a consequent decrease in their connectivity (Aaron, Ciombor and

Jolly, 1989).

In cancellous bone, aging causes perforation of structural elements (trabeculae) and

discontinuity of bone structure (Parfitt et al., 1983, 1984; Vesterby et al., 1989). Similar

structural changes in cancellous bone also occur after long periods of disuse (Jaworski and

Uhthoff, 1986). Increased mechanical usage tends to thicken existing trabeculae, but once

trabeculae are lost they cannot be regenerated by increased mechanical usage. There is

evidence that these irreversible structural changes in cancellous bone increase bone fragility, as

osteoporotic patients have a lower trabeculae number and greater trabecular spacing than age-

matched normal subjects (Kimmel and Jees, 1980). Both the above cases are likely to impair the

resistance of trabecular bone to the bone loss. Changes of three-dimensional bone structure are,

however, difficult to demonstrate by conventional bone histomorphometry. Osteoporotic

changes generally are initiated at cancellous bone. Fractures associated with osteoporosis

occurmore frequently in the cancellous bone-rich regions, such as vertebral bodies of the spine,

distal radius and proximal femur.

The introduction of vertical sections (Baddeley, Gundersen and Crees Orive, 1986) in bone

histomorphometry (Vesterby et al., 1987) has made it possible to obtain unbiased steroligical

estimates of bone structure, as well as of changes in structurewith age and in disease. Themost

promising of these parameters is the marrow space star volume. This parameter shows a steep

and significant increase with age in lumbar vertebra, more pronounced in women than in men

(Vesterby et al., 1989; Vesterby, 1990). The only possible explanation for this finding is

perforation or loss of trabeculae. The marrow space star volume has been estimated in an iliac

crest specimen to evaluate sampling problems in such small bone specimens and the results
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indicate roughly parallel changes of trabecular bone in vertebrae and in iliac crest (Vesterby,

1990). These observations have important implications for the treatment of established

osteoporosis in that all agents currently used affect bone remodeling. Inasmuch as remodeling

is an activity associated with a surface, treatment may thicken the trabecular remnants without

increasing their number or restoring their connectivity. There are two histological variants of

postmenopausal osteoporosis: high turnover and low/normal turnover (also known as active

and inactive forms, respectively) (Whyte et al., 1982). In high turnover or active osteoporosis, a

bone biopsy specimen demonstrates an abundance of bone cells (osteoblasts and osteoclasts).

In osteoporosis, there is a decrease in the reducible collagen crosslinks without an alteration

in collagen concentration (Oxlund, Li and Ortoft, 1996); this would tend to increase bone

fragility (Bailey et al., 1993). Both animal (Knott et al., 1995) and human (Bailey and Knott,

1999) studies suggest that newly synthesized collagen in osteoporotic bone matrix has

increased lysine hydroxylation by 35–40%. This appears to be correlated with decreased

strength in three-point bending tests (Bailey and Knott, 1999; Knott and Bailey, 1998; Knott

et al., 1995). Because of the interactions betweenmatrix collagens, integrin expression and cell

function (Bennett, Moffatt and Horton, 2001), this may have implications for the regulation of

the osteoblast phenotype (Masi et al., 1992; Shi, Kirk and Kahn, 1996) and cell signaling

process (Green et al., 1995) that finally underlie bone remodeling in osteoporosis.

Changes in collagen structure underlie an age-associated reduction in bone toughness,

independent of mineral density or mean tissue age. This reduction in toughness increases

fracture risk independent of bone mineral density (Langdahl et al., 1998; Mann et al., 2001).

Apart from changes in mineral density, the inherent risk of fracture can change if the quality of

the organic component of the bone is altered. This may contribute to the fracture risk (Hui,

Slemenda and Johnston, 1988). Thework ofWang et al. (2002) regarding this issue is important

in showing that changes in the mechanical properties in bone collagen occur with age and that

these are correlated to age-related changes in whole bone strength and toughness. They have

gone beyond studies of simple association between biochemical changes in collagen and

mechanical properties to identify specific changes in the mechanical properties of collagen

with age. This means that it is not just changes in mineral content or mineral density that one

must concern with in evaluating the propensity of bone to fracture but also changes in the

organic nature of the bonematrix. This component of fracture riskmay also be consideredwhen

risk assessments are made based on bone mineral density and geometry.

While fracture healing is well characterized in long bones, there is a scarcity of data in acute

vertebral body fractures. Vertebral fractures commonly occur in both elderly men and women

with osteoporosis.

6.4.2 Biophysical Parameters

It is suggestive that exercise is beneficial to the skeleton, probably because it is associated with

a substantial increase in mechanical stimulation of bone both directly and indirectly through

the enhancement of muscle strength (Heinonen et al., 1996).

Rai and Behari (1986) have studied the biophysical characteristics of osteoporotic rats by

providing them food deficient in calcium and phosphorus. They reported changes in various

biochemical parameters, for example, PCO2, PO2, Hb, RBC, WBC (mg per 100mL, and p (mg

per100mL), and so on. Infrared spectra of the two sets of bone samples differed significantly

and so also did their X-ray diffraction patterns. Further, differences in histological parameters
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andmechanical strength of long boneswere also observed.A decrease in cortical thickness and

load carrying capacitywere obtained in osteoporotic bones (Rai, Behari andSaha, 1986;Behari

et al., 1989).

Increased intracortical porosity has been observed as a consequence of aging, disease

(hyperparathyroidism, osteoporosis) and pharmacologic intervention (thyroid hormone, fluo-

ride, parathyroid hormone prostaglandins) (Sietsema, 1995) and has been considered to be

important for the mechanical strength of cortical bone (Barth, Williams and Kaplan, 1992;

Martin and Ishida, 1989). Small changes in porosity or density of compact bone exert a more

pronounced influence on its strength than similar changes in trabecular bone would create

(Schaffler and Burr, 1988; Snyder and Schneider, 1991). This observation is supported by the

strong correlations of compact bone elastic modulus with bone volume fraction, a measure of

intracortical porosity, found by various authors (Schaffler and Burr, 1988; Carter and Hayes,

1977; Currey, 1988). Shaffkey et al. (1988) havemeasured ultrasound attenuation and velocity

in osteoporotic human femur bones. They found a lower velocity in osteoporotic bones but no

observable difference in bone density. Singh and Behari (1994b) have reported that velocity

rather than attenuation is more sensitive to a change in density.

Pharmacological treatment improves bone density and fracture risk at the spine, but the

effects at the femoral neck are much less prominent (Gourlay, Richy and Reginster, 2003). A

non-pharmacological intervention that would reduce fractureswould be of value. Load bearing

exercise influences bone mass (Lanyon, 1996). Vibration has been found to improve bone

density in somevery preliminary studies (Verschueren et al., 2004) but the search continues for

mechanical treatments for osteoporosis. They can be either used alone or in conjunction with

pharmacological treatment to enhance its effect. The positive effect of physical exercise is

highest at the femoral neck, which may be mediated through an improvement of muscle mass

(Lanyon, 1996).

Type 1 collagen accounts for most of the organic matrix of bones, but it is also an important

constituent of soft connective tissue.Assessment of the turnover of such collagen is particularly

relevant to bone metabolism. Determination of the carboxy terminal propeptide of type 1

procollagen (PICP) is a means of estimating the rate of type 1 collagen synthesis in the body.

Most circulating antigen relating to the carboxy terminal propeptide of type 1 procollagen is

derived from bone metabolism. In osteoporosis studies this marker could be used to estimate

the rate of bone turnover and to verify the effects of treatment (Risteli et al., 1991).

Because bone matrix synthesis is performed by cells of osteoplastic lineage, matrix proteins

synthesized by osteoblasts reflect the osteoblastic activity and bone formation. They may be

used as biochemical markers in osteoporosis studies. The major macromolecular components

synthesized by osteoblasts are type 1 collagen and bone carboxyglutamic acid (Gla).

Osteoblasts also synthesize osteoclasts activating factors, prostaglandins, growth factors and

several enzymes such as procollagenase and alkaline phosphatase. PTHand calcitriol aremajor

controllers of osteoblast activity, but other factors, including cytokinins and growth factors,

play important roles (Huffer, 1988). The level of vitamin D has been found to be below the

average in aged people (Tasi et al., 1984), especially in those who live in an institution or in a

hospital (Lamberg-Allardt, 1984).

Parvianen et al. (1988) found that levels of the bone-specific isoform of alkaline phosphatase

were age related: they were lower in patients 20–40 years-old than in those 40–60 years-old.

These findings agreewith those ofDuda et al. (1988). Kuwana, Sugita andYakata (1988) found

an age-related decline in bone alkaline phosphatase in both sexes. In women, however, bone
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alkaline phosphatase increased from the sixth decade on. The decline in bone alkaline

phosphatase up to a certain age obviously indicates decreased bone formation and turnover.

Assays of bone-derived alkaline phosphatase and of osteocalcin are often used as noncolla-

genous markers of bone-cell metabolism.

In view of the above, different types of interventions, for example, exercise regiments

(Baldwin et al., 1996; Cavanagh, Davis and Miller, 1992; Nicogossian et al., 1992; Norman

et al., 2000) drug/hormonal therapies (Bikle et al., 1994, 1995; Turner et al., 1998) and dietary

modifications (Globus et al., 1986; Navidi et al., 1995), have been considered as counter-

measures for bone loss associated with skeletal unloading. In addition, many types of

pharmacological interventions are now in use.

6.5 Osteoporosis Interventions

The clinical significance of osteoporosis lies in fractures that occur mainly at the hip, spine and

wrist (Boeley et al., 1991). Given the cost of osteoporotic fractures and other consequences in

terms of disability (Barrett-Connor, 1995), preventive strategies are clearlywarranted. Fracture

healingmay also be complicated by accelerated local bone loss and osteoporosis (Raisz, 1988).

Systematic approaches for the prevention and treatment of postmenopausal bone lossmay be

categorized into pharmaceutical and nonpharmaceutical. The former may include antirespor-

tive and stimulating agents (Dambacher et al., 1998) and the later may include exercise

programs (Qin et al., 2002;Wolff et al., 1999) and non-invasive biophysical interventions, such

as vibration (Rubin et al., 2001)magnetic fields (Eyres, Salch andKanis, 1996;Mishima, 1988)

and therapeutic low intensity pulsed ultrasound (Arai, Yokoyama andTokashiki, 1993;Warden

et al., 2001a, 2001b).

There are many challenges to be faced in determining intervention thresholds for

osteoporosis. There is a growing opinion that interventions should be based on absolute

risk of fracture rather than on diagnostic thresholds provided by the T-score (Kanis andGluer,

2000). The determination of absolute fracture risk probability at any one site depends on

knowledge of the incidence of first fracture and mortality, and for long-term predictions on

knowledge of the trends. The differential effects of determinants of peak bone mass on bone

size and true bone density and the potential of life-style, dietary and pharmacological

interventions to increase bone size in the adult skeleton demand serious consideration.

Nevitt et al. (2000) have developed a regression model based on the effects of antiresorptive

therapies on vertebral fractures and nonvertebral fractures reported in 15 placebo-controlled

trials of osteoporotic women. This model predicted that a reduction of vertebral fractures is

associated with a reduction of non-vertebral fracture, but the magnitude of reduction is

significantly less (P< 0.01) for the latter group.

6.6 Role of Estrogen

6.6.1 Steroid-Induced Osteoporosis

Hassager et al. (1991) have studied the effects of 1 year of sex-hormone therapy on serumPICP

levels in osteoporotic women. It has been shown in a group of patients with various metabolic

bone diseases that serum concentrations of PICP are correlatedwith cancellous bone formation

rates (Parfitt, 1991).
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The role of estrogen in bone pathogenesis stems from the fact that postmenopausal women

whose estrogen levels are declining are at the risk of developing osteoporosis. Moreover, the

biochemical markers indicate that bone remodeling is accelerated at themenopause asmarkers

of both the resorption and formation are increased (Parfitt et al., 1995; Ebeling et al., 1996).

Hence an increase in bone resorption is probably the set point for estrogen deficiency (Raisz,

2005). An increased bone formation that normally occurs in response to mechanical loading is

diminished in estrogen deficiency, suggesting estrogen is both anticatabolic and anabolic (Lee

et al., 2003). Estrogen deficiency also causes bone loss in elderlymen (Riggs, 2000). Bone cells

contain receptors elucidating the molecular basis of estrogen action. Estrogen may also be

important in the acquisition of peak bonemass inmen (Khosla et al., 2001). In fact estrogen has

a greater effect than androgen in inhibiting bone resorption inmen although androgenmay still

be important (Falahati-Nini et al., 2000; Van Pottellbergh et al., 2004). It is now widely

accepted that women not taking estrogen therapy and taking less physical exercise are more

prone to bone loss and subsequent fracture risk.

Steroids produce osteoporosis in a high percentage of individuals when they are used

continuously over a long period. There is a significant correlation between the dose of the

steroid and the extent of osteoporosis. Steroids affect bone metabolism by direct inhibition

of osteoblast function, direct enhancement of bone resorption, inhibition of calcium

absorption in the intestine, hypercalciuria and inhibition of gonadal hormonal functions.

The immediate target site is the trabecular bone and, hence, vertebral compression fractures

are very common.

Estrogen is critical for epiphyseal closure in puberty in both sexes and regulates bone

turnover in men and women. It is well known that estrogen deficiency causes bone loss in

rodents and humans (Frost, 1973; Riggs, 1991; Manolagas, Kousteni and Jilka, 2002; Eastell,

2003). It has also been established (Jeong et al., 2005) that estrogen deficiency significantly

reduces the proportion of newly synthesized bone matrix as well as the total amount of bone

matrix. Other investigations (Dempster et al., 1995; Kalu et al., 1989; Wronski et al., 1985;

Wronski, Walsh and Ignaszewski, 1986; Swanberg, Mattila and Knuuttila, 1997) also support

the findings that ovariectomy leads to thinning of the trabecular and an increased number of

osteoclasts. Estrogen deficiency leads to an increase of osteclastogenesis – in a high turnover

state there is a greater proportion of immature young bone than old. This increases the rate of

the bone remodeling site depositing new tissue (Jeong et al., 2005). These authors have pointed

out that osteoclasts do not discriminate matrix age. When activated they breakdown old and

fairly newmatrix; in fact, immature young bonematrix ismore labile to the attack of osteoclast.

Furthermore, bone resorption is much faster than formation; it takes at least three months to

rebuild bone resorbed in 2–3weeks (Manolagas, Kousteni and Jilka, 2002; Eastell, 2003). This

increased resorption, even when accompanied by a coupled increased formation, can cause

bone loss owing to these kinetic differences. Jeong et al. (2005) have further concluded that a

high proportion of new matrix in ovariectomized (OVX) rats is presumably degraded by

increased osteoclasts.

A study has shown that the femoral head of the chickens treated with steroids showed that fat

cell hypertrophy and proliferation in the subchondral area are evident as early as 1 week after

initiating steroid administration (Cui et al., 1997a, b).

Conversely, estrogen is also known to prevent bone loss and has been used for osteoporosis

treatment and prevention of osteoporotic fragility fractures for three decades (Jensen et al.,

1982; Lindsay et al., 1980). Estrogen treatment rapidly reduces bone breakdown in older
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women (Prestwood et al., 1994). Fracture risk is inversely related to the estrogen level in

postmenopausal women (Prestwood et al., 2003). The estrogen sensitivity may be age related

(Modder et al., 2004). Presently estrogen is described as an antiresportive agent that slows bone

turnover by depressing resorption, protecting the bone matrix, by reducing the bone turnover

rate (Jeong et al., 2005). Estrogen supplement after ovariectomy inhibits bone resorption by

reducing the number of osteoclasts and decreasing the number of bone remodeling cycles by

reducing the birth rate of osteoclasts and osteoblast (Manolagas, Kousteni and Jilka, 2002;

Eastell, 2003). This model is consistent with the observation that estrogen deprivation

occurring after either menopause or oophorectomy causes increased bone turnover and

accelerates bone loss (Gotfredsen et al., 1987; Gallagher, Goldgar and Moy, 1987; Slemenda

et al., 1987; Wronski, Cintron and Dann, 1988; Longcope et al., 1989; Christiansen and

Lindsay, 1990; Nordin et al., 1990). The relationship between estrogen status and premeno-

pausal bone density in women is not very clear. Studies of young women with severe estrogen

deficiency resulting from illness (Rigotti et al., 1984) or excess physical activity (Drinkwater

et al., 1984) have documented a marked reduction in axial and appendicular bone density.

There is little information, however, on the association between bone density and circulating

estrogen concentration within the normal range.

Several studies have demonstrated that estrogen therapy prevents bone loss in postmeno-

pausal or oophorectomized women (Aitken, Hart and Lindsay, 1973; Lindsay et al., 1976,

1980; Nachtingall, Nachtingall and Nachtingall, 1979; Genant et al., 1982). It is argued that

estrogen decreases bone formation; estrogen deprivation also leads to an increase in bone

formation. However, there is considerable evidence that would suggest estrogen enhances

bone formation as well. Ovariectomy-induced bone loss is observed in trabecular bone in the

diaphyseal region of the femur. Trabecular bone areas are significantly reduced in OVX rats

as compared with sham and estradiol treated rats. Changes in cortical bone are not observed

(Jeong et al., 2005). These authors have pointed out that ovariectomy increased the vacuoles

in the bone marrow as well as the number of osteoclasts. Estradiol treatment restores all

histopathological features induced by ovariectomy back to the control level, which is

characterized by increased trabecular bone area and a decreased number of osteoclasts.

The ratio of femur weight to body weight is lower in the OVX group than the sham and

estradiol treated group though no significant difference is reported. Trabecular bone density

increases by 15% and cortical bone density by 9% in the vertebra of girls during puberty; the

increased mass is sustained throughout childbearing years. The excess bone mass is then lost

after menopause (Gilsanz et al., 1988). Also, young women who become amenorrheic lose

bonemass (Cann et al., 1984; Drinkwater et al., 1984), andwhen normalmenses are resumed

the bone mass increases to a point near normal (Drinkwater et al., 1986). A decline in plasma

estrogen levels causes an increase in bone sensitivity to the resorptive action of parathyroid

hormone (Orimo, Fujita and Yoshikawa, 1972; Gallagher et al., 1980). The estrogen effect

may be mediated by calcitonin, a hormone secreted by C cells of the thyroid, which lowers

plasma calcium and phosphate and inhibits bone resorption (Greenberg et al., 1986). It has

been demonstrated that estrogen therapy increases 1,25-(OH)2-vitamin D3 serum levels

(Stock, Ciders and Mallette, 1985) and calcium absorption across the intestine (Heaney,

Recker and Saville, 1978). Other authors have also reported that calcitonin levels in

postmenopausal patients increase with estrogen therapy (Morimoto et al., 1980; Stevenson

et al., 1981). However, it has also been stated that estrogen does not affect basal calcitonin

levels on a long-term basis and they question the role of calcitonin in the etiology of
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postmenopausal osteoporosis (Leggate et al., 1984). Also, some strong evidence has been

provided that bone cells do not contain estrogen receptors (Eriksen et al., 1987; Komm et al.,

1987). These studies conclude that the increase in bone mass is due to estrogen effects on

bone resorption. However, the evidence obtained from animal studies point to the contrary.

Goulding and Gold (1990) have shown that estrogen deprivation associated with adminis-

tration of a luteinizing hormone releasing hormone antagonist caused a significant decrease

in total body calcium in rats. The lost calcium returns to normal after the normal estrus level

has been reestablished. This result is significant because the majority of a rat�s skeleton is

made up of cortical bone and this does not remodel. In another study, estrogen treatment has

been shown, in osteopenic adult rats, to increase cortical bone mass in the femur by 25%

(Barengolts et al., 1990). Therefore, the antiresportive properties of estrogen by themselves

are not sufficient to increase cortical bone mass in rats. Therefore, it is concluded that a

significant increase in cortical bone mass is probably caused by increased bone formation.

These studies have two common features:

1. Estrogen increases the bone mass of an osteopenic skeleton. This is consistent with the

observation that high dose estrogen therapywill increase the bonemass of a normal skeleton

(Tobias et al., 1990). This evidence also supports the postulate that the estrogen affects the

set point for bone adaptation (Frost, 1987; Turner, 1991).

2. Tobias et al. (1990) have provided histomorphometric evidence that a high dose of estrogen

treatment increases bone formation in trabecular bone as well, although the peak serum

estradiol levels reached in their experiments are about 30� normal.

With estrogen replacement therapy, serum estradiol levels are in the neighborhood of

50–100 pgmL–1 (Faguer de Mousteir et al., 1989). These levels are only a fraction of the

peaks seen in the normal menstrual cycle (600 pgmL–1). Several studies (Goulding and Gold,

1990; Barengolts et al., 1990; Tobias et al., 1990) support the notion that high levels of estrogen

can increase bone formation and restore lost bonemass. Thus, onemight speculate that the levels

of estrogen during estrogen replacements are insufficient either to increase bone formation or to

restore lost bone mass. In support of this Studd et al. (1990) have shown that higher estrogen

doses (serum estradiol levels of 56–241 pgmL–1) increase spinal bone density in postmeno-

pausal women by an average of 8.3% after 1 year of therapy. The increase in spinal bone density

is correlated to serum estradiol levels, suggesting a dependence of bone mass on estrogen dose.

Turner (1991) has shown that estrogen given to growing female rats reduces periosteal bone

formation and suppresses endosteal bone resorption. In the remodeling skeleton, estrogen

deficiency following oophorectomy is known to increase bone formation as well as skeletal

turnover. Thus, even though bone formation indices are increased, estrogen deprivation leads to

significant net bone loss. Estrogen replacement reverses this trend by reducing skeletal

turnover (Wronski et al., 1988b).

One inconsistency between the effects of estrogen loss and disuse is their effects on bone

formation. While both cause an eventual decrease in bone formation, estrogen loss causes

transient increases in bone formation (Wronski, Cintron and Dann, 1988), whereas disuse

appears to reduce bone formation (Young et al., 1986; Sessions et al., 1989). Yet, there is some

evidence of a transient increase in bone formation following disuse (Heaney et al., 1972).

One plausible theory for the estrogen effect on bone mass is that estrogen changes the set

point of mechanical feedback. Furthermore, bone loss in rats caused by a 4-week-period of
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estrogen deprivation associated with administration of buserelin is totally reversible by

withdrawing it for 4 weeks (Goulding and Gold, 1990). These findings are identical to the

patterns of bone mass seen in animals subjected to long-term “immobilization and subsequent

remobilization” (Jaworski and Uhthoff, 1986). Also, cellular events associated with loss of

estrogen and immobilization are similar. Both cause (i) increased activation of remodeling

(Young et al., 1986; Wronski et al., 1988b; Slemenda et al., 1987), (ii) increased bone

resorption (Young et al., 1986; Jaworski and Uhthoff, 1986; Wronski et al., 1988b; Lindsay

et al., 1980) and (iii) negative bone balance, leading to a net loss of bone mass.

Some in vitro studies (Ernst, Health and Rodan, 1989) suggest that the effects of estrogen are

mediated through decreased responsiveness to PTH. In fact, estrogens have been used

successfully to treat primary hyperparathrolidism in postmenopausal women (Gallagher and

Nordin, 1972). However, other studies showed that estrogen effects on bone are pervasive in the

presence or absence of PTH (Goulding and Gold, 1988). Some studies have shown that the

ability of estrogen to induce bone resorption is not caused by indirect effects of plasma

calcitonin levels (Hurley et al., 1989; Goulding andGold, 1988). It has also been suggested that

estrogen effects on bone are mediated by osteoblasts, which have estrogen receptors (Komm

et al., 1988; Eriksen et al., 1988). However, estrogen receptors on osteoblasts are present only

in very low concentrations (Colston et al., 1989). Direct effects of estrogen on bone cells in

culture are not conclusive (Ernst, Health andRodan, 1989; Colvard et al., 1989). At present, the

beneficial effects of estrogen on the skeleton cannot be completely explained by the direct

effects of estrogen on bone forming cells.

An increase in bone turnover associated with estrogen deprivation occurs in the iliac crest

(Steiniche et al., 1989). However, observed changes in bone remodeling in the iliac crest are

not nearly as dramatic as changes seen in the weight-bearing bones of rats (Wronski, Clintron

and Dunn, 1988a; Wronski et al., 1988b). It is possible that estrogen related changes

measured in the iliac crest under represent the intensity of estrogen related effects in weight

bearing portions of the skeleton. There is a strong possibility that the effects of estrogen are

dose dependent.

The adipocyte has long been recognized as an estrogen producing cell, particularly in

postmenopausal women. Thus, early postmenopausal women who lose bone rapidly have

lower levels of both estrone and estradiol than the corresponding slow losers, and this may be

accounted for by their lower fat mass (Riis, Rodbro and Christiansen, 1986). Reid et al. (1992)

have confirmed a relationship between circulating estrone levels and bone density, but have

shown this to be independent of the effects of fat mass. This implies that estrogen is not the only

pathway by which fat influences bone density. This is supported by the finding of a fat–bone

relationship in premenopausal women, in whom the adipocyte is a relatively minor source of

estrogens. It is suggested that estrogen acts through two receptors (a andb);a appears to be the

primary mediator of estrogen in actions on the skeleton (Lee et al., 2003). Osteoblasts do

express b, but the action of a and b on bone are often in contradiction. However, other authors

suggest that activation of these two receptors has similar effects on bone (Windhahl et al., 2001;

Sims et al., 2002).

Evidently, from the above, there is strong evidence that estrogens are important for the

maintenance of bone mineralization over the life span. However, because of their adverse

effects on cardiovascular outcomes, estrogens are no longer considered the first choice

intervention for the prevention and treatment of osteoporosis inmenopausalwomen (McNagny

et al., 2002; Orwoll and Nelson, 1999).
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Testosterone has conventionally been assumed to be the key sex steroid in bone metabolism

in men. However, as a result of some investigations (Bilezikian, Morishima and Bell, 1998;

Smith et al., 1994) other factors have been pointed out. In fact the reason for the age-related

decline in BMD in men seems to be a corresponding decline in levels of bioavailable estrogen

(Gennari and Brandi, 2001). In an effort to elucidate how free testosterone and estrogen act on

agingmale skeleton, Falahati-Nini et al. (2000) eliminated the endogenous production of these

steroids in elderly men and then studied these subjects under conditions of selective

physiologic replacement. They point out that testosterone and estrogen are equally effective

in preventing a decrease in the bone formation marker osteocalcin, suggesting a shared role in

bone formation in the aging male skeleton.

It has been suggested that estrogen may play a role in regulating bone turnover in men as in

women. Smith et al. (1994) have reported that menwith homozygousmutations in the estrogen

receptor gene in the presence of a normal testosterone level had marked osteopenia with an

elevated index of bone turnover. Several authors (Morishima et al., 1995; Carani et al., 1997)

have described two cases with mutations in the aromatase gene who had low BMD and high

bone turnover despite normal testosterone levels (Carani et al., 1997; Morishima et al., 1995).

Treatment with estrogen markedly increased BMD in both patients. An epidemiological study

found that serum estradiol and sex hormone binding globulin (SHBG), but not testosterone

levels, are associated with BMD in healthy men over 65 (Slemenda et al., 1997). Also, Khosla

et al. (1998) showed that serum bioavailable estrogen declined with age in a population based

age-stratified sample ofmen andwomen and that it is an independent predictor of BMD in both

genders. However, the role of estrogen deficiency is not clearly understood in young and

middle-aged men with osteoporosis. Raloxifene has been shown to decrease the risk of

vertebral fracture and does not appear to increase the risk of breast cancer (Modder et al., 2004).

Legrand et al. (2001) have reported a marked increase of serum SHBG concentration and,

consequently, a reduction of free androgen and free estrogen index in men with osteoporosis.

This result suggests that bioavailable testosterone and bioavailable estradiol are reduced inmen

with osteoporosis and could partially explain bone loss. Several physiological and pathological

conditions are known to be associated with an increase in SHBG levels, including aging,

hypogonadism, hyperthyroidism, diabetes and severe alcoholic liver disease (Selby, 1990).

Legrand et al. (2001) have suggested that the higher the SHBG serum concentration and the

lower the bioavailable testosterone and estradiol level, the higher the bone remodeling and

resorption. This mechanism could explain the accelerated bone loss in middle-aged men

previously described by other investigators studying healthy but oldermen (Khosla et al., 1998;

Slemenda et al., 1997). Legrand et al. (1999, 2000) have also shown that there is a strong

association between hip BMD and vertebral fracture in middle-aged men. Further, for each SD

increase in SHBG the risk of vertebral fracture increases twofold. Androgen receptors are

present in osteoblasts. Like estrogen, androgens can regulate the interleukin (IL)-6 promoter,

and, in experimental animals, orchidectomy has been associated with increased IL-6 produc-

tion and bone loss. In men, a chronically low androgen level has been associated with low bone

mass and testosterone has been associated with that. In contrast, testosterone can enhance bone

mineral density. However, the role of androgen inmaintaining bonemass inmen andwomen is

not clear. Legrand et al. (2001) have suggested that the serumSHBGconcentration is increased

inmostmiddle-agedmenwith idiopathic or secondary osteoporosis and is correlatedwith bone

remodeling markers, hip bone mineral density and the presence of vertebral fracture. It has

been shown that serum SHBG level is an independent predictor of hip BMD in primary and
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secondary osteoporosis, even after adjusting for age, BMI and steroid levels. In contrast, there

is no clear association between hip BMD and SHBG in age-matched controls, suggesting that

an elevated serum SHBG level is a viable pathological finding in osteoporotic patients. It has

been well documented that testosterone positively affects bone mineral density (Lauretani

et al., 2006; Composton, 2001). In fact, androgen therapy in adult men with advanced prostate

cancer is followed by rapid bone loss, similar to the loss of skeletal integrity in women after

surgical ovariectomy or during early menopause. Significant loss, though to a lesser extent, has

been observed at appendicular skeletal sites, including the hip and the radius, after cessation of

androgen therapy (Vander Schueren et al., 2004).

6.6.2 Impact of HRT on Osteoporotic Fractures

Hormone replacement therapy (HRT) has been introduced, mainly given to suppress meno-

pausal symptoms, but now commonly used for the prevention of postmenopausal osteoporosis

(Rossouw et al., 2002). HRT reduces postmenopausal bone loss and decreases the incidence of

osteoporotic fractures by about 50% (Weiss et al., 1980). Randomized intervention trials have

demonstrated that hormone replacement (estrogen with and without progesterone) reduces

bone turnover and increases bone mass (Chesnut et al., 1997).

Indeed, HRT is now the most widely accepted and used intervention for the prevention of

postmenopausal bone loss (Consensus Development Conference, 1991).Womenwho received

2–3 years of HRT had a significantly lower risk of vertebral fracture at the time of follow up

compared with the women on placebo (P¼ 0.03). The number of vertebral fractures is also

significantly reduced (P¼ 0.025). The risk of single vertebral fractures is reduced by 32% in

HRT treated patients. When all fracture types are combined, HRT treatment for 2–3 years is

associated with significantly reduced fracture risk.

Several studies have indicated that the time HRT was initiated had no influence on the

optimal prevention of bone loss (Rossouw et al., 2002; Cauley et al., 2001; Hulley et al., 1998;

Schneider, Barrett-Connor and Morton, 1997). Some studies suggest that, for optimal

prevention of fracture, HRT should be initiated within 5 years of the menopause and used

for more than 5 years (Weiss et al., 1980; Cauley et al., 1995; Randell et al., 2002). These data

imply that to prevent osteoporosis women need to start HRT soon after the menopause and

continue for the rest of their lives, which raises concern about breast cancer and other risks

associated with extended use of HRT (Grady et al., 1992; Rossouw et al., 2002). To date, few

studies have investigated the changes in bone mass following cessation of HRT (Cauley et al.,

1995; Christiansen, Christensen and Transbol, 1981; Jemollieres, Pouilles and Ribot, 2001;

Greendale et al., 2002; Riis, Johansen andChristiansen, 1988). All studies agree that onceHRT

is stopped, BMD decreases.

Bagger et al. (2004) concluded that even limitedHRTgiven in the postmenopausal years can

be of long-lasting benefit in terms of preventing bone loss and related fractures. Current

recommendations suggest that prolonged HRT for at least 10 years or so is optimal, with

relatively high (bone-sparing) doses of estrogens. There are few data from randomized

controlled studies concerning the effects ofHRTon fracture, but, supported by epidemiological

evidence, it is widely believed that the preservation of bone mass results in a decrease in

fracture risk. Longer-term treatments may increase this benefit but may also increase the risks.

These extraskeletal risks and benefits of HRT treatment have not been quantified accurately

because of the uncertain magnitude of the variability in the population data.
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There also appears to be a differential response to HRT, depending on the skeletal site

selected, with the response being greatest at the lumbar spine (Bagur et al., 1996; Eiken,

Nielsen and Kolthoff, 1997; Young et al., 1996).

6.6.3 Role of Estrogen–Progesterone Combination

Estrogen therapy has some built-in advantages. However, long-term estrogen therapy must be

administered cautiously, because it has been associated with increased risk of endomentrial

carcinoma (Jick et al., 1979; Hulka et al., 1980). Combined estrogen and progesterone therapy

reduces that risk and is therefore recommended as the most suitable long-term therapy for

postmenopausal bone loss prevention (Christiansen, Christensen and Transbol, 1981; Riis

et al., 1987).

The effect of progesterone on climacteric women has been studied and symptom relief has

been reported (Appleby, 1962; Nordin, 1979). Progesterone may also have a role in preventing

postmenopausal bone loss (Horsman et al., 1977; Christiansen et al., 1980; Lindsay et al.,

1987b; Lindsay et al., 1978; Dequeker et al., 1987; Dequeker and DeMuylder, 1982; Abdalla,

Hard and Lindsay, 1985; Nordin, 1979) by increasing bone formation, as suggested by elevated

levels of serum alkaline phosphatase and sodium GLA protein (osteocalcin) (Christiansen

et al., 1985). Progestogens, administered to postmenopausal women, decrease urinary calcium

and hydroxyproline excretion (Gallagher and Nordin, 1975; Selby et al., 1985). Additionally,

progesterone may exert a direct action on bone because progesterone receptors have been

identified in this tissue (Yoshioka et al., 1980).

The effects of experimental surgical castration on bone mass are usually studied in rats, as it

has been demonstrated that oophorectomy in these animals led to rapid bone loss (Saville,

1969; Wronski et al., 1985). Barbagallo et al. (1989) have concluded that the long-term

consequence of oophorectomy in rats causes a significant decrease in bone mass and the

administration of progesterone is very effective in preventing the subsequent development of

osteoporosis. These authors have suggested that 17b-estradiol and progesterone treatment

leads to similar results in oophorectomized rats. It is possible that not all progestins exert the

same action on bone. Norethisterone has been proved to be able to prevent bonemass loss after

2 years of treatment (Nordin, 1979). Barbagallo et al. (1989) have suggested that, compared

with progesterone alone, the combination of estrogen and progesterone is less effective in

preventing post-oophorectomy bone loss in rats, in agreement with the findings of Lindsay

et al. (1978). The results of Verharr et al. (1994) support the notion that estrogen and progestins

are able to directly stimulate osteoblastic cells. This may also account for one of the

mechanisms by which these steroids preserve bone mass by changing the balance between

bone formation and resorption in a positive direction (Riggs et al., 1969). It is suggested that

progesterone may antagonize the action of estradiol in the vagina and uterus by decreasing the

levels of cytoplasmic estrogen receptors (Hsueh, Peck and Clark, 1976), or by decreasing the

tissue levels of estradiol subsequent to increasing the activities of the catabolic enzymes (Tseng

and Gurpide, 1975).

Moreover, progesterone inhibits endometrial estrogen reception synthesis (Okulicz, Evans

and Leavitt, 1991; Dicarlo et al., 1983). Estro-progestin preparations currently available

contain extremely low doses of progestins with very low molar progestin/estrogen ratios.

Consequently, it is reasonable to assume that the dose of estradiol obscures any antagonistic

effect of progesterone. Several studies have examined the relationship between pill use and
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bone density at various skeletal sites and have yielded discrepant results (Goldsmith and

Johnston, 1975; Lindsay, Tohme and Kanders, 1986; Johnell and Nilsson, 1984; Stevenson

et al., 1989; Lloyd et al., 1989; Rodin, Chapman and Fogelman, 1991; Dequeker et al., 1987;

Hreschychyn, Hopkins and Zylstia, 1988; Enzelsberger et al., 1988; Mazess and Barden,

1991).

Studies by Cooper et al. (1993) suggest that pill use does not protect women against the

occurrence of osteoporotic fractures in later life. Estrogen used alone, or in combination with

progesterone and/or calcium, has a protective effect against bone loss at the forearm, spine and

hip (Compston, 1997; Delmas, 1999; Hailey et al., 1998; Holzherr et al., 2000). Some data

indicate that the estrogen, particularly when combined with progestins, increased the risk of

breast cancer and cardiovascular disease in women. This then outweighs the benefits to the

skeleton.

6.7 Glucocorticoid

Glucocorticoids have amultitude of effects on the immune response at several sites and are both

anti-inflammatory and immunosuppressive when administered therapeutically. They are used

from very low doses for basal immunosuppressive treatment in autoimmune diseases to

extremely high doses for the treatment of acute situations such as spinal cord injury or acute

exacerbations of life-threatening immunologicallymediated disorders. However, bone loss is a

frequent side effect of long-term glucocorticoid therapy. If the diagnosis, treatment and

prevention of steroid induced osteopenia are to be improved, the pathogenetic mechanisms

involved need to be understood in greater detail. Estrogen prevents glucocorticoid-induced

osteoblast apoptosis in vivo and in vitro (Gohel, McCarthy and Gronowicz, 1999). Another

agent capable of increasing bone mass in vivo, parathyroid hormone (PTH), appears to exert

this effect in part through the inhibition of apoptosis (Jilka et al., 1999). Present knowledge of

these mechanisms makes special reference to glucocorticoid mediated effects on osteoblasts

and osteoclasts. The interrelationship between glucocorticoids and the metabolism of para-

thyroid hormone and vitamin D and the ability of glucocorticoids to suppress gonadal function

and the effects of glucocorticoids on intestinal and renal calcium transport is one of continuing

clinical interest. There are at present evidence available of underlying the possible mechan-

isms. One question is how these substances act at the molecular level. Steroids were long

thought to act exclusively by inducing changes in the transcriptional activity of cells by

interacting with cytosolic receptors. In addition to the existence of specific and nonspecific

nongenomic effects the existence of such genomic effects has since been confirmed (Buttgereit

et al., 1994; Lipworth, 2000). Genomic effects (at>10�12mol L–1) occur within a fewminutes

and are mediated by membrane-bound glucocorticoid receptors. Nonspecific nongenomic

effects (at >104mol L–1) occur within seconds. They appear to result from direct interactions

with biological membranes (Buttgereit et al., 2000).

For several years it has been widely accepted that glucocorticoids increase renal calcium

elimination and decrease intestinal calcium absorption (Figure 6.3). A negative calcium

balance resulting from changes in renal and intestinal calcium transport has been considered to

be responsible for secondary hyperparathyroidism in glucocorticoid treated patients (Bikle

et al., 1993; Klein et al., 1977; Lukert and Raisz, 1990; Reid, 1997). Although the precise

mechanisms remain unclear, the increased urinary elimination of calcium that occurs in

response to glucocorticoids may be due to diminished tubular reabsorption (Reid, 1997;
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Reid and Ibbertson, 1987). Findings on the effect of glucocorticoids on intestinal calcium

transport are less consistent. As reported byLukert andRaisz (1990), studies in humans and rats

have found that intestinal calcium absorption remains unchanged, in the presence of gluco-

corticoids. Such variability in findings has been assigned to differences in steroid mediated

effects on the upper and lower level. It has also been hypothesized that differences in intestinal

calcium absorption are determined by the duration and intensity of glucocorticoid adminis-

tration. A decrease in active transcellular transport and in normal brush border vesicle uptake of

calcium, as well as diminished synthesis of calcium binding proteins, have been considered as

mechanisms involved in diminished intestinal calcium absorption (Feher and Wasserman,

1979; Kimberg et al., 1971; Shultz, Bollman and Kumar, 1982). These are time and dose

dependent differences in intestinal calcium transport in various species and have relation to

nongenomic glucocorticoid effects on the intestinal epithelium. Notwithstanding these differ-

ences, several studies have found net intestinal calcium absorption in humans to be decreased

following glucocorticoid administration (Colette et al., 1987; Klein et al., 1977; Reid, 1997;

Glucocorticoids 
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Calcium reabsorption 

PTH
PTH-sensitivity 
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Figure 6.3 Mechanisms of glucocorticoid-induced osteoporosis. In addition to their direct effects on

bone cells, glucocorticoids have effects on the intestine, kidneys, gonads and probably the parathyroid

glands, which indirectly lead to osteoporosis (Reproduced with permission from D. Patschan et al.,

Molecularmechanismsofglucorticoid-inducedosteoporosis,Bone,29(6),498–505�2001,ElsevierB.V.)

Biophysical Parameters Affecting Osteoporosis 273



Ziegler and Kasperk, 1998). This increase in renal calcium elimination and the decrease in

intestinal calcium absorption have always been believed to promote secondary hyperpara-

throidism in glucocorticoid treated patients (Gennari et al., 1984). However, several studies

using intact PTH assays in humans have failed to demonstrate this phenomenon (Hattersley

et al., 1994; Luengo et al., 1991; Shultz, Bollman and Kumar, 1982; Slovik et al., 1980).

In human parathyroid cells from hyperplastic parathyroid glands, dexamethasone also

stimulated PTH release, both in time and dose dependentmanner (Peraldi et al., 1990). There is

also evidence that PTH mediated effects are more pronounced in the presence of glucocorti-

coids and independent of higher PTH levels (Figure 6.3). In isolated bone cells, steroids

modulate the PTH sensitivity of osteoblasts and osteoclasts in such a way that lower

concentrations of bovine PTH are necessary to elicit measurable biochemical changes (Wong,

1979).

6.8 Vitamin D and Osteoporosis

Vitamin D deficiency is deleterious to bone and other body tissues (Plotinikoff and Quigley,

2003; Grant, 2002). Indeed, since hypovitaminosis D influences calcium-regulating hormones,

insufficient levels of vitamin D has negative effects on skeletal metabolism. A decrease in

serum concentrations of 25-hydroxyvitamin D (25-OHD) stimulates parathyroid hormone

(PTH) secretion (Chapuy et al., 1996), leading to an increment in bone remodeling, particularly

osteoclastic bone resorption, which increases bone loss and consequently fracture risk (Parfitt,

1990c; Ooms et al., 1995).

Vitamin D deficiency and secondary hyperparathyroidism can contribute not only to

accelerated bone loss and increasing fragility, but also to neuromuscular impairment that can

increase the risk of falls (Bischoff-Ferrari et al., 2004; Sambrook et al., 2004). The active

hormonal form 1,25-dihydroxyvitamin (calcitriol) is not only necessary for optimal intestinal

absorption of calcium and phosphorous, but also exerts a tonic inhibitory effect on PTH

synthesis. Consequently, it appears that there are dual pathways that can lead to secondary

hyperparathyroidism. However, calcium and vitamin D supplementation does not reduce

fracture incidence if there is a greater deficiency of vitamin D (Grant et al., 2005).

Two main types of vitamin D deficiency have been described: (i) primary vitamin D

deficiency, which is caused by an inadequate supply of the parent compound and can be treated

with plain vitamin D supplementation; (ii) 1,25-(OH)2D3 deficiency (mainly caused by

insufficient renal production) or resistance (mainly caused by impaired tissue response), which

requires the administration of active vitamin D analogs [1,25-(OH)2D3, calcitrol] or one of its

precursors 1a-(OH)D3 (alfacalcidol) for correction (Tsai et al., 1984). Both of these can occur

with agingandboth have been implicated as possible causes of intestinal calciummalabsorption,

secondary hyperparathyroidism and involutional osteoporosis, leading to possible fracture

(Lau and Baylink, 1999; Scopacasa, Wishart and Horowitz, 2004; Pattanaungkul, Riggs and

Yergey, 2000). Figure 6.4 shows a sequential occurrence of such events.

VitaminD is essential for mineralization of bone and its deficiency is thought to be related to

rickets/osteomalacia. Several modifiable risk factors for osteoporotic fractures have been

proposed (Cummings et al., 1997; Cooper and Melton, 1992; Cumming et al., 1997). One

obvious factor is the diet. The influence and importance of dietary calcium intake, in particular,

and the intake of vitaminD, in primary prevention of osteoporotic fractures, have however been

highly debated (Cummings et al., 1997; Kanis, 1999). In several randomized trials in
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postmenopausal women, supplemental calcium has slightly reduced loss of bone mineral

density, but its impact on fracture is uncertain (Cummings and Nevitt, 1997; Kanis, 1999).

Reviews (Gillespie et al., 2001; Houselmann and Rizzoli, 2003) and meta-analyses (Cranney

et al., 2002; Papadimitropoulos et al., 2002) of randomized controlled trials have shown that

vitamin D treatment decreases the risk of osteoporotic fracture in postmenopausal women. An

adequate serum level of vitamin D is, however, mainly maintained by endogenous production,

but with increasing age this production is impaired and the exogenous component of vitamin D

becomes important.

In osteoporosis, administration of 1,25-(OH)2D3 increases serum osteocalcin (Zerwekh,

Sakhaee and Pak, 1985; Duda et al., 1988). 1,25-(OH)2D3 is also a potent stimulator of bone

resorption in vitro (Raisz et al., 1972; Reynolds, Pavlovitch and Valsan, 1976) and in rats

(Holtrop, Raisz and Simmons, 1974). This is therefore proposed as a potential activator in the

activate, depress, free, repeat (ADFR) treatment of osteoporosis (Frost, 1981; Parfitt, 1988). It

is suggestive of a large number of new remodeling episodes can be initiated in a coherent

manner in a short time (Parfitt, 1990b).

Vitamin D supplementation is suggested to increase intestinal calcium absorption efficiency

(Ikeda and Ogatta, 2000), synthesis of osteocalcin (Lian et al., 1989) and bone mineralization

(Van Leeuwen et al., 2001). In particular, intestinal calcium regulation is regulated by the

endocrine system, especially 1,25-dihydroxyvitamin D3. On the other hand, an antiresorptive

or anabolic effect of vitamin K3 on the skeleton in vivo has been demonstrated in OVX, sciatic

neurectomized or prednisolone treated rats (Akiyama et al., 1999; Iwamoto, Yeh and Takeda,

2003; Hara, Kobayashi and Akiyama, 2002), suggesting that this may affect bone metabolism.

In particular, vitaminK3 improves poor calciumbalance inOVX rats and also abnormal decline

in serum calcium. This also improves magnesium levels and abnormal increase in serum PTH

level and renal calcium concentration in calcium–magnesium deficient rats (Kobayashi, Hara

and Akiyama, 2002). Synergistic effects of vitamin K and vitamin D supplementation on

reducing bone loss in adult OVX rats and on increasing peak bone mass in young rats, and the

efficiency of this combined treatment for increasing lumbar BMD in postmenopausal women

with osteoporosis, have been demonstrated (Matsunaga, Ito and Sakou, 1999). It would thus be

expected that vitamin K and vitamin D supplementation might act on bone synergistically.

However, the effect of such supplementation on intestinal calcium absorption, renal calcium

reabsorption and cortical and cancellous bone growth under pure mild calcium deficiency

remains to be fully understood.

Vitamin  D 25 OH D 1,25 (OH)2 D 
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Figure 6.4 Metabolism and abnormalities of vitamin D causing osteomalacia
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The question remains regarding the optimal form of vitamin D for this purpose and whether

vitamin D treatment can be considered alone or only in combination with calcium supple-

mentation (Papadimitropoulos et al., 2002). Although some studies have shown vitamin D

analogs to be advantageous for some patients, these analogs aremore expensive and, in the case

of clairol, may be more likely to cause hypercalcemia than the parent compound (Lau and Bay

link, 1999).

Before becoming active, vitamin D undergoes sequential hydroxylation. 1,25-(OH)2D3 is

thought to be the most active metabolite of vitamin D and exerts opposing effects on bone

metabolism (Baylink et al., 1980; Bordier et al., 1969). Although 1,25-(HO)2D3 appears to

correct many of the abnormalities of vitamin D deficiency in bone (Parfitt et al., 1984;

Gallagher et al., 1986) it is as yet unclear whether this has a direct stimulator effect on bone

mineralization process. Weinstein et al. (1984) have demonstrated that histological abnormal-

ities in bone of vitamin D-deficient rats are almost completely reversed by the infusion of

calcium (Ca) and phosphate (Pi). These authors have suggested that 1,25-(OH)2D3 exerts its

effect only through elevation of the ionic product of serum and Pi by enhancing their intestinal

absorption. However, some reports show that the infusion of Ca or Pi cannot completely

eliminate the abnormalities in bone (Bordier et al., 1969; Lee et al., 1975). Vitamin D also

contributesmineral homeostasis by increased release ofCa and Pi frombone in blood (Norman,

1979). According to current concepts, the intestinal calcium absorption can be described as

being the sum of a saturable (hyperbolic) and a nonsaturable (linear or diffusional) process

(Broner, 1984; Heaney, Saville and Recker, 1975; Pansu, Bellaton and Bronner, 1979). The

saturable process occurs along the proximal part of the intestine and it requires the metabolism

of vitamin D.

In addition, studies using cultured osteoblasts or osteoblast-like cells have demonstrated that

these cells process 1,25-(OH)2D3 receptor and that 1,25-(OH)2D3 alters alkaline phosphate

activity as well as the synthesis of matrix proteins such as collagen, osteocalcin andmatrix Gla

protein in these cells (Price and Bankol, 1980;Manolagas, Burton and Deftos, 1981; Rowe and

Kream, 1982; Walters et al., 1982; Fraser, Otawara and Price, 1988). Therefore, there is a

possibility that 1,25-(OH)2D3 may have a direct stimulatory effect on osteoblasts to enhance

the bone mineralization process.

Geusens et al. (1991) compared the effect of short term 1,25-(OH)2D3 treatment of bone

formation and resorption and the vitamin D endocrine system in osteoporosis. Repeated

superphysiologic doses of 1,25-(OH)2D3 in the presence of high levels of dietary calciummay

affect an increase in metaphysical osseous tissue and metaphysical osteoid by several

mechanisms, including increased bonematrix formation, impaired bonematrix mineralization

and decreased osteoclasis.

In vitro studies have demonstrated that fetal bone responds to parathyroid and 1,25-(OH)2D3

in serum free culturewith an initial rapid elevation in bone resorption followed by a stimulation

of bone precursor cells proliferation and an increase in osteoblastic activity with resultant new

bone formation (Drivadahl, Liu and Baylink, 1984). Hypervitaminosis D has been reported in

dogs to increase bone appositional rates and osteoid width subsequent to an increase in

resorptive indices (Takahashi et al., 1973). The findings of an increased number of osteoblasts

and increased active osteoid surface associated with increased metaphysical osteoid and

osteoid surface in this study also suggests that 1,25-(OH)2D3 increased bone matrix synthesis.

The effect of 1,25-(OH)2D3 on osteoblasts could be followed by the changes in osteocalcin, a

specific marker of osteoblast function. A significant increase in serum osteocalcin levels is
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observed after administration of 1,25-(OH)2D3, whereas the alkaline phosphate levels de-

creased (Brixen et al., 1990).

Decreased osteoclasis also effects an increase in metaphysical bone mass. Osteoblasts per

millimeter total trabecular surface perimeter and active resorbing surface decreased signifi-

cantly in 1,25-(OH)2D3 treated rats on days 8 and 10. The decrease in osteoclasts by day 10 also

confirms the findings of Boyce and Weisbrode (1983). These results are similar to those of

Lindholm,Wilsson and Lindholm (1982), who demonstrated a progressive decrease in resorp-

tion indices in rats chronically treatedwith la-hydroxyvitaminD3.Nakamura et al. (1992) have

reported that 24R,25-(OH)2D3 reduces bone turnover and stimulates osteoblastic functions.

The response of bone to 1,25-(OH)2D3 may be catabolic, because 1,25-(OH)2D3 is a potent

inducer of bone resorption, both in vivo (Tanaka and Deluca, 1971; Reynolds, Pavlovitch and

Valsan, 1976) and in vitro (Raisz et al., 1972) and has been shown to inhibit collagen synthesis

(Raisz et al., 1978, 1980). Ultrastructural studies of thyroparathyroidictomized rats have

shown 1,25-(OH)2D3 to increase both osteoblastic and osteoclastic activity in rats that were fed

a 0.05% calcium diet (Weisbrode, Capen and Norman, 1978), in contrast to increasing only

osteoblastic activity in rats fed a 1.0% calcium diet (Weisbroade et al., 1979). The combination

of elevated dietary calcium and 1-hydroxyvitamin D3, which is rapidly converted in vivo into

1a,25-(OH)2D3 (Zerwekh et al., 1974), has been reported to be successful in promoting a net

increase in bone in human osteoporotic patients (Lindholm, Sevastikiglore and Lindgren,

1977, 1978; Lindholm, 1979). The increased skeletal mass induced by experimental intoxica-

tion with Solanum malacoxylon, a calcinogenic plant that contains a glycoside of 1,25-

(OH)2D3 (Wasserman et al., 1976), is enhanced by elevated dietary calcium (Dos Santos et al.,

1976). In addition, long-term studies dealing with the effects of 1,25-(OH)2D3 on bone have

demonstrated that a low calcium diet abolishes enhanced bone formation mediated by 1,25-

(OH)2D3 (Larsson, Ahlgren and Lorentzen, 1980).

Ramp et al. (1986) have reported that the a-release system in rat bone is dependent on the

vitamin D status of the animals. The difference in net release of calcium between þD and –D

tibial does not typically represent a difference in the rate of bone resorption during the 4-h

incubations. These results suggest that separate mechanisms regulate the net release of Ca and

Pi from bone, but do not exclude the possibility that in severely D-deficient animals decreased

bone resorption may also be a factor contributing to depressed Ca release.

Combined calcium and plain vitamin D have been proposed as a standard treatment for

elderly people at risk for osteoporosis, but the therapeutic role of D analogs continuous to be

debated.

Matsumoto et al. (1991) demonstrated that osteoblastic clone (MC3T3-E1) cells accumulate
45Ca into cell and matrix layers after 2 weeks of culture. Also, most Ca appears to be deposited

in the extracellular matrix. 1,25-(OH)2D3 stimulates the accumulation of 45Ca in a dose-

dependent manner without affecting alkaline phosphatase activity or collagen synthesis, in

agreement with the findings of Kurihara et al. 1984, 1986). Also, neither hPTH (1–34) nor

24,25(OH)2D3 has any effect on in vitro mineralization by MC3T3-E1 cells in itself or in

combination with 1,25-(OH)2D3. By using a cell culture system these authors were able to

demonstrate that 1,25-(OH)2D3 has a direct stimulatory effect on themineralization process by

differentiated osteoblasts, although its mechanism of action is yet to be understood. It has also

been demonstrated (Matsumoto et al., 1985) that 1,25-(OH)2D3 stimulates the synthesis and

increases the content of Phosphatidyl Serine (PS) in osteoblast. The stimulatory effect of 1,25-

(OH)2D3 on PS synthesis may be associated with the stimulation of bone mineralization.
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Bone inductive activity of extracellular matrix extracts is reported to be markedly reduced

when bone matrix proteins are extracted from vitamin-D-deficient rats (Sampath, Weintroub

and Reddi, 1984). Therefore, it is also possible that alterations in matrix protein metabolism is

involved in the stimulation of matrix mineralization by 1,25-(OH)2D3. It is observed that 1,25-

(OH)2D3 reduces the synthesis and enhances the degradation of proteoglycans in MC 3T3-E1

cells (Takeuchi et al., 1989). Because the gap zone of collagen fibril is thought to be the site of

mineralization and because gap zone associated proteoglycans are absent in mineralizing

tissues, it has been postulated that proteoglycans inhibit the mineralization of collagen matrix

(Scott 1988), Scott and Oxford (1981).

It was reported that not only 1,25-(OH)2D3 but also the presence of PTH and 24,25-(OH)2D3

is important for the stimulation of bone mineralization (Endo et al., 1980; Tam et al., 1986;

Gunness-Hey and Hock, 1984). The latter effect was demonstrated when organ cultures of

embryonic chick long boneswere used in vitro orwhen these agents were administrated in vivo.

Therefore, the enhancement of mineralization by these agents may also require the presence of

other types of cells in addition to osteoblasts.

Serum 1,25-dihydroxyvitamin D concentrations are usually decreased in patients with

malignant hypercalcemia due to the suppression of the renal 1-hydroxylase by hypercalcemia

and low serum PTH concentrations. However, in patients with renal cell carcinoma, serum

1,25-dihydroxyvitamin D values may be within the normal range despite hypercalcemia

(Yamamoto et al., 1987). In some patients with B cell lymphomas, T-cell lymphoma and

Hodgkin�s� disease serum 1,25-dihdroxyvitamin D is increased and appears to cause the

development and maintenance of hypercalcemia (Breslau et al., 1984).

Richy et al. (2005) have suggested that vitamin D analogs alfacalcidol and calcitriol,

compared to native vitamin D, may exhibit better efficacy in preventing spinal bone loss and

spinal and/or nonspinal fracture�s primary osteoporosis. D analogs are found to be active in

preventing hip and spinal bone loss in corticosteroid induced osteoporosis whereas native

vitamin D provides similar efficacy but is restricted to the hip level. Controversial conclusions

surround the indirect or direct comparisons regarding fracture prevention in patients receiving

glucocorticoid therapy. Trends favoring D analogs are found in indirect comparisons, whereas

significantly better efficacy is found for alfacalcidol in the single superiority trial that is

available. Michaelsson et al. (2003) concluded that there is no association between dietary

vitamin D intake and fracture risk. Clinical trials on elderly individuals at high risk for calcium

and vitamin D deficiency indicate that supplementation of both can reverse secondary

hyperparathyroidism, decrease bone resorption, increase bone mass and decrease falling and

fracture rates (Lips, 2001). In another study calcium and vitamin D supplementation did not

reduce fracture incidence significantly, which may be because this population was less

deficient in vitamin D (Grant et al., 2005).

Although estrogen depletion is known to affect bone mass and calciotropic hormones, it has

no effect on 25-OHD levels. Mastaglia et al. (2006) found that serum 25-OHD levels of OVX

rats receiving dietary vitamin D were within the range of normal sham animals (34.3� 4.3

mgmL–1). This is similar to the normal range in human. Moreover, exposure or lack of

exposure to fluorescent tube light does not modify 25-OHD levels in the OVX rats.

Vitamin K supplementation in calcium deficient rats is found to increase calcium balance

and calcium retention, without increasing calcium intake, and retards the increase in serum

PTH level (Iwamoto, Yeh and Takeda, 2003). However, vitamin K supplementation does not

influence intestinal calcium absorption efficiency because of there was significant influence on
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serum1,25-(OH)2D3 levels. Taking the findings of various groups ofworkers, it appears that the

effect of vitamin K supplementation in calcium deficient rats is to stimulate renal calcium

reabsorption and subsequent retardation of the increase in serum PTH level despite an effect on

hypocalcemia. The role of vitamin K on bone metabolism remains to be fully explored and

understood.

Further to this, vitamin E (i.e., a-tocopherol) supplementation is of interest due to its ability

to protect against oxidative damage by scavenging free radicals (Azzi et al., 2000; Ricciarelli,

Zingg andAzzi, 2001) and to inhibit certain pro-inflammatorymediators such as prostaglandin

E2 (PGE2), interleukin (IL)-1 and tumor necrosis factor-alpha (TNF-a) (Meydani et al., 1990;

Pathania et al., 1999; Wu, Hayek and Meydani, 2001).

6.9 Role of Calcitonin

Calcitoin is nowwidely used in the treatment of severalmetabolic bone diseases and its clinical

efficacy and safety has been well investigated (Ellerington et al., 1996). In addition to its well-

known antiosteoclastic effect (Chambers et al., 1985; Murrils et al., 1989) it is also suggested

that this hormone exerts a direct action on osteoblasts (Farley et al., 1988). This effect of

calcitonin on bone formation has been documented to occur in experimental animal models

during its initial phase (Weiss et al., 1981).

Calcitonin acts primarily to produce anabolic effects in bone by suppressing osteoclastic

activity (Chambers, 1985). This leads one to speculate that individuals with active forms of the

osteoporotic process could respond much more rapidly to calcitonin therapy than those with

less active disturbances, for example, in bone remodeling processes. This hypothesis has been

substantiated with reports of rapid sustained responses of postmenopausal and immobilized

patients to calcitonin treatment (Schoutens et al., 1988; Minaire et al., 1984b).

Reginster et al. (1987) have provided evidence that nasal spray calcitonin effectively

counteracts the propensity to bone loss in women who had been menopausal for no more than

36 months and are most likely to have active bone remodeling because of estrogen loss. These

findings, demonstrating a protective effect of calcitonin following ovarian failure when active

bone turnover dominates, is also confirmed by other workers (Overgaard et al., 1989 and

Mazzuoli et al., 1990). Civitelli et al. (1988) have reported that those patients with active

osteoporotic syndromes responded to therapy with an average gain of 22% of vertebral bone

mass after 12 months of therapy. The correlation obtained between blood BGP (bone Gla

protein) and urinary hydroxyproline and the retention of 99mTc-methylene diphosphonate in

this study demonstrates the utility of these biochemical markers as a means of identifying

patients with active osteoporosis or those who would respond to calcitonin therapy. The

findings of Overgaard and coworkers (1989, 1990) not only confirms above results, but also

revealed that the results could be achievedwith 200 IU of nasal spray salmon calcitonin per day.

These investigators also reported that discontinuous therapeutic regimens with nasal spray

calcitonin preparation over a 3-year interval could produce a net gain of bone in both the

vertebrae and axial skeleton. Gruben et al. (1984) have monitored the effect of calcitonin

treatment for osteoporotic patients over a 26 month period. They found an initial increase

followed by a decline in bone mass. The increase of bone mass associated with calcitonin

treatment is attributed to the decreased bone resorption coupled with normal bone formation.

When the bone mass increases to a point where the error signal falls below a threshold value,

bone formation is decreased and bone resorption increases. However, bone resorption cannot
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increase because of the inhibitory effects of calcitonin. Therefore, a new steady state develops

with decreased bone turnover. This phenomenon has been demonstrated clinically by Civitelli

and coworkers (1988). Other studies demonstrate a striking sensitivity of patients with high

turnover osteoporosis to calcitonin, with as much as 22% increments in vertebral bone mass

recorded during a 12-month therapeutic level. These promising results may be compared with

other forms of therapy in which an increase in vertebral bonemass of only 7–8% is sufficient to

cause a significant decrease in the incidence of vertebral fracture rates.

One study (Arinoviche et al., 1987) involving 32 patients with acute pain due to vertebral

fractures demonstrated significant benefits in pain and mobility after 14 days of calcitonin

therapy compared with placebo. In this study, salmon calcitonin produced a 70% reduction in

pain compared with a 49% reduction in the placebo group. In an Italian study (Pontiroli et al.,

1986), 100 IU per day of human calcitonin given internasally was more effective in relieving

bone pain that 100 IU given parenterally. Although the precise mechanism of calcitonin action

remains to be fully understood, there is evidence that the analgesic effect of calcium may be

mediated through the endogenous opioid system. The intranasal administration of calcitonin

seems to be more effective in producing analgesia than parenteral administration.

Salmon calcitonin is more potent than procine calcitonin. One possible reason for this is a

decreased metabolic clearance rate, as has been shown in normal volunteers (Huwyler et al.,

1979). In addition, there are also data to indicate that the calcitonin receptor has a higher affinity

for salmon calcitonin: this would offer a second mechanism for increased potency of salmon

calcitonin (Marx,Wopopdard andAurbach, 1972). Salmon calcitonin at doses of 100 and 50 IU

given subcutaneously inhibit osteoclastic activity (Pazzaglia et al., 1993). Salmon calcitonin is

a highly effective therapeutic agent in the treatment of Paget�s disease, metastatic bone disease

and osteoporosis. This peptide has an excellent safety profile and produces only mild side

effects in a small percentage of patients. Radiologic healing of osteolytic lesions is particularly

striking with calcitonin treatment.

Calcitonin has a role in preventing bone loss in the prophylaxis and treatment of

osteoporosis from various causes (Christiansen, 1991). In patients with bone pain, the

analgesic effect of calcitonin was first associated with an improvement of bone lesions.

Numerous clinical studies have shown calcitonin to be effective in producing analgesia in

patients with osteoporosis that is unrelated to its effects on bone. Treatment with salmon

calcitonin nasal spray in patients with established osteoporosis prevents bone loss, nor-

malizes bone turnover and has no side effects.

Calcitonin also appears to stimulate osteoblasts (Azria, 1989) and promotes internal calcium

absorption (Chesnut et al., 1984). Its effects match the pathogenetic factors involved in steroid

osteoporosis and suppression of endogenous calcitonin secretion has been described during

glucocorticoid therapy (Locasico et al., 1982). Despite reduced intestinal calcium absorption,

24-h urine calcium excretion is increased during the first month of glucocorticoid therapy

(Reid, 1989; Suzuki et al., 1983) due to reduced tubular reabsorption of calcium (Reid and

Ibbertson, 1987).

The principal target cell of calcitonin is the osteoclast, which possess numerous receptors for

calcitonin (Marx,Wopopdard andAurbach, 1972). However, calcitonin deficiency is not found

in osteoporotic patients. Calcitonin therapy is less effective than other antiresorptive agents,

possibly because osteoclasts can escape calcitonin inhibition (Rosen et al., 2005; Cranney

et al., 2002). In bone biopsies obtained from patients with Paget�s disease, the most dramatic

histologic effect of intravenous administration of salmon or human calcitonin on osteoclasts is
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an alteration in the ruffled border. Within 30min of calcitonin administration, osteoclasts

exhibit disruption of the ruffles border and are less likely to be attached to bone, an effect that

illustrates the potent and rapid anatomical changes resulting from interaction of calcitonin with

receptors on the osteoclasts (Singer, Melvin and Miles, 1976).

When compared with controls, calcitonin treatment results in a decrease in urinary calcium

and hydroxyproline excretion and a preservation of trabecular volume as quantitated from iliac

crest biopsy specimen (Avioli, 1991). Because of these changes, it has been concluded that

calcitonin therapy should be administered as soon as possible after the onset of paraplegia

(Minaire et al., 1984a) or as soon as possible following immobilization (Minaire et al., 1984b).

6.10 Calcitonin and Glucocorticoids

Nasal calcitonin is helpful in the treatment of bony pain secondary to fracture and alsoworks to

increase BMD and decrease vertebral fracture risk. Typically, analgesia for bone pain is

achieved as early as the first to second week of use. It is speculated that the endogenous opiate

systemmay play a role inmediating the analgesic effects (Geonari, 2002). Chesnut et al. (2002)

have carried out a 5 year, double blind, randomized, placebo controlled study in 1255 women

with established osteoporosis and showed that the 200-IUdose reduces the risk of newvertebral

fractures by 33% compared with placebo. There were gains of 1–5% in the lumbar spine BMD

in patients receiving 100, 200 and 400 IU of calcitonin daily. However, calcitonin does not

provide any fracture protection to the hip (Martens, 2003; Silverman, 2003).

Calcitonin can reduce bone turnover not only in osteoporosis but also in Paget�s disease.
In patients with malignant hypercalcemia, bone resorption is inhibited for relatively short

periods – 24–72 h (Mundy, Wilkinson and Health, 1983), but despite continuous treatment

serum calcium returns to pretreatment levels. This can be prevented by administration of

glucocorticoids. Thus, the use of calcitonin in combination with glucocorticoids produces a

more rapid, profound and persistent hypercalcemia activity (Mundy and Martin, 1982).

However, this may be due to the addition of the calciuric effect of the two agents rather than to

their activity on bone cells (Hosking, Stone and Foote, 1990).

Long-term glucocorticoid administration may result in osteopenia principally through two

mechanisms. The first is direct inhibition of bone formation. This hypothesis is supported by

histomorphometric studies (Bressot et al., 1979; Dempster, Arlot andMeunier, 1983; Frost and

Villaneuva, 1961), which show a marked decrease in the number of osteoid seams, a low

mineral apposition rate and reduced mean wall thickness. Osteoblast-like cells have gluco-

corticoid receptors and glucocorticoids appear to have a direct inhibiting effect on osteoblastic

replication and differentiation (Lukert and Raisz, 1990). The second mechanism is indirect

stimulation of bone resorption (Hohn, 1978). Intestinal calcium absorption is inhibited by

steroids, although the mechanism responsible for this inhibition of active transcellular

transport of calcium in the duodenum is not clearly understood.

6.11 Parathyroid Hormone (PTH)

Although estrogen is used for preventing bone loss, a better option would be to reduce

osteoporotic bone fracture risk by increasing bone formation to a level greater than bone

resorption.Thisconcurrently increasesbonemassand its strength.Humanparathyroidhormone

(hPTH) possesses the anabolic property and may prove to be an effective therapeutic agent for
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fulfilling thisneed in the treatmentofosteoporosis inhumans (Finkelstein et al., 1994;Hodsman

etal., 1991;Lindsayetal., 1997).CessationofhPTHis followedbyrapid lossofcancellousbone

mass (Cheng, Timonen and Suominen, 1995; Gunness-Hey and Hock, 1989).

PTH is a newanabolic agent that promises to treat osteoporosis efficaciously. PTH stimulates

osteoblasts and provokes the remodeling sequence, including the elaboration of several

cytokines that accelerate bone resorption. PTH, when administered as a pharmacologic agent

in a pulsatile manner, augments bone mass in normal, intact animals (Hefti et al., 1982;

Podbesek et al., 1983; Gunness-Hey and Hock, 1984; Mosekilde et al., 1991; Hock and Gera,

1992). Similarly, PTH prevents bone loss in OVX rats (Hock et al., 1988; Hori et al., 1988; Liu

and Kalu, 1990; Takahashi et al., 1991) and restores lost bone in osteopenic OVX rats (Liu

et al., 1991; Ibbotson et al., 1992; Shen et al., 1992; Kimmel et al., 1993). PTH works by

increasing bone resorption and bone formation, increasing BMD and enhancing bone

architecture and integrity (High et al., 2002). Daily subcutaneous injections of the synthetic

N-terminal portion of PTH, teriparatide, can increase bone mass and strength by markedly

increasing bone formation while only modestly increase bone resorption (Neer et al., 2001). A

broad consensus of these studies is that the observed augmentation of bonemass in PTH-treated

animals is due primarily to a powerful stimulatory effect of the hormone on bone formation.

Clinical trials in patients with established osteoporosis have also detected PTH-induced

increase in bone formation and cancellous bone mass (Reeve et al., 1976, 1990, 1991; Slovik

et al., 1986).

Although the anabolic effects of PTH on cancellous bone in animal models and osteoporotic

patients arewell accepted, the effects of the hormone in cortical bone are controversial. Several

clinical investigations have reported decreased cortical bone in hyperparathyroid and PTH-

treated patients despite the observed increase in cancellous bone in the same patients (Hesp

et al., 1981; Reeve et al., 1991; Parisien et al., 1990). These authors suggest that PTH augments

cancellous bone at the expense of cortical bone. However, other studies in hyperparathyroid

and PTH-treated patients have failed to support this concept (Slovik et al., 1986; Reeve et al.,

1990; Christiansen et al., 1993). Several treatments have been tested clinically in which PTH

has been combined with an antiresorptive agent or 1,25-hydroxyvitamin D to prevent an

eventual cortical steal phenomenon (Slovik et al., 1986; Hesch et al., 1988, 1989). It is

suggested that the action of PTH, causing an increase in spinal density, is not achieved at the

expense of cortical bone from either the axial or appendicular skeleton. However, none of these

studies with PTH monotherapy or co-therapy have included measurement of spinal deformity

index or other measurements of bone strength.

Cortical bone loss has not been observed in PTH-treated animals (Gunness-Hey and Hock,

1984; Liu and Kalu, 1990; Liu et al., 1991), but these studies were of relatively short duration

(2–5 weeks). Wronski and Yen (1994) have described the long-term effect of PTH. They have

concluded that, in contrast to estrogen and bisphosphonate risedronate, PTH stimulates cortical

bone formation and augments cortical bone mass in the tibial diaphysis of OVX rats.

Samnegard, Akhter and Recker (2001) have reported that treatment with hPTH (75mg kg–1,
three times per week) for 12 weeks restored lumbar vertebral BMD and strength in rats with

established osteopenia up to the level of intact rats. They have further concluded that, upon

withdrawal of hPTH, risedronate can maintain vertebral BMD and partially maintain bone

strength for up to 36weeks. These findings are potentially important as theymay indicate that a

hPTH pretreatment and bisphosphonate combination may be a possible option in clinical

treatment studies in osteoporosis. hPTH pretreatment followed by estrogen in the given dose
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had no lasting effects on the vertebral body during the 36 weeks maintenance period. The data

for the first 12 weeks period are consistent with another study that compared the efficacy of

estradiol and risedronate for maintaining hPTH (1–34) induced tibial cancellous bone in rats

with immobilization induced osteopenia (Ma et al., 1995). These results agree with similar

studies that have shown increased vertebral bone mass and bone strength after 5–24 weeks of

hPTH treatment (Ejersted et al., 1995; Mosekilde et al., 1991; Mosekilde, Danielsen and

Gasser, 1994;Mosekilde et al., 1994; Kishi et al., 1998) and OVX rats (Li et al., 1995; Sogaard

et al., 1997).

Mosekilde et al. (1994) have examined the effect of PTH, estrogen and bisphosphonate

(risedronate) and the combination of PTHwith the antiresorptive drugs on vertebral bone mass

and biomechanical competence in a rat model. These authors have concluded that sexually

mature but still growing OVX rats treated with PTH alone show a pronounced anabolic effect

onvertebral bonemass and strength. This is not further augmented by co-therapywith estrogen.

However, long-term co-therapy with risedronate (Ris) showed a significant sustained increase

in bone mass and strength throughout the whole treatment period. These authors have

suggested that PTH alone or in combination with antiresorptive agents are a promising

therapeutic regimen for postmenopausal osteoporosis.

Systematic intermittent PTH (1–34) administration once per day by subcutaneous injection

consistently increases bone mass in animals (Jerome et al., 1999; Jilka et al., 1999) or humans

(Lane et al., 1998; Lindsay et al., 1997) and exerts anabolic effects on trabecular (Gunness-Hey

and Hock, 1984; Huo et al., 1991) and cortical bone (Ejersted et al., 1993; Wronski and Yen,

1994). Beyond its promising effects in treating osteoporosis in humans (Lane et al., 1998; Neer

et al., 2001), systematic PTH administration also has beneficial effects in fracture healing

(Andreassen, Ejersted and Oxlund, 1999; Andreassen et al., 2001; Holzer et al., 1999). This is

indicted by increased callus formation and subsequent gain in mechanical strength during

fracture healing in young (Andreassen, Ejersted and Oxlund, 1999) and old (Adreassen et al.,

2001) rats.

PTH administered locally also has been found to be beneficial in the treatment of bony

defects using a gene therapy approach (Bonadio et al., 1999; Fang et al., 1996). The gene

activated matrix (GAM) technology is a direct gene transfer strategy (Goldstein, 2000). A

GAM consists of a three-dimensional carrier and associated DNA that expresses the gene of

interest. During early osteotomy healing, granulation tissue fibroblast proliferates andmigrates

into the GAM, takes up and transiently expresses the osteoinductive plasmid DNA and

promotes bone formation. Gene activated matrices made from collagen with a plasmid

containing the complementary deoxyribonucleic acid (cDNA) sequences for PTH (1–34)

have been used successfully to release PTH (1–34) locally and enhance osseous healing in

osteotomy sites of rat femurs (Fang et al., 1996) and dog tibias (Bonadio et al., 1999).

Intramembranous low dose treatment with rhPTH (1–34) increased the recruitment of

mesenchymal cells into the chondrocyte lineage, proliferation of mesenchymal (chondropro-

genitor) cells and synthesis of type II collagen, yielding a larger cartilaginous callus. The PTH-

induced cartilaginous callus is then rapidly replaced with bone (Nakazawa et al., 2005). In

another study intermittent low dose treatment with rhPTH (1–34) has been reported to increase

hard callus formation (callus formed by intremembranous bone formation in periosteal

osteoblasts and osteoprogenitor cells) and its mechanical strength without producing visible

side effects (Nakajima et al., 2002). These authors have demonstrated that treatment with PTH

stimulates proliferation and differentiation of osteoprogenitor cells and production of bone
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matrix proteins early in the fracture healing process. Based on its osteogenic effects, treatment

of fractureswith intermittent lowdose rhPTH (1–34)may represent an effective strategy for the

enhancement of fracture healing and could be the first systematic intervention for the repair of

skeletal injuries.

In men, PTH has been reported to be associated with volumetric bone mineral density

(nBMD). In women, serum PTH and nBMD are inversely correlated (Lauretani et al., 2006).

Estrogen enhances the osteoclast-promoting activity of PTH and the inverse relationship

between PTH and nBMD ismediated by estrogen deficiency. These results support the finding of

Riggs, Khosla and Melton (2002) that estrogen deficiency is indirectly responsible for the

secondary hyperparathyroidism observed in late postmenopausal women. These data also

agreewith the findings of Neer et al. (1998) that PTH prevents a proximal femur and total body

bone loss in young women with induced estrogen deficiency.

6.12 Role of Prostaglandins

Prostaglandins (PGs) are identified as a group of lipidmediators involved in themaintenance of

local homeostasis. Of these, PGE2 (prostaglandin E2) has the best known effect on bone

metabolism (Yoshida et al., 2002; Sasaoka et al., 2004; Tanaka, Sun and Yokota, 2004) by

induction of both osteoblastogenesis and osteoclastogenesis and the integration of the two.

Agonists of these receptors have been suggested for clinical use. PGE2 exerts its influence

through interaction with G-protein-coupled cell surface receptors (Narumiya, Sugimoto and

Ushikubi, 1999), including EP1, EP2, EP3 and EP4, and is considered to be themost potent and

specific receptor for mediating anabolic action in bone. Induction of the osteogenic effects by

PGE2 requires a concentration 100 times greater than that for specific PGE2–EP4 agonist

stimulation (Ke et al., 1998; Rubin et al., 2001).

Prostaglandins are potent stimulators of bone formation and resorption. Indomethacin

inhibits ultrasound induced collagen synthesis by osteoblasts. Of the isoforms of COX, COX-1

is constitutively expressed in most cells and tissue, whereas COX-2 is induced in response to

various stimuli and is thought to contribute to the generation of PGs in certain stages of cell

proliferation and differentiation in bone turnover (Higashi, Ohishi and Kudo, 2000). There is

large body of work showing the synthesis of NO and prostaglandins by bone cells (osteoblasts)

when stimulated by mechanical stress.

PGE2 is classified not only as resorptive agent (Klein and Raisz, 1970; Franklin and Tasjian,

1975; Dietrich, Goodson and Raisz, 1975; Raisz et al., 1977; Katz et al., 1983; Vargas and

Raisz, 1990) but also stimulates DNA and collagen synthesis in cultured bones (Blumenkrantz

and Sondergaard, 1972; Chyun andRaisz, 1984; Raisz and Fall, 1990; Vargas andRaisz, 1990).

PGE2 is produced in large amounts by solid tumors (Seyberth et al., 1975) and has been

reported to enhance bone formation (Chyun and Raisz, 1984). A systematic infusion of PGE2

in vivo increased the calcified area of rat bone (Jee et al., 1985). In vivo it appears to activate

bone remodeling, which begins with either bone formation or bone resorption (Shen et al.,

1986). The initial rapid bone resorption occurring after oophorectomy and disuse can be

retarded by cyclooxygenase inhibitors (inhibitors of prostaglandin synthesis) (Lane, Kimmel

and Coble, 1989; Thompson and Rodan, 1988).

PGE2 administered in rats has been shown to (i) increase trabecular bone mass by forming

newwoven trabeculae (Mori et al., 1990), (ii) increase critical bone mass (Jee et al., 1990) and
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(iii) increase Haversian remodeling, probably by increasing activation (Jee et al., 1990).

Furthermore, infants treated for cyanotic heart diseases with long-term infusion of PGE2 have

shown periosteal bone formation (Jorgensen, Savnholm and Host, 1988). PGE2 acts as a first

messenger in the transduction of mechanical usage to bone cells. Increased mechanical strain

causes PGE2 production, which results in osteoblastic proliferation (Somjen et al., 1980; Yen

and Rodan, 1984; Binderman, Shimshoni and Somfjin, 1984). Therefore, PGE2 has the ability

to create a positive bone balance, where net bone formation results and thus PGE2 may raise

bone mass to a new steady state. PGE2 indeed may have the ability to override or augment the

effects of mechanical feedback signals and thus alter the set point of the bone structure control

system.

Miller and Marks (1993) have reported that E-series prostaglandins in vivo have anabolic

effects on bone. There are dose related increases in the periosteal surface with new bone

formation, average new bone thickness, maximum thickness and new bone area. These authors

have suggested that locally delivered PGE1 may be useful in generating new bone in clinical

situations of local bone deficit such as the local bone defect of the periodorial diseases and in

situations where increased osteogenesis may be a desirable feature.

The effects of PGE2 and Ris both separately and in combination (PGE2 þ Ris) have been

studied on the intact aged female rat skeleton (Lin et al., 1994). These authors have concluded

that the combination of PGE2 and Ris is more anabolic than PGE2 or Ris alone when

endochondrial ossification is active. However, PGE2 þ Ris is no more anabolic than PGE2

alone in old bone without endochondral ossification. This is suggestive that PGE2 alone and in

co-treatment with Ris is accumulated in bone by different tissue mechanisms. PGE2 alone

created new bone by increasing the activation frequency 8.3-fold and the formation to

resorption ratio 1.3-fold compared with controls. The combination of PGE2 and Ris depressed

the activation frequency and bone formation rate and eroded the surface so as to increase the

formation to resorption ratio (by 3–4-fold) over PGE2 alone.

It can be concluded that PGE2 is needed to initiate changes in activity of the modeling/

remodeling system associated with fracture healing, oophorectomy and disuse.

6.13 Thiazide Diuretics (TD)

Thiazide diuretics (TD) lower renal calcium excretion and may therefore affect bone

metabolism (Rejnmark et al., 2003). Histomorphometric analyses have shown a reduced

extent of eroded surfaces, reduced bone formation rate, and decreased osteoid thickness.

Consistent with a decreased bone turnover (Steiniche et al., 1989), intake of TD has been

associated with a 2–5% higher bone mineral density (BMD) at the hip and a 4–14% higher

BMD at the lumbar spine (Dawson and Harris, 1993; Morton, Barrett Connor and Edelstein,

1994; Wasnich et al., 1986). However, some other studies have indicated either no effects or a

very small increase of approximately 1% in BMD in response to 2–3 years of TD treatment

(Lacroix et al., 2000; Reid et al., 2000).

In a large population based case-control study Rejnmark, Vestergaard andMosekilde (2005)

found that treatment with TD was associated with a significant reduced overall fracture risk as

well as a reduced risk of forearm fractures. Moreover, a dose–effect relationship was revealed

for the risk of any fracture as well as the risk of forearm and hip fractures. The reason for the

reduced fracture risk in users of TD may need to be investigated.
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6.14 Effects of Fluoride

The concept that the consequences of osteopenia could be less severe in individuals with a

history of fluoride exposurewas first reported by Leone et al. (1955). Richards, Mosekilde and

Sogaard (1994) revealed that there is an age-related increase in fluoride content of vertebral

trabecular bone in normal individuals. However, these results suggest that it may not have an

effect on the strength of humanvertebral trabecular bone, supporting the earlier studies of Stein

andGranik (1980). Fluoride stimulates osteoblast proliferation (Farley,Wergedal and Baylink,

1983). Initially, primitivewoven-like bone is formed but later the bone is remodeled again in a

normal way, creating lamellar bone organized in so-called packets. The remodeling process in

trabecular bone is characterized by a slightly reduced activation frequency, a prolonged

remodeling period and a slightly increased mineralization lag time. The final resorption depth

is unchanged, but the completed wall thickness is increased, leading to a positive bone balance

per remodeling cycle (Briancon and Meunier, 1981; Eriksen, Mosekilde and Melsen, 1985).

Hence, treatment with fluoride may lead to an increase in bone mass and, consequently,

decreases fracture rates (Mamelle, Meunier and Dusan, 1988; Pak et al., 1989; Pak, Sakhaee

and Zerweph, 1990; Farley et al., 1992).

The initiation of osteogenesis and mineralization in embryonic chick mandibles maintained

in organ culture has been found to be dependent on the presence of fluoride (Hall, 1987).

However, other in vitro studies have not shown any evidence of direct effects of fluoride on

osteoblasts (Kopp andRobey, 1990a, 1990b;Oreffo,Wells and Johnstone, 1991). This suggests

that fluoridemay act through an indirect mechanism on osteoblasts and probably requires local

factors to increase bone cell proliferation and bone formation in vivo (Farley et al., 1990).

Chavasseiux et al. (1993a) have concluded that the function of osteoblasts is not modified after

in vitro exposure to fluoride. In contrast, in vivo exposure of fluoride to rats for 1 month has a

mitogenic effect on osteoblasts and stimulates bone activity. These data emphasize the

hypothesis that fluoride may act either on osteoprogenitor cells or through an indirect

mechanism mediated by a cofactor.

NaF has been identified as a useful therapeutic agent (Heaney et al., 1989). There is general

agreement that NaF has an anabolic effect on trabecular bone mass, particularly in the spine

(Charles, Mosekilde and Taagehoj, 1985; Aaron, De Vernejoul and Kanis, 1991; Kanis and

Meunier, 1984; Hansson andRoos, 1987; Raymakers et al., 1987; Farley et al., 1989; Hodsman

and Drost, 1989; Riggs et al., 1982, 1990; Pouilles, Tremolleres and Ribot, 1991). These

authors have found that the effect of sodium fluoride is to stimulate bone formation. They have

suggested a considerable reserve in the capacity of bone forming cells or their progenitors, even

a severe idiopathic osteoporosis. This suggests that fluoride treatment may have potential for

reestablishing or rebuilding trabecular connectivity. Fluoride also replaces the hydroxyl groups

on the hydroxyapatite crystal, which is believed to increase resistance to resorption. However,

some investigators have found that NaF increases the appendicular trabecular bone mass

(Dambacher, Ittner and Ruegsegger, 1986; Resch et al., 1993), whereas others have found no

effect or even a decrease in predominantly cortical bone mass (Ringe, Kruse and Kuhlencordt,

1978; Hodsman and Drost, 1989; Kleerekoper et al., 1991; Pouilles, Tremolleres and Ribot,

1991; Kleerekoper and Mendlovic, 1993). They have suggested that the improvement in axial

bone density may be at the expense of cortical bone.

Several studies have shown structural abnormalities or mineralization defects in bone

formed during fluoride administration (Vigorita and Suda, 1982; Eriksen, Mosekilde and
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Melsen, 1985; Kragstrup et al., 1989; Lundy et al., 1989; Boivin et al., 1993), thus indicating

that the increase in bone mass is not necessarily followed by an improvement in bone quality.

Also, three controlled trials (Dambacher, Ittner and Ruegsegger, 1986; Riggs et al., 1990;

Kleerekoper et al., 1991) have failed to demonstrate any therapeutic advantage of NaF

(75–80mg) over placebo with respect to vertebral fracture rate. Sowers et al. (1991) have

reported a significantly higher risk of wrist, spine or hip fractures in a community with a high

fluoridewater content compared with the control community. These findings, along with those

of Turner, Akhter and Heaney (1992), suggest that there is a concentration threshold above

which fluoride may become detrimental to bone strength and debate has arisen as to

determining the level of toxic dose. There have also been reports of an increased incidence

of nonvertebral fractures during fluoride administration (Hedlund and Gallagher, 1989;

Melton, 1990; Schnitzler et al., 1990). Some of these studies included incomplete stress

fractures of the lower extremities in their measurement of peripheral rate (Riggs et al., 1990;

Schnitzler et al., 1990).

One parameter for ascertaining fluoride treatment is to examine the marrow space star

volume. Vesterby et al. (1991) have shown that marrow space star volume is significantly

reduced after 5 years of continuous treatment with fluoride without changes in trabecular

thickness or in the mean fractional amount of trabecular bone. The reduction in marrow space

by a factor of two to three has been explained by assuming that the largemarrow “cavities” have

been split into two or more cavities by newly generated trabecular “structures.” The small

increase in bone mass in close relation to the reduced marrow space and the small decrease in

trabecular thickness also point to the generation of new, but thin, walls.

Mackie et al. (1989) found no evidence of improved trabecular continuity and the creation of

new trabeculae as a result of fluoride treatment. Grynpas and Rey (1992) have concluded that

the changes induced by fluoride reduce the solubility of bone crystals by direct incorporation of

fluoride ions in the apatite lattice and by decreasing the labile phosphate environments.

Negative data (Riggs et al., 1990) on vertebral fracture prevention during treatment with

fluoride and calcium suggest thatmore attention should be drawn to the influence of the cortical

component of vertebral bodies on bone strength. Although the marrow space star volume

appears to be the most efficient and potent parameter for describing changes in bone

connectivity, it has many sampling problems. An essential precondition for unbiased estimates

is the use of vertical sections (Vesterby et al., 1987). Sogaard et al. (1994) found that after five

years of fluoride treatment of osteoporotic patients the iliac crest trabecular bone strength is

reduced by 46–58% compared with pretreatment biopsies. Also, 1-year of fluoride adminis-

tration seemed to reduce bone strength by 17–30%, although this is not significant. Budden

et al. (1988) and Laurent et al. (1989) have suggested that an increase in bone volume can be

reliably predicted in any patient who has accumulated a level of bone fluoride exceeding 0.2%.

It is suggested that fluoride causes resorption to be transferred from the thickened and

increasingly metabolically inert trabeculae to the less fluoride loaded cortex (Faccini, 1967;

Riggs et al., 1980), an event that may predispose to fatigue damage at trabecular sites (Duffy

et al., 1986) and increased cortical resorption (Rune andGallagher, 1989). However, it has been

pointed out that the amount of fluoride accumulated in the cortical and trabecular regions of the

ileumwas the same and it is not higher in those patients (17%) inwhom fracture recurred during

treatment (Laurent et al., 1989). In a study on rats, Turner, Akhter and Heaney (1992) showed

that incorporation of fluoride into bone mineral has a dose-specific effect on bone strength, so

that bone strength follows a biphasic relationship with bone fluorides.
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Aaron, De Vernejoul and Kanis (1991) have concluded that the doses of fluoride conven-

tionally used in the treatment of established osteoporosis are incapable of restoring abnormal

skeletal architecture of idiopathic osteoporosis. In a study on experimental flurosis in pigs

(Mosekilde, Krogstrup and Richards, 1987) the vertebral trabecular bone compressed strength

decreased despite a concurrent increase in bone mass. The increase in bone mass is likely,

therefore, to reduce the risk of fracture compared to that of the non-osteoporotic population and

as such is not an indication of bone quality. However, high doses of fluoride cause osteo-

sclerosis and osteomalasia. These conditions can be attributed to a change in bone cells

sensitivity tomechanical stimuli. Furthermore, fluorosis often results in large,misshapen bones

in which the new bone structure is disorganized. Exostosis is also common to chronic fluorosis

(Weatherell and Weidmann, 1959). There is considerable controversy regarding the optimum

dosage of NaF and several investigators have suggested that 50mg d–1 is appropriate (Riggs,

1991; Kleerekoper and Balena, 1991; Meunier, 1992). Dosage used in the study carried out by

Sogaard et al. (1994) falls in the range 40–60mg d–1, but nevertheless failed to prove beneficial

for the strength of iliac crest trabecular bone. Thus, the efficacy of fluoride therapy is still not

well established.

6.15 Role of Growth Hormone (GH)

GH (growth hormone) stimulates linear growth in childhood and bone remodeling throughout

life. It stimulates chondrocytes in the growth plate to secrete IGF-1 which in turn signals

differentiation of these cells, leading to cartilage formation and bone growth. This is consistent

with the observation that both GH and IGF-1 receptor co-exist on bone cell. Deficiency of GH

is associated with low adult BMD (De Boer et al., 1994; Hyer et al., 1992; Kaufman et al.,

1992). It has been reported that lower circulating IGF-1 levels exist in patients with

osteoporosis than in normal controls (Kassem et al., 1994). It is possible that variations in

the circulating GH profile, even within the physiologically normal range, may be associated

with differences in body build (Denninson et al., 2003). Growth hormone has similar effects

on bone to PGE2: it (i) increases Haversian remodeling, presumably by increasing activation,

and (ii) increases bone formation (Aloia et al., 1976; Kruse and Kuhlencordt, 1975; Haas

et al., 1976; Harris et al., 1972). Also, growth hormone increases the efficiency of calcium

absorption and decreases calcium excretion. AGH-induced increase in cortical bone mass has

also been demonstrated (Harris et al., 1972). The anabolic effects of GH on the skeleton are

thought to be mediated by insulin-like growth factor I (IGF-I) (Isgaard et al., 1998), and

positive effects of IGF-I on bone cell proliferation and protein synthesis are documented

(Canalis et al., 1989).

Ghrelin is a gut peptide involved in growth (GH) secretion and energy homeostasis. It is

reported that the adipocyte-derived hormone leptin, which also regulates energy homeostasis,

plays a significant role in bone metabolism. This evidence implies that ghrelin may modulate

bonemetabolism. To study the role of ghrelin in skeletal integrity, Fukushima et al. (2005) have

examined its effects on bone metabolism in vitro and vivo. These authors measured the growth

hormone secretagogue receptor 1a (GHS –R1a) in rat osteoblasts using RT-PCR and immu-

nohistochemistry. The effect of ghrelin on primary osteoblast-like cell proliferation is

examined by recording changes in cell number and the level of DNA synthesis. Ghrelin and

GHZ-R1a are identified in osteoblast-like cells. Ghrelin significantly increases osteoblast-like

cell numbers and DNA synthesis in a dose-dependent manner. They have concluded that
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ghrelin increased BMD of both SD rats and SDRS, suggesting that it directly stimulates bone

formation.

PGE2, growth hormone and PTH tend to activate and accelerate remodeling, while estrogen

tends to slow it down. This accelerated remodeling is commonly associated with disuse. Yet,

each of these agents has the ability to cause anabolic effects on bone.

It may be stated that estrogen, PGE2, growth hormone and PTH are classified as set point

altering agents, whereas calcitonin and fluoride are agents that do not alter the set point.

Alteration of the set point is invoked by adjusting the sensitivity of bone cells to mechanical

stimuli. The bone cells most responsive to mechanical stimuli are probably the osteoblasts and

osteoblast precursors. Therefore, it is speculated that changes in set point are communicated

through these cells.

Age-related changes are an attribute of the bone tissue. The content of collagens and

glycosaminoglycans in bone matrix decreases progressively with age (Vogel, 1979). The

number of secondary osteons and resorption spaces in bone increases with age, leading to

increased porosity (Martin and Burr, 1989; Atkinson, 1965). Age-related changes in bone

tissue can also reduce its elasticity (Burstein, Reilly and Martens, 1976). Furthermore, the

amounts of various growth factors and BMPS in the bone matrix decrease with age (Syftestad

and Urist, 1980; Reddi, 1985), suggesting a decreased ability of osteoblasts to produce these

growth factors. The administration of growth hormone can renew the osteoblasts ability to form

growth factors (Syftestad and Urist, 1980).

Various age-related changes cause a reduced ability of the modeling/remodeling system to

respond tomechanical feedback and the transduction ofmechanical usage into a cellular signal

will be altered somewhat by the reduction of stiffness of the bone tissue and changes in amounts

of growth factors on the bone matrix. The net effect is a less effective response to changes in

mechanical usage or biochemical agents.

6.16 Cholesterol

The hypothesis that increased total cholesterol may adversely affect BMD indicates a link

between atherosclerosis and osteoporosis. Postmenopausal women with low bone mineral

density (Barengolts et al., 1998; Uyama et al., 1997) or with greater amounts of bone loss (Hak

et al., 2000; Kiel et al., 2001) have greater prevalence and severity of aortic calcification. Bone

matrix proteins, including osteopontin (Giachelli et al., 1995), osteocalcin (Fleet and Hock,

1994) and bone morphogenetic protein (Bostrom, 2001), have also been found in atheroscle-

rotic plagues. Vitamin D (Price et al., 2001) and osteoproteglun (Bucay et al., 1998) regulators

of bone resorption have been associated with vascular calcification, and interleukin-6 and

homocysteine, as well as statin drugs used to treat hyperlipoproteinemia (Chung et al., 2000;

Edwards, Hart and Spector, 2000; Watanabe et al., 2001), have links to osteoporosis (Jilka

et al., 1992).

6.17 Interleukin 1 (IL-1)

Besides its crucial role in triggering the immune response, IL-1 stimulates bone resorption

in vitro and can induce hypercalcemia in vivo (Sabatini et al., 1988). Some solid tumors

associated with hypercalcemia have been shown to produce IL-1 (Sato et al., 1987).
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Jilka (1998) and Hentunen et al. (2000) pointed out that bone remodeling, which is coupled

with biological activity of osteoclasts and osteoblasts, is controlled by cytokines such as

interleukin-6 and tumor necrosis factor-a (TNF-a). They also demonstrated that the synthesis

of cytokines is regulated by estrogen and osteoresorption factors.

6.18 Bisphosphonates (BPs)

Bisphosphonates (BPs), like estrogen, possess antiresorptive properties that prevent bone loss

mainly through the inhibition of osteoclast activity (Most et al., 1995; Sato et al., 1991;

Shinoda et al., 1983). Bisphosphonates and calcitonin inhibit glucocorticoid-induced osteo-

blast apoptosis (Plotkin et al., 1999). BPs are analogs of pyrophosphonate and have powerful

bone-resorption-inhibitory activities (BRIAS). They possess a non-hydrolysable P-C-P struc-

ture and bind strongly to the hydroxyapatite in bone and tend to accumulate when given

repeatedly. Among BP derivatives, the aminobisphosphonates (aminoBPS) have much more

powerful BRIAS (100 times or more) than the non-amino BPs (Bonjour et al., 1994; Geddes

et al., 1994). However, clinical studies have found that amino BPs have inflammatory side

effects, such as fever (in 10–50% treated patients), an increase in acute-phase proteins,

gastrointestinal disturbances and ophthalmologic inflammation (Adami et al., 1987; Sauty

et al., 1996; Thiebaud et al., 1997; Siris, 1993;Macarol and Frauenfelder, 1994; Fleisch, 1997;

Blank et al., 1997). Endo et al. (1999) reported that various inflammatory reactions induced by

a single intraperitoneal injection of an amino BP were strongly inhibited by chlodronate. In

another studyMonma et al. (2004) showed that a single injection inmice of alendronate (amino

BP) or chlodronate increased bone density at a selective site in the tibia. Thiswas detectable as a

clear sclerotic line (BP line). In fact, the BP line is visible at the site at which the growth plate

would have been located at the time of the injection of alendronate or chlodronate.

Bisphosphonates act as bone resorption inhibitors and are now used as therapeutic agents.

All antiresorptive agents (estrogens, calcitonin or bisphosphonates) have in clinical studies

proven themselves capable of increasing spinal bone mass by 2–5% in postmenopausal or

elderly individuals (Gallagher, 1988; Chesnut, 1988; Harris et al., 1991; Thamsborg et al.,

1991; Reginster, 1992). They prevent fractures despite the limited increase in spinal bone

density, indicating that a higher bone quality might have been achieved in therapy (Overgaard

et al., 1989; Reginster et al., 1989; Storm et al., 1990; Watts et al., 1990).

In man, resorption and formation are coupled in such a way that bone formation occurs at

sites of previous resorption (Frost, 1964a, 1964b). Therefore, it is generally presumed that

resorption inhibitors such as 3-amino-1 hydroxyprophylidine-1-bisphosphonate (AHPr BP)

suppress bone formation through a reduction in the number of resorption sites available for

bone formation. Similarly, in the rat at least some sequential remodeling occurs (Baron, Tross

and Vignery, 1984). Shellhart et al. (1992), experimenting with rats, have demonstrated that

dichloromethylene bisphosphonate (10mg kg–1) induced a greater increase in periosteal

apposition rate in loaded limbs and is proportional to the relative amount of body weight

supported. However, it has not been confirmed that the suppression of formation byAHPr BP in

the rat is due to reduced availability of resorption sites for induction of bone formation or to an

effect of resorption inhibition on surfaces already forming bone. Tobias, Chow and Chambers

(1993) concluded that AHPrBP is a resorption inhibitor, that is, it inhibits bone formation in the

rat in amanner that appears inconsistent with the site-specific coupling seen in the adult human

skeleton.
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The effect of BP compounds in preventing bone loss has been reported by several authors

using various immobilization models (Fleisch et al., 1969; Cabnela and Jowsey, 1971;

Michael, King and Francis, 1971; Muhlbauer et al., 1971; Schoutens et al., 1988; Thompson

et al., 1990), but the mechanical properties of the bone were not tested. In their experiments,

clodronate, with a higher dose retarded the development of osteoporosis. Martino and

Seideman (1980) also reported that the immobilization induced bone resorption was lowered

by clodronate.

The results of Lepola, Jalovaara and Vaananen (1994) show that the decrease in bone mass

during cast immobilization in rats can be prevented by clodronate, which also increases the

mechanical strength of both immobilized and contralateral bones of immobilized animals. In

non-immobilized rats, clodronate increases the mass but not the breaking strength of rat bone.

Clodronate has been used in some clinical trials with paraplegic patients (Minaire et al.,

1981, 1987) in which positive effects of serum and urine biochemistry and bone histomor-

phometry are found. Giammini et al. (1993) have concluded that cyclical low dose clodronate

therapy induces a gain in lumbar spine bonemass in patients with postmenopausal osteoporosis

and has no side effects.

Ibandronate has been reported (Epstein and Zaidi, 2005) to be a oral nitrogen-containing BP.

It possesses (i) a strong affinity for bone, (ii) potent antiresorptive action, (iii) a high

concentration, (iv) persistence in bone tissue and (v) excellent tolerability that enable simpler

and less frequent dosing compared with other available drugs. This has been found to be

effective in improving the probability of risk of fractures.

Adami et al. (1994) treated patients with mild Paget�s disease of bone with 20 or 40mg

alendronate daily for 6 months. They concluded that the former is insufficient and the latter is

associated with a high incidence of side effects. Further, the suppression of disease activity

depends on the dose of bisphosphonate given daily or over a short period of time and lower

doses cannot be compensated by a longer duration of the treatment course. So far, however, it

has not been possible to demonstrate that beneficial structural bone changes follow treatment

modalities of osteoporotic patients.

Two BPs (alendronate and risedronate) have shown a 30–50% reduction of vertebral and

nonvertebral fractures in postmenopausal women with osteoporosis (Black et al., 1996;

Cummings et al., 1998; Harris et al., 1999; McClung et al., 2001; Pols et al., 1999; Reginster

et al., 2000). Bisphosphonates provide effective and relatively safe antiresportive therapy and

have an enormous impact on the management of osteoporosis. The BPs in use (alendronate,

risedronateand ibandronate) reduce the incidenceoffractures, includingbothvertebralandnon-

vertebral fractures, particularly hip fractures (Rosen et al., 2005). These agents bind to the bone

surface and then are taken up by osteoclasts, leading to their inactivation and programmed cell

death. However, some concern has been raised that their prolonged use may cause excessive

inhibition of bone remodeling and slow the repair of fractures and microdamage.

6.19 Adipocyte Hormones

The adipocyte has long been recognized as an estrogen producing cell, particularly in

postmenopausal women. Thus, early postmenopausal women who lose bone rapidly have

lower levels of both estrone and estradiol than graded and this may be accounted for by their

lower fat mass (Riis, Rodbro and Christiansen, 1986). A relationship has been developed

between circulating estrone levels and bone density and has been shown to be independent of
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the effects of fat mass (Reid et al., 1992). This implies that estrogen is not the only pathway by

which fat influences bone density. This suggestion is supported by the finding of a fat–bone

relationship in premenopausal women, in whom the adipocyte is a relatively minor source of

estrogens.

The discovery of leptin offers the possibility of another link between these two tissues, fat and

bone. Leptin, a 16-kDa protein encoded by the obese (ob) gene, hormonally regulates food intake

and energy expenditure by negative feedback at the hypothalamic nuclei (Zhang et al., 1994).

Leptin is expressed predominantly in adipose tissue of normal mice and is absent in ob/ob mice,

whicharehomozygousfor theobmutation.Leptin is thought toactprimarilyat thehypothalamus,

where it has effects on appetite, energy expenditure and neuroendocrine axes (Compfield et al.,

1995). Leptin has an important function in the growth plate and plays a key role in endochondral

ossification (Kishida et al., 2005). Being produced in adipose tissue, leptin is produced in bone

marrowadipocytes (Laharragueetal., 1998)and its receptor is foundonosteoblast (Steppanetal.,

2000; Sufang et al., 1993; Thomas et al., 1999). Osteoblasts exposed to leptin demonstrate

increased proliferation and differentiation (Reseland et al., 2001; Thomas et al., 1999), as do

chondrocytes (Cornish et al., 2001). In addition, there is evidence that leptin regulates production

of osteoprotein and the receptor activator of NF-kB ligand (RANKL) to result in diminished

recruitment of osteoclasts and reduced bone resorption (Cornish et al., 2001; Holloway et al.,

2002). Leptin also increases secretion of IL-1 receptor antagonist in monocytes and circulating

levels of this antiosteolytic factor are substantially increased in obesity (Meier et al., 2002). Thus,

systemic administration of leptin in leptin-deficient mice (Steppan et al., 2000) humans (Farooqi

et al., 1999) andwild-typemice (Cornish et al., 2001) results in increased bonegrowth, increased

skeletalmassand is related tobonedensity (GouldingandTaylor, 1998;Pascoetal., 2001).Leptin

levels are reduced in women with vertebral fractures (Yamauchi et al., 2001).

The work of Ducy et al. (2000) has demonstrated another mode of action of leptin on bone.

Theyfound that the infusionof leptin into the thirdventricleofeither leptindeficientorwild-type

mice is associated with bone loss. These experiments indicate that a mechanism exists for the

regulation of bonemass via the central nervous system (CNS).One possiblemechanism for this

would be by way of leptin�s potent effects on insulin secretion. The central or systemic

administration of leptin to wild-type or leptin-deficient mice is found to reduce circulating

insulin concentrations by up to 85% (Jang et al., 2000; Pelleymounter et al., 1995). Leptin

regulates insulin secretion, in part, through the sympathetic nervous system (SNS) (Mizuno

etal., 1998).Thiseffect, acting through themechanismsoutlined inFigure6.5, contributes to the

bone loss observed in these experiments. Leptin also influences several other neuropeptides that

could themselves act directly or indirectly to produce bone loss. For instance,a-MSH,which is

secreted from the pituitary in response to leptin, causes profound bone loss when administered

systemically to normalmice (Cornish et al., 2001).NeuropeptideY release in the hypothalamus

is inhibited by leptin, yet central administration of this factor has effects on bonemass similar to

thoseof leptin(i.e.,decrease in trabecularbonevolume)(Ducyetal.,2000).Y2isassociatedwith

increased bone mass (Baldock et al., 2002). How these effects of leptin and neuropeptide Y fit

together in normal physiology remains to be understood. However, experiments with systemic

leptin administrationhave clearly demonstrated that the net effect of leptin is to cause bonegain.

The role of the CNS in the control of bone formation has been suggested by the inhibition of

bone formation after intracerebroventricular injection of leptin (Ducy et al., 2000; Harada and

Rodan, 2003). It acts through the receptor expressed in the arcuate nuclei for the control of body

weight and food intake and in the ventral hypothalamus for the control of bone formation. In
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mice the inhibition of bone formation in trabecular bone (at least in the spine) by leptin appears

to bemediated by the SNS andb2 adrenergic receptors expressed by osteoblasts (Takeda et al.,
2002). However, the role of leptin on cortical and trabecular bone still remains to be

understood. Leptin receptors are expressed on bone cells and leptin affects directly osteoblast

proliferation and/or differentiation (Reid, 2004; Thomas et al., 1999). Therefore, it appears to

be a possibility that leptin has control on bone formation.

Body weight affects both bone turnover and bone density, and is therefore a prominent risk

factor for vertebral and hip fractures and is important alongside that of age. The effect of body

weight is probably contributed by both fat mass and lean mass, although in postmenopausal

women fatmass has beenmore consistently demonstrated to be important. Severalmechanisms

for the fat–bone relationship exist. These include the effect of soft tissue mass on skeletal

loading, the association of fat mass with the secretion of bone active hormones from the

pancreatic b cell (including insulin, amylin and preptin) and the secretion of bone active

hormones (e.g., estrogens and leptin) from the adipocyte.

6.20 Mechanism of Action of Antiresorptive Agents

The fact that raloxifene and nasal calcitonin reduce vertebral fracture incidence despite a

small effect on BMD suggests that other mechanisms are also involved (Delmas, 2002).

Insulin Resistance 

Beta Cell Hypersecretion (-ve) 

SHBG     Sex Hormone             Osteoblast           Osteoclast 
Production                 Activity                Activity 

Free Sex Hormones 

   Fat Mass 

    Leptin      Amylin       Insulin 

  Bone Mass 

Figure 6.5 Possible mechanisms by which fat mass may influence bone cell function and, thus, bone

mass. Leptin not only decreases circulating insulin concentrations via its effects on the central nervous

system but also has direct effects on osteoblasts; SHBG stands for sex hormone-binding globulin (Reid,

2005). (Reproduced with permission from I.R. Reid, Relationship among body mass, its components and

bone, Bone, 31(5), 547–555 � 2002, Elsevier B.V.)
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Antiresorptive drugs reduce vertebral fractures through the inhibition of bone remodeling.

Although the increase in cancellous bone volume is marginal, even with potent bispho-

sphonates (Chavasseiux et al., 1997), the decrease in osteoclastic activity may reduce plate

perforation and the disruption of plate connectivity that characterizes osteoporotic bone. High

doses of alendronate increased trabecular thickness but did not change trabecular number and

spacing in OVX baboons (Balena et al., 1993). Antiresorptive drugs may have a positive effect

on the cortical shell of vertebral bodies, which play a major role in their strength (Rockoff,

Sweet and Blenstein, 1969). At the level of cortical bone, these agents may decrease cortical

porosity, decrease endosteal bone turnover and therefore increase cortical thickness, but these

possible mechanisms need to be confirmed in more exhaustive clinical trials.

The clinical effects of bone active agents on the components of cortical parameters (e.g.,

external and internal diameter, cortical thickness and porosity) has not yet been evaluated.

Peacock et al. (2000) have shown that calcium supplements can significantly reduce the

medullary expansion of the femur over 4 years in elderlymen andwomen. It may be concluded

that antiresorptive drugs differ in their ability to reduce vertebral and nonvertebral fractures

(Delmas, 2002).

6.21 Genetic Studies of Osteoporosis

Fracture is a phenotype with obvious direct clinical relevance but its possible heritability has

not been understood. Genetic factors are crucial in determining peak bone mass, as studies of

sex difference, racial differences and twins show. Comparative studies between osteoporotic

patients and their relatives confirm this observation (Evans et al., 1988).

Deng et al. (2002) have demonstrated no significant heritability of wrist and spinal fractures

andmarginal heritability of hip fracture (P¼ 0.048). These authors also suggest that the genetic

correlation between hip fracture and BMD is low. This appears to contradict several studies

demonstrating that daughters of mothers who have themselves fractures have low BMD (Keen

et al., 1999; Seeman et al., 1989; Seeman et al., 1994). A twin study reports heritability of

Colles fracture (Andrew et al., 2005), while another twin study in Scandinavians found no

significant increase in twin concordance for fracture (Kannus et al., 1999), but its findings have

been debated (MacGregor, Snieder and Spector, 2000). Thus, current evidence suggests that

Colles and hip fracture may be heritable, but the magnitude of the genetic effect is not large

enough to be widely confirmed and could cause alarm. Further studies of the genetic

epidemiology of fracture are required before it is accepted as the principal focus of future

genetic studies.

With regard to bonemicroarchitecture, it is not known if it is heritable, though itmay be. Still

to be determined are the number of genes involved and their likely magnitude of effect and

whether there are gender or site-specific genetic effects. The correlation of microarchitecture

with fracture risk is another aspect to be explored. These factors need to be established.

Two successful mappings of osteoporosis associated genes highlight the potential of the

method: the identification of the LRP5 gene and demonstration of its role in BMD variation in

the general population (Ferrari et al., 2004; Gong et al., 2001; Little et al., 2002) and the

demonstration of association of the BMP2 gene with the fracture BMD in the Icelandic

population (Styrkarsdottir et al., 2003). These studies demonstrate that with the use of crude

phenotypes such as BMD and fracture (though holistic), gene mapping methods can succeed.

The BMP2 gene is important in bone development. Its association is identified by studies in
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large families drawn from a relatively homogenous population. The LRP5 role is not identified

in most general population linkage studies to date and its discovery is critically dependent on

the availability of families with clear monogenic phenotypes.

6.22 Nutritional Aspects in Osteoporosis

Various types of interventions, including exercise regimens (Baldwin et al., 1996; Cavanagh,

Davis and Miller, 1992; Nicogossian et al., 1992; Norman et al., 2000), drug/hormonal

therapies (Bikle et al., 1995; Turner et al., 1998) and dietarymodifications (Globus et al., 1986;

Navidi et al., 1995), have been considered as countermeasures for bone loss associated with

skeletal unloading. The appeal of dietary interventions is that they may provide a practical and

safe component to an osteoprotective regimen through the incorporation of specific nutrient

rich foods or the consumption of supplements. However, the evidence that nutrition is a major

determinant of osteoporosis is discordant and changes in the role of nutritional states are not

clearly established (Schaafsma et al., 1987). Physical inactivity is a major plausible contribu-

tory factor but it is not the only one. High levels of weight bearing activity are known to prevent

osteoporotic fractures (Cooper, Barker and Wickman, 1988; Lau et al., 1988).

6.22.1 Biochemical Markers

Rico et al. (1993b) have identified several biochemical markers of nutrition – transferrins,

prealbumin, retinal binding protein and fibronectin – that are significantly lower inwomenwith

vertebral osteoporosis. This suggests that postmenopausal osteoporosismay be associatedwith

a nutritional deficiency. Here we discuss some of the observed effects of some important

nutrients.

6.22.2 Salt Intake

High salt intake may accelerate bone loss in individuals with a propensity to osteoporosis

(Breslau et al., 1982; Goulding and Lim, 1983; Parfitt, 1983). Increased ingestion of sodium

chloride elevates the urinary excretion of calcium in animals (Goulding, 1980; Goulding and

Campbell, 1983) and in man (Breslau et al., 1982; Conney, Spears and Goulding, 1984;

Castenmiller et al., 1985; Sabto et al., 1984) and also elevates blood levels of parathyroid

hormone (Coe et al., 1973, 1975). Saline and frusemide are administered as a standard

treatment in hypercalcemia (Potts, 1980) to lower blood calcium levels rapidly by stimulating

sodium mediated calciuresis (Suki et al., 1970). Urinary calcium also rises when natriuresis is

inducedwith arterial natriuretic peptide (Richards et al., 1985) and diuretics other than thiazide

(Suki, 1979; Brickman, Massr and Coburn, 1972). Furthermore, urinary hydroxyproline

excretion rises in the presence but not in the absence of the parathyroids in salt loaded animals

(Goulding, 1980), suggesting that salt consumption stimulates PTH-mediated bone collagen

catabolism. These findings support theview that salt-mediated elevation of PTH increases bone

resorption.

Salt-mediated hypercalciuria leads to an increased secretion of PTH (Castenmiller et al.,

1985; Coe et al., 1973; Goulding, McIntosh and Campbell, 1984), whereas calciuria induced

by high protein diets and metabolic acidosis does not (Adams, Gray and Lemann, 1979).
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Coe et al. (1975) first demonstrated a rise in immunoassayable PTH (PTHi) by eliciting

hypercalciuria with salt supplements and frusemide. In animals, saline infusions induce

histological evidence of increased PTH synthesis (Sporonitz and Frick, 1973). Total and

nephrogenous urinary cyclic AMP values also increase after salt supplementation in a manner

consistent with increased PTH secretion (Muldowney, Freaney and Moloney, 1982; Fujita,

Chan and Barter, 1984).

PTH hormone restores normocalcemia by increasing the input of calcium into the blood

from the kidney, gut, via renal 1,25-dehydroxycholcalciferol [1,25-(OH)2D3] synthesis, and

bone. Blood levels of PTHi and 1,25-(OH)2D3 rise in healthy volunteers but not in hypopar-

athyroid patients when salt intake is raised from 10 to 250mmol d–1 (Breslau et al., 1982).

Increasing salt also augments 47Ca intestinal absorption (Breslau et al., 1982; Meyer et al.,

1976) andmay reduce fecal Ca loss (Fujita, Chan and Barter, 1984). Figure 6.6 summarizes the

effect of sodium chloride intake on osteoporosis (Goulding et al., 1986).

However, PTH, bicarbonate and thiazide diuretics lower the urinary excretion of calcium

relative to sodium. Consequently, when PTH is elevated, or bicarbonate or thiazides are

consumed, urinary calcium will be lower than usual for a given sodium output (Goulding and

Campbell, 1984; Goulding, McIntosh and Campbell, 1984).

6.22.3 Calcium

The notion of early work that osteoporosis is primarily because of calcium deficiency,

particularly in elderly, has been a counterpart to estrogen deficiency theory. The pathogenesis

of the process of estrogen loss coupled with increase of fracture risk is in fact multifactorial.

NaCl intake 
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Parathyroid Hormone 
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Figure 6.6 The effect of an increase in sodium chloride intake
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Calcium deficiency leads to secondary hyperparathyroidism. The average calcium intake of

women in their eighth and ninth decades of life is between 700 and 800mg per day. A decrease

in calcium intake, impaired intestinal absorption of calcium due to aging or disease, as well as

vitamin D deficiency result in secondary hyperparathyroidism. Adequate calcium and vitamin

D intake and appropriate physical activity may not only increase peak bone mass but also slow

down bone loss and reduce fracture risk throughout life (Raisz, 2005).

Of the body�s total calcium, 99% is located in bone and teeth. The remaining 1% is in the

extracellular compartment. This is also very important, since calcium influences many

physiological functions like the pace of the heart beat. Extracellular calcium levels are

controlled by an equilibrium between absorption of calcium that occurs in the intestine, their

excretion by the kidney and the deposition in bone. Intestinal absorption of calcium is regulated

by a calcium pump that is controlled by an enzyme related to vitamin D.

6.22.3.1 Calcium Nutrition

Calcium absorption decreases with age (Allen, 1985). This decline is correlated with a decline

in renal function as measured by the creatinine clearance (Nordin et al., 1976). It is suggested

that malabsorption of calcium in the elderly is predominantly due to vitamin D deficiency and

renal impairment in the conversion of calcidiol into calcitriol (Francis et al., 1983; Gallagher

et al., 1979). Low levels of calcidiol in plasma are often found in elderly people, particularly in

those with hip fractures and this is attributed to decreased intestinal absorption of vitamin D

(Lips, 1982; Parfitt et al., 1982). In a cross sectional study of healthy elderly people, a

significant correlation is found between the plasma calcidiol level and the bonemineral content

of the radius, even though plasma calcidiol levels are within the normal range of young adults

(Schaafsma, 1981). Vitamin D requirement of the elderly is 50–100% higher than that of a

young adult and they recommend a daily oral intake of 15–20mg for elderly people.

Calcium alters the bone related hormones and possibly the local hormones induced by

mechanical stress. Calcium could alter the physical and chemical properties of the bone

mineral. Themajormechanismwhereby calcium affects bone is probably through inhibition of

PTH secretion.

In the healthy adult who is calcium deprived in the diet, the bone turnover is increased due

to an increase in the activation frequency of new bone remodeling units. Conversely, when

presented with high calcium challenges bone remodeling is reduced. A great deal of

circumstantial evidence suggests that the mechanism for this relates to hormonal changes

in calcium metabolism. During calcium depletion serum calcium tends to fall, which

stimulates the secretion of parathyroid hormone and the synthesis of calcitriol, which

increases the activation of bone remodeling. An increased intake of calcium increases the

net intestinal absorption of calcium. The small rise in plasma calcium would reduce the

secretion of parathyroid hormone and thus the rate of bone turnover, giving rise to a small but

finite increase in reversible bone mass. The reduction in PTH secretion reduces the synthesis

of calcitriol and offsets, to some extent, the dietary calcium challenge. Because of the long

turnover time of bone these changes in bone mineral content may take several years to

complete. It would be expected, therefore, that the balance for calcium intake minus total

excretion would be negative for several years after a reduction in intake before the new

equilibrium is attained.
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6.22.3.2 Use of Calcium in Osteoporosis

In animals, calcium deficiency produces hypocalcemia, hyperparathyroidism, increased

plasma calcitriol concentrations, increased bone resorption and osteoporosis irrespective of

age (Beanusa, Metkovic and Kotial, 1978; Rader et al., 1979; Sevastikoglou, Thomaidis and

Lindholm, 1977; Stauffer et al., 1973; Volpin and Salomon, 1978).

Signs of calcium deficiency in humans are not common, because it cannot easily be detected

and does not reduce longitudinal growth. Several groups have claimed that low calcium intake

is more prevalent in osteoporotic patients than in control subjects, but others have reported

negative results (Exton-Smith, 1972). Circumstantial evidence suggests that low calcium diets

predispose to osteoporosis. Thus, the high prevalence of osteoporosis in lactose deficient

people has been attributed to a low calcium intake consequent to the avoidance of dairy

products (Birge et al., 1967; Kocian, Skala and Berkos, 1973; Newcorner et al., 1978). The

results of Matkovic et al. (1979) indicate that an habitual high calcium intake may prevent the

development of osteoporosis by increasing adult peak bone mass; however, it does not reduce

the rate of aging bone loss as also reported by Nilas, Christiansen and Rodro (1984).

In postmenopausal women, urine calcium excretion increases markedly after starting

treatment with additional calcium. The effect is, however, attenuated with time and after two

years reaches pretreatment values. This suggest that postmenopausal women can adapt to

increments in dietary intake. The difference in adaptation between pre-and postmenopausal

women is that in the latter the bone loss persists, though at a slower rate, because the balance of

resorption and formation at remodeling sites remains unchanged. This imbalance, due to

estrogen deficiency, is not reversed by calcium. In contrast, bone loss is halted by estrogen

completely by correcting the imbalance and thereby preserving bone mass, irrespective of the

time it is given after surgical castration or menopause. For all these reasons, there may be some

potential for calcium supplementation of postmenopausal women who are at the risk from

osteoporosis.

An impairment of calcium absorption has been described frequently in postmenopausal

osteoporosis (Gallagher et al., 1973) and variously attributed to calcitriol deficiency (Gallagher

et al., 1979) or resistance to the action of calcitriol in the gastrointestinal tract (Nordin et al.,

1988). Morris et al. (1991) have confirmed the significant difference in calcium absorption

between normal and osteoporotic postmenopausal women, as indicated by the parameter a
(Gallagher et al., 1979; Burnell et al., 1986; Nordin et al., 1988). Although the main

determinant of a in both groups is the serum calcitriol level it accounts for only about

20% of the difference ina between the two groups. The remainder of the difference in a can be

attributed to “resistance” to the action of calcitriol on the gastrointestinal tract, assuming that

the total calcitriol levels reflect the free concentrations. The resistance to calcitriol is not related

to age in either group. A comparable blunting of the gastrointestinal response to calcitriol has

been reported in aged rats (Wood et al., 1988). Morris et al. (1990) have observed a similar

gastrointestinal resistance to serum calcitriol in osteoporotic postmenopausal women on

corticosteroid therapy and have attributed it to a deficiency in receptor number or receptor

affinity (Morris and Steurer, 1988).

Further,Morris et al. (1991) have suggested that obligatory urinary calcium loss be regarded

as a primary event and that it activates bone resorption, which in turn is related to urinary

hydroxyproline. This suggests that the higher the calcium loss and the lower the calcium input

from the gut, the higher is the bone resorption.
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The usefulness of calcium in osteoporosis appears to be its ability to decrease bone turnover

and thereby decrease skeletal losses, but it might not prevent it entirely when the imbalance

between formation and resorption at each remodeling site persists. It appears likely that this is

related to the small increase in serum calcium and the resulting decrease in the activation of

bone in much the same way as seen in childhood and in women before the menopause. In

addition, as serum calcitriol decreases, PTH levels have been shown to decrease, but this is not

invariably noted, which is perhaps related to reversal of the effect between doses of calcium.

Many studies have also shown that treatmentwith calcium supplementsmay be associatedwith

the maintenance or even an increase in skeletal mass, though this is modest (2–10% depending

upon the site measured). The reason for the transient increase in the bone mass relates to the

decreased activation of new remodeling sites. Early on during treatment bone formation will

continue at previously occurring remodeling sites and bonemasswill increase transiently to fill

in the resorption space. Because turnover is a slow process, particularly the terminal phase of

the mineralization, the transient state may persist up to 3 years, and studies on the use of

calcium supplements suggest that this is so. Similar though more rapid effects are observed at

sites of cancellous bone.

6.22.3.3 Calcium Intervention

There is evidence of an8%decrease in the probability of fracture rate upon taking aglass ofmilk

per day. Calcium carbonate is currently themost widely used source of calcium in supplements

and fortified products (Aronson et al., 1988). Other salts of calcium such as lactate, citrate,

gluconate and malate are used because of their solubility in beverages and juices. This implies

that improved solubility increases calcium bioavailability (Heaney, Recker and Wever, 1990).

Noneof these sources contain phosphorous,which togetherwith calciumformshydroxyapatite,

the main mineral of bone. Shapiro and Heaney (2003) have evaluated the relative effect of

calcium carbonate and two calcium phosphate salts (dicalcium phosphate and tricalcium

phosphate) on bone development in growing rats under conditions of varying calcium and

phosphorous deficiency. Under these conditions, the results clearly show, as had been antici-

pated, that calcium alone is insufficient and that both phosphate salts were superior to the

carbonate saltwith respect to essentially all the bonevariablesmeasured.At equivalent levels of

calcium supplementation, the calcium phosphate salts promoted significantly greater body

weight gain, femurweight, tensile strengthandphosphorous deposition and calciumutilization.

These workers have recognized the interdependence of calcium and phosphorous in bone

development and quantified the interrelationship of the two nutrients. In fact phosphorous is the

morecriticalof the twonutrients.An increase indietphosphorous increasedboneashmuchmore

dramatically than increasing dietary calcium. By contrast, adding calciumwithout the addition

of phosphorous had very little effect on bone ash or calcium content.

Intervention studies have indicated that oral calcium supplements of 1 g d–1 (Horsman et al.,

1977;Lutwak,1974;Recker,SavilleandHeaney,1977)orwithvitaminD(Albaneseetal.,1973;

Riggs et al., 1976) are effective in decreasing bone loss. This is in accordancewith the results of

Horowitz et al. (1984), who showed that an oral supplement of the above amount reduces bone

resorptioninpostmenopausalwomen,asmeasuredbytheurinaryexcretionofhydroxyproline. It

is also in agreement with a study by Recker and Heaney (1985) in postmenopausal women

showingadecrease inbone resorptionandan improvementof calciumbalance following2years

ofmilk supplementation (680mL d–1). That calcium supplements set and consequently prevent
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bone loss is rather controversial. Some studies have shown a positive result (Horsman et al.,

1977; Recker, Saville and Heaney, 1977; Heaney, Recker and Saville, 1978; Riggs et al., 1982;

Pacifici et al., 1988), whereas others have reported negative results (Ettinger, Genant and Hand

Cann, 1987; Riis, Thomsen and Christiansen, 1987). The cause of this discrepancy is not clear.

Stepan et al. (1989) have concluded that ossein hydroxyapatite might have specific effects on

bone metabolism in addition to being a dietary supplement (Dent and Davies, 1980; Epstein

et al., 1982; Dambacher and Ruegsegger, 1987).

Several trials in elderly women have shown that combined. Calcium and vitamin D

supplementation can reduce the rate of bone turnover, slow bone loss and even reduce the

incidence of fractures (Baeksgaard, Andersen andHyldstrup, 1998; Dawson et al., 1997;Meier

et al., 2004; Larsen et al., 2004).

In another study conducted by the World Health Initiative, calcium plus vitamin D trials in

the women aged 50–79 revealed that supplementation with 1000mg of calcium and 400 IU of

vitamin D per day had no significant effect on fracture reduction at any site (Jackson et al.,

2006). However, secondary analysis reveals that women who adhered to the supplementation

(at least 80% compliance) experienced a significant (29%) reduction in hip fracture. Factors

known to be associated with increased bone resorption [Bio-T, 25(OH)-vitamin D and PTH]

affected mainly volumetric BMD (Chapuy et al., 2002; Grados et al., 2003; Lau et al., 2002;

Lau et al., 2001; Chee et al., 2003).

A combination of supplemental vitamin D along with supplemental calcium substantially

reduces the fracture risk in institutionalized elderly women (Chapuy et al., 1992), and also

reduced non-vertebral fracture in a community of Americanwomen andmen of 65 years of age

and older (Dawson et al., 1997). It has been reported that the combination of above two help in

producing a higher peak bone mass (Raisz, 2005). Michaelsson et al. (2003) have found no

significant interaction between age, body mass or vitamin D intake and dietary calcium intake

concerning an effect on fracture risk. These authors also pointed out that increasing dairy food

intakewas not associatedwith a reduced hip fracture risk or overall risk of osteoporotic fracture

despite a more than fourfold difference in the monthly median intake frequency between the

lowest and the highest.

6.22.4 Protein

Anincreaseindietaryproteinoraminoacidintakeinhumanshasbeenassociatedwithanincreased

urinary excretion of calcium. This is not accompanied by a proportional increase in apparent

calciumabsorption, therebyresulting inadecreasedcalciumbalance (Allen,OddayeandMargen,

1979a; Allen, Bartless and Bock, 1979b; Kim and Linkswiler, 1979; Schuette, Zemel and

Linkswiler, 1980;Schuette et al., 1982).However, this isnot confirmedbyotherworkers (Spencer

et al., 1978a, 1978b, 1983). It is suggested that the urinary loss of calciumdepends on the amount

of protein, sulfur-containing amino acids and phosphate in the diet (Hegsted et al., 1981; Schutte

and Linkswiler, 1982; Whiting and Draper, 1980; Zemel et al., 1981).

The calciuretic effect of the protein is attributable to two factors: (i) protein increases the

glomerular filtration rate and thus the filtered calcium load and (ii) the sulfate that originates

from the oxidation of sulfur-containing amino acids counteracts the tubular reabsorption of

calcium in the kidneys (Allen, Oddaye and Margen, 1979a; Allen, Bartless and Bock, 1979b,

Allen et al., 1981; Allen, 1985; Bosch et al., 1983). It has been shown that urinary loss of

calcium is higher with isolated proteins or mixtures of amino acids than when mixed proteins
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(meat) are added to the diet. This has been attributed to the phosphate content of the protein

source. Phosphate decreases urinary calcium secretion and may counteract the calciuric effect

induced by protein (Hegsted et al., 1981; Spencer et al., 1978a, 1978b). However, it has been

demonstrated that the hypocalciuric effect of phosphorous is not large enough to neutralize all

of the protein effects at the phosphorous/protein ratios found in most natural protein sources

(Heaney and Recker, 1982).

It has also been demonstrated that by increasing the protein content of the diet the increase in

urinary calcium excretion was greater when phosphorous was given in a more acidic from than

when it was less acidic (Petito and Evans, 1984). Ingestion of sodium bicarbonate alkalinized

the urine and reversed the increase in urinary calcium associated with a higher protein intake

(Lutz, 1984). Plasma calcitriol and parathyroid hormone levels show a clear increase (Coe

et al., 1975): neither changed (Adams, Gray and Lemann, 1979; Gallagher et al., 1980) nor

decreased (Licate, 1981) in response to an increased protein intake. In animals, no effect of

long-term high protein intake on bonemass was found (Calvo, Bell and Forbes, 1982;Whiting

and Draper, 1981; Yuen and Draper, 1983).

Marsh et al. (1980) have reported a more rapid postmenopausal bone loss amount in

omnivorous women than in age-matched vegetarians. This difference might be related to a

difference in type or amount of dietary protein.

The contradictory results of different research groups could be explained by such differences

in diet components as acid ash and phosphate; more results are certainly needed.

6.22.5 Lactose

It is reported that lactose stimulates the intestinal calcium absorption in both animals and

humans (Ali and Evans, 1973; Cochet et al., 1983). The effect is independent of the presence of

vitaminD and is exerted on the diffusional component of the intestinal transport system (Pansu,

Bellaton and Bronner, 1979). In vitamin D-deficient hypocalcemic rats, lactose raises the

plasma calcium concentration, increases bone mineralization and almost normalizes bone

histology (Schaafsma et al., 1987). Themechanism underlying the effect of lactose on calcium

absorption is not completely understood, but it is thought that after its ingestion the sugar

interacts with the villusmembrane, thereby increasing its permeability for calcium (Armbrecht

and Wasserman, 1976). However, contrary to lactose, which is digested rather slowly, most

dietary sugars are absorbed before reaching the ileum (Vaughan and Filer, 1960).

It is suggested that the positive effect of lactose on calcium absorption could at least partly

compensate for the decreased calcium absorption in the elderly, which is the vitamin D-

dependent component of the intestinal calcium transport system. However, there are no data

indicating that lactose is beneficial in the prevention of osteoporosis.

6.22.6 Phosphorous

Mostofthecalciumandphosphorousinthebodyistofoundinbone,ashydroxyapatite(aphosphate

salt). However, few supplements or food fortifications presently contain phosphorous. Phospho-

rous is, though, found in beverages and food additivities (Bassett et al., 1997). Most studies on

phosphoroushave focusedon the effect of high phosphorous intakes on calciumbalance and bone

metabolism.Theessentialityof inorganicphosphorousinosteogeniccellsandits importance inthe

function of osteoblastic cells have been confirmed (Caverzasio and Bonjour, 1996).
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Shapiro andHeaney (2003) have shown that deficient phosphorous intake retarded both bone

development and soft tissue growth. Body weight gain on a calcium-only regimen (calcium

carbonate) is about half that on a calcium phosphate regimen. In contrast to those fed calcium

carbonate the group fed calcium phosphate salts exhibited an increase in body weight gain as

supplementation level increased. However, while femur ash and calcium increased slightly on

the highest calcium intake, body weight gain actually decreased. This divergence suggests that

either (or both) the demands of bonemineralizationmay have competed with soft tissue for the

limited phosphorous available or the higher diet content of calcium provided by calcium

carbonate complexed with some of the phosphate in the gut, reducing its absorption and hence

creating phosphorous deficiency.

Dietary phosphorous reduces the urinary excretion of calcium and counteracts, at least in

part, the calciuric action of dietary proteins. It is not caused by a decrease in intestinal calcium

absorption (Spencer, Kramer and Osis, 1982) and might be related to parathyroid stimulation

(Schaafsma et al., 1985; Yuen and Draper, 1983). Dietary phosphate deprivation increases the

renal synthesis of calcitriol independently of parathyroid hormone (Gray, 1981; Rader et al.,

1979). A negative correlation between serum phosphorous and calcitriol has been demonstrat-

ed in women (Gray et al., 1977) as well as in men (Maierhofer, Gray and Lemann, 1984).

Experiments on adult animals have shown that high phosphorus diets produce secondary

hyperparathyroidism and increase bone resorption, resulting in bone loss (Draper and Bell,

1979). It may be mentioned that women with low phosphorous intake also have low protein

intake and so their needs would be better served with combining total nutrition.

The stimulating effect of oral phosphorous on parathyroid function has been confirmed in

humans (Reiss et al., 1970), but there is no direct evidence that high-phosphorous diets produce

bone loss in man. At varying levels of dietary calcium, calcium balance was unaffected when

dietary phosphorouswas raised by a factor of three ormore (Heaney andRecker, 1982; Spencer

et al., 1965, 1975, 1978a, 1978b). Therefore, it is assumed that the effect of dietary

phosphorous on renal calcium handling and bone turnover does not affect the calcium balance

in man (Spencer, Kramer and Osis, 1982).

6.22.7 Lymphotoxin

Lymphotoxin is a powerful stimulator of osteoclastic recruitment and proliferation and it

induces hypercalcemia in vivo (Thompson,Mundy andChambers, 1987a; Pfeilschifter,Mundy

and Roodman, 1989). Myeloma cells produce lymphotoxin, which appears to be a major, but

not the sole, mediator of increased osteoclastic bone resorption (Garnett et al., 1987).

6.22.8 Dietary Fiber, Oxalic Acid and Phytic Acid

The intestinal availabilityofminerals, particularlycalcium,magnesium, ironandzinc, results in

theformationofinsolublemetalcomplexes(Alietal.,1981).Theeffectmayvarywith the typeof

fiber and may lead to a decreased calcium absorption and a reduction in calcium balance.

6.22.9 Alcohol

Reports have shown that the high prevalence of non-traumatic osteonecrosis is associated with

alcohol abuse (Arlet, 1992; Hirota et al., 1993; Hungerford and Lennox, 1985; Mont and
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Hungerford, 1995; Solomon, 1985). The pathologic changes in steroid and alcohol-induced

osteonecrosis are similar (Glimcher andKenzora, 1979;Mont andHungerford, 1995; Solomon,

1985). When blood perfusion is diminished in the femoral head, osteonecrosis eventually

develops (Cui et al., 1997). Ethanol is a cytotoxic factor that may play a key role in cell injury or

death either directly or indirectly (Glimcher and Kenzora, 1979; Rubin and Rottenberg, 1982).

The results of Wang et al. (2003) indicate that fat cell hypertrophy and proliferation and

intracellular lipid deposits in bone marrow in the subchondral area of the femoral head in

rabbitsmay be a direct result of treatment with alcohol. There is a common precursor for several

cell lines, including osteogenic, adipogenic and chondrogenic lineages (Beresford et al., 1992;

Cui, Wang and Baliar, 1997a). Alcohol may enhance the differentiation of preadipocyte or

pluripotential bone marrow cells into adipocytes and this decrease osteogenesis, resulting in a

deficit in bone remodeling or repair of necrotic bone, eventually promoting the onset of

osteonecrosis (Cui et al., 1997b). Therefore, alcohol-induced lipid deposits in osteocytes,

increased adipogenesis and decreased osteogenesis by bone marrow stroma may be a major

factor contributing to alcohol-related osteonecrosis (Wang et al., 2003). Several observations

indicate an effect of alcohol on calcium metabolism, although its mechanism of action is not

well understood. Chronically orally ingested alcohol decreases intestinal calcium absorption

in animals (Kakikana, Nobel and Butte, 1968; Krawitt, 1974; Mendelson, Ogata and Mello,

1971) and in man even in the absence of hepatic cirrhosis (Vodoz et al., 1977). Ingestion

of alcohol can be toxic for bone cells of rats (Baran et al., 1980), can cause an acute increase

of urinary calcium excretion in man (Linderman, Adler and Yiengst, 1967) and may lead to

an inadequate nutritional intake of calcium and vitamin D. Impairment of pancreatic

function and liver cirrhosis, often seen in alcoholics, may cause malabsorption of calcium

and vitamin D or impaired hydroxylation of vitamin D (Henke et al., 1961; Hepner,

Roginsky and Moo, 1976).

Bouillon et al. (1984) have reported in patients with alcohol abuse low plasma concentra-

tions of albumin, vitamin D binding protein, total calcium, phosphorous and total calcitriol.

Normal concentrations of ionized calcium, calcidiol and free calcitriol have also been reported.

It has been suggested that the abnormalities of calciummetabolism aremainly due to decreased

protein synthesis.

Osteoporosis induced due to chronic alcoholism is often correlated with an increase of

femoral neck fracture associated with decreased bone mass (Seeman et al., 1983; Spencer

et al., 1986; Cooper andWickham, 1990). This would exert a disproportionate influence on the

risk of moderate trauma fractures in postmenopausal women (Cooper et al., 1992). An

increased propensity to fall as the result of excessive alcohol consumption is an additional

factor in estimating fracture rate.

A related phenomena is that of smoking, as the two often go hand in hand. Cigarette smoking

has been found to be a risk factor for fracture and a determinant of bone density in several

studies. Cigarette smokers have an earlier menopause, lower circulating levels of estrogen

metabolites and lower bodyweights than non-smokers. All these factors could contribute to the

association of smoking with osteoporosis.

6.22.10 Caffeine

Caffeine is associated with higher levels of both urinary calcium and intestinal calcium

excretion but not with calcium absorption efficiency. The effects are proportional to intake
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levels (Heaney and Recker, 1982;Massey andWise, 1984). A high caffeine intakewas noted in

osteoporotic subjects when compared with age-matched controls (Daniel, 1976).

Caffeine, one of the main constituents of coffee, has various pharmacological and cellular

responses in awide spectrum of biological systems (Dews, 1982). These include stimulation of

the central nervous system and cardiae muscle, increased urinary output and relaxation of

smooth muscle. In addition to caffeine, coffee also contains a relatively large amount of tannin

(a tea catechin analog) producing biological effects such as antioxidation, antimutation,

angiogenesis, antibiotic action, antihypercholesterolemia, antihypertension and anti-inflam-

matory actions (Sugiyama et al., 1999).

Several studies have suggested that consumption of coffee is associated with a significant

increase in risk of fracture, osteoporosis and periodontal disease (Kamagata-Kiyoura et al.,

1999; Kiel et al., 1990). These are associated with nutrition, exercise, alcohol intake, smoking

and several other lifestyle factors (disorders). In fact, several epidemiological studies have

reported the influence of caffeine on osteoporosis, but the effects of coffee on bonemetabolism

remain controversial (Johnell et al., 1995; Lloyd et al., 1997). Hypotheses to explain these

associations have centered on the caffeine content of coffee (Johnell et al., 1995). In fact,

caffeine has various pharmacological actions and cellular responses in bone metabolism,

resulting in increased calcium excretion in urine (Heaney and Recker, 1982) and an inhibitory

effect on proliferation of osteoblast-like cells in vitro (Kamagata-Kiyoura et al., 1999).

According to Cooper et al. (1992) the median daily caffeine consumption of the women in

their study is 210mg (range 0–849.6mg) based on intake of coffee, tea and other caffeinated

beverages in male Wistar rats.

By analyses of bone histomorphometry and serum and urinary biomarkers of bone

turnover, Sakamoto et al. (2001) have demonstrated that coffee consumption does not lead

to bone resorption. Compared with the control, diets with high and low intake caffeine did not

affect the number of osteoclasts and levels of urinary deoxypyridinoline and serum

osteocalcin, which reflect bone resorption and bone formation. This result agrees with the

report by Bergman, Newbrey and Massey (1988), who showed that caffeine does not

stimulate bone to release calcium at concentrations between 5 and 500mgmL–1 in an

in vitro system. Coffee led to greater excretion of urinary phosphorus compared with the

control diet. However, according to Bover et al. (1999), this seemed to reflect dietary

phosphorus ingestion and not bone turnover and urinary phosphorus excretion increased in a

dose-dependent manner for dietary phosphorus. In fact, the phosphorus content of the instant

coffee used was 350mg per 100 g, whereas calcium is 150mg per 100 g (Viani et al., 1991).

On the other hand, several investigators have demonstrated that chronic inflammatory

diseases, such as rheumatoid arthritis, aseptic loosening and periodontal diseases, lead to

bone resorption and are accelerated by TNF-a, IL-6 and interleukin-b (IL-1b), (Hentunen
et al., 2000; Johnell et al., 1995), which are released from macrophages and other cells

stimulated with Lipopolysaccharides (LPS). TNF-a and IL-6 levels of serum markedly

increase at 2 h after injection of LPS (Givalois et al., 1994). These authors also noted that the

maximum peak of serum cytokines takes place 1–2 h after injection of LPS into rats.

However, coffee consumption has no effect on the production of bone resorbing cytokines,

such as TNF-a and IL-6, either with no stimulation or with LPS injection, despite long-term

(140 days) coffee uptake. Consistent with these results, Hannan et al. (2000) reported that

caffeine did not affect longitudinal bone loss in elderly women.
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6.22.11 Other Factors

Biochemical parameters, especially bone Gla protein (Delmas et al., 1983), have some

predictive value in osteoporosis studies, but serum calcium and phosphate, alkaline phospha-

tase, vitamin D concentrations, and urinary calcium and hydroxyproline levels are of minor

importance for the prediction of histological variation in osteoporosis (Meunier, 1986). Bone

Gla protein has also been shown to reflect bone turnover, especially bone formation in other

metabolic bone formation diseases (Malluche, Arnala and Faugere, 1988).

6.22.11.1 Management of Osteoporosis in Elderly Women

It is important to discuss with the patient the necessity of an adequate intake of calcium and

vitamin D (about 1000mg day–1, vitamin D 400–800 IU day–1) and emphasize the need for

physical exercise. If the patient accepts estrogen therapy (0.625mg day–1) then it is given in the

usual dosage. If the patient does not accept it then the dose of calcium is increased to

1500mg day–1. It is also important to know whether any fatigue fracture has occurred in the

neck of femur, lumbar spine or distal radius. If estrogen therapy is not accepted, then calcitonin

or bisphosphonates may be an alternative choice. Persons with osteoporosis may benefit from

an improved diet, including supplementation with vitamin D and calcium and moderate

exercise to help slow further bone loss.

6.23 Osteoporosis: Prevention and Treatment

The best long-term approach in any disease, particularly with osteoporosis, is its prevention.

Current medical practice for preventing osteoporotic fractures is often inadequate and hence

ineffective. If children and young adults, particularly women, have a good diet (with enough

calcium and vitamin D) and get plenty of exercise then they will build up and maintain bone

mass. This will provide a good reserve against bone loss later in life. Exercise places stress on

bones that builds up bone mass, particularly, skeletal loading from muscle contraction with

weight training exercises. However, any exercise of any type is better than none at all and

exercise also provides benefits for prevention of cardiovascular diseases that aremore common

in the elderly. Athletes tend to have greater bone mass than non-athletes. Exercise in later life

will help to retard the rate of bone loss. It is presumed treatment to prevent bone loss would

maintain both bone mass and architecture.

This may be because of proper diagnosis. Hormone replacement therapy in the early

premenopausal years is of proven efficacy (Lindsay et al., 1976). The findings of Rodin

et al. (1990) raise the possibility that prophylaxis in premenopausal women should also be

considered.Somephysicians recommendestrogen replacement for all postmenopausalwomen,

asthis retardsboneloss(Coleman,1987;Hall,1987a;Grisso,BaumandTurner,1990).However,

the duration of treatment has not been optimized and can be considered a variable parameter

among individuals. Somewomen may need more than estrogen alone. As a result, only a small

percentage ofwomen are currently being treated for the prevention or treatment of osteoporotic

fractures (Hemminki etal., 1988; Johnstonetal., 1989;Grisso,BaumandTurner, 1990;Melton,

Eddy and Johnston, 1990). However, no drug therapy can restore bone mass to normal.

As a rulemost drug therapies work by decreasing bone resorption. At any given time, there is

bone that has been resorbed but not replaced and this accounts for about 5–10% of bone mass.
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By decreasing resorption of bone, a gain in bone density of the same amount is possible, taking

about 2–3 years.

One of the more common non-estrogen therapies is the use of bisphosphonates such as

alendronate or risedronate that act as an inhibitor of osteoclastic activity. Bisphosphonatesmay

be beneficial, particularly inwomenwho cannot tolerate estrogen therapy.Bisphosphonates are

effective in inhibiting bone loss after menopause. Risedronate has also shown effectiveness in

reducing the risk of hip fracture among elderly women with osteoporosis. Yasko et al. (1992)

have demonstrated that recombinant human bone morphogenetic protein-2 (rh BMP-2) as a

growth factor available in recombinant form induces osteoinductive activity in rats. This had

led to a successful union in an orthotopic site. This supports the potential application of rh

BMP-2 as a bone graft substitute.

Prevention of osteoporosis involves modification of the multiple factors associated with the

disease, such as inadequate calcium intake, lack of exercise, postmenopausal estrogen loss and

smoking and excessive alcohol consumption, and it may be related to genetic effects.

Papapoulos et al. (1992) have suggested that intermittent administration of the first

generation bisphosphonate etidronate increases trabecular bone density up to 3 years, stabilizes

it after 2 years and appears to reduce the rate of new vertebral fractures in women with

postmenopausal osteoporosis. Reginster et al. (1989) have shown arrest of bone loss in

bisphosphonate treated women, which was sustained for 6 months after stopping treatment.

The results of Tenenbaum et al. (1992) indicate that, in addition to resorption, bisphosphonates

have a significant and direct effect on mineralization in bone-forming cultures.

Another drug is raloxifene. This is a selective estrogen receptormodulator (SERM), andmay

also replace estrogen therapy. Raloxifene can act in concert with estrogen in bone to inhibit

resorption and decrease the risk for fractures. Though raloxifene inhibits bone resorption, it

lacks an anabolic effect. Additional potential benefits from raloxifene therapy include a

decreased risk for breast cancer, because raloxifene acts antagonistically to estrogen on the

uterus.

Teriparatide is a recombinant human parathyroid hormone administered by subcutaneous

injection that binds to specific high-affinity cell surface receptors in bone and kidney. Daily

administration of teriparatide stimulates new bone formation by promoting osteoblastic

activity over osteoclastic activity. It improves trabecular bone architectural remodeling and

increases bone mass.

Another hormone, calcitonin, that decreases bone resorptionmay be taken by injection or by

nasal spray. Sodium fluoride can increase the measured bone density in vertebra, but seems to

have no overall effectiveness in reducing vertebral fracture. In addition fluoride helps reduce

tooth decay.

A risk factor can provide an indication of the probability of future fractures. It is felt that

BMC measurements are incapable of separating fracture cases from nonfracture cases. BMC

represents the cumulative composite effects of the main risk factors, which may vary in

magnitude and duration over a person�s lifetime. One of the primary purposes of identifying

risk factors is to help identify etiologic factors that might be controlled to prevent further

fractures (Davis et al., 1989; Ross et al., 1989; Wasnich et al., 1989). Falch, Sandvik and Van

Beresteijn (1992) have identified an index to predict individual postmenopausal bone loss.

They identified low body weight, reduced renal phosphate reabsorption and smoking as

significant independent risk factors. They have further concluded that the indexmay be helpful

in identifying healthy premenopausal women in whom bone mass measurements should be
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considered. It is convenient to classify fracture risk into two categories: risk factors for low

bone mass and risk factors for falls.

As such, BMCmeasurements should provide amore accurate indication of fracture risk than

attempting to assess individual risk factors that exert their effects primarily through bonemass.

Only 20–50% of the variability in BMC between individuals cannot be accounted for by age

and other variables (Yano et al., 1984; Johnston et al., 1989; Slemenda et al., 1990). In

comparisonwith other risk factors, bonemassmeasurement can categorize patientsmuchmore

effectively on the basis of fracture risk (Ross et al., 1990). In addition, early intervention and

monitoring of disease progression is possible with bone mass, where there is little or no ability

to change such risk factors as age, body size, gender and race. Thus, at present, BMC appears to

be the best risk factor for categorizing patients for treatment. The potential exists, however, that

fracture risk assessment could be improved by measuring initial BMC and combining that

information with risk factors predictive of bone loss.

Often, fracture risk factors, such as psychoactive drugs and gait speed, may influence

fracture risk independently of bone mass by affecting the frequency and types of falls (Ray

et al., 1987; Cummings et al., 1989).

At present, there are two approaches to the treatment of osteoporosis. The first consists of

estrogen therapy and calcium supplementation used together. For postmenopausal osteoporo-

sis the use of estrogen is somewhat acceptable, while its use in senile osteoporosis is

controversial (Smith, 1987, 1990; Francis and Selby, 1987; Walker and Walker, 1987).

Similarly, exercise has been shown to decrease the bone turnover rate associated with

NH4Cl-induced osteoporosis (Myburgh et al., 1989). Furthermore, the initial events leading

to bone loss after both estrogen loss and immobilization are prostaglandin mediated (Lane,

Kimmel and Coble, 1989; Thompson and Rodan, 1988). Estrogen and calcium are likely to

arrest this otherwise progressive disease. Several studies (Riggs et al., 1980, 1982) have shown

that calcium treatment alone reduces fracture rates by 50% in patientswith osteoporosis and the

combined use of calcium and estrogen further lowers the rate.

In the second approach, sodiumfluoride therapy is combinedwith calcium supplementation.

However, themode of treatment needs examination. Some authors have reported improvement

in bone mass as an actual increase in bone density with fluoride therapy. Others have reported

increased bone density but with formation of uncalcified osteoid resembling a form of

osteomalacia (Riggs et al., 1982; Compston, Chadha and Merrett, 1980). More such trials

are necessary.

Fluoride increases trabeculaebonevolume(BrianconandMeunier,1981;KanisandMeunier,

1984)andmineral content, reducesurinarycalciumexcretion, reduces the incidenceoffractures

(Mamelle, Meunier and Dusan, 1988) and is not shown to be carcinogenic. The recommended

dosage of sodium fluoride is 40–100mg d–1, with the serum level maintained at 5–10mM.

It is also suggested that regular moderate physical activity might reduce bone loss in women

(Lau et al., 1990; Jonsson et al., 1992). The effect of vitamin D injection is most pronounced in

the bones of the upper limb and in ribs (Heikinheimo et al., 1992). These authors recommended

the supplementation of vitamin D in aged people. Vitamin D is also important for the function

of nerves and muscles, and therefore may prevent a fall in the aged. This may be due to the

organism�s ability to regulate the mineral content of different bones (Whedon et al., 1974): an

aged organismwith a vitaminD shortagemight regulate its supply to different bones according

to their needs. No toxic effects of vitamin D injection, so far, have been reported (Drinka and

Nolten, 1984; Coles et al., 1985).
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Other modes of treatment that require further study include androgens and calcitonin. These

agents may prove useful in osteoporotic men or in patients in whom estrogen therapy is

ineffective or unacceptable.

6.23.1 Gene Therapy

While a comprehensivemechanistic understanding of fracture healing at the molecular level is

still illusive, sufficient information is available to proceed with gene therapy while further

pathophysiological information is being generated.

An increasing demand is to develop a gene therapy to promote fracture healing (Rundle

et al., 2003). A single injection of a tiny volume of retroviral vector can be applied. External

fixation would be minimally invasive and thereby constitute a very convenient therapy. In

addition, if needed, gene therapy can deliver a growth factor that would result in long-term

expression. In this regard vectors are available that integrate into the genomics and can result in

long-term expression. Flexibility is also available in the form of an on-off switch that can be

incorporated into the viral vector, thereby providing temporal control (Moutsatsos et al., 2001).

The dose of the growth factors can be computed.

The first variable that is evaluated in gene therapy is the viral vector. Retroviral vector has

been shown to be: (i) Safe in trials (Hoogerbrugge et al., 1996). (ii) The viral proteins produce

a poor image response, regardless of the number of injections. Retroviral incorporation into

the host genome provides potential for prolonged transgene expression (Marx et al., 1999).

(iii) Retroviruses specifically infecally transduce cells in fracture tissues and quantify

retroviral vector efficiency. These authors found an average transduction efficiency of

70%. Upon application of the b-galactosidase gene to fracture tissues in vivo, they found

evidence of transduction of periosteal mesenchymal cells at the fracture site, while MLV-b-
galactosidase application failed to transduce unfractured femurs. Both observations are

consistent gene transduction following a burst of cell proliferation at the fracture site soon

after injury. It is anticipated that an optimum healing of fractures will eventually incorporate

more than one type of growth factor gene (Barnes et al., 1999; Einhorn et al., 1995;

Tatsuyama et al., 2000).

Members of several growth factor families are expressed during fracture healing, including

the fibroblast growth factors (Jinguishi et al., 1990), insulin-like growth factor-1 (Andrew et al.,

1993), platelet-derived growth factor (Andrew et al., 1995) and members of the transforming

growth factor (TGF) superfamily (Bostrom and Asnis, 1998; Cho, Gerstenfeld and Einhorn,

2002). None of these agents has been shown to consistently promote bone healing in animal

models. However, bone morphogenetic proteins (BMPs), a subfamily of the TGF superfamily

that were initially identified on the basis of their ability to stimulate bone formation in vivo

(Wozney et al., 1988), re expressed during fracture healing (Cho, Gerstenfeld and Einhorn,

2002; Nakase et al., 1994; Onishi et al. 1998). BMP-4 is an osteogenic growth factor that has

been shown to promote the osteogenic phenotype in vitro (Chen et al., 1991) and is expressed

during endochondral bone formation in normal fracture healing. Furthermore, several BMP

proteins have been used successfully to promote the healing of bony defects in vivo (Bostrom

et al., 1996; Cook et al., 1994a, 1994b, Stevenson et al., 1994; Yasko et al., 1992). Therapy is,

however, limited by the half-life of the protein.

Gene therapy offers an excellent opportunity for the expression of growth factors within

healing tissues. Until now, gene therapy for skeletal repair has often been performed ex vivo,
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a process in which cells transduced with a therapeutic gene are introduced into the target

tissue. While this technique has successfully expressed osteoinductive growth factor genes

from cell vehicles and augmented bone production in skeletal tissues (Lieberman et al.,

1999), it does exhibit some disadvantages. Most notably, the clinical applications of this

therapy are delayed by the necessity to transduce and accumulate sufficient numbers of the

cells selected as the vehicle. In situations where the cell vehicle must be autologous and

derived from the recipient of the therapy prior to therapeutic intervention, employing this

process can result in additional delays in treatment.

To provide for immediate therapy to the fracture site, Rundle et al. (2003) have developed a

procedure of in vivo gene therapywherein one simply injects an engineered viral vector directly

into the fracture site. Among the more common viral vectors, retroviruses, adenoviruses (Hitt,

Addison and Graham, 1997) and lentiviruses (Gasmi et al., 1999) have all been modified to

utilize their various assets for gene transfer and expression. The application of a retroviral

vector for in vivo gene therapy is rated higher for fracture healing. Murine leukemia virus

(MLV) is a retroviral vector that produces a robust expression of transduced genes from viral

regulator elements.

To apply gene therapy to the fracture it has been pointed out that the advantage of the

proliferating nature of the fracture pertains to express the BMP-4 gene following the direct

injection of our MLV based vector to the fracture tissue. Peng et al. (2001) have found that

the secretion of BMP-r in vitro was low but could be overcome by constituting the BMP-4

gene. Although BMP-4 gene has been chosen for this application of gene therapy, MLV

potentially transfers and expresses any gene within proliferating tissues, whether prolif-

eratin is induced naturally as a result of wounding or artificially through the application of

exogenous factors. The study of Rundle et al. (2003) describes the results with the MLV

vector carrying this BMP-2/4 transgenesis. One has to target the fracture site with in vivo

gene therapy of the feature of retroviral vectors that limits their transduction to proliferating

cells.

pQCT segments for both soft and hard callus tissues show an increase in the size of fracture

tissues with the BMP-2/4 transgene. The large soft tissue observed at 7 days of healing is

unexpressive since BMP-4 expression is normally associated with differentiation, rather than

proliferation, of skeletal tissue precursors. However, this tissue must have resulted from

proliferation induced, directly or indirectly, by BMP-4 expression, as it was absent in fractures

expressing the gene. A dose-dependent BMP-2 gene-increased proliferation has been observed

in C3H/101/2 cells transduction with an adenoviral vector (Lou et al., 1999).

6.24 Non-invasive Techniques

6.24.1 Electrical Stimulation and Osteoporosis

As mentioned above, several prophylactic measures to prevent bone loss are available.

Although these regimes have been shown to be effective in the treatment of osteopenia,

limitations and dangers are inherent in their extended use. Even exercise, which provides the

only endogenous stimulus to maintain normal bone mass, is potentially dangerous as it may

sometimes lead to fracture, which it is supposed to prevent. The clinical potential for increasing

bone mass or simply preventing loss of bone by alternative non-invasive means is, therefore, a

matter of continuing interest.
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Martin and Guttman (1982), using the rat model for osteoporosis, have shown that the

effect of a capacitively coupled 30Hz field was not dependent on the duration of

stimulation (exposure for 2 h d–1 was as effective as exposure for 8 h d–1). In contrast to

these results, Brighton, Nichols and Arangio (1985) have reported that the capacitively

coupled electrical signal delivered at 60 kHz could reverse the loss of bone due to disuse,

but needed a daily 24 h signal of only 0.5 V peak to peak. This is extremely important, as it

represents the first in vivo evidence of the influence of electrical fields on osteogenesis that

describes a specific dose–response effect in the modeling skeleton. Rubin, McLeod and

Lanyon (1989) identified specific aspects of the electrical signal that have the potential to

regulate bone cell activity. These workers have attempted to correlate cortical osteogenesis

and the intensity of the induced electrical power, the level of which could potentially be

generated during normal physiological activity (Bassett and Becker, 1962). The osteogenic

effect with the exposure to low level magnetic fields acts with, the inhibition of the

osteoporotic process.

Lirani-Galvao, Silva and Lazaratti-Castro (2007) have used bone densitometry to study the

effect of electrical stimulation on OVXWistar rats. They used a low intensity pulsed electrical

field (1.5MHz, 30mWcm–2), starting on the seventh day after surgery, five times a week for

eleven weeks. These authors measured global spine and limb bone mineral density by dual-

energyX-ray absorptiometry (DEXA), both before surgery and at the end of the protocol. They

demonstrated that the electrical fields stimulate osteogenesis in OVX rats. They further

reported a positive effect of electrical field stimulation on BMD (bone mineral density) and

BMC (bone mineral content) in preventing osteoporosis in female rats.

Several authors have observed the effects of PEMF stimulation in nonrandomized studies

(Hinsenkamp et al., 1984; Wahlstrom, 1984; Coloson et al. (1974). A current of 4 mA at

approximately 0.5V was continuously applied to the bone defect area. It was found that the

electrically stimulated defect area consistently incorporates more label than its corresponding

control femur. This labeling indicates an increased DNA synthesis by the cell population in the

electrically stimulated defect area. These authors reported that PEMF stimulation increased

callus formation and trabecular bridging at the osteotomy level. A comparison with their

control counterpart revealed more bone formation.

Pulsed magnetic fields have also been used to heal ununited congenital “pseudoarthosis” of

the tibia and surgically resistant non-unions in adults. Pulsed radio frequency fields have been

used for fracture treating in animals and non-union in man (Behari, Dave and Arya, 1990;

Behari, 1991). These authors have concluded that there is an effective window of pulsed

electromagnetic field in which bone mass can be controlled. This is achieved by compara-

tively short daily periods of exposure (1–2 h) generated within a range of physiological

intensity and frequency. Because of the physiological characteristics of the signal, the

electricity influences the behavior of cell populations that are responsible for bone remodel-

ing (Brighton andMcCluskey, 1986). It has also been shown that these fields can slow, inhibit,

or even reverse the osteoporotic processes that abnormally accompany disuse in animal

models. Such information can also be of value in developing models to explain the cause of

disuse osteoporosis.

To understand the mechanism of occurrence and treatment of osteoporosis, a model study

in animals is needed. Ovariectomy induced bone loss in the rat (postmenopausal bone loss)

(Kalu, 1991) and bone resorption inhibitors suppress bone formation in the rat as in humans

(Wronski et al., 1989; Movsowitz et al., 1990; Seedor, Quertuccio and Thompson, 1991;
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Chou et al., 1992). Another method is to adopt neurectomy model (disuse osteoporosis)

(Brighton, Tadduni and Pollack, 1985; Jayanand et al., 2003).

The electrical method of reversing osteoporosis has promise, but more such investigations

are needed.

6.24.2 Ultrasonic Methods

Ultrasonic assessment of bone for managing osteoporosis and other metabolic bone diseases

has been proposed (Kaufman and Einhorn, 1993; Hans, Schott and Meunier, 1993) as an

alternative to ionizing radiation based bone densitometry technology, for example, single-

photon absorptiometry or dual energy X-ray absorptiometry (DEXA). In contrast with these

clinical bone densitometric techniques, ultrasound is amechanical wave and thus interactswith

bone in a fundamentally different manner. Ultrasound is viewed as having great potential for

assessing bone since its propagation is affected by the structure, composition and mass of the

bone tissue being interrogated. Since the risk of bone fracture is related to the combined

interactions of these features (Kleerekoper et al., 1985), ultrasonic measurements may be able

to provide important information on bone quality and more accurate estimates of the risk of

bone fracture.

Numerous clinical (Salamone et al., 1994; Roux et al., 1993; Herd et al., 1993; Palacios

et al., 1993; Waud et al., 1992; Gluer et al., 1992; Zagzebski et al., 1991; Agren et al., 1991;

Baran et al., 1991; Baran et al., 1988) and in vitro human (McCloskey et al., 1990; McKelvie

et al., 1989; McKelvie and Palmer, 1991) and animal (Gluer, Wu and Genant, 1993; Tavakoli

and Evans, 1992; Kaufman et al., 1994) ultrasonic studies have also been reported. For

example, Evans and Tavakoli (1990) measured the correlation between the velocity of

ultrasound and broadband ultrasound attenuation (BUA) with physical density in 44 samples

of cancellous bovine femora. The results showed a correlation of r¼ 0.85 and r¼ 0.33,

respectively. An in vitro study on density, as measured by quantitative computed tomography,

in terms of BUA reported a correlation coefficient of r¼ 0.92, in the frequency range

200–600 kHz. In a clinical study, both ultrasonic velocity and BUA were measured in the

oscalcis in 64 subjects (Waud et al., 1992). The authors found respective correlations of 0.66

(P< 0.01) and 0.74 (P< 0.73) with bone density at the same site using DEXA.

Ultrasonic studies can be categorized under three headings. First, to explore in a compre-

hensive and consistent manner the interrelationships between ultrasonic velocity, ultrasonic

attenuation and bone density over a very broad range of density values. Both human and bovine

cancellous bone samples are used to obtain a set of specimens with a wide range of bone

densities. Second, to determine if the combined use of ultrasonic attenuation and velocity in

multivariate regressions would lead to improved accuracy in the estimation of bone density, in

comparison to using either ultrasonic attenuation or velocity alone. Finally, to examine the

effect of different nominal ultrasonic transducer frequencies on the measured velocities and

attenuations.

6.24.2.1 Measurement Method

Figure6.7showsa typicalexperimental set-up.Twoultrasonic transducers areused,oneactingas

transmitter and the other as a receiver of the ultrasound wave. In a typical experiment, a bone

specimenof thicknessd is placedbetween the two transducers.The transducers andboneare then
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submerged inwater. In this configuration, there are twowater layers throughwhich theultrasonic

wave propagates – one between the transmitter transducer and sample and the other between the

receiver transducer and sample. The two transducers are coaxially positioned and separated by a

fixeddistance.The transmitting transducer is excitedbyan input signal,v(t), so that anultrasound

pulse is transmitted through thewater, into and through the sample and then through thewater to

the receiving transducer. The output voltage of the receiving transducer is denoted either by vs(t)

or vr(t), depending onwhether themeasurement ismadewith a bone sample present or absent. In

the latter case, the signal is termed a reference signal and corresponds to a measurement made

through the water bath only. In the former case the signal, vs(t), corresponds to propagation

through the water–sample water path. The techniques for estimating the ultrasonic attenuation

and velocity are distinct and are carried out in the frequency and time domains, respectively.

Figure 6.7 shows an arrangement using the pulse echo technique.

Attenuation Estimation
An expression for the Fourier transform magnitude, |Vs(f)|, associated with the bone sample

signal, vs(t), is given by:

jVsð f Þj ¼ Ttð f ÞTrð f ÞjHð f ÞjjUð f Þj ð6:10Þ

In 6.10Tt( f ) and Tr( f ) are the magnitude of transfer functions of the transmitting and

receiving transducers, respectively; |U( f )| is the magnitude of Fourier transform of the input

excitation signal, v(t), and |H( f )| is the acoustic magnitude transfer function of the bone

specimen.

Themagnitude transfer function |H( f )| can bewritten in terms of an attenuation functiona(f)
as follows:

jHð f Þj ¼ e�aðf Þ ð6:11Þ
The above analysis assumes that all reflection and transmission losses are included in the

attenuation function a( f ).

Bone Specimen 

Pulser Receiver

                    Ext Trig 

Ultrasonic 
Transducers
(transmitter – receiver) 

Figure 6.7 Experimental set up for Ultrasonic Velocity and Attenuationmeasurements (Shaffkey et al.,

1988)
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Using the specific attenuation function, m( f )�a( f )/d, (where d is the distance traveled):

jHð f Þj ¼ e�aðf Þ=d ð6:12Þ

If m( f ) is as an indication of attenuation, then:

mð f Þ ¼ aþ bf ð6:13Þ

then an estimate of the slope, b, of the specific attenuation can be obtained, over a specified

frequency range (a is the intercept). The frequency range is chosen where the specific

attenuation function is approximately linear, as assessed by the mean squared error in the

least squares curve fit. The constant b is known as the differential specific attenuation (DSA)

and is expressed in units of dB cm�1MHz�1; in terms of the more commonly used BUA it is

given by DSA¼BUA/d.

Velocity Estimation
The velocity is estimated in the time domain, according to the principle of the time of arrival of

signal energy. It can also be estimated in the frequency domain, through the use of phase

unwrapping and linear models, as described by Kaufman et al. (1995). However, most studies

have relied on the pulse transit time technique.

Using Ts and Tr to denote the time of arrival of the sample and reference signals, respectively,

the ultrasonic velocity (v) can be evaluated according to the following expression:

v ¼ 1

1
vr
� ðTr � TsÞ

d

ð6:14Þ

where vr is the velocity of ultrasound in the reference medium, in this case water.

The results obtained display the relationship between ultrasonic velocity and attenuation and

bone mineral density of cancellous bone. Both bovine and human bone samples are often used

to investigate the relationship over a relatively broad range of densities. For the wide range of

bone densities studied, the velocity is a more consistent and accurate estimator of bone density.

For both the bovine and human data, the ultrasonic velocity is highly correlated with density,

having correlation coefficients in the range of 0.9. This is true for both the lower (500 kHz

transducer pair) and higher (1MHz transducer pair) frequency range. However, the same

cannot be stated about attenuation. Although attenuation is highly correlated with density for

human bone samples, with correlations greater than 0.8, the relationship for the higher density

bovine samples ismuchweaker. The attenuation is strongly correlatedwith density for samples

of relatively low density, but the correlation is significantly weakened in the case of higher

densities. This indicates that a nonlinear relationship exists between the attenuation and bone

density, at leastwhen taking into account both the human and bovine sample data. The results of

Serpe and Rho (1995) support these findings. A related observation arises from the nonlinear

relationship between bone specific surface and porosity (Martin, 1984). If attenuation can be

assumed to arise from the scattering of the ultrasonic wave in the bone structure, and if this

scattering can be assumed to be proportional to the relative amount of specific surface area

present, then a nonlinear dependence of attenuation on bone density is consistent with the

above observations and the assumptions involved therein. Future investigations can be directed

toward examining this phenomenon and the related frequency dependence of the differential
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specific attenuation. In particular, it may be possible to identify a transition frequency, that is a

frequency at which the dependence of DSA on density changes from a positive to a negative

slope, which could be useful for characterizing the mean pore size.

The range of ultrasonic velocity and attenuation values overlap for the human and bovine

bone data. Thus it is not possible to analyze the human and bovine data together. The reasons for

this may be related to two basic factors. First, the inherent assumed differences in trabecular

architecture can lead to different absolute values in the acoustic parameters. Second, the

experiments on the groups of samples may not have been carried out at the same time and,

therefore, may be susceptible to some uncontrolled factors. Thus it is possible that a difference

has arisen due to a change in the measurement conditions.

Clarke et al. (1994) have measured attenuation and velocity in a standard epoxy resin,

fabricated to a predetermined porosity. They did this by the inclusion of a marrow-mimicking

material, thereby introducing a known and controlledmean pore size. These authors performed

measurements in the porosity range 10–80% in the frequency range 500–900 kHz. Also,

broadband ultrasonic attenuation was measured using the relationship:

a ¼ 20

ds1 � ds2
log10

A1

A2

� �
ð6:15Þ

where ds1 and ds2 are sample thicknesses, and A1 and A2 are the signal amplitudes.

These authors proposed that the velocity may change linearly with volume fraction and

would, therefore, be more accurately predicted by the simpler expression:

VP ¼ Vað1�fÞþVbf ð6:16Þ

where VP¼ predicted velocity in the material, Va¼ velocity in the matrix material, Vb¼
velocity in the pore material and f¼ porosity of the material.

Hasegawa et al. (1995) have used scanning acoustic microscopy to assess bone elasticity at a

resolution of about 60 mm to estimate the bone quality. These authors compared the acoustic

velocities and bone volumes of premenopausal (normal), osteoporotic and postmenopausal

(normal) subjects. They found that the acoustic velocity of osteoporotic bone was 6.2% lower

than that of the age-matched normal (P< 0.02) but 3.4% higher than that of bone from

premenopausal normal women.

One question that remains is whether the combination of ultrasonic attenuation and velocity

may be able to better estimate bone mineral density together than the two factors in isolation.

The correlations of attenuation with bone density are so weak in the bovine data case that

combining it with velocity does not lead to any significant improvement in the ability to

estimate bone density. In contrast, however, for the human bone data the combination of both

attenuation and velocity produces improvements, providing about an 11% improvement for the

500 kHz transducer pair data and about a 19% improvement for the 1MHz transducer pair data.

This study does not consider the relationship of trabecular architecture to the ultrasonic

measurements. This is an important aspect of the interaction of ultrasonic waves with

trabecular bone, particularly with respect to the human bone samples (Kaufman and Einhorn,

1993). Additional data are required to elucidate the effects of age, architecture and bone quality

on ultrasonic attenuation and velocity. In this regard, several reports have related ultrasonic
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measurements to osteoporotic fractures (Ross et al., 1995), which suggests that ultrasoundmay

be useful for the characterization and prediction of fracture risk as well.

The results obtained so far indicate that ultrasonic measurements are, in general, highly

correlated with bone density in trabecular bone samples. This correlation is more consistent

and stronger in relatively low density human samples than in higher density bovine samples.

Whether this is related to the density value alone, or a combination of the density with

differences in microstructure (architecture), remains to be determined. Additionally, the

combination of both ultrasonic velocity and attenuation as measured in human cancellous

bone appears to offer a significant improvement in accuracy of the bone density estimate.

Studies are needed to investigate the application of more complex multivariate estimation

techniques. Nonlinear neural network basedmethods can further enhance the accuracy of bone

density estimates (Kaufman et al., 1994). The neural network approach can also be possibly

adopted to determine the ability of ultrasonic measurements to estimate bone architecture,

strength and clinical bone fracture risk.

6.25 Conclusion

The ultimate objective of osteoporotic treatment (non invasive or otherwise) is to prevent the

ultimate – occurrence of fractures. An obvious treatment is to adopt a package –weight bearing

exercise, diet rich in calcim and vitamin and simultaneous reduction in smoking and excessive

alcohol consumption. Inhibiting (or controlling) osteoclastic activity with hormone replace-

ment. Therapy (oestrogen) bisphosphonates, selective estrogen receptormodulators alongwith

promotion of osteoblastic activity (with agents such as PTH) show promise. Treatment of this

type can be effectively coupled with early diagnosis of osteoporosis and to a significant extent

decelerate (prevent) this by electromagnetic field stimulation.
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7

Non-Invasive Techniques used
to Measure Osteoporosis

7.1 Introduction

As discussed in previous chapters, osteoporosis is essentially a multifactorial disease, with

major contributions from genetic factors, lack of physical activity, inadequate nutritional

intake and endocrine deficiencies. This causes a decrease in bone mass and secondary

mechanical failure of the skeleton and has come to be identified as the commonest metabolic

disorder of bone. Osteoporosis is not found to affect bone uniformly. It causes varying bone

densities throughout the skeleton (Zamenhof, 1997). The decline in vitamin D status, dietary

calcium intake and calcium absorption efficiency may account, in part, for the increase in

serum parathyroid hormone (PTH) (Heaney, 1996). Chronically elevated serum PTH can

contribute to increased rates of bone resorption and loss of bonemass at the femoral neck in the

elderly (Meunier, 1996). Many older individuals also decrease voluntary physical activity or

may even be subjected to prolonged bed rest, resulting in further exacerbating of bone loss

(Le Blanc et al., 1990). One in threewomen and one in eightmen over the age of 50 are affected

by enhanced bone fragility and consequently increased fracture risk. In osteoporosis, while

new bone formation stays within the normal range in the elderly the rate of bone resorption is

far greater. The decrease in mechanical loading incurred with limb immobilization results

in localized bone loss that is similar in many respects to that observed with osteoporosis

(Li et al., 1990; Li and Jee, 1990; Maeda et al., 1993; Shen et al., 1997). Both types of bone

tissue, that is, cortical and cancellous bone, are sensitive to age-related bone resorption and

consequent increase in fragility. Cortical bone usually becomes more porous with advancing

age. In addition, the cortices of long bones becomes thinner. Trabecular bone loss leads to

increased porosity, thinning of trabecular elements and disruption of structure continuity. The

relationship between intracortical porosity and cortical bone strength has been frequently

examined. Strong correlations have been reported and power regression models have been

established between these parameters (Barth, Williams and Kaplan, 1992; Carter and
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Hayes, 1977; Currey, 1988; Martin and Ishida, 1989; Schaffler and Burr, 1988; Yeni et al.,

1997).

McCalden et al. (1993) have reported that changes in porosity account for 76% of

the reduction in the strength of cortical bone. Other microstructural parameters are also

considered to be of importance for the mechanical strength of the cortical bone. The elastic

modulus of bone decreases approximately with the square root of porosity. The increased

porosity and the higher prevalence of porous structures have a markedly negative influence on

the ability of the cortical shell to withstand stresses associated with a fall (Bell et al., 1999).

Both the average pore diameter and average pore area showed the highest correlation

coefficients with yield stress as well as with elastic modulus, using a polynomial regression

model (r¼ 0.73, r¼ 0.68 for yield stress, p < 0.0005; r¼ 0.49, r¼ 0.51 for elastic modulus,

P < 0.05). These strong correlations between parameters describing porosity and porous

structures and mechanical properties indicate high relevance for the prediction of bone

strength.

Bone porosity can be defined as:

1� rapparent

rtissue

where:

rtissue ¼
mass of bone tissue

bone tissue volume

rapparent ¼
mass of bone tissue

bulk bone volume

Additional variations in bone mineralization, collagen content and orientation, as well as the

degree of collagen cross linking, may also influence the mechanical properties (Yeni, Brown

and Norman, 1998; Yeni et al., 1997). In addition to porosity, other microstructural parameters

are important for the mechanical strength of cortical bone. Typical changes in cortical bone

associated with advancing age are a decrease in osteonal area and a corresponding increase in

Haversian canal area and an increasing number of osteons per unit area (Black et al., 1974;

Currey, 1964; Evans, 1976; Jowsey, 1960; Kelsey and Hoffman, 1987; Martin, Pickett and

Zinaich, 1980; McCalden et al., 1993).

Data reveal a significant positive correlation between osteon density and fraction of osteonal

structures with the mechanical parameters of cortical bone. These findings are considered

important for the estimation of fracture risk. Some authors have reported a significant predictive

value of osteon density for fracture risk (Barth, Williams and Kaplan, 1992; Squillante and

Williams, 1993) fracture resistance (Yeni et al., 1997) andmechanical strength (Evans and bang,

1967). The high relevance of osteon morphology for mechanical properties of femoral cortical

bone has also been confirmed. The results suggest that porosity and osteon density are the

variables with the highest predictive value for strength. Themorphological parameters together

explained 49–68%of thevariation in strength. It has been concluded that, although theremust be

other factors, such as biochemical components (Yeni, Brown and Norman, 1998), osteon

morphology has an important influence on the fracture resistance of cortical bone.
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Loss of mechanical strength is normally observed with disuse, which seem to reduce with

BMD and is also significantly reduced at the proximal and distal tibial sites in immobilized

subjects. In all patients with osteoporosis, vertebral body collapse and fractures of the

proximal femur and distal forearm commonly occur with minimal trauma (Johnson and

Epstein, 1981). In a clinical environment osteoporosis is often undetectable by conventional

radiography until it reaches a relatively advanced stage (Avioli, 1977). Krolner and Pros

Nielsen (1982) consider osteoporosis to be present when the bone mineral content (BMC) is

below the 5% confidence limits for postmenopausal women. Riggs et al. (1981) have

suggested the 10th percentile for vertebral BMD (measured by dual photon absorptiometry)

for patients with non-traumatic vertebral fractures as the threshold below which the spine

should be considered osteoporotic. Quantitative bone mineral analysis are widely used

methods for assessing the skeleton in the diagnosis and treatment of metabolic bone disease.

A reliable, non-invasive and readily available modality for in vivo measurement of BMC is

necessary as an objective yardstick for the diagnosis of various skeletal disorders associated

with bone loss.

Cortical bone contributes significantly to the mechanical strength of bone (Augat et al.,

1998; Bell et al., 1999; Spadaro et al., 1994). The assessment of cortical bone strength is

therefore considered relevant for the prediction of fracture risk or the choice of suitable therapy

strategies in orthopedic surgery. In conformity with this several approaches for the prediction

of cortical bone strength have been described, most of them using cortical BMDormeasures of

cortical geometry (Augat, Reeb and Claes, 1996; Louis et al., 1995). However, low correlation

coefficients between cortical bone strength and BMD have often been reported (Snyder and

Schneider, 1991; Stromsoe et al., 1993).

Regarding the choice of animal models for studying age-related bone loss in men, clinically

relevant bone sites, such as the vertebra and the femoral neck, are used because these are

common fracture sites in men (Eastell et al., 1998). SD F344 and Wistar rats are commonly-

used laboratory animals. Clinical evidence suggests that osteoporotic fractures are expressed at

weight bearing sites, where there was a significant fraction of trabecular bone, and therefore

osteoporosis is a consequence of trabecular bone loss (Webber, 2006). It is also true that

osteoporotic fractures occur at non-weight bearing sites such as the distal radius, where Colles

fractures are expressed. Such fractures are now known to be an early warning of future, more

serious, bone fractures, particularly in men (Haentijens et al., 2004). Age-related bone loss has

been found previously in the lumbar vertebra of aging male Wistar rats, which have been

suggested to be a viable model of age-related bone loss in men (Schapira et al., 1991).

The vertebrae of male F344 rats appear not to lose substantial amounts of bone with aging

(Erben et al., 2000), whereas bones of agingmale Sprague–Dawley (SD) rats appear to possess

the characteristics of age-related bone loss in men (Wink and Felts, 1980). Changes in the

skeletal morphology and mineral content are not identical. Hence, the diagnosis of osteopo-

rosis may depend upon the method used as well as upon the part of the skeleton examined.

Growing awareness of the impact of osteoporosis on the lives of elderly people (Cooper et al.,

1992), the costs of health care (Ray et al., 1997) and the development of new treatments for

preventing fractures (Black et al., 1996; McClung et al., 2001; Neer et al., 2001) have all

contributed to a growth in the demand for bone densitometry services. Today, scans tomeasure

BMD play an essential role in the evaluation of patients at risk of osteoporosis (Baran et al.,

1997; Kanis et al., 1997).
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7.2 Measurement of the Mineral Content

Once a beamof electron enters the specimen its path lengthwithin the sample depends upon the

depth from which a portion of it is scattered back (Figure 7.1a).

A two-component model of bone mineral and soft tissue is assumed (Goodman and Levin,

1970). For a beam of collimated, monoenergetic X-rays passing through bone mineral and soft

tissue (Figure 7.1b), let:

D1 D2

(a)

Electron Incident Beam 

Sample

Detector

Figure 7.1 (a) Penetration of an electron beam in a specimen. The path length is dependent upon the

depth of penetration. (b) A two-component model of bone mineral and soft tissue
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T ¼ I1=I ¼ exp½ � dðPm Mm �PS MSÞ�
¼ expf� dPm Mm½1�ðPS MS=Pm MmÞ�g ð7:1Þ

where I is the intensity ofX-rays through bonemineral and soft tissue; I1 is the intensity through

the same path length, but through soft tissue alone, d is the path length through bone mineral

and Pm and Ps are the densities of bone mineral and soft tissue, respectively.

We have T¼ exp(�dPmMm)¼ exp(smMm), where:

sm ¼ � ln
T

Mm

¼ dPm ð7:2Þ

is the surface density of mineral material in the path of the beam.

Figure 7.2 shows the schematic experimental set-up. To determine the amount of bone

mineral in a section of the radius, a point by point measurement of sm is made in uniform

Figure 7.2 Experimental arrangement for in vivo measurement of mineral content
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steps across the radius. The total number of grams of bone mineral per cm length of bone is

the sum:

M ¼ l
Xn

i� 1

smi ð7:3Þ

in which it is assumed that the bone is crossed in steps.

The photons used in themeasurement are barium-KX-rays from the fluorescence of a BaSO4

target (A inFigure 7.2) that is irradiatedwith the bremsstrahlung froma 147Pm source (B) of high

specific activity (Alffram and Bauer, 1962). The 32-keV X-rays so-obtained are practically

monoenergetic and are of a convenient energy for transmission studies of the radius. TheX-rays

are collimated by slits (C) in the lead source holder (D) and the photomultiplier shield (E). The

resulting ribbon-shaped beam, 1� 6mm in cross section, has its long dimensions parallel to the

bone. TheX-rays are detected and countedwith a sodium iodide crystal (F), photomultiplier (G)

single-channel, differential-analyzer assembly.

Changes in mineral metabolism are shown more readily in cancellous bone where metabo-

lism is more rapid than in compact bone, and the distal part of the ulna is chosen to study

mineralization. The shadow cast by a givenmass of bonemineral above 1 cm2 is independent of

the distribution of themineral along the beam. Furthermore,when themineral content of a bone

is inferred from comparison with a standard absorber, soft tissue within and outside the bone is

to be the same as over the matching thickness of the comparable absorber. In this way the

radiation transmitted by the matching thickness is a measure of mineral content of the bone in

the direction of the beam.

7.2.1 Clinical Measurements

To take two views of the ulna, the forearm and the hand are placed in a Perspex tank. First, the

lateral view is takenwithoutwater, and then the postero-anterior viewwithwater in the tank.The

palm is placed against the sidewall, close to the film, with the upper arm supported horizontally

in an arm rest; a horizontal X-ray beam is used. The palm is turned so as to be flat on the floor of

the tank and the upper arm is maintained in a horizontal position by means of the arm-rest. The

beam is then turned through 90� so as to fall upon the top surface of the tank, keeping the same

applied cone. A standard wedge of aluminium, attached to a strip of Perspex resting on the floor

of the tank, is placed near andparallel to the ulna. The tank is filledwith comfortablywarmwater

to a level above the irradiated area. The system used provides automatically a sheet of constant

thickness in the direction of the beam independent of the size of the limb.

To evaluate the postero-anterior radiograph, points on the shadow of the ulna are chosen at a

particular distance from the styloid process andmatchedwith the photographic densities on the

standard wedge. On the densitometer an aperture of 8� 4mm is used, which is large enough to

average out local unevenness within the shadow of the ulna, without exceeding the size of the

wedge steps.

7.2.2 Calibration and Accuracy

The problem of using the appropriate comparison standard has two aspects: the standard may

be a bone of known content or a standard of near atomic number. Aluminium, which is close to
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bone mineral in terms of atomic number and specific gravity, can be used as a standard

(Figure 7.3). An aluminium wedge can be calibrated by densitometric matching from the

radiograph of the wedge placed in a tank filled with water and a slab of bone of known

dimensions placed next to the wedge. The slab of bone is subsequently ashed and the ash

weighed. Theweight of the bone sample divided by the cross section perpendicular to the beam

gives the mineral content per cm2 on the same X-ray film.

Within the range of about 200–600mg cm�2 of bone mineral, the reproducibility of

measurements on the ulna is of the order of within 8% average error, so that one would

except to detect changes in the mineral content larger than 15–20%. The pathological changes

in the mineral content due to an advanced degree of osteoporosis appear to be considerably

greater (Omnell et al., 1960).

7.2.3 Limitations

The limits to accuracy are the uncertainty in positioning of the patient forearm in the tank. Since

the scan ismade along the long axis of the bone and since the bone is not absolutely circular and

uniform in cortical thickness the measurements are sensitive to rotation of the ulna about its

long axis. The accuracy of transverse scans is, in any event, probably more sensitive to

variations in amounts of muscle and subcutaneous fat than longitudinal scans and where the

bone is rapidly changing in shape at the lower end of the ulna. Transverse scans are sensitive to

minor errors in the position of the scanning pathway.

Technical difficulties in radiogrammetry can be largely overcome if the radiograph of the

hand is taken on fine grain industrial rather than ordinary medical X-ray film. Although this

requires a longer exposure time, the technique is otherwise similar to the regular X-ray

technique. Viewing of this film at 6–8 magnification has been called microradioscopy, since a
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Figure 7.3 Calibration plot of an aluminium step wedge with relative light transmission (Pelker and

Saha, 1983)
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stereoscopic microscope can be used. Increased intracortical porosity can be clearly visualized

by this simple procedure. Bone at the metacarpal midshaft can thus be characterized by two

independent criteria: (i) cortical thickness and (ii) intracortical porosity. The measurement of

the combined cortical thickness will be truly representative of mineralized bone mass only

when there is no microradioscopic evidence of intracortical porosity.

SinceX-rays of hands have always been one of the corner stones of the radiologic assessment

of metabolic bone disease, microradioscopy of hand bone enhances their significance, permits

separate assessment of endosteal and intracortical resorption and, incidentally, enables earlier

recognition of subperiosteal resorption of hyperparathyroidism than is possible by ordinary

radiographic examination of the hand.

7.2.4 Singh Index

Singh et al. (1970) have studied the progressive changes occurring in the trabeculae of the

upper end of the femur. As normal bone deteriorates to severe osteoporosis, more and more of

the trabeculae in the upper end of the femurwould be resorbed or thinned to a degreewhere they

would no longer be visible. It is confirmed that with increasing bone loss the trabeculae

disappear from the roentgenograms in a definite order, which depends on the calculated

mechanical stress of weight bearing. Thus, the roentanograms are analyzed on the basis of the

presence or absence and the relative number and density of the trabeculae in the various

patterns representing an increasing degree of bone loss (Figure 7.4). A highly significant

correlation between this method and the histological grading of iliac crest biopsy specimens

shows that the roentogenographic method also reflects bone loss elsewhere in the skeleton

fairly accurately. It has been claimed that in cases where grading by the two methods differed

Figure 7.4 Diagrammatic representation of the five normal groups of trabeculae in the upper end of

femur. Ward’s triangle is marked by ‘‘W’’ (Singh, Nagrath and Maiou, 1970)
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the roentogenographic grading is a better index of the state of the general skeleton since it is

related to the clinical picture.

Singh et al. (1972) have demonstrated a clear separation between persons with and

without spinal crush fractures, using the femoral trabecular pattern index as a criterion. It

has been used it as an index in an analysis of osteoporosis, which is a recognized factor in the

etiology of these injuries. Theoretically this technique has several advantages over other

methods (Barnett and Nordin, 1960; Delvin and Goldman, 1966; Smith and Rizek, 1966;

Meema, 1963).

Although low bone mass is a strong predictor of fracture risk, other skeletal factors also

contribute to it, including bone micro-architecture, bone material properties and bone

microdamage:

1. Anatomically the upper end of the femur is a site of choice for the study of osteoporosis as

this, along with spine, is almost invariably involved in the process (Collins, 1966). Since

spinal roentgenograms are difficult to interpret, the upper end of the femur becomes the area

of preferential choice. Hence the fracture itself may be used as an index of the underlying

disease process.

2. The method is technically simple, requiring a roentgenogram of the hip of reasonable

quality to delineate the internal architecture of the proximal end of the femur.

3. The method is universally applicable because the grading is based on bone structure rather

than on bone quantity.

In recent years the Singh index has become accepted as a validmeasure of osteoporosis not only

in the femoral neck but also in general. However, the Singh index does not take into account

absolute bone density and cortical thickness, both of which contribute to the integrity and

strength of any bone and in particular to the femoral neck. The index also presupposes that in

osteoporosis the geography of trabecular loss is time related and that the first trabecular group

to be affected is always the secondary compressive group, progressing to the tensile group and

finally to the principal compressive group.

7.3 Bone Densitometric Methods

Measurement of bone mineral density (BMD) is a reliable parameter for diagnosing osteopo-

rosis and for monitoring patients. This is a measure of bone mineral content and a two-

dimensional projected area in cm2 of the bones. However, many clinical decisions are based on

T-scores, which are defined as:

ðPatients’ BMD-young normal meanÞ
SD of young normal

The relationship between BMD and fracture is a continuous gradient, for which there is no

fracture threshold. People with low bone mass (osteopenia) create problems because it

includes peoplewith awide range of fracture risk. According toWHO criteria (Hussain et al.,

2003) a BDM of ��2.5 (standard deviation) below the mean for a heavy population group

aged 20–40 years termed the T score of ��2.5, with or without pre-existing fragility

fractures.
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Ingeneral,bonestatus isdifficult toevaluatebecausethebonechangesare initiallyquitesmall,

may not be highly related to apparent density and are effectively localized to a region (i.e., one

femoral head but not the other) and type of bone (i.e., trabecular but not cortical bone). The

definition of bone quality, thus, remains an ambiguous term in practice (Grimm andWilliams,

1997; Pothuaud et al., 2002). In essence, quality refers to a combination of apparent bone

modulus and strength aswell as somequantifiedmeasureof the trabeculargeometry, stereology,

microdamage, material (tissue) and chemical properties of the bone (Judex et al., 2003).

Tomeet these increasing demands several techniques have been developed and several early

comprehensive reviews (Whedon and Cameron, 1970; Dequeker and Johnston, 1982) are

available on the subject. Here we review the available techniques in the light of the recent

findings, and the relative merits of different methods are compared. Various non-invasive

methods have also been developed to assess the degree of bone atrophy due to metabolic bone

diseases. The age-related losses of both cortical and cancellous bone substantially increase the

fragility and these alterations can be determined through a non-invasive method. Both cortical

and cancellous bones are appropriate to assess the fracture risk. Specific theoretical devel-

opments and signal processing techniques are required to address each class of problems.

Devices are currently available to measure accessible peripheral sites, such as the heel, finger

phalanges and tibia, where the impact of a thin layer of surrounding soft tissue is less. These can

be summarized as:

1. Radiographic methods:

(a) picture contrast on X-ray film by visual reading, use of aluminium step wedge, and use

of densitometer (Figure 7.5) (Anderson, Shimmins and Smith, 1966; Pelker and Saha,

1983; Wong, Pal and Saha, 1983);

(b) change in trabeculae pattern (femoral neck, Singh, Nagrath and Maiou, 1970);

(c) bonemorphometry:metacarpal index, itsmodification (Garn, 1970; Dequeker andRoh,

1982), radial score, femur score, spine score and so on (Barnett and Nordin, 1960)

2. Photon absorptiometry (single or dual) (Cameron and Sorenson, 1963; Mazess, 1979)

3. Computed tomography (Cann and Genant, 1980)

4. Compton scattering (Odeblad and Norhagen, 1956; Huddleston et al., 1978)

5. Neutron activation analysis (Chamberlin et al., 1968; Kennedy, Eastell and Ferrington,

1982; Eastell et al., 1983); radiations used in 1–5 are ionizing in nature and their effect is

stochastic, and hence their exposure carries a risk

6. Infrasound and ultrasound (Angelo, 1971; Wishko, 1975)

7. Other techniques.

The same summary is made in Figure 7.6.

When a beam of X-rays or g rays passes through matter its intensity is reduced by an amount

that depends upon the thickness, density and atomic number of the material through which the

beam passes. Hence, for a given thickness of an absorbing material, the change in photon flux

(�dI ) is equal to the thickness (dx), initial flux I0, and a constant (m) characteristic of the

material (linear attenuation coefficient):

dI ¼ �mI; dx

or:

I ¼ I0e
�mx ð7:3aÞ
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Figure 7.5 Roentgenogram of a specimen aluminium step wedge (use of a densitometer) (Pelker and

Saha, 1983)

Figure 7.6 Measurement of bone density
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7.3.1 Radiographic Methods

Densitometry of X-rays is perhaps the oldest and most widely used of all the above-mentioned

techniques that has been employed to determine ‘‘bone density’’ as a means of non-invasively

assessing bone loss (Cameron, Mazess and Sorenson, 1968; Pullan and Roberts, 1978).

Measurements of cortical thickness and the inner and outer diameters of long bones such

as the metacarpal have been used. To directly assess bone strength, Klenerman, Swanson and

Freeman (1967) have used suchmeasurements from radiographs of the humerus, together with

an elliptical model for the bone cross section, to estimate the bending strength.

A basic requirement of any method for measuring bone mineral that involves attenuation of

an X-ray beam is a uniform primary beam. A second requirement is the elimination of non-

uniform scatter before it reaches the recording system (Keane, Spiegler and Davis, 1959).

A third requisite is to provide compensation for the effects of absorption in the soft tissues

surrounding the bone, within its medullary cavity. For the peripheral skeleton, immersing the

part in a water bath of uniform thickness is the simplest solution to this problem. However,

because of varying amounts of fat, water and protein in different subjects it is virtually

impossible to eliminate entirely the minor errors introduced by variability of soft tissues.

The difficulty can be resolved if several monochromatic sources of different wavelengths

equal to the number of substances present are used. The final requirement is calibration of the

system against an acceptable standard for bone mineral. Pure hydroxyapatite (Heuck and

Schmidt, 1960), or a solution of dipotassium hydrogen phosphate (Meema, Harris and Porrett,

1964), may be the best candidates for the role of a standard.

7.4 X-Ray Tomography

It can be imagined that the stress-state is quite different in the interior of a sample undergoing

inelastic deformation as compared to its surface, and that this variation in the degree of stress

has a profound effect on fracture properties (Knott, 1976). It is important to observe cracking

behavior both at the surface and within the bulk of the sample to determine the sample

toughening mechanism existing throughout the specimen. To accomplish this, synchrotron

X-ray computed tomography is performed.

X-Ray tomography can be used inmedical radiography to obtain the distribution of theX-ray

absorption through the body, with a resolution of about 2mm (Hounsfield, 1973; Swindell and

Barrett, 1977). Imaging is performed with monochromatic 25-keV X-rays with a voxed size

(spatial resolution) of 5mm and exposure times of �10min for over 1mm of crack length. In

this method, the projection of the X-ray absorption in the plane of a slice through the body

onto a line is determined bymakingmeasurements of the X-ray transmission of a narrow beam

ofX-rays. Thus, all the details in the slicewill be superimposed on this line. Further projections

are measured for different orientations of the object about an axis perpendicular to the slice.

The two-dimensional distribution ofX-ray density in the slice can then be calculated from these

projections. If this whole procedure is repeated for successive slices, the three-dimensional

distribution of X-ray absorption can be obtained.

Elliott and Dover (1984) have reported the use of an X-ray microtomographic system to

determine the three-dimensional distribution of mineral in bone without physically cutting

sections. In this method X-rays are generated from a molybdenum target and passed through a

zirconium filter and then through a 15mm diameter aperture. The bone specimen is rotated
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about its long axis and the interval between successive projections is taken as 1/3�. Each
projection consists of 128 points at intervals of 13 mm, each measured for 10 s. Six sections are

made at intervals of 25mm. The effective absorption coefficient of apatite has been determined

from measurements on a flux grown slice of fluorapatite.

The upper limit of the linear absorption coefficient distribution for the 13� 13mmpixelswas

found to be about 11.2 cm�1. If the assumption is made that all the absorption is due to

stoichiometric hydroxyapatite, the maximum mineral content is:

11:2� ðdensity of hydroxyapatiteÞ
ðexperimental linear absorption coefficient of hydroxyapatiteÞ

This gives 2.0 g cc�3 if the experimental value for the linear absorption of fluorapatite is used,

which will be very similar to that for hydroxyapatite. This value is higher than the 1.36 g cc�3

reported by Sissons, Jowsey and Stewart (1960) and 1.3–1.5 g cc�3 reported byBaud andGossi

(1980).

In L4 vertebra, no bone loss was observed until 19months of age, which is past middle age in

the life span of these rats, because the medial life span of male F344 rats is 31 months. All the

cortical bone parameters studied gradually increased with age. The lack of age-related bone

loss in the vertebra of male F344 rats has also been observed by Erben et al. (2000). Data

obtained from the vertebra of male F444 rats and data available on the vertebrae of humans

show two important differences. First, male F344 rats do not lose bone in the vertebra, unlike in

men. Second, the decrease in BMD (cancellous) in the F344 male rats is seen only in the older

age groups of 18, 24 and 27months, whereas inmen there is a high rate of vertebral deformation

during middle age (Cummings et al., 1985; O’Neil et al., 1996).

In addition to the lumbar vertebra, cancellous bone has been analyzed in the proximal

tibial metaphysis (PTM) and neck of the femur using pQCT. The PTM showed high bone

loss when compared with any other site studied. This is in line with results on male F344 rats

(Erben et al., 2000). However, because fractures due to osteoporosis in humans do not

normally occur in the PTM, this site may not be as relevant a site as the femoral neck and

vertebra in studying age-related bone loss as occurs in men. In the neck of the femur of

male F344 rats, the BMD decreased significantly in the 24- and 27-month-old rats, similar to

men, in which the rate of bone loss is greater in the femoral neck (Fatayerji, Cooper and

Eastell, 1999).

In another study, it has been demonstrated that the vertebra of Sprague–Dawley (SD) male

rats lose bone from a much earlier age (9 months) (Wang et al., 2000a; Wang, Banu and Kalu,

2000b) and to a higher extent than with F344. The intact male F344 rats lost an appreciable

amount of bone only in very old animals in clinically relevant sites. The amount of bone lost is

much less than with SDmale rats. These authors concluded thatmale F344 rats may notmake a

good animal model to study age-related bone loss as it occurs in man.

7.5 Skeleton Roentgenology

Skeleton roentgenology makes it possible to determine a large number of morphologic

parameters of osteoporosis, while bone scanning enables the amount of bone mineral to be

measured in different parts of the skeleton.
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In the method described here the roentgenologic classification is made in accordance with

two principles: by examination of the trabecular structure and measurement of the cortical

thickness of long bones. The inner and outer diameters of the cortex at the middle of

the second metacarpal bone and the shaft of the femur (Barnett and Nordin, 1960) and of the

proximal part of the radius (Meema, 1963) are measured. These authors determined the bone

mineral content by roentgen spectrophotometry (Jacobson, 1964). The method is based on

attenuation measurements employing a scintillation detector; the attenuation of the soft

tissues in the radiation beam is compensated by using two radiation energies. The mineral

content at a particular site is determined by scanning with a slit beam that is well collimated.

Measurements are made at eight sites to obtain a representative estimate of the whole

skeleton.

Certain trends are observed between the BMC for the variousmeasuring sites. The closer the

sites were to each other the greater the correlation. Moreover, the trabecular bone measure-

ments agree with one another and the cortical bone measurements have a tendency to correlate

internally. This is consistent with the results of Nordin (1968). The bone mineral content of

the third lumbar vertebra, however, would seem to constitute an exception; but here the major

part of the mineral content of the vertebra is accounted for by the transverse and spinous

processes, which contain a greater proportion of cortical bone than the body.

Themineral content as in the trabecular parts of the skeleton had the greatest correlationwith

morphologic signs of osteoporosis, as indicated by sparse trabecular structure in the axial

skeleton and wide marrow spaces in the appendicular bones.

7.6 Metacarpal Index

Here, dimensional measurements are taken across the narrowest portion of the shafts of the

bones. Three measurements can be directly obtained:

1. Total width of the bone (D)

2. Width of the medullary cavity (d )

3. Total width of the cortical bone (i.e., left side þ right side C¼D� d.

Cortical indexðCIÞ ¼ D� d=D

CI is often referred to as the metacarpal cortical index (MCI).

Among the various radiographic assessment methods the metacarpal index method (MCI)

is often preferred (Figure 7.7). It permits the measurement from an X-ray picture of the hand,

which can be easily taken on ordinary equipment, and the position of the hand can be

duplicated exactly by placing it on a cassette. However, Barnett’s metacarpal indices, (D–d )/D,

measured with a slide caliper may vary considerably. When the metacarpal index of the

same X-ray picture is measured three times with a densitometer, it is found that the error

decreased to about 1/7 of that for the value measured with a slide caliper. To circumvent the

problem, Inoue et al. (1983) have assessed the degree of bone density based on the metacarpal

index, using an aluminum step wedge, densitometer and computer. In this method, the hands,

placed palm side down, are X-rayed from the back and an aluminium step wedge is placed

between the hands. The optical density is measured at the middle portion of the second

metacarpal on the X-ray picture using a microdensitometer. The densitometric pattern is
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recorded at 10 times magnification and simultaneously the optical density of each step of the

aluminium wedge is measured. From the densitometric pattern shown in Figure 7.8, the bone

width (D), marrowwidth (d), and cortical widths (d1) (cortical width on the radial side), h2 (peak

of the cortex on the ulnar side) and hmin (peak of the middle position of the bone marrow) are

measured.

The errors in taking X-rays on the same day, errors in measurements of the X-ray picture by

a densitometer, errors in chart analysis and the reproducibility in the X-ray pictures on

different days are determined as coefficients of variation (CV) in normal subjects, patients

with osteoporosis and dialyzed patients. The CV are extremely small, being less than 1%

for errors in chart analysis and are is relatively small (0.4–2.8%) for errors in densitometer

measurement. Regarding errors in taking the X-ray, including the errors in chart analysis and in

densitometer measurement, the CV are relatively small (2%) for MCI but are 3–5% for the

other indices.

When the CV are calculated for each index in the reproducibility test in normal subjects,

patients with osteoporosis and dialyzed patients, it is found that the CV increased, that is, 2%

for MCI and 5–7% for the other indices.

When a variation of more than þ 5% for MCI and þ10% for the other indices is noted, the

change can be regarded as significant. With a decrease in BMC, these authors have found a

significant correlation between the changes in each index: MCI, marrow width (d), the peak

heights converted into the number of steps of the aluminium step wedge (Gs-max, Gs-min), withP
Gs/D obtained by dividing the computer calculated densitometeric pattern area by the bone

width D.

D d

L

D

d

Figure 7.7 Outline of metacarpal bone, showing measurements made from radiographs
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7.7 Analysis of Radiographic Methods

Mostmethods of bone densitymeasurement are based on a comparison of the density produced

by a standard stepwedgewith that produced by a bone simultaneously exposed on a radiograph.

The photographic densities of the wedge measured by a densitometer are plotted against the

wedge thickness and a calibration curve is obtained (Figure 7.3). The density of a given area of

bone can be expressed in terms of the step wedge. There are distinct advantages when the

effective atomic number of the standard and of hydroxyapatite are similar. Potassiumhydrogen

phosphate (K2HPO4) has an effective atomic number of 15.59 and can be obtained in pure form.

At different monochromatic energies there is only a small variation in mass between K2HPO4

and HA (0.95–0.97).

When water, representing the combined thickness of water and plastic, is penetrated by

monochromatic radiation of 35 keV, in the path of which two different absorbing bodies are

                        D                                                             0.5                 2 

     d1              d                d2 

                                                         hmin

                                                                  h1    h2
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Figure 7.8 Adensitometer chart (Inoue et al., 1983). (Reproducedwith permission fromT. Inoue et al.,

Quantitative assessment of bone density on x-ray picture, Journal of the Japanese Orthopaedic

Association, 57(12), 1923–1936 � 1983)
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placed, it is seen that in the presence of marrow fat 2–7% more hydroxyapatite is required to

produce the same photographic density as is produced by a given amount of hydroxyapatite in

water. However, at 35 keV, 5% less hydroxyapatite is required to produce the same photo-

graphic density as a givenmass of K2HPO4. Therefore, the variable amount of fat compensates

for the 5% difference by 2–7%. The experimental error resulting from these two factors

combined would thus be approximately �2–3% when a 100% weight by volume solution of

K2HPO4 is employed. This is well within the total experimental error. Using this method the

bone changes are obtained that are designated as cortical osteoporosis. The total amount of

bone salt at a standardized site of measurement combines all three main factors: cortical

thickness, its porosity and the degree of mineralization. It may, therefore, serve as an index of

skeletal mineral reserves as a whole under conditions in which the mineral losses involve the

entire skeleton at similar sites.

However, the method suffers from some limitations. The choice of using the soft tissue

between the radius and the ulna for a measure of relevant ‘‘background’’ soft tissue is made

for convenience and as a part of experimental investigation. Detailed examination of

measurements on elderly people showed that in some cases this is unsatisfactory. The model

neglects medullary calcium and is only a fair approximation to the geometry of a section of a

real bone.

7.8 Direct Photon Absorption Method

Attempts to measure bone mineral using conventional X-ray film and optical densitometer

encounter the following difficulties:

1. The heterogeneous X-ray beam changes its spectra while passing through an inhomoge-

neous medium, due to preferential absorption by softer components.

2. Some of the scattered radiation may also strike the film from the surrounding soft tissues.

3. X-Ray film as a detector has variability in response to radiation.

7.8.1 Theory

If the X-ray beam is passing through a layer of N materials, each having its own mass

attenuation coefficient, density and thickness, then Equation 7.3a can be written as (Njeh and

Shepherd, 2004):

I ¼ I0 exp �
XN

Zi¼1

mirixi

 !
ð7:3bÞ

where ri is the density of the ith layer.

In single-photon absorptiometry, only two type of material [bone (b) and soft tissue (s)]

contribute to the attenuation. Hence Equation 7.3b becomes:

IðxÞ ¼ I0 exp½ � ðmsrsxsðxÞþmbrbxbðxÞ�
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Taking the total path length W¼ xb þ xs, one gets, after taking the natural logs of both

the sides:

In
I0

IðxÞ
����

���� ¼ ðmsrs W � xbðxÞþmbrbxbðxÞð ÞÞ

The bone path length (Wb) can be written as:

WbðxÞ ¼ ln I0=IðxÞ½ � �msrsW

ðmbrb �msrsÞ
W can be related to the attenuation in soft tissue only:

msrsW ¼ ln
Is

I0

����

����

In this method the mineral content is normalized to give the amount of mineral present in a

1-cm length of the radius. It is assumed that the bone has a uniform composition in the cortical

region (Dunn, 1974) and that the computed longitudinal modulus of elasticity of the bone is an

average value over this region. The microscopic densities of bone mineral and soft tissue are

assumed to be 3.2 and 1.0 g cm�3, respectively.

In the experimental set-up (i) transmission of the photon beam is measured by means of a

scintillation detector system, (ii) the photon beam used is essentially monochromatic, (iii) the

photon beam and detector are well collimated and (iv) the effects of the tissue around the bone

are also taken into account. These factors eliminate errors resulting from the variability of

X-ray films and film development technique, reduce uncertainties in absorption coefficients,

reduce the effects of scattered radiation and reduce errors arising from the presence of tissue.

An improvedmethod formeasuring themineral content of bone in vivo by photon absorption

techniques has been developed by Cameron and Sorenson (1963). The behavior of g-rays and
X-rays in matter is the same.

In single-photon absorptiometry (SPA) the radioactive photon source iodine-125 (5mCi)

is contained in a thin-walled small stainless steel tube. By filtering the emission with the

K-absorption edge at 29.2 keV, a monoenergetic (95%) beam of 27.4 keV photons is produced

by the preferential absorption of the higher energy photons. The tube is placed in a small lead

cube that contains a hole. The source and detector system are rigidly coupled by mechanical

means and are driven simultaneously by a motor driven system, in 1mm steps, in a direction

transverse to the bone. The transmission of the photon beam through the bone is measured

for a 10-second interval after each step. During the scan, measurements of the transmission

of the photon beam through the tissue alone, on either side of the bone, are also made. From

the data obtained in these measurements, an equivalent thickness of bone mineral can be

computed.

Figure 7.9 shows a schematic presentation of a system with the limb containing the bone

surrounded by tissue-equivalent material to make the bone appear to be buried in a uniform

thickness of ‘‘tissue.’’ Therefore, the attenuation is measured through a constant thickness of

equivalent soft tissue material. The mineral content and width of the bone can be calculated on

the assumption that themineral constituent of the bone is of uniformly standard composition. It

can be further assumed that all the non-osseous tissue substances absorb radiation to the same

degree as soft tissue, thus maintaining a two-component system.
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The amount of bone mineral content (Mb, g cm
�2) in the path of the beam is given by:

Mb ¼ ½Pb=ðmb Pb �ms PsÞ�lnðI0=IÞ ð7:4Þ
where mb and ms are the mass absorption coefficients (cm2 g�1) for bone and soft tissue,

respectively, and Pb and Ps are the corresponding microscopic densities (g cm�3). Io and I refer

to the intensity of the radiation beam through a constant soft tissue thickness and through a

combined thickness of soft tissue and bone, respectively.

To determine the total bone mineral content present across the bone,Mb is integrated across

the width of the bone. This is accomplished by synchronous movement of the g-ray source and
detector across the limb at a slow velocity (1 or 2mm s�1). The bonemineral content is usually

determined by numerical integration using the expression:

BMC ¼ k Q
Xn

i¼1

InðI0=IÞi
 !

ð7:5Þ

where BMC is the bone mineral content (g cm�1),Q is the distance traversed in an integration

interval, n is the number of integration intervals and k is an empirically determined calibration

Figure 7.9 Schematic diagram of the actual measuring arrangement in direct photon absorptiometry.

(Cameron and Sorenson 1970)
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constant relating the BMC to the sumof the natural logs. The standard error of estimate in using

this relation is approximately 1–2% (Wilson, 1972).

The technique can be evaluated by using excised bones of different sizes immersed in water

(Cameron and Sorenson, 1970). Sections of the bones at each measuring site are cut into 1-cm

lengths and ashed. The ashweight is then plotted against themeasuredBMC (Figure 7.10). The

method gives the BMC and the bone width (Bw), or external bone diameter, of such accessible

bones as the radius. It can also provide an estimate of the medullary canal diameter (Kramer,

Pattersen and Smith, 1978). Wilson (1973) has shown that BMC of the midshaft of the femur

correlates highly (g¼ 0.99) with the compressive strength of the bone at the scan site. By

studying cadaver bone, Martin and Burr (1982) have established that BMC decreases

significantly with age in females, but torsional rigidity does not. Similarly, several authors

have shown a significantly high correlation between mechanical strengths of both cortical and

cancellous bone with their density and ash content (Saha and Gorman, 1981) (Figure 7.11).

7.8.2 Clinical Applications

Several subjects have been studied (Sorenson, Cameron and Mazess, 1970) to determine the

magnitude of bone mineral content change that might be measured by the direct photon

absorption method. These investigators have measured the mineral content at a distance

approximately one-third the length of the radius from the distal end while the bone width is

taken to be the width of the scan. A high degree of correlation (g¼ 0.90) has been reported

(standard error 0.1 g cm�1).

This method has been used with minor modifications (Grubb et al., 1984) to measure bone

mass in the distal radius. The radius is scanned at two points, 3 cm from the distal end, an area

primarily of cancellous bone, and 8 cm from the distal end, an area of cortical bone. Four scans

are performed at each point. The base line count rate is first calculated and then the area
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Figure 7.10 Ash weight versus bonemineral (the correlation coefficient is greater than 0.99) (Cameron

and Sorenson, 1970)
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between base line and bone is computed. Thewidth of the radius, particularly at the 8 cm level,

correlates well with the total area. The coefficient of variation for BMC is approximately 2.7%

and for BMC/W it is 3.7%. The increased variation for BMC/W is due in part to the additional

variability of bone width. Also, at 3 cm the bone is less regular and, thus, subject to more

variation in position.

There have been twomajor problemswith the use of measurements of the radius. First, these

measurements have been accurate only for the appendicular skeleton and at sites that are

largely cortical bone and regularly shaped. However, in practice most non-traumatic fractures

occur in the axial skeleton and proximal femur, at sites containing significant amounts of

cancellous (trabecular) bone a controversy exists as to the value of the radius for estimating the

axial skeletal condition (Madsen, 1977; Mazess, 1979; Mazess et al., 1984; Riggs et al., 1981;

Sandler and Herbert, 1981). Awbrey et al. (1984) have described an improved method of

positioning the distal radius for single-photon absorptiometry, permitting rapid, accurate and

reproducible measurements. For the single beam densitometer, the externally located ‘‘9/10’’

site on the ulna is used only for the purpose of orientation. The distal radial site is then

determined by locating with the instrument a more distal position at which the ulna and the

radius are separated by 5mm. These authors confirmed earlier findings (Christansen et al.,

1968) that if the forearm is pronated > 20� or supinated > 10� the distance between the bones
would be different and the ‘‘5mm’’sitewould be shifted. The design of the instrument used and

the positioning of the subject maintained the arm in near neutral position. By the use of the new

site, these authors overcame the two major problems of distal radial bone mass measurements:

variability of measurement and the lack of trabecular bone.

The amount of trabecular bone present at the ‘‘9/10’’ site has often been a point of

controversy (Madsen, 1977; Riggs et al., 1981; Sandler and Herbert, 1981). Awbrey et al.

(1984) have demonstrated that at the new site the cortical walls are the thinnest and the interior

consists of a network of trabeculae. The percentage of trabecular bone is estimated to be 75%,

which is supported by the work of earlier workers (Hayashi et al., 1982; Schlenker and
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Vonseggen, 1976). If distal radialmeasurements are to be correlatedwith bone loss in the spine,

the site should contain a significant amount of trabecular bone.

Measurements performed (Christiansen et al., 1975) on white women in a moderate to high

socioeconomic group showed that bone mineral loss occurred proportionally in both appen-

dicular and axial skeleton and in both compact and trabecular bone at rates that are in general

agreement with those reported by Smith, Khairi and Johnston (1975). The correlation

coefficient for rates of bone loss at all three measurement sites (lumbar spine, mid-radius

and distal radius) are highly significant. Therefore, accurate assessment of bone mass status in

‘‘normal’’ women would be obtained at any of the three sites. Christiansen et al. (1975) also

reported the use of a 5mm separation between ulna and radius to locate the site for distal bone

density measurements. Their data are internally consistent.

The distal radial bone densitymeasurement in osteoporotic patients at the ‘‘2/3’’ and ‘‘9/10’’

radial measurement sites have been reported not to correlate well with vertebral densitometric

changes. This has led to the conclusion that a radial density measurement is a poor indicator of

spinal bone density (Mazess et al., 1987; Riggs et al., 1981).

7.9 Limitations of the Method

1. Using a 30 keV source there is a good contrast between bone and soft tissue, but for a

relatively large section of the material a very active source would be needed to obtain

sufficient intensity at the detector. If one wishes to make measurements on bone with much

tissue cover, it is usually necessary to use a higher energy photon beam. Because of its

59.6 keV photon energy 241Am is more suitable for heavier bones, such as the humerus and

femur. Itsmaximumactivity, however, is limited by low specific activity and self-absorption

in the source and a 100mCi source is about 5mm in diameter. One can reduce the diameter

of the source by using a lead aperture, which in turn also reduces the intensity.

2. Equation 7.4 is valid only if the absorption in the bone and the surrounding tissue is

exponential.

3. The physical dimensions of the source limit the size of the bone that can be accurately

measured. Ideally, a point sourcewith an infinitesimally small beam should be used to avoid

‘‘edge effects’’ as the beam enters or leaves the bone.

4. In real situations, the model of the bone as a two-component system cannot be assumed.

Within the bone marrow and surrounding the total bone is a layer of adipose tissue. This fat

tissue has a volumetric density that is 0.9 times that ofmuscle tissue, thereby attenuating the

photon beam to a lesser extent than an equal thickness of soft tissue (Wishko, 1975). An

error is caused by the continually varying thickness of the adipose tissue as the photon beam

traverses the bone marrow cavity. The range of error has been calculated to be 1.5–5%

(Wooten, Judy and Greenfield, 1973).

In single-photonabsorptiometry (SPA) it is necessary tomeasure transmissions throughadjacent

tissue locations of equal thickness, one location consisting of bothmineral and soft tissue and the

other consisting of soft tissue alone. This requirement means that SPA could be applied only to

peripheral locations where it is feasible to arrange for the thickness of the two transmission

locations to be the same by the use of tissue equivalent material. The consequence of this

limitation is that SPA can not be used at the relevant sites from the perspective of a physician.
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Several secondary choices have to be made to optimize SPA for clinical applications. The

energy of the radioisotopic source has to be chosen as a compromise between the need to

maximize the difference between the photoelectric cross sections for bone mineral and soft

tissue and the need to transmit photons through the object of interest. The requirement for

uniform thickness of soft tissue and the low photon energy restricted SPA to peripheral sites

such as the radius and the calcaneus. This constraint clashes with the clinical perspectivewhich

considers that the sites of interest to be thosewhere bone fractures aremost frequent (spine) are

associated with significant morbidity and mortality (proximal femur). It appears that the

essential features of a skeletalmeasurement site are (i) a significant fraction of trabecular bone,

(ii) weight bearing these needs and (iii) a central location.

The shortcomings of SPA have been circumvented by the introduction of a low dose X-ray

source. Here the radionuclide source has been replaced by an X-ray source (SXA). This

improves precision and improves spatial resolution and reduces examination time (Kelley,

Crane and Barner, 1994). SXA makes possible a quantitative assessment of bone mineral

content at peripheral sites of the skeleton. It offers a valuable method for the diagnosis of

osteoporosis, provides reasonable precision and less radiation exposure.

7.10 Dual-Photon Absorptiometry (DPA)

Single-photon absorptiometry has been improved considerably (Mazess, 1979; Mazess et al.,

1984) by making measurements at two distinct energies. This technique is referred to as dual-

photon absorptiometry (DPA) and uses radioisotope sources such as 153Gd (Mazess, Ort and

Judy, 1970; Roos, Rosengran and Skoldborn, 1970). This apparently minor advance opens up

the possibility of measuring bone mass at central locations such as the lumbar spine and the

proximal femur and encouraged themedical community into its clinical application. This helps

eliminate the soft tissue problem around the bone and enables measurements at any body

location. In addition, the influence of fat variations in themarrowon themeasured bonemineral

is reduced. Further, DPA techniques have been introduced to overcome the constant overall

thickness of measurement sites.

In this method (Mazess, 1979; Krolner and Pors-Nielson, 1980) a strongly collimated beam

of photons with two different g-energies moves in a rectilinear scanning mode across the

lumbar vertebrae. The radiation of the beam after passage through the body is registered by a

collimated scintillation detector and a two-channel pulse height analyzer system (Figure 7.12).

The radioactive source 153Gd has two well-defined energy peaks at 44 and 100 keV

(Figure 7.13). The mean diameter of the radiation beam in the vertebral body is about 6mm.

There is still the limitation imposed by the assumption that the object consists of only two

radiologically distinct materials, each of which is characterized by a single mass attenuation

coefficient of mb for bone mineral and ms for soft tissue. The expression of this can be

appreciated from the equation for areal density measurement. For bone mineral, the areal

density, mb, is given by the expression:

mb ¼
ln I0;l=Il �RST ln I0;h=Ih

mb;l �RSTmb;h

ð7:6Þ

where I0 and I are the incident and transmitted photon intensities and the subscripts

l and h denote low and high energy photons respectively. RST is the soft tissue ratio and is

equal to ms,l/ms,h.
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If it is assumed that there is a universal composition of soft tissue then RST is a constant and

Equation 7.6 can be solved for area bone mass simply from measurements of the intersites of

low and high energy photons to a single tissue location occupied by bone mineral and soft

tissue. However, soft tissue composition varies among population and the difference between

patients is encapsulated in RST, which is determined for each patient. This is achieved

by application of Equation 7.6 to an anatomical location where bone mineral is not present

(i.e.,mb¼ 0). Once RST is determined for a specific patient, the assumption has to be made that
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the soft tissue ratiomeasured at the non-mineral site applies to the soft tissue at themineral/soft

tissue site.

The deficiencies of an areal density have been recognized and efforts have been made to

recover mass density from the attenuation measurements (Carter, Bouxsein andMarcus, 1992;

Lu et al., 1996).

It can be anticipated that the restrictions imposed by variable physical properties of soft

tissue could be eliminated by increasing the number of photon energies in the incident beam.

The feasibility of triple-photon absorptiometry (TPA) between lean and fat components of soft

tissue results in considerable uncertainties in the mass of either component. A further increase

in the number of incident photons is likely to produce an unacceptable radiation dose (Farrell

and Webber, 1992).

7.10.1 Theoretical Background

Two logarithmic absorption curves are generated during scanning, one for each energy peak.

The influence of Compton cross talk is eliminated by an analog computer, which also

eliminates the influence of soft tissue attenuation. The result of such computerization is a

signal M (mass per unit length), which for each scan is presented as a soft tissue corrected

attenuation curve.

M has the following characteristics:

1. It is constant despite varying amounts of soft tissue.

2. During scanning over bone tissue the change in M (DM) is proportional to the amounts of

bone mineral in the path of the radioactive beam (mb).

44 keV
153 Gd SPECTRA

Unattenuated 
Through Phantom 

                                                       100 keV 

25 50 75 100 125 150 
ENERGY (keV) 

Figure 7.13 The major source used for dual-photon absorptiometry is 153Gd, with peaks at 44 and

100 keV; in bone the lower energy peak is attenuated much more than the upper. (Mazess, 1983)
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3. During scanning over adipose tissueDM is proportional tomfmf0, wheremf is the amount of

fat in the path of the radiation beam and mf0 is the amount of fat at the point of calibration

lateral to the vertebra.

The generated signal (M) is expressed by (Roos, 1974; Wilson and Madsen, 1977):

M ¼ ln
I440
I44

� 1:41 ln
I1000

I100
ð7:6AÞ

where I0 denotes the detected intensity of photons at the point of calibration and I is the detected

intensity of photons at a point during the scanning procedure. The numerals 44 and 100 refer to

the corresponding isotopes, and 1:41 	 m44
s =m100

s (Watt, 1975), wherem is themass absorption

coefficient and ‘‘s’’ denotes soft tissue. The dual-photon technique can be used for measure-

ment of the mass of one component (mass per unit area) in a two-component system. The

human body, however, must be regarded as a three-component system since fat has a

significantly lower absorption coefficient than soft tissue at 44 keV. The influence of fat is

eliminated if its thickness is constant during scanning. However, an erroneous result is obtained

if the distribution of adipose tissue is non-uniform.

7.10.2 Procedure

The correct positioning of the patient over the source is ensured by radiological examination

and palpation. The zero setting of the equipment is made during one longitudinal scan parallel

with the lumbar spine to the right of the transverse processes of the vertebra. The scanning

speed of the source–detector assembly is generally 4.0mm s�1 with scan steps of 4mm

between two scans. The length of one scan across the spine is 12.0 cm.Acomplete investigation

consists of continuous scanning of all five lumbar vertebrae and takes about 25min. Having

identified the second, third and fourth lumbar vertebrae, one can calculate the sum of the BMC

values of all scans over those vertebrae.

7.10.3 Nature of Attenuation

To clarify the nature of attenuation for bone, soft tissue and fat, the count rates at different

absorber thickness are studied. Bone is simulated by an aqueous solution of KOH and KH2PO4

(Krolner and Pors-Nielson, 1980). Fat is simulated by triglyceride-3-oleic acid and triglycer-

ide-3-palmitic acid in the ratio 2 : 1 (w/w). The two triglycerides constitute about 75% of

human fat (Hirsch, 1965). Soft tissue is simulated by demineralized water. A Perspex layer,

11 cm thick, is placed between the radioactive source and the absorber in order to reduce the

count rate to a magnitude similar to those used in human studies.

Figure 7.13 shows the absorption curves for the three different absorbers at the two energy

levels. This figure clearly shows that the attenuation at 100 keV is mono-exponential for all

three absorbers. The attenuation at 44 keV is mono-exponential for fat and water. For bone

mineral the attenuation at 44 keV is practically mono-exponential for absorber thicknesses up

to 19 cm. At higher thickness beam hardening occurs, which can be explained by (i) increasing

Compton scatter at increasing absorber thickness, (ii) a change in geometry with increasing

absorber thickness and (iii) the 44 keV radiation is not completely monoenergetic.
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7.10.4 Reproducibility

7.10.4.1 In Vitro

The standard deviation of repeated measurements of the standards is enhanced with increasing

BMC, but this enhancement is not significant.

7.10.4.2 In Vivo

In vivo precision has been investigated in ten women aged 35–70 (Krolner and Pors-Nielson,

1980). The BMCs of the women ranged from 20.7 to 53.0U. Two measurements were

performed in each subject with an interval of 14 days. The total variation of the method,

including variation of equipment, subject variation and variation of curve reading, turned out to

be 0.7 U. This corresponds to amean coefficient of variation of 1.4% for normal premenopausal

women and 2.6% for postmenopausal women with clinical osteoporosis.

The smallest significantly detectable difference in the ten womenmeasured twicewas 2.0 U,

corresponding to a BMC change of 4% in normal premenopausal women and 7.4% in

postmenopausal women with clinical osteoporosis (Christiansen and Rodbro, 1977).

Absorptiometry with 153Gd has been used to measure spinal BMC (Wilson and Madsen,

1977; Price et al., 1976; Dunn, Wahner and Riggs, 1980; Krolner and Pors-Nielson, 1980) and

total body mineral (Mazess and Peppler, 1977; Peppler and Mazess, 1981). Total body bone

mineral content (TBBM) is obtained by transmission scanning in a rectilinear raster pattern. It

has been shown (Mazess et al., 1981) that total body bone mineral is highly correlated with the

actual weight of skeletons and with total body calcium as measured by neutron activity.

Themean BMCandBMDvalues show thatmales generally have larger values than females,

while younger females have larger values than older females and osteoporotic patients had

smaller values than controls. The osteoporotic females are about 15–20% below age-matched

controls (P < 0.001) at appendicular sites, including the radial shaft site. The most notable

difference, however, occurs in the axial skeleton, where the pelvis and spine are 31 and 38%

below levels of young women for mass and 20 and 24% lower for areal density.

Measurements of lumbar BMC and dual-photon methods have been performed by several

workers (Price et al., 1976; Roos and Skoldborn, 1974; Roos, Hansson and Skoldborn, 1980).

Themethod described here representsmethodological improvements in the following respects:

(i) The continuous two-dimensional scanmode in combinationwith a narrow radioactive beam

makes anatomical localization simple. (ii) Crush fractures do not invalidate the measurements,

since lumbar BMC is expressed as the sum of integral curves of the second, third and fourth

lumbar vertebral.

Logically, the most reliable BMD measurement for predicting fracture risk at any given

skeletal site is one made at the fracture site itself. This study examines the hypothesis that the

ability of BMDmeasurements at other distant sites in the skeleton remote from the fracture site

to predict fracture risk stems from their correlation with the fracture-site BMDmeasurements.

This correlation predicts a linear relationship bdist¼ rbfrac, where b is the gradient of the

exponential relationship between fracture risk and Z-score –bfrac is theb-value for the fracture
site andbdist is theb-value for the distant BMDsite – and r is the correlation coefficient between

the Z-scores at the two sites. In practice it is important to consider the effect of BMD

measurement errors on the (r,b) relationship. The effect of errors at the distant site is to reduce
bdist and r in a way that preserves their original relationship.When errors at the fracture site are
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taken into account the effect on the (r,b) plot is for the point representing the fracture site to fall
below the extrapolation of the straight-line relationship predicted for the points representing

the distant BMD sites. These authors tested the correlation hypothesis by using data from a

study of osteoporotic fractures to examine the (r,b) plots for hip, spine and forearm fractures.

For the hip the data are consistent with the straight-line relationship and suggest that

measurements made at other sites provide no additional information about fracture risk over

and above that provided by hipBMD. For spine and forearm fractures the data show that distant

sites do provide additional information about fracture risk in a way that is quantitatively

consistent with the BMDmeasurement errors reported in cadaver studies. This method points

to BMD correlation as an important factor in explaining the ability of measurements made at

distant sites to predict the possibility of fracture risk. For the general population, this is

discussed in chaper VI (Page 261).

7.11 Computed Tomography (CT)

Computed tomography (CT) (also called a CAT scan) is a widely adopted technique in a

clinical environment. The method adopts ionizing radiation (X-rays) to scan the organ of the

body under investigation (Figure 7.14).

7.11.1 Instrumentation and Clinical Procedure

The CT scanner is a rotating gantry that has an X-ray tube mounted on one side and an arc-

shaped detector mounted on the opposite side. An X-ray beam is emitted in a fan shape as the

rotating frame spins the X-ray tube and detector around the patient. Each time the X-ray tube

and detectormake a 360� rotation and theX-ray passes through the patient’s body, an image of a

thin section is acquired. During each rotation the detector records about 1000 images (profiles)

of the expanded X-ray beam. Each profile is then reconstructed by a computer into a two-

dimensional image of the section that is scanned. When the image slices are reassembled by

computer the result is a detailed, multidimensional view of the interior of the body. Very small,
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Figure 7.14 Block diagram representing the arrangement in computer tomography (CT)
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controlled amounts of X-ray radiation are passed through the body and different tissues absorb

radiation at different rates. A CT examination often requires the use of different contrast

materials to enhance the visibility of certain tissues or blood vessels. CT scanning causes no

pain, andwith the use of spiral CT the need to lie still for length of time is considerably reduced.

The mineral content in the compact bone of the tibia and femoral shaft has been measured

accurately by using CT. In contrast, several studies have shown that determinations (Mazess,

1983) on trabecular bone samples (from the spine and elsewhere) in vitro involved large errors

( > 30%). This accuracy reflects the influence of variations in marrow fat content with single-

energy techniques at high Kilovolts peak (KVP). The normal variability of marrow fat (�20%)

leads to uncertainties of 3–10% (dependent on beam energy and bone concentration) in the CT

bone measurement. The high intrinsic accuracy of CT is also degraded by variations in the

composition of bone substance. This uncertainty affects not only the diagnosis but also the

monitoring of bone changes. By careful selection of images, a precision of 3% can be obtained

for both spinal and radius but uncertainties inmarrowcomposition can double thevariance. The

problem can be minimized by using either lower energy radiation on thinner body sections or

dual-energy CT.

Lower energy measurements on the distal radius have been performed using specially

constructed 125I-CT scanners. The long-term precision of bone mineral measurement is about

0.6%. In normal subjects a good correlation (g¼ 0.9) is obtained with vertebral bone density

and, consequently, there is fairly good sensitivity in the diagnosis of osteoporosis. The

osteoporotic samples fell below the 95% confidence limit for age-matched controls. The low

dose, high precision and good accuracy of these measurements makes this technique very

useful. It has already been demonstrated that 125I-CTmeasurements on the distal radius can be

used to follow immobilization, fracture healing and also various endocrine disorders. The

density changes in radius due to immobilization are smaller and slower than those of the spine

in immobilization (Mazess, 1983).

Assuming that bone trabeculae have the same composition as compact bone, then the

trabecular bone density (Pt) is given by:

Pt ¼ APc ð7:7Þ
where Pc is the density of compact bone and A is the fraction by volume of trabecular bone

(Mullen et al., 1985).Attenuation of theX-ray beampassing through the trabecular bone region

is described by the linear attenuation coefficient m of the mixture of trabecular bone and bone

marrow:

m ¼ Amc þðIþAÞmm ð7:8Þ

where mc and mm are the linear attenuation coefficients of compact bone and bone marrow,

respectively. The sensitivity to detecting bone changes is dependent on the amount of bone

material present in the trabecular bone region.

Several workers have adopted a filtered back-projection technique to reconstruct CT images

from the projection data (Shepp and Logan, 1974). The CT images are evaluated with regard to

trabecular bone changes. For that purpose a ‘‘bone parameter’’ mI is defined as the average

linear attenuation coefficient characterizing thematerial in the trabecular bone region. To avoid

any contribution from cortical bone, a central disc limited to 50% of the total bone area is used

for the evaluation. The precision of the bone parameter (dose dependent)mI is described by the
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ratio s/mI. The mean mI and the standard deviation s are calculated from a set of CT images

(Brooks and DiChiro, 1976). The dose depends on the mass distribution of the model, the

densities of the tissues and the slice thickness.

Carrying out measurements with the head phantom in the range 80–140KVP, Keller et al.

(1980) found a monotonically increasing detectability with decreasing energy when exposure

was held constant – in line with the theoretical prediction of Mullen et al. (1985). For energies

below 30 keV the sensitivity of the linear attenuation coefficient to changes of the trabecular

bone density was higher, but the precision of the measured bone parametermI is much smaller.

For energies above 40 keV the precision is higher but the sensitivity is diminished. The soft

tissue compartment in the trabecular bone region is assumed to have a constant composition

during bone evaluations, though bone marrow might change its composition or density. To

minimize this effect, the use of a high contrast between bone and soft tissue at low energies is

often suggested. The accuracy of the bone parameter (mI) depends, to a small extent, on the size

of the X-ray beam.

One design of CT scanner, as developed by Hosie, Richardson and Gregory (1985), is a

translation-rotation type in which the radiation source and detectors translate across the

width of the arm. The translation is repeated at the new angle and the whole process is

repeated through a total rotation of 180�. The radiation source is a 500mCi 1-mm diameter

bead of iodine-125. The source is collimated to produce four beams of radiation that have a

narrow band of energies around 29 keV. Four photomultipliers operate in count mode and the

energy-selected pulses are interfaced to a computer by means of specially built electronic

counters.

Tomeasure the length of the patient’s ulna, the arm of the patient is secured in the arm holder

of the scanner and positioned approximately by means of a light beam. The ends of the radius

and ulna can be clearly defined and the scanner is automatically positioned at a site 30% from

the end of the ulna. A set of three juxtaposed 2-mm thick slicemeasurements are made, starting

at the 3% position, and a separate measurement is made at 25% of the ulna length, a site at

which only cortical bone is present. The radiation dose to the patient is very low, typically about

40 rad, and is confined to a small region of the distal forearm.

7.11.2 Quantitative Computed Tomography (QCT)

In this method BMD is quantified using a bone mineral reference phantom that is scanned

simultaneously with the patient. To minimize the impact of beam hardening, the calibration

phantom is placed as close as possible to vertebrae and is located under the lumbar spine of the

patient, containing bone, red marrow and marrow fat. A single-energy QCT measurement can

determine the mass of a bone in a volume consisting of two components (e.g., bone and red

marrow), but not in a three-component system (Goodsitt et al., 1994).

QCT is an accepted and long-used technique for the assessment of lumbar spine bone density

but QCT of thoracic vertebrae is desirable because it measures bone mineral density in a

skeletal region where compression fractures are prevalent (Zamenhof, 1997; Wasnich, 1996).

A lateral protection is first made to localize the lumbar vertebral bodies and then scans of

8–10mm thickness are acquired through 2–4 contiguous lumbar vertebral levels. The CT

image is processed, along with analyses of the calibration phantom, to obtain BMD and so

determine a region of interest in the trabecular bone of the vertebral body (Kalender, Klotz and

Suss, 1987; Steiger et al., 1990; Lang et al., 1999). It is then possible to obtain the mean BMD
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of the vertebral region of interest as 80 mSv (value includes the dose of the lateral localizer scan)
(Kalender, 1992). Again a significant advantage of thoracic QCT lies in the fact that the

vertebrae necessary for densitometric measurements are in the field of view of chest scans.

These scans, commonly acquired for the purposes of coronary calcium of lung assessment,

serve as sources of valuable bone density information on patients and participants in research

studies. In contrast to one-mineral density, the QCT density measurement is independent of

bone size and thus is a more robust measure for comparisons of bone density between

populations and, potentially, for growing children.

However, the use of thoracic QCT to measure BMD still needs more validation. To examine

thevalidity of thoracicQCTas amethod tomeasureBMD,Wong et al. (2005) have assessed the

precision of thoracic QCT bone density values and their correlation to lumbar QCT density

results.

In addition to producing precise results, thoracic QCT BMD compares with a high

correlation to lumbar QCT results in both male and females. Although the two methods

correlate well, the results are significantly different when analyzed with a paired t-test, with

lumbar QCT producing a lower bone density mean. This variability between lumbar and

thoracic bone mineral may be attributed to anatomic and physiologic differences or to the

differential effect of osteoporosis on different anatomic sites. However, because lumbar and

thoracic bone density are highly correlated, it suggests that measurement of the latter might be

predictive of thoracic clinical features.

One inherent concern when using thoracic QCT tomeasure bone density is beam hardening,

the distortion in attenuation coefficient caused by the presence of the lungs in the field of view.

However, because the correlation between thoracic QCTand lumbar QCT bone density is high

and the standard error of estimate of 18.98mg cm�3 is large compared to the biologic

variability of the populations, beam hardening does not seem to cause errors that are large

enough to cause a significant risk of misclassification of fracture risk. If direct comparison of

absolute bone density values are needed, lumbar QCT bone density (x) can be converted into

the approximate thoracic QCT (y) value with the linear relationship:

Y ¼ 0:87xþ 22:97 ð7:9Þ
Carr et al. (2001) have validated thoracic QCT as a method of measuring BMD in an

unembalmed cadaver by comparing in situ multidetector CT measurements of vertebral T8

to T11 to calcium ash measurements of the respective vertebral. These authors also performed

in vivo bone density measurements in 15 study cases to compare bone density by lumbar QCT

(T11-L3) to cardiac gated thoracic QCT (T6-T11). The cadaveric study found a high

correlation (P¼ 0.61) between direct measurement of calcium ash and QCT of thoracic

vertebrae and no significant difference in bonemineral density results (paired t test). The study

presented an extremely high correlation between thoracic and lumbar QCT (r¼ 0.99). Lenchik

et al. (2004) found a high correlation between thoracic and lumbar bone density with a higher

bone density estimated from the thoracic vertebral.

Wong et al. (2005) have concluded that thoracic BMD is a good indictor of fracture risk, as

shown by correlation to lumbar spine BMD, and also the typical age range of people having

these scansmakes them reasonable candidates for osteoporosis assessment. These authors have

also shown that QCT of thoracic vertebral produces bone density measurements with rescan

precision and regression errors that are relatively small compared to the biologic variable of

BMD. Thoracic QCT bone density values are not identical to the results produced by lumbar

Non-Invasive Techniques used to Measure Osteoporosis 347



QCT, but its high correlation to the reference method and its small precision and regression

errors validate the use of QCT in the thoracic spine as a reliable method of measuring BMD.

The presence of marrow fat means that single-energy QCTunderestimates the mass of bone

per unit tissue volume, an error that can be corrected using dual-energy acquisitions. In

addition, the effect of marrow fat on QCT measurements is larger at the spine or peripheral

skeletal sites. The conversion from red into fattymarrow tends to finish by themid-20s, and this

gradual age-related increase in the proportion of fat in the bone marrow that starts in youth

continues through to old age.

The primary advantage of volumetric QCT of the spine is improved reliability in the

measurement of trabecular BMD.The ability to examine both trabecular and cortical bone is an

advantage for QCTof the hip, particularly in the case of therapies such as PTH. In this context

Cann et al. (1999) reported that cortical bone maintained its density but significantly increased

its mass and volume. In addition, a QCT image provides a mechanical model of the proximal

femur based on the bone geometry and spatial distribution of material properties. Because the

three-dimensional image can be connected for rotation of the vertebra in the coronal and

sagittal plans, it is possible to make measurements with greater reliability in patients with

scoliosis or lordotic curvature. In QCT the precision is better because the volumetric analysis

can also correct for operator error in slice placement.

The major source of error in QCT bone measurement is the phenomenon of partial volume

averaging. Because the voxel dimensions in QCT measurements (0.8–10mm slice thickness)

are larger than the dimensions and spacing of trabeculae, a QCT voxel includes both bone and

marrow constituents.

Limited access to conventional all-purpose CT scanners has led to the development of

peripheral QCT (PQCT). The basic PQCT unit consists of two major components, the scanner

hardware and a computer system for hardware control and image data analysis. The scanner

hardware contains a collimatedX-ray source that emits a very narrowX-ray beam, a fixed set of

solid-state detectors and a mechanical system allowing transverse, radial and axial displace-

ments of the source detector assembly. The PQCT image is derived from a series of X-ray

transmissions that represent the fraction of X-rays that pass through various lengths of the

object. The PQCT image is composed of a discrete number of picture elements (pixels).

However, since the tomographic bone slice has a predetermined thickness, the pixels that

comprise the reconstruction image represent individual volume units referred to as ‘‘voxels.’’

Each voxel in the PQCT represents the linear attenuation coefficient (m) of the tissue being

studied. The attenuation coefficient is dependent on the energy of the X-ray beam as well as the

amount of the absorbingmaterial. The final density of the object imaged can be estimated from

the linear attenuation coefficients. By summing the individual bone mineral content values

assigned to each voxel, the PQCTallows us to determine themineral mass [BMC (mg)] and the

mineral density [BMD (mg cm�3)] of thewhole bone slice or of selected cortical and trabecular

regions of interest.

PQCTallows the measurement of selective density calculation of cancellous bone (Genant,

Steiger and Gluer, 1989; Muller, Ruegsegger and Ruegsegger, 1989; Ostlere and Gold, 1991).

Wang et al. (2001) have defined the age-related characteristics of bones of male Sprague–

Dawley (SD) rats by using PQCT densitometry and histomorphometry. PQCT densitometry is

a relatively new, sensitive technique that has been developed for separately quantifying

cancellous and cortical bones in humans (Augat et al., 1998a, 1998b, Gasser, 1995). As in

humans, the vertebrae and the femoral necks of rats contain both cancellous and cortical bones,
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which have been shown to be decreased to differing degrees by aging. Therefore, in male (SD)

rats, it is appropriate to consider cortical bone and cancellous bone as separate compartments,

as done byWang et al. (2001). This enables us tomonitor very small changes in a short period of

time (Breen, Millest and Loveday, 1996; Ferrethi et al., 1995). Banu, Wang and Kalu (2000)

have analyzed both cortical and cancellous bones from vertebra, tibia and femur in intact male

rats at different ages using PQCT densitometry. This is important because in large animals

(Jerome, Johnson and Lees, 1995; Hotchkiss, 1999; Augat et al., 1997) trabecular bone has an

8–10� larger surface area than cortical bone and therefore reacts much faster to metabolic

changes brought on by disease or a pharmacological agent.

PQCT has been used in several studies and the results correlatewell with histomorphometric

measurements (Banu et al., 1999; Gasser, 1995; Louis et al., 1996; Rosen et al., 1995;

Takada et al., 1996). Another advantage of PQCT is that it measures volumetric bone density –

unlike other X-ray absorptiometric techniques, which only measure areal density – and it also

uses a lower dose than the standard spinal QCT, because only the appendicular skeleton is

irradiated.

Variables combining the density and geometry of the cortical shell are also derived from a

PQCT image. The moment of inertia weighted by the cortical density of each voxel in the

cortical shell has been shown to capture the strength of the bone. This so-called strength strain

index (SSI) can be measured non-invasively and correlates strongly with bone strength

(Schiessl et al., 1998; Wilhelm et al., 1998). A PQCT derived bone strength index (BSI),

an index similar to the SSI, can predict the fracture load of bones in three-point pending tests.

A comparison of BSI and fracture load in over 200 rat femurs revealed a correlation exceeding

0.9 (Feretti, Capozza and Zanchetta, 1996).

7.12 Modification of CT Methods

A relatively new technique, spiral (helical) CT, has improved the accuracy of CT in a clinical

environment. A new vascular imaging technique, called spiral CTangiography, is non-invasive

and less expensive than conventional angiography and allows us to see blood vessels. The term

‘‘spiral CT’’ comes from the shape of the path taken by the X-ray beam during scanning. The

examination table advances at a constant rate through the scanner gantry while the X-ray tube

rotates continuously around the patient, tracing a spiral path through the patient. This spiral

path gathers continuous data with no gaps between images.

With spiral CT, refinements in detector technology support faster, higher-quality image

acquisition with less radiation exposure. The current spiral CT scans are called multidetector

CT and are most commonly 4-or 16-slice systems. CT scanners with 64 or more detectors are

now available. These instruments can provide either faster scanning or higher resolution

images. Using 16-slice scanner systems the radiologist can acquire 32 image slices per second.

A spiral scan can usually be obtained during a single breath hold. This allows scanning of the

chest or abdomen in 10 seconds or less. Such speed is beneficial in all patients but especially in

elderly, pediatric or critically ill patients, populations in whom the length of scanning often

becomes problematic. Themultidetector CTalso allows applications likeCTangiography to be

more successful.

With conventional CT, small lesions may go undetected when a patient breathes differently

on consecutive scans because lesions may be missed by unequal spacing between scans. The

speed of spiral scanning and a single breath hold increase the rate of lesion detection.
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Dual energy CT scans (Alverez and Macovski, 1976) provide correction for a beam

hardening. With this method the data obtained at two different scan energies are combined

to produce two new sets of data that correspond to a ‘‘ soft tissue’’ image and a ‘‘mineral’’

image. These reconstructed images are free of any beam hardening artifacts and can be used to

obtain accurate CT numbers at any effective scan energy. In addition, dual energy CT provides

more accurate values for the BMC when the fat content is significant (Firooznia et al., 1984).

However, this has not been used clinically to any great extent, for several reasons: the method

demands additional dose and time and has an inherently poorer precision. In one study (Genant

et al., 1982) the precision on spinal samples in vitro is to reported to be 14%.

To develop a relationship between bone structure and bone geometry with the mechanical

integrity of bone, micro-computed tomography (mCT) has been developed. mCT essentially

consists of amicro-focused X-ray source, a detector array, an object stage, computing resource

of reconstruction and visualization, and an optical bench to isolate environmental vibrations.

The detector array records attenuated intensities of the X-ray beam from various orientations.

Overall, the imaging system is contained in a lead shielded box that is interfaced to a data

analysis system. This method allows us to understand the effect of various pharmacological

agents or to examine various disease states. mCT gives insight into trabecular structure with a

spatial resolution better than 50mm (Gordon, 2004).

7.12.1 CT Methods: Benefits and Risks

7.12.1.1 Benefits

. Unlike other imaging methods, CT scanning offers detailed views besides bone of many

other types of tissue, for example, the lungs, soft tissues and blood vessels
. CT scanning is painless, non-invasive, fast, accurate and yet cost effective.
. Disease processes may be detected at an earlier stage than is possible with other techniques

and lesions. It may be possible to detect in areas that are difficult to assess with conventional

imaging. The most common technique is CT guided biopsy. CT guided drainage can also be

used in the treatment of most deep seated abscesses and other pathological targets.
. Imaging at peak levels of contrast: arterial and venous phase.
. Besides, multiplanar and three-dimensional analysis, it offers CT angiography, facial bones

and cancer straging.

7.12.1.2 Risks

. The effective X-ray radiation dose from this procedure is about 10mSv, which is about the

same as the average person receives from background radiation in three years. However,

pregnant women need to inform the doctor of this before undergoing this procedure.
. Nursing mothers are advised to wait 24 hours after contrast injection before resuming breast

feeding.
. The risk of serious allergic reaction to iodine-containing contrast material, though rare, still

exists.
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CT scanners have made a change in the speed at which images can be obtained. In the third

generation a fan shaped beam of X-rays is directed to an array of detectors that are at fixed

positions relative to the X-ray source. This eliminates the time consuming translation stage,

allowing the scan time to be reduced, initially, to 10 seconds per slice. This advance

dramatically improves the practicality of CT as scan times become shorter to image the lungs

or abdomen. Previously scans were limited to the head, or to limbs. This design, introduced

roughly simultaneously with third generation scanners, gives an approximately equal perfor-

mance. Finally, instead of a row of detectors that moves with the X-ray source, new fourth

generation scanners use a stationary 360� ring of detectors.

The precision of QCT for measurement of mineral content in humans is 1–3% for single

energy (80 kvp) and 3–5% for dual energy (80 kvp/120 kvp) techniques (Genant et al., 1982,

1983). The accuracy of single energy QCT is 1–2% for K2HPO4 solutions, 5% for monkey

vertebrae specimens and 4–10% for human vertebrae specimens spanning a wide age range.

The accuracy for QCT (and DPA), however, may be reduced to 15–20% in the very old

osteoporotic population (Genant et al., 1983; Laval-Jeantet et al., 1984). With DPA, vertebrae

compression with callous formation, angular and scoliotic deformity, and extraosseous calcifi-

cation, and so on, which are widespread in the elderly, may result in inaccurate and poorly

reproducible vertebralmeasurements.Highly significant correlations have been found between

vertebral trabecular minerals determined by histomorphometry (De Vernegoul et al., 1984).

7.12.2 Discussion

Although the predictivevalue of theQCT for the dimensions of single osteons is low, the osteon

density and osteonal fraction, parameters associated with the entire area of osteonal structures,

may be accurately predicted. Conclusions about the reasons for high intracortical porosity and

bone turnover require histological analysis. In addition, when applied in vivo, several factors,

such as partial volume effect and the likely lower CT resolution, may influence the measure-

ment of morphological cortical bone parameters considerably, whereas the influence on bone

density measurement is considered to be lower.

CT methods have been useful in separating cortical from trabecular bone in the radius. This

ability has enhanced the sensitivity of this technique to monitor metabolic changes by

measuring trabecular bone with its high turnover rate independently of low turnover cortical

bone. However, themeasurement of radial mineral does not correlatewell withmineral content

in the axial skeleton in health or disease (Dalen and Jacobson, 1974;Wilson, 1974). Clinically,

the most significant problems of bone loss occur in the vertebrae and femoral neck. The

usefulness of CT for measuring bone mineral in the vertebrae lies in its ability to quantitatively

image a thin transverse slice through the abdomen. With this technique, one can spatially

separate cortical and cancellous bone in the spine. Thus, one can measure changes in bone

mineral content: (i) non-invasively, (ii) in cancellous bone, where measurement of changes is

more sensitive than in cortical bone, and (iii) at the site of clinical involvements, in the

vertebrae. The diagnostic capability of vertebral CT in metabolic bone disease depends on

the accuracy of measurement of the bone mineral contained within the vertebral body.

This accuracy is influenced by (i) the accuracy of the calculated attenuation coefficients and

(ii) the model assumed for vertebral composition.

Most scanners adopt correction factors due to hardening of the polychromatic X-ray spectrum

as it passes through the body. The first-order correction for hardening is water and the second-
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order to remove artifacts due to bone. This may improve image quality but may also lead to

other inaccuracies in the calculated CT numbers (Joseph and Spital, 1978).

The relevance of BMDmeasured by QCT for the mechanical properties of cortical bone has

run into controversy, because low correlation coefficients have been reported between cortical

bone strength and BMD (Snyder and Schneider, 1991; Stromsoe et al., 1993). However, the

relevance of BMD at the tissue level for the prediction of mechanical parameters of bone has

also been reported for cancellous bone (Wachter et al., 2001). Wachter et al. (2002) have

revealed significant correlations between BMDand bothmechanical parameters (yield stressE

modulus). BMD reveals a high predictive value for structural parameters strongly related to

mechanical bone properties, for example, porosity, dimensions of pores and osteon density. For

the correlation between elastic modulus and BMD (r¼ 0.69, P < 0.0050), the correlation

coefficient is higher than previously reported (Snyder and Schneider, 1991). A possible

explanation for this result could be that patients with different bone status (Singh index

3–6) are included. Awide range of BMD values of cortical bone might contribute to stronger

correlations. However, patients with clinical symptoms of osteoporosis and a Singh index of <3
are excluded. By excluding patients with severe forms of osteoporosis and osteoarthritis one

can reduce these effects on the measurements. However, this population of subjects can not be

taken to be representative of the general population as far as the mechanical, densitometric and

histological indices measurements are concerned. Although the effect of osteoarthritis on

metaphyseal bone as well as on the femoral head and femoral neck may be considerable, the

influence of these effects on the diaphyseal bone may be of minor relevance. Data reveal a

significant correlation of BMD, assessed by QCT, with histologically determined porosity

(r¼ 0.51 linear, r¼ 0.85 polynomial).

While assessing the bone loss, one has to distinguish between the effects of bone growthwith

the effects of aging (Kalu, 1991). Among the indices of vertebral cortical bone mass measured

by PQCT densitometry, vertebral ct.Th is one that is affected appreciably by aging. Aging leads

to a decrease of about 31% (P < 0.0001) in vertebral ct.Th (Wang et al., 2001). From a peak at

about 4 months of age, both vertebral cancellous BMC and vertebral cancellous BMD

decreased linearly with aging as measured by PQCT densitometry, an observation consistent

with the authors histomorphometric findings in the L-4 vertebral body of male SD rats. These

authors also found that major structural features of vertebral cancellous bone loss in male SD

rats are reductions in Tb.N and Tb.Th. In male SD rats a decrease with aging in osteoblastic

activity is one of the possible mechanisms for the age-related loss of cancellous bone found in

aging male SD rats, which is also believed to be the case in men (Clarke et al., 1996).

7.13 Methods Based on Compton Scattering

Compton scattering has been explored as a technique that has the potential to yield a direct

measurement of the mass of material within a defined volume of bone. In this method

the incoming photon loses some of its energy to the electron and itself propagates in a

new direction (undergoes scattering) but with reduced energy (increased wavelength).

Figure 7.15a shows a schematic presentation of the physics of Compton scattering. The

intensity of Compton scattered photons is proportional to the electron density of a substance.

Electron densities are directly related to mass densities through the use of the effective ratio

of the atomic number to the atomic weight of the material. The electrons are assumed to be

free and at rest. Therefore, it is possible to determine the distribution of electron densities
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Figure 7.15 (a) X-ray scattering and absorption process by an atom;(b) single-source, single-detector

gamma scattering technique (Huddleston et al., 1978);(c) simplified diagram of scattering geometry,

showing source and detector and the paths in tissue of incident and scattered radiation
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throughout a tissue volume by measuring the scatter intensity at a given angle. Fixed point

Compton scattering techniques have been developed for the determination of skeletal bone

density (Olkkonen and Karjalainen, 1975; Kennett, Garnett and Webber, 1972; Hazan et al.,

1977; Huddleston et al., 1978; Huddleston and Bhaduri, 1979; Webber and Kennett, 1976;

Huddleston, Bhaduri and Weaver, 1979). Compton scattering methods (Clarke, Milne and

Van Dyke, 1976; Farmer and Collins, 1974; Battista, Santon and Bronskill, 1977; Huddleston

and Bhaduri, 1979) have been investigated for the energy range above 600 keV (137Cs, C60).

However, these imaging methods utilize a high patient radiation dose (11.0 rad) (Battista and

Bronskill, 1981). Assessment of the electron densities of body tissues is important in radiation

therapy dosimetry calculations, in which the requirement for high spatial resolution may be

relaxed. Corrections for tissue inhomogeneities, based on Compton scatter electron density

measurements, have shown good agreement with those based upon transmission CT data. The

accuracy with which the electron density is determined using the Compton scatter imaging

method is estimated as 4.3%.

7.13.1 Technique

Odeblad and Norhagen (1956) and later Huddleston et al. (1978) proposed the use of the

Compton scattering process to determine the electron density of a substance. In a given region,

this technique has the advantage of measuring density that is independent of the surrounding

tissue. In this method the sample under investigation is irradiated by a narrow beam of photons.

A collimated NaI detector is fixed in position and the source is moved about an axis through

the center of the sample. The detector records the transmitted count rate from the sample when

the source is in position B (Figure 7.15b) and it records the Compton scattered radiation when

the source is moved to positions A and C. The sample is rotated clockwise by 30�. The
scattering volumewithin the sample can be defined by the intersection of the projections of the

source and the detector collimators.

a
b

Soft Tissue 

Source

(c)

Trabecular bone Cortical bone Detector

Figure 7.15 (Continued)
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The electron density (Pe) of the material within the scattering volume is given by:

Pe ¼ k
S1 S2

T1T2

� �1=2

where S1 and S2 are the scattered count rates and T1 and T2 are the transmitted count rates and

k is a constant to be determined experimentally.

A single radioactive source is used for these measurements. Samarium-153 (t1/2¼ 46.7 h) is

chosen because its primary photon energy (103 keV) falls into the optimal energy range, as

suggested by Garnett et al. (1973). An activity of 100–200mCi has been used in these

experiments. It is anticipated that higher activities will be required for in vivo measurements.

The source and detector collimators are aligned using a small diameter laser beam. The samples

to be tested are machined to fit inside an asymmetric plastic phantom that provides unequal

absorption of the transmitted and scattered photon beams. A 30 keV symmetric energywindow

is used to count the scattered and the transmitted photopeaks in the multichannel analyzer. At

the center of the sample, the diameter of the transmitter beam and scattering volume depends

only on the detector/collimator arrangement. In all measurements, the scattering volume is

completely enclosed within a homogeneous sample. Approximate agreement between inde-

pendent methods for determining the scatter diameter in the sample is reported. The measured

electron density depends on the diameter and the density range of the sample.

The single-source Compton scattering technique provides acceptable reproducibility and

accuracy in standard samples. Changes in density of less than 3% have been claimed to be

detected.

7.14 Coherent and Compton Scattering

Coherent scattering has received some attention as themost appropriate interactionmechanism

upon which to base a bone measurement technique because of its strong dependence upon the

atomic number of the initiated material (White, 1977). The difference in atomic number

between soft tissue and bone would allow significant contrast between photons scattered

coherently from bone and those scattered from soft tissue. Such a technique should offer a high

sensitivity to time dependent changes in BMCandwould have the advantage of a volume based

measurement. The ratio of coherent to Compton scattering depends upon the effective atomic

number of the material in which the scattering takes place. As the effective atomic number of

bonemineral (cortical bone, z¼ 13.8) is considerably higher than that of soft tissue (z¼ 6.4) for

yellow marrow (Guttmann and Goodsitt, 1995), this provides a more sensitive tool to measure

bone mineral status than the method based on Compton scattering along. However, the

coherent cross section decreases rapidly as photon energy increases.

When X-rays pass close to an atom they may cause the bound electrons to vibrate at a

frequency corresponding to that of the X-ray photon. The electron re-radiates the energy in all

directions (at the frequency of incident photons). This is the scattering of the energy without

absorption. It occurs when the atomic number of the material is high (high binding energy) and

the energy of the incident photon is comparatively low. This process is called elastic scattering.

Several workers (Puumalainen et al., 1976; Puumalainen, Olkkonen and Sikanen, 1977,

1982; Kerr et al., 1980; Stalp and Mazess, 1980; Olkkonen et al., 1981; Ling et al., 1982;

Karellas et al., 1983; Leichter et al., 1984; Webster and Lillicrap, 1985) have used the
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measurement of the ratio of coherent to Compton scattered photons from irradiated bone to

determine information on its composition. The technique offers the potential of monitoring

bone mineral loss in diseased bone. Figure 7.15c shows the layout of this measurement

technique. If the path length through the tissue is the same for coherent and Compton scattered

radiations, the attenuation effects cancel out, since the energies of these two type of radiations

are sufficiently close. Typically, with 600 keV incident g rays and a scattering angle of 90�, the
energy difference between coherent and Compton scattering is 6.1 keV (Puumalainen et al.,

1976). Schatzler (1979) andKerr et al. (1980) have shown that the coherent to Compton scatter

ratio increases as the effective atomic number of the irradiated material increases.

The radiation source is either a 100 kvp X-ray beam filtered with 0.3mm tungsten or a

500MBq 241Am point source that provides g-rays of 59.5 keV well separated in energy from

other emissions. The tungsten filter suppresses the X-ray energy spectrum above 70 keV.

The energy loss DE of the Compton scattered photons is given by the equation:

DE ¼ E

1þ kð1� cosuÞ ð7:10Þ

where u is the angle of scatter and k is the incident energy in units of electron rest mass:

E

mec2

� �

Increasing the scattering angle therefore increases the separation of the coherent and Compton

scattered photon energies.

For a broad X-ray spectrum, a value proportional to coherent Compton scattering ratio is

obtained by sampling the scattered spectrum in two regions: (i) where the coherent scatter

dominates and (ii) where the Compton scatter dominates. The higher energy region samples the

coherently scattered spectrum close to the K-edge discontinuity, but at a higher energy than the

position of theCompton shiftedK-edge. The counts in this region are corrected for the presence

of the small Compton distribution in the region from those X-rays in the primary beam at

energies above the tungstenK absorption edge. The lower energy region samples an areawhere

very little coherent scatter is present and where the Compton scatter dominates.

A heavily filtered X-ray beam can be used to determine the effective atomic number of bone

in vitro by measuring the ratios of coherently to incoherently scattered X-rays. For a given

scattering geometry and incident X-ray spectrum, the experimentally determined value of

effective atomic number may be used as an indicator of bone composition. It is possible to

separate out the coherent and incoherent components sufficiently to allow us to obtain a value

similar to that found using a monoenergetic g-ray beam. The obvious advantage of employing

an X-ray unit over radionuclide sources is the difficulty in obtaining the latter of sufficient

activity and specific gravity for clinical measurement over a prolonged period.

There is no general agreement concerning the optimal photon energy and scatter angle for

this type of measurement. Small scatter angles are used (Schatzler, 1979; Kerr et al., 1980) to

increase the detection efficiency of coherent photons that scatter mostly in the forward

direction. The use of low energy also favors coherent scattering since the differential cross

section for this process decreases rapidly as the photon energy increases. However, the choice

of small scatter angles and low energy photons results in poor spectral separation between the

coherent and Compton peaks (Stalp andMazess, 1980; Kerr et al., 1980). A compromise must
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therefore be reached between adequate counting statistics and spectral resolution. Leichter

et al. (1984) have examined the changes of sensitivity that occur as a result of a change in the

incident photon energy. The combined effect of varying both the scatter angle and the photon

energy can be investigated by studying the changes in the momentum transfer. These authors

chose the range 8� z
 11 because it adequately covers the effective atomic numbers that also

apply to trabecular bone. Thismethod has been used to characterize this tissue since a change in

its mineral density is associated with a significant change in its effective atomic number.

To investigate the effect of the incident photon energy and the momentum transfer on the

sensitivity of measurement, experiments are carried out at three photon energies: 44GHq

of 241Am (60 keV), 1.18GHq of 133Xe (81 keV) and 8.51GHq of 99mTc (140 keV). The

coherent to Compton ratio (R) is measured by integrating the respective peaks in the pulse-

height spectrum, after correcting for the contribution of the Compton counts to the coherent

peak.

Figure 7.16 shows on a log–log scale the normalized measured ratio (R/RW) for each of the

K2HPO4 solutions as a function if its effective atomic number (z). This figure displays a linear

relationship to a very good approximation (r¼ 0.99) between log(R/Rw) and log z and the slope

of the regression line increases with the photon energy. The slope represents the experimentally

determined power dependence of the measured ratio on the effective atomic number for a

scatter angle of 47�.
These findings seem agree with that of White (1977), who found that a small increase in the

value when the photon energy increases in the range of 20–150 keV. An earlier study (Weber

andVan den Berge, 1969) found an increase in n (the power dependence) in the energy range of

20–60 keV, followed by a decrease of n when the energy is further increased. Leichter et al.

(1984) have explained the difference in their n value from those of Weber and Van den Berge

(1969) as due to the large differences in the cross sections reported by Grodstein (1957)

andHubbell andOverbo (1979).Differences in total coherent cross sections exceeding 30%are

common between the above-mentioned sources. The results of Leichter et al. (1984), which are
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Figure 7.16 The coherent to Compton measured ratio normalized to water (R/RW) as a function of

the effective atomic number of aqueous K2HPO4 solutions at various photon energies on a log–log scale.

The scatter angle is 47� (Leichter et al., 1984)
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based on the tabulations of Hubbell and Overbo (1979), indicate that the effect of the photon

energy on the power dependence of the total coherent cross sections on z is quite small.

An increase in the photon energy or in the scatter angle results in a higher sensitivity, but it

lowers the counting statistics. Since the number of detected coherent photons is much smaller

than that of Compton scattered photons, it is the number of coherent photons that determines

the statistical precision of the measurement. At large scatter angles, the coherent cross section

decreases with the photon energy much more rapidly than in the case of small scatter angles.

Therefore, if the energy is increased to improve the sensitivity, the percentage loss in the

coherent count rate is less if a small scatter angle is used.

Several factors are affected by the variation of the photon energy, including the detector

counting efficiency, the radiation dose to the patient, intensity of the coherently scattered

photons and the intrinsic sensitivity of the measurement (Kerr et al., 1980; Leichter et al.,

1984). To attain good sensitivity, the momentum transfer should be high; this can be achieved

by increasing either the photon energy or the scatter angle.

Based on the above principle, Shukla et al. (1985) have developed a technique tomeasure the

BMD of the calcaneus in vivo. In this technique the calcaneus is irradiated by a 60 keV photon

beam from 241Am (44.4GBq) sources and both the coherent and Compton scattered photons

are detected at 71� by a high porosity Ge detector. The ratio of coherent to Compton scattered

photons thus measured is converted into the BMD by use of a regression equation. A similarity

in the scattering spectra of a calibration phantom and a normal volunteer is observed. The

accuracy of the technique is approximately 5%, defined in terms of the standard error. Giganate

and Sciuti (1985) have described a large angle (u¼ 135�) photon scatteringmineralometer. The

device operates with 59.5 keV line and is characterized by a very compact source–detector

measuring head. These authors used two different experimental devices. In the first device a

7.4GBq (200mCi) 241Am point source, housed in a suitable lead collimator, is mounted on a

rotating table of anX-ray spectrometer. AGe detector and amultichannel analyzer are also part

of the device.

The above experimental set-up provides a compact source–detector assembly that is

characterized by (i) small overall dimensions, (ii) very short source–sample and sample–-

detector lengths, to obtain the highest count rate and (iii) the use of two or more X-rays sources

surrounding the detector.Leichter et al. (1985) have pointed out that K2HPO4 solution proved

unsatisfactory for calibration purposes when using the coherent to Compton technique. These

solutions differ markedly in their scatter spectra and composition from trabecular bone. These

authors proposed the use of phantoms made of bone ash suspended in white petrolatum in

varying concentrations. A calibration curve has been established using these phantoms with a

range ofBMDvalues. The scatter spectra and range ofR values andBMDof these phantoms are

in good agreement with those of real trabecular bone.

7.14.1 Clinical Applications

Clarke and Van Dyk (1973) have used two radiation sources and two detectors for in vitro

measurements. A technique based on coherent scattering will be more sensitive, but the

problem due to attenuation remains. Using two collimated sources around the detector allows

variation in the shape of scattering volume. For good precision and accuracy for measurements

in vivo, trabecular bone thickness should be no less than 2 cm. If the scattering volume includes

a soft tissue layer, the precision and accuracy are reduced. The backscattering mode gives rise
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to an increase in relative sensitivity and to a high compactness of the measuring head, as is

needed for an easy positioning of different bone peripheral sites. These advantages compensate

for the decrease in counting rate in the coherent peak.

Henson and Fox (1984) have shown that a determination of the effective atomic number

leads directly to the determination of percentage of calcium.

Regarding a material as equivalent to some hypothetical element with effective atomic

number Z� and taking the ratio at two energies, E1 and E2, gives:

mmðE1Þ
mmðE2Þ ¼

f ðZ*;E1Þ
f ðZ*;E2Þ ð7:11Þ

where mm(E) is the linear attenuation coefficient of the material and f(Z,E) describes the

variation of the total atomic cross section with energy for the element of atomic number Z.

If thematerial contains j elements and themass fraction of the ith element is ai, then themass

attenuation coefficient may be written as:

mmðEÞ
rm

¼
X

j

ai
mðEÞ
r

� �

i

ð7:12Þ

where:
X

j

ai ¼ 1

Combining the above two equations gives:
P

j aiðmðE1Þ=rÞiP
aiðmðE2Þ=rÞi

f ðZ*;E1Þ
f ðZ*;E2Þ ð7:13Þ

Since the linear attenuation coefficient can be found from the CT numbers of thematerial at the

two effective energies and the basic scanner relationship of CT number with the linear

attenuation coefficient, Z� can be estimated. In bone, the relatively high atomic number of

calcium, and consequently large photoelectric effect, is sufficient to allow realistic solutions to

be found of Equation 7.13.

Experimental data (Hyuonen-Debek, Riihonen and Debek, 1979) on the Ca/P ratio for

trabecular bone lie between 2.04 and 2.28, and the femoral data lies between 2.04 and 2.30.

Henson and Fox (1984) used a range of 1.7–2.6 for Ca/P ratio in the computations to cover all

reported values.

Themeans of the calcium distribution are plotted against Z� (Figure 7.17) together with their
standard deviations. The results can be represented by an empirical relationship of the type:

%Ca ¼ aðZ*Þn þ b Z* þC ð7:14Þ
with a correlation coefficient exceeding 0.9999. The variation of calcium percentage between

Z� values of 7.5 and 9.5 is approximately linear. This is in agreement with data of Adams et al.

(1982). Errors in the experimental determination of Z� can arise from the estimation of the

effective energies at the region of interest and from image noise.

The calcium percentage is calculable to within �13% for Z� values from about 10 up to

13.5. The error increases with decreasing Z� and is almost 19% at Z� ¼ 8, corresponding to a

calcium percentage of 2.2� 0.4. It is further pointed out (Henson and Fox, 1984) that these
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errors could be reduced by taking large trabecular areas to reduce the standard error of

measurement or by selection of small cortical zones having low standard deviations of their

CT numbers.

Phelps, Hoffman and Ter-Pogossian (1975) have shown that the linear attenuation coeffi-

cients (CT numbers) determined using computed tomography are linearly correlated with the

electron density (re) and with the effective atomic number (Rutherford, Pullan and Isherwood,

1976).

7.15 Dual Energy Technique

7.15.1 Dual Energy X-ray Absorptiometry (DEXA)

The assumption of constant thickness of the photon pathway restricts the use of SXA/SPA to

peripheral sites. The assumption can not be applied to important fracture sites such as the spine,

proximal hip and whole body. This is because of widely varying soft tissue thickness and soft

tissue composition.

In dual energy X-ray absorptiomety (DEXA), dual energy X-ray beams are generated by an

X-ray tube instead of an isotope source (Gustavson, Jacoson andKusoffsk, 1974). This method

has become the most widely used bone densitometric technique to assess risk of fragility

fracture (Kanis and Gluer, 2000). Traditionally, the focus of clinical bone evaluation has been

apparent bonemineral density (BMD) asmeasured byDEXA (Kanis et al., 2002; Brunader and

Shelton, 2002). With its advantages of high precision, short scan times and low radiation dose,

DEXA is well suited to meet the needs of a non-invasive method of diagnosing osteoporosis

(WHO, 1994; Royal College of Physicians, 2000). For the X-ray energies used in DEXA the

dominant attenuation process in soft tissues is Compton scattering. Huddleston and Scakler
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Figure 7.17 Experimental setup for the dual energy Compton scattering method. (Huddleston and

Scakler, 1985). (Reproduced with permission from A.L. Huddleston and J.P. Sackler, The determination

of electronic density by the dual-energyCompton-scatter method,Medical Physics, 12(1), 13–19� 1985,

American Association of Physicists in Medicine)
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(1985) have investigated the dual energy technique using the principles of Compton scattering

in the determination of the electron density of biological tissues. This is a technique to provide

gradation among no risk, probable risk, to high risk categories with appropriate initiation of

treatment. DEXA can usefully supplement SXA systems, eliminating the need for a water bath

or water bolus.

Detailed issues concerning differences in the behavior of cortical and trabecular bone and at

different anatomical sites have arisen. Consequently, several groups have devised methods for

imposing investigator specified loading (e.g., Turner et al., 1991; Chambers et al., 1993;

Torrance et al., 1994; Hillam and Skerry, 1995; Forwood et al., 1998; Yingling, Davies and

Silva, 2001; Gross et al., 2002; Guo et al., 2002) and unloading (e.g., Yonezu et al., 1999;

Kodama et al., 1999; Nakamura et al., 2001; Yamashita et al., 2001; Ito et al., 2002) regimens

on a single limb, using the contralateral limb as a control unit. Similarly, experimental

investigations of fracture healing (e.g., Hiltunen, Vuoprio and Aro, 1993; Olmedo and Weiss,

1994; Chakkalakal et al., 1999; Andreassen et al., 2001; Kurth et al., 2001;Meyer et al., 2001;

Uusitalo et al., 2001) in small animal models routinely use contralateral limb controls. Such

experiments require that site-specific data be generated and interpreted in proper perspective.

Examination is feasible at the lumbar spine, hip and wrist, corresponding to common fracture

sites. These features make DEXA an attractive proposition for diagnosis of osteoporosis.

This allows patients to monitor the effectiveness of therapy for osteoporosis and as a endpoint

for fracture in clinical investigations. Because of these advantages, DEXA has become a

popular analytical technique in mice and other small animals, either as a substitute for more

demanding techniques, such as biomechanical testing, histomorphometry and gravimetry, or as

a supplement to them.

7.15.2 Theoretical Formulation and Instrumentation

The method essentially utilizes a single source to provide the dual energy incident beam, a

single detector and a fixed scattering angle. The energy (E) of the incident beam (photon

energy) is shared with that of the scattered photon (EI) and that of the recoil electron (E-EI).

These are related by the following relationship:

E1 ¼ E=½1þðE=mc2Þð1� cos fÞ� ð7:15Þ

where mc2 is the rest energy of the electron and f is the scattering angle. The electron density
determination is based upon the assumption that the tissue of interest (substance 2) is

surrounded by a tissue of different density (substance 1). The electron density of substance

2 is calculated, using the measured scatter intensity, from:

Pcs ¼ ½IsðE1Þ=SðE1Þ�exp½m1 effðE1Þd1 þm2 effðE1ÞðD� d1Þ� ð7:16Þ

where D¼ the total path length in substances 1 and 2, Is(E1)¼ intensity of scattered

photons resulting from energy E1, Pcs¼ electron density of substance 2 determined by

Compton scattering method (cs), S(E1) is the average scatter density per electron, which

accounts for the scattering cross section, solid angle and detector efficiency corresponding to

incident energy E1; m1-eff(E1)¼ effective linear attenuation coefficient of substance 1 at
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incident photon energy E1, m2-eff(E1)¼ effective linear attenuation of substance 2 at incident

photon energies E1.

The method (Figure 7.18) utilizes a 7.4� 1010 Bq radionuclide source (192Ir) and a single

NaI (TI) detector, in which the two scattered photo peaks, 195.6 and 244.3 keV, corresponding

to the incident energies, 317.0 and 468.0 keV, respectively, are measured. The scattering angle

(90�) was chosen because of interest in human vertebral electron density measurements. Here

m1-eff and m2-eff represent all the attenuation interaction (photoelectric and scatter) that occurs

along the incident beam path, as well as along the path from the scattering volume to the

detector (Huddleston andWeaver, 1983). The scattered intensities Is (195.6 and 244.3 keV) are

determined for three symmetric energy windows (20, 30 and 40 keV); while the selected

counting time is maintained at 600 s. The effective linear attenuation coefficient (mcs-eff)

corresponding to each energy is determined by curve fitting techniques and expressed by the

following expression (Huddleston and Scakler, 1985):

IsðEÞ ¼ a expð�b dÞ

where d is the path length in a sample anda andb are the productPec-S andmcs-eff, respectively,

where Pec is the calculated electron density based on elemental composition. Each scatter

intensity obtained is the average of three measurements with the background subtracted for

Figure 7.18 A typical backscattering spectrum of a bone sample. All the elements present in the sample

except hydrogen are shown. The locations of possible steps caused by different elements are indicated at

the top. From the spectrum it is estimated that the sumof all elements heavier than calcium is atmost 0.5%

by weight of the bone ash. (Hyuonen-Debek, Riihonen and Debek, 1979)
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each of the three selected energy windows. The substances are mixed just prior to the

experiments and their electron densities are calculated using the relationship:

Pec ¼ PNA

Z

A

� �eff

ð7:17Þ

where (Z/A)eff is calculated from the elementary composition for each substance, NA is the

Avogadro constant and P is the mass density (g cm�3). The measurements are performed in

three chosen geometries.

Table 7.1 compares the electron density values, Pcs, determined by dual-energy Compton

scattering with electron density values calculated from elemental composition Pec. The

geometry in which the largest collimator is used gives the best agreement between Pcs and

Pes. When the Pcs is compared with Pec the mean percent difference represented by the dual

energy Compton scatter method is less than 1%.

7.15.3 Technical Details

DEXA provides an effective way to measure BMD in a specific region of interest (ROI) and is

the most widely used diagnostic modality for assessing osteoporosis and osteopenia. A

development in DEXA technology has been the introduction of a cone beam system in which

the entire scan field is imaged in a single exposure using two-dimensional (2D) detector arrays.

These are available for BMD measurements at peripheral sites such as the heel and hand

(Fordham, Robert-Countant and Darbous, 2000; Bouxsein et al., 1997). A cone beam DEXA

system has also been introduced with a detector array large enough for performing BMD

measurements at the spine and hip (Boudousq et al., 2003). Cone beam technology for spine

and hip BMD has the advantage of correcting for the effects of scattered radiation at the

detector.

As in humans, site specificity of BMDhas been reported inmice (Beamer et al., 2001; Sheng

et al., 2002; Turner et al., 2000;Masinde et al., 2002). Regardless of species, site specificity has

been sought primarily in comparisons of skeletal sites with marked differences in the

proportion of cortical to trabecular bone. Therefore, little is known regarding the extent to

Table 7.1 Electron density based on elemental composition, and electron density determined by dual

energy Compton scattering for known samples using geometries A, B and C

Electron density

based on elemental

composition

(Pec) (�1023 e� cm�3)

Electron density from Compton scattering (Pcs)

(�1023 e� cm�3)

Substance Geometry A Geometry B Geometry C

1. H2O 3.344 3.282� 0.067 3.329� 0.069 3.233� 0.045

2. NaCl 3.032 2.998� 0.057 3.025� 0.034 3.044� 0.003

3. KBr 3.188 3.140� 0.029 3.239� 0.013 3.249� 0.015

4. CuSO4 3.647 3.564� 0.367 3.598� 0.022 3.711� 0.022

5. K2HOP4 4.386 4.257� 0.104 4.375� 0.035 4.381� 0.008

6. K2HPO4 5.110 4.828� 0.003 4.913� 0.024 5.081� 0.022
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which anatomically distant cortical bone sites resemble each other densitometrically. Existing

rodent site specificity data are often insufficient to help guide interpretation of comparative

densitometry of left and right bones. To bridge these gaps, Blake and Fogelman (2005)

undertook a comparison of exercised mouse femora and humeri using DEXA.

The first DEXA scanners used a pencil-beam system (Cullum, Ell and Ryder, 1989; Mazess

et al., 1989). They used a pinhole collimator coupled to a single detector in the scanning arm

and took 5–10min to perform a BMD study of the patient’s hip or spine. Subsequently, a fan-

beam DEXA system was introduced that uses a slip-collimation coupled to a linear array of

detectors in the scanning arm (Bouyoucef, Cullum and Ell, 1996; Mazess et al., 2000). With

faster image acquisition, the time to complete a spine or hip study is now only 10–30 s for the

latest fan-beam models.

Lopez Franco et al. (2005) have reported that right–left correlations at each of these sites are

high, as are intersite correlations using side averaged data. These findings demonstrate the

impact of ROI analyses on measurement precision relative to whole body analyses. Moreover,

these experiments reveal that left bones have significantly greater BMD than right ones. This

observation has practical implications for mouse DEXA studies. The side disparities reflect a

population wise pattern. These authors compared the number of mice in which the left values

are greater and the number of mice in which the right values are greater for each measurement

and each site and found significantly more left values to be greater for BMD at both sites.

Left–right disparities of BMC mirrored the BMD findings, while bone area did not differ

significantly between the left and right sides at either site.

These authors observed only a moderately high correlation of 0.78 between left and right

BMDs at either the femur or the humerus – much lower than the correlation observed between

right and left hips in humans (Faulkner,Genant andMcClung, 1995; Bonnick et al., 1996;Yang

et al., 1997;Mazess et al., 2000;Rao,Reddy andRao, 2000;Wong et al., 2003). In addition, the

intersite correlations are higher between side-averaged data than for either ipsilateral or

contralateral comparisons. Lastly, they found that bone area is not normally distributed. Each of

these findings reflect the relatively large pixel size (0.18� 0.18mm) relative to the bones

studied, as has been discussed by Lopez Franco et al. (2004). The average obtained from two-

pairedmeasurements are expected to be closer to the true values than either measurement taken

individually. That side averaged data are more highly correlated between anatomic sites than

unilateral data and that the correlations of these two intersite data demonstrates that the

magnitude of individual measurement errors is large relative to the differences between right

and left sided data. Comparison of unilateral and bilateral femur BMDmeasurement in humans

has led to a similar interpretation (Mazess et al., 2000). These intersite correlations Lopez

Franco et al. (2005) are only slightly poorer than right–left correlations at a single anatomic

site, suggesting that femoral BMD is highly predictive of humeral BMD and vice versa,

supporting the notion that the various long bones possess similar biology. These authors have

pointed out that these results may not be generalizable to other strains ofmice, or other species.

DEXA scanning is performed ex vivo, with bones positioned on a specimen tray provided by

the instrument manufacturer, and are studied individually.

Multiple human investigations have compared densitometric features of bones and related

the observations to known or hypothesized differences in mechanical loading. Some inves-

tigators did not relate side comparisons to handedness (Bonnick et al., 1996; Mazess et al.,

2000), while others disagree about this relationship to BMD (Yang et al., 1997;Rao, Reddy and

Rao, 2000; Dane et al., 2001; Akar et al., 2002; Sadeghi et al., 2000). Despite these limitations
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and adjustment for them, a large number of specimens do reveal a small but significant

difference in right and left long bone BMD.

Investigations have revealed extensive clinical evidence (Bevier et al., 1989; Chen et al.,

1997; Glauber et al., 1995;Printchard, Nowson andWark, 1996; Ravn et al., 1999a, 1999b) of

strong positive correlations between BMI and dual energy X-ray absorptiometry (DEXA)

measurements of BMD. Yet, there is no insight into the underlying biological mechanism(s)

responsible for the linkage(s) between these anthropometric parameters. The relevance of

BMDmeasured by quantitative computed tomography for themechanical properties of cortical

bone has been controversial, because of low correlation coefficients between cortical bone

strength and BMD (Snyder and Schneider, 1991; Stromsoe et al., 1993).

DEXA delivers a very low radiation dose, thus also permitting its use in the pediatric

population and allowing for repeated measurements. The effective dose of the DEXA scan is

1–3mSv, depending on the scanning site. Althoughmeasurement of spine and hip bonemineral

dominates in the investigations of osteoporosis in adults, total body measurements are more

appropriate during growth. DEXA also has the advantage that measurements of soft tissue fat

and lean masses can be determined at the same time, allowing bone mass to be related to these

variables, as well as to age and weight. One factor that has been ignored completely is that the

accuracy of DEXA is not absolute. X-Ray attenuation arises because of three main compo-

nents: bone mineral, fat and lean soft tissue. As only two X-ray energies are used, complete

solution of the equations is not possible and it is necessary to make assumptions about fat

distribution. The results from different manufacturers and different software often give

different results for three attenuating materials (Tothill, Avenell and Reid, 1994a; Tothill

et al., 1994b).

Overriding clinical evidence (Bevier et al., 1989; Chen et al., 1997; Glauber et al., 1995;

Hylstup et al., 1993; Jensen, Nielsen and Skovsgaard, 1996; Liel et al., 1988; Printchard,

Nowson andWark, 1996; Reid et al., 1992; Reid, Evans and Ames, 1994) has provided strong,

positive correlations between body mass index (BMI) and dual-energy X-ray absorptiometry

(DEXA)measurements of BMD. Yet, no insight into the underlying biological mechanisms(s)

responsible for the linkage(s) between these anthropometric parameters and observed changes

in BMD has yet emerged. Nonetheless, these collective findings are generally considered of

intrinsic importance, as a range of possible biologically causal connections and prognostic

implications relative to osteopenia/osteoporosis and associated bone fragility have been

inferred (Printchard, Nowson and Wark, 1996; Slemenda, 1995) from them. Ravn et al.

(1999) have reported that the lowest BMI tertile of a carefully selected cohort of 417 recently

scanned postmenopausal women had significantly lower measured BMD at spinal and

proximal femoral sites than did those with higher body mass index {BMI¼weight (kg)/

[height (m)]2}. These authors confirmed the aggregation of clinical observations (Bevier et al.,

1989; Ravn et al., 1999; Chen et al., 1997; Compston et al., 1992; Glauber et al., 1995; Harris,

1992; Hylstup et al., 1993; Jensen, Nielsen and Skovsgaard, 1996; Liel et al., 1988; Printchard,

Nowson and Wark, 1996; Reid et al., 1992; Reid, Evans and Ames, 1994) of positive

correlations between body mass/percent body fat/BMI and DEXA-measured in vivo BMD.

Their findings also underline the relationship between patient soft tissue anthropometrics and

measured prospective changes in BMD.

An extensive body of clinical evidence indicates that the use of DEXA in vivo BMD

measurements is open to inherent inaccuracies (Antonacci, Hanson andHegeness, 1996; Blake

et al., 1992; Bolotin, 1998a, 1998b; Farrell and Webber, 1989; Farrell and Webber, 1990;
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Formica et al., 1995; Gotfredsen et al., 1988; Hangartner and Johnston, 1990; Hassager et al.,

1991; Ho et al., 1990; Kuiper et al., 1996; Sabin et al., 1995; Sorenson, 1990; Sorenson, Doke

and Smith, 1989; Svendsen et al., 1995; Tothill, 1989; Tothill, Avenell and Reid, 1994a; Tothill

et al., 1994b; Tothill and Pye, 1992; Webber, 1987). These can have serious consequences, as

they can influence finalmeasurement outcomes andmaterially affect diagnostic interpretations

and prognostic implications. These concerns are underpinned by reports of in situ and in vitro

cadaveric investigations. These reports have presented data indicative of large DEXA BMD

inaccuracies (exceeding �20%), particularly for postmenopausal and elderly individuals

displaying low BMD values. These findings are in agreement with more recent analytical

and quantitative simulation studies of lumbar vertebral and proximal femoral sites (Bolotin,

1998a, 1998b). These investigations have shown that the trends and specific quantitative

aspects of earlier clinical observations of strong positive correlations between soft tissue

anthropometrics and BMD could be traced to manifestations of BMD inaccuracies inherent in

DEXAmethodology. Thus, the presence of sizeable DEXA in vivoBMD inaccuracies is based

on a foundation of extensive and diverse clinical data, cadaveric studies and a fundamental

understanding of the mechanisms and causes from which they originate.

The extent of such inaccuracies and their dependency on soft tissue anthropometrics are of

salient importance for patient specific clinical DEXA measurements. This is due to the

prospect that sizeable inherent systematic in vivo BMD inaccuracies could seriously

compromise the integrity of DEXA measurements undertaken to evaluate predictive bone

fragility. In addition, assessment of the efficacy and/or quantitative effectiveness of drug and

other therapeutic regimens intended to ameliorate the osteoporotic condition may be

confounded.

The results of Ravn et al. 1999a, 1999b) have introduced aspects of the relationship between

BMD and soft tissue anthropometrics that demand consideration. Possible BMI–BMD

correlations and observations of the BMI-independent effectiveness of remedial drug therapy

that reflect actual changes in BMD indicate significant insight into bone resorption and

remodeling processes. However, the possible link between these and the uncertainties

prevailing in DEXA measurements needs to be ascertained. Clearly, it is important that these

two conflicting interpretative views of the aggregation of confirmed clinical observations

(Bevier et al., 1989; Chen et al., 1997; Glauber et al., 1995; Harris and Dawson, 1996; Hylstup

et al., 1993; Jensen, Nielsen and Skovsgaard, 1996; Liel et al., 1988; Printchard, Nowson and

Wark, 1996; Ravn et al., 1999a, 1999b; Reid et al., 1992; Reid, Evans and Ames, 1994) be

critically evaluated and compared before arriving at any conclusion.

7.15.4 Simulation Studies

The mean photon energies of the low and high energy components of DEXA spectra

(EL¼ 43 keV, EH¼ 110 keV: densitometers) (Dunn and Wahner, 1994) have been selected

in simulation studies (Ravn et al., 1999a, 1999b). Since beam hardening effects in DEXA are

negligible (Dunn andWahner, 1994; Sorenson, Doke and Smith, 1989), each component of the

dual polychromatic spectrum is treated as monochromatic. In the absence of beam hardening

the measured BMD can be treated as independent of overall torso thickness. Thus, the vertebra

can be considered situated in a torso of fixed 20 cm overall thickness (the average ante-

roposterior thickness encountered clinically).
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Since the procedure used in the dual energy Compton scattering method requires the

determination of the effective linear attenuation coefficient (mcs-eff), the accuracy of the dual

energyCompton scattermethod for use in electron densitymeasurement is of the order of 1–2%

for the 90� scatter geometry. Further, the precision of spine and hip BMDmeasurements from

established pencil-beam and fan-beamDEXA systems are around 1% for the spine and 1–2.5%

for different BMD sites in the hip (Patel et al., 2000). Blake, Knapp and Fogelman (2005) have

shown a strong linear relation between the cone beam and fan beam measurements with a

correlation between r¼ 0.95 and 0.97. Although the mean BMD in the two systems agreed

within 2% for spine and femoral neck BMD and 5% for total hip BMD, larger differences are

found in some individual patients.

With pencil beam and fan beam systems, most scattered photons are likely to miss the

detector and an accurate measurement of transmitted radiation is possible without any

confusing signal from scatter. However, with cone beam systems measurement of the

point-by-point transmission factor over the image field is complicated by the need to correct

for the scatter contribution to the signal. Because of this inherent uncertainty, the possibility

that a cone beam system can deliver accurate, reliable and precise measurements of spine and

hip BMD is questionable.

Simulation studies are normally conducted on the vertebra. In this method, the transverse

thickness of the vertebra is measured. The measured paths through the ROI matched fully the

standard prescriptive geometry of anteroposterior vertebral DEXA X-ray direction (Wahner

and Fogelman, 1994). All trabecular interstices are considered filled with the same bone

marrow type (red/yellow mix). The vertebra are considered surrounded only by lean muscle

tissue uniformly infused with adipose. The known total mass attenuation coefficients of each

elemental constituent at the relevant X-ray energies are given in standards (Wapstra et al.,

1957; Report of the Task Group on Reference Man, 1975; Goodsitt, 1992; Goodsitt et al.,

1994). Using this method the overall X-ray attenuation along each given photon path through

the bone ROI is obtained and the simulations of DEXA in vivo BMD scans are obtained

(Bolotin, 1998a, 1998b). These simulation studies have been carried out for many combina-

tions of different values of vertebral BMD, extraosseous fat-to-lean muscle tissue areal density

ratios and red/yellow marrow mixes in the ranges clinically observed (Antonacci, Hanson and

Hegeness, 1996; Bevier et al., 1989; Levy, Lees and Stevenson, 1992; Meunier et al., 1971;

Wang et al., 1989). In this context, the actual BMD (BMDactual) is defined and used here to be

the areal density of bone material (g cm�1) that would result from a DEXAmeasurement with

no BMD inaccuracy. The various simulated BMDactual values employed in this study are

selected by changing the concentration of simulated trabecular bone material within the

cortical enclosure, as also specified in earlier work (Bolotin, 1998a, 1998b). It is these BMD

values that are defined as BMDactual. These simulation studies are carried out as per the ideal

DEXA prescribed posteroanterior scanning mode (Dunn and Wahner, 1994).

The expression used to formulate the simulated values of DEXA measured BMD is the

standard DEXA equation:

BMDmeas ¼ ðrBxBÞmeas ¼
ln J1

J0

n o
ln I2

I0

n o
� ln J2

J0

n o
ln I1

I0

n o� �

l1Bln J2
J0

n o
� l2Bln J1

J0

n o� � ð7:18Þ

where rB and xB represent the volumetric density (g cm�3) of bone material and the inner

thickness of bone material present along any given DEXA X-ray path through the ROI,
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respectively; l1B and l2B represent the mass attenuation coefficients (cm2 g�1) of bone

material at the lower (1) and higher (2) dual X-ray energies of the DEXA densitometer,

respectively. Further, ln(J1,2/J0) and ln(I1,2/I0) are natural logarithms of the fraction of X-ray

intensities transmitted at energies 1 and 2 through the soft tissue lateral to the bone

and through bone material, respectively. The development and application of DEXA provides

a means of categorizing patients into three categories: (i) low possibility of fracturing a bone,

(ii) increased risk of fracture and (iii) those who have a higher risk of fracture (Webber, 2006).

In addition DEXA permits the assessment of efficacy of various medications and treatment

regimes considered to reduce the risk that patients may suffer a bone fracture.

To date, DEXA is the best accepted diagnostic tool for determination of BMD in a clinical

environment. Bagi et al. (2006) have tested the ability of non-invasive methodologies

(DEXA, pQCT and mCT) to asses and quantify cortical bone mass and geometry in a model

in which bone mass is induced by surgical castration. These authors have concluded that

these three techniques proved useful in describing cancellous and/or cortical bone para-

meters and positive correlations are demonstrated between data obtained by different

methods. The cross sectional area of a bone structure is crucial for resisting loads in

bending or torsion and is described as the ‘‘areal moment of inertia’’ for bending and as the

‘‘polar moment of inertia’’ in torsion. All three radiologic methods show a great deal of

precision and ability to detect small changes in cortical bone morphology following drug

treatment. Micro-CT has been reported to be sensitive even at medium resolution mode in

detecting newly mineralized surfaces at the periosteal and endocortical bone envelops (not

necessarily fully mineralized).

The technique shows an improvement over DPA in scan time, radiation dose, a finer

collimation of the beam (1.5mm), bone edge detection and cost of source renewal. This is free

from a beam hardening effect due to tissue thickness (Sartoris and Resnick, 1989; Slosman

et al., 1990).

Non-invasive assessment of vertebral strength is critical for the effective treatment of

osteoporosis. The current clinical standard, which is site-specific BMD assessment using

DEXA (Bates, Black and Cummings, 2002; Cawte et al., 1999), is onlymoderately effective in

predicting the possibility of occurrence of vertebral fractures (Cummings, Bates and Black,

2002).

Several researchers have implicated that DEXA provides an inaccurate measure of vertebral

fracture risk potential because it is structurally simple, that is, it indicates only volume averaged

material properties. Consequently, they have focused their efforts on developing more

sophisticated mechanical models of vertebral body fractures (Crawford, Cann and Keaveny,

2003; Crawford, Brouwers and Keaveny, 2004; Liebschner et al., 2003). These models are

patient specific and are generated from quantitative computed tomography (QCT) scans

and can be classified as (i) simplistic models (Brinckmann, Biggemann and Hilweg, 1989;

Crawford, Cann andKeaveny, 2003; Crawford, Brouwers andKeaveny, 2004; Eriksson, Isberg

andLindgren, 1989;Whealan et al., 2000), making use ofminimum axial rigidity and stiffness,

and (ii) three-dimensional finite element models (Crawford, Cann and Keaveny, 2003;

Crawford, Brouwers and Keaveny, 2004; Whealan et al., 2000). However, as yet, there is

no clear evidence that these methods have better outcomes thanDEXA-BMD in vivo (Buckley,

Loo and Motherway, 2007). These authors have further established that experimental strength

and stiffness are modestly correlated, while quantitative computed tomography based finite

element and strength are strongly correlated.
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This technique provides only a 2D image of apparent density – its ability to assess early

fracture risk is limited. While density (quantity) does positively correlate with strength

(Keaveny et al., 2001) about 30% of the variability in bone strength remains unexplained

(National Institutes of Health, 2000; Hans et al., 1997). DEXA also suffers from an inability to

differentiate trabecular from cortical bone. This is because the effects of bone loss are more

prevalent in trabecular bone due to itsmuch higher surface area and because the greater amount

of bonemineral content in cortical bone can conceal small changes in trabecular bone (Brismar,

Budinsky and Majumdar, 2001).

7.16 Neutron Activation Analysis

Total body neutron activation analysis is now established as one of themost important methods

of determining the elemental composition of the human body (Chamberlin et al., 1968;

Harrison, McNeil and Meema, 1974; Cohn et al., 1976a; Palmer et al., 1968; Spinks and

Bewley, 1976; Kennedy, Boddy and Williams, 1979; Kennedy, Eastell and Ferrington, 1982;

Eastell et al., 1983). It can be used to determine both the absolute amount and changeswith time

of certain body elements, in particular calcium, sodium, chlorine, phosphorous and nitrogen

(Cohn et al., 1976b). Because of this, normalization of the results is necessary. Since 99% of

total body calcium is present in bone (Heaney, 1963), the technique can be used to measure

calcium directly. It can thus measure bone mass and in this way can avoid errors in sampling

from different parts of the skeleton.

7.16.1 Technique

Several techniques (Chamberlin et al., 1968; Cohn, Dombrowski and Fairchild, 1970; Cohn

et al., 1972;Nelp et al., 1970;Boddy,HollowaandElliott, 1973; Spinks andBewley, 1976; Smith

et al., 1980) have been developed for total calcium measurement and used for patient

examination. The subjects are irradiated by a uniform beam of partially moderated fast neutrons

inducing several reactions,most notably 48Caðn=yÞ49Ca, 23Naðn; yÞ24Na, and so on. The patient
is either positioned at a distance from a single neutron source (Chamberlin et al., 1968; Cohn,

Dombrowski andFairchild, 1970;Nelp et al., 1970; Spinks andBewley, 1976; Smith et al., 1980)

between an array of 15 radionuclide sources (Cohn et al., 1972) or scanned between two opposed

neutron generators (Boddy, Hollowa and Elliott, 1973). Alternatively, the patient is encased in a

Perspex box, which moderates the neutrons and makes the flux through the patient uniform.

Anderson et al. (1964) described an experiment in which total body sodium and chlorine

were estimated after irradiation with fast neutrons. The subjects were irradiated for tenminutes

to a total dose of 0.10 rad. Fifteenminutes after irradiation, the subjects were taken and counted

on a whole body counter. These counts are then compared with those obtained from an

irradiated phantom, containing a known quantity of sodium and chlorine. The content in the

subjects can then be estimated.

Palmer et al. (1968) studied g-ray spectra from a human cadaver and from phantoms filled

with tissue equivalent solution after irradiation with 14MeV neutrons from the 3T (d, n)

reaction. In both instances, a well-defined photopeak of induced 49Ca is identified and separated

from the higher energy portion of the spectrum. The characteristic 8.8min half-life and 3.1MeV

energy of 49Ca were also confirmed. The induced 49Ca radioactivity is quantified with calcium

standards that are irradiated simultaneously with the patient and can be counted immediately
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after counting the patient. Absolute calibration can be done by irradiating and counting several

cadavers, after which the cadavers are ashed and the total body calcium (TBCa) determined by

chemical analysis. Limitations in the geometry and uniformity of both irradiation and counting

due to individual differences in body cavities are estimated to permit a measurement of total

body calcium in a single individual with a accuracy of�8%. By observing continued changes in

skeletal mass, a given patient can be comparedwith himself, thereby eliminating the problem of

geometric differences in body habitus. These authors have estimated that it is possible to detect a

change in total body calcium of �2%. The radiation dose of 0.1 rad that is necessary in this

determination is measured with small tissue equivalent ionization chambers (Braby, 1966)

placed at various locations within the phantom.

The accuracy of this method for determining the total amount of an element in man depends

on a uniform irradiation of the body with the neutron beam.

Kennedy, Eastell and Ferrington (1982) have described a technique to measure TBCawith a

high degree of precision. Themethod consists of two parts: The first to introduce corrections to

eliminate the effects of variations in activation and detection efficiency due to varying body

dimensions. Second, the normal predicted total body calcium is calculated using a formula

derived from the results of a group of healthy normal volunteers (Nelp et al., 1970; Cohn et al.,

1976).

The neutron source used for patient activation is a cyclotron producing neutrons of mean

energy 6.5MeV.During irradiation the subject is positioned in amoderator kioskmade of 3-cm

thick polyethylene sheets mounted on a turntable. The total dose equivalent received by the

patient is controlled by the neutron monitor chamber of the beam. The patient spectrum,

covering the energy range 0–4MeV, is recorded and analyzed.

The technique gives a precision of 1.8% on phantoms and is suitable for detecting small

changes in total body calcium. The process of correcting for varying body dimensions is

important for the accurate determination of the absolute amount of calcium in the body. These

authors concluded that the percentage of calcium lost in normal women after the menopause

(1.5%) is slightly higher (1.1%) than determined by Cohn et al. (1976). These authors further

concluded that total body calcium was dependent partly on (weight)�00.34 for males and

(weight)�0.18 for females, in broad agreement with the exponent (0.25) determined by Cohn

et al. (1976).

In an improved experimentation described by Eastell et al. (1983) the induced radiation was

measured using four sodium iodine detectors mounted in a whole body counter. Computer

analysis of the spectrum and the value of a standard irradiated simultaneously with the subjects

gave the total body Ca in 49Ca counts. The long-term precision based on anthropomorphic

phantom measurements was 1.8% for a dose of 1.3 rem (Kennedy, Eastell and Ferrington,

1982). The data from 49Ca can be interpreted directly as an indicator of skeletal mass in the

absence of ectopic calcification.

The total body calcium in normal women is 820� 124 g. This gives a combined variance

(CV) of 15.1% without making an allowance for span or postmenopausal age. The greatest

reduction in variance was obtained using the formula to obtain the predicted total body Ca

postmenopause (TBCaP):

TBCaP ¼ a s 1:69 e� 0:015yðg ¼ 0:90;P < 0:001Þ ð7:19Þ

where TBCaP is in grams; a¼ 399; s¼ arm span in m; y¼ years postmenopause.
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The arm span not only relatedmore closely to TBCa than height but also eliminated the error

due to loss of height associated with vertebral fractures. The estimated rate of bone loss was

1.5% per year. The ratio TBCa/TBCaP has been defined as the calcium ratio (CaR) (Cohn, Ellis

and Wallach, 1974) and for normal women it was found to be 1.0 with a CV of 6.6%.

The TBCa in women with vertebra and wrist fractures was 649� 87 g and 787� 72 g,

respectively. In the women with wrist fractures the CaRs were 1.00� 0.10, which was normal.

The formula for TBCaP cannot be extrapolated to cover women more than 22 years past the

menopause.

When TBCawas normalized for span along (TBCa/s1.69), that is, y¼ 0 in Equation 7.19 for

TBCaP, an estimate of osteopenia in patients with fractures can be made by comparing the

values with the CaR of normal women. The TBCa/as1.69 for women with vertebra and wrist

fractures and for normal womenwere 0.69� 0.06, 0.84� 0.08, and 0.88� 0.11 respectively. It

is likely that the precision of the measurements had at least 5% error (Mazess, 1983).

TBCa for the normal women (820� 104 g) was similar to that reported by Cohn et al.

(1976b), namely, 804� 106 g for normal women aged 50–59. The TBCa for women

with vertebral fractures (649� 87 g) resembled that described by Chesnut et al. (1977)

(688� 94 g) and Cohn, Ellis andWallach (1974) (590� 108 g). However, some of the patients

in the latter two groups did not have vertebral compression fractures but only demineralized

vertebrae.

Different formulae for TBCaP have been reported. Cohn et al. (1976b) use age from birth,

height and total body potassium: the latter two also may be age dependent. Nelp et al. (1972)

have predicted TBCa from the cube of the patient height. Eastell et al. (1983) noted that span

wasmore effective than height in reducing variance and these authors have suggested the use of

span, as it is unaffected by the height loss due to vertebral compression fractures.

Several workers (Smith and Tothill, 1979; McNeill et al., 1973) have used radionuclide

neutron sources (252Cf or PU-Be) to measure calcium in the spine, while others (Smith et al.,

1980) have employed neutron generators for neutron sources. The method of trunk activation

measures not only the spine but all the bone of the trunk. This trunkmeasurement encompasses

about 30% of the total skeletal calcium and hence it is not specific to trabecular bone. As such it

is exposed to the occurrence of ectopic calcification. Such extraosseous deposition, known to

occur with aging and bone disease, changes the percentage of calcium outside the skeleton.

Since much of the latter deposition occurs in the trunk area, the advantages of a trunk

measurement (high percentage of trabecular bone) are offset by potential errors. Spinal calcium

measurements involve fairly high doses (3 rem or more), however, which prohibits their use on

normal subjects, aswell as inhibiting repeatmeasurements on patients. This dose is particularly

high considering that it may involve about 50% of the active marrow in the body.

7.16.2 Site Choice

The larger the site to be measured the larger the neutron source and detection apparatus

required. The hand was the first peripheral part body site to be examined, which requires a

single and inexpensive radionuclide source (Catto, McIntosh and Maclead, 1973; Guey et al.,

1979). In certain clinical conditions the bone loss is initially most pronounced in the hand and

the bone volume can be used to normalize the data for absolutemeasurements. The forearm has

also been measured (Smith et al., 1977) using two radionuclide sources. This, besides being

easy to restrain, is more representative of calcium changes throughout the body.
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In the study of osteoporosis, the spine is generally considered a most suitable site of

measurements. Techniques have been developed to measure the lower spine (Al-Hiti et al.,

1976). McNeill et al. (1973) have developed a technique to measure the complete spine and

pelvis, which contains about 40% of the total body calcium.

7.16.3 Dose

The radiation dose to the patient is an important consideration with this method. The dose can

be reduced by shorter activation times, which will reduce the precision. The dose to the hand

given by Catto, McIntosh and Maclead (1973) was 15 rem, by Maziere et al. (1979) 8 rem and

byGuey et al. (1979) 2 rem. The dose to the total bodywas less than 1 rem in the two techniques

(Cohn, Dombrowski and Fairchild, 1970; Cohn et al., 1972).

7.16.4 Limitations

The particular problems encountered are:

1. High radiation dose ( > 3 rem), associated with the technique and the difficulties of housing

neutron sources in a clinical environment.

2. Non-uniformity of neutron flux, and non-uniformity in counting geometry.

In addition, the technique is rather costly for a routine medical check up.

Consequently, despite significant advances, Compton scattering and neutron activation

analysis have not so far been widely used in clinical settings.

7.17 Infrasound Method for Bone Mass Measurements

The above-mentioned techniques though accurate are beset with difficulties, such as exposure

due to ionizing radiations and cost, which makes repetitive measurements somewhat difficult.

Studies of the application of acoustic energy for non-invasive skeletal diagnosis have shown

its feasibility and demonstrated the advantages of utilizing acoustic (ultrasonic and subsonic)

techniques for bone mass and strength measurements. Unlike conventional radiological

techniques, acoustic techniques emit no radiation, are cost effective and utilize equipment

that is portable and easy to operate.

Subsonic techniques utilize low frequency acoustic energy (hundreds of Hz) often called a

vibration. Subsonic methods, known as impedance and resonance methods, involve excitation

and measurements of the flexural mode of vibration of long bone and show some potential

applicability for osteoporosis diagnosis. However, subsonic measurements are difficult to

interpret and, to a great extent, depend upon a corresponding mathematical model of the tested

object. The influence of surrounding soft tissue (itsmass and damping effect) creates additional

difficulties in the interpretation and use of these methods.

The infrasound method is different from the other methods. Instead of measuring flexural

resonances, which involve both the mass and flexibility of a ‘‘rigid body’’ resonance of a long

bone, such as tibia or ulna, it uses an artificial springwith known stiffness. The approach greatly

simplifies the interpretation of measurements and is more accurate.
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The method employs very low frequency (below the audible range) longitudinal vibration

excitation of human long bone through an artificial spring (Figure 7.19). The spring is much

softer than the bone and its joints, but stiffer than surrounding soft tissue. Because of this, the

flexibility of the bone and joints as well as mass of the surrounding soft tissue have no effect on

longitudinal oscillation of the spring–bone system, where bone contribution is purely inertial.

Thus, mechanically, the bone can be considered as a rigid mass. The spring mass system

exhibits resonance behavior (amplification of the oscillation on the particular frequency, called

the resonance frequency). The resonance frequency depends on the stiffness of the spring and

the attached mass. Therefore, by measuring the frequency (with knowledge of the spring

stiffness) the overall mass of bone can be determined. An important feature of this approach is

that the resonance frequency can be shifted into the very low frequency range (infrasound

range) by proper choice of the spring stiffness. This eliminates the damping effect of soft tissue

raising the sharpness of the resonance and, hence, increases the accuracy of the measurements.

Numerical analysis of the developed model has shown that the mass of bone and its loss can be

accuratelymeasured and that thesemeasurements do not depend onvariation in bone flexibility

and soft tissue parameters.

7.17.1 The Ultrasonic Measurement: Concepts and Technique

In the past few years, ultrasonic techniques have becomevery common and several commercial

ultrasound measurements are available to measure osteoporosis. Quantitative ultrasonic

sonography (QUS) is emerging as a powerful technique and is essentially used on the periphery

and is suitable for use with soft tissue covering. Various sites, ranging from the calcaneus of

the heel, the cortical bone of the tibia, the proximal phalanges of the fingers, the patella, to the
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Figure 7.19 A schematic presentation of a system to recording Infrasound measurement
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distal radius, can by measured by currently available techniques. Other advantages of

ultrasonic techniques are that the system is comparatively less expensive and is also portable.

Ultrasonic characteristics of bone are directly related to the ultrasonic properties (Ashman

et al., 1984), which are in turn determined by the organic – as well as the inorganic –

constituents of the tissue. QUS essentially measures two parameters: the speed of sound (SOS)

and broadband ultrasound attenuation (BUA). The speed of a sound wave traveling in a given

direction, with particle motion in a particular mode, can be expressed by a square root

relationship of the form:

n ¼ ðc=rÞ1=2

where n is the velocity of ultrasound, c¼ an appropriate combination of elastic constants and

r¼ the density of bone. This identifies a direct relationship with the structural integrity.

Ultrasound measurements of the patella or calcaneus can predict fracture risk because sound

transmission through bone is related to the density of the bone and its skeletal strength. For bone

tissue, the SOS represents a combination of density and elastic modulus (Kaufman and

Einhorn, 1993; Njeh, Boivin and Langton, 1997). Some workers have suggested that SOS is a

better candidate parameter than BMD for evaluating osteoporosis (Kaufman and Einhorn,

1993; Njeh, Boivin and Langton, 1997; Miller, 2000; Nejh et al., 2001; Wear, 2000;

Drozdzowska and Pluskiewies, 2001; Javaid, Pitt and Moniz, 1990; Wuster et al., 1992).

Accelerated bone loss in early postmenopause results not only in thinning of bone trabeculae

but also in trabecular perforations and separations. Consequently, the modulus of elasticity of

bone is to a certain extent determined not only by BMD but also by ultrasound transmission

velocity in bone (Van Den Bergh et al., 2000; Hans et al., 1999). Ultrasonic waves are elastic

waves that have the potential to probe multiple bone properties, such as bone density material

properties, micro-architecture and even macro-structure. Several studies (Hans et al., 1996;

Thompson et al., 1998) have demonstrated that ultrasound stiffness could be a predictor of

fracture risk independent of BMD. This relationship is independent of BMD and differs with

age. The elastic properties of bone may be affected by the quality of type 1 collagen, which is

genetically determined. In addition, the COLIAI Spl polymorphism is also associated with

lower values of ultrasound transmission and, therefore, with the modulus of elasticity of bone

(Kann et al., 2002), with femoral neck geometry (Qureshi et al., 2001) and the rate of

postmenopausal spinal bone loss (MacDonald et al., 2001; Harrise et al., 2000). These

observations indicate that the COLIAI Spl genotype-dependent properties of bone contribute

to fracture risk and hence act as a marker of reduced bone quality, namely the elasticity of the

bone.

In view of its non-ionizing characteristics, and being easily accessible and low cost,

ultrasound techniques have become an important tool in the assessment of osteoporosis and,

hence, bone quality (Stewart andReid, 2000; Alves et al., 1996; Gnuidi et al., 1985; Prins et al.,

1998). There is, therefore, an increasing need to correlate the ultrasound results with the

associated mechanical properties. This method has a potential to estimate the elastic modulus

in the bone, which in turn predicts the fracture risk of the osteoporotic bones. Ultrasound

measurement of the cancellous bone shows the importance of trabecular orientation using the

ultrasound measurement and is a significant contributor to the ultrasound measurement results

(Chao et al., 2004). Turner and Eich (1991) have concluded that only a fraction of the

compressive strength of cancellous bone can be explained by apparent density without
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considering an anisotropy factor. Minakuchi et al. (1997) have investigated the correlation

between the compressive stiffness or ultrasound velocity and the BMD and the intensity of the

trabecular orientation using calcaneal cancellous bone from humans. This investigation

suggests the importance of the trabecular orientation reflects the mechanical properties of

cancellous bone with anisotropic behavior.

Ultrasound measures the density and anisotropy simultaneously and these parameters

cannot be separated in an ultrasound measurement. Several investigators have reported

that QUS predicts fractures after statistical adjustment for DEXA-derived BMD, implying

that QUS is an indication of bone strength independent of BMD (Bauer et al., 1997;

Gonnelli et al., 1995; Hans et al., 1996). Several other studies support this notion (Gluer,

Wu and Genant, 1993; Nicholson, Haddaway and Davie, 1994; Njeh, Boivin and Langton,

1997).

Most new clinical ultrasound (US) instruments that are designed for bone quality assessment

measure broadband US attenuation (BUA) and/or speed-of-sound (SOS). BUA is defined as the

slope of the frequency-dependent attenuation (Langton, Palmer and Porter, 1984)

(Figure 7.20B). Previous in vivo and in vitro studies have not consistently demonstrated a

relationship between BUA and bone mineral density (BMDareal) in bovine and humane

trabecular bone (Duquette et al., 1997; Hodgskinson et al., 1996; Serpe and Rho, 1996;Toyras,

Kroger and Jurvelin, 1999). In clinical measurements, bone thickness, as well as variation in

thickness and composition of soft tissue around the bone, can significantly affect BUA and

especially the SOS (Gomez et al., 1997; Johansen and Stone, 1997; Kotzki et al., 1994; Serpe

and Rho, 1996; Toyras, Kroger and Jurvelin, 1999). Differences in bone porosity have been

proposed to affect US scattering and attenuation (Haire and Langton, 1999; Hodgskinson et al.,

1996; Langton et al., 1998; Nicholson et al., 2000; Serpe and Rho, 1996; Strelitzki, Evans and

Clarke, 1997). Diffraction and interface losses may also affect US measurements (Strelitzki

Figure 7.20 Schematic presentation of ultrasonic measurements of bone sample trabecular bone.

(A) The ultrasound pulse is transmitted from the transmitter to the receiver with and without the heel in a

water bath; (B) determination of BUAas a slope of frequency dependent attenuation; (C) determination of

SOS from a difference between time-of-flight measurements without and with the heel in the water bath

(Chen, Zhao and Mundy, 2004)
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and Evans, 1998). Although different theoretical approaches have been used to model US

propagation in trabecular bone (Biot, 1956; McKelvie and Palmer, 1991; Nicholson et al.,

2000; Williams, 1992) our understanding of US–tissue interactions in trabecular bone is still

limited.

Dynamic measurement of the velocity of ultrasound in bone provides an in vivo determina-

tion of a ‘‘quality’’ parameter (Reich et al., 1976; Greenleaf, 1986; O’Phir, 1990; Kontonas-

sions andO’Phir, 1987). The quality parameters considered are associatedwith the viscoelastic

and strength characteristics of bone and the modulus of elasticity reflects the composite

behavior of the various elements of bone. However, the more important implication of the

ultrasonic technique is the possibility of performing in vivo clinical studies of these bone

parameters to diagnose or evaluate the extent of bone disease (Craven et al., 1973). This

parameter has not been utilized in diagnosis of pathological changes, though, because in soft

tissues the changes are only of the order of several percent.

7.17.2 Stress Wave Propagation in Bone and its Clinical Use

The diagnosis of fractured bone, healing bone and bone in osteoporotic condition is still

an important subject of investigation for orthopedic surgeons for the following reasons
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(Kenwright, 1985):

1. The mechanical integrity of fractured bone, healing bone and osteoporotic bone may

be very important in patients returning to normal work. Patients in these categories

who have sustained tibial or femoral diaphyseal fractures may be at risk of re-fracture.

Assessment and accurate estimation of bone fracture is also necessary to study the rate of

fracture healing and for the correction procedures, in acute and severe fractures involving

multiple bones and where the bone splits into two parts.

2. In certain long bone shaft fractures, the healing process is modified by the method of

treatment so that clinical assessment of mechanical integrity is impossible and the

interpretation of radiographs may be difficult.

3. Severe tibial fractures treated using external skeleton fixation may also cause difficulty in

defining when healing is mechanically sound so as to remove fixation and allow freeweight

bearing.

A combination of these and the presence of osteoporosis make diagnosis of fracture union a

difficult task.

Because of the wide variation in its structure and the variable cortical thickness surrounding

it, cancellous bonemay not be very suitable for ultrasonic diagnostic purposes. The voids in the

cancellous bone result in a considerable attenuation of ultrasonic signal propagating through

the specimen, making velocity measurements difficult.

A region of bone is required that can be assumed to be a circular cylinder (Wooten, Judy and

Greenfield, 1973).Also, theprocedure calls for anappendage that canbepositionedwith ease and

causeminimumdiscomfort to the patient. In addition, SOSmeasurements require approximately

parallel interfaces of cortical bone for adequate acoustical reflections (Figure 7.21). These

requirements are met by using the proximal region of the radius. Also, there is a high correlation

between the radial bone mineral content and the femoral neck mineral content (Wilson, 1972).

                                                                             ULTRASONIC BEAM 
                                                                             DIRECTION 

Figure 7.21 Ultrasonic measurements in the proximal region of the radial bone
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7.17.3 Measurement of Bone Parameters

Figure 7.20A shows a method of SOS measurement in cadaver bones using a pulse echo

method. The time offlight (TOF) is derived from the transmitting pulse trigger and the front and

rear boundaries of bone tissue as detected by the transducer pair. Transducer (1) transmits a

broad band ultrasonic pulse that is normal to the test object and receives the echo pulse.

Transducer (2) is adjusted to receive echoes only after an external trigger. The measurement

sites may vary, ranging from the calcaneus of the heel, the cortical bone of the tibia, the

proximal phalanges of the fingers, the patella, to the distal radius (Njeh, Boivin and Langton,

1997;Wear, 2000; Strelitzki andTruscott, 1998). The calcaneus is amajor concern since, due to

its high surface to volume ratio, it has approximately eight times the metabolic turnover rate of

cortical bone and would consequently manifest bone metabolic changes before cortical bone

(Vogel et al., 1998).Moreover, the calcaneus is easily accessible and themedia lateral surface is

fairly flat and parallel, making it a favorite test site (Wasnich et al., 1987; Black et al., 1992).

These authors have reported that the calcaneus appeared to be the optimal BMDmeasurement

site for routine screening of perimenopausal women to predict fracture risk. The velocity on the

calcaneus is highly correlated to the BMD on the femoral neck. However, the correlation

coefficients between ultrasound velocity on the calcaneus and the BMD on the heel ranged

widely, from 0.34 to 0.72. Several workers (Nejh et al., 2001; Simkin, 1993) have claimed that

the cortical bone of the tibia is a more predominant contributor to post-fracture resistance.

Since the shape of the long bone consists chiefly of compact bone, this has also been chosen

for measurements by USmethods (Singh et al., 1984). Meema, Harris and Porrett (1964) and

Meema, Bunker andMeema (1965) have used the proximal end of the radius for in vivo bone

density measurements. The cortex in the region used is of relatively uniform thickness,

making the site of the thickness measurement less critical than at other locations. Changes

due to generalized skeletal demineralization are also seen early in the proximal end of the

radius (Meema, Harris and Porrett, 1964). This site would therefore be satisfactory for

making ultrasonic velocity measurements. The TOF through a test object can be measured

from the interval of pulse peaks between two boundaries on pulse echo traces. The time delay

measurements can be made as shown in Figure 7.20. The bone thickness can be determined

by X-ray imaging perpendicular to this direction and the ultrasonic wave velocity can be

calculated from these two measurements. O’Phir and Yazdi (1990) have used transaxial

compression techniques to measure the SOS accurately for soft tissue in vitro. However, this

method cannot be used for the measurement of uncompressible material, such as bone

tissue.

Pratt (1980) and Rabin et al. (1983) have used a modification of the ultrasonic method to

assess the elastic properties of bone in horse. Later, Jeffcott andMcCartney (1985) attempted to

determine the transverse apparent velocity of sound through the shaft of the third metacarpal

bone and to assess its variationwith age. Themetacarpal has been selected because of its shape,

accessible position, uniform surrounding soft tissue and susceptibility to biomechanical injury

(Adams, Fee andKenmore, 1966; Rooney, 1969). Themethod essentiallymeasures the TOF of

an ultrasonic beam between two transducers a known distance apart. It is possible to obtain

consistent transmission of sound over the region of the metacarpal shaft that has reasonably

parallel sides. The measurements made of specific gravity, ash, calcium and phosphorous

content indicate that there is a correlation between bone mass and the apparent velocity of

sound. The horse, which exhibited signs of senile osteoporosis, had normal ash although
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abnormal apparent velocity compared to normal adults. The results of the radiographic optical

densitometry of the midcortical metacarpal region follow the same trend and showed

increasing velocity of sound with decreasing optical density. This further confirms the trend

of increasing velocity with advancing age to maturity.

Human arm is usually chosen as a site for investigation. Having obtained a clear reflection of

the cortical bone interfaces, the time delay between the peaks is measured. The arm is then

repositioned and the measurements repeated using the average of the two time-delay

measurements. Cortical bone thickness measurements at the specific measurement site are

made, and the SOS is determined. After this the arm is positioned on the bonemineral analyzer

at the same site as the SOS measurement. A plot of the scan across the arm is also obtained.

7.17.4 Ultrasound System

A typical system of this type has two unfocused ultrasound transducers, both having a 1.0MHz

normal center frequency and a 1/2 inch diameter. Transducer (1) is excited by a pulser/receiver

to transmit ultrasound pulses and then to receive the echoes bouncing back from the front and

the rear boundaries of the bone tissues. Transducer (2) is connected to another pulser/receiver

and is in synchronized by an external trigger from a function generator. The received pulse

echoes are amplified and then digitized by theA/Dconversion board. The data are then stored in

a PC for further signal processing.

Transducer (1) is fixed and positioned normal to the tibia shaft. Transducer (2) is adjusted

to ensure that it receives the echo signals. Both transducers are packaged in a Plexiglas box

filled with coupling medium. To provide a good contact surface with the tibia shaft, a thin

polyethylene film is placed at the bottom of the test module (Figure 6.7).

The dual transducer technique is a fairly simple and straightforward method and has the

potential to be used in a clinical environment. Themajor advantage of this ultrasoundmethod is

that it acquires measurements of SOS in bone without bone thickness information, which

is often not available in in vivomeasurements. The test site, the tibia shaft, has a flat surface and

is superficial to the skin, making it suitable for this in vivo approach. The acoustic speed

obtained by Chen, Zhao and Mundy (2004) is highly correlated with the BMD from DEXA

measurements (r2¼ 0.93).

The acoustic speedmeasured byChen, Zhao andMundy (2004) uses themeanvelocity of the

ultrasonic wave through both the cortical layer and the cancellous layer of the tibia shaft just as

the BMD from DEXA measurements also includes information from the whole tibia shaft

(cortical and cancellous bone). In this way these authors were able to demonstrate that the

acoustic speed measured by this technique has good correlation with BMD. Simkin (1993) has

reported that the measured acoustic speed correlates only moderately with BMD values

(r2¼ 0.56).

The combination of these measurements with a bone model provides the necessary data to

compute the compact bone density, bone mineral density, percent ash content and the modulus

of elasticity.

7.17.5 Procedure for Obtaining Patient Data

Chen, Zhao and Mundy (2004) have carried out studies to validate a newly developed dual

transducer technique applied to human patients. In this method two transducers are utilized on
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the same side of the test object, one used as transmitter and the other as receiver. The SOS is

based on the TOF from the signals received by both transducers and the separation distance

between the transducer pair. In this approach the signals received from the two transducers

provide the two variables needed to solve the acoustic speed without an assumption of object

thickness. Acoustic speed measured by this technique can be compared to the measurement of

BMD obtained from DEXA at the same site on the tibia shaft.

7.17.6 Analysis of Patient Data

The results of ultrasonic studies suggest that the method can be used in the diagnosis of

structural changes in regard to bone health. Significant differences between males and females

and patients and normals were observed (Wishko, 1975). The author has reported that when the

parameters of elastic modulus and BMC are combined, a separation of approximately 3 : 1

between patients and normals is achieved for both males and females. Using the BMC

parameter alone for diagnosing osteoporosis, there existed considerable overlap between

normals and patients with clinically significant demineralization.

The same result is also obtained for the bone parameters of BMD and percent ash content.

From this, it is concluded that the compact bone density, bone mineral density and percent ash

content cannot differentiate between normals and patients and, therefore, these parametersmay

not be useful in diagnosing the health of the bone structure on a population basis. Wishko

(1975) found that the SOS for most female patients less than 45 years of age fell within two

standard deviations from the normal mean. Above this age, the speed of sound data deviate

markedly from that obtained for the normal female population. Itmay be that factors associated

with menopause are responsible for this dispersion.

A correction is included for the presence of adipose tissue in the marrow region of the bone.

The factor effectively increases the observed bonemineral content, due to the inability of the fat

to attenuate the photon beam as much as the soft tissue component. This can be calculated by

the following equation (Wooten, Judy and Greenfield, 1973):

Error ¼ 0:9

1:2

ri
2

ro2 � ri2

� �
k � 100 ð7:20Þ

where ri and ro are the inner and outer radius of the hollow cylinder, respectively, and k depends

upon the energy of the radioactive source. This correction will amount to an increase of

approximately 1.0–7.0% in the BMC in the proximal radius.

Several previous studies of human bone have suggested that the BUA–BMD correlation is

linearly positive (Bouxsein and Radloff, 1997; Chappard et al., 1997; Lees and Stevenson,

1993; Njeh, Boivin and Langton, 1997; Williams, 1992; Yeap et al., 1998; Zagzebski et al.,

1991). In contrast, the results of Hodgskinson et al. (1996) and Serpe and Rho (1996) reveal

that, in high-density cancellous bovine bone, the correlation between BUA and BMDvol turns

out to be negative.

US frequency dependent attenuation in viscoelastic and porous biological tissue, such as

trabecular bone, is a highly complex physical problem. There are two essential mechanisms

related to the attenuation of ultrasound in porous media: absorption, related to bulk composi-

tion, and scattering, related to spatial composition, such as pores (Haire and Langton, 1999).

Several theoretical approaches have been developed to solve the problem (Biot, 1956;
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McKelvie and Palmer, 1991; Williams, 1992). Biot theory considers attenuation to be due to

absorption, that is, frictional and viscous forces opposing the motion of bone marrow, but

ignores scattering (Biot, 1956; Haire and Langton, 1999; McKelvie and Palmer, 1991). The

decrease in BUAwith higher BMDvol values may be not due only to lower porosity and smaller

pore size.

7.17.7 Verification of the In Vivo Bone Parameters

The bone model employs two basic assumptions: (i) the density of the non-osseous content

(collagen, cells and other organic tissues) is unity and (ii) the geometry of the proximal segment

of the radius can be approximated as a circular cylinder. With these assumptions, the basic

constitution of the cortical bone, the bone mineral content (BMC) and the non-osseous content

are estimated. The three parameters can be expressed in terms of BMC/A and the ratio Mcoll/

BMC as:

Pcb ¼ BMC

A

BMC

ð1þMcollÞ

%Ash ¼ 1

ð1þMcoll=BMCÞ ð7:21Þ

E ¼ C2 BMC

A
ð1þMcoll=BMCÞ ð7:22Þ

where Pcb¼ compact bone density, A is the total cross sectional area of the cortical bone,Mcoll

is the mass of the collagen per running cm of cortical bone and C is the speed of sound.

Mcoll is derived from the bone model and is computed by the relation:

Mcoll ¼ Pcoll

ðA�BMCÞ
3:2

ð7:23Þ

Mcoll ¼ Pcoll

½pðCtÞðBw � TÞ-BMC�
3:2

where A¼ total cross sectional area of the cortical bone (cm2); Pcoll¼ the density of collagen;

Ct¼ the cortical thickness; Bw¼ the bone width, 3.2¼ density of bone.

The major sources of error are the bone width and the cortical thickness. Because of the

irregularities of the inner cortical surface, the ability to obtain an accurate measurement of the

cortical thickness at the point of measurement is somewhat uncertain. The cortical thickness

varies considerably with the azimuthal angle. This emphasizes the need for accurate position-

ing of the arm between the speed-of-sound apparatus and the radiograph so that the thickness

measured from the radiograph accurately represents the distance traveled by the speed-of-

sound pulse. The data indicate that the error produced in measuring the cortical thickness from

the radiograph as compared to the actual cortical thickness involves an average positive bias of

about 10% when the cortical thickness is measured using a magnifier.

Broadband ultrasound attenuation (BUA) may be more related to loss of connectivity as it

may result in less frequency dependency of attenuation. Studies will be needed that match
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BMD and trabecular thickness. Whether SOS is more dependent on bone mineral mass than

connectivity demands studies of specimens not only differing in mineral density but also in

connectivity (Parfitt, 1992; Salamone et al., 1994; Ligrand et al., 2000; Kaulsson et al., 2001).

However, it may not be easy to compare connectivity patterns with quantitative perfection.

Men lose trabecular bone mainly by trabecular thinning, whereas it occurs mainly by

trabecular perforation and loss of connectivity in women (Aaron, Makins and Sagreiya, 1987;

Parfitt et al., 1983). Morphological parameters determined by the use of histomorphological

techniques have proven to give a good prediction for the mechanical properties of cancellous

bone (Hodgskinson and Currey, 1990; Parfitt, 1987). Nevertheless, other structural factors

cannot be excluded.

Quantitative ultrasound (QUS) values are no different in young men and young

women matched by femoral neck BMD, suggesting that there were no general differences in

the structural property of bone at skeletal maturity. The data are consistent with the findings that

peak trabecular number thickness and connectivity are similar in men and women (Aaron,

Makins and Sagreiya, 1987). However, gender differences in QUS parameters were found in

men and women with fractures and in elderly men and women with low BMD. Women with

fractures had 10% lower BUA and an 18% lower stiffness index (SI) than men.

Several authors (Chaffai et al., 2002; Laugier et al., 1997; Roberjot et al., 1996; Wear

and Garra, 1998) have proposed ultrasound backscatter as a quantitative index for non-

invasive assessment of microarchitecture within trabecular bone. Several groups have

reported the anisotropy of ultrasonic parameters, reflecting the anisotropy of bone

microstructure and biomechanical properties (Gluer, Wu and Genant, 1993; Hans et al.,

1999; Nicholson, Haddaway and Davie, 1994; Njeh, Boivin and Langton, 1997). Thus one

would expect ultrasonic properties to be related to the orientation of the incident beam axis

with respect to the trabecular network, as observed when measurements are performed

along the orthogonal axis of the bone. Nicholson, Haddaway and Davie (1994) also

observed that the degree of anisotropy (DA) is a significant independent predictor of

ultrasonic properties in human vertebrae although they could not demonstrate the effect of

DA in the transverse direction.

Backscatter is essentially a structure-related parameter and is correlated with density and

microarchitecture of human calcaneal bone samples, but provided no strong incremental

information on bone microstructure after adjustment for bone quality. Frediani et al. (2003)

have found that the stiffness index, which is indicative of SOS and BUA, increased or is

unchanged in a clodronate treated (bisphonate) group. This indicates that the quality of bone

remains unmodified, whereas it declined significantly in the calcium plus vitamin D group

(�8.06% in the os calcies).

The speed and attenuation of ultrasonic waves depend on density as well as on certain other

properties of bone. According to one study (Waud, Lew and Baran, 1992) only 53% of the

attenuation value and 44% of the speed value can be accounted for by density. Alves et al.

(1996) showed that the acoustic speed is highly correlated with bone density measured by dual

energy X-ray absorptiometry (DEXA) and might be able to provide information on bone

quality for more accurate estimates of bone fracture risk. Quantitative ultrasound (QUS)

predicts fragility fractures independent of BMD, whereas combined DEXA and QUS can

improve fracture prediction (Bauer et al., 1997; Gluer et al., 1994; Gonnelli et al., 1995; Hans

et al., 1996). These observations and several other studies (Gluer, Wu and Genant, 1993; Hans

et al., 1998; Nicholson et al., 1998; Nicholson, Haddaway and Davie, 1994; Njeh, Boivin and
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Langton, 1997; Njeh et al., 1996; Strelitzki, Nicholson and Paech, 1998) have suggested that

QUS may be a measure of bone fragility that also reflects structural properties of bone.

It is safe to conclude that ultrasonic techniques have considerable potential for the

measurement of bone properties. QUS can be used in evaluation of the density and thickness

of the cortex and this may assist in quantification of the degree of osteoporosis.

7.18 Other Techniques

Application of a vibrational technique to the problem of bone densitometry utilizes the ulna –

an ideal bone for study because of its easy accessibility at each end (Jurist, 1970a). The product

of resonant frequency (Fo) and length of long bone (L) is proportional to the speed of vibratory

propagation: FoL¼KC, where K depends on the mode of vibration and boundary conditions,

andC is the speed of sound. This relationship may be exploited in study of long bones, because

C ¼ ffiffiffiffiffiffiffiffi
P=r

p
whereP is the average value of Young’s modulus over the cross section of the bone

and r is its average density. Experimentally, Fo may be obtained by recording the acceleration

response of the head of the ulna as a function of driving frequency for excitation applied to the

elbow (Olecranon process). L is determined with a metric rule; small changes in cortical

thickness may markedly affect bone elasticity and hence the vibratory properties.

Jurist (1970b) found that FoL increases from age 6 to about 15–20 and then decreases. The

decrease after about 20 years of age occurs at a relatively constant rate in men until at least 80

years. The FoL of women decreases in the interval 25–55 years at roughly the same rate as for

men. After 55 years, however, FoL decreases very rapidly (about 1% year) in women. It has

been further shown that the mean FoL for osteoporotic women is significantly lower than the

meanFoL of age-matched controls. TheFL distribution for clinically normal womenmore than

45 years of age suggests that about 35% of these women may be developing osteoporosis.

Measurement of ulnar FoL has shown about 82% discrimination of women with symptomatic

osteoporosis from their age-matched normal. The vibratory properties have also been

correlated with material properties such as mineral density and porosity (Pelker and Saha,

1983). Measurement of ulnar FoL seems to be a promising approach to follow the development

of osteoporosis in aging or immobilized population on a long-term basis.

7.18.1 Magnetic Resonance Imaging (MRI)

Methods utilizing X-rays essentially measure bone density, while those based on ultrasound

make use of velocity and attenuation measurements. Clearly, from this, BMD alone is not a

good predictor of fracture risk. To providemechanical stability,microhardness is another factor

that defines patterns of bone alterations with aging and pathology. Microarchitecture is

important in understanding the mechanisms of bone fragility as well as the action of drugs,

which could possibly prevent osteoporotic fractures (Dalli Carbonare and Giannini, 2004).

In the recent past, magnetic resonance imaging (MRI) has emerged as a means of measuring

trabecular bone structure in vivo. MRI applies principles of magnetism to create images

reflecting the dynamic behavior of water and lipid protons in the tissues. Since bone (cortical

and trabecular) does not contain appreciable protons, it provides low signal intensity, compared

with soft tissues. The presence of a network in trabecular bone and its impact on marrow

relaxation time is utilized in assessing trabecular bone properties using quantitative MR. The
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pore spaces of trabecular bone are filled with hematopoietic (red) or fatty (yellow) marrow.

MRI produces a positive image of the interstitial space between trabeculae and a negative

image of the bone matrix. This is directly correlated to the bone porosity (Hong et al., 2000).

7.18.1.1 Theory, Experimental Design and Results

The use of MRI is based on the fact that there is an abundance of hydrogen atoms: nearly two-

third of the body’s hydrogen atoms are found in water and fat molecules. In our bodies, the

nuclei of hydrogen atoms (protons) normally are randomly oriented. In the presence of a

magnetic field in a MRI chamber, the nuclei line up in parallel formation (rows of tiny

magnets). With the application of a pulse of radio waves from the MRI machine the parallel

alignment gets disturbed. As they fall back into alignment they absorb energy from the RF

signal (generator radio frequency oscillator, RFO) and in the process of transition produce a

detectable radio signal. A receiver coil (radio frequency detector, RFD) is used, which is tuned

to the same RF frequency as the exciter coil (Figure 7.22). The signal is recorded and

transferred to the computer. The difference in magnetic susceptibility between trabecular bone

matrix and bone marrow results in a distortion in the magnetic lines of force in the main static

magnetic field inhomogeneities in the tissue (at the interface of the bone and marrow) and

results in an enhanced decay of signal intensity in gradient-echo images (Gugliemi et al.,

1995). The diffusion of water (protons) in these magnetic field inhomogeneities results in an

Figure 7.22 Diagram of an NMR spectrometer. The display is a cathode ray oscilloscope; RFO, radio

frequency oscillator; RFD, radio frequency detector. Protons (hydrogen atoms) absorb energy from the

radio frequency field
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irreversible loss of magnetization. This also causes a reduction in transverse relaxation type

(T2). The effect is dependent onmagnetic field strength and is greater at higher magnetic fields.

The reduction in the relaxation time is dependent on trabecular bone density and its spatial

distribution. Thus, in a normal dense trabecular network T2 shortening should be more

pronounced than in rare field osteoporotic trabeculae. The nature and strength of the signal

is of the tissue type. Since bone is deficient in hydrogen, it appears black. In contrast, tissues

containing large amount of hydrogen (e.g., brain) produce a bright image. MRI produces high

quality, cross sectional pictures of the part of the body being studied. Each picture represents a

virtual slice through that part of the body.

The signal amplitude decays as the net magnetization gradually realigns with the magnetic

field. The signal also decays as processing spins lose coherence, thus reducing net magnetiza-

tion. There are two relaxation times: T1 (time constant exponential decay of signal after

excitation phase). T2 measures how long a tissue maintains its signal.

A MRI scanning machine consists of a large donut-shaped magnet with a sliding scanning

table. In a typical measurement cylindrical specimens of bone from the vertebral bodies of

whales have been used (Hong et al., 2000). MRI examinations were performed using a 1.5 T

field and a scanner, with a quadrature head coil. To homogenize signal intensity differences

between red and yellow marrow, a proton density sequence is used. Homogenous specimens

(8mm long segment, with marrow intact) are submerged in corn oil and degassed in a vacuum

chamber. Bone density is measured, in a random pickup, using aMRI scan. These authors also

performed experiments in in vivo (human volunteers, male and female) and reported a high

correlation between MRI and QCT measurements of ash density for a 10mm diameter

trabecular region of the distal tibia of human volunteers.

Quantitative MRI-based measurements of bone density are facilitated by a proton density

sequence that provides similar signal intensities from both red and yellowmarrow. Conversion

of red into yellowmarrowwithin long bones of the appendicular skeleton reaches nearly 100%

by age 25 (Vogler and Murphy, 1988). Although the proportionality of water, fat and protein

differ in red and yellow marrow, the density of the protons is about the same.

Bone marrow is considered as a liquid and has an interface with the solid trabecular surface.

The interaction between the two can be attributed to the bonding and dipole–dipole interactions

relating to the molecular behavior of the liquid that adheres to or is close to the solid interfaces.

The changes in molecular motion that are manifest in MR as a modification of T (relaxation

times) are particularly relevant at high field strengths. The modified T1 depends on the surface

area to volume ratio of this solid–liquid interface, and increases at high magnetic field

strengths. This tends to increase when the number of bone and marrow interfaces increase,

that is, as bone density increases. T2 relaxation times are governed by a similar mechanism to

T1, but are also affected by processes such as diffusion.

Several authors (Fransson, Grampp and Imhof, 1999; Ford and Wehrli, 1991; Wehrli et al.,

1991; Majumdar and Genant, 1992; Sugimoto, Mimura and Ohasawa, 1993) have concluded

(in vivo) that there is a significant correlation between BMD and the relaxation rate. The same

study has also been undertaken in vitro (Kong et al., 1999; Takahashi et al., 2000; Brismar

et al., 1999). In this approach specimens of vertebral bodies have been immersed in saline, an

immersion of peanut oil and water to replicate marrow (Majumdar et al., 1991). To measure

susceptibilitymediated effects onmarrow relaxation timesT,T2 andT2
� experiments have been

conducted at 1.5 T. Standard single energy quantitative CT (QCT) measures of BMD are than

correlated with measures of T1, T2 and T2
�. Remy and Guillot (1998) have demonstrated a
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dependence of T2 on bone mineral density. Field inhomogeneities, both RF and static, and

duration pose the greatest obstacle in measuring bone properties with MRI.

Gugliemi et al. (1994) have shown regional variation in 1/T2 in the calcaneus, reflecting the

knownvariations in 1/T2 in calcanealBMDand structure. The use ofMRmicroscopymay be an

additional MR-based technique to study trabecular microarchitecture in a quantitativemanner.

Inhomogeneities in the magnetic field may also cause a reduction in relaxation time (T2).

Because of this, it can emerge as a good supplement for standard BMD methods for assessing

osteoporosis and evaluating longitudinal changes. Developments in high-resolution MR

imaging techniques have opened up new perspectives for the characterization of trabecular

bone architecture by non-invasive methods. In fact a fractal dimension (Dr) has been proposed

and used as a suitable tool to measure complexity variation of most biomedical functions and

structures during aging and disease (Lipstiz and Goldberger, 1992; Vaillancourt and Newell,

2002; Lipstiz, 2004). MR imaging is ideally suited for analyzing the texture of trabecular bone

because bone marrow has a uniform high signal intensity while bone appears with background

intensity.

MRI does not use ionizing radiations and is more sensitive to changes in tissue pathology.

MRI can also directly make coronal, sagittal and transverse cross sectional slices at equal

resolution with the patient in a single position, making it convenient to obtain comprehensive

geometric information without repositioning the patient.

Lacunarity (lack or hole) is another fractal property, describing the texture of a fractal and

can measure fractal space filling capacity (Zaia et al., 2005). Lacunarity refers to gap

distribution in a fractal (Mandelbrot, 1982, 1983). This has been introduced to describe

random and fractal spatial patterns (Plotnick et al., 1996; Smith, Lange and Marks, 1996).

Lacunarity describes the most suitable tool to characterize trabecular bone texture. It is able to

describe discontinuity of the bone network as well as sizes of bone marrow spaces, changes of

which are an index of increased fracture risk. These studies (Zaia et al., 2005) deal with the

application of lacunarity analysis to trabecular bone in vertebra from MR image. This then

provides a method to assess trabecular bone architecture. The method needs more quantifica-

tion, probably with more human data. Clinical application on humans for lacunarity analysis

has been reported for calcaneus CT images and micro-radiography images of bone biopsies

(Dougherty and Henebry, 2002; Chappard et al., 2001).

7.19 Relative Advantages and Disadvantages of the Various Techniques

The type of non-invasivemeasurement of bonemass to be selected for a specific study depends

to a large extent on the nature and the type of data required. Measurements of bone mass

generally are employed in two basic type of studies, longitudinal and cross sectional. Large-

scale cross-sectional studies of osteopenia are easier and less expensive to conduct if bonemass

can be ascertained by the relatively simple radiogrammetric and densitometricmeasurement of

the metacarpals or the radius than by the more sophisticated neutron activation methods.

Each of the presently available non-invasive methods used to determine the nature and

degrees of changes in skeletal metabolism has significant advantages and limitations.

Radiographic techniques are applicable to all parts of the entire skeleton, but lack the sensitivity

required for quantifying levels of changes associated with the development of pathological

conditions. Radiogrammetry, which measures cortical thickness of the appendicular skeleton,
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is relatively precise, but not necessarily indicative of the status of the axial skeleton. Photon

absorptiometric techniques, although highly quantitative and precise, also provide information

on a highly localized portion of the appendicular skeleton. Extrapolation of the findings to the

axial skeleton cannot be assumed to be valid for all individuals.

Computed tomography offers significant potential advantages. DPA offers measurements at

a lower radiation dose than CT and is less affected by crush fractures, so it may be preferred,

particularly in serial studies in young subjects (Sambrook et al., 1985). However, CTmay offer

better diagnostic discrimination between osteoporotic and normal subjects. These twomethods

show a reasonable correlation in a cross sectional study but comparative longitudinal studies

are required to assess their usefulness for predicting bone loss in clinical work.

Many other currently available diagnostic modalities (e.g., peripheral DEXA, single-energy

X-ray absorptiometry, radiographic absorptiometry and single- and dual-photon absorptiom-

etry) suffer from the same shortcomings as DEXA since they bear the mark of the same

technology (Mittra, Rubin and Qin, 2004). Other modalities such as quantitative computed

tomography (QCT) can differentiate between cortical and trabecular bone (which DEXA can

not) but, because of its limitation on resolution, can not provide very detailed microstructural

information (Brismar, Budinsky and Majumdar, 2001).

The advantage of the Compton scattering technique is that the volume can be located entirely

within weight bearing trabecular bone. Repositioning of the scattering volume is relatively

simple, hence the measurement is not a function of the thickness of the bone nor of its possible

rotation. Thus, the precision of the method is very high. This technique has great potential

for bone density measurements. However, problems to be resolved are the evaluation of

the contribution of photons that have undergone multiple scattering. In this technique, the

precision depends largely on the size of the volumemeasured. To date, it has not been possible

to separate clearly osteoporotic individuals from normal on the basis of the density measure-

ments of their trabecular bone.

With neutron activation analysis, calciummay bemeasured in a portion of the body (e.g., the

hand, the torso) or the entire body. The low radiation dose to the subject allows the study of large

normal populations as well as osteopenic populations. The precision of the technique also

makes it useful as a sensitive indicator of overall therapeutic efficiency. An obvious disadvan-

tage of this technique is that it is incapable of revealing whether a change is confined to a small

volume of the body. Small changes in bone mass at a particular site are masked by the large

amount of calcium in the total body. Also this method cannot distinguish between the skeletal

calcium and ectopic calcification, a condition that frequently occurs in renal osteodystrophic

patients.

Ultrasonic methods show some promise owing to their simplicity, though the information

contents are limited and need more quantification. This technique needs to be developed and

more work is required before it becomes a part of routine clinical practice. Wright, Glade and

Gopal (1987) have shown that ultrasound velocity is a potential method for assessing the bone

strength and mineralization in human newborns. It is apparent from Figure 7.23 that as the

density of cadaver bone increases the ultrasonic velocity also increases linearly and hence it can

be a reliable parameter.

Finally, screening for osteoporotic treatment is a major future task. The diagnostic

procedures are expensive and repetitive measures are quite demanding: A certain population

type may be targeted with some allowance for individual variation. As of now there are no

known risk factors (or combination) that can be identified as likely parameters for the diagnosis
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of osteoporosis. Various decision making indications are those of the National Osteoporosis

Foundation (NOF) (1999), simple calculated osteoporosis risk assessment (SCORE) (Lydick

et al., 1998) and osteoporosis risk assessment instrument (ORAI) (Morley, Whitfield and

Willick, 2001). SCORE andORAI have been evaluated as better thanNOF (White, 2002).With

these markers available, the identification of subjects for osteoporotic screening may be made

easier.
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Figure 7.23 Velocity of ultrasound as a function of density of cadaver bone of an aged human patient

(Singh and Behari, 1994)
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