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Summary

This work examines two aspects of bone structure,‘namely the basic
size and form of the bone mineral crystallites, and the three-dimensional
orientétion of these crystals within the whole bone. X-ray diffraction,
and both bright and dark field electron microscopy of bone, strongly
suggest the mineral crystals to be irregular plate-like forms,
approximately 5.0nm thick, with a variable maximum dimensionj; these
methods also find no significant difference in the shape, size or
composition of crystals in fixed and unfixed rabbit femur. The (002)
diffracted beam is used to produce dark field images, the measured
c-axial length distributions have mean values of 32.6nm, 36.2nm, and
32.4nm for rabbit, ox and human bones respectively. Using the x-ray
method of line broadening, it is shown that c-axial measurements
consistent with those of the dark field method are produced, provided:
that lattice strain is accounted for in the theoretical formulation.
The x-ray method is used to examine crystal maturation. Results
indicate that the crystals of rabbit bone increase in size and
perfection from birth until a stable situation is attained after
approximately'ééven weeks, when the crystals exhibit a mean c-axial
.1ength of approximately 34.0nm, and a maximum compressive dr tensile
lattice strain of 0.3% in the (002) direction. An x-ray goniometer
is designed and constructéd, and used to produce quantitative (002)
pole figures of small samples of secondary type human, and primary
type ox bones. Results show secondary bone to have a major fibre
axis aligned on average with the femoral axis, and the degree of
orientation shows rotational symmetry about this axis. Primary bone
exhibits the same major axis, but also shows a planar orientation
along the laminar direction. The results of this work, their
significance, and suggestions for future developments are discussed

in the final chapter.
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Introduction

Bone is a specialised form of connective tissue., It is distinguished
from other forms of connective tissue by the fact that it is

extremely hard, owing to the deposition within a soft organic'matfix
of a complex minéral substance, largely composed of calcium phosphate.
Bone is often thought of as a dead or inert substance, probably
because it retains its structure for many thousands of years after
death. However, in the body, bone is a viable and very active tissue
which is undergoing-constant change in response to varying physical

and chemical conditions.

The ‘behaviour of bone, as a material énd as a living tissue, has been
studied for many years. It is known that bone can respond to

abnormal mechanical stresses by either removing or depositing tissue,
in a way which is thought to accommodate the stresses most

effectively. Associated with mechanical deformation, bone exhibits the
%R;qp¢;§zofz;piezoelectric transducer, that is, it has the ability to
transduce mechanical energy into electrical energy, and vice-versa..
Whether or not the cellular activity associated with mechanical
stressing is a direct result of this electrical effect, or is mediated
by other means remains to be shown. Before the behaviour of bone

can be understood, in both normal and abnormal situations, there are
many aspects of its structure and metabolism which need to be ‘
studied. Before the results of tests can be fully interpreted , 1it

is important to have accurate information about the structural features
of bone which collectiﬁely determine the physical behaviour. This
work, which is directed towards this end examines two outstanding

aspects of bone structure which have to date, not been well defined.

Firstly, the basic shape and size of the bone mineral crystals have
been investigated in the past by two techniques, x-ray diffraction and

bright field electron microscopy. The two techniques have not produced



consistent results, nor have they been successful in delineating either
the shape or size of the bone mineral crystals. This present work
uses these two methods and also the dark field imaging technique (see
chapters 2 and’5> which has been applied in an attempt to clarify the
past discrepancies, and hence obtain more meaningful measurements of

crystal size and shape.

Secondly, the three dimensional orientation of bone mineral reveals

the fibrous structure of a sample, and besides the anatomical interest,
it is important to be aware of any anisotropy or structural variation
which could influence the interpretation of physical tests. In general,
past works have tended to assume bone to be homogenous, or with
uniaxially oriented fibres, and also measurements of orientation have
tended to be_qualitative. Consequently, a device to measure bone
mineral orientation quantitatively has been designed and used, to enable-
the fibrous structure of a bone sample to be determined accurately and

quickly.

Although it is clear that a great deal of further research has yet to
be done in this field, it is believed that the techniques developed and
the results obtained in this work clarify the two aforementioned aspects
of bone structure, and will lead to a better understanding of bone as

a material.



-CHAPTER _ ONE

THE__STRUCTURE _OF BONE




1.1,

The General Anatomy and Histology of Bone

Bone is a multi-functional tissue, in that it provides supbort_

and protection to the body, and also acts as a store for the

‘impOrtant mineral calcium, which is necessary for most bodily

functions. There are two distinct ways in which bones are
formed in the embryonic skeleton. Firstly, by the replacement

of a cartilagenous model by bone tissue, (endochondral ossification),

and secondly where bone is laid down directly, usually within

membranous areas, (intra-membranous ossification).

The first type of bone to appear in embryonic development is

termed woven, or immature bone, and is characterised by a random

orientation of collagen fibres (see section 1:3.). Woven bone

also appears at sites of fracture repair.

Before birth, woven bone begins to be replaced by primary bone,
which has a layered structure. Figure 1.1. shows a transverse
section taken from a bovine femur, and figure 1.2. depicts the
same section viewed under polarised light. The 1amihations are

an optical effect caused by the collagen fibres in adjacent

" layers (Lamellae), having different orientatioms.

Throughout life, bone is continually being removed and replaced,
this process is known as remodelling. As remodelling occurs,

primary bone is replaced by secondary bone, which is characterised

by systems of osteons. The osteon can be considered as the
basic structural unit of secondary bone. Figure 1.3. shows part

of a transverse section taken from a human femur, and figure

1.4, shows the laminated appearance of the osteon when viewed

under polarised light. 1In the centre of the-bsteon, (sometimes

termed an Haversian system), lies the Haversian canal which

carries blood through the bone. The vessels which connect the

Haversian canals laterally are called Volkman's canals, and

both are shown in figure 1l.5.



Figure 1.1

Light micrograph of a transverse section of bovine femur, (x 50).
The laminated structure is typical of primary type bone.

Figure 1.2

The same section of bone as shown above, viewed under notarised
light, (x 50).



Figure 1.3

Light micrograph of a transverse section of human femur, (x 85).
This type of structure is typical of secondary type bone.

Figure 1.4

The same section of bone as shown above, viewed under polarised
light, (x 85).
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Cortical, or compact bone forms. the outer surface of bones,

and is particularly thick in the central section of the long
bones. Cortical bone is in the form of a thin shell at the ends,
or epiphyses of the long bones, and around the outer surface

of bones such as the vertebrae. Cancellous, or spongy bone is

usually found in the interior of bones together with the marrow.
The two types of bone are microscopically the same, but the
architecture is found to be different. Both types.of bone are ..

clearly visible in figure 1.6.



Figure 1.6
Distal end of ox femur, showing both cancellous ana cortical bone,

(x 1,5)



1.2.

Bone Cells

There are three main types of bone cell, the osteoblast, the

osteoclast, and the osteocyte.

The osteoblast is respbnsible for laying down the bone matrix,

(matrix being a general term for the bone tissue excluding the
cells). After forming its surrounding matrix the osteoblast
either becomes an osteocyte, or remains as an osteoblast lining
an Haversian canal, Owen (1963). It has been suggested that

the osteoblast may play a part in the deposition of bone mineral,
Pautard and Arnott (1967), Bonucci (1971), however, the exact
role of the osteoblast in this calcification process is still not

clear.

The osteoclast is found on, or near, bone surfaces during the

process of resorption, which is the removal of bone for the proceés
of remodelling. Very little is actually known about the resorption
process but osteoclasts seem to be concerned with the liberation

of calcium into the bloodstream as well as the continual

remodelling of bone. Vaughan (1970).

Whilst cellular activity, leading to both bone deposition and
resorption are controlled by hormonél influences, mechanical
factors also play an important role. These mechanical factors, by
influencing cellular activity enable bone to remodel, and adapt

to unusual stresses, Fung (1972). Bone turnover, therefore, is
probably controlled by a variety of inter-comnnecting factors,

both physical and chemical. - .

The Osteocytes occupy discus-shaped cavities in the bone matrix,

known as lacunae. The cytoplasmic processes of these cells
permeate the bone matrix through channels known as the canalicular
system. The actual function of the osteocyte is not known.
However, it is the osteocyte which is the living part of bone,

and osteocyte death is synonymous with the death of the bone. Just
how the osteocyte contributes to the complex processes occuring

in bone has still to be determined.



1.3.

Collagen.

Collagen is the most abundant protein in the human body, it is

the major fibrous constituent of skin, tendon, ligament, cartilage
and bone. The basic collagen molecule, known as the tropocollagen
molecule, is a group of three polypeptide chains, each composed

of about a thousand amino acids. The two amino acids, proline

and hydroxyproline, make up as much as 25% of the links in the
collagen molecule, they prevent easy rotation.of the regions in

which they are located, thus imparting a certain amount of rigidity

to the collagen, Gross (1961). Collagen owes its properties,

not only to its chemical composition, but also to the arrangement

- of its individual molecules. The basic molecular chain is

twisted into a left handed helik, and three such helices are
wrapped around each other to form a right handed super~helix. The
three chains are cufrently believed to be joined by hydrogen

bonds, a structure first proposed by Ramachandran and Kartha (1954).

The tropocollagen molecules which are produced by the osteoblasts
in bone, are rod-like units, with dimensions of about 300nm x -
1l.4nm, and an approximate molecular weight of 300,000. These
molecﬁles are arranged into fibres which show a banded structure
with a repeat distance of approximately 64nm, see figure 1.7. The
fact that the organised fibre shows a pattern repeating at
intervals of just less than a quarter of the length of a
tropocollagen molecule, was at one time taken to indicate a side
by side 'quarter staggered' arrangement. Hodge et al (1965),
Petruska and Hodge (1964), see figure 1.8. More recently another
model has beeﬁ proposed, Grant et al (1965),vin which the
tropocollagen molecules are describéd.as.filaments, approximately
280nm in length, which are divided intovfive-bonding, and four |
non-bonding zones of 26.5nm and 37.5nm in length respectively.

The collagen fibre is formed by a random side by side aggregation
of the filaments with their bonding regions in register, see

figure 1.9.

10.



The Structure of Collagen.

Starting Material — — Amino Acids.

Single chain
left handed
molecular helix.

3 chain, right
handed superhelix.
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molecule.
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fibre,
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Models for the organisation of tropocollagen molecules.

into collagen fibres.

- Figure 1.8, the 'quarter staggered' arrangement of

Hodge et al (1965).

Figure 1.9, the random aggregation model of Grant et al
(1965).
b= bondi‘rllg zone,

nb= non-bonding zone,
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1.4,

Other Organic Constituents of Bone Matrix.

Increased interest has recently been shown in the non-collagenous

constituents of bone. The carbohydrate-protein complexes,

which occur in bone in larger amounts than previously suspected,
have been tefmed mucins, mucoids, mucopolysaccharides and
mucoproteins. These substances are found between the collagen
fibres, and for this reason have generally been called the
cementing substance. Interest has been shown in the possibility
that the cementing substance has an important role in initial
calcification in cartilage, Bonucci (1971). Present knoﬁledge
of the carbohydrate-protein complexes suggests classification

into two types, proteinpolysaccharides, and glycoproteins.

Proteinpolysaccharides consists of a protein chain, or core, to

which are attached a number of polysaccharide chains, which are
relatively simple, consisting mainly of a regularly repeating

unit of two sugars.

Glycoproteins are similar to the first class, in that they contain

carbohydrate linked to proteih. In this case however, the
carbohydrate chains are relatively short and contain a wide

variety of sugars.
Finally, the amount of Lipid in cortical bone is small, (0.3 -

0.5% by wt.), but is of interest since Irving (1965), has

suggested that it may be associated with the calcification process.

13,



1.5.

Calcification.

Tissue calcification, or mineralisation, is generally
considered to be the last step in bone formation, following
cellular differéntiation and matrix formation. The many theories

concerning mineralisation can be divided into three main classes:

1) Theories which propose mechanisms that would raise the
ionic concentrations at specific sites, so that the mineral

would precipitate spontaneously;

2) Theories which propose mechanisms that would create
nucleation sites, so that mineral could precipitate readily

from the serum levels of calcium and phosphate;

3) Theories which propose that the crystalline bone mineral
does not precipitate directly from serum, but via the
transformation of another calcium phosphate mineral which is

initially formed.

Robinson (1923) proposed that the enzyme alkaline phosphatase

is responsible for producing an excess of free inorganic phosphate
at calcification centres. This would raise the local phosphate
concentration fo a supersatdrated level in the tissue. serum to
such an extent to cause bone mineral to precipitate. The mdst
serious drawback to Robinson's theory being the fact that

alkaline phosphatase is present in tissues that do not normally
calcify, Bradfield (1949). In the light of this objection

interest was focused on the second type of theory, where the

organic matrix plays an important part in the calcification process.

- Collagen, being the major organic component in bone was favoured

as the nucleation site of bone mineral. This hypothesis has
received considérable support from electron microscopical studies,
where a close relationship between bone Crystals,and collagen
fibres has been seen in developing bone, Fitton-Jackson and
Randall (1956), Molnar (1960), Robinson and Watson (1955). The

14.



inference from such observations is that sites exist in, and/or
on the collagen fibreé, which act as foci for the inception of(
crystallisation. Glimcher (1959), has demonstrated that only
collagen showing the 64nm periodicity in- the fibre direction will
calcify in vitro. Glimcher‘suggested that it is the structural
arrangement of the tropocollagen molecule which is the important
factor in determining the nucleation sites. Various other
investigators have noted that specific amino acids may be
important in defining these sites. Robinson and Watson (1955),
found bone mineral crystals near the crossbands of collagen
where basic and acidic amino acids are thought to be more
concentrated. According to Bonucci (1971), the locus of initial
calcification in both cartilage and bone appears to be structures
of cellular origin, which are not found within the cells, but in
the matrix between the collagen fibres. Clusters of crystals
then appear, attached to these structures or templates, which
Bonucci has termed 'crystal ghosts', and suggested that they

probably belong to the protein polysaccharide complexes.

There is one difficulty howeﬁer in considering the matrix as a
seed forming agent, namely that the organié components of bone
‘tissue are found in conmective tissues that do not normally
calcify. No conclusive evidence is available to suggest that
there are subtle chemical or conformational differences between
mineralising and non-mineralising tissues that explain the ability

of t?e former to calcify.

The third class of theories propose that there is an initial
‘precipitation of a non-crystalline, or amorphous calcium phosphate,
which subSequently‘converts by hydrolysis into hydroxyapatite,

which is the crystalline form of bone mineral.

N

4)6'

Brushite, (CaHPO4
5H20), see 1.75 and 1.7.7, have both been suggested as the

.2H20) and octacalciumphosphate, (Ca8H2(PO
initial mineral phase in bone formation, Neuman and Neuman (1958),

Brown (1962), but no direct evidence has been obtained of their

existence, Glimcher (1969).

15,



Amorphous calcium phosphate on the other hand, is apparently
pfesent in bone to a considerable extent, and it appears to
possess many of the properties required of a mineral intermediate
to hydroxyapatite. Posner (1969), suggests that the amorphous
calcium phosphate is a product of cellular activity, and the
amorphous salt, once formed becomes the controlling source of
ions for the precipitation of bone apatite crystals. Since it
is more soluble than apatite, the amorphous material through
dissolution provides the fluid levels of calcium and phosphate
needed for the extra-cellular formation of apatiﬁe. Bone
collagen could still provide the prefeiential sites for primary
nucleation of apatite, secondary nucleation using the apatite
crystals themselves as substrates, Eanes and Posner (1965) and
(1969). 1In this model, the primary factor responsible for
limiting the formation of apatite crystals to those areas that
normally calcify, is a cellularly derived calcium phosphate.

Thus the cell ultimately governs the entire calcification process.

16.



1.6.

Crystal-Collagen Relationships.

- It has long been established that relationships exist between

bone mineral and collagen. The orientation of crystallities

in bone was first detected in the x-ray diffraction patterns

of long'bones by Clark (1931), who showed a fibre axis parallel
to the long axis of the bones. This was confirmed by Stllhler
(1936), who, in a subsequent x-ray crystallographic investigation
(1938), was able to show that the direction of the crystallite
c-axis was parallel to the collagen fibre axis. In their
investigations on calcified bird tendon, Engstr8m and Zetterstrlm
(1951), demonstrated the well oriented reflections of both
collagen and apatite on the same diffraction pattern, the

c-axes of both constituents being pafallel.

The action of collagen as a nucleation site for bone mineral
crystallisation has been mentioned in the previous section.
Evidence suggesting a relationship between collagen and crystal
formation can be seen in'many electron micrographs, where the
collagen banding, whilst not being visible itself, is indicated

by a variation of crystallite density. See figure 1.10,
Whilst it is gemerally accepted that the above relationships

between bone mineral and collagen do exist, the details of these

relationships are still not clear.

17.



Figure 1,10 <100 nm.
Rabbit femur, fixed in osmium tetroxide, postfixed in glutaraldehyde.

Collagen banding shown by variation in bone mineral density.

18.



1.7. Bone Mineral.

1.7.1. Introduction

The exact chemical and physical characteristics of bone
mineral are still not clear. Early work by de Jong (1926),
demonstrated the similarity between the x-ray diffraction
patterns of untreated bone, and a group of minerals

known as apatities. However, because of the extremely
small crystal size, in bone (<100nm), the diffraction
pattern is diffuse, and so accurate calculations of the
lattice parameters are impractical. However, by heating
or calcination of the bone, the diffraction pattern can

be greatly improved, since temperatures over 500°C cause
growth of the crystallites this produces better

diffraction conditions. Unfortunately, this also encourages
reactions between the apatife and ions outside the lattice,
such as brganic'bound phbsphate and calcium. So,

although the crystals are larger after heating, their

chemical composition may have changed.

Klement (1929), suggested that the major constituent of
bone mineral was hydroxyapatite, and in 1932, Klement

and TrYmel demonstrated the identity between diffraction
patterns of hydroxyapatite and bone. As a result of

this work it is now widely accepted that hydroxyapatite

is the major component of bone mineral.

However, all attempts to account for the composition of
bonelmineral with one rational chemical formula have
been unsuccessful. It seems highly probable therefore,
that the chemical compdsition is variable, and since
bone mineral is formea in a dynamic, living system, it
is likély‘that environmental fluctuations will be made -

manifest in the chemical character of the mineral.

19.



1.7.2.

_1.7.3.

1.7.4.

Apatites

Apatites belong to a general classification of crystals
known as the hexagonal system, since in the ideal form
they appear as hexagonal prisms. These pfisms can be
described by a principal axis, termed the c-axis, about
which there is hexagonal symmetry. Normally, and
equally spaced around the c-axis, are the three a-axes,
all identical in length, see figure 1.11. These axes
are used to describe the symmetry of a crystal, the
relationship of the faces, and fﬁe pbsition of points,
or ions within the crystal. The hexagonal prism is
simply one way of describing the crystal, which could
equally be-described by considering the c-axis and only
two of the a-axes.k This unit cell is the smallest
possible basic unit from which the entire crystal lattice

could be constructed.

Hydroxyapatite

- The unit céll for hydroxyapatite can be considered to

be a right rhombic prism, with a length aloﬁg each edge
of the basal plane, which is described by the a-axes,

of 0.9432 nm, and a height described by the c-axis of
0.6881 nm, Posner and Perloff (1958). Atomic
constituents of this unit cell are given by the formula =-

Ca,, (P0O,), . (OH)., and the arrangement of these atoms
10 “%%6 2, ,

“within the cell is shown in figure 1.12.

Fluorapatite

Fluorapatite has basically the same structure as
hydroxyapatite, with the hydroxyl . ions replaced by
fluorine ions. The conversion of hydroxyapatite to
fluorapatite, by the ingestion of fluoride is the basis
of the treatment of some dental and bone disorders. It
has been shown, Posner etal (1962), (1963), (1965), that

fluorine retention leads to an increase in the bone

20.



a=09432 nm.

c=06881nm.

Figure 111

Hydroxvapatite Unit Cell Contents,

The structure is shown here projected onto the basal plare,
the numbers written in the symbols represent the fractional
height within the unit cell,

Figurei-12

21.




1.7.5.

mineral crystallite size. The rate of reaction between

‘a solid and solution is affected by the crystal size,'

the larger crystals reacting more slowly than the

smaller ones, and this is at least part qf the
explanation for the reduction of dental caries
associated with fluoride ingestion. Fluoride has also
been used as a treatment for both Paget's disease and
osteoporosis, Sognnaes (1965). However, excess of .
fluoride in drinking water, owing to industrial
contamination, has led to the development of pathological
bone disorders, Johnson (1964).

Octacalciumphosphate

Octacalciumphosphate (OCP), has the chemical composition
(Ca8 H, (P04)6 . 5H20), giving it a calcium to |
phosphorus mole ratio of 1.33, relative to hydroxyapatite
(HA), which is 1.667. There are many structural
similarities between OCP and HA, and so there is a high
probability of epitaxial crystal overgrowth, that is

one crystal .acting as a base for the other, so that the
two crystals grow together with their axes aligned.
Comparison of the crystallographic parameters show the
similarity between OCP and HA, see table 1.1.

Note that (é/Z) for OCP is approximately equal to (a),
for HA.

According to Brown (1962), part of fhe OCP structure

is siﬁilar to HA and part is rich in water molecules,
he refers to these different parts as an apatite layer
and a wéter layer.iv0CP crystallises as thin triclinic
bladés, elongated in the c-axial direction;'and can

be idéntified through x-ray diffraction by the 1.868 nm
and 0.267 nm reflections. However, because of the

small size of bone mineral crystallites, and
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The Crystallographic Parameters of Hydroxyapnatite

and Octacalciumphosphate, Brown (1962),

Parameter. HA, ocp,
a 0.943 nm, 1,987 nm,
b 0,943 nm, 0.963 nn,
c 0,688 nm, 0,687 nm,
a 90° 89°17"
2 90° 92°13'
¥ 120 108" 57'

Table 1-1

23.
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1.7.6.

consequently the poorly resolved diffraction pattern,
it has not been possible to use these reflections as '

a quantitative measure of OCP in a mixture with HA.

It has been demonstrated by Newesely (1964), that the
central part of the OCP unit cell, is much poorer in
calcium than the marginal zones, and that in the
building of the crystal, the lattice space of a= 1.987 nm
may be changed to 2a. The central zone is conséquently ‘
doubled, so that the whole structure projected down

the c-axis, is composed of two dense layers, of about

1.0 nm in thickness, sgpa;atgddby,ailess“degsﬁwz.gﬂnm.ﬂ,,

thick zone. There is a striking correspondence between
this data and structures which are sometimes observed
in the electron microscope, D-Steve Bocciarelli (1969).
Because of this evidence, and the fact that chemical
analysis of bone mineral yields a low calcium to
phosphorus ratio, OCP has been favoured as the

explanatibn.

Calcium Deficient Apatites

Synthetic calcium phosphates yield similar x-ray
diffraction patterns to hydroxyapatite, but these
compounds often have a lower calcium to phosphorus ratio
than ideal, or stoichiometric hydroxyapatite. This
could be explained by either phosphate groups absorbed
onto the surface of stoichiometric hydroxyapatite, or
calcium ions missing from the crystal lattice, whilst
the remainder of the structure is intéct. Several
arguments have been advanced against the explanation
that the lack of stoichiometry is due solely to surface
absorbed phosphate groups, Newman (1953). Thus it
seems quite likely that the low Ca/P ratio hydroxyapatites

are, in fact, calcium deficient.
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Calcium deficient apatites are more reactive thermally
and chemically than stoichiometric hydroxyapatite.
Temperatures of the order of 300 °C cause dehydration,
and condensation to pyrophosphate (?207-4).in the
apatite structure. Heating above 800°C causes complete
dehydration and formation.of B - Ca,y (PO4)2‘
Stoichiometric hydroxyapatite will remain unchanged
well over 800°C.

Evidence for the existence of calcium deficient apatites
in bone and tooth mineral is seen from chemical
analyses, and from the formation of pyrophosphate at
mild temperatures, Herman & Dallemagne (1961), and

B - Ca, (PO at higher temperatures, Sobel et al (1949).

4)2

1.7.7. Monenite and Brushite

Lénart (1968), has suggested that hydroxyapatite in
bone is formed through stages involving brushite

(Ca HPO, . 2 H,0), and monenite (Ca H PO4). In an
electron diffraction study of mineralising callus,
Lénart (1971), has detected both monenite and
hydroxyapatite. However, it must be emphasised that
because of fhe extremely small size of bone mineral
crystallites, diffractionApétterns are diffuse, and

so evade accurate interpretation.

1.7.8. Amogphoﬁs Calcium Phosphate

Evidence from electron miscroscopiqal.studies,
Robinson & Watson (1955), Fitton-Jackson and Randall
(1956), HYhling et al (1966) and Molnar (1959),
suggested that not all boné mineral is crystalline in
nature. The above reports showed that in areas, ‘
mainly around osteoblasts, there existed mineral-like
parficles that differed in’morphology from apatite

crystals and did not produce electron diffraction
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patterns. More recently, it has been demonstrated

by x-ray diffraction, that the amount of crystalline
apatite present in any given bone sample, is
insufficient to account for all the bone mineral
contained in that sample, Eanes et al (1966), Harper &
Posner (1966), Termine (1966). By comparing results
from synthetic systems with those from bone samples,
these workers calculated that up to about 407 of the
total mineral in mature compact bone, was present in
the form of an amorphous non-apatitic phase. This
percentage was found to be even higher in younger
bones, see table 1.2. The amount of amorphous méterial
aﬁﬁaf%at%y found in bone has been criticised, Bachra
(1970), who questions the validity of the direct
comparison between synthétic and living systéms.
However, it still remains that a great deal of bone:
mineral is so poorly crystallised as to appear amorphous
to x-ray diffracﬁion, whether this is actually the
beginnings of hydroxyapatite, or another distinct phase

is difficult to prove.

Since the chemical constituents of bone mineral are
predominantly calcium and phosphate ions, this non-
crystalline, or amorphous, component which apparantly
forms a substantial portion of the total mineral, is
thought to be some sort of calcium phosphate compound.
Once again the work on synthetic systems has shown that
an amorphous calcium phosphate precursor is present in
the precipitation of hydroxyapatite from physiological
solutions. Unless stabilised in some way, this precursor
converts to hydroxyapatite, and it has not yet been
determined if some form of stabilising factor is present

" in the in-vivo situation.
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Ths effect of aze upon the crystalline/amornhous mineral

composition of wbole rat femur. Termine,J.D. and Posner.A.S.(1967)

Age/days, |%eCrystalline Mineral |°/oAmorphous Mineral
3 32.8 | 67.2
5 3L.6 ' 68.4
7 34e2 65.8
10 37.5 L 62,5
13 36.1 63.9
15 0 61.0
17 L5 57,5
20  Lheb 5544,
24 bl 55,9
26 471 52.9
30 50.4 49.6
35 53.6 46,2
o  59.8 40,2
50 62.0 38.0
60 62.3 37.7
70 6he5 35.5
80 63.1 36.9

Table 1-2
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1.7.9. Mineral Composition. Summary

Investigations into the structure and composition of

bone mineral have led to much confusion. Due to inherent
difficulties, accurate analyses have so far been
impossible. Since bone is formed in a dynamié
environment, the fluctuating physical and chemical
conditions must, in turn, provide fluctuations in the
composition of bone mineral. Thus, unfortunately, from
the many investigations on bone mineral it is only

possible to draw the following general conclusions:

1) Bone mineral exists in both crystalline and

amorphous phases.

2) The crystalline phase appears to be an imperfect
form of hydroxyapatite, which is present as

extremely small crystals.

3) The amorphous phase is a basic calcium phosphate
associated with bone formation, and is thought
to be more metabolically active than the

crystalline fraction.
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1.7.10.

The Morphology of Bone Mineral

It was noticed from)early x-ray diffraction work on
bone, that the OOL reflections (reflections from
planes in the cvrystal which are perpendicular to the f
c-axigs, were narrower than reflections from other
planes. This was taken as indicating an elongation
of the bone mineral crystallites in the c-axis directionm.
Attémpts have been made to estimate the dimensions of
the crystalliteg in bone from the broadening of
diffraction lines. However, crystal size is not the
only factor which can influence the width of a
diffraction profile. Internal strain in the crystal,
leads to variations in the lattice dimensions, and

this leads to a broadening of the diffraction profile.

Carlstr8m and Glas (1959), using fish bones, succeeded
in measuring the profiles of the (002), (004), (008)
and (130) reflections. (This terminology is explained
in the next chapter). From this data they éoncluded
that -the line broadening was due to both size'and strain
effects, and calculated a c-axial length of aboﬁt 60 nm
and width of about 5 nm. Myers and Engstr8m (1965),
performed a similar type of measurement on calcified
fowl tendon, and calculated dimensions of 35 nm x 5nm.
Stllhler (1938), in his investigations of various types
of bone estimated the c-axial length to lie between

3nm and 29 nm. Carlstrdm (1955), calculated the avérége

c-axial dimension from line broadening of the 002

reflection only, to be 23 nm T 2 nm, using various types
of bone. Apart from the line broadening method,
particle sizes can be estimated by another\technique,
which uses the diffuse, low angle scattering of x;réys.'
This method has been applied to the measurement of bone
crystal sizes by Engstrbm and Finean (1953), who found
that the crystals in various bones were of uniform size

and rod-shaped, with dimensions of 21 nm x 7.5 nm,

* O{\‘L‘j teve wWhen Yhe c—oxs w pc‘PQc\&\'cu\ur  the

basal plong, @av » the cose with hydcoxyapakite.



with the elongation in the c-axial direction.
Carlstr8m and Finean (1954), confirmed these findings
- by applying the technique to fish bone, which is a
highly oriented structure. They concluded that the
crystallites were probably rod-shaped, having
dimensions of 22 om x 6.5 nm. Engstr8m (1972), using
the same techniqhe and type of bones calculated

dimensions of 33-35 nm x 3-5 nm.

The other main technique i)y which studies on bone
mineral have been performed is electron microscopy.
From measurements on 1000 crystals in human bone,
Rbobinson (1952), found an average particle size of

50 nm x 25 nm x 10 nm, with a long direction parailel
to the c-axis. In a later investigation on human boﬁe,
Robinson and Watson (1952), concluded that the mature
crystal length was 35 nm - 40 nm, with a width of |
about the same value. The thickness of these plates
was estimated to lie between 2.5 nm and 5 nm. They
found that crystallites with a length of about 18 nm
were four timeé more abundant than those of 40 nm, but
thought that these smaller particles were fragments

‘'of the larger plates. In an extensive study on the
crystal-collagen relationship in human bone, and on
changes occuring with age, Robinson and Watsom (1955),
found that the crystalline phase increased in size,
from an unresolvable particle of less than 5 nm diameter
in the infant, to plate-like crystals of 150 nm x

50 nm x 10 nm in the senile Subject.
It has been suggested by Fernandex-Mor3in and Engstrbm

(1957), that the observed plates are actually lateral

aggregations of rods. However, this does not account for
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the difference in observed contrast between the two
types of structure. The rod-like structures,appearing'

more dense than the plate-like objects.

. Steve-Bocciarelli (1969), made a study of ox bone in

the electron microséope, and by using a tilting specimen
stage, he was able to compare images of the same
crystallite taken at T 200 to the normal position. He

arrived at the following conclusions:

a) Rod-like images of the crystallites were actually

edge views of plate~like structures.

b) The plates measured 2-4 nm in thickness and up to
70 nm in length and width.

c) The plates showed no well defined profile, but

sometimes an angle of 90° could be observed.
These observations are corroboration of work by Johansen

and Parks (1960), who arrived at the same basic

conclusions.
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1.7.11. Mineral Morphology. Summary

Microscopical observations of the size and shape of
bone mineral crystallites have not been in agreement
with x-ray diffraction findings. The two prevalent
viewpoints consider bone mineral to be either rod-like
or plate-like in habit. There appears to be agreement
that the smallest dimension of the crystals is about

5 nm, but there is discrepancy in the reported c-axial
lengths. X-ray diffraction téchniques»producing
values of about 20 nm - 35 nm, whilst microscopical
estimations tend to be two or three times larger.
Whilst various hypotheses have been suggested to explain
this discrepancy, experimental evidence is still
inconclusive in delineating both the size and shape of

bone mineral crystallites.
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: 1.‘8-

Piezoelectricity in Bone

It has been well established that bone exhibits the property of

a piezoelectric transducer, Bassett (1968). That is, it has

the ability to transduce mechanical energy into électrical»epergy,
and vice versa. Indeed, this phenomenon has been shown to be

an inherent property of other mineralised structures, and of non-
mineralised connective tissue. This property of biological

tissue is regarded by some, as being of fundamental importance

in supplying the critical transducing step in the initiation of

physiological processes by external means.

Although it is clear that bone behaves piezoelectrically when
deformed, the origin and significance of the response are not
completely understood. It is known that bone has the ability

to adapt itself to accommodate new stresses, and it does this by
a process of remodelling, Currey (1968). Currey goes on to
suggest that an electrical stimulus is the most likely mechanism

behind the control of osseous cellular activity. Many workers

-have 'shown ‘that when a bone is bowed, the concave periosteal

and endosteal surfaces become negatively polarised with respect
to the convex endosteal and periosteal éurfaceé. The negative
potential seems to induce osteoblastic activity, whilst the
positive potential appears to induce osteoclastic activity.
Referring to figure 1.13 it can be seen that this mechanism leads
to a drift of the bome over a long period, such that it is

remodelled to accommodate the stress. Thus, a negative feedback

'system appears to operate which controls the remodelling process.

It remains to be shown whether this electrical stimulus is
directly responsible for- the cellular activity, or that the

activity is mediated by other means. o
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Compression-sliegative Potential—+Osteoblastic Activity.

Tension-+Positive Potential-»Osteoclastic Activity.

Figure113
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1.9.

The Objectives of this Study

This first chapter has given a brief introduction to the structure
of bone and some of the difficulties encountered in its study.
Before the physical behaviour of such a complex material as

bone, in both normal and abnormal situations, cam be understood,
it is necessary to have basic information about the structural
components. Two oﬁtstanding aspects of bone structure which

need further study are:

a) The shape and size of bone mineral crystals.

The two methods by which this topic has been studied
are x-ray diffraction and electron microscopy. Past
results have been inconclusive, and there have been

discrepancies between the two methods.

b) Bone mineral orientation.

‘This-particular topic is -important since the c-axial
orientation of bone mineral is co-axial with the
collagen fibres, and hence the mineral orientation
indicates the three dimensional fibrous structure of
- the bone sample. Past results have tended to be
qualitative, and techniques need to be developed to
obtain a quantitative description of the fibrous

structure.

This work is an attempt to develop techniques which will claiify‘

past discrepancies and also -provide quantitative information on

the shape, size and orientation of bone mineral crystals and

hence further the understanding of bone as a material,
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2.1.

Crystal Structure.

A crystal can be defined as a solid, composed of atoms, which are
arranged in a pattern periodic in three dimensions. Thus crystals
differ in a fundamental way from gases and liquids, which do not
have this periodic ordering. Some solids also lack a periodic

structure, and are termed amorphous.

The crystal lattice can be considered as a set of points which

have a fixed relation in space to the atoms of the crystals, and.
may be regarded as a framework on which the actual crystal in
built. The lattice is chosen, such that the crystal is divided
into a lafge number of cells, the contents of each cell being a
representative unit of the crystal. These unit cells are defined
by three vectors, a, b and c, which are the crystallographic

axes of the cell. Alternatively, the cell may be described by
the lengths of these vectors and the angles between them, see

figure 2.1.

When x-rays, or electrons, fall on a crystalfthey can be considered
to be reflected from planes of atoms which are defined within
the crystal, and in order to label, or index the various sets of

planes with respect to the crystal lattice, Miller indices are

used. Examples of plane indexing by Miller indices are shown in

figure 2.2. The spacings of these plamsof atoms, (the d-spacings),

can be calculated from a general formula using the respective

Miller indices.

For the hexagonal crystal system, the d-spacings are given byﬁ-

1 4 ( b2 + hk + k) L2 -
3

d‘Z o ( aZ ) + (E)
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Crystal Lattice (a), and Unit Gell (b), Showing Lattice

Parameters.,
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- Figure 241
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Crystal Plane Indexing Using Miller Indices.,

Definition:~ ,
}¥iller indices are reciprocals of the fractional

intercepts which the plane makes with the crystallographic
axcs,

e.g. If the Miller irdices of a plane are (hkl), then the
plane makes fractional intercepts of a/h,b/k, and c/1 as
shown below. '

The spacing of a set of crystal planss with Miller indices
(hkl), is revresented as dnkl ., examples are showm below.

oo — kd"")\

N

(100) - (110) - (002)

S

Figure 2-2

38.




2.2.

X-rays.

2.2.1.

"2'.2.2.

Introduction

X-rays were discovered in 1895 by the German physicist
RYentgen. They were quickly put to use in the medical
field without a proper understanding of their nature.

It was not until 1912 that their exact nature was
established. - Also in that year, the phenomenon of x-ray
diffraction by crystals was discovered and this provided

physicists with a new tool with which to probe the

 fine structure crystals. The wavelength of light is

about 600 nm, and this places a limit on the size of
objects which can.be examined by light. X-rays, on the
other hand, have waﬁelengths of the order of 0.1 nm
and so may be used to give detailed information about

objects the size of atoms.

X-ray Diffraction

If x-rays are considered to be reflected from the various
sets of plames in a crystal, the refiecﬁed rays will
interfere with each other. Rays from successive planes,
will interfere constructively, if their path difference -
is a whole number of wavelengths. If the crystal is
assumed to be infinite, then all the other rays will
cancel themselves ott by destructive interference. In the
case of real crystals; which arevby no means infinite,.
the rays are not completely cancelled out, and the strong
reflection.becomes less well defined. As the crystal
becomes smaller, the more diffuse its diffraction pattern
appears. The condition for a strong reflection depends
ﬁpon the crystal geometry and the wavelengths of the
x-rays, and this condition is expressed by Braggs Law,

see figure 2.3.



The Bragg Law.

Iacident X-roy

g ©
n e
g =
X
8
o

Crystal plane.

Constructive interference of X-rays occurs when the

path difference between rays diffracted from

[

successive crystal planss is a whole number of wavelengths,

2d.Sin®=n A\

Figuré 2-3
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2.2.3.

The Powder Method

This method is probably the most commonly used technique
in crystallography. The crystals to be examined are
first reduced to a fine powder, if not in that condition
already. The powder is then loaded into a thin glass
capilliary, which is presented to the x-ray beam. Each
particle of powder being a tiny crystal, oriented at
random, with respect to the incident beam. Statistically,
some of the particles will be arranged to give a certain
Bragg reflection, and because of their random
orientation about the x-ray beam, that reflection will
form a cone of x-rays. A series of cones will be
produced for all possible Bragg reflections, see figure
2.4. The powdér tecﬁnique is alterhatively called the
Debye-Scherrer method, and the apparatus used is a

short cylinder with the powder specimen placed on the
axis. A thin strip of film is fitted into the cylinder
in such a manner that all the diffraction cones strike
the film, as shown in figure 2.5. By me;sﬁring the
spacings of the lines on the film, and knowing the
geometry of the apparatus the cyrstal d-spacings can be

determined. The two pieces of apparatus commonly used

‘for obtaining information from x-ray films are:-

—

a) An illuminated graticule with a sliding cursor

which allows accurate measurement of the diffraction

line diameters;

" b) A microdensitometer, which is a device to tramslate

the optical density along the film into a graphical
form. 1In this manner, information concerning the
profile 6f'the diffraction lines, together with
their‘relative strengths can be obtained, see

figure 2.5.
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pomtwhere Coe|
. incident beam -
, enters (2§ = 180°) -

Figure 2.4
The Debye-Scherrer powder method.
(a) relation of film to specimen and incident beam,

(b) appearance of film when laid out flat,

2
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2.2.4,

2.2.5.

The Flat Film Method

In this method, the specimen is simply placea in the

x-ray beam, and the diffracted beams are detected on a
flat plate film which is placed in front of the specimen,
or behind if back reflections are to be studied, as"

shown in figure 2.6. This method does not give a complete
coverage of the 20 values as with the Debye-Scherrer
method. However, it does give a complete picture of

the diffraction cones, so that orientation effects can

be studied.

If the crystals in a polycrystalline specimen are

_perfectly oriented in one direction, then the diffracted

beams would'appear as spots on a film. If the orientation
is completely random, diffraction rings would be

observed. If the oriehtation lies between these two
extremes, then the spots spread into arcs, the
distribution of which give information about the degree

of orientation. Figure 2.7. demonstrates the effect of

orientation upon the diffraction pattern.

The X-ray Diffractometer

Basically, a diffractometer is designed somewhat like
a Debye-Scherrer camera, except that a movable counter

replaces the strip of film. In both instruments

- essentially manochromatic radiation is used, and the

x-ray detector (film or counter) is placed .on the
circumference of a circle centred on the specimen. The-
intensity of a diffracted beam is measured in a 
diffraction camera, by the amount of blackening it
produces on an x-ray film. This is usually converted to

a graphical form by using 'a microdensitometer. In the
diffractometer however, the inteﬁsity is measured

directly by the counter, and can be monitored continuously

on a chart recorder, or at selected discreet points.
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The Flat Film Method,

Back feflectiqn.

Specimen,

Film .

Figure 2,6

The Effect of Crystal Orientation on the Diffraction Pattern,
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Crystal

002 arec,
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Prefeg@d orientation.

[ 002 Pianes,.

002 ring.

Random c-axial orientation..

002 spot.

O
Uni-axial orientation.

Figuré 2.7
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This method provides accurate detailed information

about the diffraction peak intensities and shape, and '
it will be seen later, that the shape of the diffraction
envelope is an important factor when determining the

crystallite size by this method.

As mentioned préviously, the x-ray beam should ideally

be monochromatic, and this is achieved by filtering.
The x-rays generated by a copper target x-ray tube, ‘
consist of two high intensity peaks. These are the
result of electronic transitions in the copper atoms.

By passing the beam through a metal which has an
absorption edge between the two peaks, only one high
intensity peak will emerge. If this peak is sufficiently
greater than the background radiatiom, it may be
considered to be monochromatic. Nickel is the filter

used with copper radiation, see figure 2.8.

46.



Filtered Radiation.

. Kay

G

A —>

Characteristic X-ray spectrum emitted by an X~ray tube.
The variation of X-ray absorption with wavelength fdr an
element such as nickel, which is used to filter copper
radiation,

When the X-ray spectrum of A, is filtered by the element
indicated in B, ,»tﬁe resulting radiation is approximately

monochromatic, consisting almost entirely of the strong Ke peak.

Figure 2,8
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2.3.

Electron Microscopy

The elctron microscope is a versatile instrument,. and can be
used in a variety of different modes. The image contrast is

formed in two distinct ways, a) by absorption, b) by diffractionm.

2.3.1. Absorption Contrast

The specimen used for transmission electron microscopy

is usually in the form of a thin section, 20-100nm.
thick. As electrons pass through the specimen, they

are scattered and absorbed to varying degrees, depending
upon the composition of the specimen, Electrons

emerging from the lower surface, are focused to form

the final image, which correspondingly varies in contrast

with the electron density of the specimen.
Whilst absorption contrast occurs in all types of
specimen, the second method of contrast formation occurs

oonly with crystalline objects.

2.3.2. Diffraction Contrast

'When eleétrons, passing through a specimen encounter a
crystalline substénce, which is so oriented as to
_produce a diffracted beam, then the transmitted beam will
be reduced in intensity, by the amount diffracted away.
The diffracted beam is usually stopped by the'objective
aperture, which is placed directly below the specimen
holder, and so does not continue down the microscope
column to contribute to the final image. Both types of
contrast formation are shown diagramatically in

figure 2.9.

2.3.3. Bright Field Operation

In this mode of operation, the image is formed by
electrons which are transmitted through the specimen, and
therefore both methods of image contrast formation come

into effect. Figure 2.10. shows the typical construction -
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Image Contrast Formation,

Incident electron bsam,

Specimen.

Diffracted electrons,
)
aperture,
YV Yvy Vv

Transmitted electrons,

Figure 2,9

Both absorption and diffraction of the incident beam lead

to irage contrast,

49.



2.3.4.

and lens arrangement of a modern electron microscope.

The type of information which can be obtained by this
method is mainly concerned with the morphology of the
specimen, and structural relationships. Various
techniques can be used to increase the amount of
information obtainable from bright field images. For
instance, by tilting the specimen from its normal position
two or more .images of a certain stfucture can be

obtained, and these, when viewed in a suitable stereo

viewer, can give a pseudo three dimensional image.

With biological specimens it is often required to
localise certain substances, and this is achieved by
staining the specimen with heavy metal salts, which’
attach themselves preferentially to various substances

within the specimen. . -

These are just two of the ways in which the bright field

mode can be enhanced to give specific information.

Electron Diffraction

Since electrons exhibit wave properties, like x-rays,
they form a diffraction pattern when transmitted through
crystalline objects. In the electron microscope, the
diffraction pattern is focused in the back focal plane
of the objective lens, see figure 2.11. This pattern
can be brought into focus at the image plane by changing
the focal lengthé of the lenses, which is done
electrically. Thus, areas of interest can be selected

whilst in the image mode, and analysed by diffraction,

by switching from one mode to the other. An electron

diffraction pattern can be easily formed from an area

only 1/Um.in diameter, requiring a photographic exposure.

50.



Electron gun

1st- condenser lens 3
Condenser aperture——EEaL{ Gl %

2nd condenser lens—— —1~
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Objective lens————— —

2nd intermediate lens
Field limiting aperture—gfEaIr?s
Ist intermediate lens

Projector lens

. .....

)

Objective lens

Fluorescent screen

Back focal plane

First Image plane

Figure 2,I0 ~Figure 2.II

Figure 2,10 shows the crossection of a modern electron microscope.

Figure 2.II is a ray diagram showing how electrons emerging parallel
from the specimen are focused in the back focal plane,
The diffraction pattern is produced in the final image

by focusing on the back focal plane instead of the first

image plane,
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2.3.5.

of a few seconds. By comparison, the minimum area
selectable for x~-ray diffraction analysis is between

20 and 100 times larger, and requires much longer
exposure times. However, specimen preparation for x-ray
analysis is usually far simpler than that for electron

microscopy.
The information obtainable from electron diffraction
relates to the specimen composition, structure, and

orientation effects in polycrystalline samples.

Dark Field Operation

In this mode of operation, the final image is formed -
from diffracted rather than transmitted beams, figure

2.12 shows how this is achieved.

Method A involves moving the objective aperture away
from the optical axis, and this introduces sphe;ical
aberration into the image. To overcome this problem,
the diffracted beam is aligned with the optical axis,
as shown in B, and under these conditions, only objects
which diffract beams through the objective aperture

will appear bright, everything else appears dark.
The particular use of dark field microscopy to the

problems of calcified tissue will become evident in the

following chapters.
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Formation of a Dark Field Image,

Incident beam,

Specimen,

Diffracted
beams,

el
Objective
aperture,

v .
Transmitted beamn.

Msthod A, Objective aperture moved to stop

the main beam and transmit the

diffracted beam, /\.
Method B, Main beam tilted so that the C
diffracted beam passes through
the objective aperture, E&
A4
Figure 2,12
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CHAPTER __THREE

SPECIMEN _PREPARATION_ _FOR__ELECTRON _MICROSCOPY



3.1.

Specimen Preparation and Analysis.

3.1.1.

Introduction

Since bone is a biological material it undergoes
autolytic changes after death. Autolysis being the
self-destruction of tissue by enzyme action, causing

the breakdown of protein and the eventual liquefaction

of the cells. Bone matrix is a unique tissue, in

that it apparently remains stable for many thousands
of years. However, to gain information about in-vivo
situations, by studying bone in-vitto, it is necessary

to know what changes have occured after death.

" The first step in tissue preparation is usually

fixation. This process halts any autolytic activity
and crosslinks protein, to make a more permanent
structure. Fixation is an attempt to preserve the
tissue as near as possible to the in-vivo state.

However, by the very nature of the process it cannot

do this. It is, therefore, important to be aware of

any changes brought about by fixation, and if indeed
they are significant. The problem is a difficult one,
and the only reasonable way in which it can be
investigated is to use various, and if possible, widely
differing preparation techniques and compare results.
In this study bone mineral has been investigated by

using two methods:-

a) X-ray diffraction, which provides information on

structural and chemical changes;

b)  Electron microscopy, which provides more

qualitative.iﬁformation on structural features,
such as gross changes to crystallites due to

dissolution and re-precipitationm.
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3.1.2.

‘Review

. Experiments on the structure of bone mineral under

'different experimental conditioﬁs have been performed

by Ascenzi et al (1968). X-ray diffraction, electron
diffraction and electron microscopy all indicated no
apparent change in the structure and form of bone
mineral prepared by various standard techniques and
bone which was unfixed and unembedded. Johansen and
Parks (1960), found that the crystallite morphology
appeared unchanged between hydroxyapatite crystals in
dentine which had been sectioned without previous
treatment, and dentine which had undergone routine

fixation and embedding.

One point to be considered is the effect of specimen
preparation on the amorphous fraction of bone mineral.
It has been suggested by Pautard (1970), that all bone
mineral could exist in an amorphous form in-vivo, and
only becomes crystalline after death. This idea has
been investigated by the author and dismissed. The

reader is referred to Appendix I for this topic.

From their work on synthetic sysfems, Termine and Posner
(1967), (1972), conclude that whilst the majority of
bone mineral is present in the crystalline form, the
amorphous fraction appears to be stabilised in-vivo

and can convert to the crystalline form after death, but
it can also be removed by prolongyed aqueous processing

during specimen preparation.

1t appears therefdre, that the crystalline fraction,

" which forms the majority of bone mineral is unaltered in

morphology and chemical composition by standard tissue

" preparation techniques. The amorphous fraction on the

other hand appears to be very susceptible to alterationm.
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However, since this work relates to structural
features defined by the crystalline portion of bone
mineral, the amorphous fraction is unimportant in

this cése.

Despite previbus investigations,.during the preliminary
stages of this work it was decided to check for
preparation artefacts by using electron microscopy

and x-ray diffraction, since techniques and materials
were being used which had not specifically been used

in the past.

3.1.3. The Choice of Specimen

Work in the past has been performed on many types and
species of bone, so it was decided initially, in an
attempt to standardise experiments, to use the same
bone and specie of aniﬁal. Cortical bone from the mid-
',ﬁénmral region of the female dutch rabbit was chosen,
and the animals, which were fed on a standard diet,

were obtained from the university animal breeding unit.

3.1.4. - Experimental method

A femur was removed from a female dutch rabbit, aged
approximately six months, immediétely after death.

The epiphyseal growth plate was still present,

indicating that the animal had not reached maturity. The
mid-section of the femur was cut into lmm thick slices

as shown diagramatically in figure 3.1l., using a Metals
Research macrotome, fitted with a sintered diamond

wheel. Distilled water was used as a lubricant except
for the specimen which was to be untreated, and this

was cut dry.

The samples were then treated as follows:=-
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The Bone Sample,

Mid-femural section.

1mn, thick sections of

cortical bone.

Figure 3.1
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a)

b)

c)

Fixed in Ethyl Alcohol

Ethyl alcohol (ethanol) is a powerfulvdéhydrating
agent, and causes shrinkage and hardening of
biological tissue. Fixation was carried out in a
250 ml conical flask, at room temperature for '
sevén days, after which the sample was powdered by

filing, and used for x~-ray analysis.

Fixed in Neutral Buttered Formal Saline
Neutral buttered formal saline is composed of:=

Formalin... : - 100mb—r=-
Tap water ' : 900m1
Acid Sod. Phosphate Monohydrate :  4.0g
Anhydrous Disodium Phosphate H 6.5¢g

This mixture is a common histological fixative and

fixation was carried out in a 250m1 conical flask;

at room temperature for seven dayé. The samble was
then washed in distilled water for ten minutés,

and then powdered for x~ray analysis.

Freeze Dried

Freeze drying is a method of arresting tissue
decomposition without chemically altering any of the
constituents of the sample, and ‘ideally only water
is removed. The sample is  however. not fixed, and
can deteriorate-if allowed to absorb moisture. The
sample was first of all quenched in Arcton 12,

which had been cooled to -158°C by Liquid nitrogen.
Aréton 12 was used in preference to liquid nitrogen
since it has a higher thermal conductivity and does
not form bubbles around the specimen which would

impede the cooling. It is important to have a rapid
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cooling rate so that ice crystals do not form and
disrupt the structure. The frozen specimen was

then transferred to a vacuum chamber at less than
0.0lmm: Hg pressure and -40°C. Under these conditions
the ice in the specimen sublimes, and is absorbed

by a tray of phosphorus pentoxide. After twénty-four
hours the sample was slowly brought to room |
temperature and pressure and then powdered for x-ray

analysis.

d) Fixed in Glutaraldehyde

Glutaraldehyde is a rapidly penetrating fixative

and is in common use. Fixation was carried out in a
250ml conical flask at 40°C for 3% hours, after
which the specimen was washed in distilled water,

dried in air and then powdered for x-ray analysis.
e) Untreated
This specimen was left to dry in air for a period of

two weeks, after which it was powdered for x-ray

analysis.

3.1.5. . X-ray Analysis

The various bone powders were loaded into 0.3mm glass
capiliaries and irradiated with nickel filtered copper
radiation in a Debye-~Scherrer powder camera for a period’
6f 2% hours. The exposed film was then developed and
measurements taken of the ring diameters using an
illuminated graticule. A change in these diameters, or
the éppearénce of new rings would indicate a change in

the crystal composition.
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3.1.6. Calculation of the d-spacings

The dimensions of the Debye-Scherrer powder camera,
are such that lmm measured on the film represents

1° (20). A ring‘diameter subtends an angle of 46 at
the specimen, as shown in figure 3.2. Thus, by using
the measured values of 6, and the Bragg Law, the
various d-spacings which characterise the specimen °

were calculated.

3.1.7. Plane Indexing'

The d-spacings for the various (hkl) planes of bone
mineral were calculated by using the hexagonal crystal
‘model, as mentioned in 2.1., and lattice constants.

for bone mineral of:-

0.9432 nm
c 0.6881 nm _
(Posner and Perloff - 1958)

a

The calculated spacingé were then compared to those
measured experimentally and Miller indices assigned to

the various rings on the film.
3.1.8. Results
The following figures and tables show the microdensitometer

trace of each film, together with measured d-spacings

for the peaks indicated.

Film,

. Specimen,

X-rays.

.Figure 3.2
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SENULMAN, S1A.. ABSULULE BIHAHOL..

| 3 2
6 5 4 T

, | 35° 26
ﬂ/A\\/\%!i i\ %(29) :(28)»

_ TRACE. 3,I

SPECIVEY S1A. ABSOLUTE ETHANOL.

EAK. {  d-SPACING. nm. MILLER INDICES. - | INTESITY.
1 {0.3431*0.0010 002 Good,
2 10,2798+ 0.0010 121/112 V.Good.
3 10.2271%0.0010 130 Poor.
4 10.2030%F0.0010 113/203 V. Poor
5 lo.1951F0.0010 222 V.Poor.
é 10.183510.0010 | 123. V.Poor,

TABLE 3.1
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SPECLIFEN S1B. N.B.F.S,

—INTENSITY—>

| i . |
1

, =1
36°%28) | 26°(28)

TRACE. 3.2

SPECIMEN S1B. N.B.F.S.

PEAK|  d-SPACIEG.nm. MILLER INDICES. | INTENSITY.
1 |0.3240%0.0010 002 Good.
2 |0,2801%0.0010 121/112 V.Good.
3 |0.2276%0.0010 130 Poor.
4 |[0.2032%0.0010 113/203 V.Poor,
5 10.1947+0.0010 222 V.Poor.
6 |0.1843%0.0010 123 V.Poor.

TABLE 3.2




WLARS LA s e BUPRRWYUTYAVY R PRSI WY ¥

—INTENSITY 5>

36°(28) 26°(28)

TRACE. 3.3

SPECIMEN S1G., FREEZE DEIED,

PEAK| = d-SPACING. nm,. MILLER INDICES. | INTENSITY.
1 | 0.3421%0.0010 002 Good.,

2 | 0.279740.0010 121/112 V.Good.
3 | 0,226516.0010 130 Poor.

4 | 0.1939+0.0010 222 V.Poor.
5 | o0.1838%0.0010 123 V.Poor.

TABLE 3.3
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OPLULFMY SLU,  GLUTARALDLHYDH,.

—INTENSITY—>

36°(28) 26°(28 )
TRACE.. 3.4
SPECIMEN S1D. GLUTARALDEHYDE.
PELK | d-SPACING. nm. MILLER INLDICES, | INTENSITY.
1 0.344010.0010 002 Good.
2 | 0.2e01F0.0010 121/112 V.Good.
3 | 0.2279710.0010 130 Poor.
4 0.1949+0.0010 222 V.Poor.
5 | 0.1845+0.0010 123 V.Poor.
TABLE 3.4
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36°(28) 26°(28)
TRACE. 3.5
SPECIMEN S1E, UNTREATED,
PEAK d-SPACING. nm. MILLER INDICES.| INTENSITY.
1 0.323810.,0010 - 002 Good.
2 0.2795+0.0010 121/112 V.Good,
3 | 0.2273+0.0010 130 PooT.
L 0.1943+0,0010 222 V.Poor.,
5 0.1842-+0.0010 123 V.Poor..
TABLE 3.5
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3.‘1.9.

Comparison of Results

To compare the measured d-spacings for each sample,

the following method was adopted. The errors indicated
in the various values of d , were estimated from the
precision of measurement 6n the film, The mean value
of each d-spacing and its limits were considered as
three readings, so that a mean and standard deviation

could be calculated. Then a comparison was made

between the same peaks of each of the five samples, by

using the t~test. Table 3.6 shows results of the
test using only the maximum and minimum measured values

for each set of d-spacings.
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Comparison of d-spacings

.. Minimum Standard Maximum Standard
Peak ‘Mean Value | Deviation Mean Value | Deviation |T=-statistic
of d.(nm) |- (nm) of d.(nm) (nm)

002 0.3421 v0.00l 0.3440 0.001 ©2.45
121/112 0.2795 » 0.001 0.280i 1 0.001 0.73

130 | 0.2265 Q.OOl 0.2279 0.001 ~1.71
113/203 0.2030 0.001 0.2032 0.001 ©0.24

222 0.1939 0.001 '0.1951 » 0.001 1.47

123 0.1835 0.001 0.1845 0.001 1;22

Table 3.6.

For this test, the tabulated value of t at thev_5% level of significance
~ = 2.78. Therefore, since none of the calculated t values are greater
than 2.78, thére is no significant difference between the respective d-
spacings as measured for éach sample. Since this test has been made
between the maximum and minimum of each set of values the same result

applies to the intermediate values of d.



3.1.10.

Conclusions

No significant differences were found, at the 5%
level, between the diffraction patterns of the fixed
and unfixed'samples. Since the measured d-spacings
for each sample showed no significant difference, this
indicated that the lattice parameters were unaltered
by the different preparatibn techniques. Lines were
not detected in the diffraction pattern, other than
those arising from the assumed model, which indicated
that the various preparations did not ﬁermanently

introduce new material into the bone matrix.

The (002) reflection was identified as a sharp and well
isolated line, 'and this property is used in the
following dark field and orientation work. One‘pbssible
interpretation of these results is that changes have
been made to the bone mineral, but have not been
detected. Consequently, throughout the rest of this
work where new techniques are introduced and developed,
samplés are prepared differently and accessed by these

techniques for preparation artefacts.
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3.2,

Ultrathin Sectioning

3.2.1.

3.2.2.

Introduction

Before ahy specimen can be examined by transmission
electron microscopy, it has to be reduced to a
thickness of the order of 10 nm - 100 nm. If the
specimen is too thick, the electron beam will not be

transmitted sufficiently to produce an image, if it

" is too thin, the specimen will break up under the

pressure of the electron beém. The most.widely used
method of producing ultrathin sections of biological
material is ultramicrotomy. Before the sample can be
sectioned it has to be supported in a rigid medium so
that there is a minimal amount of deformation during
the sectioning. The process of infiltration with a
supporting medium such as Araldite is known as

embedding.

Embedding and Sectioning

In the preparation of soft biologicél materials it is
normal practice to embed the sample by the following

procedure: -

1) Dehydration : by using ascending grades of

ethanol in water.

2) Infilteration with propy%sne oxide : which,
being a solvent for both Araldite and ethanol acts

as a link reagent.

¥ Acaldie resin rype CY212, hacdener fype HYA 6L

3) Gradual replacement of propylene oxide with

Araldite.

4) Curing the.ﬁraldite in an oven at 60°C.



Initially, this process was used to prepare the bone
samples, howéver, it was found unnecessary to infiltrate
the specimen since the bone matrix was sufficiently
rigid to withstand the sectioning process. Good
sections were obtained from unembedded bone simply
cemented into an araldite block for support in the
ultratome jig, the arrangement of which is shown
diagramatically in figure 3.3. The main arm of the
ultratome moves up and down in a cutting action while
the specimen is advanced towards the knife edge.
Mechanical advances serve to adjust the instrument but
the final advance onto the knife is made by thermal
expansion of the arm, which is controlled by an
electrical heater. The rate of advance can be adjusted

to just a few nonometers. between cutting strokes.

For most biological materials knives made from glass
are adequate. However, because bone is hard, it blunts
the edge of a glass knife after only_g few strokes,

and so a diamond cutting edge has to be used. Glass
knives are used to trim the face of the bone sample so
that only a small block, approximately one tenth of a
millimeter square, is presented to the‘diamond knife,

- see figure 3.4. A diamond knife and glass knife are
shown for comparison in figure 3.5. Behind the knife
edge is a small trough which is filled with a quuid,
so that as the sections are cut they float in a serial
fashion onto the liquid. Once sufficient sections are
floating in the trough they are picked up, together
with a drop of liquid by placing a copper grid, held

in a pair of fine tweezers, on top of them. The liquid
is removed by inverting the grid onto a filter paper,
and the sections are left firmly adheréd to the grid.
Various sizes of grid mesh are availablé, and it was
found that a grid of mesh size 400 provided adequate

support to the bone sectioms.
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i1he Jltramicrotomne, .

Thermal expansion
provides foreward
movement,

- Sections cut and floating
in the trough,

Figure 3.3

The bone section is mounted in
resin and trimmed so that only
a small block is actually cut,

1/10 om. squars,

Figure 3.4
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Figure 3.5
Diamond Knife (a), and Glass Knife (b).



- The floatation medium used for this work has been
distilled wafer, as it was found that buffered media
contaminated the specimen with salt crystals, and
since washing is necessary to remove them, distilled

water was used in preference.

In order to test whether a short exposure to distilled
water affected the bone sections, some bone was prepared
anhydrously by fixing in ethanol, and the sections
removed from the knife edge in a drop of ethanol. The
appearance of these sections was the same as those '
prepared by floatation on distilled water, and so
distilled water was used throughout this work as the

floatation medium.

It was found by practice that the best thin sections of
bone were obtained when cutting in a plane perpendicular
to the radial direction of the femur, with a cutting
speed of 5cm/sec., and a feed rate of 60nm - 80 nm per
cutting stroke. Although sections were obtained by
cutting in the two other mutually perpendicular
directions, the best sections were always obtained by
cutting in this plane. This finding was partly"
expected, since the plane, perpendicular to the radial
direétion is coincident with the laminar arrangement of
primary type bone, and all rébbit femora examined had

a primary type structure, see figure 3.6.

Once the entire preparation procedure‘had been developed,
the total time from the removal of a bone sample, to
the examination in the microscope was as little as 3-4

hours for unfixed samples.
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‘The Radial Section.

Laminar structure of
primary type bone,

Radial
direction,

Best sections cut
in this plane.

Figure 3.6
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FIELD _ELECTRON _MICROSCOPY



.1.

Microscope Calibration

In order to interpret bright field images it is important to
calibrate the microscope for (a) magnification, (b) diffraction
pattern rotation, and it is worth considering these before

discussing any of the following micrographs.

a) Calibration of magnification

Initially a magnification calibration chart was constructed
for the JEM.100b electron microscope by examining polystyrene
latex particles at different magnifications. These particles
have a uniform size and so are commonly used as a
magnification standard. In the later part of this work,
because of service alterations to the microscope it was
necessary to re-calibrate the magnification, and beef catalase
was used. Beef catalase is a substance which crystalises in
a two dimensional regular array, showing a strong repeat
interval of 8.75nm, see figure 4.1. This standard is mounted
on a copper grid so that it can be used each time measurements
are taken, thus allowing for short term fluctuations in the

microscope which could affect the magnification.

Beef catalase

100 nm. Figure 4*1
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b)

Calibration of Diffraction Pattern Rotation

This type of calibration is important to enable the
orientation of crystalline objects to be determined. The
image in the microscope is rotated with respect to the object
by the action of the lenses. The lens configuration is
different in the diffraction mode to the image mode, and

thus the diffraction pattern and image are rotated by
different amounts, and this difference varies with
magnification. An accurate way to measure this rotation uses
a crystal such as molybdenum trioxide. When viewed in the
electron microscope, these crystals are seen with long
straight edges, which are perpendicular to the (100) direction
in the crystal. A superimposed diffraction pattern and

image allow a direct measurement of the difference in
rotation so that diffraction patterns and images of the same

object can be accurately aligned.
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4,2, Examination of Bone Samples

4,2.1. Bright Field Imaging

The following series of micrographs have been selected
as showing features typical of those found by using the

bright field imaging mode.

All samples of bone have been taken from the mid-femoral
section of female dutch rabbits, aged approximately six
months. The samples have been fixed by different
techniques for the detection of possible artefacts due
to preparation. Sections were cut as described in 3.5,
Details of the sample preparation and notes on the
appearance of the sample in the microscope are given on

the page immediately following the micrograph.



100nm

Figure 4*2
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ng. &<

Sample No. S5D

Preparation:

Fixed in 5% Glutaraldehyde with bicarbonate buffer for

five hours at 4°C.

Washed in physiological medium TC,.199 with bicarbonate
buffer at pH 7.2.

Post fixed in osmium tetroxide with veronal acetate

buffer. *

Dehydrated in ascending grades of ethanol in water, and
embedded in araldite using propylene oxide as a link
reagent.

Sectioned in a radial direction as described in 3.5.

Notes on appearance:

Both long thin dark objects aﬁd less dense irregular
plate-like objects can be seen in the same section. This
means that either the rod-like objects are actually the
plate-like objects viewed on edge, or that two types of

structure are present.

Collagen cannot be seen in this section since unstained

collagenis electron transparent.

There is a wide variation in the size and shape of the
objects in the micrograph which are in fact, the bone
mineral crystals. Because of the dense nature of fully
calcified bone, single crystals are difficult to isolate
as their outlines tend to merge and overlap. This

dense nature is one of the reasons why work in the past
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has tended to have been carried out on less calcified
. systems, sﬁch as embryonic bone and calcified tendon.
Whether results from these materials are directly
comparable with fully calcified and mature bone, is
open to question. However, since diamond knives have
become available, it has been possible to obtain good

thin sections of fully calcified bone.
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100nm.

Figure 4*3
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fig. 43

Sample No. S5B2

S

Preparation:

Fixed in glutaraldehyde with bicarbonate buffer to
pH 7.2, for five hours at 4°c. Dehydrated in ascending
grades of ethanol in water, then embedded in araldite

using propylene oxide as a link reagent.
Sectioned in a radial direction as described in 3.5.

Notes on appearance:

This section has cut unevenly and the dark areas are

parts of the section which have buckled.

Basically the appearance of this micrograph is the same

as figure 4.2, .

Irregular plate-like forms can be seen in the thinner
regions and what could be rod-like forms can be seen in

the thicker parts of the section.

-7
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——————— ] 100nm.

Figure 4.4
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fig. 44

Sample No: S3B3

A

Preparation:
This sample was unfixed and allowed to dry in air for
twenty~-four hours before being sectioned in a radial

direction as described in 3.5.

Notes on appearance:

This micrograph shows an area of bone where the crystals
appear predominantly as irregular plate-like forms.
Once again, because of the dense nature of this material,
individual crystals are difficult to isolate since

their outlines tend to merge and overlap.
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—————— 1 100nm.

Figure 4*5
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fig. &5

Sample No. S5B4
Prégaration:
Same as figure 4.3.

Sections cut in a longitudinal direction as described

in 3.5.

Notes on appearance:

This micrograph shows features which could indicate the
presence of octacalcium-phosphafe, as described by

D. Steve-Bocciarelli (1969). These 'double lined'
structures could also be interpreted as two thin plate-
like crystals viewed on edge. Other features of this
micrograph are basically the same as the prévious examples.

showing denéely packed irregular shaped cyrstals.

86.



Figure 4*6

10 nm.

»

i : *
10 nm. Figure 4*7



fig. 46 & 47

Sample No: S5C3

Preparation:

Fixed in ethanol for six days at room tempefatufe.
Embedded in araldite using propylene oxide as a link

reagent.

Sectioned in a transverse direction as described in

3‘5.

Notes in appearance:

These two micrographs, taken at high magnification,
show two crystals which appear isolated from the
background and the crystals themselves show a regular
array of lines. These crystals have irregular outlines
although part of figure 4.7shows an angular feature,
and apparent areas of lower demsity within the body of
the crystals could indicate some kind of imperfection
in structure. The crystals.appear darker than others
which are in the background because of the diffraction
contrast effect. The general spotty appearance is due
to the carbon film which is used in this case to

support the specimen on the grid. -

The lines within the crystal are caused by an interference
effect. When a diffracted beam from a certain set of.
planes in the crystal manages to pass through the
objective aperture, it recombines with the undeviated.
beam at the image to produce an interference pattern.

The spacing of lines in this pattern is the same as the
acﬁual lattice planes from which the diffracted beam
originated and this effect is known as lattice plane
resolution. It is possible to determine which lattice

planes are being imaged‘by measurement of the spacing,

88.



provided the magnification is known accurately.
Additional information can also be gained by_imaging
the objective aperture with the diffraction pattern

to see which diffracted beams can pass through. Figure
4.8 shows a microdensitometer trace of the electron
diffraction pattern, on which is marked the positions
of the objective aperture and the (100) diffracted
beams, which are actually combined in the large
undeviated beam. The (100) planes in bone mineral have
the largest d-spacing of the crystal and hence the
lowest diffraétion angle. No other diffracted beam

can pass ihrough the 20 pm aperture and this suggests
that the imaged planes are actually the (100) planes,
which have a spacing of 0.8169nm. One possible
configuration of the crystal and (100) planes is shown

in figure 4.9.
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(10ﬁ) | (100)

(002)

(002)

}' 20 mi¢ron

I aperjure,

Centre of diff. pattern.

'

-

Figure 4.8

A microdensitometer trace across the diameter of the electron
diffraction pattern of a radial section of rabbit femur.

The (100) reflection has a d-spacing of 0.8169 nm. and is able to
pass through the 20 micron objective aperture in bright field
conditions, as indicated above.

Shown below is a possible configuration of the (100) planes

within the bone mineral crystal. -

| (100) plane:\

Figure 4.9

90.



10nm.
Figure 4*10
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fig. 410

Sample No: S5D

Preparation:

Same as 4.2.

Notes on appearancer

In this micrograph, which was taken at the maximum
magnification of the microscope, the majority of the
fringe patterns are due to (100) lattice plane
resolution. A few of the fringes are due to effects
between overlapping crystals and are dealt with in
the next chapter; The lattice lines can be followed
easily over distances of é few tens of namometers,
indicating that crystals of this size are in fact
single crystals and not composed of aggregations of
smaller units. Tﬁe crystals themselves are almost
impossible to isolate since their outlines overlap and
are difficult to follow, thus making any form of size

measurement extremely difficult.
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i liim.

Figure 4.11
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11g. &- 1|

Sample No: S5D

Preparation:
Same as 4.2.

Notes on appearance:

This micrograph shows an area of bone matrix

" immediately surrounding a bone cell. The mineral:
deposits surrounding the cell do not have the usual
crystalline appearancérand do not prodpée a
crystalline diffraction pattern. Thg amorphous
nature grgduallj changes and within 3 ;ArFHT from
the cell border crystalline structures begin to

appear in the matrix.
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2.

Electron Diffraction

X-ray work has shown quite conclusively that the
crystal c-axes of bone mineral are aligned in the
direction of the collagen fibres. This feature can be
observed in micrographs taken at low magnifications

( 100Kx) . Figure 4.12 shows a micrograph of unfixed,
unembedded bone in which the crystals are elongated
and aligned in one general direction. The collagen
banding can also be seen to lie in this general
direction. Figure 4.13 is an electron diffraction
pattern of the area shown in figure 4.12, and the (002)
arcs show how the crystal c-axes are distributed

about the collagen fibre axis.

100 nn.

Figure 4%*12



It was mentioned in Section 3.3.3. that the best
sections were always obtained when cutting in a
radial plane. Initially sections were cut in three

mutually perpendicular direétions, as shown below.

Tangental Section.
u l
Longitudinal

Section ’/£><
Radial Section. :/\-;__/

Figure 4.14

~ The electron diffraction pétterns of these three types
of section show one important feature, namely the
absence of an (002) diffraction peak in the transversely
cut sections, see figure 4.15. This means that the
crystal c-axes and hence the collagen fibres,.are

aligned, in general along the long axis of the femur.
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" lluu “uraubion raxxems 0l babbit jjone Sections.

The sections have been cut mutually perpendicular to each other.
Note the absence of an (002) diffracted beam in the tangental section.

Tangental
Section.

Radial
Section.

Figure 4*15



4.2.3. Conclusions

From the selection of micrographs presented here, typical
of many others which have been examined throughout this

work, the following conclusions can be drawn.

a) No features have been found which could indicate
damage to the specimen caused by any of the

preparation techniques used.

b) Both crystalline and amorphous bone mineral have
been visualised. The bone matrix itself consisting
mainly of collagen and crystalline mineral, and

the amorphous form being associated with bone cells,

c) Figure 4.4. shows crystals whose edges parallel
to the long axis appear more electron dense than
the central region. This feature has been noted by
D. Steve-Bocciarelli (1969), although its exact

nature has still to be determined.

d) Both rod-like and plate-like images have been seen
in many micrographs, although as mentioned in
Section 1.7.10, the long dark objects have been
shown, by tilting the specimen, to be edge views
.of ‘the plate-like objects. Thus it would appear

that bone mineral has a plate-like form.

e) High magnification micrographs have shown.images of
many overlapping crystals with irregular shapes
and sizes. Variation of electron density within
some of the crystals could indicate imperfections
in the structure. The fact that lattice
resolution lines can be followed over distances of
some tens of nanometers means that crystals of this
size are mnot composed of aggregations of smaller

units.
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£)

g)

It has been shown by selected area electron
diffraction that the crystal c-axes are aligned, in
general with the collagen fibre axis. This axial
orientation tends to be longitudinal in the mid~

femural section.

Probably the most important conclusion to be drawn
from this evidence is that measurements of crystal
dimensions from bright field images have little
value. Because of the dense nature of bone,
ﬁicrographs show images of many overlapping
crystals, with widely varying shapes and sizes,
thus making the isolation of individual crystals
almost impossible. Even if this isolation could
be achieved the orientation of the crystal axes
are not known in any bright field micrograph,

and so measurements have little relation to the

crystal lattice.

However, these difficulties have been overcome by
using -the technique of dark field imaging, which
has not been applied to this problem before and A

is described in the next chapter.
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CHAPTER _ FIVE




5.1. Development of the Dark Field Technique

5.

1.

1.

1.

Introduction

One of the most important modes of operation of the
modern electron microscope, when used with crystalline
specimens, 1s dark field imaging. This technique,
which has been briefly described in chapter two, uses
diffracted, rather than transmitted, beams to form

the final image. Hence, only structures which produce
the required diffracted beams appear bright in the
image, everything else appears dark. This condition
is an ideal solution to the problems involved with the
crystal size measurement of bone mineral. The dense
nature of bone mineral means that many crystals are
overlapping, but only a few are oriented to produce
certain diffracted beams and only these few crystals
will appear bright in the dark field image. Thus the
problem of the isolation of individual crystals can be
overcome. Furthermore, if the diffracted beam is
chosen so that the crystal orientation is known, then
accurate measurements, which are related to the crystal

axes can be made.

Dark Field Imaging

Initial attempts at producing dark field images gave
confusing results. The main beam in the microscope was
tilted, so that only diffracted beams could pass

through the objective aperture, as shown below in figure

main beam

(tilted)

Figure 5*1
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The diffracted beams which were used to form the

image, were visualised by leaving the objective
-aperture in position and switching to diffraction mode.
Initially, the smallest objective aperture, as
supplied with the microscope was 20/um in diameter and
this allowed many diffracted beams through to form the

image,with the following results.

Figures 5.2, and 5.3. show the corresponding bright
field and dark field images respectively. The dark
field image was formed using diffracted beams as shown
in figure 5.1. The bright field image is typically
confused, consisting of many overlapping crystals. The
dark field image consists of many systems of fringes
and bears little resemblence to its bright field

counterpart.

These fringes have been reported by Braddock (1973)
and Kauffman (1973). Braddock postulates that the
fringes are images of crystals aligned on collagen
fibres, but suggests that-they could be some form of
interference effect. Kauffman measured the fringe
period and area dimensions, finding a typical period
of 2-3nm, and an area of 7.0nm x 20.0nm. Kauffman
ruled out lattice images as an explanation since the
smallest observed fring period was 1l.5nm and the

largest lattice spacing of bone mineral is 0.8169nm.

Periodic fringes can be produced in the electron
microscope by various forms of crystal fault, such as
dislocations and stacking faults. However, crystal
faults do not produce fringes of such.greaf area and
variation in spacing as the observed fringes and are

thus an unlikely explanation.
Thickness fringes are another form of périodic image

which is observed in thin crystals, however these are -

unlikely to be observed fringes since thickness fringes
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Corresponding Bright and Dark Field Images from an Area of Unfixed

Rabbit Femur.

___________ H Figure 5*2 (Bright Field Image)

e Figure 5-3 (Dark Field Image)



have only four or five peaks which decrease in |

intensity quite rapidly.

The most likely explanation for the observed fringes
is that they are, in fact, Moiré fringes. Moire
fringes are formed when two crystals overlap and
diffraction takes place in both crystals. The
diffracted beams interfere at the image to produce
the fringes, which in effect map out the region of

crystal overlap.

Essentially, the fringes which are produced as a result
of overlapping crystal planes are described by the
following equations, which have been derived for

optical Moire patterns.

a) Fringe spacing (D) = dl«d2
[di-dz]

For parallel overlapping planes of spacing dl & d2.

b) Fringe spacing (D) = d
2 Sin (500

For overlapping planes with the same spacing and

a small relative twist (&).

L
c) Fringe spacing (D) = dl.d42/ [(dl-dz)2 + db&bd?] :
For overlapping planes with different spacing and

small relative rotation.

~ One of the most useful properties of Moiré fringes is
. to produce a magnified image of crystal lattice
imperfections. Figure 5.4. shows an optical analogue
of the effect produced by a dislocation in one set of
planes, on the formation of the Moiré pattern. The
pattern shows a magnified image of the dislocatiom.
Figure 5.5..shows a dislocation in bone mineral

observed by this effect.
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Figure 5¢4
An optical analogue showing the effect of a dislocation in one grating
on the formation of Moire patterns, (a) parallel Moire pattern, (b)

rotation Moire pattern.

~ 110 nn. Figure 5.5

A dislocation observed by a Moire pattern in the dark field image of

a section of unfixed rabbit femur.



5.1.3.

5.1.4.

Discussion

Dark field images, formed by using many diffracted

beams have little value, for the following reasons:

a) Moire fringes are formed which impair the
isolation of individual crystals for measurement.
These fringes do not give any information which
can be used to determine the c-axial length of

bone mineral crystals.

b) When many diffracted beams are used to form the
image it is impossible to know which beam
produces a certain image and thus, the crystal

orientation cannot be determined.

It is, therefore, important to eliminate, as far
as possible, the Moire fringes and to use only

one set of diffracted beams, i.e., from the same
set of planes in different crystals, to form the

dark field image.

Improved Dark Field Technique

A small objective aperture was specially obtained
which contained 5, 10, 20 and 40/um diameter holes.
It was found in practice that the 10 /Um aperture was
sufficient to isolate the (002) diffracted beams and
good dark field images were produced, with a drastic
reduction in the number of Moiré fringes. The (002)

beams were chosen because the (002) planes of bone

" mineral have a simple relationship to the c-axis, also

these beams are strong and well isolated, a condition
which is necessary for the formation of good dark
field images. Figure 5.6 shows how the (002) beams
produce dark field images of crystals whose c-axes

all lie within the plane of the section and in a
direction within that plane determined by the position

of the objective aperture on the diffraction pattern.
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Main Beam.

- Imaged Crystals
Have C-Axis Within
Plane of Section.
(002) Planes.

A\

<%____<< , L ‘\ C-Axis.

(002) Beams
Passing Through
Imaged Crystals Objective Aperture.
Have C-Axis
in this
Direction.
To Image.
Figure 5.6

Because of the reduced image intensity associated
with the dark field method, long photographic
exposure times were found to be necessary (30s - 60s).
Over this length of time specimen drift due to
-bending of the section under the pressure of ‘the
electron beam was found to be a problemvénd this was
overcome by using copper grids with an evaporated
carbon support film. Although reducing the clarity
of the micrograph, this support film proved to be

invaluabie in stopping specimen drift.
Figure 5.7. shows a good dark field image formed by

using the small aperture and (002) diffracted beams only.

The c=-axial direction is indicated.
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A 100om
Figure 5*7
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5.2. C-axial Length Measurement Using The Dark Field Method

5.2.1.

Introduction

The bone sample was taken from the mid-femural section
of a female Dutch rabbit, aged approximately six months,
removed and prepared immediately after death. Since

thé dark field technique had not previously been used
for this work, different specimen preparation

techniques were used to detect possible preparation

artefacts.

Three sections, lmm thick, were cut from the bone
sample using a Metals Research macrotome fitted with a

diamond wheel and prepared by the following techniques.

A, Fixed in 5% glutaraldehyde with bicarbonate
buffer for five hours at 4°C. Washed in T.C.199
with bicarbonate buffer, pH 7.2. Post fixed in

osmium tetroxide with veronal acetate buffer.

Dehydrated in ascending grades of ethanol in

water and embedded in araldite.

B. Fixed in absolute ethanol for twenty hours at

room temperature.
Embedded in araldite.
C. Air dried for a period of eight weeks.

Sample not embedded but supported in an araldite

block for sectioning.
Procedure A represents a high quality biological

preparation, B represents an inferior preparation and

C involves no preserving technique at all.
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Sections were cut as described in 3.5., mounted on
400 mesh carbon coated copper grids and examined

without further treatment.

The dark field images were formed using only (002)
diffracted beams and the lo/X1l diameter objective
aperture. The c-axial direction of the crystals
appearing brightly in the dark field images was
determined from the superposition of the diffraction
pattern and the objective aperture image, as shown
in figure 5.8., account being taken of the rotation

factor mentioned in Section 4.1.2.

/o - 5

LT M u | |

Electron Diffraction Pattern and Objective Aperture.

Figure 5*8

The micrographs were photographically enlarged to a
convenient size before measurements were made. Only
crystals which appeared bright and well isolated were
chosen for measurement. From many micrographs, 400
measurements of the c-axial length were taken for each
of the three samples using a magnified graticule and

the data was analysed statistically.



5.2.2. Results

The actual measurements taken from the enlarged
micrographs are tabulated in the following pages.
The numerical data has units of centimetres and the

scale factor is such that:-

Crystal Size = Size measured x 42 nm

(c-axial length) (in centimetres)
Each set of data was anlaysed statistically by computer

programme, see Appendix II and the analysis is

presented after each set of tabulated data.
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VLU I ARALVERAYDE/0OMIUM PIXARKD

- 111.

0.23 0,34 - . 0,346 o 0,37 0,42
0.25 . 0.32 0,35 0,38 0,43
0.25 0,32 oo 0,35 0,38 . 0,45
0.26 0432 0,35 0,38 0. 45
0.27  0.32 0,35 0,40 0.45
0.28 0,32 0,35 0,40 0,45
0.28 0,32 0,35 0,40 0.45
0,30 0,33 0,37 0,41 0,45
0.30 0,34 0,37 0.42 0, 45
0.56 0.50 U o.e0  oie2 065
0,57 0,60 0,60 0,62 0.65
0.57 0.60 0,60 0.62 0.65
0,57 0,60 0,061 0,62 0“ﬁ5
0,57 n,60n 0,061 0,62 65
0.38 0,60 0,61 0.62 0 6?
0.58 H,60 0,642 0,63 0.66
0.58 0,60 0,62 0,63 0,66
0,59 0,60 0,64 0,64 0,66
0.59 0.60 0,62 0,64 0,66

|
0.75 0.77 0480 0.81 0.85
0.706 0.77 0,80 0.81 0,85
0."6 o 0.73 9980 ) 0.81 0;85
0,76 0,78 0.30 0,814 0,85
0.76 0,78 0,50 N,82 0.85
0,76 0.78 0,50 0,83 0,85
0.76 0,79 0,30 0.83 0,85
0,77 0,79 0,30 0,83 9.85
0.?? 0.8” 0.3? 0183 0;85
0.55 1,03 1,07 1.11 1.15
0.98 1.05 1,07 1.12 1.15!
0.98 1.05 1,008 1.12 1.15]
0, 99 1.05 1,10 S I 1.6
1.00 4,05 1,10 1.13 1,17
1.00 1,05 1.10 a4 1.17
1.00 1.06 1.10 1.14 1,18,
1.00 1.07 1,10 1445 1.20
1.02 1.07 1.10 1,15 1,20

TABLE 5.1




GLUTARALDEHYDE/OSMIUM FIXED

0,46 0,48 0,59 0,53 0,55
0. 46 0,49 0.5 - 0"53 0,55
0 46 0,50 0,52 0,53 0,55
0,47 0450 0,52 0,54 0,55
0.47 . 0,50 0,52 0.54 - 0455
0,48 0.50 0,52 0,54 0,55
0,48 0,50 0,52 0,56 0,55
0,48 0,50 0,52 0,56 0,55
0,48 0.50 0,52 0,55 0,56
0,48 0,54 0,53 0,55 0,56
0,66 0,68 nT70 ‘o"ro 0,73
0,67 0,68 0,70 0570 0 75?
0767 0,68 0770 0.7 o 74
0,67 0,68 0,70 0,71 0,74
0,67 0,68 0,70 0772 0,75
0767 0,69 0.70 0,72 0,75
0.67 0,69 0.70 0:72 0.75:
0.67 0,69 0,70 0,72 0,75
0,67 0,60 0,70 0.73 0,75
0,68 0,69 0.70 0.73 0.?5
0.85 0,88 0,0 0.92 0,95
0.85 0,88 0,790 0,93 0,95
n.85 0.88 0,799 0,93 0,951 .
0,85 n,88 0,720 0,93 0,95,
n.86 0,88 0, 0,94 0,95
0,86 0,88 0,72 nt9a. 0,95 !
0,86 0,89 0,?%? 0,94 0.95a
0,87 0,80 0,72 0.94 0,96
0,87 0,90 0,92 0,95 0,97
0,87 0.%0 0.2 0,95 0, 97
1.20 1.26 1.30 1.50 1.81%
1.20 1.27 1.34 1.58 1,931
1,20 1,27 1,38 1758 1.95
1,20 1.28 1,35 1,60 1,95
1722 4,20 1,36 1766 1,95
1.23 1.30 1.36 1,69 2,10
1,23 1.30 1,38 - 1,73 2,15
1,23 1,30 1,38 1.75 2,40
1,24 1,30 1,30 1?77 2,70 |
1,25 1.30 .45 4777 2,70
TABLE 5.2
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ALCOHOL FIXED

114.

0,28 0,37 - 0,40 04,49
0,28 0,37 0,40 0,42 0,45
0.30 0,37 - 0,40 0,43 0,45
0. 32 0, 33 0,40 0,43 0,45
o.saA 0_38 0,40 0,43 0,46
0.35 0,38 0.40 A 0,46
0,35 0.39 0440 0.46 0,46
0.35 0,39 0,40 0.45 0,47
0.36 0,40 0.40 0.45 0.47
0,55 0,55 0,57 0,60 o:an;
0.55 - 0,55 0.57 0,60 0,60
0,55 0,55 0,58 0,60 0,60
0.55 0,55 0,58 n,60 0,60!
0,55 0,55 0,58 0.60 0,60
0,55 0,56 0,58 0,60 0,61
0.55 6.56 0,568 0,60 0,62
0,55 0.56 0,5% 0,60 0,62
0,55 0,56 0,5% 0,60 0,67
10.55 0.56 0,60 0,60 0,62
0.74 0,75 9,78 0,80 0,80
0,74 0,75 0,78 0,80 0,81
0,764 2,75 0,78 0,830 0,811
0,74 0,75 0,76 n,80 0,811
o 75 o 75 0,78 0,80 0,81
0,75 .76 0.79 0,80 0,82
0,75 o.?a 0,79 0,80 0,82.]
0,75 0.76 " 0,30 0,80 0,82
o 75 0,77 0,80 - 0.80 0,82
0,75 0,78 0,80 0,80 0,83
0.99 1,02 1.006 .10 1.13
1.00 1,02 4,07 1.10 1.3
1.00 1,04 1.07 1.19 1,15
1.00 1,04 1,08 1.10 4.15
1.00 1,08 1,08 1.10 1.15
1.00 1,058 1.0b 1.11 1.16
1.00 1,05 1,08 1.12 1,16
1.00 1.05 1.09 .12 1.16
1.01 A1.05 1.0v 1,12 1.16°
170; 1,05 1.10 1.12 1.17
TABLE 5.3
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0.47 0,49 0,50 - 0751 0,53
0,67 0,49 0,50 0.5 0,53
0 47 .. . 0,49 0,50 0,59 0,53
0,48 0,49 . 0,50 0,52 0,53
0,48 0,69 0.50 0,52 " 0,54
0.48 0,50 0,50 0.52 0,54
0,48 0,50 0.50 0.52 0,54
0. 48 0,50 0.50 0,53 0,54
0,49 0,50 0,50 0,53 0,54
0,49 0,50 0.50 0,53 0,55
0,62 0,64 0,65 0,69 0,71
0,62 0.64 0,66 0,70 0.7
0,62 0,64 0,66 0,70 0,72
0,62 0,64 0,67 0%70 0,72
0,63 0,65 0,68 0,70 0,72
0,63 0,65 0,68 0,70 0,72
0,63 0,65 0,68 0,70 0,72
0763 0,65 0-68 0270 0,73
0763 0,65 0,68 0,70 0,73
0,63 0,65 0,568 070 0,73
0,83 0,85 " 0,88 0290 0,94 |
0,83 0,85 0,88 0791 0,94
0,83 0.85 0,88 0791 0,95
0.84 0,86 0.88 0,92 0,95
0,84 0,86 0,8% 0,92 0,95
0.84 0,87 0,70 0592 0,95
0,85 0,87 0,79 0,92 0.95;
0,85 0,87 0,70 6,93 0,96
0,85 0.87 0.9 0,93 0.97 |
0,85 0,87 0,90 0,94 0,98
1,18 1,25 1.38 1,42 1.60°
1.18 1.25 1,38 1,42 1,70
1.18 1,25 1.38. 1,44 1.72
1,19 1.26 1,39 1,46 1,78
1,20 1,30 1,60 1748 1,79
1.20 1.32 1,40 1,49 1,82
1,20 1,32 1,640 ,1.50- 1,90
1,22 1.34 1,40 1,50 .96
1.23 1,35 *1240- . 1753 2,00
1,24 .37 1,742 S 1758 2,02
TABLE 5.4
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UNFIXED

0,24 0,35 0,385 ° 042
0.24 0.30 0,39 0,642
0.26 - 0,36 0,39 0,43
0.26 0,36 0.39 0743
0,27 0,36 0,60 0,44
0.30 0.30 0,490 0,44
0,30 0,37 0,461 0.44].
0.3 0,37 0,41 004b
0,31 0,37 0,42 0,44
0,32 0,38 042 04k
0.55 0,36 0,58 0,60 6,60
0,55 0,56 0,38 0,60 0,60
0.506 .56 0,58 9,60 0.60
0,36 0,56 0,33 0,60 - 0,60
0,56 0,37 0,54 0,60 0:60
0.56 0.57 0,58 N,60 0.60
0,36 0,37 0,59 0,69 0,61
0,56 0.57 0,59 0,60 0,61
0,56 0,538 0,39 0,60 0,61
0,56 0,58 0,59 0,60 0,61
0,69 0.74 0.72 0.74 0,76,
0.6% 0,72 0,72 0.74 0.76]
0.6% 0,72 6,73 0,75 0,77
0.6% 0.72 0,73 0.75 0;7?~
0,70 0.72 0.74 n.75 6,77
0.70 0,72 0.74 0.75 0.77
0.74 0.72 0,74 0.75 0,77
0-?1 0.?2 Q!?‘{b 0-75 0 ?f
0.71 0,72 0,74 0,76 077
0.8¢% 0,94 0.2 1.02 1.09
0.89 0.94 0,70 1.03 1010
0.9¢ 1,95 0,98 1.03 1.1
0,91 0,95 0,60 1,05 1.11
0.1 0,97 0,50 1.05 1,11
0,92 0,97 1,00 1.06 KL
0.93 0.97 1.00 1.07 14014
0.4 0,97 1,00 1.08 1,15
0.%4 0,97 1,01 1.08 1,16
0.%4 0.97 1.02 1.0 I N
TABLE 5.5
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0,46 T4 050 0,53
07 44 0,47 ‘ o?So 0.51 © 0, 53
0,44 0.47' 0,50 0,51 0,53
0744 0,47 o“So' 0’52 0,53
0, bt 0,47 0,50 0'52 o,sa
0,45 0,48 0,50 0,52 0,54
0,45 0,48 0,50 o,sz 0,54
0,466 0,48 0.50 0,52 0,55
046 0,40 0,50 o~52 0,55
046 0,49 050 0,53 0, 55
0764 0,63 0765 0,65 o;é?f
07764 0,63 0,65 0766 0,67
0,61 0,63 0,65 0,66 0,67
0,61 0,63 0,65 0766 0,67
0762 0,63 n, 45 07664 0,67
0,62 0,63 0,65 0,66 0,67
0,62 0,64 0,65 0,66 '0(681
0,62 0,64 0765 0767 0,68
0,62 0,64 0,65 0,67 0,68
0,63 0,64 n.65% 0,67 0,69
0,77 0,80 n, 84 0,83 0, 85'
0,78 0.80 0,81 0,83 0.86;
0.78 0.80" 0,81 0,83 0,87
0.78 0,80 0,84 0,83 0,87
0.78 . 0.8n n,82 0,84 ’.o.ss.
0,78 o:ao n,B82 0,84 0,88
0.78 0,81 0.82 0.84 0,88
0.79 0,81 0,82 0,85 0,88
0,80 0,81 0.8% 0.85 o.aai
0,80 0.8 0,83 Vofss 0,89
1.17 1.22 1,29 10664 1,66
1017 1.22 1,30 147 1,74
1,18 1,22 1.30 1747 - 1.80
1,19 ) 1.23 1.30 1.50 1.80;
1,20 1.23% 1,32 1,51 -1;80;
1,20 ‘“1;24 1-33 1,52 1,90 ]
1,20 1,25 1,34 4,55 - 1,95
1,20 1,26 1.39'_ 1.60 1.98
1,21 1,27 - 1,40 1,61 2,02
17219 1,28 1,43 1,65 2,70

TABLE 5.6






5.2.3.

Conclusions

a)

b)

c)

d)

e)

The dark field technique proved a most effective
method for measuring the c-axial length of bone

mineral crystals.

The (002) diffracted beam was strong and well
isolated so that good dark field images were
formed. Unfortunately, no other diffracted beam
fulfilled this conditibn, so it was not possible-

to measure dimensions other than the c-axial one.

The three groﬁps of measurements were compared

by using a one-way analysis of variance and no
significant difference was found between the three
sefs of data the the 5% level. Hence, at this
level of significance, the method of specimen
preparation was shown to have no effect upon the

crystal size distribution.

Since Moire fringes are best formed in thin
crystals and large areas of these fringes were
found, a thin plate-like form for bone mineral is

strongly suggested.

" The dark field images showed a wide variation
in the crystal size and shape. There appears
to be agreement with the bright field observations,
that the crystals are in the form of irregular
plates. The apparent 'width' perpendicular to
the c-axial direction, varied in the‘dark field
images from about 4mm to dimensions approaching
that of the c-axial length in some crystals.
Since the crystals would still produce dark field
images when rotated about the c-axis, the small
'width' probably corresponds to the thickness of
the plate-like cryétals.
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Attempts were made to be as unbiased as possible
when chosing crystals for measurement, in an
effort to obtain a representative sample of the
crystal size population. Howevér, it is possible
that small crystals, which do not produce strong
diffracted beams were not detected; thus giving
an artificially high average to the mean c-axial

length.

At this stage of the work it was felt that the
dark field technique had been developed into a
useable form. The specimen preparation
experiments had failed to show that any artefacts
were produced by the preparation technique, which
meant that untreated bone could be used for the
remainder of this work. The next chapter,
therefore, deals with the main part of this
investigation, which is an attempt to use the

dark field technique to explain the past ]
discrepancies of c-axial measurement between x-ray
diffraction and bright field methods. It is,
therefore, hoped, using the dark field techmnique
to obtain a more accurate estimation of bone
mineral crystal size and size distribution than has

previously been possible.
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CHAPTER __ SIX

A COMPARISON OF DARK FIELD AND X-RAY METHODS
IN__MEASURING _C-AXTAL_ _LENGTH




6.1. .

Introduction

In this chapter the dark field technique is compared with the
x~-ray method of line broadening for measuring the c-axial length

of bone mineral.

It has been mentioned in chapter one that discrepancies have
arisen in the past, between x-ray and bright field electron

microscopical determinations of the c-axial length. It has also

‘been stated in 4.2.3. that the bright field measurements have

little validity, since they cannot be related to the crystal
axes, whereas the dark field measurements can. Thus it is hoped
that the dark field method can help explain past discrepancies

and enable the true c-axial length to be estimated.

Three different bone types have been used for this experiment,
rabbit, ox and human, as a preliminary investigation into the
variation of crystal size between bone types. All samples ﬁere
of cortical bone taken from the mid-femural region. Details

of these bones and their preparation are given in the following

sections.
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6.2.

The X-ray Method of Line Broadening

When x-rays are diffracted by a crystal, for the Bragg Law to

be true, the following conditions have to hold.

a) The crystal structure is perfect.
b) The x-ray beam is parallel and monochromatic.

¢c) The crystal lattice is infinite.

The first condition is difficult to prove, so initially it was

assumed that the crystal structure was perfect.

The second condition was achieved by using standard x-ray
diffraction apparatus incorporating a nickel filter and a beam

collimator.

The third condition was known not to hold and the broadening of
the x-ray diffraction lines from bone mineral has been attributed

in the past to the small crystal size.
It is the spread of the diffraction line which provides a

method of estimating the crystal size. Figure 6.1. shows

diagramatically a diffraction peak profile.

Diffraction Peak Profile.

Intensity.

26— 26q

Figure 6.1
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The maximum intensity occurs at 2(Bp), the Bragg angle and falls
to zero at either side. The angular width measured at half the
maximum intensity is known as the beta half width (P%) and it

is this factor which is usually measured experimentally.

Scherrer (1918) was the first person to show that the mean
dimension, t, of crystals comprising a powder is related toiB%

by the equation:

Bs = 0.9
t. CosOa @

pure diffraction breadth (in radians)

%

wheres= A

x~-ray wavelength

t mean crystal thickness, in a direction

perpendicular to the planes from which
the diffracted beam arises. 1In the case
of the (002) diffracted beam t represents

the mean c-axial iength.

P% has been assumed to be the pure diffracﬁion breadth, i.e.,
free from any broadening due to instrumental effects. In his
original investigation, Scherrer proposed that the pure breadth
(B%) could be obtained from the experimentally observed breadth
(BL) of a diffraction line, by subtracting from it the breadth
(b%) of a line produced under similar geometrical conditions by
a material with a crystallite size well in excess of 100nm;

which produces neglig@ble broadening, i.e.,
Bx = B% - bk @

However, Scherrer's postulate concerning the additivity of (B%)
and (b%) has been found to have no general validity. It has
been shown by Warren (1938, 1941) that if both instrumental

and measured profiles are approximately gaussian in shape,

following relationship holds:
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en? = w? o+ 0w’ 0

This formula has now become widely used for correcting observed

line widths for the effect of instrumental broadening.
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6.3.

Experimental Techniques

6.3.1.

6.3.2.

The Bone Samples

Since it was shown in Chapter 5 that the method of
specimen preparation had no significant effect upon
the crystal c-axial length, no special preserving
techniques were used. Details of the three bone types

are given below.
a) Rabbit Bone

The femur was taken from a female Dutch rabbit,
aged approximately six months, immediately after
death and allowed to dry in air. The mid-femural
section was then used for x-ray analysis and

dark field examination.
b) Ox Bone

This sample of cortical bone was taken from the
mid-femural section of a Red Devon Ox, aged
between two to three years. The bone had been

deep frozen but otherwise untreated.

c) Human Bone
This sample of cortical bone was taken at post
mortem from the mid-femural section of a sixty-
five year old male. Death was not caused by a

primary bone disorder and the sample was untreated.

The X-ray Technique

The x=-ray diffractometer has been described briefly
in Chapter two and since it is now standard laboratory

equipment no details of its operation will be discussed.
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The sample shape required for the diffractometer is
in the form of a small flat slab, approximately 10mm
X 20mm x lmm. Obviously with rabbit bone, whole bone
samples of this size are out of the question, so a
sample had to be fabricated. The femur was cut into
1mm thick sections perpendicular to its length and
these sections were placed in a 10mm x 20mm mould
which was filled with araldite. After the araldite
had cured, the slab was polished flat and trimmed to
the shape required. Since the diffracted beams
produced by bone are not very strong, long experimental
times normally result. However, by aligning the
bone sectioné, as shown in figure 6.2.; such that the
majority of c-axes are aligned, the (002) diffracted

beam was strongly enhanced.

The diffractometer produced a direct output of k-ray
intensity versus (28), which was recorded on a strip
chart from which measurements were taken. In order

to obtain the peak profile showing only instrumental
broadening, a sample of rabbit bone was heated in air
to 800°C for two hours. Under these conditions the
crystals grow to dimensions in excess of 100nm, a fact
-verified by electron microscopy. The heated Bone was
then powdered in an‘agate mortar and compressed flat

into the sample holder before being examined.

To check that equation (3) was applicable to this work,
each peak profile was tested for normality. This was
achieved by plotting the peak profile as a probability
function on normal probability graph paper. A straight
line was produced in every case, indicating that the
peaks were gaussian in shape and consequently validating
equation (3) in terms of its application to correct
observed peak widths for instrumental factors in this

work.
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Fabrication of X-ray Sample.

Ar Mid-femural section cut into

1mm, thick slices.

(main c-axial direction).

=
=2
Long axis of femur.

X-rays.

N . ‘Enhanced (002)

- diffracted

beam.

. ~—” |
It J _J[

Sections embedded in araldite such that the majority
of crystal c-axes are oriented perpendicular to the

face of the slab.

Figure 6.2
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6.3.3. The Dark Field Method

The three bone types were examined by the dark field
technique as described in 5.1.4. Results of both

techniques are presented in the next section.
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6.4.

Results

6.4.1.

X-ray Line Broadening Results

Three separate measurements were made of each peak
width so that experimental variation could be estimated.
Some of the variation in the 28g values was attributed

to a slight warping of the épecimen slab within the

specimen holder, thus shifting the peak position.

Measured B widths for both (002) and (004) peaks are

listed in the following tables, and the reason for

shortly.

Rabbit Bone S9

taking the (004) measurements will become evident

Preparation - Heated to 800°C for 2 hours.

This sample used as calibration for

instrumental broadening

Peak 002 004

bk 0.138 0.238
(degrees) 0.133 0.217
0.142 0.229

bk mean 0.138 0.228
Standard Deviation 0.005 0.010
28g 25.923 53.208
(degrees) 25.931 53.221
25,925 53.242

20gmean 25.926 53.220
Standard Deviation 0.004 0.020

Table 6.1.
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Rabbit Bone S9 -~ Untreated

Peak 002 004
B% 0.329 0.500
(degrees) 0.317 0.481
0.323 0.513
20 25.92 53.213
(degrees) 25.92 53.225
25.91 53.225
Table 6.2,
Ox Bone ~ Untreated
Peak 002 004
B 0.325 0.525
“(degrees) 0.323 0.500
0.313 | 0.49
208 25.975 | 53.250
(degrees) 25.950 53.260
25.963 53.240
Table 6.3.
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Human Bone - Untreated

Peak 002 004
B 0.335 0.513
(degrees) 0.342 0.488
0.329 0.519
20p. 25.981 53. 260
(degrees) 26.000 53.250
25.994 53.260
Table 6.4.
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6.4.2.

Calculation of C-Axial Length

The pure diffraction breadth (p%) was calculated from

the formula:-

BH = GHE + (oY)

Wheres -
B = measured peak half width
by = half width from heated bone sample

The Scherrer formulag-

B = 0.9
t. Cos B¢

was then used to calculate t, the c-axial length using
the P55 values for the (002) diffracted beam only. The

results are presented below in table 6.5.

C-Axial Lengths Using (002) Line Broadening

Sample Rabbit - 0x Human
C-axial length | 27.3 27.8 26.6
(nanometers) 28.5 28.0 26.1

‘ 27.9 29.0 27.3

Mean C-axial Length

(nanometers) 27.9 28.3 26.7

Standard Deviation _ 0.6 0.6 0.6

(nanometers)

Table 6.5.

13}.



6.4.3.

Dark Field Results

Results are presented as in the previous chapter. Tables
of actual measurements for each bone typé are followed
by a histogram and statistical analysisbwhich summarises
the data. The tabulated values are measurements taken
from enlarged micrographs and have the dimensions of
centimetres. The scale factor is such that lcm =

33.3nm (object .size) .

Note that the magnification factor is slightly different
to that used previously. This change was brought about
by servicing alterations to the microscope, consequently

a recalibration was necessary and beef catalase was used. -
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C-AXTAT, LENGTH MEASUREMENTS

RABBIT BONE

0.25 0.643 0,51 - 0.55 0.60
0,30 0,45 0,52 0,55 0,60
0.30 0.45 0.52 0,57 0.60
0,34 0,45 0,53 .. 0,57 0,62
0,35 0,49 0,56 0,58 0,63
0.40 ‘0.50 - 0,55 0,60 0 T 0,6%
0.60 0.50 0,55  0.60 0,64
0.40 0.5n 0,55 ~ 0,60 0,64
0,42 0.50 0,55 . 0.60 _0.65
0,42 0.50 0,55 - 0,60 0,65
0,80 0.8% 0,90 0,92 0.96
0,80 0.85 0.90 0,92 0,97
0.80 0.86 , 0,90 0.93 0.98
0,80 0.84 0,90 - 0,93 0.98
0.80 - 0,87 0.90 0.93 0,98
0.82 0.88 0,90 0,94 0.98
0.82 0,90 - 0,90 0,94 0.98
0,83 0.90 0.90 0,95 1.00
0,864 0,90 0,90 0,95 1,00
0.85 0.90 0,92 0,95 1.00
1,20 1.25 1,30 1,640 1,52
1.20 1.25 1,30 1.60 1.55%
1.20 1.25 _ 1,30 1,642 1.55
1,20 1.25 1,32 1,45 1.57
1.20 1.25 1,32 1,65 1.60
1,20 1,258 1,33 1,47 1.60"
1,20 1.25 1.35 1,68 1.62
1.24 1,25 1.35 S 1.48 1.62
1,25 1,27 .37 1,50 1,62
1,25 1.27 1,40 . 1.50 : 1.65 |
Table 6.6
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C-AXTAT, LENGTH MEASUREMENTS

RABBIT BONE

136.

0.65 0,69 0,70 0.75 0.78
0.65 6.70 0.70 0.75 0.78
0.65 0,70 0,72 0.75 0,79
0.65 0,70 0,72 0,75 0,80
0.66 0.70 0,73 0,75 0,80
0.66 - 0.70 0.74 0.75 0.§o:
0,67 0,70 0,75 0.75 0,80
0.68 0,70 0,75 0,76 0,80
0.68 0,70 0.75 C0.76 0,80
0,69 0.70 0,75 0,78 0.80
1.00 1,05 1.10 1,12 1.16
1,00 1.05 1.10 1.13 1.7
1,00 1,05 1.10 1.13 1,17
1,00 4,05 1.10 1,13 1,18
1.00 1.05 1.10 1.15 1.18
1,04 1,05 1.10 1.15 1.19
1,04 1,08 1.10 .15 1,20
1.05 1,09 1.10 1,15 1.40
. 11,05 1.10 1.10 1.15 1.€0
14,05 1;10 1.12 1,15 1.0
165 1,80
1,65 1.80
1.65 4, 81
1.65 1.90
1,65 1.90
1.%5 2,10
1,67 3,30
1.70
1.70
1.75
Table 6.7







0X BONE
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0,20 0,290 0,32 0,38 0,458
0.2 0.30 0,34 0,40 0.453
0.22 0.%0 0,34 0.40 0,48
0,24 0,30 0,35 0 40 0.48
0.27 0.32 0,38 0,40 0,48
0.27 0.32 0,35 0,60 0,50
0.28  0.32 0,35 -~ 0,42 0,50
0.28 0,32 0.35 " 0,43 “<0.50
0.20 0,32 0,35 0,43 0,80
o0.7?7 0,80 0,8% - 0,87 0.90
0.78 0.80 0,83 0,88 - 0.90
0.78 0.80 0:85” 0.88 0.90
0,80 0,80 0,85 0,88 0,92
0,80 0,80 0,85 0.%0 0,92
0.80 0.82 0,85 . 0,90 0.93
0.80 0.82 0,85 _ 0,90 0,95
0.80 0,82 0,86 0,90 - 0,95
0,80 0,82 0,87 0,90 ,0 PS
1.18 1.23: 1.2% 1.32. - - 1.40
1.1% 1,23 1,30 -1 1,40
1.16 1,23 1,30 1,35 1.43
1.16 1,25 1,30 1.35 1.44
1.17 1,258 1.30 1.60 9,45
1.7 1.25 1,30 _1.40 1.6%
1.20 1,¢% 1,30 1,60 1,45
1.20 1,28 1.30 1,40 .65
1.20 1,2% 1.30 1,60 0 1,6%
1,90 2590 .65
1,90 200 2,80
1.90 2,12 2,55
.90 2,20 2,70
1.90 2.8% 2,70
1.95  2.28% 2,90
1,97 2,30 11 L N
2,08 2,35
2,10 2,40 !
Table 6.8




C-AXTAIL. LENGTH MEASUREMENTS
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OX BONE
0,50 0,58 . 0,62 0,70 0,75
0.50 0.60 o 82 0,70 0.75
0,5% 0.60 o 63{ 0.70 0,78
0,55 0,60 0,65 0.70 0,758
0,58 0.60 0,68 0,70 0,75
0.55 0,60 0,65 0.70 0,75
0.58 0.60 0,67 0.71 0,76
0.58 0.60 0.70 0.72 0.77
0,95 1.00 1.08 1.10 1,15
0.95 1,00 1.05 1.10 1.1%
0.95 1,00 1.05 1.10 1.15,
0.98 1,00 1,08 1.0 1,15
0.95 1,00 1,05 1,10 1,15
0,95 1,00 1,08 1.10 1,15
0,95 1.00 1.08 1.10 1,15
0,95 4,02 1,08 1,12 1,15
0.97 1.03 1,10 1,13 1,15
0,99 1,05 1.10 1,15 1,15
1,50 1.60 1.68 1,72 1.85.
1,50 1,60 1,65 1,78 1,85
1.50 .62 1,68 1,77 1,85
1,50 1,63 1.70 1.77 1,85
1.50 1.65 . 1,70 1,78 1,85
1,58% 1,68 1,70 1,80 1,85
1,87 1,65 1,70 1,80 1,85
1,58 1,65 1,70 1,80 1,86
1,60 .65 1,70 1,80 1,88
1,60 1,65 1.70 1,82 1.%0
Table 6.9







C-AXTAL LENGTH MEASUREMENTS

HUMAN BONE

0,25 0,30 , 0,34 0,40
0.25 0,30 - 0,35 0.43
0,25 , 0,30 . 0,35 0,643
0,27 0,300 0.36 0,43
. 0.e7 0,30 0,38 0,45
L 0,87 0,30 0,38 7 0,45
0,29 0,33 N 0,38 0,45
0.29 0,33 0,38 .. 0,65
0.29 0,34 0,38 0,45
0,80 , 0,34 0,39 0,46
0,F§ 0,80 : 0,83 0,88
0,75 0,80 0,85% 0,88
0,75 0,80 0,84 ° 0,88
0,77 0,80 0,84 0,88
0,78 0.8 . 0,84 0.88
. 0,80 0,82 0,88 0,90
. 0,80 0,82 0,8% 0,90
0.75 0,80 0,82 0,85 0,80
7% O.BOZ 0,8% 0,85 0,80
1.40 1.45: 1,20 1,23 1.30
1.10 115, 1.20 - 1.24 1.30
1.10 1,15 1,20 1.25% 1.30
1.2 1:15 1,20 .25 1,30
1.12 .45 120 1.25 1.32
1.12 1,17 1,20 1.26 . 1.33
.13 1418 1,20 1.27w“m;.4 1.%
1.15% 1,18 1,22 .20 1.38
.18 . 1,80 1.22 1.29 . 1,35

2,70

- 2.80
Table 6.10
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C-AXTAT, LENGTH MEASUREMENTS '

HUMAN BONE

- 142.

0,47 0,53 0,98 0,65 0.70
0,67 0,54 0,58 0.65 0.70
0,48 0,56 0,60 0,45 0,70
0.48 0,55 0,60 0,68 - 0.70
0,48 0.55 0.62 0,67 0.70
0,50 0,55 0,62 0.68 0.70
0.50 0,56 0,65 0,68 0,70
0.50 0,57 0,68 0,69 0.70
0.582 0,57 0.65. 0.70 0.72
0,90 0,90 0,95 1,00 1,07
0,90 0,91 0,96 1,00 1,07
0,90 0,93 0,97 1,00 1,07
0.90 0.94 0,97 1,02 1,08
0,90 0.96 0,99 1,04 1,08
0.90 0.94 1.00 1.05’ 1.10
0.90 0.95 1,00 1,05 1,10
0,90 0,98 1,00 1,08 110
0,90 0,98 1,00 1,08 1,10
0,90 0.95 1,00 1,06 1.10
1,35 1.60 1.50 1,57 1,75
1,35 1.40 1,50 1.%7 1,80
1,35 1,40 1,80 1,58% 1,80
1,35 1,40 1,50 1,40 1,85
1,37 1,40 1.80 1,60 1.85
1.38 1.40 1,50 1.64 .90
1,38 1.43 1.53 1,64 1,93
1,40 1,664 1,564 1.65° 1.97:
1,40 .45 1,85 1,70 2,00
1,40 1,67 1,85 1.70 2.00
Table 6.11







6.4.4.

Comparison of Results

To compare the dark field measurements with the x-ray

results, the following method was adopted.

From each set of dark field measurements, ten sub-sets
of data were randomly selected, each sub-set containing
twenty-five measurements. The mean values for the
c-axial length calculated from these sub-sets, are
normally distributed about the true mean. Hence, the
average mean value calculated from the sub-sets could

be compared with the x~ray measurements by the ‘t-test.
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Data Calculated From Dark Field Measurements

Rabbit Bone Ox Bone Human Bone
Mean of Sub-set - Mean of Sub-set Mean of Sub-set
0.91 (Cm) 1.12 (Cm) 0.98 . (Cm)

1.02 1.17 1.22
0.97 1.17 1.05
1.03. 1.04 0.99
0.99 1.15 0.90
0.74 0.91 0.95
1.05 1.02 0.96
" 0.97 1.14 1.01
1.06 1.02 0.97
0.91 1.06 0.87
Average | Standard | Average §tandard Average | Standard
of mean| Deviation of mean| Deviation | of mean| Deviation
0.97 0.09 1.08 0.08 0.99 0.10
Scale Factor. lem = 33.3 mm
Sample Rabbit Ox Human
Average of Mean 32.3 nm | 36.0 nm | 33.0 om
Standard Deviation 3.0 nm 3.0 nm 3.0 nm

Table 6.12,
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The following test is a comparison of the two techniques which .
were used to measure the mean c-axial lengths of the three types’

of bone mineral.

Mean C-Axial Lengths

146.

X-ray Line Broadening Dark Field E.M,
Sample Mean Standard Mean ‘Standard
Deviation Deviation
Rabbit | 27.9 nm 0.6 nm 32.3 om | 3.0 nm
Ox 28.3 nm 0.6 nm 36.0 nm 3.0 nm
Human 26.7 nm 0.6 nm 33.0 nm 3.0 nm
Table 6.13.
't - Test on Means
Sample Calculated
: ‘t - statistic Tabulated value of 't)
Rabbit 2.44 at 5%. Level of
Ox 4,28 'significance.
't = 2.201
Human 3.50
Table 6.14




*The value of t was taken from Table III of Fisher &
Yates: Statistical Tables for Biological, Agricultural
and Medical Research, published by Oliver and Boyd
Limited; Edinburgh.

The three ‘t-statistics were calculated for each bone
type using the respective means and standard deviations

produced by the two techniques.

Since all the calculated ‘t-values are greater than
- 2.201 for each bone type, the mean c-axial lengths,

as measured by the two techniques are significantly

different.
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6.5. Revision of Techniques

6.5.1.. Discussion

The two techmniques, dark field electron microscopy and
(002) line broadening produced estimations of the mean
c-axial length of the same order, however, it has

been shown that results are significantly different.

To explain the discrepancy it is necessary to examine
the techniques more closely. The dark field method
is relatively simple and does not involve any assumptions
which could influence the result., However, it was
assumed originally that the x-ray line broadening
effect was due solely to crystal size. If another
factor was involved and not accounted for, the value

of Bywould be larger than that obtained purely by the
size effect. Hence an average size, smaller than the
true mean would be calculated. The x-ray results are,
in fact, smaller than the dark field results, thus
indicating that another factor is influencing the width

of the diffraction peak profile.

Since bone mineral is thought to be variable in its
composition, probably due to the dynamic environment

in which it is formed, it would seem likely that
imperfections could arise in the lattice structure. In
fact, dislocations have been visualised in some
micrographs, see figure 5.5. These dislocations and
other kinds of érystal fault produce internal strain

on the crystal lattice, thereby producing variations

in the d-spacing, and hence a spread of the diffracted
peak profile, see figure 6.6. Hence, this strain effect,
which some previous ﬁorks have not allowed for, must

be taken into account before accurate results can be

obtained.
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The Effect of Latticé Strain on the Diffracted Peak Profile.

CRYSTAL LATTICE

|de]

DIFFRACTION | PROFILE

No Strain.

Uniform Strain. \\
Peak Shift.

Nonuniform Strain.
Peak Spread.

Figure 6.6
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6.5.2. Derivation of the Strain Effect.

From the Bragg Law:-

2d5in® = A
% = 25in®

Taking logs and differentiating

bd = Cot6.40
d

Lattice strain is defined as & = Ad
d

Also, Br= A20 = 24O

.. 2& = Cot®©.By
BL= 2Etan® @

€, includes both tensile and compressive components,
and if assumed equal, maximum tensile strain equals

maximum compressive strain = €
2

Using the formula for the ad/dition of gaussian peaks,

(P%)z = (pk s1zE)? + (% STRAIN) 2
Also: Fn? = @n? - (o)’
B% SIZE = ,(t)'?;g\ses
P5 STRAIN = 2E tanOs
. ()t cos’OB = E%i\z + 4E2311;293 G
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6.5.3.

If two diffraction peaks were used which originated
from the same crystal planes, i.e., had the same t,
but different values of B and©8, it would be
possible to form two simultaneous equations and solve
for t and&. This has, in fact, proved to be

possible by using' the (002) and (004) diffracted beams.

The (004) beam being a second order reflection from

the (002) planes, i.e., n = 2 in the Bragg Law.

2dSin ©3= nA

Therefore, assigning B, ©1, B2,6 2, to the (002)
and (004) peak profiles respectively, and solving
equation (® for t and €:-

sinp, - sin’ ]%
t = 0.9A 2 T PIn e ©®

-2 .2 2 2 . 2
}31 Cosel Slne2 - ]52 Cosg2 SlnelJ

2 2 2 2
e _ L 131 Cosel - }32 Cos ez

. 2 .2
Slnel - Slne.2

Comparison of Results - 2

The new values of mean c-axial length were calculated
using eqﬁation @, which accounts for the small crystal
size and also the internal lattice strain as line
broadening effects. The results are shown in table

6.15 and compared by means of the t-test in table 6.16.

151.



Mean C-Axial Lengths

X~-ray Line Broadening Dark Field E.M.
Sample Mean Standard Mean étandard
Deviation Deviatiqn
_Rabbit 33.2nm 1.1nm 32.3nm 3.0ﬁm
(052 36.1nm 1.1nom 36.0nm 3.0nm
Human 32.20m 1.lom 33.00m | 3.0nm

Table 6.15

‘t - Test on Means Produced by the Two Techniques

Sample Calculated Tabulated
t-statistic value of 't
Rabbit 0.840
't at 5% = 2.201
Oox 0.093

Human 0.712

Table 6.16

Since the calculated 't-values are less than the
tabulated value at the indicated level of significance,
the two methods used to measure the mean c-axial length

produce values which show no significant difference.
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Calculated values of the lattice strain factor (€)
are listed below in Table 6.17, their significance is

mentioned later.

Calculated Values of ()

Sample Mean Standard
(€) Deviation
Rabbit 0.0061 0.0005
ox 0.9064 0.0005
Human | 0.0061 0.0007

Table 6.17

A 't-test on the above values shows that there is no
significant difference at the 5% level between the

strain factors (€) for the three bone types.
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6.6, Conclusions

1. The mean c-axial length of bone mineral from three bone
types has been measured by the dark field method, and by
x~-ray line broadening. It has been shown that when both
lattice stréin and crystal size are taken into account,

the two techniques produce consistent results.

2. The lattice strain factor (€) has been calculated, giving
values for the maximum tensile or compressive strain in
all samples of approximately 0.3%. This means that the
crystals are basically straight in the direction of the
c-axis, and hence the dark field images of bone mineral
hgve been of the whole crystal and not just a small section

of a large curved crystal.

3. Although not directly used in this work it may be of
interest to note that of the three bone types examined,
the mean c-axial lengths of rabbit and human bone mineral
were not significantly different at thé 5% level, but

both were diffeient to ox bone mineral.

The results presented here suggest that two factors could be
responsible for discrepancy between x-ray and bright field
electron microscopical estimations of c=axial length. Firstly,
that lattice strain needs to be allowed for in line broadening
measurements, and secondly that bright field estimations of
c-axial length have little validity because crystal orientation
is not known. The dark field technique, although lengthy to
perform has proved valuable in two respects: it has helped

to clarify past discrepancies and it has also provided a direct

way to measure crystal size and size distribution.
At this stage it was felt that since comsistent resultscould be

obtained by both dark field and line broadening methods, that

either technique could be used to investigate problems involving
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bone mineral. Because interest has recently been shown in
variation of the crystalline/amorphous composition of bone
mineral, Termine and Posner (1967), it was decided to
investigate this problem with one of the techniques developed
in this work. Since the x-ray technique is relatively quick
and easy to perform, and since it also gives information on
crystal perfection it was the obvious choice. This topic is

covered in the next chapter.
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CHAPTER __SEVEN

CRYSTALLITE VARIATION WITH _AGE




Introduction

One interesting and important part of the many crystallographic
studies of bone is the development and changes of bone mineral
with age. Both the crystal morphology aﬁd crystalline-~ '
amorphous relationships of bone mineral will affect the physical,
mechanical and chemical behaviour of bone tissue, and of

course, it is necessary to be aware of any factors which could

influence treatment required in pathological cases.

‘Hodge, (1949) suggested that bone mineral crystals might be
smaller in newly formed, than in stable mature bone. He made
this suggesfion as a possible explanation of the more rapid
uptake of radioactive phosphorus by traebecular bone in-vitro,
when-compared to compact shaft bone. Zetterstr8m, (1952) also
suggested that crystals in newly formed bone are probably
smaller, less perfect in their crystal structure, and less ;
stable than those in long established bone. Robinson and Watson,
(1955) in an electron microscope study, found bone mineral in

a two day old human infant, t6 have an irregular form with an
average maximum dimension of less than 10nm, whilst a bone section
taken from an 80 year old male contained crystals with a

maximum dimension of approximately 150nm. These workers also
suggested that since diffraction patterns of newly formed

bone were considerably more diffuse than those produced by
mature bone, this not only confirmed the finding of smaller
crystals in new bone, but could also indicate that part of the
‘mineral was not in a crystalline form. This latter point has
been investigated‘extensively by Termine and Posner (1967), as
mentioned previously in 1.7.8. They found that the crystalline
fraction of bone mineral increases with age, as shown in figure
7.1., at the expense of the amorphous fraction. It can be

seen from figure 7.1. that approximately 7 weeks after birth,

a stable situation is reached and the amorphous-crystalline
composition remains constant. This observation could be
interpreted as a gradual maturation of the crystalline mineral

via a transformation of the amorphous phase.
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The'way in which crystal maturation takes place is still
unclear, and it is the aim of this chapter to show how one of
the techniques developed in this work can be used to
investigate this particular problem. Sinée it has been shown
in the previous chapter that the x-ray method of lime.
broadening gives resulté which are consistent with dark field
electron microscopy, only the x-ray method has been used.
This method has the advantage of being relatively quick,
producing an average result over a large sample of bone. Two
types of information have been obtained, firstly details of
the crystalysize as indicated by the mean c-axial length, and
secondly the crystal perfection is indicated by the lattice
strain fadtor'GE). 'if the crystal structure has many defects
in the form of unfilled lattice sites, and/or fonic
substitutions, the crystal lattice becomes deformed, the
amount -of deformation being indicated proportionally by the

strain factor (€).
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7.2,

-

Matefials and Method

The sample blocks for x-ray analysis were all prepared from
the femora of female Dutch rabbits with ages. as listed below,
using only one femur for all except the first two cases where

it was necessary to use both femora to fill the specimen slab.

Sample , : Preparation

1. Age 1 week ’ Killed by barbiturate overdose.
Deep frozen for 1 week, otherwise
untreated,

2. . Age 2 weeks Treatment as above.

3. Age 7 weeks Killed by breaking neck. Femur

removed and used immediately without

further treatment.

4, Age 6 months - Treatment as above.

5. Age 12 months Treatment as above.
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7.3.

Résults

As in the previous chapter three separate measurements were
made of the experimentally observed half widthB% and the
peak position (26y) for both the (002) and (004) diffracted

beams.

Sample 1. (Age 1 week)
Peak 002 004
Bg 0.563 1.00
(degrees) 0.575 1.06
0.588 1.06
268 26.13 | 53.55
|..{degrees) . -26409 | -53.51 -
26.10 53.46

Table 7.1.
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Sample 2. (Age 2 weeks)

Peak 002 004

B: 0.438 | 0.838

(degrees) 0.450 0.838
0.450 0.850

208 26.06 53.51

(degrees) : 26.09 53.51
26.10 53.50

Table - 7.2.

Sample 3. (Age 7 weeks)

Peak 002 . 004

By 0.342 0.517
(degrees) : 0.317 0.492

0.325 .0.533

26 ‘ 26.02 53.36
(degrees) 26.02 53.38
26.03 53.38

Table 7.3.
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Sample 4. (Age 6 months)

Peak 002 004
B 0.333 0.558
(degrees) 0.342 0.508
0.325 . 0.483
26 26.01 53.29
~ (degrees) 26.02 53.28
26.00 53.31
Table 7.4.
Sample 5. (Age 12 months)
Peak 002 004
Bx _ 0.308 0.500
(degrees) 0.325 0.525
0.342 0.558
268 | 26.03 | 53.33
(degrees) 26.04 .53.31
26.04 53.32
Table 7.5.
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Calculation. of (t) and (&)

The values for the c-axial length and strain factor (£), have
been calculated exactly as in the previous chapter, and

results are tabulated below in table 7.6.
Figures 7.2 and 7.3 show the results for all samples in
graphical form, the mean values for each parameter being

plotted with one standard deviation.

Calculated values of (t) and (£)

~ Sample -t (mean c-axial | (€) _
length) namometres lattice strain (%)
- 224 | 1.55
1 - 22.4 1.68
224 o 1066 -
36.9 . 1.34
2 32.6 1.32
. 34.5 1.35
32,6 0.68
3 34.5 ' : 0.62
‘ 36.9 e - 0.72
36.9 - 0.78
4 30.9 0.60
32.6 0.60
36.9 - 0.66
5 34.5 ' 0.70
34.5 0.76
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7;4. Summary

a) | The samples aged 7 weeks and above show no significant
difference at the 57 level, between their mean c-axial
lengths or their mean values of the lattice strain
factor (€).

b) The two weeks old sample exhibits the same mean c-axial
length as the older samples but has a strain factor
which is significantly different to both the younger

and older bones.

c) The one week old sample exhibits a mean c-axial length
significantly smaller than the other four samples, and
also a significantly higher value of the strain factor

®).

From these preliminary results, the following conclusions can

be tentativelyHQrawn.

These results would be consistent with a crystal maturation
process in which the full crystal size is reached within two
weeks from birth, but the actual crystal structure not reaching
its stable form until a later date, up to seven weeks, when
both the mean crystal-c-axial length and lattice strain-factor

appear to stabilise.

It was noted that the one and two week old samples produced
diffractioﬁ peaks which were considerably weakef than those
produced by the other samples, andvthis would be consistent
with the results shown in figure 7.1., where the amount of
crystalline mineral gradually increases until approximately 7

weeks after birth, when a stable situation is attained.

This chapter has illustrated one possible application of the
x-ray technique to the study of bone mineral, however, the
results are clearly very tentative and further work is needed

to confirm these findings.
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CHAPTER EIGHT

BONE__MINERAL _ORIENTATION



8.1.

Introduction

Bone mineral is seen to impart strength and rigidity to an
otherwise flexible substance, and therefore changes in the
mineral size, shape, or composition are almost certain to
affect the physical properties of bone. The work so far haé
been concerned with a determination of these factors using
both new and old techniques. Exactly how physical and
structural parameters are related in a complex material such
as bone is a topic reduiring a great deal of further research,
and this work forms only one part of that topic. Furthermore,
the remainder of this work, which is directed towards the

same end as the first part, is concerned with the development
of a technique for the detefmination and study of bone structure

but this time on the macrosopic level..

It is generally accepted that bone mineral crystals have _
their c-axeslalignéd, on average, with the collagen fibre axes.
Thus.a'study of the cryétéilite orientation enables the
fibrous structure -of bone?to.bé determined..  X-ray.diffraction
providés a rapid technique for measuring the crystal

orientation, both qualitatively and quantitatively.

There have been many studies of the physical properties of bone,
in particular its anisotropic piezoelectric and elastic
properties have been investigated, Fukada and Yashuda (1957),
Bassett and Becker (1962), Lang (1970). These studies have
assumed that the crystallites of bone are all uniformly.
oriented in a homogenous, regular structufe. In fact, by
examining most x-ray diffraction photographs of laminar .bone,
it is found that the crystal c-axes are distributed about one
general direction, and since the physical properties of a
material such as bone are bound to be depéndent upon its
crystalline~structurg, it is important that details of its

structure be determined as accurately as possible.
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It is the aim of this work to determine the three dimensional
crystal orientation, and thereby the complete fibrous
structure of bone quantitatively, in an endeavour to aid the
interpretation of physical tests, and thereby help in the

understanding of the behaviour and -function of bone tissue.
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8.2.

. The Stereographic Projection

When studying three dimensional orientation, (of bone mineral
crystals in this case), it is important to be able to
represent the information in a two dimensional form, and this
is accomplished by using the stereographic projection. A
single x-ray diffraction photograph can only give two
dimensional information, and figure 8.1. shows how the (002)
arcs from a sample of bone describe the orientation of
crystals which are aligned in a cone of semi-angle (90-0) in
the bone section. Several diffraction patterns, taken with
the sample in different positions would be necessary to
determine the entire three dimensional orientation, and a
convenient waf of compressing this information onto a single

diagram is via the stereographic projection.

If the bone sample is considered to be>at the centre of a

reference sphere, and the c-axes of the crystals are extended
to interéect this sphere, thereby producing a c-axial density
distribution over the surface, contour lines could be plotted

connecting points of equal density. Thus the entire c-axial

- orientation can be represented as a demnsity function on the

surface of a sphere. The information contained on' the

reference sphere is then projected onto a plane parallel to

‘the N-S axis as shown in figure 8.2. The result of projecting

a sphere ruled with parallels of latitude and longitude is

also shown in figure 8.2., and the particular importance of
this projection will become apparent in the following chapters.
When used to describe crystal orientation in this way, the |
fesulting stereographic projection is known as a pole figure.

The pole of a certain set of crystal planes is the intersection

- of a line drawn perpendicular to those planes, and the

reference sphere, and hence the c-axial density distribution

for bone mineral represents the (002) pole figure of bone.
To give the reader 'a feel' for pole figures, three examples

are given in figure 8.3., showing possible orientations of

bone mineral crystals-and their respective (002) pole figures.
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Diffraction Geometry for the Flat Film Method,

X;rayé;

Bone sample.

Diffraction
pattern,

002 arcs.

<

Figure 8,1
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projection plane

reference
sphere

point of
projection

observer

Figure 8,2 (a), construction of the stereographic projection.
(v), stereographic projection of a reference sphere

ruled with lines of latitude and longitude,
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N (002) Pole fig.

All crystal c-axes perfectly
aligned in N/S direction,

Yain c-axial orientation still
/S, but spreading as showm.

N

Main e~-axial orientation still
N/S, but spread about this direction
as shown,

Figure 83
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8.3.

Preliminary Film Work

A preliminary investigation into crystallite orientation was
performed.by the author, M.Sc. Thesis (1973). In this work,

cortical bone samples from the mid-femural section of goat

femur were examined by x-ray diffraction using the flat film

method. Bone slices, approximately 70 microns thick were
cut from the femora using a Metals Research macrotome, and

the x-ray diffraction patterns were compared with light

‘microscope pictures taken using both normal and polarised

light illumination, the polarised light micrographs indicating'
the laminar arrangement of the sémples; Figure 8.4. shows

one such comparison.

By comparing micrographs and diffraction patterns of bone
slices cut in three mutually perpendicular directions it was
possible to obtain a qualitative idea of the three dimensional

arrangement of bone mineral within the sample.

The collagen fibre orientation was also examined directly by

x-ray diffraction of decalcified bome slices. The type of

diffraction pattern produced is shown in figure 8.5. A full
interpretation of this pattern is complex, however, the strong
equatorial reflection near the centre arises from an interplanar
spacing of 1.05nm - 1.40nm; and is thought'to originate from
the lateral packing of the tropocollagen molecules, Rich and
Crick (1961). Unfortunately, this reflection is affected by

the water content of the sample, Ramachandran and Kartha (1955),
thereby making collagen unsuitable for a quantitative study

of the fibrous orientation. VHowever, as was mentioned earlier,
the c-axes of bone mineral crystals are aligned, on average,
with the collagen fibre axes, and thus provide a possible method

for a quantitative structure determination.

As an initial attempt to produce semi-quantitative results,
the diffraction patterns of bone slices were analysed in the

following way. Microdensitometer traces were taken across the
Cont. €VI15
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(d)

(a)
(b)

(c)

(@)

Comparison of Diffraction Pattern and Light Micrographs,

Long axis
of femur.

(c]

002)

arcs.

Figure 8 U
Longitudinal section of goat bone taken from the mid-femural region.
Sample examined using ordinary illumination, (x 50).
Sample examined using polarised light illumination, (x 50).
From this and other micrographs of this sample it can be seen
that the collagen fibres are laminated circumferentially around the
bone shaft.
The (002) arcs in the X-ray diffraction pattern indicate a c-axial

alignment on average with the long axis of the femur.
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(a)

A-ray niliiracxion UL none uonagen.

Figure 8.5

The bone sample was cut as shown, approximately 1mm, thick,

from the mid-femural region of a goat femur and demineralised

in dilute nitric acid.

The diffraction pattern of bone collagen. The two strong reflections
near the centre of the pa/ttern correspond to a d-spacing of

approx. lnm., and are thought to arise from the lateral aggregation
of the tropocollagen molecules. This pattern indicates a fibre

orientation along the long axis of the femur.



diameter of the diffraction pattern, and then the pattern was
rotated in ten degree steps, until a full 360° had been covered;
The areas under the (002) peaks produced by the microdensitometer
for each scan were proportional to the number of crystals

aligned in that direction. These areas were measured and

plotted as shown diagramatically in figure 8.6. This method

however, suffers from three major disadvantages:

1) Because of the geometrical arrangement of a flat plate
camera, the (002) arcs show the orientation of crystals
aligned in a cone of semi-angle (90-6), and not in
the plane of the section as would be desired, see

figure 8.1.

2) The analysis is lengthy to perform.

3) The data is processed many times and this leads to
inaccuracies.

From the qualitative results obtained from this preliminary
work, it could be seen that primary bone and secondary type
bone possessed different fibrous arrangements. Secondary bone
having a rotational symmetry about the main fibre direction
which was on average the long axis of the femur, while primary
bone exhibits a more planar fibrous structure, with the

planar orientation in the direction of the laminar arrangement.

It was decided that in order to pursue this work further and

to obtain useful information, it was necessary to obtain
quantitative results. Consequently, an x-ray goniometér was
designed which would provide the facility for an automatic,
quantitative determination of the three dimensional crystallite
orientation of small bone samples, and this 1s described in

the next section.
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The Microdensitometer Method for Measuring C-axial Orientation.

Z~rays.

(a) (:::::;_-\‘ (b)
:" ,
|

)

Intensity.

a (002 (002) e
(c) Peak, Peak,

(002) Beam Intensity.-

(a)

0 180° 360°
¢°

Figure 8,6

(a) Bone sample cut from the femur and X-ray diffraction pattern produced,
(b) The diffraction pattern is scanned in lines as shown, using a

mi crodensitoneter, | |
(¢) The microdensitometer trace,

() The (CO2) beam intensity, (peak erea) versusz,forQ52101360°.
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8.4.

The X-ray Goniometer

A goniometer is basically a device to hold and position a
specimen with relation to a beam of x-rays; Since it was
envisaged that veryAsmali samples of bone, such as traebeculae
would be examined in this work, accurate machining was
necessary to keep the sample accurately aligned within the
x-ray beam as its position was changed. This condition was
one of the basic reasons why small pieces of bone could not
be. examined .using existing goniometers ﬁhich were designed

for larger samples. Figure 8.7. shows diagramatically the

geometrical arrangement and movement of the proposed goniometer.

The x-ray beam and counter are each inclined at ©s, the Bragg
angle to the base line (X), and thus the (002) diffracted
beams which are detected by the counter arise from bone
mineral crystals whose c-axes are oriented in the (Y) direction.
The counter remains fixed as the sample is rotated about the
(X) direction. The angle of acceptance of the counter was '
such that the full width of the (002) diffracted beam was
measured, and therefore the beam intensity, as indicated by
the counter output, was directly proportional to the number
of crystals with their c-axes aligned in the (Y) direction.
Only 180° rotation through the angle () was necessary to
determine a full two dimensional c-axial orientation in the
plane Y, XX, since diffracted beams in the second 180° (9)

arise from inverted crystals of the first 180° (P) section.

Very small bone samples only produce weak diffracted beams,

and therefore samples have to be rotated in a stepwise fashion

to allow sufficient counts to be recorded. Since the stepping

faéility was not incorporated into any standard goniometers,
this proved to be another reason for the construction of a

speciél instrument.
The completed goniometer is shown in figure 8.8. The entire

construction is mounted on a standard goniometer base plate

which enables the device to be positioned accurately on the
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Geometrical Arrangement of the Gonioreter,

Counter,

Figure 8,7
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Figure 8,8a

The }-ray Goniometerf Frontal Aspect¥®,
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Figure 8*8b

The X-ray goniometer9 side aspect, showing the indexing ring and

the drive mechanism®



x-ray set. Since cost was an important fa ctor in the design,
the instrument was assembled from readily available components:
The short cylinder, which.contains the specimen mount and
counter balance, is supported in a channel section on four
small ball races, a nylon pressure finger keeping the cylinder
firmly located ﬁhilét allowing smooth rotation. The specimen
mount pfovides the facility for fine adjustment of the
specimen position, and also rotation about its own axis, see
figure 8.9. The cylinder is drivén by a 6 volt D.C. motor,
via a system of gears which provide a suitable reduction of
motor speed. Mounted onto one of the gears is an indexing‘
ring which operates a microswitch, and via this method, which
is described fully below, the cylinder can be rotated in a

stepwise fashion.

To gain maximum benefit from the goniometer it was decided to
automate the movement of the sample, since stepwise coverage
of 180° (P) at low count rates could prove to be a lengthy
procéss. It was also planned to be able tb'vary the angular
step and counting time per step, to suit the sample. Since a
commercial stepping motor was impractical for financiai
reasons, the stepping motion was accomplished in the following

way.

A 6 volt D.C. motor was pulsed from the control unit, which
is described later, sufficiently to move the indexing ring to
switch on the microswitch, and once this motion had been
started, it stopped only when the microswitch fell into the
ﬁext groove on the indexing ring. Thus the angular step was
determined by the gearing ratio between the indexing ring and
cylinder, and the spacing of the grooves on the ring. 1In
practice, it was found satisfactory to have four grooves equally
spaced on the indexing ring, broviding an angular step of

9° (P) for the specimen, see figure 8.10. The pulse used to
initiate a step was derived from existing equipment. The

output from the counter was fed into a commercial scaler/timer
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The Goniometer Specimen Holder.

bFigurev8.9

Section (a) allows rotation of the specimen about the vertical axis,
Section (b) allows fine lateral adjustment of the sample with
respect to the X-ray beam,

Section (c) allows the specimen tilt to be adjusted.
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Microswitch,

Figure 8,10
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unit which allowed either a pre-set count, or pre-set time

of count to be selected, and also either analogue output on
a strip chart, or numerical output via teletype. The scaler/ 
timer unit also had the provision for repeat counts, and fhis

was utilised in the following manner.

When the numerical output and repeat count mode was selected,
the count was made, and then stopped whilst the output was
being typed, and . when éompleted the timer/scaler was re-set
and the next count started automatically, An electronic pulse
was required to initiate the goniometer = movement when each
count was completed, and this was extracted from the control
electronics which started the teletype motor. The time delay
between counts, i.e., the time taken to type out the result
was approximately 4 seconds. Normally it would be necessary
to re-set the scaler/timer after the specimen movement was
completed; however, with a 9° step, fhe movement was completed
in less than 4 seconds and so it was unnecessary to provide

. an extra re-set line to the counter. The extracted pulse used
to initiate the specimen movement had to be shaped elecﬁronically
to fulfill its function, figure 8.11 shows the initial pulse
and the final shaped pulse, together with the electronic
shaping circuit. To eliminate the base-line ripple of the
input pulse, a voltage comparator consisting of Rl1, R2 and A
is used. The inverting (-) input of the 741 operational
amplifier is held at +5 volts, if the non-inverting input (+)
is below 5 volts, then the output is saturated at -15 volts,
and if the (+) input rises above 5 volts the output saturates
at +15 volts. Hence the base~line ripple of the input pulse
will have no effect upon the state of the output. Only when

a pulse greater than 5 volts is applied to the non-inverting
input will the output change state. The -15v to +15v pulse

is converted to a -2.5v to +2.5v pulse by the potential divider
R3, R4, and this resulting pulse is sufficient to trigger the
monostable circuit (SN74121N), which was set with a time

constant of approximately 1 second, and is non-retriggerable.
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(2) The 'motor start! pulse, extracted from teletyps.
(b) Desired output to pulse the goniometer motor.
p p

(¢) The electronic shaping circuit.which converts (a) to (b).
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The Goniometer Circuit Diagram.

Block Diagram.

Counter. [> Scaler/timer, E} Teletyps.
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pulse, -
Gonio A
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1
Control box.
Microswitch,
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Wiring Diagram,.
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Crossover switch for
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Hence the required 1 second, 5 volt‘pulse is obtained each

time the telétype motor is started.

The full wiring circuit for the goniometer is shown in figure
8.12, and a photograph of the apparatus in operation'is shown

in figure 8.13.

A sample of bone, 50 microns thick was mounted in the specimen
support and viewed on édge through a telescope. When adjusted
to a central position, the sample was found to remain accurately
aligned'on the crosswires of the telescope through a full 360°
(§) rotation, thus satisfying the design requirement in this
respect. The automation proved to be reliable and typical
times for a full 180° (P) rotation in the following analyses
were of the order of 20-30 minutes. A typical output printout
is shown in figure 8.14., the first four figure number showing
the step position, the second six figure number showing the |
present count, and the final six figure number showing the -

counting time in seconds.

Thus, quantitative analyses of diffraction rings were obtained
in a matter of minutes rather than hours, in a single operation,
and the following chapters show how the goniometer was

utilised to examine various aspects of bone structure.
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Figure 8.13a

The goniometer mounted in position on the X—ray generator.
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Figure 8.13b

The goniometer (g), control box (c), scaler/timer (s), and teletype (t).
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Goniometer Output Format,

. 0001 010000 004417
0002 010000 004554
0003 - N10000 "004823
0004 010000 "005093
0005 010000 "005A02
0006 010000 006004
0007 010000 006121
0008 010000 "006300
0009 010000 "00A405
0010 010000 "00AA4S]
0011 010000 "00DA559
0012 010000 "00AS11
0013 010000 "0N6293
0014 010000 "005994
0015 010000 "005671

a'b C

Figure 8,14

 Position number,

b Preset count,

C Time of count (in seconds), showing two places of decimals.

191.



CHAPTER _ NINE

EXPERIMENTS WITH THE GONIOMETER




9.1. Primary Type Bone

9.1.1. Introduction

As mentioned in thekpfevious chapter, preliminary
film work suggested that primary and secondary type
‘bone exhibit different fibrous structures, and so
‘this topic was chosen initially for further investigation.
Also in the preliminary work, some apparent variation
in the crystallite orientation was attributed to the
narrow x-ray beam, (0.lmm - 1.0mm) dia., being
affected by local histological variation, and'thus
the results did not repfesent a true average for the
bone sample. Consequently, the x-ray beam on thé
goniometer waé collimated to 2mm diameter at the
specimen, so to produce results more representative

of the sample as a whole.

9.1.2. Material and Method

The bone section was taken from the mid-femural region
of a Red Devon Ox, aged 2-3 years. The bone had been
deep frozen but otherwise untreated. The mid-femural
region was chosen since the cortical bone is
particularly thick and well defined in terms of

histology.

Three‘slices were cut, appfoximatély 70 microns thick,
mutually perpendicular to each other at three different
sites within the sample, as shown in figure 9.1. Before
x-ray diffraction, the bone slices were examined by
light microscopy using both ordinary and polarised light
to determine the histological structure. Figures 9.2
and 9.3 show ordinary and polarised light micrographs

of a transverse section taken from the ox femur, the
laminar structure is evident and this is characteristic

of primary type bone.
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Samples of cortical bone were cut from the mid-femural region

at three equally spaced sites as shown,
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Figure 9.2

Light micrograph of a transverse section of ox femur, (x 50).

Figure 9.3

The same section of bone as shown above, viewed under polarised
light (x 50).
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9.1.3.

a). Radiation

The following operating conditions were used for the

x-ray goniometer.

e

Cu unfiltered

b) Pre-set count : 10,000
c) Angular Step B 9°
d) Diffracted beam used ¢ (002)

(208 =26°)

To determine the absolute intensity of the diffracted
x-ray beam it was necessary to subtract the background
radiation, and this was measured for each counting
position by taking the mean of readings at either side
of the (002) beam. .

Results

Results are pfesented in both'graphical and tabular
form. The tabulated figures show the (002) beam
intensity (in counts per second) above the background.
radiation, with relation to the angle (9), as indicated
for each section diagramatically in figure 9.4. The
graphical representation shows superimposed results

of the three similar sections taken from different sites.

Because the sample thickness was subject to variation,
this affected the amount of diffracting volume and

X=-ray absorptidn, and hence the (002) beam intensity.
Therefore to aid comparison, scales of intensity have been

multipled by a constant factor such. that (§ = o)

-readings have equal values.

Variation in the mean count rate was estimated by taking

repeat measurements for different values of (§). A

two standard deviation spread in one direction was

covered by approximately 5 c.p.s.
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(002) Diffracted Beam Intensity v (@)

Longitudinal Sections Primary Bone

| Angle (002) Diffracted Beam Intensity, Above Background (c.p.s.)
@ LS1 LS2 ~ LS3
o | 174.5 . 174.5 , 174.5
157.2 165.9 173.0
18 | . 132.0 136.3 149.5
27 94,7 100.2 ' 7 111.3
36 , 69.2 ‘ 68.2 78.2
45 47.1 50.6 42.4
54 35.2 | 35.4 28.4
63 27.5 29.3 . - 20.0
72 26.8 . 27.8 | 17.3
81 24,6 23.3 18.0
90 23.2 © 24,1 17.3
99 23.9 26.9 16.0
108 T 26.0 , 27.0 15.0
117 27.4 , - 30.9 15.5
126 34.8 .. 35.7 18.3"
135 46.9 47.1 25.5
144 68.3 64.8 39.7
153 99.2 94.9 62.0
162 132.0 127.8 104.5
171 ©170.5 163.9 149.0
Table 9.1
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(002) Diffracted Beam Intensity v (§)

Radial Sections Primary Bone

Agg%e (002) Diffracted Beam Intensity, Above Background (c.p.s.)
@ RS1 | RS2 RS3
0 146.0 146.0 146.0
134.0 130.5 - 132.6
18 121.1 108.9 115.8
27 99.3 . 85.1 93.7
36 86.1 64.5 73.4
45 72.8 ~ 50.5 58.5
54 63.9 . 446 . 47.0
63 56.8 '37.8 40.8
72 53.1 .35.9 33.7
81 52.1 | 36.3 32.5
90 52.9 37.1 31.0
99 54.0 35,8 - 30.5
108 57.1 | 45.5 32.4
117 62.2 5.7 | - 37.6
126 70.6 ' 66.4 47.0
135 86.4 78.4 57.2°
144 102.8 » 106.0 76.7
153 119.0 124.5 99.1 B
162 132.8 140.2 125.0
171 144.5 149.9 , 147.2
Table 9.2
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(002) Diffracted Beam Intensity v (§)

Transverse Sections Primary Bone

Ang%e (002) Diffracted Beam Intensity, Above Béckground (c.p.s.)
(#) -
TS1 TS2 - TS83
0 23.1 23.1 23.1
18 : 21.9 19.9 - 19.8
36 24,4 21.9 19.0
54 23.9 i 25.9 23.2
72 - 29.7 37.8 35.1
90 31.2 © 46,3 48.4
108 31.3 44.0 49.0
126 23.6 38,9 , 36.7
144 18.5 0 27.2 21.2
162 18.0 20.9 15.0
Table 9.3
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The LS and RS sections show basically the same type

of orientation pattern, i.e., with the majority of

crystal c-axes aligned with the long axis of the

bone (P = 0° and 180°). This pattern is typical of

most diffraction photographs of bone sections where

the (002) arcs are distributed about the long axis

of the -femur. No evidence has been found in this

type of bone to suggest any other kind of orientation.

pattern. The TS sections produced a pattern which
shows an orientation of c-axes parallel to the laminar

arrangement of the bomne structure.

The information contained in these orientation patterns -
can be presented in the form of an (002) pole figure{
which combines the information of the LS, RS, and TS
sections for each sample. Figuré 9.8 is the stereo-
graphic projection of a reference sphere ruled with
parallelé of latitude and longitude. If the bone
sample is considered as being represented by a LS, RS
and TS section placed at the centre ofAthe reference
sphere, the orientation patterns produced, when drawn
on the reference sphere and projected in the stereo-
graphical form, correspond to the lines indicated in
figure 9.8, the N-S direction representing the long
axis of the femur. Taking the three sets of intemsity
v (P) readings for each sample, and multiplying two

of the sets by constant factors so that intensities

at points of interséction~of the three lines agree,

the pole figure can be drawn by joining points of equal
intensity. The scale of the numbers used to label
contours of equal intensity is arbitrary since relative
‘orientations can be deduced from any scale. In this
work the scale has been taken from the.x-ray intensity
(c.p.s.) of the diffracted beam for each particular

case.
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Figure 9-9
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(0C2) Pole Figure. Primary Type Ox Bone.

Sample 2. . N
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Figure 9-10
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(C02) Pole Figure. Primary Typs Bone,

Sample 3..
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Figure S-11
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9.1.4.

Primary Bone - Summary

It must be emphasised that these pole figures are
approximate’ figures since the contours have been
determined from only three lines on the projection.
The justification for joining the points of equal
intensity{in'this way is based on the observation
of many diffraction photographs produced in
preliminary work which show that only ome major
orientation direction exists in this type of bonme
and so the contours can be drawn with a fair,degree
of confidence that no other high intensity peaks
are present. This point is covered further in the

next chapter.

These three pole figures represent the three dimensional
orientation of bone mineral c-axes in three separate
samples taken from the mid-femural region of an ox
femur. Light microscopy has shown the bone to have

a laminar structure characteristic of primary type

~ bone and this is reflected in the pole figures, each

figure showing essentially the same features.

a) The main fibrous (c-axial) orientation is aligned,
with the long axis of the femur.

b) If the é%}stal c-axial orientation was evenly
distributed about the main fibre axis, the contour
lines of equal intensity would follow the ruled
lines of latitude. An uneven distribution is
indicated by deviation of the contours from these
lines of latitude, and this appears to be the
case with primary type bone. " Thexke is less '
orientation in the plane of the laminations than

perpendicular to it.
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This observation would be consistent with a
fibrous layered structure where the fibres
spread more within the layers than across the

layer boundary into the next layer.
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9.2.

Secondary Type Bone

9.2.1.

9.2.2.

Material and Method

‘A sample of bone taken from the mid-femuralvregion of

a 65 year old human male was obtained at a local post-

mortem examination. Sections were cut from three

- different sites within the sample as described for the

primary bone. A light microscopic examination of a
transverse section revealed a structure characterised
by many osteons, and this sample was therefore,

typical of secondary type bone, see figures 9.11lb and

*9.11c.

Results

The results are presented in tabular form and (002)
pole figures constructed as described in the previous

section.
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Figure 9.11b

Light micrograph of a transverse section of human femur, (x 100).

A

Figure 9.1lc
The same section of bone as shown above, viewed under polarised

light, (x 100).
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(002) Diffracted Beam Intensity v (§)

Longitudinal Sections Secondary Bone’

Ang%e (002) Diffracted Beam Intensity, Above Background (c.p.s.)
@ LS1 LS2 LS3
0 150.0 150.0 ' 150.0
133.7 142.9 : 159.1
18 115.6 - 125.8 | 147.8
27 ~ 100.6 : 108.2 - ~ 135.5
36 86.6 92.7 108.5
45 75.7 76.9 ©90.0
54 . 68.9 66.7 76.0
63 63.2 59.7 65.9
72 61.2 56.5 . 57.9
81 . 60.1 53.1 ' 53.3
90 61.2 50.1 52.5
99 65.3 51.7 ' 49.6
108 72.6 ' 59.8 52.7
117 81.9 : 60.2 | ©.55.8
126 94.3 , 73.7 . 60.8
135 111.4 83.7 77.8
144 130.6 | 1 96.6 87.3
153" 146.2 113.3 105.6
162 155.5 130.0 126.9
171 157.6 143.3 144.8
Table 9.4
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(002) Diffracted Beam Intensity v (§)

Radial Sections Secondary Bone

Angle | (002) Diffracted Beam Intensity, Above Background (c.p.s.)

- (®)° RS1 RS2 | RS3
150.0 150.0 150.0

134.5° 151.4 139.4

18 . 117.4 146.8 _ 106.9
27 100.3 T 134.4 84.7
36 84.3 128.2 - 60.8
45 70.3 106.7 47.8
54 63.1 96.2 37.2
63 57.9 ‘  82.3 30.8
72 54.8 70.8 29.5
81 54.8 69.3 28.9
90 : 55.9 63.7 - 28.2
99 59.0 63.0 30.6
108 65.2 65.9 41.8
117 76.6 67.7 51.0
126. 91.0 75.2 67.4
133 109.7 79.6 95.9
144 128.3 85.4 121.0
153 142.8 101.9 146.3
162 153.1 116.5 | 161.9
171 156.2 132.7 168.0

Table 9.5
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(002) Diffracted Beam Intensity v (§)

Transverse Sections Secondary Bone

Angle | (002) Diffracted Beam Intensity, Above Background (c.p.s.)
(° TS1 © T82 TS3
0 48.8 48.8 48.8 -
18 44.6 © . 50.0 4727
36 49.9 47.5 | 50.8
54 | 46.1 50.1 - " 48.0
72 52.0 48.3 . . 153.6
90 54.1 48.8 1 49.8
108 51.1 51.0 : 55.1
126 ' 53.3 | 49.8 53.8 -
144 50.1 ‘ 47.0 49.2
162 49.2 48.2 49,0
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(C02) Pole Figure. Secondary Type Bone,
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(0C2) Pole Figure. Sscondary ‘Lype Bone.

Sample 3.
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Figure 94
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9.2.3.

. Secondary Bone - Summary

The three pole'figﬁres represent bone mineral c-axial
orientatibn in three separate samples, taken from the
mid-femural'region of a human femur. The bone is
characterised by systems of osteons, and therefore,’
typical - of secondary type bone structure. Each pole

figure shows essentially the same features.

a) The main fibrous orientation is aligned with.the
long axis of the-femuf |

b) There ié an even distribution of orientation
about the major fibre axis. This can be seen
since the T.S. sections show no orientation, and
also since the contours of equal intensity tend

-to follow the shape of the lines of latitude.

The finding of an even distribution about the femural
long axis is consistent with the fact that the osteon
has rotational symmetry about this axis. Thus, it
would be feasible that the fibrous structure of the
laminations is similar to primary type bone, the
symmetrical distribution about the long axis being

produced by the histological structure.
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9'3.

Traebecular Bone

9.3.1.

Material and Methods

The structure and orientation of tfaebecular; or
cancellous bone is of interest since it has been
suggested that the traebecular orientation is closely
associated with the forces experienced by the
traebeculae, Roux (1895), Pauwels (1948).

As a preliminary invesﬁigation on this type of bone,
three mutually perpendicular sections were taken from
the femural head of a Red Devon ox, aged 2-3 years,
the bone had been deep frozen but otherwise unfreated,
see figure 9,15, Both thick and thin sections were
cut from the femural head and examined by light
microscopy. In the thick sections, the traebeculae
appeared to be laminar étructures, very densely packed
and showing no obvious orientation within the sections.
It was only in the cancellous bone adjacent to the
femural shaft that rod-like traebeculae were found,

several of these were dissected and examined initially

‘by the film method.

In the region of the femural head where the shell is
formed the traebecular density increases to such an
extent that the solid bone structure is produced. The
orientation of bone mineral within the shell was
examined by the flat film method, and the goniometer
was used to examine the traebeculae immediately beneath
the shell, : : .
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Figure 9.15

The three sections of traebeculér bone were cut from

)

the femural head as shown.
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9.3.2.

Results

The first section of traebecular bone as shown in
figure 9.16 was examined by both the flat film and
goniometer methods. The dense bone comprising the
shell layer was examined by the film method at
positions indicated, using Ni. filtered Cu. radiation,
and a collimated béam of lmm diameter. All
diffraction patterns produced gave no indication of
preferential orientation of the bone mineral c-axes,

as shown in figure 9.16.

Results of examinations using the goniometer at

positions, 4, 5 and 6, as indicated in figure 9.16
are shown superimposed in figure 9.17. Intensity
readings were taken in angular steps of 18°(p) for

these samples. Figures 9.18.and 9.19 show in graphical

form the results obtained from the other two sectioms,

the positions of éxamination being indicated in the

figures.,

Figure 9.20 shows a diffraction pattern typical of

those produced by the rod-like traebeculae, the

‘uneven (002) ring indicating a certain degree of

c-axial orientation along the long axis.
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Traebecular Bone— Section One.

Figure 9.16

Positions 1,2,&3, were examined using the flat film method.
The aii raction pattern of site 1, shows no prefered orientation
and is typical of all patterns produced from the shell layer.

Positions 4,5,6&6, were examined using the goniometer, see text
for details.
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Figure 9.20

(@) Three rod-like traebeculae dissected from an ox femur.
(b) Diffraction pattern of one such traebecula, showing
(002) arcs, thereby indicating a degree of c-axial alignment

with the long axis.
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9.3.3.

Traebecular Bone - Summary

-The traebecular structure within the femural head of

an ox femur has been briefly investigated.‘ Three
sections were cut mutually perpendicular and examined
in several positions. Under the optical microscope
the traebeculae appear as sheet-like structures which
show no preferential orientation. The traebeculae
appear to increase in density at the shell to form
solid bone. The shell structure itself shows mno

preferred c-axial orientation.

At the sites examined using the goniometer, the

‘traebecular bone showed no preferential c-axial

orientation.

The single rod-like traebeculae which were dissected
from the cancellous bone in the region near -the
proximal end of the femural shaft were examined by

the film method, and diffraction pétterns were produced
which indicated that c-axial orientation did exist in

the direction of the traebecular long axis.
Hence, from the samples examined,lonly the well defined

rod-like traebeculae showed any preferential fibrous

orientation.
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Discussion

The x-ray goniometer has proved to be a useful tool and (002)
pole figures have been constructed for both primary and
secondary bone types. The pole figures describe the fibrous
structure of the bone samples in a quantitétive way and this
will be useful when selecting samples for physical testing

to ensure uniformity of structure.

It must be emphasised that the pole figures produced so far

have beeﬁiconstructed from only three lines on the stereographic
projection. It was mentioned earlier that the contours could
be drawn with a fair degree of confidence because of the large
amount of information provided by film work which has preceeded
this particular work. However, this will not always be possible,
especially when studying bone with a non-uniform structure and
many more measurements will be needed to enable the pole figure

contours to be drawn accurately.

At this stage it was decided that rather-théﬁ.investigating

many different types of bone ﬁith varying structures and functions,
it would be better to confine the study to simpler formé of
boneAsuchfas cortical primary and secondary types which have a
well defined hiétology. Since most of the physical testing in

the past has been performed on these types of bone_this

decision can be justified.

Although film work can provide a quick and qualitative measure
of c-axial orientation, the goniometer produces more accurate
quantitative results, and the following chapter shows how the
goniometer can be used in isolation, i.e., without back-up film
work, to produce pole figures in which the contours are plotted
over the ﬁhole of the projection, thereby eliminating the need

for any assumptioms.
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CHAPTER  TEN

FULL POLE__FIGURE DETERMINATION




10.1

Method

In a practical situation, when the microstructure of a bone
sample needs to be determined, it is desirable to have a quick
and accurate method which does not rely upon any other
techniques. This chapter describes one such method, using the
x-ray goniometer developed for this work to determine the

full (002) pole figure of bone samples, and as before, primary
and secondary type bomne have been used since these-tYpes

have been most commonly studied in the past.

In order to obtain an accurate representation of the (002)
pole figure it is necessary to plot many points on the
stereographic projection, so that the contours can be drawn
with precision. This object can be achieved by rotating the
specimen about its' long axis and thus examining a different
plane withiﬁ the sample. Because of this épecimen rotation,
the sterographic projections of the (002) poles are moved to
different positions on the pole figure, as shown in figure
10.1 fo: RS and LS sections'withbt 30° rotation about the long

axis, with respect to the normal position.

All the bone samples examined so far have been in the form of
thin plaques, aligned in the goniometer so that the plane of
the plaque remains in the same orientation as the specimen is
rotated through the angle (#). However, when the sample is
rotated about its long axis through an angle (X), see figure
10.2, the movement through 180° (9) produces an apparent

orientation in a randomly oriented sample. To measure this

. effect, a sample of bone with random c-axial orientation was

prepared by compacting a fine bone powder, which was produced
by filing, mixed with epoxy resin into a polythene mould. When
the resin had cured, the bone powder was in the form of a solid
block from which three mutually perpeﬁgicular sections were

cut, approximately 70 microms thick. These sections were examined
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Bone Slice,

X=rays,

Figure 10,2

The specimen holder, viewed from above and showing rotation

of & = + 30° a2bout the vertical axis, ( N/S on the pole figure).
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by the flat film and goniometer methods, an evenly distributed
(002) ring indicated a random orientation of the bone mineral
within each section. Figureé 10.3 and 10.4 show the (002)
diffracted beam intensity v (#) for a randomly oriented bone
sample which was set with T 30° () rotation about its long
axis. The background intensity at angular positions ébove and

below the 204 (002) setting are also shown.
The intensity-variationAis attributed to two factors:-

a) absorption

b) diffracting volume

When the sample is displaced by the angle (o), a rotation through
(@) causes variation in the amount of material being irradiated,
this is because the orientation of the sample plane is no longer
constant with respect to the incident and diffracted x-ray

" beams. Hence the change in diffracting volume alters the
diffracted beam intensity. Also the path length of x-rays in

the sampie now varies with () when o # 0°, and thus a
combination of these two effects produce the apparent orientation
in randomly oriented samples. To overcome this difficulty, a
correction factor can be calculated using figures 10.3 and 10.4,v
for each position of (@) and (ol) used. Figure 10.5 shows the
correction factor by which the count rate has to be multiplied

to obtain a true orientation pattern, for values of («) set

at g 30° from the normal position.
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10.2

Primary Type Bone

Sections LSl and RS1 of the ox femur described in 9.1 were
used for this experiment. The (002) diffracted beam intensity
as a functidn of () with « = 0° has.alxeady béen determined
for these sections, and figures 10.6 - 10.9 show this
relationship for each section when set with ol = t 30° from the
normal position. The intensity is also shown in each figure
multiplied by the appropriate correction factor. These
corrected curves are then used to plot the (002) pole figure
shown in figure 10.10, after the final correction hés been

applied to equalise intensities at points of intersection.
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10.3

Secondary Type Bone

Sections LS2 andARSZ of the human femur described in 9.2 were
used for this experiment. Figures 10.11 - 10.14 show the
corrected and uncorrected (002) beam intensity versus (§)
distributions for « = t 300, which are combined with the
previously determined distributions with = 00, to produce

the (002) pole figure as shown in figure 10.15.
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10.4 Summary

The x-ray goniometer developed for this orientation study has
proved to be effective in producing (002) pole figures of
small bone samples without the aid of other techniques.
Therefore, this technique could be used for a study of bone
microstructure itself, or in a routine manner where a

determination of the microstructure is required.

The sampies used to date have been thin plaques (approximately
70 microns thick), with an area of examination approximately
2mm in diameter. The size of area examined is determined by
beam collimation, and a finely collimated beam could be used
to examine the orientation variation within a single bone
~sample, and it is feasible that by using a microfocus x-ray
set with suitable optical equipment, structural variation
between distinct histological structures such as osteons and |

interstitial lammellae could be examined.

The pole figures plotted in this chapter have been produced

by joining points of equal intensity between six lines of
longitude covering the stereographic projection, hence allowing
the contours to be drawn with more precision than for the
previous pole figures. The accuracy ultimately depends upon
the number of lines used to comnstruct the figure, and this is

determined by the experimental conditions.

In both primary and secondary type bone taken from the mid-
femural region of bovine and human bones respéctively, the
major axis of preferred c-axial orientation is éligned on
average withlthe long axis of the femur. The primary type bone
shows a planar orientation in the laminar directiom, whilst

the secohdary type bone exhibits an even c-axial distribution

about the main fibre axis, hence confirming the findings of
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chapter 9 and the large amount of film work which has preceeded -

this particular study.

The above statement of results appears qualitative, but does
in fact, describe the quantitative data expressed in the pole
figures, and it is the pole figures which yield detailed
information about bone mineral orientation and hence the
fibrous structure of a material whose structure has been in

general described only qualitatively.

It is envisaged that the pole figures and the techniques
developed for their determination will play a significant part
in the future studies on structural aspects of bone, their
significance is discussed with the rest of this work in the

following final chapter.

249.



CHAPTER__ELEVEN

SUMMARY _AND SUGGESTIONS FOR__FUTURE__WORK




11.1

Introduction

Bone is a complex living tissue having many functions. It is

the host for the body's store of calcium and it is the presence
of this mineral in the form of small crystals, which enables

bone to perform its structural function. Before the behaviour

of bone, in both normal and abnormal. situations can be understood,
many aspects of its structure and metabolism need to be studied.
This work has examined bone as a material and attempted to
clarify aspects of its microstructure which have not been well
defined. Speéifically, the shape and size of bone mineral
crystals have been examined, and also the three-dimensional
orientation of these crystals has been determined, which provides
information about the fibrous structure of the sample. These
aspects, in particular the techniquesAdeveloped;-the results
obtained, and suggestions for further work will now be discussed

in detail.
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11’2.

Specimen Preparation

Before any relevance can be attached to in-vitro experiments on
any biological material, it is important to know what changes
have occurred after death, whether by autolytic action or by the
specimen preparation technique itself. Previous workers, see
3.1.2., concluded that bone mineral morphology and composition
are not significantly changed between unfixed bone, and bone
which has been fixed by a variety of methods. However, these

results tended to be qualitative, and lacking in quantities which

-could be measured and compared. Since materials and techniques

were being used in this study which had not been specifically
used in the past, it was decided to determine if either the
shape, size or composition of the bone mineral crystals in fixed

and unfixed samples were significantly different.

The first investigation, see 3.l., used the x-ray powder method
to compare the cryétalline structure of bone samples fixed by

four different techniques, to an untreated sample. The bone

' mineral was assumed to have the generally accepted crystalline

structure of hydroxyapatite, and the diffraction patterns
produced by all five samples fitted this model. The crystal d-
spacings were calculated from measurements taken from each
diffraction pattern and compared by the t-test. No signifidant

differences were found at the 5% level between the five samples,

“indicating that the bone mineral composition was not significantly

affected by any of the preparations used.

Bright field electron microscopy was used to examine fixed and
unfixed samples of bone, and difficulties were encountered, as
mentioned later in obtaining accurate measurements of the crystal
size and shape. However, the general appearance of many micrographs’
examined throﬁghout this work has shown bone mineral crystals to
have varying size and shape within each sample, and no evidence

was found to suggest thatAbone mineral crystal morphology is

affected by any of the preparations used.
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The technique of dark field imaging has allowed the c-axial

length of bone mineral crystals to be measured, and this parameter
has been used to assess the effect of specimen preparation. Of
the three samples of bone examined, see 5.2.,. two were prepared

by different routine biological preparations, and the other
received no treatment at all. The data presented in 5.2.2., was
analysed by'a computer programme using a one-way analysis of
variance, and the measured crystal size distributions éhowed no
significant difference at the 5% level. Hence the techniques

used in this study have failed to find aﬂy significant differences
in the shape, size or coﬁposition of bone mineral crystals
between treated and untreated samples. This result justified the
use of untreated bone for this work, and meant that sample

preparation time was reduced to a minimum.

The ultramicrotomy of unfixed, unembedded bone proved to be a
relatively simple operation with the aid of a diamond knife. The
bone sections were quite often fragmented, however, the fragments'
were ususally sufficient for inVeétigation. _The technique of
ultramicrotomy has been criticised, (A.'Bbyde; personal comm.)

as possibly damaging the bone mineral crystals through the
deformation associated with a cutting mechanism. However, no
evidence has been found, in this work or elsewhere, to substantiate
this criticism, and it is therefore, assumed that samples prepared
for electron microscopy by the techniques used in this work
contain bone mineral crystals unchanged from their natural form,

and are therefore representative of viable tissue.
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11.3. Bone Mineral Shape and Size

The shape and size of bone mineral has been investigated in

the past by two techniques, x-ray diffraction and bright

field electron microscopy. The results produced by thése two
methods have not been consistent with each other, and have

not succeeded in- delineating either the shape or size of the
bone mineral crystals. Both of the above methods have been
used in this Work; which has been applied and developed
specifically in an attempt-to explain past discrepancies and
hence obtain_én‘accurate measure of the crystal sizé and shape.
These three techniques, their results and interpretation will

now be discussed in detail.

Bright Field Imaging

Many bright field micrographs of bone have been presented in
Chapter 4, the general appearance of a bone section shows many
irregular shaped, densely packed overlapping crystals, with
dimensions varying from approximately 5.0nm, to over 100.0nm.
There appears to be both rod and plate-like forms of the
crystals, which, since a bright field image is a two-dimensional
projection of a three-dimensional object, could mean that the
rods are images of plates on edge,‘or that the two types of
structure are actually present. The technique of specimen
tilting has been applied to this problem, and results are
consistent with the rod-like images being plates on edge. However,
the technique suffers from several disadvantages whiéh, whilst
not invalidating results do preclude accurate measurements.
Firstly, the smdll size of a bone mineral crystal, and the fact
. that it is overlapping with many of its neighbours make
isolation difficult. Secondly, as the specimen is tilted,
diffraction contrast changes the iﬁage and this makes individual
crystals difficult to follow. Thirdly, unless the crystal being
.-studied is actually on the axis of tilt, a vertical displacement
occurs and this changes the magnification factor of the
microscope. However, it is envisaged that ﬁhese problems could

be overcome in the following way.
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Figure 4.3. shows a section of bone which has torn and

buckled during sectioning. It is worthy of note that no rod-
like images are present in the very thin region around the
tear, and only where the section has buckled and is thicker,

do the rod-like images appear. It is precisely this type of
bone section which is required for specimen tilting experiments
since individual plate-like crystals can be identified and
followed throughout the movement. It would be important in
this case to provide support for the section to prevent
movement or breaking caused by the pressure of the electron
beam, and this can be accomplished by using carbon coated grlds.
Finally, some of the more recent electron microscopes, (e.g.,
JEM100c) are now fitted with a.tilting stage which incorporates
a 'Z control'., As the specimen is tilted, a vertical
adjustment is made to keep the image in focus, thereby insuring
that the object in view maintains a fixed position-in the
microscope. Hence the magnificafion factor remains constant

and accurate measurements can be made.

Various morphological features have been observed throughout
this work which have been reported in the past. Figure 4.4.
shows examples of the double lined structures observed by D.
Steve-Bocciarelli, (1969). The interpretation of these images
is not yet clear, although it is possible that they could be
images of two crystals growing epitaxially, this again is a
topic in which specimen tilting could be used for further

investigation.

Bone mineral has Been visualised in a non-crystalline or
amorphous form. This type of mineral has only been found
adjacent to bone cells (type unknown) spreading for 3=4 micromns

from the cell border into the matrix.
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The high resolution micrographs shown in figures 4.6., 4.7.

and 4.10 were made possible because of the excellent thin
sections produced by the diamond knife (thickness estimated to
be less than 60.0nm). The lattice images are mainly of the
(100) planes of the hydroxyapatite model, which have a spacing
of 0.8169nm. The fact that these 'lattice lines' can be seen

to extend over distances of several tens of nanometres suggests
that crystals of this size are not composed of smaller umnits,

or have been fragmented by the'process of ultramicrotomy, as
mentioned in 11.2. Some of the high resolution micrographs

show irregulérly shapped crystals, althougﬁ angular features

are sometimes‘present, and the variation in electron density
over a single crystél could indicate that structural imperfectionms
are present and this would give rise to internal lattice étrain,

as mentioned later.

There are two main conclusions to be drawn from the bright

field work:=-

a) That microscopic evidence strongly suggests that bone
mineral crystals are in the form of thin plates, ‘
approximately 5.0nm in thickness, with an irregular shape
and a variable maximum dimension, but occasionally

extending to several tens of nanometres.

b) Measurements of crystal dimensions from bright field
micrographs cannot be related to the crystal axes since
the crystal orientation cannot be determined from any

bright field image. -

Whilst many previous workers have assﬁmed the largest dimension
of bone mineral crystals seen in the bright field‘to be c-axial
this last conclusion gives little meaning to these measurements.
Hence, td obtain accurate measurements of bone mineral crystals
their orientation has to be known, consequently the dark field

imaging technique was applied to the problem since it fulfilled

this requirement.
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The Dark Field Method

The dark field imaging technique uses diffracted rather than
transmitted beams to form the image. Since crystals have to
be specifically oriented to produce diffracted beams, this
orientation can be determined in cases where the planés
producing the diffracted beams have a unique d-spacing within
that crystéi. For éxample, crystal planes in bone mineral
with Miller indices (001) have a unique d-spacing, howevef,
since the (g) and (b) axes of the crystal lattice have equal
"lengths, planes with indices (h k 1) have equivalent spacings
to planes with indices (k h 1). It is known from previous
 x-ray work that the (002) planes of bone mineral are |
perpendicular to the longest dimension of the crystal, which
is the c-axial direction, and therefore.dark field images
produced using the (002) beams are images of crystals whose
c-axes are in the plane of the section. It is fortunate that
the (002) diffraction is strong and well isolated, and this
has meant that using a special 10 micron diameter objective
aperture, pure (002) dark field images could be produced, thereby _

reducing Moire fringe effects, as discussed in Chapter 5.

The general appearance of the dark field images shows bone
mineral cyrstals to have irregular shapes and sizes. The _
dimension measured perpendicular to the c-axial direction varies
from approximately 5.0nm to dimensions approaching that of the
c-axial length in some iﬁstancés. Since an (002) dark field
image would still be produced if the crystal was rotated about
its c-axis, this observation once again suggests a plate-like

form for bone mineral, with a thickness of approximately 5.0nm.

The dark field image possess two advantages over the bright
field image; the illuminated crystal is isolated from its
neighbours? and its c-axial orientation is known. From many
dark field microgfaphs c;axial measurements were taken for

three bone types. For rabbit, ox and human bones the mean c-axial
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length was found to be 32.6nm, 36.2nm and 32.4nm respectively.
The size distributions having standard deviations of 12.8nm,
19.0nm and 16.3nm. for rabbit, ox and human bones respectively
are shown in Chapter 6. The dark field technique has allowed
meaningful c-axial measurements to be made and also enabled
the distribution of crystal sizes to be measured. The main
disadvantage of the method is that crystals have to be
selected from a photograph for measurement and hence there is
a possibility.of personal bias affecting the result. However,
being aware of this possibility should reduce amy such effect

to a minimum.

In the past, bright field estimations of c-axial length have
tended to be two or three times greater than those of the

x-ray methods, probably because only therlarger crystals

could be seen in isolation. This fact, together with the
inaccuracy of bright field estimations, invalidates any
comparison between the two methods. Also the two methods

tended to be used in isolation with various types of bone
sample, and this makes compafison of resulfs.difficult.
Consequently, the next stage of'this work was to measure c-axial
.length by an x-~-ray method in.the same samples as used for the

dark field measurements, and hence obtain a valid comparison.

X-ray Line Broadening

The x~ray method of line bréadeﬁing was chosen because of its
widespfead use in the past. The tedhnique, which is relatively
quick and simple and which requires the minimum of specimen
preparation; is described in Chapter 6.' Initially, when
célculating the mean c-axial length the simplest formulation

. was used, i.e., assuming that the line broadening effect was
due only to small crystal size. The mean c-axial lengths
measured were 27.9nm, 28.3nm and 26.7nm fof f;bbit, ox and
human bones respectively. Whilst thésg resulfs are of the same
order as.the dark field measurements, a"t-test shows a

significaﬁt difference at the 5% level. If the line broadening‘
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was caused by effects other than crystal size then the above
treatment would produce an under-estimate éf the mean c-axial
length., These results are in fact smallerbthan the dark

field measurements and hence it was suspected that other v»
factors were involved. It is known thaf lattice imperfections
cause a variation in the crystal d-spa01ngs, and hence a ‘
spread of the diffraction profile, and the subsequent ana1y31s
accounted for this effect. In retrospect, since bone mineral
crystals are formed in a dynamlc env1ronment, variation in ,
composition and hence lattice strain are 11kely to occur.»'The"
high resolution micrographs discussed earlier show images
where the electron density and lattice resolﬁtion lines are
not consistent over the entire crystal, and this indicates

structural imperfection which could cause lattice strainm.

Using a formulation which allowed for lattice strain the mean
c-axial lengths were calculated to be 33.2nm, 36.lnm and 32.2nm
for rabbit, ox and human ﬁones respectivély, which, when
compared with the dark field measurements showed no significant
difference at the 5% level., The iﬁterqalyétrain was also
calculated and it was found théf thé‘maximﬁm tensile or
compressive component>had a value of approximately 0.3% in all
samples. This finding was important since it meant that the
crystals were basically straight in the c-axial direction, -

and the dark field images were therefore, of the whole crystal

and not just of a small section of a large curved cyrstal.

The line broadening technique gives information not only about
crystal size but also about crystal éerfeqtion, and for this
reason it was decided tb investigate the dévelopment-of bone
mineral with age. The maturation of bone mineral has been
‘recently studied, see Chapter 7, although no measurements of
crystal perféction'have been made., The mean c-axial lengths

of the rabbit bone samples aged 7 weeks, 6 months and 12 months
were 34.6nm, 33.4nm and 35.3nm with lattice strain factors (€)

0.67%, 0.667% and 0.707% respectively. There is no significant
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difference at the 57 level in these factors for.the three
samples, indicating a stable situation. However, the mean
-c~-axial lengths of the 1 and 2 week old samples were 23.0nm

and 34.6nm, with strain factors of 1.63% and‘1.33%'respectively,
indicating that the youngest bone had the smallest and most
imperfect crystals, and the 2 week old sample having the

mature crystal size but still an 'imperfect' structure. The'
work of Termine (1966) indicates a crystal maturation process

in which the crystalline component of bone mineral matures

after 7 weeks at the expense of the amorphous component. These
results would be consistent with that process, whereby the
mature crystal size and structure are attained after
approximately 7 weeks, but clearly these results are very _
tentative and further work is ﬁeeded to confirm these findings.
One disadvantage of the line broadening technique is that-

the result tends to be weighted in favour of the larger crystals.
This is because the amplitude of a diffracted beam is
proportional to the volume of the crystal énd the number of
lattice planes, but the intensity, which is the measured
parameter is proportionél to the Squére of the amplitude.
Therefore, if the amplitude of a diffracted beam from a crystal-
with n planes is A, the intensity will be A, but for a

crystal twice the size with 2n planes, the intensity will be
4A2. The close agreement between the two methods used could
mean that either the dark field technique is also overestimating
the mean c-axial length, or that the x-ray method is affected

by other factors which cancel out the weighting effect. For
instance, Berry (1947) has shown that for samples containing
crystals with a size distribution approximating to a Gaussian,
the theoretical diffraction profile is not significantly
different to that produced by a sample with cyrstals of a single
size. Unfortunately a variation in the crystal shape also
affects the diffraction profile making the evaluation of these

finer points impractical in the case of bone mineral.
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In addition to the suggeétions already made, the difficulties
of past workers in producing consistent measurements of
c-axial length using x-ray and microscopsical methods, could
have been due to the fact that lattice strain was not always
taken into account. Since consistent results have now Been
produced, and there is no evidence to suggest that either
technique is inaccurate, both the dark field and line
broadening methods can now be used in isolation to measure
bone mineral size, size distribution, and crystallite

perfection.
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11.4. Crystal Orientation

The second aspect of this work was concerned with fhe development
of a technique to determine the three-dimensional orientation of
bone mineral quantitatively. Since the crystal c-axes are
aligned on average with the collagen fibre axes, the x-ray
diffraction patterns of bone mineral describe the fibrous
arrangement of the sample. The technique was developed to
examine small samples, with dimensions of mm, since this is the
scale on which the physical testing of bone is usually carried
out. Hence it would be possible to determine the microstructure
of test samples, and also to examine structural variation within
the whole bone. Existing goniometers such as the Schulz, are
designed to be used with large samples (Cm), and hence only
large bones can be used. The design and cohstruétion of the
goniometer for this work is fuily described in Chapter 8. The

two main difficulties were:

a) Since small samples were being used only weak diffracted
beams were produced. However, this point was overcome by
building a stepping mechanism into the goniometer

movement which allowed sufficient counts to be recorded.

b) Difficulty was encountered in producing the bone sample
itself. A thin plaque (50-100 micromns) produces a
suitable diffracted beam since the x-ray absorption is
small, but for each angle of rotation («) used, (see
Chapter.lO), a separate correction is required for the.
diffracted beam intensity as a function of (§). Also,
for «>50° the diffracted beam is severely attenuated.-
Therefore, only a limited coverage of the pole figﬁre can
be obtained from one plaque. A thin rod-like specimen
would not require any correction for a rotation (x) but

- would require a correction of the diffracted beam
intensity for each value of (#); this is because of N
different absorption within the specimen due to the path

length of the diffracted beams. Attempts were made to
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produce small rod-like specimens by turning, but
‘unfortunately with diameters less than 200 micromns, the
samples fractured in the process. Even with samples

of this size the x~-ray beam was severely attenuated
making this shape of sample impractical. The compromise
solution was to take two plate~like samples cut at
right angles, with their long axes parallel to the long
axis of the femur. By rotating éach sample t30° about.
its long axis the whole pole figure was determined. The
main assumption however being that each sample exhibits
a c-axial orientafion which is representative of the
whole bone in the direction from which the sample was cut.
The large amount of film and polarised light work which
has preceeded this study justifies the assumption for

the types of sample used.

The goniometer was found to perform satisfactorily and fulfil
its design requirements, producing the pole figures shown in
Chapters 9 and 10. The pole figures themselves are
quantitative descriptions of the thfee-dimensional c-axial
orientation of bone mineral, and hence represent the fibrous
structure of the sample, however their interpretation is

still somewhat qualitative.

A preliminary examination of traebecular bone indicated- that
preferred orientation only exists in the well defined rod-like
traebeculae. However, it is envisaged that work on cancellous
bone would be more usefully performed using a microfocused
x-ray beam (0.lmm dia) which could probe the individual

traebeculae.

The pole figures of primary type bone show one major axis of
orientafion which is aligned on average with the long axis of
the femur. The contours of the pole figures show that primary
bone has a planar orientation, with the c-axes spreading
within the laminations. This finding is consistent with a
fibrous spread within the laminations but not from one

lamination to the next.
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Secondary type bone also exhibits one major axis of orientation
which is aligned on average with the‘long axis of the femur. |
However, the pole figure contours tend to follow the lines of
latitude, indicating that the degree of preferred orientation
has a rotational symmetry about the main fibre axis. Since

the osteon, which is the predominant feature of secondary type’
bone has rotational symmetry, it is feasible that the laminar
orientation is similar to that of primary type bone, with the
symmeﬁrical distribution of orientation produced by the

histological structure.

The technique developed in this work has enabled the three-
dimensional orientation of bone mineral crystals to be
determined quantitatively. Past results have tended to be
qualitative,’ and many works on physical properties have
assumed bone to be isotropic and not allowed for structural
variation. It has been shown that bone is anisotropic, with
a degrée of preferred orientation which can be measured frpm
the pole figures. It is envisaged that pole figures, and
the techniques developed for their determination, will play
a significant part in interpreting future tests on the

physical properties of bone.
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11.5. Suggestions for Future Work

Throughout this work it has become clear that many topics
exist for further research, which include further developments
or use of the techniques described in this thesis. Using

the bright fieldrtechnique, the high resolution micrographs
showing lattice images could be used to investigate structural
imperfections within the crystals in both normal and abnormal
conditions, and this could give information about factors
which influence the mineralisation process itself. The
techniQue of specimen tilting could be used to investigate

the morphology of bone mineral crystals more éccurately than

has been attempted, by using the suggestions outlined in 11.3.

' The dark field techﬁique could also be used to investigate
crystal imperfections since MoiTe fringes produce magnified
images of crystal faults, as shown in figure 5.5. Dark field
imaging could also be used to investigate the éuggestion that
large crystals seen in the bright field are actuélly aggregations
of smaller units, this beiﬁg another-possible source of

discrepancy between c-axial measurements in the past.

Since consistent measurements of crystal size have been made
using an x-ray and a microscopical method, the relatively quick
x-ray technique can now be used in isolation. Further work is
needed to confirm the tentative findings of Chapter 7, dealing
with the maturation of bone mineral crystals in size and
perfection. It would be useful to measure these factors in
pathalogical samples to gain information relating to the
physical or chemical conditions within the bomne which influence
the mineralisation process. It is interesting to note that the
low angle diffraction work of Engstrbm, (1972) estimated a mean
c-axial length of 33nm-35nm for fish bone, which is approximately
the range of values measured in this work. It would, therefore,

be useful to use this technique in conjunction with the dark
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field and line broadening methods, to either confirm or

refute the findings of this work.

The pole figures produced in the orientation work give
quantitative descriptions of the fibrous structure of the
sample. These pole figures, and the techniques developed

for their determination will enable the.degree of anisotropy
within a test sample to be measured and allowed for in the
subsequent analysis. The goniometer technique could also be
used to investigate the bone microstructure itself,
structural-functional relationships, and variations of
structure in traumatic or pathological conditions. As already
mentioned, a microfocus x-ray set would be valuable for the
further study of traebecular bone, and could possibly be
"used to examine the structural variation between histological
features such as osteons and interstitial lamellae wifhin

the same sample. Finally, the goniometer technique itself is
open for further development. By automating the total
movement of the sample, and by having an on-line computer to
analyse, correct and plot the data, the'pole figure determination

could be reduced to a single process.

It is clear that a great deal of further research has yet to
be done in the field of bone structure before the function

and behaviour of bone can be understood. However, it is hoped
that the techniques developed and results produced in this
work, will‘have a role in the future study of bone as av

structural material, and as a living tissue.
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APPENDIX I



An X-ray Examination of Viable and Non-viable Bone

Introduction

It is generally accepted that bone mineral exists in two forms, a
crystalline form which resembles hydroxyapatite, and an aﬁorphous
form. (see 1.7.8.). It has been suggested by Pautard (1970), that
all bone mineral may be in the amorphous form in-vivo, and only
becomes crystalline after death. The expefiment performed by Pautard
which led to this suggestion consisted of rapidly removing a sample
of mouse calvarium énd bathing it in culture medium whilst packing
it between cellulose or polythene membranes, and examining it by
x-ray diffraction. This sample, assumed to be in a viable state,
produced a non-crystalline diffraction pattern similar to the upper
trace of figurelAl. However, aféer removal from the culture medium,
the air dired, non-viable sample produced a diffraction pattern
typical of bone mineral. The sample was then re-wetted with culture
medium and still produced a recognisable diffraction pattern,

" typical of bone mineral.

Since the implications of this result would seriously affect the
relevance of in-vitro experiments on bone, it was decided to
investigate Pautards suggestion, and this was done by basically

repeating the exberiment using rabbit bone.
Method

" A longitudinal section was removed from the mid-femural regiom of an
eight week old femal dutch rabbit immediately after death, care being
taken to keep the'bone constantly bathed in T.C.199 physiological
medium. The sample which was assumed to be in viable condition was
examined by x-ray diffraction, using akJ.E.O.L.'microfocus x-ray set.
The x-ray beam was collimated to 0.lmm diameter to minimise cellular
damage by the x-rays. The sample was bathed in a continuous drip of
physiological medium whilst being irradiated, by using the specimen

holder shown in figure A2. The exposure time was three hours.
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continually in physiological medium whilst being irradiated

with X-rays,
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_After the first examination, the sample was washed in distilled water
for three hours to remove any culture medium, air dried, and examined
by x-ray diffraction, approximately 24 hours later. This sample was

assumed to represent non-viable bone.

Results and Conclusion

The experiment was performed twice, and results were the same in both
cases, i.e., typical sone mineral diffraction patterns were obtained
in each exposure as shown in figure A3. Provided that the bone sample
was in a viable state for the first exposure, this would indicate

that crystalline bone mineral was certainly present in the sample.

Since no evidence has been published to support Pautards suggestion,
and since this investigation also provides no support, it has been
assumed that results of in-vitro experiments on the crystalline

aspects of bone are representative of viable tissue.

Reference.

'PAUTARD.F.G.E.
Biophysical properties of connective tissues.
In: The Comparative Molecular Biology of Extracellular Matrices.
Ed, H.C.Slavkin. New York:Academic. 440, (1970).
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(a) Diffraction pattern of rabbit femur, examined immediately

aft-r death whilst bathed in physiological medium.

(b) Diffractio pattern of same sample as above after washing

in distilled water and drying overnight.

Figure Ap.
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This progsram performs a statistical analysis on a set of4n data -
values., Output is in the form of a histogram and printed values

of:~

Minimum,

Maximuﬁ.

Range.

Mean,

Median;_

Standard Deviation,
Variance,
Kurtosis..

Skewness,

Card input takes the form:-

nnnnnn soocooc TITIE#® DATA DATA....cesceccccccces

Vhere (nnnnnn) is the number of data values.
(soooox) is the histogram interval,

The program will accept as many sets of data as required.

-
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TLUMMEN] T LA B A INPUT FKUM DPUL SOUKCE * b o H

YCOMPACT DATA!
'pMDYCED,MSJADIUMP)
TTPROGRAMIY (MG JA)
TINPUTY 3=CRO
‘:._"”-'»INPUT' 0=TRO ) K
- 1OUTPUTY 0U=LPO,4S
STUNQUTPUTY 2=LP2,4S T T T T T
S tQUTPUTY 3=Cp0 - . :
C YOUTPUT' 1=100
~YSPACE' 100
YTRACE' 2 . S .
TCOMMENTY END OF PROGRAM DESCRIDTION. SOURCE PROGRAM FOLLOWS:

'BEGIN"INTEGER'A1 AZ A5-I,J K,K1¢M N JOB RUN;CNT'

BLOCK 1 S

i VREAL'A, B, L.MIN.Mnx,SCALE,GTEp1.91Ep2:H'x1.x2,xs' b

T SELECT INPUT (3); DR
 J0B=READ] ‘

TFOR'RUNI=T'STEPIIYUNTILIJOB'DOY

______ 'BEGINT , e , e
T OSELECY INPUT (3):
 Ny=READ;H:=READ;
Me=0} R L
WQITETEXT('("('2(405‘)'QPECIFEN'('bs')")’):,”

COPYTEXT( Y (twv)ry,

NEWLINE(S5)? )

, '"BEGIN'YARRAY'X[1tNY;

BLOCK 2 B

- SELECT OUTPUT (0Y; '

'FOR! 1'STFP'1'UNTIL'N'DO'V“

t=kEAD] o
]
H

ISTEP? 1'UNTIL'N’DO' e

I:
X(1
YFOR'1:
"BEGIN'

=] MIN:=X(T) ' R

_ YEFORYJr=149 STEP'HPUNTIL'N 'DO!___AT?MMAWU
L VIF'XLJI<MIN'THEN! S e
C'BEGIN'Ky=JdimMINI=XLJYI"ENODY: )

B O VIFYKAYV'THENY*REGIN'X{K) :=X[13:X(11:=MINYEND
C'END'iBrEXIN]G , y

3
K
'

-

llﬂ

e wo

1
0

Ale
-l - 2 o me e o omi
.. NEXT1 L
A'FOQ'A3:=A1fSTEP'10'UNTIL'A1+90'DO'

'BEGIN! -

VIFY(AS+A2ISNITHEN''GOTO! REPEAT'

S PRINTUX A4 3)242) 5 N
SPACE (&)
 vEND'r : _
REPEAT!
, VIFYA2= 9'THEN"C010'AGAIN.
A2:=A2+1:

NEWLINEC(Y)
_ "GOTO'NEXT!
AGAIN o ’
YIFY(ACH+AZ)YGEINYTHENYIGOTO'0UT !
A1:=A14100;
A2:=0:
NEWLINE(3); :
1GOTOYNEXT ’ . '
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BLOCK 3

BLOCK. &

SKIP: VIF' CNTO>MAX ‘THEN' MAX:=CNT: CLI):sCNT:

NEWLIKE(10)iSPACE(35):

oUTy
NEWLINE (1)
Ac:O'

CYIFVB=ENTIER(B)'THEN'L:=B 'ELsE'

VIFVBYENTIER(E)40.5 'THEN' LymENTIER (B)+1 'ELSE'
LysENTIER (B)+0.5; :

YREGIN'"ARRAY'CI13CL~A)/H410, 0]
© VREAL''PROCEDURETSUM(I,A/B.,X): .. _ ..

CYVALUEYA,B:'"INTEGER "1 ,A/R}
o YREAL'X)YALGOL';
lCOMMENT' PLOT HISTUGRAM' )
CMAX318=1; 1:1=k:=0;
1FOR'STEPT:cAYSTEP'HIUNTYILYLY DO'
'BEGIN' - S
CNT:=0;: STEPZ:=STEP1+H! 1:=144;
_ VIF' K+1>N 'THEN' 'G0OTO0!' SKIPg
_CYFOR'K e=sK+1'STEPYTYUNTILIN'DO?Y o el
VIF'X{KI'LE'STEP2'THEN'CNT::=CNT#+1:
Me=M+CNT?
K:eMj

TEND'; S
T SCALEI=N'/'300; ’ R
SCALE:=(SCALE~(SCALE=1)/2):
K1:1=100«SCALE: S S

Ke=02 : o
NRITETEXT('("('SC')'ZRANGE%XNUMBER'(‘CSS')'OF‘(fCBSf)'

"oaJFcrs-('caq')'lh'('css'>'pavee'('ac->fg>'):

T SPACE (15)¢

' ‘FDR’M:=2'STEP'1'UNTIL'S'DO'
_ PRINT (M*K1/5.3.o).,7*;

TTUIBEGINY

T SPACE (12):

SPACE (11): leTETtXT(‘('OOO‘)’)'

'*BEGIN'
SPACE (14);

IEND| ] . e e e .,
"POR'CNT:=1'STgP'1! UNTIL'A'DO'

NFULINECY1): e e
PRINTCH(26): o
VEOR'J:=TYSTEPYTYUNTIL'SYDO!
'8EGIN'" o
SPACE (K1/(SCALExS)Y=1):

PRINTCH (2633

TEND';

- VEND':

NEWLINE (123
CFOR'STEPT¢=A'STEPIHIUNTIL'LIDOY
TBEGIN'

Ki=K+1: PRINT(STEP1,2,2):

NEWLINE(2);

SPACE(7):

CPRINT(CIK] 3,0);

YFOR'MINs=SCALE'STEP'SCALE'UNTIL!'C(K)1'DO' PRINTCH(26);
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TNEwL1N5(1):
)&

_YCOMMENT' COMPUTE STYATISTICS: _ , )
CWRITETEXY (P ('9('30') "MINIMUMY=%")Y)y: PRINT(X[1),0,8); SPACE(4);
CWRITETEART(VCYMAXIMUNY=% ) %) PRINT(XIN),0/8); SPACF(L)'
WRITETEXT(' (YRANGEX=X') 1)) PRINTCXO(NI~XC1J,0,8): NEWLINE(R):
MAXe=SUACT o1 N e XETIY/NS URITETEXTC( (' MEANKZ=RT) 'Y ! PRINTI(MAX,0,B);
WRITETEXT (' (' P ('8St)'MEDIANL=X")"); PRINT(XLENTIER(N/2+40,5)),0,8):
o MINg=SORI(SUMCI 1N (XITI=mAXIE2) /)
T MWRITETEAT(' (' ('4S') 'STANDARDADEVIATION%=A') ") PRINT(MIN,O,8):
CWRITETEAT(Y (VY ("2C') ' VARTANCE%=%") ") pRINY(MINGZ,0,8)F SPACE(&)
STEP1:=SUM(TI, 1, N, ((X[1)=MAX)/MINISA)Y/N=3: .
WRITETEXT (' ('KURTUSIS%=%1)'): PRINT(STEP1¢0+8); SPACE(&)',TM,A

DL STEP2:=SUMCI, 1, NeC(X{II=MAXY/MINIE3) /NS . APPSR SRR
_ NRITETE¥1('('§thMhSSY tARARE PRINT(SIEP?:O:B)S,}W_M__,xnﬁ:"”_
T PAPERTHROY , C , R D
c mm——— ! F ND ! et e o e e i e s ies e mm e ame e e mmeie e e oo e ammemm e s e e e epes azimemrioeilT S Sl ces = e
7 YEND! D T
BN e+ e e e
. YEND': ' ’ f - L ,
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