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ARZTRACT

This thesis records a quantitative morphological
study of cancellous bone, Changes in amount of bone,
cxtent of surface, and extent of bone formation and
resorption with aging were sﬁudied, ohe 6bject being
to clarify the understanding and facilitate the
recognition of osteoporosis (reduction in the amount
of bone present).

The literature relating to these problems is
feviawed.

Iliac crest bone was studied in 93 normal subjects,
aged up to 93 years, using perspex embedded,
undecalcified, ground sections, Measurements wvere
made_by point-dounting and line sampling techniques,

The reproducibility of these wmethods and the
biological wariation in parameters measured was studied
within a section, a block, and the length of the iliac
crest.

After a rise from chiléhood, the main study shows
a progressive reduction with age in the amount of bone
present, starting earlier than is génsrally realised.
No dlfferences are apparent between males and females.

This process is universal: there is no evidence of
a pathological group of individuals with less bons,

The results do not support commonly accepted

theories of postmenopausal and senile osteoporosis, It

is suggested that postmenopausal and senile osteoporosis



is a physiological manifcstation of aging, rather

than a pathological process seen in old ags.

Bone surface area also falls with apge; if related
to the amount of bone present, lowest values are seen
in early adult 1life.

The pcrecentage of surface occupied by formation
and resorption is higher than is obvious from rbutine

decalcified sections, and varies with age, highest

values belng scen in childhood and o0ld age. Additibnal
infurmation is derived from these figures by relating
them to the available surface area,

It is concluded that these changes from childhood
to adulthood represent a reduced bone turnover rate,
and in old age probably compensate for a reduced rate

at which bone is laid down at any site,
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INTRODUCTION

RBone is a living and active tissue, and undergoes
many changes throughout life, It has been known for many
years that bone mass is diminished in old age, and that
bone formation and resorption are continuous processes,
bone tissue being continually turned over and remocdelled
throughout life, &ir Aastley Cooper wrote in 1823 (Cooper
1823) of the bone becoming thin and spongy in old age,
while towardls the end of the eighteenth century John
Hunter (Hunter 1837) postulated the concept of a
continuous turnover and remodelling of bone by the
removal of btune substance, and the laying down of new bone,

Until quite recently, however, our knowledge of the
extent, magnitude, and timing of these processes was
little more advanced than when they were first described,
the technical limitations of the available methods of
study of calcified tissues having retarded progress.
Recent teqhnical progress has meant that more methods are
available for the study of bone aging, and a number of
published results are now aﬁailable.

However, not all the published resulta are in
agreement with each other, while in particular much of
the histological study of bone aging has not been
detailed, and few results have been expressed in
quantitative terms. Urist (1959) stressed that more

information is needed about the normal progress of

skeletal aging.
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The lacx of rcaoults i3 particularly apparent in
reclation to cancellous btone, gnin largely because of
difficultics inherent in processing ond ztudying a
conplex tissue like cancellous bone (2auer 1962, 4964},
previous vorkers have nlmost entirely confined their
studies to cortical bone, or cortical anl cancellous
bone together, and the study of camncellous bone has bceen
reglected (1Hall 41965), |

This neglect is unfortunate since cancellous bone
may well show greater metabolic activity than cortical
bone. Cancellous bone has long‘been begarded as
possessing a more rapid rate of turnover than cortical
bone (3auer, Aub & Albright, 1929). Cancellous bone
presents a proportionately much greater surface area
than cortical bone, and it is thus probable that
cancellous bone is more likely to take part in metaboliec
éhanges than cortical bone. amprino & gngstfbm {1952}
wrote “the trabecular bone should be more sensitive than
the compacta to physiological stimuli which control
liberation and fixation of minerals”, Cancellous bone
might therefore be expected to be more lablle than
cortical bome, and might show greater changes, and at an
earlier stage, in responée to physioclogical or pathological
stimuli than cortical bone., Thus the study of ecancellous
bone might be more profitable from a morpholo;-ical aspect
than cortical bone.

"he aim of this investigation haz been to study the
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morphology and bone forming and resorbing activity of
normil human cancellous bone (as exemplified by iliaec
crest cancellous bone) at various ages throughout life,
results being expressed in quantitative terms,

Iliac crest was chosen for this study because it
provides large areas of cancellous bone, It is, in
addition, a standard bone biopsy site (Ball 1963) and
results obtained from such a study will have practical
importance in relation to the interpretation of diagnostic
bone biopsies.

The features studied were:-

1. The amount of bone present,

2, The total amount of surface area avallable for bone
formation and resorption,

3. The extent of bone formation and resorption,

L, The degree of variation of these quantities within
a small area of bone, in order to assess the
reliabslity of a single diagnostib‘biopsy.

5. The variations in the parameters with age.

“uch a study, it was hoped, would prove of value
not only in connection with normal hone morphology and
the changes of aging, but would also, by establishing
the limits of normality, contribute to the understanding
of metabdlic boné disease, in particular senile |

osteoporosis, This is already a very common bone disease
("mith, iyler & ellinger 1960); its incidence and

importance will increase in the future as the average
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age of the population increases, lloon & Urist (1962)
calculated that by 1980 all the hospital beds now in
existence in the United “tates could be occupled by
cases of senile osteoporosis.

T'rom a practical standpoint it was hoped that the
studies might facilitate the histoldgical recognition
of such metabolic bone diseases, and that the limits of
normality might be established to‘act as a base line
for diagnostic biopsy studies,
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RGVIST OF LITWRATURGN

This section 1s in several pérts.

An introductory review of bone ags a tissue is
followed by a review of previous work on the problems
of quantitative changes in bone with age, and
quantitation of bone formation and resorption., In this
section emphasis is lald upon the approach of other

workers to the problems, and the methods employed.

"ull consideration of the results obtained willl
be dealt with later.



BT AT A TITCUn

3one i3 a specialilsed form of conncctive tissue,
It consists of branching cells, termed osteocytes,
forming a syncytium lying in lacunae within an organic
intercellular matrix, composed of bundles of cnllagen
fibres, bound tbgether by an amorphous cementing ground
substance, mucopolysaccharide in nature, thought to be
predominantly chondroitin sulphates A and C (“eyer,
Davidson, linker (& iloffman, 1956)., The intercellular
matrix is calcified, giving bone 1ts rigidity., The
major calcium salt of bone 1s generally agreéd to be in
the form of hydroxyapatite, a crystal lattice structure
with the general formula of 3 Ca (pou)g. Ca(OH),
(euman ¢& Neuman, 1953).

Tarly work with the electron microscope suggested
that the bone salt was deposited in the ground
subatance, orientated along the collagen fibres
(Robinson, 1952), but from more recent studies it is
believed fhat some, if not most, of the mineral is
deposited within the callagen fibres (Glimcher, 1959)
which are composed of a three stranded helix, with a
cylindrical hollow in the centre of the helix
(Glimeher, 1960),

Bone differs from most connective tissues by its
calcification, and from other caicified tissues (€.,

caleified cartilage) by the organised nature of the

formed intercellular elements, and by the manner in

18
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vhich the mineral clcment 13 rclntéd to them.

T™he calcification and consequent rigidity of bone
confer 1ts distinctive functions. ™The meechnniceal
function of bone, that of providing surport, protection
of orgnns, veight bearing, and transmicsion of the
forees of muscular contraction is obhvious, and
contributed to the development of the view that bone
is a stable and immutable tissue and of little
physiological interest,

only more recently was it realised that bone,
containing as 1t does 99 of the calciun of the body
(Cooke, 1955) acta as a storechouse or reservoir for
this and other minerals, and is an imporitant part of
the‘homeostatic mechanism for controlling the level of
ionised caleium in blood and tissue fluids where calcium
is of importance in the maintenance of neuromuscular
activity and blood coagulation.

Urist (1962) defined the physiological fanction
of the ekeleton, as distinguished from the nicchanical
function, as that of storage and turnover, and it is
now realised that bone has a high metabolic turnover,
and 1s o most actlve and plastic tissue. TIndeed it has
been remarked (Le Gros Clark, 1945) that, next to blood,
bdne is the most plastic tissue in the body. -

BoOWS CTROGTURE

a) Fibre T"attern. In the foetus and infant and

s

in the adult under pathological conditions, such as

-



Tracture healing, bone may be laid down, the collagen

Tibros lacking orientation, being arranged in a

feltworx or woven fashion, In the adult under normal
conditions bone 1is laid down in lamellae or sheets, 1In

each lamella the collagen fibres are parallel to each other,
but their orientation differs from that in adjaccnt
lamellae. This study is concerned almost entirely with
lamellar bone, |

b) “patial Arrangement. At the gross anatomical

level bone may be arranged in two forms - compact or
cancellous (Fritchard, 1956a), Compact (or cortical)

bone conslsts mainly of lamellae of bone arranged in
cylindrical gystems known as Haversian systems or osteons,
ach ogteon consists of concentric lamellac arranged
around a yascular space, known as a liaversian canal,

These are small and unrecognisable macroscopically;

indeed compact bone appears solid to the naked eye, and
only under the microscope can its slightly porous nature
be recognised.

Cancellous (or spongy bone) is on the other hand a
far more porous structure, It consists of thin plates,
strute and bars of bone, which interconnect to form a
light spongy honeycomb or lattice like structure. This
adrangement is not apparent however in thin sections,
and here the pattern seen is the more familiar onelof a

network of thin trabeculae or rods of bone (Figurcs 8 é& 9).



GCompact and@ cancellous bone are not two
fundamentally different types of bone : they do
however represent two different spatial arrangements
of lamellar bone, and by virtue of their different
arrangements presumably subserve different functions,

Compact bone 1s thought to play the major part in
weight bearing. Hirsch & Brodetti (1956) showed that
in the femoral neck 707 of the total weight bearing
capacity lay in the cortical layers of compact bone.
Cancellous bone does play some part in weight bearing,
the remaining 30° of the total weight bearing capacity
beihg.due to cancellous bone,

Cancellous bone, on the other hand, due to its
mofe porous nature presents a relatively greater area
of surface than cortical bdne, and 1is thus likely to
play the major role in metabolic activity of bone, and
particularly in the storage and turnover of calcium and
other minerals,

SITES OF CANCILLOUS AND COMiPACT BONZ

. Compact bone forms the shafts of long bones, and at
the ends of long bones forms a peripheral shell, filled
with a lattice of cancellous bone, In iliac crest,
cancellous bone represents the bulk of bony tissue,

and is bounded by a relatively thin shell of compact
bone. As Pritchard (1956a) pointed out, morphologically

there is no absolute distinction between cdmpact and

21



canccllous bone, and any scparation of the two must be
to some extent arbitrary, Iiowever in transverse
sections of iliac crest a clear distinction may be
dravn between the central fine network of spongy bone,
and the peripheral limiting shell of compact bone,
FUNCTIONS OF IT,TAC CRUST CANCELLOUS BONE

Using "“stress-coat” studies developed by de Forest
and ®1llis (1940) in which a bone is coated with a strain
sensitive lacquer, and then subjected to a deforming
force, Tvans & Lissner (1955) showed that the iliac
crest is concerned with weight bearing, being subjected
to tensile strain, Tvans & YXing (1961) suggested that
the cancellous bone may function as an energy absorbing

material, while probably the most important mechanical

function of iliac crest cancellous bone lies in
resisting forces developed by contraction of those muscles
attached to the iliac crest -~ the external and internal
oblique and transverse muscles of the abdomen, the iliacus
and glutel. The cancellous bone will be concerned in
calecium homeostasis, and metabolic exchanges,

‘Iliac crest cancellous bone is subjected to many
influences, and is likely to respond to many physiological
- and pathological changes. Any change in the bone may not

easily be assigned to one particular cause,

22
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BOMIG TORIATION AND RUGCORPTION

Rone Formation

Bone Tormation is usually described as being
either endochondral or intramembranous; as Ham (1965)
points out, this distinction refers only to the
particular environment in which the bone forms., The
actual process of bone tissue formation is identical
in either case, As bone is a rigid substancé, bone
formation can occur only at bone surfaces, where it is
the result of cellular activity.

Three morphologically distinct types of bone cell
‘were recognised and described by the 19th century German
histologists Gegenbauer (1864, 1867) and ¥®lliker (1873,
1889)., Tach cell type is confined to specific: sites in
bone; this difference in localization suggests that each
type has a special function. The branching osteocytes,
situated within bone substance and thought to be
concerned 1n its maintenance have been described above,
In areas of active bone formation, such as fracture
callus and eviphyses, the bone surfaces are consistently
lined by a single layer of plump mononuclear cells known
as osteoblasts (Figures 1 & 2), which because of their
site are thought to be responsible for bone formation,

These cells were fibrst noted by Goodsir (41845)

who described "on the surface of young and vigorous

bone,..» numerous cells.,,. more or less turgid" and
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Figure 1. Bone formation. The upper surface of the
lower trabecula is covered by a single layer of osteoblasts,
At the upper end of the trabecula tangential sectioning of

the layer of osteoblasts gives an impression of

multilayering. Decalcified section. Haematoxylin and
eosin (x 160).

Figure 2. Bone formation. Plump mononuclear
osteoblasts line the ugger surface of the central trabecula.
The larger cells at either end of the trabecula are

osteoclasts, Decalcified section. Haematoxylin and
eosin ( x 160)

/.




wprote "that the ccllular layer plays an important part
in the economy of bone appears probable from the prominent
position 1t holds in 1its development”. In 1853 Tomes and
Ue ‘organ noted similar cells on the surface of
developing bones, but, not realizing their significance,
merely termed them "ostenl cells”, Cegenbauer studied
the cells in detail, and consldering that they were
responsible for bone formrtion named them osteoblasts,
Their morphology wae recently revieved by Pritchard (1956b).
In areas where bone formation is not occurring,

the surfaces may be lined by a thin incongspicuous layer
of flattened cells which may be regarded an resting or
inactive osteoblasts /Pritchard 1956b). In areas of
bone formation, however, the cells are larger, rounied
or cuboidal, their nuclei becone plumper and more crowded
together, snd the cytoplasm becomes mores abundant
(aker 1957).

| tlost worikers accepted without reserve the concept
that, because of their location, vsteoblasts were
actively concerned in bone formation, ‘eith (1919)
wrote "oateoblasts seem to conduct the work of bone
building as if they had been given the tralning of expert
and unerring engineers”, Others, however, believed that
bone formation wan a humoral process controlled by
chemnical changes in body fluids, and that the association

of ooteoblants with growing bone was fortuitous and

25
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unconnected, T.&ériche and Policard (1926) in reviewing
this concept expressed the view that ostcoblasts
reprecented no morc than recactionary forms of the

ordinary connective tissue cells, that they played no

part whatsoever in the formation of bone matrix, but
instead tended to oppose the deposition of matrix.

Sfuggestive evidence in favour of the view that the
osteoblasts are concerned in the elaboration of the
protein matrix of bone 1s given by the observation that
the cytoplasm of osteoblasts is strongly basophilic
(Pritchard 1956b). Such basophilia is seen in other
cells, such as plasma cells, which are engaged in the
elaboration of proteins., The degree of basophilia varies
with the activity of the osteoblaét. Pritchard (4952)
showed that in developing bone of rat embryo the
basophilia reaches a maximum as deposition of bone
begins, and then decreases as the ofiteoblasts become
guiescent,

Follis (1951) by demonstrating that the cytoplasm
of osteoblasts stained red with methyl green - pyronin
(the reaction being abblished by preliminary treatment
with ribonuclease) proved that osteoblasts contained
ribonucleic acid, while Pritchard (1952) showed that the
ribonucleic acid content was responsible for the

basophilia of the osteoblasts by demonstrating that the

basophilia disappeared after ribonuclease digestion.
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In other cells a high ribonucleic acid content of the
cytoplacm is associnted with a high rate of new protein
formation (Caspersson 1947). It is thus likely that
osteoblasts have a high fate of new protein formation,
and this strongly suggests that they are concerned with
elaboration of bone matrix,

The problem was setitled by thé mwork of Carnciro
and T.eblond (1959) following that of Weuberger and
“lack (1953), who showed that radioactive labelled
glycine 1is incorporated into the coilagen of bone matrix.
Carneiro and TL.eblond administered tritium-labelled
glycine, and showed by radioautographs that the glycine
was taken up by osteoblasts and appeared‘later in the
bone matrix deep to the osteoblasts, It was absent from
the rest of the bone tissue,

It is thus clear that osteoblasts are directly
responsible for the elaboration of bone matrix. The
actual mechanism, however, by which the matrix is
elaborated has not been definitely determined. Cameron
(1963) in reviewing recent experimental work on this
problem felt that the evidehce pointed to a soluble
collagen precursor being formed by osteoblasts,
transported across the cell membrane, and once outside
the cell being aggregated into collagen fibrils.

Although osteoblasts are directly responsible for

the elaboration of bone matrix they appear to play no



dircet rolc in calcification; although an indireet

role cannot be cxcluded. Hlectron microscopy has not
shown any cevidence of cryastals of hydroxyapatite within
osteoblasts (Cameron, 1963), TNadioautographic studics
after Cal?5 injeection into young rats showed the entry

of this ion into the superficial layers of bone, dentine
and enamel during growth, but not into the matrix
forming cells themselves (Tumamoto and T.eblond 41956,
Carneiro and T.eblond 1953),

Bone Formation - Osteold Tissue

During the process of bone deposition, the organic
nmatrix is laid down before the mineral crystallites,
and thus in areas of bone formation a layer of as yet
uncalcified matrix is present between the osteoblésts
and the calcified bone, This layer of matrix prior to
calcification is known as osteoid or osteoid tissue,
and a discrete layer of osteoidnis tefmed an osteoid
seam (Frost 1963). '

In suitably processed speqi@anﬁ of bone, stained
with haematokylin and eosin, osféﬁid méy be recognised
as a narrow border of pale staining edsinophilic
material on the surface of the haematoxyphilic blue

staining calcified bone (Baker 1959). In specimens of
bone processed by routine methods, however, all

distinction between osteoid and qalcified bone is

frequently lost, particularly if acid decalcification



is prolonred (Ball 1963%).

The f'act that bone matrix is devosited belore bone
mineral has been known for many years, Tomes and
De iiorgan in 1853 noted that bone was not calcified
vhen deposited, while at the same time Virchow (1851,
1853, 1860), as a result of experiments on
crustacean shells and human bone, suggested that bone

formation was a two stage process, the deposition of a

fibrous matrix being followed by calcification : Virchow

applied the name "osteoid" to this matrix tissue,
Pommer (1885) studied the process of bone formation
thoroughly, using partly decalcified sections. His
findings confirmed those of the earlier workers, and
demonstrated that osteold tissue was seen in adults;
and was not prescent only in growing individuals,

Osteoid Tissue - Thysiological or TPathological ©

The presence of osteoid tissue implies that
calcification follows at an interyal after matrix
formation, If calcification'follows very shortly after
matrix formation, or if the two processes are
synchronous, osteoid will not be seen. It is natural,
therefore, that certaimworkers should questionAwhether
osteoid was alvways seen in the physiological state or
vhether the presence of osteoid denoted a pathological
state, the more so because much of the earliest work

on osteoid was performed using rachitic bone.

29
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"ieland (1909) studicd undcenlcificd celloidin
secetions of normal and abnormal bone from human cmbryos
and children, ¢ concluded that ostcold was consistently
present ard coined the term Y"physiologische osteoid” to
imply its normality. Urdheim (1914) studied pProwing
nnd adult rats, both normal and rachitic, concluding
that osteoid was present in normal animals (during
grovwth and in adult life) as well as in rachitic animals,

Other workers, hovever, did not agree with these

Tindings, "eildenreich (41923a and b) denied that osteoid

was normally present dufing osteogenesis, He ascribed
most of the osteoid tissue seen by previous workers to

artefacts caused by faulty technigues. Studying bone
development in human embryos Vatt (1928) concluded that
osteoblésts laid down both organic matrix and calcium
salts simultaneously. He therefore agreed with
"'eldenreich that osteoid was absent from normal bone
. formation, |

‘icLean, Bloom and Bloom carried out a series of
experiments on calcification and ossifiqgtion in bones
from embryonic and young rats,'ybuﬁg Kitﬁéns and pupples
(i7cl,ean and Bloom 1940; Bloom and Bloom 41940), and
pigeons (3loom, Bloom and cLean 19&1); using
undecalcified bone‘sections, stained for calcium salts

by a modification of the von ¥ossa technique (von ¥ossa

1901), They concluded that, in these species at least,
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bonec matrix was caleifinble when laid dowin and that

under ontimal conditions of supply and transport of

bonec mincrals, the matri:x was usually calcified
simultancously vwith its deposition, or so soon after

that no intermsdiatc stage of osteoid tissue Tormation
could be demonstrated, They were unable to find osteoid
seams on primary spongiosa (cancellous bone formed
initially, by endochondral ossification ol the

epiphyseal plate)., The incidence of ostcoid seams increased
vith inereacing distance from the epiphyseal plate, The
scecondary spongiosa (cancellous bone Fformed by
remodelling of the primary spongiosa) was normally free
from osteoid, but this was commonly seen in the shafts.
I'rom these observations they stated that osteoild was not

a necessary stage in bone formation, and that when osteoitd
vas seen under physidlogical conditions this was due to

a lag 1n calcification attributable to a local deficiency
of bone mineral,

Subsequent investigators havé disagreed with these
findings, It has recently become possible to study the
mineral distribution in undecalcified sections of bone
by the process of microradiography (Zngstrom 1949), in
which the mineral content of a thin bone sectlon is
determined by the projection of soft X-rays on to a

photographic emulsion, which is subsequently studied

microscopically. Several workers have compared the



appcarances of microradiogranhs from undecalcified
csections with the milicroscopical appearances of the same
section (Vincent 1955; ileyer 1956; Lacroix 1956).,
Their results make it clear that at sites of bone formation
the tissue most recently laid down does not =2npear in
the microradiograph, ani is, therefore, uncalcified,
A border of matri& (the osteoid seam) is completely free
from mineral, ‘Deébéf‘layers show an abruvt onset of
almost complete balcificétion. These findings confim
that osteoid is consistently found as a stage in.4
osteogenesis,

Using_undecalcified sections of humnn and animal
.bonés, stained by von ¥ossa's method to demonstrate
bone mineral, Teyer (1956) and 10de (1959) confirmed
that recently formed bone matrix is uncalcified and
forms a well defined morphological layer., Turther
proof of the physiological nature of osteoid was provided
by Robinson and Cameron (1958), investigating bone
formation in the femoral primary spongiosa in human
infants with the electron microscope., They observed
a zone of uncalcified tissue lying between the
osteoblasts and calcified bone., This was a consistent

feature at sites of bone formation., Dudley and Spiro
(1961) also using the electron microscope demonstrated
that that part of the bone surface which wac lined by

cells of inactive appearance, and which was therefore
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repgarded ns inert, was frce froﬁ ostecoid,

Topether these observations nrovide a convincing
body of evidence leaving no doubt that in bone formation
ostenid is consistently nresent, and is the normal
precursor of mineralized bone,

If osteoid may .be identified with accuracy, then
its presence may.be used as an index or indicator of
bone formation.

" Bone Resorption

The concept of cellular resorption of bore, as
opposed to humoral dissolution, was advanced by Tomes
and be.liorgan (1853) whb noted that the surface of bone
undergoing absorption was pitted, and "hollowed with
numerous minute cavities'. The cavities were occupied
by masses of granular nucleated cells, which lay in
immediaﬁe contact with the bone and were tﬁought to be
responsible for its erosion.

Their techical methods did not allow them to

characterise the masses of cells further. Tater workers

described the presence of multinucleated giant cells
on bone surfaces, Rindfleisch (41873) noting the
occurrence of such multinucleated cells in the erosion
pits, (Tigures 3 and 4). At the same time, “Blliker
(1873) made a thorough study of these giant cells and

the process of bone resorption and concluded that they
were the cellular agents of bone resorption, corresponding

to the masses of granular cells described by Tomes and



Figure 3. Rone resorotion, uch of the bone
surface 1is irregular, showing a number of crenated
Howship's lacunae in which large multinucleated giant

cells - osteoclasts - are present. uUecalcified section.
Haematoxylin and eosin (x160).

o 28 hr

Figure 4. BSone formation and resorption. In the

centre of the figure large multinucleated osteociasts are
present in crenated Howship's lacunae; to the right the
trabecular surface is covered by mononuclear osteoblasts,
‘ecalcified section. Haematoxylin and eosin ' x160).,
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Ne Torpgan,  TOlliker tecrmed the cclls Yostoklast”
i.c., bone-bhreaker, later changed to "ostezoelast”.

Thec holloved ouv pits were thoupght to be croded
by the action of osteoclasts, and are therefore, like
the presence of osteoclasts, an~ indication of bone
resorption. They are generally known as "Howship's
lacunae” (after Howship (1819), whoé first described
them but failed to realise their significance) or
"resorption cavities',

X¥lliker's views were not accepted without debate.
An alternative school of thought was initiated by
Ribbert (41880) who suggested that a preliminary process
of dccalecification, termed halisteresis, occurs in all
bone resorption, In his view, osteold borders were
considered to be a stage of bone.résorption, representing
bone matrix from which the mineral had been remdoved by
halisteresis. Later Retterer (1906) and Lériche and
Policard (1926) expanded this theory, describing a
process which the latter workers termed “osteolysis“.
They postulated that in bdne resorption, after a preliminary
‘process of decalcification, the bone matrix simply
reverts or “dédifferentiates“ to fibrous tissue,

There is little'or no evidence to support such a
view., It has been abundantly demonstrated that the
uncalcified borders of bone represent a‘stage in bone

formation and not resorption. At the level of thevlight
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microscope, in areas of bone resorption, bone matrix

and bone salt always disapvear together with no evidence
of preliminary decalcification (RBaker 1959: elean and
Bloom 1941).

A8 Baker (1959) points out, it is clear that
Retterer and Lériche and Tolicard, the proponents of the
theory of "osteolysis", mistook bone formation for bone
resorption and misconstrued the appearance of uncdlcified
borders of matrix at bone formation sites ac representing
decalcification before resorption.

It has been postulated that ostecoclasts may play
a minor role in bone resorption, being attracted to
bone that 1is disintegrating under the action of some
other agent (Cameron 1963%), Jaffe (1930, 1933)
believed that the function of the osteoclast was to
remove previously demineralized bone debris, Other
workers believed that the ostecoclast is the result of,
rather than the cause of, bone resorption, the most
recent proponents of this theory being Heller, 'fcl.ean
and Bloom {1950) who sugrested that osteoclasts might
sinply represent masses of fused osteocytes freed from
the bone resorovtion of the surrounding matrix.

This theory is rendered untenable by the
observation of ilam (41952} that grafts of dead (thrice
frozen and thawed) bone after four weeks show
considerable resorption and a large numbér of

osteoclasts,
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In these clrcumctoncce clearly octzoclasts eannot rcepresent
. Tused oateocytes,

The hist01051011 evidence that ostcoclasts are
actively engaced in bone resorption stems from two
findings. Thz histological picture is striking., The
irregular surface of bone undergoing -epasion suggests
a cellular process, and osteoclasts ars seen to occupy
lacunae and to surround spicules of bon; in a2 fashion
suggesting cause and effect (Hancox 1949). Tﬁe
localization of osteoclasts is important., They are
concentrated in sites where bone erosion is known to
be taking place, for example about the bony walls of the
dental alveoli of human and pig embryos (Arey 1919)
where bony resorption is occurring to accommodate the
rapidly growing teeth, This histological evidence is
suggestive but circumstantial, and it must be conceded
that on histological grounds alone one cannot disprove

that osteoclasts are merely incidental to bone resorption.

Dynamic “tudies

Reéent in vivo studies have provided further evidence
to support the classical views of ¥dlliker., Sandison
(1928) and Zirby-cmith (1933) étudied living bone fragments
transplanted to, éna maintained in , transparent chambers
in the rabbits ear. Sandison gives a series of camera
lucida drawings., - In one a ﬁrabecula of bone ié shown.

ATter L8 hours a cell with the appearances of an



osteoclast is present in a deep lHowship's lacuna which
has formed during the same tiue, [orty eight hours later
the trabecula is bisected and the ostcoclast has
disappeared.

7irby-Smith studied the process in greater detsail,
and illustrated the disappearance of bone in contact
withilarge granular cells considered morphologically
to be osteoclasté.' The,eroded bone surface presents
an irresgular surface., He waé able to show that
absorption never occurred in the absence of osteoclasts,
that bone was absorbed from beneath the cell body of
the osteoclasts, and only from those parts of the bone
beneath the cell body, He was able to observe the
presence of an osteoclast before resorption, which later
occurred in contact with the osteoclast. This rules out
the possibility that the osteoclast is the result of
absorption of bone.

Gaillard (1955, 1957) and Goldhaber (1958, 1960,
1963) studied the behaviour of 1living bone in tissue
culture, redbrding the changes in the bone and cells by
time lapse microcinematography. Gaillard observed bone
in contact with osteoclasts disappearing. ‘He calculated
the rate of disappearance of matrix, and noted that when
this was greatest, the number of osteoclasts was at a
maximun, but alsb claimed that resorption was seen
initially before typical osteoclasts were visible, and

that resorption might continue if the osteoclast moved



Ay from ths bone,

Tnitially Coldhaber too thought that carly bone
reosorption took place without osteoclastic resorption,
the zcarlicst zign of resorption in tissue culture being
the appearancs of ocmall crenations or “"holes™ which
cnlarged and coaleccced to form typical Howship's lacunae,
e was at first unable to demonstrate osteoclasts in
ralation to this resorning bone surfacec, dut in later
cxperiments, using higher powers of magnification, hs
vas able to ohserve giant cells “participating actively
against the bone surface™. The bone appeared to melt
aviay in response to a "bubbling and boiling” activity
at the surface and within the celd eytoplasm. It is
thus probable that the earlier failurcs to demonstrate

osteoclasts at the sitie of all bone resorption were due

-

to technical reasons, This is favoured by the experiments

of Irving and iiandelman (1963)., They studied autogenous
devitalized bone implants in rats and noted that Ioss of
" weight of the implants was first evident at the time'by
whieh giant cells, which they believed to be ostecoclasts,
began to appear in significant numbers,

These experiments further support the concept that
osteoclasts play an active role in bone resorption, and
that the appearance of Howship's lacunae may be taken

to indicate an area of bone resorption,
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Resorption without Osteoclasts

In some bone scetions, it 1s not uncommon to find
that few llowship's lacunae appear to contain osteoclésts
(Baker 1959), this having been put forward as evidence
that bone resorption can occur without osteoclasts, It
is more logical to suppose with Baker (1959) and Hancox
(1956) that the osteoclast has a short functional life .
at any one site and having brought about resorption it
disappears, leaving an empty Howship's lacunae. 1In
vivo studies support this view, In Sandison's
experiments (41928) an osteoclast arose, bone was
resorbed ahd the cell disappeared within 48 hours., The
1ongést time that Goldhaber (1963) was able to follow
an osteoclast in tissue culture was 48 hours, TFurthermore
Bhaskar, Mohammed and Weinmanﬁ (1956) showed that the
presence or absence of osteoclasts from areas of
resorption cannot be satisfactorily determined without}
serial sections. ©Studying serial sections they found,
that osteoclasts were much larger, and extended more .
widely tﬁan hitherto supposed, large areas of cytoplasm
being free from nucleil, Such non nucleated cytoplasm,
lying in Howship's lacunae, is easily overlooked in'é
single section, A section may also pass through an
osteoclast process containing one of the many nuclei{
This is eésily’mistakén for a mononuclear cell
{(e.g., osteoblast) lying on the bone surface., The

workers found that occasionally an osteoclast



appeared to be at some distance from a trabecula, but
serial sections showed that the bulk of the cytoplasm
was in contact with the bone surface.

“lectron icroscope “tudies

letailed studies support the view that osteoclasts
actively erode bone, The subject has heen recently
reviewed by Cameron (1963) and Hancox and Boothroyd
(1964 ).

All woriers are agreed that the osteoclast is
applied to the bone surface., At the site of contact,
the cell border (in other areas smooth, is ruffled
into folds and finger-like processes, which bound fine
channels running inwards to vacuoles in the interior
of the osteoclast., At the site of contact, the bone
surface is irregular and disorganised, and shows
detached bone salt crystals and mineralised collagen
fibrils., All workers have observed bone salt crystals
in the channels leading into the interior of the
osteoclasts and in the vacuoles, this evidence pointing
to the osteoclasts being responsible for the dissolution
of bone mineral, Detached collagen fibrils can be seen
between the processes of the cell border, These
observations show that the osteoclast is intimately
associated with bone resorption, and strongly suggest
that it has a causal relationship to resorption, although

the actual mechanism whereby the matrix and mineral are
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freed is not yet known,
Conclusion

'aken together, the observations reviewed in these
sections leave little doubt that osteoclasts actively
resorb bone, forming the irregular eroded :lowship's
lacunae, which are therefore an indicator of bone
resorption,

Bone esorption by Other Cells

It has been suggested at various times that cells
other than ostecoclasts are capable of bone resorption.
acrophages

Goldhaber (1963) reported that in tissue culture
studies mononuclear cells, described as macrophages, as
well as osteoclasts could resorb bone, The work of
shaskar et al., (1956) described above, suggests that
these mononuclear cells may in fact be processes of
osteoclasts,

sndothelial cells

a! rathological, Jaffe (1930, described the occurrence

P4

of “vascular resorption’ {(disappearance of bone through
the agency of blood vessels or granulatdion tissue) in
inflammatory states of bone, and “tarr (1347) reviewed
the subject. Soth gave illustrations showing thinned
bone trabeculae, and surrounding dilated thin walled
blood vessels or granulation tissue., < esorption of

bone had presumavly occurred but there was no evidence
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that it was actually in process at the time. WIany
typical Howship's lacunae were present and it is likely
that the resorption had been mediated by osteoclasts
which had subsequently disappeared.

b) In indochondreal Ussification. In electron

photomicrographs of rat tibial epiphysis, Cameron (1961)
described an irregular appearance of the bone surface,
deep to a capillary, which he thought indicative of
bone resorption, but there was no evidence of removal
of bone material by the capillary endothelium,

There is no evidence to suggest that bone resorption
by these pirssible mechanisms is ever seen under
physiological conditions in cancellous bone,

kesorption by Osteocytes

Recently Bélanger, Robichon, liigicovsky, Copp and
Vincent (1963) described enlarged osteocytes, the lacunae
of which are surrounded by bone showing alterations in
organic matrix and a lowered mineral dcnsity. The
changes were interpreted as implying resorption of bone
mineral by the osteocytes. The authors termed the
progess "osteolysis", The process is not related to
the osteolysis" postulated by Lériche and Tolicard
(v. Bone Resorption)., The significance of these
observations is debatable, The phenomenon was
observed gainly in pathological states (e.g., bone

treated in vivo with parathyroid hormone or ZDTA - a



chelating agent used in the laboratory in the
decalcification of bone) in animals, It does not
appear to have been seen in normal human material, and
would in any case only remove mineral, not matrix,

/

The work has yet to be confirmed; Young (1363, using
similar materials to Bélanger et al.,, found no
significant alterations in osteocytes or lacunae,

There 1s no evidence that this process, if
confirmed, is concerned in physiological resorption
of bone in the human.
Conclusion, The observations reviewed above provide
a body of evidence leaving no doubt that resorption
of bone is an active cellular process, vwhich 1is
mediated exclusively, or almost entirely, by osteoclasts,

the Howship's lacunae being a sign of bone resorption,
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AGE CHANGES IN BONE TITSUR

“ir Astley Cooper wrote in 1823 that in old age
""the bones become thin in their shell, and spongy in
their texture..,. The process of absorption and
deposition varies at different periods of life...,
This is well seen in the natural changes of the bones,
their increase in youth, their bulk, weight and little
comparative change during the adult period, and the
lightgess and softness they acquire in the more
advanced stages of life”,

cuantitatively this reducfion in amount of bone
is termed osteoporosis.

QSTEQOPOROSINH

Osteoporosis refers to a reduction in the amount
of bone present, either with regard to the skeleton as
a whole or to any particular part of it, the bone
remaining appearing to be of normal composition (4issons
1964)., Mordin (1963) defined the condition as a reduction
in bone mass per unit volume, inor chemical changes
in bone composition have on occasion been reported
(Nordin 1964a), but no significant or consistent shanges
have been reported. Although the total amount of

calcium in the skeleton may be greatly reduced, the

degree of calcification of the bone which remains is
normal, unless there is coexistent osteomalacia,
Osteoporosis has recently been reviewed and classified

by Cooke (1955), Urist (1962) and Nordin (196La).
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Jsteoporosis may be local or general. Local
osteoporosis is frequently seen as a recsult of
imuobilisation (e.g., of a joint). ~‘eneralised
osteoporosis may also result from immobilisation
"e.g., prolonged recumbency) and is a concomitant of
many endocrine disorders, such as Cushing's syndrome,
acromegaly and hyperthyroidism, In the great majority
of examples of generalised osteoporosis the cause is
unknown, and the term idiopathic osteoporosis is used,

This osteoporoéis of unknown cause occurs most
commonly after middle age, and the terms involutional,
postmenopausal and senile osteoporosis are used to
describe this, the loss of bone from the skeleton with
aging., The terminology is somewhat confused, Albright
and Neifenstein (1948) termed osteoporosis seen in
females aged from 45 to 65 years "postmenopausal” and
that seen in individuals aged over 65 years "“senile",
2all (1960) stated that in the absence of other known
aetiological factors osteoporosis in females over 45
years and males over 55 years is somewhat arbitrarily
termed "postmenopausal” or "senile" ostecoporosis, while
in younger individuals such osteoporosis is termed
“idiopathic’”. The somewhat sarbitrary nature of the
terminology suggests that there is no clear distinction
between these entities,

The possible distinction of senile osteoporosis

from normal loss of bone in old age is complicated by



the limited amount of information as to the extent of
the latter., Senile osteoporosis has been regarded as

a pathological condition, but it is not clear whether
any distinption can, or indeed should, be'drawn between
this and normal aging changes,

Idiopathic osteoporosis was distinguished
hiatologicaily by Pommer (41885) and a clear account of
the morbid anatomical changes was provided by the studies
of Schmorl of a series of 7,000 spines (Beadle 4931),
but the entity was not clearly defined clinically until
the studies of Albright and his colleagues, published
from 1940 onwards (Albright, Bloomberg and Smith 1940,
Albright and Reifenstein 4948), Albright put forward
a theory of aetlology, basing this on the age and sex
distribution of the cases studied, Of 42 cases initially
studied, 4O were female and 2 male, No cases were seen
in females before the menopause, Aware of the clear
relationship in birds between ovarian activity and the
amount of bone tissue, increased amounts of bone tissue
being seen during ovulation, and of the hyperossification
produced infmana birds and some animals by oéstrogen
administration (Gardner and Pfeiffer 1943), Albright
suggested that in women the menopause and development
of osteoporosis were causally related. It was
postulated that postmenopausal osteoporosis was caused

by impaired osteoblastic activity as a result of

47



48:

diminished oestrogen secretion following the menopause,
Androgens too were known to affect bone (Gardner and
Pfeiffer 1943) and Albright (41947) postulated that
idiopathic osteoporosis in men, which he considered

to be less common, and of later onset, than in women,
was also due to impaired osteoblastic activity from
gradually diminishing androgenic and adrenal cortical
anabollie hormone production occurring after the age of
sixty years.

Clinically, oestrogens and androgens were found to
promote a positive nitrogen and calcium balance in
cawses: of postmenopausal and senile‘osteoporosis, and to
bring about rapid relief of symptoms, In consequence
- Albright's theory gained genéral acceptance, Reifenstein
(1957) suggested that :imbdldnce= between the anabolic
and antianabolic hormones of gonads and adrenals was of
more importance in the genesis of osteoporosis than
absolute deficiency of anabolie hormones (i.e., androgens
and oestrogens),

Despite its acceptance, however, no direct evidence
in favour of Albright and Reifenstein's theory has ever
been adduced. No conclusive evidence of recovery from
senile or postmenopausal osteoporogis (as measured by a
return of radiological density of osteoporotic bone

towards normal) has ever been brought fofward, despite
oestrogen therapy for periods up to twenty years

(Henneman and %Wallach 1957). Nor does it seem that any



positive caleium balance achieved by oestrogen therapy
can be maintained for a long period (liosc 1964).
Although anabolic horiones produce rapid subjective
improvement, relief of aymptoms is also achieved by
placebos ("olomon, ©Uickerson and isenberg 1360).

In animals calcium deficiency 1s known to be one
cause of osteoporosis, this subject being reviewed by
Wordin (496Ca). 1In the same paper this nuthor revived
earlier thcories in suggesting that osteoporosis in the
human may also be due to calecium deficiency. Although
this theory has gained considerable acceptance there is,
as with Albright and Reifenstein's theory, little evidenc:
for it. 1ordin estimated that the dally dietary intake
of 8 of the population of the 'nited * ingdom was less
than the figure generally acecepted as being necessary
to achieve calcium balance, However, as Yalm (4958)
pointed out, most subjects will adapt tp a low caleium
intake, while Txton-Tmith and “tanton (4965) in a dietary
survey of elderly women living alone concluded that the

evidence did not implicate caleium deficiency in the
development of osteoporosis; _

Nordin (41961) found that, unlike normal persons,
osteoporotic subjects cduld not décrease their urinary
.calcium_output when placed on a 1om,caicium diet, and
suggested that this relative hypercalciuria and calcium
loss from the body might bring about depletion of

calcium from the skcleton, and osteoporosis. It is, of
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course, cqually possible that this inability to lower
urinary calcium output, and calcium loss, is the result
of rather than the cause of osteoporosis, In the
development of osteoporosis bone resorption must be
greater tha bone formation, leading to a net loss of
calcium from the skeleton, and a negative calcium
balance, If osteoporosis is progressive, then a
continued calecium loss from the body should be seen,
and there 1s no reason why this calcium loss should be
réduced by a low calcium intake.

Nordin later suggested (Jasani, Nordin, Smith and
Swanson 1965) that decreased oestrogenic activity after
the menopause caused a raised plasma calcium, with
consequent hypercalciuria and negative calcium balance,
Nordin (1960b) and Spencer, i'enczel, Lewin and Samachson
(196Y4) suggested that impaired absorption of calcium
from the gut might be the cause of idiopathic osteoporosis,
However, Rose (41964) showed that if calcium absorption
was increased in an osteoporotic subject, the additional
calcium did not pass to the bone but was exereted in
the urine and the overall calcium balance was unchanged.
Impaired calcium absorption from the gut is thus tdlikely
to be the cause of the osteoporosis. |

If calcium deficiency is the cause of osteoporosis
it should be possible to reverse the process of

osteoporosis by increasing the calcium intake, The

theories mentioned above, although attractive, prove
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inadenquate in that it appears imposcible to reverse the
procesn of idlopathic ostcoporocis by caleium supnrlcmentn.
Tordin (41961) stated that calcium supplements produced
subjective improvement in osteoporosis, and later

Tordin (1262) claimed that such supplements prcduced
positive caleiun balances as large as 34.6 mg/ g. body
welght/day for periods up to one year,

Jaing more sensitive methods of balance study,

Rose (196l;) however was unable to achieve positive
caleium balances for longer than a few wecks when a
high caleium intake was given, and pointed out that no
definlte evidence of increased radiological density of
osteoporotic bone had been seen after long periods of
hich caleium intake, although with positive calcium
balances as high as those claimed by Tordin this should
certainly have been seen. There is thus no definite
evidence that high calcium intakes can reverse the
process of idiopathic ostéoporosis.

The theories mentioned above are the two main
theories of 1diopathic osfeoporosis but at the present
time ncither \lbright and Teifenstein's nor Nordin's
_thebriee cah be regarded as proven. It is clear that.
valuable information regarding these two theories might
be given by a shudy of bone loss in an aging vopulation,
by determination of the relationship of bone loss to the
menopause, determination of the numbers of the population

showing bone loss, determination of the prelative incidcence



of bone lo3s in males and females, and by determination

of the universality or otherwise of bone loss.
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LGeTHODA O DETHRIIVING AMOUNT OF BONG PRUSENT

iMost studles have employed one of two approaches:-
1. easurement of welght, volume of solid bone,
radiographic density or calcium content of a given
volume of bone, all these quantities thought to be
measures of the amount of solid bone tissue present.

2, leasurement of thickness of cortical bone. These
methods have been employed both in the laboratory and
clinically. .

Ingalls (1931) weighed the bones from thé entire
skeleton in 100 male dissecting room subjects. A
general‘fall with age was seen, but it must be stressed
that weight and not density was measured, A bone may be
lighter because it 1s more.porous, or simply because it
is smaller, In fact the material showed a secondary
rise in weight exteﬁding_into the sixth decade, This
was attributed to a degenefative process, due to new
“bone formation as oéteophytes around articular surfaces,

This approach was eiaborated by Trotter, Broman
and Peterson (1960) who measured the density of whole
bones, weighing them and determining the volume by
displacement. This method, of,course, measures the
denslity of the bone as an organ; inéluding bone_marrow
contents. For these results to be relevant to the
amount of bone tissue present at various ages, bone
marrow, which increases in volume as the bone becomes

more porous, must differ markedly in density from bone

b3



tissue, while actual solid bone tissue must show no
change in density with age, ‘

This method employing whole bones can have no
application in clinical practice, <everal workers have
measured the apparent density of small bone samples.
I,indahl and T.indgren (1962) studied cancellous bone
specimens from vertebrae and tibia at autopsy. The
~dried, defatted speclimens were weighed, the overéll
dimensions measured, and the overall volume, and thus
the apparent density calculated,

Saville (1965) employed iliac crest trephine
biopsies, consisting of both cancellous and cortical
bone, The wsight of a cylinder of boné of standard
dimensions was recorded., A similar approach was made
by Arnold (1964) who measured the ash weight per unit
volume of lumbar cancéllous bone, Such approaches are
useful, but suffer from the disadvantage that no
further studies (e.g., histologicgi) are possible on
| the»épecimens. | - |

Caldwell and Collins (Caldwell and Collins 41961
Caldwell 1962) measﬁred the radiographic density of
1 cp thick post-mortem vertebral bone SIabs, using this
as an index of the amount of calciﬁm salt, and |

~ consequently amount of bone, present.,

Radiographic methods have been employed frequently
in the clinical detection and méasurement of bone loss

with age.' Authors have made radiographic comparison of

b4
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gelected areas of the sk=leton (e.z., ulna, calcaneum

and spine) with a standard of known composition (hoyle

1961 ; layo 1961 ; Tordin, Barnett, ileGregor and MNisbet

1962), Uowever the accuracy of such methods has not

been fully established, Overlying soft tissues may
completely mask any radiographic changes due to loss

of cancellous bone. Gven if sof't tissue is not interposed,
loss of bone substance and therefore mineral from the

bone as a whole may not be reflected in the intensity

of the radiographic image, Ardran (1951) showed that

cancellous bone representing 30, of the thiokness of the
bone may disappear before the loss is visible
radiographically. Cobb (1952) demonstrated that 25 of
the bone mineral must be lost from a phalanx (radiologically
the most accessible bone) before a just detectable

difference is seen on radiographs of the finger, while up
to 607 of bone mineral can be lost from the spine before
this 1s radiographically detectable in the living subject.

Another clinical method of estimating bone loss 1s

to meésure the cortical thickness of a bone from
radiographs (Barnett and Nordin 1960), It may not be easy
to define the limits of the cortical bone accurétely; as

‘the measurements made are small a distinet possibility

of error exists, particularly if cortical thickness 1s

expréssed as a ratio of the total diameter of the shaft.

.Such‘meQSurementS of cortical thicknéss have also
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hzen performad in lahoratory aspecimans, Stkinson,
“eathorell and “eidmann (47262) neasured the cortical
thickness in biopoy samuples of femoral cortex, The

method i1s valld, but will take no account of changes in
porosity vhich may occur in a cortex unchanged in thickness,

vost (1963) indirectly estimated tle amount of bone

in vertebra and 1liac crest photometrically, measuring

the percentage of light transmitted by s sectlon stained
black with iron haematoxylin,

In studying variations in amount of bone with age,
the most logical method to use is one vhich measures
this directly {(either as the relative volume of a bone
speciman occupied by solid bone, or in a histologiecal
section, as the proportion of total area occupied by
solid bone), Published studies of this natures arc very
few in number,

Deek and Mordin (4960) studied 2 large series of
cases based on 1llac c¢rest material from general hospital
autopsiles, Photomicrographs of iliac crest sections
were matched visually with‘photomicrogréphs from a series
of nine standard sections, in which the area occupied by
bone varied from 6. to 27:. The method is thus largely
subjcective, and the poésible errors are large., i.indahl
and Lindgren (1962) measured fhe aprea of bone in specimens
from tibia, by cutting out and wéighing the areas

representing bone from a phatomicrograph.'
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In these studies, however, no attempt was made to
distinguish between cortical and cancellous bone, and
measurements were made on specimens containing both
types of Lone in varying proportions, Thus any changes
occurring in the porpus cancellous bone might be
obscured by the much denser cortical bone present, and
by the variable amounts of the two types of bone,

From a review of published studies it must be
concluded that there is a dearth of quantitative

studies of the effect of age on cancellous bone.
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In 1727 Stephen Hales observed that two drill holes

bored in the diaphysis of a growing bone remained
equidistant from each other, despite considerable increase
in length of the bone, He concluded that bones increased
in length only at the epiphyses and not by interstitial
expansion of the bone as a whole,

Using the dye madder as an intravital stain of
newly formed bone, Duhamel (1742) and Hunter (1837)
confirmed this obseriation, and clearly demonstrated
that bones grow by a process of surface accretion, by
apposition of new bone on the su:facc of the old. From
these findirgs and his snatomical observations, Hunter
deduced that to maintain the shape of a bone during its
growth, deposition of new bone at one site must be
associated with absorption of pre-existing bone from
another site. Thus during growth the bone is continuously
remodelled, Hunter further suggested that this process
of remodelling of bone continued throughout life after
growth had ceased, In his view bone was not inert, but
subject to a continuous turnover throughout life, by
the processes of bone formation and resorption, The
subsequent demonstration of the cellular processes of
bone formation and resorption which were shown to continue
throughout life confirmed this view,

The changes occurring in human cancellous bone

during the process of remodelling were studied by



Amprino (1937) who demonstrated that in early post
natal 1life the recently formed trabeculae are coarse
and stout, and composed of woven bone, These arc soon
resorbed and replaced by orientated slim trabeculae,
The process of turnover =nd remodelling continues, and
these trabeculae show evidence of continuing formation
and resorption, This continﬁes throughout adult life,
Such morphological studies were purcly descriptive
and did not provide information on the order of
magnitude of the remodelling process. Despite. the fact
that in bone, unlike other tissues, the possibility of

interstitial expansion dr growth is excluded by the

~'rigldity of the tissue, and that therefore all bone

formation and resorption must occur at bone surfaces
where it may readily be observed, litﬁle interest was
taken in the pbssibilities of quantitative studies of
this aspect of bone achivity until Sissons (1960)
re~cmphasised the concept of continuous turnover of
bone, stressing the importance of gquantitative study of
 bone forming and resorbing.activity; and discussing how
such data might be expressed. .

Since this time several'quantitative stud;es_of
vbone formation and resorbtion haVe been made, a stimulus
to such studies being the fact that knowledge of‘changes
invboné formation and resorption raﬁeé wifh age might
elucidate the pathogenesis of idiopathic osteoporosis,

Albright and Reifenstein's theory presupposed = reduced

59



bone formation rate, while Mordin's colcium deficiency
theory imulics, on the other hand, an increased rate

of borc resorption.,
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METHODS OF MEASURING BONE ACTIVITY AND TURNOQVER

‘o8t methods are morphological and depend on the
identification of sitez of bone formation and
resorption, Thie ic the only practicesble approach in
a large scale autopsy study such as that to be described,
Other methods will be described since the results
obtained may be compared with those derived from
morphological investigations,

Radioactive Isotope "tudies

These are based on the principle that when a
radioisotope of calcium is administered intravenously
it disappears from the blood, and is taken up mainly
by bone, and to a very much smaller extent by sof't
tissues; a certain amount is excreted in urine and
faeces, umerous workers have employed such studies,
their techniques mainly being based on that described
by Bauer, Carlsson and Lindquist (1961), If the rate
at which the isotope disappears from the blood after a
single injection is analysed mathematically thenlthe
rate of uptake of isotope by the skeleton or “skeletal
acceretion rate” may be calculated, The skeletal
accretion rate was equated with new bone formation rate,
Bone resorption rate has been calculated by further
analysis of the rate of fall of isotope specific activit;
from the blood, or indirectly by combining the

radioisotope study with a ¢alcium balance.



Unfortunately 1t is now known that skelctal
acerction rate cannot be directly equated vwith new
bone formation rate, It has been shown that a
varlable amcunt of isotopic ftracer is taken ﬁp
diffusely in older bone by exchange with non-labelled
calciwn in the old bone and by secondary mineralization.
Lee, ilarshall and Sissons (41965) showed that in adult
dogs the bone formation rate was only one third to one
‘half as great as the observed skeletal accretion rate,
Also working on dogs, Jowsey, Lafferty and Rabinowitz
{4965) showed that the amount of isotope devosited
diffusely in areas other than those of bone formation
varied with the age of the animal, Only'in a younyg
growing animal was bone formatiom more importént than
diffuse deposition in skeletal retention of thz |
isotope; in an adult animal only 207 of the administered
isotope was retained as a result of'bone formation. In
addition controversy and diSpute still exists ower the
method of mathematical analysis to be employed in the
calculations from the experimental data. (Heaney 1964;
Anderson 41963).

Bearing in mind these factors the results of such
studies should be interpreted énd accepted with some
reserve,

Urinary lHydroxyproline Estimations

The amino-acid hydroxyproline is found almost

exclusively in collagen, a large proportion of which
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ia found in bone. It has therefore been suggeated

that mogst of the urinary hydroxyprbline 1s derived

from bone collagen (lein and Curtis 1964), and
measurement of urinary hydroxyproline has becn put
forward as an index of bone collagen metabolism (Dull
and ienneman1963)., It is not yet clear, however, whether
an increase in urinary hydroxyproline is associated

with bone collagen synthesls, bone collagen breakdown,
or both ({lein and Curtiss 1964; Klein 1966), am 1t

is felt that the test required further evaluation before
definite conclusions aisy be draun,

Jjorphological Studies

ihese are based on msthods of identification of
sites of bone formation and resorption.

A) Iatravital JMarkers of Bone Formation

1) Autoradiography

The site of uptake of the radioisotope of a bone
seeking element may be determined by the application
of a sensitive photographic emulsion to the tissue,
Isotopes such as Calb, 5r20, and P32 have been shown
to be taken up intensely at sites of bone formation,
and have been used as intravital markers of bone
 formation (L.eblond, ¥ilkinson, Bélanger and Robichon
1950). The method is best suited to animal experiments.

2) Other Intravital uarkers

Other substances have also been shown to be

deposited at sites of bone formation, and have been



used as intravital markers of bone formation., Vincent
(1957) used lead for this purpose, and “chour (1936)
nsed alizarin., In both cases however the toxicity of
these substances restricts thelr use to experimental
animals,

3) Tetracycline

Tetracycline has been found to be an intravital
marker of sites of bone formation, of high precision,
and suitable for use in hwman studies (llarris 1960),

If administersd on one occasion, tetracycline 1s
deposlited permanzntly at current sites of bone formation
(Choses 1959) and may be rccognised there by its golden
yellow fluorescence, ILike all intravital markers it

has the sdvantage that if administéred on two occasions,
the bone formzd in the intervening period may ve
rzcognised (being that bons lying between the two
tetra¢ycline labels), TFron the linear éeparation of
“the two labels, the rate of appositional growth (i,2.,
the thickness of bone laild dowh per day at a forming
surface) may be calculated, and rzlated to the total
amount of bone present, allowing the turnover rate to
be calculated, |

The method has limitations, The method of double
1abelling with conzequent calculatibn of’ the}bone
formation rate is difficult to apply to cancellous bone

as, cving to the irregular nature and orientation of
this type of bone, the plame of section through the
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tetracycline 1labelled area 1s freauently oblioue, The
tetracycline deponit avpears widsned and "flared",
Aefinition of the label becoming impsired (Ticsons

and T.ee 1564), The linear saparstion of the labels
will be artificiqally increassd by the obliquity of
section,

B) Quantltative forvhology

In the type of study envisaged in this work, using
large specimens of bone {as against small biopsies)
from individuals  in normal health until sudden death,
tetracycline labelling is clearly impracticable; indeed
a single label of tetracyeline gives no more information
than that derived from accurate identification of bone
Torming surfaces by other means, feveral such methods
are available, but agéin the nature of cancellous bone
limits their application,

1) ldcroradiography -

Amprino and Zngstrdm (1952) studied the mineral
distribution in bone by the already described technique
of microradiography. Their resulis showed that the
mineral distribution iz not uniform, ~Recehtly formed
bone is of lower mineral density than the rémaindar of
the bone, the newly formed bone being incompletsly
calcified, and a surface where bone formation is |
occurring may be recognised by its low mineral density.
01d bone and inert surfaces are of high mineral denaity,

Howship's lacunae may be recognised by their sharp crenated
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cdge, vhich may cut across bone of varying mincral
density,

Thls technique is most useful in, and has been
cxztensively employed in, the study of cortical bone.
Technical considerations render it of dubious value
in the study of cancellous bone, Interpretation of
the characteristics of bong surfaces is complicated
by the fact that microradiographs are prepared from
relatively thick sections (70 -~ 100f~); particularly
in cancellous bone, obligue surfaces are very frequent
in sections of this thickness, In a microradiograph
an oblique surface shows a gradusl fall.of mineral
cdensity to the free edge of the bone, due to the
gradual reduction in thickness of hone tissue to this
point, Such an appearance can simulate or obscure the
abﬁearanee of bone formation, which also shows a fall
in mineral deﬁsity towards the surface where bons
formation is occurring (Sissons 1962), although in the
case of bone formation, this‘gradient is dus to
iﬁcomplete calcification of the tissue rather than to
changes in thickness of bone tissue in the section,

2) Osteoblast and Ostecoclast Counts

As these are responsible for bone formation and
resorption reépectively, their numbers might be used
as an index of bone Lformation and rcsorption (Bauer,
Carlsson and Lindquist 1961). Tuch observations can

only be expressed in descriptive terms, Guantitative
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micasurcnents arce impostible becaouse ontcoblasts Torm

a contlnuous spectrum ronging from the plump active

ty

forn to the Tlatitened inconepicuous, inactivezs cell
{Tritohipd 1956b) and no absolute dividing linc can be
drawn between the two {forus.

3 iistologieal etheds

In Tection 2 1t was pointed out that if ostecoid
can he accurately ldentifled 1+ may be used as an
indicator of bonc formaticn, In carsfully processed
and stained iissue osteoid may bs recognised in
decalcified sections { .eyer 1556) but for quantitative
studies undecalecified material is more reliable. In
undeczleif'led material osteold may be rcecognised in
unistained sectioms@iayur 1556) where it appears
relatively translucent, calclficd bone appearing
grénular, or it may be demonstrated by a varisty of

stains (Lode 1959).

The method most commonly cnpioyed is the von “ossa

silver nitrate stain (von Kossa 1901) which ctains
insoluble phosphates and carbonates and certain other
insoluble salts of cakcium and certain other metals.
(Cameron 1930), In osseous tissue it may be regarded
as a specific stain for calcified bone, osteold being
unstained, and it should therefore be suitable for
Quanﬁitative demonstration of osteoid, IQersonal

experience suggests that the von “ossa method lacks

precision, in that silver is deposited not only in
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cnleified tissue but alss around it in the surrounding
narrov and osteoid in granular form, obliterating detail,
and interfering with the identification of osteoid,

In undecalcified preparations, calcified hone
stains deeply with haematoxylin, while that which is
regarded as osteoid is virtually unstained, affording
a clear distinction between the two. The method has
not bcen used in quantitative demonsctration of osteoid :
from the results of earlier workers it was not certain
vhether the method reliably and guantitatively
demonstrated bone salt. Cameron (41930) concluded that
the staining of bone with haematoxylin depernded not on
the presence of bone salt, but mainly on the presence
of a special ground substaﬁcc associated with
calcification, |

If this were so the stain'might not afford reliable
distinction between bone and osteoid, and would not be
suitable for the quantitative identification of osteoid.
However, the profound change in the staining
characteristics of the bone on decalcification with
either acids or chelating agents, leading frequently
to complete disappearance of any distinction between
calcifled and non calcified tissue strongly suggests
that the material staining with haématoxylin in
undecalcified bone sections is bone salt, or some

substance most intimately associated with it, and

likewise removed by all agents reumoving calcium salts,
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A series of prelilaminary cexperiments ( v, “ection L)
showed that the results obtailned by haematoxylin sitaining
of undecalelfied bone agreed with those obtained by von
“ossa staining. Comparison with microradiographs showed
that material staining deeply with haematoxylin in
undecnleified sections was calcified, while that material
recognised in the stainéd-section as osteoid was
consistently uncalcif’ied,

Thus haematoxylin staining of undecalcified sections
is a reliablc means of demonstrating osteoild, and it is
justifiable to use this method for the guantitative
demonstration of osteoid and bone formation,

In such stained sections bone resorption is
reccognised by the morphological characteristics of
[Howship's lacunae; the bone 'stains deeply to the edge
of the lacunae, The sections are thinner than those
used for microradiography and the identification of

such crenated surfaces is thersfore easier.



SECTION THREE

PRESENT STUDY
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PRUSERT STUDY

This section is in several varts, describing the
- matsrials used and the methods emnloyed,

It was intended in this study that all measurements
should be collected from as large an area of cancellous
bone as possible so that this might be considered
representative of the bhone as 2 whole; bone formation
and resorption in particular are focal processes and
distributed unevenly in bone,(Jowsey, Owen and Vaughan
1953), - In certain cases the amoﬁn@ of variation %o be
gxpected within a given block and at various Sités
along the iliacvcrest were to be studied. Thirdly it
was important that subjects should have been in sood
health and active until'fhe time of sampling or death,
as preliminary studies showed that considerable
reduction in extént.of bone formation may be seen in
bed-ridden sﬁbjecté, confirming an observation made
by Jowsey (1963).

These considerations precluded the use of biopsies
of material from general hospitgl autopsies, and
specimens were obtainad from coroners' autopsies on
cases dying within 48 hours of accident or the onset
of acute illness, WHo material was taken from cases |
where more than u8'hours had elapsed between accident,

or onset of illness, and death, to exclude possible

changes due to immobilization, To avoid cases which
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night have been comnlicated by metabolic bona disease
(such a5 ostcamalacia or renal ostaodystrophy) all
cases with evidence of renal, hepatic, nlimentary or
pancraeatic disease werce excluded,

All cases of sudden death in chronic 1llness,
cases of malignant tumours, and any cases showing
evidence of Taget's discase were also excluded,

In the youngest age groups (0 - 19) trauma was
the commonest cause of death, Acute infections
(chiefly pneumonia) and haemorrhage ‘e.g., subarachnoid
haemorrhage) ovrovided smaller numbers of cases, in the
20 - 39 age groups, 75, of deaths were due to trauma
or poisoning. A smaller number were due to acute
infection. A thrombotic episode (chiefly coronary .
thrombosis) was thsz commonest cause of death in the
Lo -~ 59 age groups, followed closely by trauma,
Haemorrhagic episodes and drug overdosage caused smaller
numbers of deaths, In the over 60 age groups the
comnonest cause of death (45 ) was thrombosis {(mainly
coronary,. Haemorrhagic episodes (cerebral haemorrhage,
and ruptured aneurysms) formed 25, of the cases, the
remainder being due to acute illnesses and accidental
death.

At autopsy, a large slab of iliac crest bone
approximately four incnes in length and including the
anterior superior iliac spine was removeé, and fixed

in huffered 10, formol-saline, After fixation the
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adjacent bone for rovtine hasmatoxylin and eosin

staining after deealecification,
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Sections

by a process of grinding after methyl msthacrylate

embedding.

The method used was modified from that

described by Jowsey (1955):-

Dehydration

iliac

were prepared Trom undecalcified blocks

After adé@uate fixation (at least 3 days) blocks

vere dechydrated in ascending grades of alcohol as

- follows:~

sbsolute

Absolute

Absolute

élcohol
alcdhol
alcohol
alcohol I
alcohol II

alcohol III

hburs
hours
hours
hours

hours

hours
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The blncks wers then infiltrated with unpolymerized
'methyl methacrylate by treatment with a4 : 41 abzolute
alcohol/methyl methacrylate mohomer mixture for 2L
hours, followed by mathyl methacrylate monom:sr for

72 honrs,

Treparation of liethyl Methserylate

Ao suoplied methyl mcethacrylate contains an
inhibitor /hydroauinone) torprevent polymerization,
This was renoved befora use hy washing the monomer
with an 2qual quantity of 57 sodiuwn hydroxide in a
separating funnel, After vigorous shalking the dark
brovm solution which collzcted at the bottom after
absorrition of the inhibitor was discarded. The process
was repeated three times, The monomar was then freed
from the sodium hydroxzide by washing three times with
equal volumes of Aizstilled water. After this treatment
the monomer was dried by filtration through dried caleium
chloride,  Thies is essential as any residual moisture
interferes with the process of polymerization, and
impairs the aquality of the Tinal sections.

rartially polymerized ﬁethyl methacrylate was
used in preferencs to methyl methacrylate monomer.
Thié decreases the time needed for hardening of the
mcthyl methacryléte} During polymerization the
originally liquid mcthacrylﬁﬁe thickens and hsrdens
to producz the final rigid block,

Partially polymerized methacrylate was prepared by



adding a catalyst to dried monomer; 1 G. dried benzoyl
peroxide was added to 100 ml. of dried monomer, and
the solution heated in a water bath to 80 - 8500,
with continuous stirring. The monomecr gradually
polymerized and thickened and when it reached a thick
syrupy consistency the container was immediately cooled
in running cold water to arrest the process.
Polymerization is an exothermic reaction, and care was
necessary to prevent the reaction proceeding to completion,
resulting in rapdd expansion and bubbling of the
methacrylate followed by solidification within a few
seconds.,
smbedding

After infiltration with mononier the bone blocks
were embedded in plastic or sluminium foil moulds.,
The moulds were half filled with partially polymerized
methacrylate, the blocks placéd upon this, and the
moulds then filled with methacrylate., The moulds were
placed in a sealed container to avoid evaporation, and
polymerization allowed to take place at 30 - 35°C, the
process of hardening being complete in 4 - 8 days. The
hardened methacrylate was removed from its mould, and

trimmed with a band saw,

Qectioning

The block was sectioned on a modified milling

machine (essentially a sophisticated circular saw), the
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specimen being advanced automatically. The block was
coocled by an oil and water spray to prevent damagce and
artefacts due to heating., “ections, as cut from the
milling machine, varied from 100 - 200 p in thickness,
Grinding

wor microscopical examination sections should be
not greater than 20p in thickness. (It was earlier
pointed out that in thicker sections artefacts from
oblique surfaces are common; sections thinner than
20p are no easier to interpret than those of 20,&).
“getions of this thicknéss vere prepared by grinding
thé 100 - 200 thick milled sections between two sheets
of roughened " thick plate glass, A large rectangular
sheet served as a base, and a smaller circular plate
was moved by hand in a circular fashion, with the
section betvween the two, The glass plates were
roughened and ‘“sharpened” by preliminary grinding
together with a paste of silicoﬁ carbide {Carborundum
220) and water. All traces of abrasive were removed
from the plates by brushing under running water, to
prevent any tearing of the sections, and the sections
then ground by the abrasive properties of the glass
alone, using 70  alcohol as a lubricant., This technique
is delicate, and enabled the preparation of sections

of embedded cancellous bone, of section thickness as

little as 15,;, and free from artefact, Grinding was

interrupted at 7Gp, for microradiogpaphy of the sections,
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“taining
After grinding to 20p sections may be examined

unstained or stained by a variety of procedures. 1In
the present study, the undecalcifled sections were
gstained with haematoxylin and eosin, This allows the
recognition of the morphological characteristics of the
different types of bone surface, and in sections of
this thickness affords a reasonable degree of cellular
detail.

“ections were washed in distilled water, and
stained in Cole's lodine ripened haematoxylin(Cole
“4943). This contains no acid, and hence prevents any
decalcification of the section, with subsequent failure
of differential staining of bone and osteoid., Sections
were stained for 2 - 6 hours at room jemperature, the
length of staining time being determined by examination
- of the sections during the process., They were then
"hlued" and counterstained lightly in 0,5 aqﬁeous
eosin for 30 seconds, Clearing of plastic embedded
sections by xylol causes buckling and distortion of the
sections, This was avoided, after dehydratidn in
ascending grades of aleohol (707 - 957), by ciearing
the sections in a 2 : 4 mixture of 95° alcohol and
terpineol, and mounting in Tuparal (Flatters and

Garnett Itd., ‘‘anchester).

Decalcified Sections

Comparable blocks from each specimen were treated



by conventlonal histological mcthods, being decalcified,
cnmbedded, sectioned and stained by routine haematoxylin
and cosin methods (irury and "allington 1967,

PARAL STERT CUATURED

After a preliminary general examination of the
morphology of the bone, sections were studied
systematically so that several parameters might be
measured,

1. Amount of’ Bone Present in the “ection

This is expressed as the percentage of section
area occupied by bone as opposed to marrow space, and
is termed the bone area,

2., Bone “urface Area

(Mot including canalicular or osteocyte lacunar
area). The avallable surface area was expressed in
two ways:- The absolute value (surface area per unit
volume of tissue i.e., solid bone and marrow), measured
in sq.,mn/cubic mm, was calculated, and this was then
expressed as a relative value in terms of the amount
of solid bone ‘present in the areas studied (surface
area per unit volume of solid bone) again measured in
sq.mmn/cubic mm, |

3, The ©xtent of Bone Formation and Resorption

fuch measurements may be made and expressed in
several different fashions, In cancellous bone, in

particular, the most logical method is to determine

the percentage of bone surface accupied by bone formation
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and resorption, T'rom these percentage figures the
absolute and relative surface areas of bone formation
and resorption may be calculated,

An alternative method is to count the numbers of
osteoid seams present, This may be expressed in
relation to the numbers of wvascular channels present
(applicable only to cortical bone) or as the number of
seams in a unit volume of bone (Frost and Villanueva
1960)., This method may be valid, but the first
-described method appears preferable. The counting of
numbers of osteold seams is impracticable in cancellous
bone, since what appear in a section to be separate
osteold seams may be no more than parts of a continuous
surface of bone formation; furthermore it seems
preferable to use a method which is also applicable to
the measurment of surfaces of resorption{

MEASUREMENTOF BONE AR®A

This was measured by a system of point sampling,
with an array of points 1aid on the tissue, after the
method described by Chalkley (19&3). The principle of
the method is that, if a large,numbér of points is
‘projected randomly on a section of tissue, in the limit
the proportion of total points falling‘on any component
of the tissue will equal the proportion of total area
occupied by that component. If the section is
representative of the tissue ffom which it is taken,

then this proportion is also equal to the proportion

L)
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ol total volume occupicd by the component,

The method was extended by Hennig (1958) and the
array used (“eiss Intcgrating Tyepiece I) is based on
his work, It consists of a Zelss Gx microscope eyepiece
provided with a graticule of 25 points asymmétricdlly
arranged within a circle, "The points arc joined by a
seriecs of straight lines to facilitate their recognition.
The integrating eyeplece replaces one 8x eyepiece of a
binocular microscope and vhen a section is viewed the
image of the array is superimposed én that of the
section (Figure 5), and the number of points falling
on any component (in this case calcified bone and
osteoid) may readily be determined. The eyepiece may
be turned and used in any random position, its
orientation being immaterial,

DEASUREMENT OF SURFAC. AREA AND ITY COUDPDIINTS

This was carried out‘by a method of line sampling.
Here an array of random points is replaceé by an array
of linear paths, which are sufficiently chort to spread
repeated observations randomly over the section studied.
The number of intercepts made by the paths with the
surface of any component is noted (M), and if the total
‘length (1) of the paths is known it may be proved

(Rogers in a paper by Short 1950) that in a unit wolume:-

“urface area of component (%) = 2 ¥ Number of intersections

Total length of Paths

or 8 = 2N
I
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“igure 5. .one area measurenent. ~n array of

25 points is superinposed on a microscope field.
this instance 6 of the 25 points fall on bone and

5 on bone and 1 on osteoid.

In
osteoid,
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The proof of this formula is given in Appcndix 1. 'he
rcaults can be cxpressed in this fashion if the scetion
is considercd representative of the tissue from which it
is taken.

The proportion of the totil intercepts made with
any given conportenit is equal, in the limit, to the
proportion of surface occupied by this component. Thus
the extent of surface occupied by bone formation or
resorption may readily be measured a2nd from this their
absolute and relative surface areas,

The method was again developed by IHennig (1958)
whose work led to the design of the array used in these
studies (Zeiss Integrating Tyepiece II). This consists
of a Zeiss 8x cyeplece containing a graticule furnished
with six parallel lines (Figure 6). wuach of the long
lines is one fifth of the combined length of the lines,
and each of the short lines one tenth of the total
length, Used in conjunction with a 10x objective in a,
Cooke, Troughton & Cimms microscope the lines
represented a total length of 3,8mm, on the section. In
the case of this eyepiece orientation is important and
.ﬁnless the object examined is completely unorientated
the eyepiece is rotated to a new random position before
each observation.

MITHODT OIF COUNT ING

As prepared, the ground sections were about 2.5 - 3cm,



83
“igure 6, ‘urfaoe arei measurenent, ‘n array

of 6 rarallel 1lines is sureriarosed on a ulcroscope

fiela, ‘n this instance the lines make ¢ intercepts

with the bone¢ surface.
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in length, (11 canccellous bone dovin to a depth of Zem,
froa the perlostcewa of the cortical bona cap. of tha
1liae crest was surveyed, This 1s an arbitrary Cigure
but enoures that 1 large area is counted 2o as to be
accurate and represcntative, 2nd also ensures that the
oone surveycd corresponds in depth to that of a standard
iliac crest biopsy.

Gortical bone was excluded frowm the studies, to
cnsure that cnanges occurring in a csmall amount of
dense cortical bone did not obscure changes occurring
in the cancellous bone, 7There i3 no absolute
distinetion between cortical and cancellous bone so that
any distinction is to come ektent arbitrary, but it was
found that separation of the bone present into a dense
- bounding shell, giving way abruptly in olmost all cases
to a lighter spongy network of cancellious bone could

-~

be made without difficulty., {(Tigures 8 and 2). Tuch
distinetion was most ea3ily wmade on gross examination,

In children, cortical bone, the cap of cepiphyseal
cartilage, and the coarse primary spongiosa were
siwilarly creluded from the studics,

“he chosen area of bone was surveycd systematically.
The scetion was mounted on 2 turntable attached to 2
mechanical ztage of a microscope, and was furned to
align the long axis of the section with the direction
of latérﬁl travel of the miceroscone stage. Counting

yag then carried out, starting adjncent to the “"midline”
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of the specimen (previously determined by inspection,
and approximately bisecting the specimen along its

long axis). The section was moved a distance of 4mu.
along 1ts long axis between examination of each ficld,
until a full row of fieclds, extending to 2cm., from the
periosteum of the cortical bone cap, had been surveyed.
(Figure 7)., The next row was then surveyéd, the section
being moved 1mm. along its short axis betveen each row,
and the process repeated until the whole area of
cancellous bone had been surveyed, The iiameter of each
graticule was 0,9mm, ; thus this procedure ensured
systematlc cxamination of the section, without overlapping

of fields, At the edges of the section, where cortical

bone was encountered, partial fields of cancellous bone
were counted when measuring bone area., In this case

the total number of points falling on cancellous bone

and marrov was less than 25, “Then measuring surfaces
partial fields couid not be surveyéd { as the length

of the linear paths falling on the portion of the field
surveyed would be unknown), kHowever, because the section
was moved 1mm., between each measurement and the diameter
of the graticule was 0,9mm, it follows that a further

movenient of the seetion of O,1mm., may be made in order

to obtain a full field of cancellous bone, if possible,
without overlapping of fields surveyed., This was
carried out where necessary. If a full field of

cancellous bone could not be obtained by this technique
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then 1t wac cxcludced,

Tt has becn mentioned that in certain cases, counts
vwere made on further sections at intervals along the
1liac crest, to study the variatiors seen.

To enable comparison between the results of this
study and those of Beck and Hordin (1960), and Taville
(1965) who uscd trephine biopsies, or sections of similar
size, containing both cancellous and cortical bone, an
area corresponding in size and position with that which
vwould be sampled by a trephine biopsy was surveyed on
a number of sections in this study. This consisted of
an area 10 x 6mm, including the cortical bone cap, and
bone area was measured on all bone, cortical and
cancellous, within this area,

To determine whether loss of bone occurred
selectively from any site, in a series of cases separate
measurements were made on central and peripheral areas
of cancellous bone (v; Results; Txperiment 5).

In a series of cases the variation in bone area
with increasing depth from the cortical bone cap of the
iliac crest was studied. |

Mumber of Counts 'ade

It is desirable that counts be made over a wide
area, The actual number of counts necessary for
statistical significance may be calculated (Appendix 2),

‘the theoretical standard error depending on the total
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number of counts made (points or intercepts) and the
nunber of counts falling on the sought component.
"hen measuring bonec arca one set of observations (each
of 25 points) was made for each field surveyed, This
practice gave a small theoretical standard error,
varying fron 2 of the bone areé where much bone was
present and sections large, to 5. of the bone areca vhere
little bone was present and sections small, In very
large sections alternate ficlds were cbunted{

""hen measuring formation and resorption sﬁrface
a smaller number of counts (in this case intercepts)
is madc per field (generally between O and 6 as against
the 25 counts per field made when measuring bone area).
Thus to achicve a satisfactory degree of accuracy more
than one set 6f observations per field is necessary
unless the percentage of formation or resorption

surface is high, or the section large. The number of
counts (intercepts) falling on any component required

to producé,any given theoretical standard error may be
calculated (Appendix 2)."In practice it was found that
two sets of observations ﬁer'field produced a theoretical
standard error between 5 and 10. of the measured‘value.
Tn a few cases (where little formation or resorption

were present,’or the section was small) four sets of
obszrvations were necessary. Two séts of observations

per field were obtained by rotating the eyepiece and

[ .
graticule through 90 between first and second



measurencnts on cach ficld. As canccllous bone shows
planes of orientation, between each ficld the cyecpiece
was robated to give a new random orientation of the
graticule,

Initially the eyepiece was turned through 90°
between Tirst and second sets of observations on each
field with the aid of a marker on the other eyepiece.
This obliterated part of the microscope field, and it
vas found that accurate results could be ohtained simply
by judging the angle of 90° by inspection (Appendix 3).

The theoretical standard error obtained was larger
than that for bone area, but the acceptable standard
error must be a comproumise between the desired degree
of accuracy, and the time available, Two such sets
of observations on all fields of a section take between
three and six hours to perform.

Correction ¥actors

A number of correction factors have been described
to correct bone area or surface area for Tinite section
thickness {.irankd 1955), and to correct the cxtent of
formation or resorption surface seen for the depth of
focus of the microscope (Frost, Villanueva and Roth 1962).
rost argues that because of finite depth of focus of
the microscope a greater extent of formation and

resorption area is seen than that present in an

infinitely thin sgction., Zt is dubious whether the

correction proposed ic valid; its use would in any case

89
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appcar to be unnecceosary. .ccosurcaents will tend to
undcrestimate formation and fcsorption surface, sincce
very thin cstcold ceams and small Howship's lacunae

may not bsc rccognised.. Use of the corrcction decrcases
the obscerved values for formation and resorption
surface, and would thuc tend to accentuate observer
crror, Thersfore this correction was not used,

“hen measuring bone area or surface area a
correction should be made for finite section thickness
unless the borders of tissues are perpendicular to the
plane of the slide, since an‘oblique surface will
increase the apparent bone area or surface area
{Appendix L),

The size of the error will be decrcased by using
very thin sections, and in these experiments was reduced
by using a thickness of section (20p) small in relation
to average trabecular width (approxinsately 165,;).

A mathematical corréction may be made ( :rankoé 1955)
if the bodies counted are portions of spherés but this
is not applicable to cancellous. bone where the structures
counted are portions of rods and elongated plates of
bone, A simple correction was made when measuring bone
area by counting points falling on an oblique surface
bounding the left and superior margins of a trabecula,

and ignoring thoée ffalling on an oblique surface

bounding the right and inferior margins of the trabecula

(Appendix 4).
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"hen measuring surface area an oblique surface
will increase the apparent circunference of a section
of a trabecula, thus increasing the measured surface
area, (Appendix L) but the increase is negligible in

a thin section, and no correction need be applied,



SECTION FOUR

RESULTS
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Cancellous bone consists of a honeycomb like
arrangement of thin plates., This pattern, readily
appreciated when bone is studied as a macerated gross
specimen, cannot be appreciated in the thin sections
used in this study, where the thin plates of bone are
cut through, and appear as thin elongated structures
presenting the more familiar pattern of an interlacing
network of thin trabeculae {Figures 8 and 9.

In the young adults studied (7“igure 8 trabeculae
are numerous and fairly uniform in size and width in
any specimen, In a thin section, the trabeculae vary
in width from 20 to 500,., and are arranged in a
regular manner, ‘any trabeculae take origin from medial
or lateral cortex, and run obliquely, interlacing to
form a series of ogives, The trabeculae are somewhat
stouter near their origin from the thick, well defined,
cortex,

The apprearances in children are similar to those
described by smprino (1937) in the femur, The bone
initially formed from the epiphyseal cartilage ( the
so called primary spongiosa) is coarse, irregular,
contains large cartilage remnants, and consists largely

of woven bone, 4 short distance from the epiphyseal

cartilage this bone is resorbed and replaced by more
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Sirure 8, ‘utline Apaving of scetion of iliae

crest from male npged 21 years, (%3,
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F'igure 9, Qutline drawing of section of iliac

crest from female aged 84 years. ( x5).

95
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regular, orientated, trabeculae of lamellar bone (the
secondary spongiosa), This resembles adult cancellous
bone in its regular arrangement, but the individual
trabeculae are sometimes considerably finer,

Considerable changes are evident in sections from
aged individuals., (Figure 9). .any trabeculae have
disappeared entirely, the remaining trabeculae thus
being morc widely separated. A similar Tinding was
noted by lider in vertebral cancellous bones (1960)..
siany of the remaining trabeculae are extremely thin,
while the cortex is reduced to a thin shell,

There is, in addition, a certain coarsening of’
structure, such that occasional very stout and
irregular trabeculae and masses of bone are secn., The
pattern scen on microscopical examination is now
irregular, some fields being devoid of'bone, others
showing thin trabeeculae, and yet others containing
coarse trabeculae. On gross examination, loss of bone
is most obvious in the central portion of the
spongiosa, hut quantiﬁative examination (Zxperiment 5)
showed no selective loss from any part of the |
spongiosa, o obvious pattern of loss of individual
trabeculae was seen, contrastiing with the findihgs in
cancellous bone of vertebral body and head of femur.

In vertebrae the non weight bearing horizontal

trabeculae are lost Before the weight bearing vertical



trabcculac (Caldwell and GCollins 1961 ; Caldwell 1962),
A similar pattern of loss is seen in  the femoral head
{ilall 1261).

N

sone Juarfaces

In scctions processed by the metnod described,
cnlcified bone stains deeply and appears purple or
purple brown in colour. wortions of the surface arec
covcred by ostcoid tissue which in these preparations
is virtually unstained by haematoxylin, and appears
pink (vigure 10)., The surface of the osteoid is smooth,
and conspicuous osteoblasts can sometimes be recognised
thereon (vigures 10, 11,12, 13), Meither osteoglasts
nor !{fowship's lacunae were ever seen on the surface of
the osteoid, confirming the widely neld belief that
osteoclacts never attack osteoid.

The osteoid scams appear as discrete structures,
although the occasional presence of apparcntly sceparate
seams on closely related surfaces suggests that these
may be parts of a continuous surface of bone formation,

Allowing for}artefacts due to obliquity of
sectioning, the thickness df an individual osteoid
seam is fairly uniform until the ends of'the seam, where
the osteoid narrows and appears to end abruptly, the
adjacent bone showing no obvious layer of uncalcified
mavrit. |

The ostcoid scams cover a variable part of the

bone surface, The length of individual seams varies

37



Figure 10, Iliac crest. Undecalcified section
stained with haematoxylin and eosin. The calcified
bone is stained purplish brown. The upper surface of
the trabecula is covered by a layer of relatively

unstained, pink, osteoid. Much of the colour has been

lost in the photographic processing, and in the original

section the calcified bone is more intensely stained. x 160).




Figure 11. Cancellous bone of iliac crest, The right
hand margin of the vertical trabecula is covered by a
l.yer of osteoid tissue; the left hand margin shows an
area of bone resorption, Undecelcified section.
Haematoxylin and eosin, x8G;,

Figure 12, Cancellous bone of 1lisc crest. The
upper surface of the trabecula is covered by a thick
osteoild seam; the lower surface has s smooth outline

and is considered to be inert, Undecalcified section,
‘laematoxylin and eosin, { x258),
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“igure 13, The upper surface of the trabeculas is
covered by an oasteold seam, on the surface of which
is » layer of osteoblasts, Ilisc crest. I'ndecalcified

section. aematoxylin and eosin ! x160 .,




widely in any section, lengths from 70fgor less to'1mm.
being secn., Soth the length of individual scams and
the numbcr of seams varied from case to case, No
attempt was made to relate this to extent of surface
coverage, Inspection suggested that the peripheral
portion of the spongiosa showed a greater surface
coverage by osteoid than the central portion.
Guantitative measurcments were made to confirm this

{lxperiment 5).

impression

Identification of the osteoid was facilitated by
the general presence of a line of granular basophilic
material, a2t the junction of the ostsoid and ealcified
bone, the so-called “calcification front”.‘(ﬂobinson
and “atson 1955)., This is thought to mark the onset
of calcification, It is seen nowhere else, and in these
preparations stains bright blue.

Jbligue surfacss are easily identified. Continuous
refocussing is necessary to obtain sharpness of ficld.,
They cannot be confused with osteoid seams.

A portion of the trabecular surface shows the
irregular, crenated or scalloped, eroded outline of
Howship's lacunae, indicating bone resorntion
Tigures 1L ahd 15). "The appearances vary from dzeply
punched out classical Howship's lacunae to solitary

shallow depressions, which correspond to the individual

eroded bays of the scalloped Howship's lacunae, On

occasion osteoclasts may be seen in the eroded bays of

101
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Figure 14. Cancellous bone of iliac crest. The

upper surface of the trabecula shows an irregular
scalloped area indicating bone resorption.

Undecalcified section. Haematoxylin and eosin, ' x258),

Figure 15, Cancellous bone of iliac crest. The
upper surface of the trabecula shows another eroded
area of bone resorption, Ceveral Howship's lacunae

are visible, Undecalcified section. Haematoxylin
and eosin., = x258;

P
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such surfaces,

To execlude the possibility that such surfaces.might
be artefactual; due to trabecular damage during grinding,
sections wéré examined in water prior to clearing and
mounting., “cratches due to grinding are still visible
at this stage (Figures 16 and 17}, The scratches are
very fine, and far narrower than the smallest resorption
surface. ”hcfa scratches cross trabecular surfaces no
“irregularity or disruption of surface is ever seen,
Gross artefacts due to tearing of the éection are rare,
and when pressnt are eaéily‘distinguished from |
resorpﬁibn surfaces, The surface is irregular, but
scalloping is absent; the bone edge is not shérp but
has a ragped torn appearance (Figure 48).

zﬁreas of resorption are frequcnﬁly found near
.areas of bone formation, “ometimes bone resorption
on one side of a trabecula is associated ﬁith bone
formation on the other side (Figure 19), indicative of
remodelling 6f bone,

The remainipg.portionsfof the bone surface have

a smooth regular outline, without any demonstrable layer
of osteold tissue (Figure 12). These parts of the
surface are regarded as inert as far as the processes

of bone formation and resorption are concerned.
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rigure 16, Ground perspex embedded bone section
mounted in water, A scratch due to grinding 1is
apparent. There i8 no irregularity where this crosses
a bone surface, { x160),

f rigure 17, Ground, undecalcified bone section mounted
‘ in =ater, " everal grinding scratches are seen, There is

?o agrface irregularity where these cross bone surfaces,
x160 .




Figure 18. Iliac crest. Gross artefact due to
tearing of section. The bone surface is irregular,

but the ragged appearance cannot be confused with the

"punched out" appearance of bone resorption. ( x160).

185
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Figure 15, “one remoiélling. n the upper

surface of the trabecula is8 a layer of bone coversd by

osteoid tissue; on the orposite @ide of the trabecula
is an area of bone resorption, ian oblique surface 1is

apparent on the lower trabecular surface to the left.

Undecalcified section, Haematoxylin and eosin., !/ x160),




107

PRULIGINARY QUANTITATIV.Y TTUDIED

In a study of the present type it is essential
that the degree of reproducibility obtained in practice
should be known, and should be high. In practice several
possibilities of error exist, and several problems of
measurement must be considered.

It is of the utmost importance that sampling is
adequate, and in this connection the area studied must
be of adequate size, It is also essential to be aware

of any systematic variation in anatomy, involving any
| of the parameters measured, within the iliac crest,
particularly with regard tb increasing distance from the
anterior superior iliac spine,

Some of the measurements made involve an element
of subjectivity and the possibility of observer error,
possibly changing throughout the period of
experimenﬁation, must be considered, Finally the
inherent accuracy of the counting methods employed
should he known, ’ |

Some of these factors are amenable to theoretical
calculatidn.' To obtain a meésure‘of the others a
series of preliminary quantitative experiments (1 -~ 7)

was carried out, the results of which follow,



RECOLTT OF PRELIVIVARY “UANTITATIVE “TUDITS

1. T D UIERCIVATION OF THE ACCURACY AND REPRODUCIBILITY

O AR=A UATURTTIITS USING TH: ZoICS IV OPITCH T,

The theoretical standard error of bone area
measurcments may be calculated (Appendix 3). In
practice several possible sources of error are apparent:-
a) Any errors inherent in the design of the sampling
array. |
b) Observer errors,
e¢) ZIrrors due to inefficient or inadequate éampling
of the section, due to thé irregular néture of
cancellous bone, |

This theoretical standard error takes no account
| of obscrver errof or.of inadequafe sampling.‘ To obtain
an estimate of the degfee Sf'accuracy and reproducibility
likely to be attainéd in practice, measurement of bone .
area was carried out seven times on an area of
cancellous bone smaller than that counted in the main
éurvey. Syétematic counts were made over this_érea,
varying the section position slightly each time, so that
~different flelds wére counted, or changing the |

orientation of the counting array between series of

observations. The results are shown in Table 1.

148
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TART. 1
Results

a’ Original Couqz

RO POINTS ON BONE TOTAL POINTS COUNTED

A 112 , 650
3 122 650
C - 107 650
D asn 650
TOTAL urs 2600

Bone area = 18,275

/

. o ' S °
b) Count made after turning grid through 90 -

RO POINTS ON BONE TOTAL TOINTS COUNTED

A 113 - 650
B 120 R 650
¢ T 650
b 139 650
TotAL 475 2600

‘Bone area = 18.3Qﬁ’
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¢’ Count made after turning grid through 180°

no™ POINTS ON RONZ TOTAL TOINTS COUNTE
A 137 650

B 104 . 650
c 126 . 650

D 0L - 650

TOTAL 471 2600

Bone area = 18.12°

d) Position of area counted\moved along 1ong axls of section

RO POINTS ON BONE - TOTAL POINTT GOUNTED
A 119 - -+ 650
B My 650
c . 124 : 650
Do 417 . 650
Torar,  4M 2600

. Bdne‘aréa_='18.12“
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e) Position of area counted moved along long axis of section

RO™  POINTS ON BONE TOTAL POINTS GOUNTED
A 113 | 650

B M7 N 650

C . 420 6%

D 113 650

TOTAL L63 2600

Bone area = 17.815

f) rosition of area counted moved along short axis of section

now TOINTS .ON BONZ TOTAL TOINTS COUNTED

- ~12h . 650
- 106 650
- 17 . 6%0

TOTAL . 347 1950

. Bone area = 18.0l"
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g) Tosition of area counted moved along long and

short axcs of section

RO”  POINTS ON nONZ  TOTAL POINT® COUNTED
~ 128 650

- 108 650

- 118 B 650

TOTAL 35 1950

Bone area ='18;15ﬂ

Calcﬁlation
| Yean bone area = 18,097

Standard deviation - + O.2Qib
Standard error = + 0,087
COefficient of variation = 1417
Theoretical standard error for a:figﬁre
of 18.09; derived from a sémplé of
2600 is + 0,76 |

conclusion

For section areas and émounts of bone such as this -
- the methaod is highly accuraté and replicable., 1In counts
‘a), b) and c) the figures for repeat counts on individual

rows vary'widely'but'the‘tqtals are similar.v This shows
that the sampling is adequate. ‘

In practice all cancellous bone to a depth of 2cm,
from the periosteum of the cbrtical‘bone cap was.

‘surveyed, This was in almost all cases a considerably -
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greater area than that surveyed here with a conseguent

increase in counts, and therefore accuracy.
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@, THs DuTSRGINATION O THS 4CCURACY AND REPRODUCIBILITY

OF MuaASURLSNTS OF BONL SURFACK AND ITS COWPONUNTS

USING THE SEIST SYRPIACE II.

4 theoretical standard error cannot be assigned
to measurements of the total surface of the bone, and

determination of the actual standard deviation and
error found is of importance. This is also important

for measuremente of formation and resorption surface,

as although a theoretical standard error may be
calculated the identification of formation and resorption
surfaces is to some extent subjective, and thus a source
of observer error is introduced. ,

Counts of the total surface area and of formation
and resorption surface were carried out five times on
a section area comprising 102 fields, The first three
counts were made with different random orientations of
the counting array in each case, and the other two
counts made with the section position altered slightly,
i.e., on dirferent fields, The results are shown in

Table 2.



Aa) Initial “ount:

ROV PO OF
FIWTDE
ColNTLw

- INTHRCEPTS

SITH

TOR AT ION

“URFAC.
(T)

LTIl

REIORPTION

SURKACH
(R)

TITH

INTRT

SURFAGH
(1)

TOBAL
INTIRCEP TS

(F+R+T)

Al 6
B 20
c 17
fo |
‘ E 1 13

|FE 12

| 7
11 s

| 18

12

26

12
2

6
‘21‘g7
2L

16

18
‘28
7
0
I”H'
.fl20

57
102
166

139 -

180

N

77
76
67

95
142
239
191
215
480
“107“ o
107

ol

TOTAL 102

159

1018

1368
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b) 2nd Count. Identical Fields, Altered array positions.,

ROW | NO OF INTERCEPTS TOTAL
FIELDS , INTERCEPTS
COUNTED | WITH WITH WITH .

FORMATION| RESORPTION | INERT
SURFACE | SURFACE: | SURFACE !
(F) (R). (1) (F+R+1)

A 6 20 19 55 ol

B 20 4L 39 97 142
C 17 2l 47 152 223
D | b 13 36 138 | 187
E | 13 25 14 165 204
F 12 7 " 27 158. | . 192
G 8 21 9 84 114
B 7 26 9 72 107
I 5 o 10 66 . 90
16l 199 98y LT

TOTAL 102
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c). 3rd Count. Identical Fields. Altered array positions,

[row | wo oF INTERCEPTS | TOTAL :
| FIELDS 4 INTERCEPTS
COUNTED | WITH WITH WITH
' FORWATION | RESORPTION | INERT
SURFACE | SURFACE SURFACE .
(B (R) (I) (F+R+ 1)
A 6 20 17 L9 86
B | 20 13 30 101 Ak
o | 17 | 23 46 155 22
D | b 12 38 R 191
E | 13 22 11 175 " 208
F 12 5 22 455 182
G 8 20 7 72 99
H 7 26 10 79 115
1 5 15 11 61 87
TOTAL 102 156 192 988 4336
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d) Lth Count. Area counted moved 0.5 mm, along long axis.

ROW | NO OF INTERCEPTS TOTAL
FIELDS INTERCEPTS
COUNTED | WITH WITH WITH -

FORMATION | RESORPTION | INERT
SURFACE SURFACE SURFACE '
(F) (R) (1) (F+R+I)
A 6 9 13 65 . 87 .
B 20 18 25 112 155
o 17 23 61 157 24
D 14 21 29 154 204
B 13 2l 13 134 168 °
Fol 12 9 19 167 195
e} 8 22 7 83 142
H 7 26 8 77 111
I 5 14 8 52 CTh
TOTAL 102 166 183 998 5347

.
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e) 5th Count. Area counted moved 0.5 mm, each along

long and short axes.

-

ROW | NO OF INTERCEPTS TOTAL
FIELDS ‘ ' - INTERCEPTS
COUNTED | WITH WITH WITH ~

FORMATION | RESORPTION | INERT -
SURFACE SURFACE SURFACE
(F) (R) (1) (F+R+I)
A 6 8 N 72 8l
B 20 36 L2 197 275
C 17 35 29 458 202
D 14 " 15 LA 114 170
E 13 20 20 130 170
F 12 19 2l 144 184
G 8 6 18 90 144
H 7 36 12 53 101
I 5 9 6 53 68
184 196, 1008 - 4388

TOTAL 102
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“uprface aresa

126

Total length surveyed in each count

=

Surface area = = -

3.8 x 2 x 102 mm,

2 x Total Intercepts
. Length counted

3 501 sq.mm/cu mm.
Standard deviation = + 0,054

Mean value

o | S |
a 3.529
b 3.475
c 3.447
a 3475
e .'3.581_v

- Formation surface

" |count | FoRMATION
1 o | surFAaCE

(as % of
total surface)

a .| 11.62

b | 1247

e | 11.68

a | 12,32

Coefficient of Variation 1.5%%
qtandard error = + 0.024 |
ean Value 12 2f ,

} tandard deviation + 0,66 -

Qoeffigient of.variatidn_g 5145

jStanaard érnor = i‘0;295g,‘

1orv2§‘of mean‘valuef

Theoretical standard error for a value of 12 21ﬂ from

a sample of 1357 =

+ o. 89 or T jg of mean value.



nesorption surface

COUNT | RECORPTION

QURFACY (as
7 of total
surface).

a2 | 13.96

Cc 1’4037

a .| 13.59

e

103,12

“ean value = 1u,16f

ﬂtanderd deviation = + 0,35

Coefficient of variation = 2 L7

‘“tendard error '+ 0,16

or 1.1ﬁ of mean value

Theoretical standard error.for a value of-1h'16” from

a sam@le of 1357 =

Discussion and Conclusion

+ 0, 95 or 6 7‘ of mean value g

rResults obtained with the .eiss eyepiece II are

sensitive to the orientation of the eyepiece. The .

agreement between the figuree for corresponding rowe

in the first three counte shows that the method of :

randomization of the orientation of the array is

adequate, and that the method is valid and aocurate.,

The reeulte ehow wide variation between one row,_

‘vlaand another and demonstrate that the bone ie not

, aniform in struoture and activity, the reeults from

.one small area (e.g., of biopsy size) may not be

_representative of the eection,as a,whole. In the



experiments in this study the wh§1e>area of the section
was sampled, a larger area being counted in most eases than
the present area, ‘

' The agreement of the totals from the various counts
shows that the method of:sampling is adequate.
| The results show that measurements of total surface
‘area are highly accurate ani replicable. The results of
formation and resorption su?fgce.éhbw a greater but still

acceptable variation.



3¢ THZ ACCURACY ANU RELIABILITY QF DANMONSTRATION OF

DOTEOID BY HAL L ATOXYLIN AND KOSIN STAINING IN

UNDIWCALCIFIZD SECTIONS,

1e Jsteoid was identified in unstained undecalcified
sections by ite translucent appearance and birefringence,
The sections were then stained with haematoxylin and
eosin, In all cases the pale staining tissue on the
trabecular surface was found to have the same limits

and thickness as the material identified as osteoid

in the unstained section.

e A series of undecalcified sections was bisected.
Jne half was stained by von Vossa's method and the other
with haematoxylin and eosin., On general examination,
the amounts of osteoid tissue were similar in both
preparations, both in length of surface covered, and

in length and thickness of individual seans., In one
case an osteoid seam on a trabecular surface was
bisected and the thickness was identical (7r~} in each
preparation,

Bis icroradiographs were prepared from 7Gr~thick
undecalcified sections which were subsequently stained
with haematoxylin anmd eosin, Comparison of the two
preparations showed that what was recognised as osteoid
in the stained section was ' umcalcified, while the
boundaries of the cslcified bone were identical in the

two preparations, This was confirmed by = series of

measurements of trabecular thickness at corresponding

points in the two preparations using a micrometer eyepiece.



The results are shown in Table 3.

The correspcndence‘befween the ﬁidthtof tissue
staining deeply in the stained section and therefore
presumed calcified and the width of calcified tissue
in the microradiograph will be noted.

Conclusion '

" The pale stalning material recognised as osteoid
in haematoxylin and eosin stained undecalcified
sections is not calcified.f The dark staining material
-'recognised as bone is calcified. The Junction between
L'the two corresponds to the junction of calcified and .
non- calcified tissue. This.method agrees,with other 5
techniques for the demonseraticn offospecid'and:is

reliable for use in its qﬁaﬁfitative demonstration, |



TABLE 3

Agreement of measurements in stained section and

corresponding microradiograph{ ,

STAINED SRCTION

MICRORADIOGRATH®

width of | idth of | Total vidth of calcified
presumed presumed | width of | €issue (bone) in M
‘lcaleified funcaleified | bone and : L
tissue - tissue - | osteoid
~{(i.e.,bone) (i.e., in M
Jin o pa osteoid) '
o in M - ,
. 85.8 “15,0 | . 100.8 85,8
| 780 20,0 | 98,0 78,0
12,8 19.5 w3 | 124,88
T 121.6. 13.5 |  135.4 121.6
230,0 30,0 | ' 260.0 230,0
3.5 19,0 |  432.5 113.5
-~ 185,0 20,0 |  fT2b5.o-r - 185,0 |
495.0° | 20,0 | 21500 | 90,00
130,0 20,0} - 450,0 |  430.0
50,0 10,0 | 60,0 5.0

1

5



he IO CUNCT TUAT CRITUNIA OF R OSMIITION OF TORGATION

ANMD RATORTTIOT TURFACHS DID UOT CHANG. THROUGHOUT TH'

PuRIOD OF T ORID GHTATION,

The recognition of surfacss of formation aho'
particularly resofption involves an eiement of
subjectivity, Occasional osteoid seams are very thin,
ﬁhile Howship's lacunae are recognlsed solely by the
“irregulorify of the.bone.sorface, which may be slight.
A5 a safeguard ﬁhat‘no gross sﬁbjective changc in the
criteria of recognltlon of these surfaccs occurred

during the period of experimentation, counts were‘;
repeated at varying 1ntervals on . random sectlons, or
parts of sectlons (not all:of uhich,were suitable for
.use‘iﬁ the main survey) ﬁiﬁhoﬁf refepcoce to the‘original
| -‘fesolts. The resuits.obtaioed‘afeesﬁown in'Tablesu; |

Conclusion

From tne table it is seen that changes OOScrved .
‘ ave slight and withln the 1imits of experimental error.
~ Thére is no evidence of any subjective change in‘”

irecognltlon of’ formation and resorption surfaces during

the perlod of. experlmentation.



Table L. Repeated counts after varying time intervals.

Intercepts with : Intercepts withn
Case No, Date of Formation | Resorption | Inert Total | Date of FPormation| Resorption{| Inert Total
1st Count Surface Surface | Surface 2nd Count Surface Surface Surface :
5591 Jan.1964 113 74 696 883 May 1964 120 78 ~ 678 876
' 12,803 8.385h 78.823 ' . 13. 704 8.905% 77.40% _
5360 Apr.196l, Not 28l Not 2743 | March Not 262 Not 2757
Counted 10.35%% Counted 1965 Counted 9.47% Counted
10738Q Apr.196L 75 70 1146 | 1291 | March - 69 1069 1202
5.815% 5.423 88. 774 1965 5.3% 5.7l 88.9l |-
10898 May 1964 73 Not Not 1687 lia 86 Not Not 1790
L., 81% Counted Counted 1965 L. 33% Counteq [ Counted
7020 Sept. 80 Not Not 1739 Nov. 83 Not Not 1742
1964 L.60% Tounted Counted Vo] 1964 u.6QZ Counted Counted
11342 Dec. - 162 198 1560 1920 Jan. : 15@ 190 1575 1921
1964 8.41gs 10.31% 81.255 1965, 8.125 9.8% 81.99
621.5 Oct 334 256 1 ao42 1629 March 319 249 4056 1672
T 1964 20,32% 15.72% 63.96% 1965 19.083 14. 895 6€6.07%% |
11255 | Jan.1965 50 25 209 284 | March . 51 25 193 269
17.61% 8.81% 73.58% 1965 - 18.95% 9.98% 71 .07

- Al pefcentage figures given are as percentages bf the totélAcounts in each instance.

3T
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5. THS VARIATION IN BYTR AREA AND TFORATION AND

L OORETIONY CURTACKE RETEEN PERIPHIRAL AND CRNTRAL

ARWAS OF STONGTIORA OF ITLIAC CREST,

General microscopical examination suggested that

with aging bone might be lost first from the dentral
'portion of the’ spongiosa, and that osteoid coverage
was greatest in the peripheral portion. :fhis was

_inveetigated by quantitative examination of the central

and peripheral areas of cancellous bone in eight \

"gindividuals aged 20 - 29,»and nine individuals aged
70 = 79. A division. of the bone into theee areas was l

-made by a 1ine” perallel to, and 3mm. from the superior

'] cortex, and lines running midway between the midline

e _of the section and the lateral and medial cortices.

- The bone enc losed by these three lines was adjudged to

_’be central, In practice reeults from individual fields '

. were already available, and in each horizontal row

between midline and lateral or medial cortex,‘the

:dividing line Was drawn so as to divide the number of

Sl fields equally into central and peripheral groups-‘

o If a row contained ‘an odd number of fields, ‘then the

'  greater number of* f1e1d° was included with the central
'1group. R ’ : \
a The results are tabulated in Table 5, and shown

.f.graphically in Pigure 20



paple 5{8)s MARIATION IN BONE AREA BETWEEN PERIPHERAL
AND CENTRAL AREAS OF ILIAC CREST CANCELLOUS BONE.

BON® AREA

CAS®  PERIPHRRAL = CENTRAL . DIFFERENCE

" e ()
10748 26,72 29,40 ~2,68
5590 30432 24,95 5.37
7160 22;_61j 22,34 "0,27'
107620 .zu,oj- 2{;76 2,27
61l 26.21. 20,97 5.2
10788 2247 - 18.82 3,35
ST 1835 15,00 = 3.35
5591 16.13 110 2,05
7396 | 21,68 18,63 - 3.05
 6145 o 17.35‘ - 16454 | 0.8
6087 13.75 1443 -0.38
5385 16468 RERT S
10898 - 10.30 11,42 1,42
5733 10,70 7,69 3,01
CoM0mMP 11,06 6. .62
6146 9,97 5459 L.38

"

10711 12,607 - 5,34 7.26
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wanlz 5(0).  VARIATION IN FIRCATION TURFACE BiTVRIN
PERIPHNRAL AMD CENTRAL AREAS OF ILIAC CREST CANCSTLLOUS BONT -

o e ow ey ey ey
LT N 7RO
, . RS NG IR Y ‘ . ANY LYy L R AR T :
‘.‘:.".h‘: ol '-a'u\ll) rJ KIS i) ¥¥) LA ‘HC f
S s - ) ey MY
N

cals (7)) RN IR g o) Do 3
{in ") - (in7) (in )
10748 S G5t  3.53 2,98
s5%0 0 - - -
160 S
10762 5,28 2,55 2,73
6114l 16,72 11,40 - 5,32
10787 12.7?“‘2 : }§;7i . 3,08
711 L.66 Lol  "6.22
5591 15,07 10.84 . . L.53
7596 57.63 - 5&.92 2
6145 | '15555‘f R 012
6037 36,63 - .06 12.57
5.07 1533 10434
398 5029 345 . 2.n
9.0 16,8y 2,20
10841 B.56 66 2410
6146 3.58 l ,4,{9 R T)
0 i 5;3gi;~'~ 466
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Table 5(c)., VARIATION IN RESORPTION SURFACE BETWEEN
PERIPHERAL AND CENTRAL AREAS OF ILIAC CREST CANGCELLOUS BONE

RESORPTION SURTACH

CASE PHRIPHIERAL CENTRAL

moNa  (P) TAE (G) ?%F§32§NCE
| (in % (in %). "(1in %)
10748 5etlt 6,40 1,26
5'5_90. ‘;. . .. , -
Mmeo - oL
107620 6.8L . 5.9 1235
61lL ‘10;28 . 8448 : 1.80
10788 8.52 6,65 1.87
ML 705 6.5 0,78
5591 9.95 . 6,71 32
7396 12,46 10,33 213
6145 - 3.9L o 3.8 0.76
6087 42,73 10097 1.76
5385 8 M0.210 1.0
© 10898 10,91 ._h_:"8;8or_ g .2.15 a
5733 20,75 15,60 . 5,45
10841 11.20 © 12,08 -0.88
Ces 739 s 3

10711 8.65 470 3,05
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‘A test of the significance of these differences wasa

carried out (Appendix 5).

1. Peripheral bone_area > Central bone area
u 24.Degrees of freedom.16 .

This 1s highly significant (p<o oo1»

2. Formation surface - Periphera1.>- sentral
t = u 35. begrees of freedom 14,
This is highly significant (Pp< O, 001)

. "3. ‘ Resorption surface - Peripheral> Central

ot = 3. 192 Degrees of freedom 1h |
:"’I‘his is significant (P < 0,01 > 0. 005)

jDiscussion

The results show that the peripheral area of

"',‘ cancellous bone 1is: significantly denser than the

"central core in the. combined group of young and old

adults. The graph indicates that the difference is not

| 7.greater in the elderly. Thus, although on macroscopicﬂ

‘«examination of a section, loss of bone is ‘more obvious -

“in the central portion of the cancellous bone, this is
":not because bone is preferentially'lost from this area,

'fr'jbut because there is 1ess bone in this area initially.

' The peripheral shell similarly shows a greater

- formation and resorption surface than the central area.

‘ This does. not necessarily mean higher bone formation

and resorption rates at the periphery, as- these depend

upon the linear. rate at which bone is formed at, or.

' '”removed from,-any‘given site as wellpas on the.extent

.9

13
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of bone formation or resorption, but it is very likely
that this 1s in fact the case.

These varliations in bone area and formation and
resorption surface are most important in the

interpretation of small diagnostic bone biopsiles which
may consist only of -the peripheral shell of

cancellous bone.



6., THE VARIATION IN BONE ARGA OF CANCRLLOUS BONE OF ILIAC

CREST WITH INCREASING DEPTH OF SAMPLE.

ot 1llac crest bilopsies are taken with a trephine,
introduced vertically through the crest, This .
investigation was'planned to study the variation'in»
amount of bone in such a core sample with increasingﬁ
depth of the specimen,

Counts were made of the amount of cancellous bone
present in four areas of ‘each iliac crest, correSponding
to the area sampled by a biopsy trephine, (Fisure‘Zi),
bivisions were made at 5mm, intervals and.the_aree‘
sampled was 6umm, in'width;‘ | ‘ :

The results are ehewn'in Table 6, |

. An analysis of-neriance‘showed signifieant;',a?if¢-f

differences between tne four areas of bone B Vi
(0.05> P >0,01). The mean figures show . a significant
fall from area A to B, ‘with a subsequent increase from
B to C to D. The individual figures show considerable
variations from one-area‘to-another. These. variations
and their magnitude should be borne in mind when fffi5

interpreting a biopsy sample.
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Figure 21. Diagram to show areas counted in Experiment 6,

, Cortical bone excluded
ffrom measurements.

Cortical bone




TABLE 6.

VARIATION OF BONE AR&SA WITH -INCREASING DEPTH FROM ILIAC CREST

ARTIA A

15.87

18.0%,

g%ﬁgER POINTS' TOTAL BONE POINTS Agg%Ag BONE POINTS Agg%Ag BONE POINTS gg%ﬁg BONE

ON BONE | COUNTED | ARBA ON BONE { COUNTHED | AREA ON BONE ] COUNTED | AREA ON BONE | COUNTED | AREA

(%) (%) ' . (%) (%)
71l ol 550 | 17.1 10l 750 | 13.9 87 750 | 11.6 145. 660 | 22.0
5590 101 450 22.4 176 750 23.5 188 750 25.1 111 392 28.3
614k 129 575 22,4 137 750 18.3 173 750 23.1 155 675 23.0
5733 49 575 8.5 57 750 7.6 8L, 750 | 1.2 87 750 | 11.6
6846 65 375 17.3 1.27 750 16.9 165 750 22,0 152 750 20,3
7160 109 55 | 19.8 | 149 750 | 19.9 155 750 | 20.7 160 70 | 21.3
5591 123 575 21,4 105 750 14.0 116 750 15.5 92 750 12.3
6145 118 575 | 20.5 95 750 | 12.7 107 750 .3 | 151 750 | 20.1
- | 6608 56 250 - | 22.4 123 750 | 16.4 157 750 20.9'_ 118 750 15.7

6087 7l 425 | 17.4 116 750 | 15.5 119 - | 750 | 15.9 | 103 550 | 18.7
MEAN 18.92%

19.3%



7. THE DETARSINATION OF THE VARTATION IN RASURED

PARATSTERS,

a) WITHIN AN I°DIVIDUAIL BLOCK

b)  ALONG THI ILIAC CREST

Counts were carried out to determine bone area, and

percentage of formation'and resorption surface a) on -
;multiple sections from individual blocks.

' b) From sections taken at varying intervals from each
other along the iliac crest. e | o

The results are shown in Tables 7 - 12

‘.“Jiscu531on

"ithin a block the mean variation of bone area

'5'obServed vias 2. (as 8 percentage of the mean figure for
o each block), that of formation surface 6 O 'y and that of
resorption surface 7o 9 (each of these also ekpressed asl
'a percentage of" the mean figure for each blbck) These

| figures are small, and expressed in absolute terms o

,:become very Small indeed It may be concluded that a o

single section is representative of the block (standard

L thickness 0. 75 cm.) from which it 15 taken.p

as would be expected greater varlations are seen '

 between blocks taken along the whole length of the

(:anterior iliac crest at. distances up to 7 cm. behind the ’

' anterlor superior iliac splne. The variation seen in .

bone area is 1ess than that ueen in formatlon and

138

resorption surfaces. Qn accasion guite.wide‘variationffffb

‘was seen in,these'parameters;falthoughuin.other cases no-vf‘

significant difference Was{seen._AGenerally the variation .



Tapiation of bone area in multiple

feble . sections from individual blocks,
CATZ NO, | "ONT AREA  |UWAN VALUT | PRRCTHTAGR VARIATION
o FROL A
11276 IO T 1.0
23,73 o 3,17
k47 W.E. D) 2448 0"
25,03 2,27
24493 .97
11576 cholily | 0,27
A 214,64 o e 2n;§8 3 0.5
: 259 | 0.5°
2l 27 R
6215 | 12,38 ) Cama
o 14,78 14430 B
11,96 N 6
154 07— , S5l
10779 18,25 18.52 145"
, T T memnl . |
18,79 1.5"
ﬁeen:vorlation L H“ "‘Q.Tﬂ'
' “tandard deviation L6

There is a 51gnificant (P <0, 05) difference between

a pair of observations 1inked thus :- ]~f”

N.S.D

observations.

= No significant difference in this group of

ford

()



Table 29,

Variation of formation surface in
multiple sections from individual blocks.

FORZATION

CASE NO. MEAN VALUS RCJNTAGE.VARIATION
“URFACT - - | FrROM NEAN
44276 19.01] 11,97
’ 2L 31 12,70
21,98 21,58 1.95
20,19 ‘ G
11576 10496 | 2.8%
11425 11.27 0027
H. 0 .DO . R )
10,77 ol
12,41 7.5
- 6215 1908 o 1168
17.49 17,09 | 2,33
15.96 - .. - 6467
15,81 o R A
10779 14450 43,76 | 5lis
enn variation = G.Oﬂ“
. Standard deviation - = 7.3

There is a significant (p <0, 05) difference between f

. a pair of observation;linked thus j-.] .

Nok' D ) :

'obserVations.

No significant difference in this group of :

K



Table 9. vdriation of fesofptioh-surfacecin
multiple sections from individual blocks., .

$41

CATE N0, | RESORPTION mghw;vﬁnds'lk PARCENTAGR VAQIATION
"RURFACH e e FROM MREAT. o

1276 10,72 . -K.M;ﬁ}f:;cfkfli ;:7?9?

| R A ] X

nos | el s
1337 |

16 |omowy | o | emm
o | e | e
EIRT R A ST L R

6215 k83 . | s
mon mesen) Camo 25;

fors | sos . | | 29’ s
1 S NeeuDd 83t R
855 || L 2

‘wean variation ‘ﬁf="7-3ﬁ;'~fi‘:”

“tanﬂard deviation = 10,35‘

'There is a significant (P <:<J 05) difference between 5’3‘”

a pair of observations llnked thus --'] ‘ }
HeT D = Vo significant difference in this group cf

observations.




Table 10. Variation of bone arca in sections from
~different nites along 1linc crest.

CARH & | DISTAMCE BOKS AREA ¥EAN | PERCENTAOE
BLOCY KO, | BEHIND . VALUE | VARIATION
| awrooup, | FRO! 11RAN

ILIAC CPIN®

(4n cm-)

10704 ~ 25.86- | 1 13.67

R 3,25 . |p2h.33 22,76 6.9

P Ll-.75, ‘ ?1.86 309

0 De5: 118,99 ‘ 16,6
10766 N 1.75 17.23 , TeF

0 2,57 - |15, 72 | 15:6’

- Pl 3.250 0 [{A7.24 18.62 | Toli

Q ’400 19,77 6023

SR | W |2 2.2

11275 B | 3,05 13,73 14 59 Bols;

e L hon 15.29 N. . D, B

1008'3' 245 4y 41,62 7.9

Right 3425 16170 | ; 7.7

ih.4L4 ] 143,96 1437

S 0 B
* - -

19008 ¥ | 2.

rert ® | 325 | 43,78 .., : 45

4e0 7] 11408 11.11 0.3
6.0 | 9,36 . 15,8’

| 10711 g | a0 u;‘.uag] 30,3
3,0 | 9.52

137

,107k8 ‘“~.ﬂ1.5”‘?; 2?.80] o 6427

"5j32 ?5 23,02

10738 15 |z ) | 13

?@2 ﬂég;zqa

13t | r6ls

fean variation 9,87

a. pair or obaerVations nked thus :- .

There 15 a significant &1 4:(3 ,05) diffjrence between',

.N;?;D ‘N signifieant difference in this group of
“observationa. e ; , B

- ftandard deviati&n | 12;mﬁ}

42



Table 14, Variation of formatioh'éurface in sections
from different sites along iliac crest,
CASE ¢ DISTANGE FORMATION | mman | prrezvtace
BLOCK NO. | BEHIND SURFACE VALUE ‘| VARIATION
ANT,SUD, L FROM MEAN
ILIAC CPINE
(in cm,) .
10701 s 2,5 9,56 - | . 13,85
R 3.25 . 7.851 -~ | 8.40 6.5
P L. 75 9. 78| o el
10766 N 1,75 8.21—= | 4.6
0 2.5 U7y S 19.2"
P 3,25 6400l - | 8461 25,07
Q L.,0 12,3440 . s 42,7
R | W75 R |
11275 B 3,25 505 | 5.37 5.9
. c b0~ 5,69 N.5.D, | T 5.5
141008 R 2.5 10,17y 8,76 16,45
Right S 3,25 7.35) N 1641%
11008 M | 2.5 Tay12 S 8uil | 04w
: ‘Left N 3.25 8,15 N.5.D D 0415
cpomas |20 fern L ) 185
Q 4.0 11435 -] 7 9.98 43470
. N 7.0 '8.1&4’ = 484U
40748 N 1.5 5,429 o 26010
P 3.0 8.L48] ERR 22, 5%
10738 8 | 1.5 |8, usl B R BN
- Q 3.75 L7502 | 20.33
| | Mean variation 15,19
“tandard deviation 18,35

' There 1s a significant (r & 0 05) difference betwaen

. a pair of observations linked thus,.~]:f*"

© NeS.D =

observations.

No. signifleant dlfference 1n this group of



Table_12.

Variation ofrésorption surface 1in sections
from differcent sites along iliac crest.

PIRCENTAGHE

CASE & DISTANCE - RESORPTION MEAN
TLOCY 110. | GEHIND AURFACE VALUE VARIATION
ANT, SUD, FROW LITAN .
LIAG OPINE 3
(in cm,)
10701 © 2.5 9.78 16,07
- R 3625 Tl 8.43 153
P 4,75 9413 ' 8.3% .-
0 505 ' 7. 67 900,:{7
10766 1 175 5e N 24,87
0 2.5 784 7.86 0,67
P 3425 6,91 12,4
Q 0 10.80 37.k0
R L,75 \ . Sl s
111275 B 3425 5.94 NeS.D. | 6.75 12,0
T c h.o 7.55 - 12,0
14008 R 2.5 9.84 9.88 Oulg'
Right § 3.25 9.92 N.S.D. . Ok
11008 1 245 9,21; 941 1 1.4
1.eft N 3,25 8,97 N. ,.n ‘ 14l
-0 6.0 )4-79 . 27.9;3
N 7.0 7.20 “Balp;
10748 W 145 5473 0,7
P 300 6&99 . ) 1.’-{'
10738 1.5 8.53 7,06 | 20,8 -
) 3675 - 5458 N, 9,0 | . 20,87
' .ﬁean‘variation‘ 11;jﬁ“N
tandard deviation 1‘5 I

There is a significant (P & 0, 05) difference between

a pair of observations linked’ thu° '~]

No \'.D =

observations.

No significant difference in this group of
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seen was greater with increasing distance between blocks.
No coneistent pattern of variation was seen in bone area.
In some caees'the‘density of the cancellous bone
decreased from before backwards, in other cases the
densest bone'was found in the posterior block, while in
others no pattern emerged. The extent of formation and
resorption snrfaee similarly showed no consistent pattern.
~of variation along the iliac crest. |
These results suggest that within the limits
‘examined, the site 1n iliac crest from which a block or
" ‘bilopsy is taken ie immaterial |
The’ mean variation seen in all three parameters is
greater than’ that eeen within an individual block. The
mean variation in bone area was 9. 8., in formation
‘surface 15 1?;'and in resorption surface 11.1% (as
percentages of the ‘mean figure) but these are again small
"in absolute terms, amounting, for example, to a variation {h
1‘of + 2” in a bone area of 20ﬁ. |
These variations are small in relation to those which
may be seen between individual sases (Tables 14, 22 and
25, Figures 22 30 and 33 ) even in the same age group. |
'Thus significant 1nformation may be derived from a single 7_‘
section, Which may be said to be representative in a -
general fashion of the 1ndividua1 from which it is |
taken, The results from a single Specimen should however :1.
be'interpreted with‘caution, particularly 1f the results e

are at the 1limit of the normal range for the age group.
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This should be borne in mind in the 1nterpretation s‘
of diagnostic bone biopsies.

Conclusion

Tmall vsriations in»bohe sfea,'dnd in perdéntaééiof o
formation and resorption: surface ‘are seen within an .
individual block, and larger variations between sites
along the 1iliac crest. The variations ‘seen are smaller ‘
than those which may be seen betwuen individual casos,

" but should be borne in mind in the interpretation of an i

- .. individual specimen (e.g., biopsy)
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RESULTES OF QUANTITATIVE STUDY
OF AGE CHANGES.



Table 13.

MEAN VAT.UES IN EACH DECADE

AGE (in years) 0-9 10+19 20-29 | 30-39 | 4O-49 | 50-59 | €0-69 70-79 | 80 +
BONE AREA (as % of section area) | 18.48 | 20.45 | 21.58 .75 1 19.16 | 18,12 | 16,73 | 14.01 14.38
SURFACE AREA/UBIT VOLUME :
OF TISSUE (in sqg,my/cu,mm) L.19 3.50 3,85 3.61 3, 70 3,43 3,20 2,63 2,72
SURFACE AREA/UNIT VOLUME OF . :
SOLID BONE (in sq,mm/cu.mm) 22,68 | 17.31 18.14 | 16.75 | 20.11 19,37 | 19.78 | 19.77 | 19. 22

PERCENTAGE OF _

‘ TOTAL SURFACE 14.23 14.70 { 11.06 | 13,80 9,30 8.31 11.83 | 14.42 | 12.11

FORMATION

SURFACE AREA/UNIT ,

VOLUME OF TISSUE. 0,60 0, 51 0.42 0,49 0.33 0.29 0.38 0.42 0.3%2

(in sq.mmy/cu, ) : .
SURFACE

SURFACE AREA/UNIT

VOLUME OF SOLID BONE| 3,29 2,61 "1.97 2,28 1.87 1.57 2.35 2,71 2,37

(in sq.mm/cu, mm)

PERCENTAGE OF A _

TOTAL SURFACE 19.76 | 12,38 8.43 | 12.02 9. 31 11.62 | 12. 71 10. 24 12.55
RESORFPTION

SURFACE AREA/UNIT

VOLUME OF TISSUR 0, 86 0.44 0.33 0.44 0.35 0.4G 0.40 0,27 0.3

(in sq.mm/cu.mm) : :
QURFACE <

SURFACE AREA/UNIT , :

VOLUKME OF SOLID BONRE 4.67 2.21 2,01 1. 89 2,20 2,52 2,03% 2,40

(in sq.mny cu, mm)

1.51
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AQGR CHANGES IN BONE AREA .

- All parameters studied show cossiﬁerable'
variation between cases, even‘in the?same age group.
The eignificance of‘an‘individual'result may‘be«limited,
and more ‘significance may be ascribed to mean- resnlts,
~and to the trend of inmividual results.
| Individual results from 93 normal persons aged

" from 3 months to 93 years are given 1n Table 1h, and

o, shown graphically in Pigure 22, Considerable biological

variation is evident from the graph of individual
'results, where a wide scatter of values is seen, at all
‘:,ages, the extent .of variation being broadly similar at
”all ages, N | ‘ " ‘” .
» Both mean figures and trend of individual results
“_jehow that bone area rises from childhood to adulthood

" the cancellous ‘bone. becoming stouter and denser. ‘The -

n T;?yhighest inaividual value found is 30 Ojf in a‘16 year

. ola girl and the lowest figure 8 25% in a 72 year old

'f"'man.f After reaching a maximum in early adult life the .

' *amount of bone lalls wifh age. The mean value for the

’L‘uth decade 1s 21, 73%, and that for the Bth decade is 14. 01N.

a\v;'Thus over uO years, nearly “HO% of the bone originally

-present has’ been 1ost. No further loss of bone appears
,to occur after the age of 80 years. It has been

: ‘suggested that there may be a limit to the amount of ‘



Figure 22, Bone area. Individual results plotted

agalnst age.
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Table 14(a)

BONE AREA, INDIVIDUAL RESULTS. AGUES O - 29

CASE AGE SEX | BONE AREA CASE BONT ARFA AGE BONE AKZA
NO, (in yrs){ < .. | (in g) NO. (in yrs) (in %) (in yrs) (ing%)
5916 8 M 18.14 5391 21.7% 27 27,88
7156 2 M 13,82 10969 16,74 21 23,98
6607 5 M 20, 6l 7162 18,79 23 16,28
7018 41mos M 20.02 6782 11y, 89 25 22,5%
6102 7 M 22, 63 MEAN 18,03 25 20,98
MEAN 19,05 10794 F 19,80 22,13
7157 1 F 14 .68 11263 F 15.77 22 F 16.79
11922 |  3mos F 17.87 11731 F 30.03 29 F 26.19
5862 1 F 20. 00 11576 F 20, Lyl 23 F 23.05
NEAN 17.52 11719 F 21.83 24 F 16.58
MEAN 22,37 28 F 22,50
21,02
“BAN FOR DECADE MEAN FOR DECADE 20.45 AN FOR DuCAUE 21,58




Table 14{b) BON AREA, INDIVIDUAL RESULTS. AGES 30 - 59
CASE AGE SEX |BONi AREA CASE AGE SEX |BONE AREA CASE AGE SEX |BONZ AREA
NO. (in yrs) (in <) . NO.- (in yrs) (in %) NO. (in yrs) ing)
6846 30 M 19.80 5732 Lo M 25,23% 6012 50 M i6. 57
5359 33 M 1 9.43 6278 u7 M 20,02 6150 59 M 11,86
10701 30 M 22,76 6152 149 M 17,70 12022 59 M 20, 9%
11117 35 1 21.77 6148 L4 M 25,35 56 7L 5l M 16.98
111410 35 M 21,69 MEAN 22,09 - 10738 56 M 14,58
6011 31 M 17.45 10766 L5 F 18,33 MEAN 16.18
6009 | 36 u | 2u.56 73| Lo Fo| 10.0 5592 | sy Fo| 2.3
EAN 21,07 10980 L F 22,52 10970 5Ly F 19.06
6608 39 F 2,35 11266 19 F 16, 61 1132 52 F 16.52
12080 | 37 F 21,29 11091 L3 F 16,58 1190L 59 F 24.20
11387 36 F 2L, 20 MEAN 16,82 12021 55 F 22,31
MEAN 2%,28 MEAN 20,06
MEAN FOR DECADE 21.73 MEAN FOR DECADE 19,16 MEAN FOR DECADE 18,12




Table 14(c) BONE AREA. INDIVIDUAL RESULTS. AGES 60+
CASE AGE SEX | BONE AREA CASE AGE SEX | BONE AREA CASE AGE SEX |BONE ARuKA
NO. (in yrs) (in %) NO. (in yprs) (in &) NO. (in yrs) (in %)
11118 66 M 19,10 5733 73 M 9.33 5675 82 M 17.43
11978 62 M 21,37 6145 79 M 16,99 11461 83 M 12,78
6101 62 M 19,46 6087 71 M 13,91 MEAN 15,11
12027 67 M 2L, 21 6146, 72 M 8.25 11008 93 R 12,79
5360 65 M 16. 29 10711 7 M 14,14 11109 89 F 17.68
10779 61 M 18.57 5385 79 14,92 11503 89 F. 12,29
MEAN 19.82 7396 76 M 20,42 1126l 87 F 9. 89
5884 63 F 18,60 MEAN 13,56, 11275 82 F 14, 51
6215 65 F 14.30 10898 78 F 10,77 11977 8L F 14, 33
6785 65 F 14,27 108441 79 F 9.41 11293 | 81 Pl 17.68
6147 69 F 1&.97‘ 11102 70 F- 11,04 MEAN 14,17
11061 60 F 16,92 11276 | 72 F 22,88
11088 63 ¥ 10,67 11313, 72 F 10,99
11150 6l F 16,88 6013 7l F 22,68
14923 6L F 8.7 6149 70 F 13.50
EAN 14.42 MEAN 14,47
MEAN FOR DECADE 16,73 ~ MEAN FOR DECADE 1L4.O1

EEAN [FOR DWCADE 14,38




bone substance that can be lost from any site, and the
results support this contention,

Examination of the individual figures shows that
the va}ues for the two séxes are‘intefmingled. They
appear similar in overall'pattern; in size of
individual values, in the extent of scatter, in the
extent of bone loss'wiﬁh‘age, and in regard to the age
at which the loss ofibone ﬁégins. ‘Thereis‘ﬁb evidence

of any clear sex difference at any age{

‘This conclusion ia reinforced byréomparison‘ofA
the mean values for ‘adult males aﬁdgfemales by the

"t" test (Table 15).
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Table 15, TESTS OF SIGNIFICANCE OF DIFFERENCES BETWEEN

MEAN BONE ARFA IN ADULT MALEZS AND FEMALES.

a) INDIVIDUAL DECADES (2tudents "t" test employed)
DEGADE  BONE AREA  t . D3IGREES = SIGNIFICANCE
'OF FREEDOM T

20-29 M>F 0,395 8 . N.S.D.
30-39 F>H  1.462 8 'N.S.D.
4O-43  M>F  4.8%6 7. N.OD.
50-59 F>U 242 8- p<0.40>0,05
6069 M>F 3.3t 12 P<0.01
70-79 . FP>u 0.33 12 . N,
80+ Insufficient male values for analysis._

 b) OVERALL NEANGf

( ' To avoid bias due to’the.relative preponderanve
of young males and elderly females. in this study, the
overall mean figures used are derived from the decade means: -

ADULT MALES ~ ADULT FEMALES

‘Overall mean bone area A .18§5Z%1 . B \17.755
. No, of cases . . ",N_ 36 . ho |
Variance of mean SR 'HO 6056 o 0.7875

To determine significance of difference between means
the following formula is used-

d = Difference: between means . L
8.D. of difference between means ',_*»f

= Difference between mesns - .
Juum of variances of the “two means'

J1 393 o 1 18 R -

This is not significant i e., there is no

' significant difference between the meansnyf
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The mean bone area in males is significantly higher
than that in females in only one age group (60 - 69).
In the preceding decade the mean value in females is

higher but only at a 10% level of significance than |
that in males, In no. other decade is there any

significant difference between male and female mean
"values, nor do the means of all male and female results
differ signifioantly from each other, It is probable
that the differences seen in the 50 - 59 and 60 - 69
age groups'represent sampling variations rather than

. any true sex differencet "

As no significant difference can be seen between
the values for males and females, results from both |
sexes: have been combined to obtain mean values for
each decade (Tables 13 and 14 and Figure 23). _

"It is well known that loss of bone is marked in
old age. My results eonfirm this, but also suggest

rthat the process of bone loss starts earlier than is
generally recognised, - In the graph of individual A
results (Figure 22) the bulk of high values are seen
between the ages of 20 and Lo, This graph:forms a band,
'parabolio in shape, and. fairly uniform in width.~ The

shape of the graph suggests a plateau between the ages
of 20 and 40 with a subsequent fall.4

‘ Mean values oonfirm this., The mean values for the
3rd and 4th decades are virtually identieal (21 58% ‘and

21, 73§ respectively). The mean value then falls to 19.16%
in the 5th deoade.' The trend of individual results shows



Figurec 23,
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Jean bone area for each decade, ''he

bars represent 1 and 2 standard errors respectively.
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that this £all affects both sexes.

If polynomial regression lines of successively higher
orderé, (Fisher 41950, Smith 1954) are fitted to the graph
of meén values (Figure 24), a quadratic polynomial
regressionAiineyproduces a significantly better fit than
a linear rggrgégion line, while a further significant
improvémeqf'of'fituis obtained with a cubic polynomial
regressioﬁliihe}~%The,peék of such a cubic polynomial

'fééression’dqéﬁrs,in'the 20 - 29 age group. |
A1l thésé'éipreséioqs strongly suggest that although
-:bone loés is ﬁbsf‘apparent in 0ld age, the process atarts
'vmuch earlier, possibly from the age of 30,
- The significance of the differences between the mean
values 1n different decades was evaluated by the "t” test
| (Table 16) the mean Tigure’ for each decade being compared
B ~with that for the decades 20 - 29 and 30 -~ 39 combined. |
" ‘,,..Table 16. rgh TESTS QF SIGNIFICANCE OF DIFFERENCES

" BETVEEN MEAN-. BONE ARLJA m VARIOUS AGE GROUPS,

' AGE GROUPS TESTED ~ -t ~  DEGRESS SIGNIF ICANCE

N o OF FREEDOM  (P)
20-395L0-49° . 1.635 . 27 <0.10>0,05
| 20:39>50-59 2.8 28 <001
20-39> 0-9 . 237 2% . <0.02
.'20-39>1o-19f‘1f a0 27 - N.5.D.

80 + >g7o-79’f'.._f-~,0.2o' - 19 . ",“N\.S.D.

.58
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~Figure 2L, Polynomial regression lines ritting mean

bone area figures,
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It will be seen that the loss of bone in the 4O - 49
group is significant at a level of 107 while in the

50 - 59 group the loss is highly significant (P<<0.01).
There 1s no significant difference between the mean values
of the 70 - 79 and over 80 groups.

The rise in mean values between children aged
0 - 9 and adults aged 20 -~ 39 is significant (P<<0,02),
There is no significant difference between the 10 - 19
and 20 - 39 mean values,

On inspection of the individual results there 1is no
evidence at any age of two populations -~ one normal and
one showing a greater loss of bone substance, There is
a wide scatter of results, but at all ages they appear
to be evenly spread.

This is confirmed by a histogram of individual
results (Figure 25)1each result: being expressed as a
percentage of the meah‘valﬁe for the corresponding
,A'decade. This avoids the possible masking of any group

- of young individuals wiﬁh lower than normal bone area by
normal elderly individuals showing the same absolute
bone area, Thé distribution of results approximates to
a normal distribution and there is no evidenée whatsoeyer
of a dual populatibn.
| NORIAL RANGZ OF RESULTS.

Tt has been noted that individual results form a
band of parabolic shape, and of fairly uniform width,

There 1is little tendency for the spread of results to
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bone area,
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80 + ,  1&.38‘ 6.5 - 22,31

Lo

. j.‘

increase with age, It is therefore possible to daléﬁlaté¢

a standard deviation forthe series as a Wholé, thé‘~»“ |

deviation of each result from the mean forfhe‘decade,i"?':

being emplbyed»inzthe‘calculation. A nbrmal'range‘at_‘A ‘

‘any age may‘then bé established from thevmean figure for:'

the decade 1'2‘S;b;,\énd-this is shown in Table}174andll'

Figure 26, C ‘j - | -

 Table 17.  NORMAL RANGE OF BONE AREA, CALCULATION oFg'

 STANDARD DEVIATION FOR SERIES 8S A FHOLE. .

Sum Sﬁlsquares._ = 1447.7 ;: 
 Number of observations = 92 = n
Vériance. = - Sum of squares
o n-1 o
= AT = 15.735
Standard‘déviafiéh = qﬁﬁﬁﬁlﬁiﬁ?-

DECADE (yrs) MEAN BONE ARR\ (in %) NORMAL;RANGE!:,
, ¢ o - (MBAN & 2 5.D.)in @
0-9 ) ©18.48 . ! 10.55‘; 26.&1,/,,

10 - 19 © 20,45 1252 - 28,38
20 -29 21,58 | 43.65 - 29.51
30 -39 . 24,73 13.80 - 29,66
50 - 49 1946  11.23 - 27.09 |
50-5 4842 1049-26.05
60 -69 46,73 - 8,80 - 24.66
0-79 4401 . 6,08 - 21,94

62






Such a range would be expected to embrace approximately
9677 of normals, and all but two of the results in this

survey fall within it, Such a fange may be used in the
| interpretation of diagnostic b10psv material, although

as already noted, single biopsies should be interpreted
with caution.

BONE ARFA IN BIOPSY SITE.

This was measured in 54 cases.‘ Tne specimens
contained both dense cortical and'ponousfcancellous
bone, and the redative proportions of ‘the two varied
considerably. . Individual results are plotted in
. Figure 27, and shown in Table 18 '

The 1ndividua1 values are, of* course, somewhat
‘higher than‘the.corresponding values for cancellous

bone alone but to a variable'@egree...Considerable '

 _variation is seen between’one case and another; but it

is of interest and importance that the overall pattern
is eseentially similar to that of cancellous bone alone.
A fall in amount of bone with age is seen. " There is ho
obvious difference between males and females, and there
'is again no evidence of two populations. The highest

B mean values were. seen in the 20 - 29 and 30 - 39 age
groups., No statistical evaluation was attempted because
-of the small number of samples, and because the area

- counted cannot be considered a unixorm sample.‘ A measure

of the total amounts of cortical and cancellous bone tissue?ff'. ‘

in a complete cross section of a bone, such as a vertebra
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Figure 27, Individual results of bone area in iliaé

crest blopsy site against age.
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Table 13(a) BONL ARBA I SIOPCY OITH
AQY, GROUPS 40 = 59
CASDE MO, ACR amxX | NONT ARFA
(in years) (in %)
10790 17 F 31.6
;"5;% 2| 5| 8y
| &ny 21 no | 2h.6
| 5591 - 23 i 20,4
10748 29 P 29.1
10788 25 i 2l 7
10762 23 B 3h.4
11155 25 14 27.7
10820 21 F 33.2
6846 30 1 28,4
5353 33 1 25.4
10701 30 M 29,4
19117 35 it 8.7
144440 35 e 2516
1 5732 Lo M 28,3
10766 15 b - 21,9
6152 Lo M 23,6
6148 L1 i 27.9
410980 L4 F 2541
11256 49 F 18.0
41091 L3 b0y 20,2
| 561 5l ‘M 21.8
10738 56 g 2h443
10970 54 r 24.9
6012 50 # 3244

§6



Table 18(b)

BONL ART IN BIOPeY ©ITH.

ACT GROUTS 60 +

BONI AREA

CATE YO, ACE - OEX

(in years) (in%):
‘5360 . 65 M 32,6
5884 63 F - 29,7
6215 65 F 17.0
6785 - 65 T 16,0
6147 69 F 29,l
10779 61 151 20,6
11061 60 I 27.3
11088 63 P 22,0
11154 6 P 18,0
11118 6 M| 28.
5733 13 M Toht
6145 - 79 o 17.3
6087 74 M 17.2
6146 12 - Y 13.3
10741 4 M 22,5
10898 78 P 13.2
“1108U1 79 F 1341
5385 79 M 19.3

7396 72 . 24,9
11102 - 70 . F 45,2
11276 72. Pl 21,2
113313 72 R 173
11008 93 CFool - 18,6
11109 89 - B 16.7
11503 89 - F 12,2
11264 87 F | 140

)

67



or rib, will have validity, but such a measurement is
clearly impossible in the iliac crest where the position
of the inferior margin of the specimen is always '
arbitrary, It seems most unwise to draw too definite a
conclusisn from a émall biopSy containing wvariable
préportibns of dense cqrtical and porous cancellous

bone,

1686



Figure 28,
Individurl and

fuprface area per unit volume of tissue.

mean values plotted against a2,
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SURFACE AREA

1. ANCOLUTE SURFACE AREA — SURFACE AREA PER UNIT VOLUYE
OF _TISSUE. | |
Individual and mean values are éhcwn in Tables 19
and 13 and Figure 28, Highest individual valués are
seen in childhood, the highest individual value being
6.02 sq,mm, of surfacq/cu.mm. of tissue, The scatter of
results 1s also gfeatest in childhood., The surface area
falls with age. ‘Thé fall with age does not exactly
parallel that of bone area; the graphs sﬁggest that the
fall in éurface area may start from infancy, but any
chaﬁges in youth are small, and no significant decrease
in surface area is sean before the 5th decade. The total
extent of the fall with age 1s considerable, the mean
i surface ares decfcasing by 39, between fhe 1st and 8th
décades, and 31% between the 4th and 8th decades, compared
with a 407 mean loss of bone afea duriﬁg the same period.
No shgnificant’difference in surface area between
. the two sexes is seen at any age, and;no evidence of two

- populations 1s apparent,



Table 19(a)

SURFACE AR®A/UNIT VOLUUE

OF TISSUE. INDIVIDUAL RESULTS., AGES O - 29

MEAN FOR DECADE 3,50

CASE. | AGE SEX | SURFACE AREA CASE AGE SEX | SURFACE AREA CASE AGE SEX | SURFACE ARWA
.|No. (in yrs) (in sgq.mn/cu.mmn)| NO. (in yrs) (in sq.ma/cu.mm) | NO. (in yrs) (in sq.mmy’cu.mn)}

5916 8 M L.k 5391 17 M 4,03 5590 27 M L, 2
7156 2 M 3,01 10969 12 Mo 3.0l 6141 21 M .47
6607 5 M .38 7162 14 M .05 5591 23 M 3,12
7018 | 11mos M 6.02 6782 13 M 2.43 11155 25 M 3:60
6102 7 M 4.08 MEAN 3,39 10788 25 M 3, 07
MEAN L.33 1079 17 F 3.l MEAN 3.69 "
7157 1 F 2,64 11263 14 F 3,03 7114 22 F 3.18
11922 | 3mos F 5.12 11731 16 F 3.97 10748 29 F 4.82
5862 | 1 F L.16 11576 19 F 3.81 10762 23 F b.12
MEAN 3.97 11719 16 F 3. 74 10820 21 F .3.78
MEAN 3,59 7160 28 F h,17

MEAN 4.01

IZAN FOR DECADE 4.19 MEAN FOR DECADE 3, 85




Table 19(Db) SURFACE AREA/UNIT VOLUME OF TISSUE. I[NDIVIDUAL RESULTS. AG3SS 30 - 59

< e

I%éqE ( i!r:G?lrs) Rk ?gﬁFggEmﬁ}}Eﬁmm) I?T%SE ( iﬁG?rrs) S ??ﬁFggEmr?l}m;ﬁ mm) S%SE ( iﬁm;rs) - ?ﬂpég%mf}l} fﬁ mm){
6846 | 30 M Iy 06 5732 | Lo M .65 601 2 50 M 3.2l
5359 | 33 M 3. 50 6278 | 47 M 3.51 6150 | 59 i 3,01

10701 30 M 3.52 6152 L9 M h;1u 12022 59 M 3.37

11117 35 M 3.77 6148 44 M 3,50 5674 5l M 3.33

11110 35 M 3.48 MEAN t 3.95 10738 | 56 M 2,80
6011 31, M 3.4 10766 45 F 3.45 MEAN 3.5
6009 36 M 3.83 7373 40 F 2,67 5592 54 F 3.52
MEAN 3,66 10980 11 F L. 06 10970 5l F 3, 54
6608 39 2,89 11256 | 49 | F 3.75 11342 52 P 5.80

12080 37 4,07 11091 L3 F 3,57 11904 59 F 3.7l

11387 36 F 3.52 MEAN 3.50 12024 55 F 3.99
MEAN 3.49 MEAN 3.72

MEAN FOR DECADE 3,61 MIAN FOR DECADE 3,70 MEAN FOR DECADE 3.3




Table 19(c)

SURFACE AREA/UNIT VOLUME OF TISSUE, INDIVIDUAL RESULTS. AGES 60+

O N e o P e Ll e e e
11118 66 M 3.7 5733 73 M 2,27 5675 82 M 2.98
11978 62 M 3.75 6145| 79 M 2,73 11461 83 M 2,96
6101 62 M 3.33 6087 71 M 2,71 - MEAN 2,97
12027 67 3.35 6146 72 M 2,08 11008 93 F 2.2
5360 65 3,37 10711 7 M 1.94 11109 89 B 2, 82
10779 } 61 M 3.59 " 5385 | 79 M 3,22 11503 . 89 F 2,67
MEAN 3.52 7396 76 M 3.46 14 264 87 F 2.15
5881 63 F 2.83 MEAN 2,63 11275 82 F 2,59
6215 65 B 3.18 10898 78 F 2,16 11977 8L F 2,91
6785 | 65 F 3,43 108l 79 F 2,02 11293 81 F 2,98
61047 69 F 2,9 11102 70 F 2,41 MEAN 2,65
11061 60 F 3,86 11276 72 F 3,19
11088 63 F " 2,53 11313 72 F 2,71
11454 6l F 3.22 6013 I F 3.30
11923 6l F 2,03 6149 70 F 2,52
LA 2,97 WE 2,62
MEAN FOR DECADE 3,20 MEAN FOR DECADE 2,63 MEAN FOR DECADE

2,72
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2, RELATIVE SURFACE AREA - SURFACE AREA PER UNIT

VOLUME OF SOLID BONE.

In cancellous bone a low surface area may be due to
little bone being present (i.e., a low bone area) ot to
the bone present being arranged in large masses, o
presenting a relatively small surface; similarly.a high
surface area may be due. to much bone being present, or.
due to the bone present having a fine structure so that
1t presents a relatively large surface,

. These alternatives may be distihguished if the

surface area‘is related to the amount of bone present
and'expreseed as surface area per unit volume of solid
bone. Results exXpressed in this fashion are shown in’
Table 20 and Figure 29, Again a considerable scatter of
1ndividua1 results is seen, the highest individual
results being 30,01 sq.mm,/cu.mm. solid bone and the lowest :
being 11.86 sq.mmn/ou.mm;vsolid bone. No prog;eseiye}riee
or fall with age can be seen, but instead three fairly
d;stinct groups may be discerned - respeotively;the 0 - 9;~‘
10 - 39 and over LO groope;- The value for the first
group is 22,68 eq.mmu/cu.mm. ; in the second group means
for each decade vary from just under 47 to just over |
18 sq.mm./cu.mm. : the overall mean being 17.33 sq.mm./cu,mm, ,
while in the third group the means for the various decades
- 1lie betﬁeeﬁ 49 and just above 20 eq.mmm/cu,mm. with an
overall mean of 19.67 sq.mml/cu.mm.

The differences between these groups are highly

eignifieant.



Pigure 29. Surface area per unit volume of solid

bone,

SURFACE AREA PER UNIT VOLUME OF SOLID BONE (in sq.mm. /cu. mm. )
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Table 20(a) SURFACT AREA/UNIT VOLUKE OF SOLID BONE. INDIVIDUAL RESULTS. AGES O — 29
CASE AGE SEX | SURFACE AREA CASE AGE SEX | SURFACE AREA CASE | AGE SEX | SURFACE AREA
NO. (in yrs) | "7 | (in sq.mmycu.mm) | NO. (in yrs) (in sq.,mn/cu.mm) | NO. (in yrs) (in sq.mny'cu.mm)
5916 8 M 22.84 5391 | 17 M 18.53 5590 27 M 15.10
7156 2 M 21.78 10969 12 M 18.17 614l 21 M 18,64
6607 5 M 21,21 7162 | 1y M - 21.56 5591 23 M 20.42
7018 | 14mos, | M 30, 01 6782 13 M 16.37 11155 | 25 M 15.98
6102 7 M . 18,22 MEAN 18.66 10788 25 | wm 14,64
MEAN 22,81 1079 17 F 17.20 MEAN f 16.96
7157 1 F 18,00 11263 11 P 19.26 7114 22 F. 18.94
11922 | 3mos, | B 28.63 11731 16 F 11.93 10748 29 F 18.149
5862 1 F 20.78 11576 19 F 15.60 10762 23 F 17.87
MEAN 22,147 11719 | 16 P 17,44 10820 21 P 22,80
MEAN 16,23 7160 28 P 18,52
MEAN 19.32
MEAN FOR DECADE 22,68 MEAN FOR DECADE 17.31 MEAN FOR DECADE 18.1l4




Table 20(b)

SURFACE AREA/UNIT VOLUME OF SOLID BONE.

INDIVIDUAL RESULTS.

AGES 30 - B9

CASE AGE SEX | SURFACE AREA CASE AGE SEX | SURFACE AREA CASE AGE SZX | SURFACE ARZA
NO. (in yrs) (in.sq.mm/cu.mm) | NO. ; (in yrs) |- (in sq.mm/cu,mm) | NO. (in yrs) (in sq.mm/cu.mm)
6846 30 M 20,52 5732 L0 M 18.44 6012 50 M 19.5%
5359 33 M 18. 01 6278 47 M 1751 6150 59 M 25,38
10701 30 M 15.57 6152 | L9 i - 23,37 12022 59 M 16.08
11117 35 M 17.22 6148 1A M 13,81 567U 54 M 19. 61
11410 35 M 16,03 MEAN 18,28 10738 56 1 ™ 19,3%
6011 31 M 19.70 10766 | L5 F 19,13 MEAN 19.99
6009 36 M 15.59 1373 40 3 26.59 5592 54 F 16.53
MEAN 17.52 10980 L1 F 18,03 10970 51 F 18.55
6608 | 39 ¥ 11.86. 11256 | 19 Pl 22,57 11352 | 52 P 23,11
12080 37 F 18, 51 11091 43 F 21.55 11904 59 F, 17.66
11387 36 F T MEAN 21.57 12021 55 F 17.88
MEAN 14.97 MEAN 18.75
MEAN FOR DEGADE 16,75 MEAN FOR DECADE 20,11  MEAN FOR DECADE 19,37




MEAN FOR DECADE 19,78

MEAN FOR DECADE

19.77

Table 20(c) SURFACE AREA/UNIT VOLUME OF SOLID BONE. INDIVIDUAL RESULTS. AGES 60+
CASE AGE SEX | SURFACE ARZA CASE AGE SEX | SURFACE AREA CASE AGE SEX | SURFACE ARTA
| %o. (in yrs) (in ;q.mx;/cu.mm) MO. (in yrs) (in sq.mn/cu,mn) | NO. (in yrs) (in sq.maycu,mm)

11118 66 M 19.57 5733 ‘73 i 2y, 31 5675 82 M . 17.09

11978 62 M 17,54 6145 79 . M 16,04 11464 83 M 23.14
6101 62 M 17.09 6087 71 M 19.48 MEAN 20,12

12027 67 M 1%.85 6146 72 M 25, 22 11008 93 F 18, 86
5360 65 M 20,7 10711 7 M 17.70 11109 89 F 15.95

10779 61 M 20, 32 5385 79 M 21, 61 311503 89 T © 21,47
vEAN 18.18 7396| 76, | m 16,90 11264 | 87 | ® 21,7
5881 63 F 15,21 MEAN 20.19 11275 82 F 17.89
6215 65 F 22,21 10898 | 78 2 20. 01 11977 ol F 20,29
6785 | . 65 F 21.93 10844 79. F 21.55 141293 81 F 16.87
6147 69> F 19,64 11102 70 F 22,07 MEAN 18,94

11064 60 F 22,79 11276 72 F 13,95

11088 | 63 F 23,69 1313 | 72 P 2,67

11154 6l F 19.05 - 6013 7h ﬁ, 14,55

11923 | ey F 23,33 6149 70 P 18,66

[EAN 20,98 MEAN 19.35

MBEAN FOR DECADE 19,22




Table 21. "t TESTS OF DIFFERENCES BETUEEN MEANS OF

SURFACE AREA/UNIT VOLUME OF SOLID BONE

AGE GROUPS DIFFER; NCE t BEGREES OF SIGNIFICANCE
COMPARED . - BETWEBN MEANS FREEDOM (p)
0 - 9>10 - 39 5 35 4.03 35 - <0,001

0 - 9Lor - 3,01 2.1 62 <0.0250,01

Lo+ 310 -39, 2,34 3,37 83 <o, 001

There are no significant differences within the
' 10 - 39° and over uo age ‘groups,

‘ The meaning of these ﬂifrerences is discussed later.
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FORMATION SURFACE

Individual values of extent of bone surface involved in

bone formation are shown in Table 22, and Figure 30, mean
values being shown in Table 413. It is apparent from these
that, at all ages, a relatively high proportion of the bone
surface is occupied by sites of bone formation, a higher
proportion than is obvious in a conventional decalcified
section. The mean of all values 1s 13. uﬁﬁ.

Considerable variation is seen‘between 1ndividua1 cases,
even in the same age group, the extent of variation being
greater than that seen in bone area;’ ﬁevertheless, certain
trends are apparent, Highest individual results, and
- greatest scatter of results are seen in the young and elderly;
lower individual results are seen between the ages of 4O and 60,

Study of individual figures reveals no obvious |
differences between sesuits for msles ano~females at‘any
age., The overall mean figures for males and females do
not differ significantly from each’ other. Therefore, mean
figures for each decade were calculated from the combined
results of each sex. | |

The mean figures reflect the ‘trend of individual
results, In childhood a mean figure approaohing 15% of

the trabecular surface is occunied by bone formation. .
A-lower figure ie seen~once adult life is reached, and

the mean Tigure falls to about 8% in the sixth decade.

The mean value then risee again to almost 13% between

the ages of 70 and 9. .



I'igure 30, Formation surface. Individual results

plotted against age,
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Table 22(a) FORMATION SURFACE. INDIVIDUAL RESULTS. AGES O - 29,
CASE AGE SEX | FORMATION CASE AGE SEX | FORMATION CASE AGE SEX | FORVATION
NO. {in yrs) SURFACE NO. (in yrs) SURFACE NO. (in yrs) SURFACE
(in %) (in %) (in %)
5916 8 M 3.60 5391 17 M 12,28 5590 27 M 11.43
. 7156 2 M 18.61 10969 12 M 1%.29 6144 21 M 14,59
6607 5 M 13.53 7162 14 M 19.13 5591 | - 23 M 13.22
7018 | 11mos M 18,25 6782 13 M 12,63 11155 / 25 M 19, 84
6102 7 M 16,05 MEAN 13,83 10788| 25 M 11,66
MEAN 14,01 10794 17 F 11.10 . MEAN 14.45
7157 1 16.10 11263 11 F 27.87 7114 22 F 6.69
11922 3mos 19, 81 11731 16_ F 14,72 10748] 29 F 6.92
5862 1 F 7.92 11576 19 F 10. 96 10762 | 23 F 3.97
MEAN 14,61 1ol 16 F 12,72 " q0820| 21 F 7.60
MEAN 15.47 7160 28 F 14,64
MEAN 7. 96
MEAN FOR DECADE 14.23 MEAN FOR bECAin' 14.70 MEAN FOR DECADE 11.06




Table 22(Db)

FORMATION SURFACE.

INDIVIDUAL RESULTS. AGES 30 - 59

CASE AGE SEX FO.RMATION CASE AGE SEX | FORMATI 8N CASE | AGE SEX | FORMATION
NO. (in yrs) . ?Lizrle%C):E NO. fin yrs) | - %I{EIF% i NO. {in yrs) ?Lil}lFé.()E
68U46 30 M 8.09 5732 L0 M 9. 86. 6012 50 M 8.24
5359 33 M 19.60 6278 | L7 M 11 .61 6150 59 M 6.9
10701 30 M 8.40 6152 49 - M 7.50 12022 59 M 15.15
11117 35 M | 10,78 6148 Lyt M 9. 56 56 Tl 54 M 6.22
11110 | 35 M| 26,52 MEAN 1 9.63 10738 | 56 bl 7.02
6011 | 31 M| 12.65 10766 | 15 F 8,62 MEAN 8.71
6009 36 M 23 .39 7373 Lo F 12,13 5592 5l F 14 .33
MEAN 15,63 10980 L1 F 721 10970 54 F 3.13
6608 | 39 F 15.47 111256 49 F 7.68 11342 52 P 8.28
12080 37 F 8.59 - 11091 L3 F 9.57 11904 59 F 9.87
11387 | 36 F .52 MEAN 9,04 12021 | 55 F 3,92
MEAN 9.53 MEAN 7.9
MEAN FOR DECADE - 13,80 MEAN FCR DECADE 9.30 MEAN POR DECADE 8,31




Table 22(c) FORMATION SURFACE. INDIVIDUAL RESULTS. AGES 60+
G T Rl I S R I el (6 R e e
(in ) (in %) (in )
11118 66 M 29.29 5733 73 M | 18.30 5675 82 M 1{:69/
11978 62 M 104. 54 6145 79 M 1,64 11461 83 M 6.30
6101 62 M 7.85 6087 7 M 31,10 MEAN 9,00
12027 67 M 7.15 6146 72 M 2.86 11008 93 F 8.45
5360 65 M 8.42 10711 71 M 9.99 11109 89 F 3,08
10779 61 M 10,84 5385 | 79 M 11,46 11503 | 89 F 9,52
MBAN 13.02 7396. 76 M 56.65 11264 87 F 32.25
58841 63 F 13 .41 MEAN 18.86 11275 82 F 5.3%
16215 65 F 17.40 10898 78 F 4,33 11977 8L F 9.20
6785 | 65 F . 25 10841 79 F 5. 20 14293 81 F 23,09
6147 69. F 11.41 11402 70 F 10,6l MEAN 12,99
11064 60 P 5. 28 11276 72 F 2l , 60
11088 63 F 16.25 11313 72 F 7.05
11154 6l F 8.36 6013 T4 F 6.82
11923 | 6l F | 11.10 6149 | 70 F | 11.29
MEAN 10.93% MEAN 9.99 )
MEAN FOR DECADE 11,83 MEAN FOR DECAﬁE 14,42 MEAN FOR DECADE 12, 11
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In the elderly a number of low individual values is
seen, the smallest figure being 1.6&%, bﬁt there is a group
of high values of great 1nﬁerést, both males and females
‘being represented in this group; of particular interest is
a value of 56,65" in an apparently'normal man of 75.
(Figure 37). This high figure is not due to the sampling
of an isolated and unrepreéentativé focus of higﬁ osteoid
vcoverage, as multiple sections from éther sites from the
iliac crest, and from cancellous bone'elsewhe:e'(lumbar
“vertebral body) gave valueS‘of similar magnitude, although
the value for femoral cortical bone (5;%%)‘ﬁas not high.
 The significance of these high fesults is discuééed'later.

The possible significahce of #ﬁe diffefences between
"the mean values of the &afious_decédes wésHevaluated by
the "t" test. No signifigani‘aifférendé in extent of
formation sﬁrface is seen beﬁWeén tﬁe decades 0 - 9,

10 - 19, 20 - 29 and 30 - 39, The reduction in extent of
formation surface after this time is significaﬁt however,

- the differences between mean vélues'for the 10 ; 19 and

| 50 ~ 59 age groﬁﬁs and 10 § 19 and 4O - 49 age groﬁps being
‘ highly significant (P<:O;O1 énd <:0.02 > 0.04 fespectively),
while a significant fall is seen‘betﬁgen theIBO - 39 and

50 - 59 groups (P <:(3.05); The Qifference bétween the

30 - 39 and LO - h9;groups approéches significance at the

5% level (AP <O,1O >O.05).V‘ In fﬁiddie and old‘ age no
significaﬁt differences are seen befweén the individual

decades, but a highly significant difference is seen
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between the two groups aged 4O - 59, and over 60, '(P<=0.05).
TORIATION SURFACE AREA PHR UNIT VOLUME OF TISCUR (ABROLUTE

SURFACH ARDA 0? RONE FORMATION) .,

The'meesurements desceribed above indicate the
proportion of surface occupied by bone formation, but
’igive no iaea of‘the total area occupied by sites of bone
formation. _

To show. this the surface area occupied by bone
: formation per: unit volume of tissue (i.e., bone and- marrow)
s was calculabed,:end individual results expressed in sq.mm,
of formation'surface area per cubic mm, of tissue are

shown in Table 23,jend Figure 31, These show very
| cousidersblejrerietion‘even within the same age group.
ﬁigh’values‘ere seeuvin early life and the lowest values
f‘are found in old age, although a group of.high values is
'galso seen in the elderly. ‘
No obvious sex difference can be seen in the
. individual values, therefore mean values were calculated
1:for each decade from the combined male and female results '
(Table 13 and Pigure 31) From these it is seen that . |

a 50% fall occurs in the mean formation surface area with.

‘-'.aging, the fall being seen between the first and sixth

” decades. There is no further fall in old age; 1ndeed
o after the sixth decade the mean figures show a slight
rise to the eighth decade, but this is not significant



Figure 31.
of tissue.
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Formation surface area per unit volume

Individual and mean values plotted
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Table 23%(a)

FORMATION

SURFACE AREA PER UNIT VOLUME OF TISF‘UE.

INDIVIDUAL Ri

UI)TS .

AGES O - 29

CASEH AGE S®X | FORMATION CASE AGE FOREATION Calu AGH SEX | FORMATI ON
NO. (in yrs) °URFA§; éﬁ/éu ) NO. (in yrs) 1n5§%‘mq9cu ) o, {in yrs) ?gibggfmisgﬁ.mn>
5916 8 M 0.15 5391 17 M 0.49 5590 27 M 0.48
7156 2 M 0.56 10969 12 M 0,34 6144 21 M 0.65
6607 5 M 0. 59 7162 1L M 0.78 5591 23 M 0.1
70181 41mos M 1.10 6782 13 M 0.3 11155 25 M 0,71
6102 7 M 0.65 MEAN 0.48 10788 25 M 0,36
MZAN 0. 61 1079 17 P 0.38 MEAN 0. 52
7157 1. F 0.43 11263 111, F 0.8 714y 22 F 0,21
11922 3mos F 1.01 11734 16. F 0.58 10748 29 F 0.33
5862 | - 1 F 0.33 11576 | 19 F 0.42 10762 | 2% F 0.16
MEAN 0.59 11719 16. F o.u8¢ 10820 21 F 0.29
MEAN 0.54 7160 28 F 0.61
MEAN 0.32

MEAN IFOR DECADE

MEAN FOR DECADE

MEANFOR DECADE

0,42




Table 23(b)

FORIIATION SURFACE PER UNIT VOLU'E OF TISSUR.

INDIVIDUAL RESULTS,

AGES 30 - 59

CASE AGE SEX | FORMATION CASE AGE SEX | BORMATION CASE AGE SEX | FORIATION
NO.  |(in yrs) SURFAGE AREA | NO. (i yrs) Tin Sarmpod.mm) | YO |(in yrs) T o, mm)
6846 30 M 0,33 5732 ub i ORI 6012 50 M 0.27
5359 33 M 0.69 6278 47 M 0.1 61.50 59 i 0. 21
10701 | 30 M 0.30 6152 | L9 M 0.31 12022 | 59 M 0.51 .
11117 35 M 0.41 6148 L1 M 0.33% 5674 5u1‘ M 0,21
11110 | 35 M 0.92 MEAN 0.37 10738 56 M 0.0
6011 31 M 0.4l 10766 L5 F 0.30 MEAN 0,28
6009 36 M 0.90 7373 4O F 0,32 5592 sl F 0,51
WRAN 0.57 10980 41 F 0.29 10970 sl F 0,11
6608 39 F o.h4h 11256, 49 F 0.29 11342 52 F 0.31
12080 37 E: 0,35 11094 43 F 0.34 11904 59 F 0,37
11387 36 F 0.16 MEAN 0.31 12021 55 F 0,16
MEAN 0,32 MEBAN 0.29
MEAN FOR DECADE 0.49 MEAN FOR DECADE 0,33 MEAN FOR DECADE® 0,29




Table 23(c) FORMATION SURFACE AREA PER UNIT VOLUME OF TISSUE. INDIVIDUAL RESULTS. AGES 60+

/

CASE AGE SEX | FORMATION CASE AGE SEX | FORMATI ON CASE AGE SBX | FORMAT ION

NO. (in yrs) S(Hijﬁpéfmif}gﬁ.mm) NO. (in yrs) ?ﬁ[ﬁghmﬁ}fﬁmm) NO, (in yrs) 7%1;122“m§}22ﬁm)

11118 66 M 1.09 573% 73 M 0.42 5675 82 M 0. 35

11978 | 62 M 0. 54 6145 | 79 M 0, Ol 11461 | 83 Mol 0.9
6101 62 M 0.26 6087 ™ - M 0, 8l MEAN 0,27
12027 | 67 M 0.2h 6146 | 72 M 0.06 11008 | 93 F 0.20
5360 65 | M 0.28 10714 7 M . 0.20 11109 | 89 F 0.09

10779 | 61 M 0,40 5385 | 79 M 0.37 11503 | 89> F 0.25
MEAN 0.46 7396 76 M 1,96 11264 87 F 0,69
5881 63 F 0.38 MEAN 0.56 11275 | 82 F 0,14
6215 65 F 0.5 10898 78 F 0.09 11977 | -84 F 0.27
6785 | 65 F 0.13 10841 79 F 0.11 1129% | 81 F 0.69
6147 69 F 0,34 11102 70 F o.é6 MRAN 0.33%

11061 60 F 0.20 11276, | 72 F VO.78

11088 63 F 0.4 11313 72 F 0.19

11184 | 64 F 0.27 6013 | 7L F 0,23

11923 6l F 0,23 6149 70 F 0.28
STRAN 0. 31 MEAN 0.28

MBEAN FOR DECADE 0,38

MEAN FOR DECADE 0.42

MEAN FOR DECADE 0,32




FORMATION SURFACEK AREA_PWR UNIT VOLUMU OF SOLID BONE
(RELATIVE SURRACE ARKA OF BONE FORMATION).

When the area of bone formation is related to the

amount of bone present, individual results again show
considerable variation (Table 24 and Figure 32), No

obvious sex difference can be seen. Vhen mean values
for each decade'derived'from combined male and female
_results are plotted (Figure 32), the pattern is that of
‘a fall from infancy to the sixth decade! and a subsequent
'rise. The decrease in felative surface’area of bone

 ‘ formation from infancy onwards 1s'sign1ficant}by‘the .
" ‘third decade (P < 0.05), | |

As in the case ef the formetion surface area per

unit volume of'tissue, the mean values show an upward
rtrend after the sixth decade but in this instance the
"?'rise is far more pronounced._ From the fifth decade the
' differences between mean values for individual decades

’are,not‘signifieant, but the difference between the pwo 
‘Megreups, aged hoiel59 end evef 60 1s‘high1y significent

(P < 0,05 $0.02). . “ |

191



Figure 32,
of solid bone.

against age.
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Table 24(a) FORMATION SURFACE AREA PER UNIT VOLUME OF SOLID BONK. INDIVIDUAL RESULTS. AGES O - 29

CASE AGE SEX | FORMATION | casE AGE SEX | FORMATION 'CASE AGE SEX | FORMATI ON
NO. (in yrs) SURFACE AREA NO. (in yrs) SURFACE AREA NO. (in yrs) SURFACE AR3A
- (in sq.mw/cu.mm) (in sq.mny cusmm) . (in sq.mm/cu,mn)

5916 8 M 0.82 5391 | 17 M 2.28 | s5%0 | 27 M 1,73
71 56 2 M L.05 10969 | 12 M 2,05 6144 21 M 2, 72
6607 | 5 M 2,87 1 me2 | 1y M w2z | sso| 23 y 2,70
7018 | 11mos M 5.48 6782 | 13 M 2,07 11155 25!, M 3.7
6102 7 M 2,92 MEAN 2,63 10788 25 M 1.7
MEAN 3.23 10794 | 17 F 1.9 MEAN 2,440
7157 1 F 2,88 11263 | 14 F 5.37 7114 22 F 1.27
11922 | 3mos F 5.67 11734 16 F 1.76 10748 29 |1 r 1.28
5862 1 P .65 11576 | 49 F 1.7 10762 | 23 P 0.71
MEAN , 3.40 14719 | 16 F 2,18 | 10820 | 21 F 1.73
MEAN 2.59 7160 | - 28 T 2,71

MEAN . 1.54

MEAN FOR DECADE 3.29 MEAN FOR DECADE 2. 61 ' FEAN FOR DECADE 1,97




" SURFACE ARFA PER UNIT VOLUME OF SOLID BONE,

Table 2u(b) FORMAT TON INDIVIDUAL RESULTS. AGES 30 - 59
CASH AGE SEX | FORMATION CASE AGE SEX | FORMATION CASE AGE SEX | FORMATI ON
NO. (in yrs) SURFACE AREA ' NO. (in yrs) SURFACE ARTA NO., (in yrs) SURFACE AR3IA
(in sq.mm/cu,mm) (in sq.mm/cu,m) {in sq.mn/cu.mm)
6846 | 30 M 1.66 5732 | Lo M 1,82 6012 | 50 M 1.61
5359 | 33 M 3,55 6278 | 47 M 2, 0l 6150 | 59 M 1.75
10701 30 M 1.30 6152 L9 M 1.75 12022 59 M 2.4
111417 35 M i.86 6148 L1 M 1.32 567 54 M 1,22
111410 35 M Ly, 25 MEAN 1773 10738 56 M 1.38
6011 31 M 2,49 10766 L5 F 1,60 MEAN | 1,68
6009 | 36 M 3.65 7375 | boo F 3. 23 5592 | 5y F 2.37
NEAN 2,68 10980 | L1 F 1,30 10970 Bu F 0.58
6608 39 F 1.83 11256 | L9 F 1.73 11342 | 52 F 1.92
12080 | 37 F 1.59 11091 | L3 F 2.06 1190 | 59 P 1,70
11387 | 36 F 0.66 MEAN 1.98 12021 55 F 0,70
MEAN 1.36 MEAN 1.46
MEAN FCR DECADE 1,87 MEAN FOR DECADE 1,57

MEAN FOR DECADE 2.28




Table 24(c)

FORMATION SURFACE AREA PER UNIT VOLUME OF SOLID BONE., INDIVIDUAL RESULTS. AGES 60+

CASE AGE SEX | FORMATION CASE AGE SEX | FORMATION CASE AGE SEX | FORNA TI ON
NO. (in yrs) ?gﬁFéi?mﬁngﬁ.m) NO. (in yrs) SE"EF’fgﬁ.ﬁ?Fﬁu.mm) o (10 yrs) ?ﬁ%ﬁ“mﬁgﬁmy
11118 | 66 M 5,73 5733 | 73 M L5 5675 | 82 M 2,00
11978 | 62 M . 2,55 6145 | 79 M - 0.26 11461 83 M 1.46
6101 | 62 M 1.3l 6087 | 7 M 6.06 MEAN 1.7%
12027 | 67 M 0.99 6146 | 72 M 0.72 11008 | 93 F 1.60
5360 | 65 M 1,74 10711 71 M 1.75 11109 | 89 P 0.49
10779 | 61 M 2.19 5385 | 79 M 2,48 11503 | 89 F 2,07
MEAN 2,42 7396 | 76 M 9.60 1{26u 87 F 7.01
5881 63 F 2,04 MEAN 3.62 11275 82 F 0.96
6215 | 65 F 3,88 10898 78 . F 0.87 11977 | & F 1.87
6785 | 65 F 0.93 1084t | 79 F 1,66 11293 | &1 F 3,90
6147 69 F 2,2 11102 70 F 2,35 1M BAN 2,56
14064 60 F 1,20 11276 | 72 F 3,40
11088 | 63 F 3,85 1313 | 72 F 1.7
11154 | 6y F 1.59 6013 | 7 F 0.99 \
11923 | 64 F 2,59 61,9 | 70 F 2,14
MEAN 2,29 MEAN 1,81
MEAN FOR DECADE 2.35 MEAN FOR DECADE 2,74 WEAN FOR DECADE 2,37
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REIORPTION SURFACE

Individual results of extent of trahbecular surface
showing resorption cavities are shown in Table 25 and
Figure 33, and mean values in Table 13, It is seen that
at all ages, as with formation surface, a relatively
high prbportioﬁ of the surface is occupied by sites of
- bone resorption, agsin a higher proportion than is
obvious én a conventional decalcified section. This is
due largeiy to the essenﬁial rigidity of perspex embedded
undecalcified sections, which preserves the sharp outline
of small resorbtion ca#ities. Due:to distortion and
softening of the bone in decalcificstion these sharp
outlines are blurred, and the}outlines of many resorption
vcavities lost in decalcified sections, The oferall mean
. percentage of resorption surface is 11,91%.‘.iﬁ numerical
value, both individual ahd mean figﬁres sre'ih most
cases quite similar to those of formation surface._t

As with formation surface the individual figures
show a con31derable scatter, even within the same age
-group. The greatest scatter and highest individual
resulfs are seen in'childhood before the age of 410 years,
in which group all the results lie between 14 and 32%.

The highest individual value seen is one of 31.62% in s
three month old child.' Individual values are lower in
the 10 - 19 age grdup, lying between 7 and 2195. In adult
life between 20 and 50 with one exeeptions individual

results are relatlvely low and show the least variation,



I"igure 33, Resorption surface.

plotted against age,

Individual results
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Table 25(n) RSORYTION SURVACE.

INDIVIDUAL RESULTS. AGES O - 29

CASH AGTS SEX |RNSORPTION CASE AGE SEX | RESORPTION CASE | . AGE SEX | RESORP TION

NO. (in yrs) SURFACE NO (in yrs) SURFACE NO. (in yrs) SURFACE
(in %) (in%) | | (in %)
5916 8 M 15.78 5391 17 M " 12,02 5590 27 M 8.20
7156 2 | 19.25 10969 12 M 8.15 61Ll 21 M - 9.56
6607 5 Mo 14,72 7162 14 M 21,00 5591 23 M| 8.61
7048 | 11mos M 25,48 6782 13 M 7.62 11155 25 M 14,40
6102 7 M ' 16.05 MEAN 12,20 10788 25 M 7.8
MEAN 18.26 10794 17 F 6.76 MEAN 9.72
57 1 | or 15.68 11263 11 F 19,96 7y | 22 2 b6
11922 | 3mos F 31,62 11734 16 F 11,70 10748 | 29 F 6.15
5862 -1 F 19.53 11576 19 F 7.01 10762 23 F 6. 2
MEAN | ‘ 22,28 11719 16 F 17.19A 10820 21 F 6.32
MEAN 12,52 7160 28 F 12,59
MEAN 7.15
MEAN FOR DECADE 42,38 MEAN FOR DECADE 8,43

MEAN FOR DECADE 19.76




Table 25(bh) RESORPTION SURFACE. INDIVIDUAL RESULTS. AGES 30 - 59,

CASE AGT. SEX | RRSORPTION CASE AGE SEX | RESORPTI ON - CASE AGE SEX | RESORPT ION
NO (in yrs) SURFACE NO. (in yrs) SURFACE NO. (in yrs) SURIFAC B
| (in %) (in %) | (in )
6846 | 30 | 9.45 5732 40 | M 13,18 6012| 50 M| 10,96
5359 33 M 13.59 6278 L7 M 7.7 6150 59 M 9.17
10701 30 M 8.43 6152 L9 M 9.29 12022 59 M 17.56
11117 | 35 M 7.40 6148 LY M 6.76 56 74 5L M 10,88
11110 35 M 11.96 MEAN 9.24 10738 56 M 7.06
6011 31 Mo ‘51.8u 10766 L5 F 7.86 MEAN 14,13
6009 36 M 23,3 7373 e F 7.89 5592 50 F 20, 81
MEAN 12.29 10980 141 F 7.12 10970 50 F 7048
6608 | 39 F 12,08 11256, L9 F 11,05 11342 52 - F 9.89
12080 | 37 P .75 11091 L3 2 12. 9 1190 | 59 F 12,72
11387 36 F 7.37 MEAN ‘ 9.37 12021 55 F 9.69
MEAN 11.40 MEAN C 12,12

MEAN FOR DECADE 12,02

MEAN I'OR DECADE 9, 31

MEAN FOR DECADE 11,62




RESORFTION SURFACE.

INDIVIDUAL RESUILTS.

AGTS 60+

(in %) (in %) (in %)
11118 66 M 13,51 5733 73 M 19.02 5675 82 M 16.73
11978 62 M 14,92 6145 79 M 3,63 110461 83 M 7.95
6101 | 62 M 14.33 6087 | T M 11.95 MEAN | 12,3l
12027 67 M 10.57 6146 72 M 6.32 11008 93 F 9.49
5360 ’65 M 10.35 10711 71 M 6.6L 11409 89 F 14.15
10779 64 M 10.09 5385 79 M 9.16 11503 89 F 8.05
MEAN 12,30 7396. 76 M 11,60 11 26l 87 F 18.79»
5881 63 F 15, 70 MEAN 9, 76 11275 | . 82 F 6.75
6215 | 65 i 14. 61 10898 | 78 P 9.96 11977 | 84 F 18,15
6785 65 F 8.11 108&1 79 G 8.6L 11293 81 i 12.87
6147 69 F 13.59 11102 70 F 12.23 MEAN 12,61
11061 60 F 7.88 11276 72 B 12,05
11088 63 F 16.73 11313 72 F 7.76‘
11154 6l F 9.20 6013 /. F. 10.35
11923 6L F 18, 31 6149 70 F 13.67
MEAN 13,02 MEAN 10,67
MEAN FOR DECADE 12, 74 MEAN FOR DECADE 10,21 MZAN FOR DECADE 12,55




fbrming a closely packed group, ranging from 5 ~ 155.

In later life an appreciable number of higher
jndividual values is seen, the highest being approximately
20%5. The degree of scatter is also greater, and the
lowest individual results of the study is seen; that of
3 6775 in a 79 year old man,

No ouvious difference can be seen at any age between

male and female results and mean figures for each decade
were thercfore photted from the combined results.

The mean figures agree with the trends of individual
values., 7The pattern of the meanvvalues reflects”the high
- values seen in infancy and childhood. Subsequently the
pattern is not regular, but the lowest results ére seen
in adult life; with a general téend towards higher values

‘with increasing age. 'The highest value of 19.76} is secn
jn the 0 = 9 gmup.-".'.'A highly significant f3l11 (P < 0,02)

1s seen between this group and the 10 - 19 group, follawed
py a furthgr'fall, which approachesAsignificance at the
5% level (P <0.10 >0.05), between the 10 — 19 and 20 -
29 groups, The lowest mean walue (8.&3%) is seen in
this 1atter'group.‘ An incﬁease ié séen betwéen the 20 =
29 and 30 - 39 groups, which again approaches significance
at the 57 level (P <0.10 >0,05), |

'. No significant differences are seen betwéén the 30 ~
39, 4LO - h9 and‘5Q - 59‘decades. 8 higher mean is seen
in the 60 - 69 group; significantly higher than the mean
value for the 40 - 49 gtpuﬁ (P~<:Q.O1). ‘A significant



2
>
Y]

fall is seen between the 60 - 69 and 70 - 79 groups

(P €0.05), No further significanttchange is seen., If
the value for the 40 - 49 group 1s compared with that of
the eombined over 50 group, then the latter is
significantly higher (P < 0.05).

RESORPTION SURFACE PER UNIT VOLUME OF TISSUE (AB?OLUTE

SURFAGE AREA OF BONE RESORPTION.)

This parameter is a measure of the total surface area
of bone resorption per unit volume of bone and marrow.
Individual resﬁlts are shown in Table 26, and graphically
in Figure 34, which alse shows mean values for each decade,

individual‘results again show coneidereb1e~scatter.
The bulk of values lie between 0,2 and O, 5 sq.mm,/cu.mm.
The highest individual valuee, up to 1. 62 sq,mm,/cu,mm,
are 'seen in infancy,.while the lowest values are seen in
- the eighth decade, the lowest value observed being
0.1 sq.mm./cu.mn._

' Values for males and females are intermingled at all
Aagcs, and no bbvioue difference can be seen between them,

' As before, therefore, mean values for each decade were
’calculated from combined male and female Values (Table 13).
On examination of these mean values an abrupt and
highly significant (P < 0,05 > 0,02) fall is seen between
the first and second decades, Subsequently no 51gn1f1cant
variation is seen, apart freﬁ a sighificant‘fali froﬁ'the

gseventh to the eightb decade;f



Figure 34,

volume of tissue, Individual and mean values plotted

against age.
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Trble 26(n) TSORPTION SURFACE ARBA PRR UNIT VOLUME OF TISSUW. INDIVIDUAL VALUXS., AGHWS O - 29,
CASE AGE SEX | RESORPTION CASE AGE SEX | RESORPTION CASE AGE SEA | RESORPTL O
NO. (in yrs) SURFACE AREA NO. (in yrs) SURFACE ARRA NO (in yrs) SUREACH AREA-
(in sq.mm/cu.mm) (in sq.m/cu, mm) (ia sq.mny/cu,nvn)
5916 8 M 0.65 5391 17 M 0.48 5590 27 M 0.35
71 56 2 M 0.58 10969 12 M 0.25 6144 21 M 0.43
6607 5 M 0.6l 7162 14 M 0.85 5591 23 M 0.27
7018 | 11mos M 1.53 6782 13 M 0.19 11155 25 M 0.52
6102 7 M 0.65 MEAN 0.4l 10788 25 Mo 0,24
MEAD 0, 81 10790 17 F 0.23. MEAN 0,36
7157 1 F 0,41 11263 11 F 0.60 7114 22 F 0.15
11922 | 3mos F 1,62 14734 16 F 0.46 10748 29 F 0,29
5862 | -1 F 0, 81 14576 19 F 0.27 10762 23 F 0. 26
MEAN 0.95 11716 16 F 0.64 10820 21 F 0.24
MEAN 0. Ll 7160 28 F 0,52
MEAN 0.29
MEAN FOR DRECADE O, 86 MEAN FOR DECADE 0,Lk MEAN FOR DECADE O, 33




Table 2601 RESORFTTON SURFACE ARTA PER UMIT VOLUME OF TISSUR. INDIVIDUAL RESULTS. AGHS 30 - 59

CASY AGE an% | RESORPTION CASE AGH SEX | RuESORPTION CASE AGE SEX | R4 SORITION

KO. (in yrs) SURFACE AREA NO. (in yrs) SURFACE AREA NO. (in yrs) SURWACH AREA

(in sq.mn/cu, mm) (in sq.mm/cu.mn) (in sq.mn/cu,mm)

6846 30 M 0. 38 5732 Lo M 0. 61 601 2 50 M 0.36
5359 33 M 0.48 6278 L7 M 0,27 6150 59 M 0,28
10701 30 M 0.30 6152 L9 M 0.39 12022 59 M 0.59
11147 35 M 0.28 6148 L1 M 0.2 5671 5l M 0,36
11110 35 M 0.42 MEAN 0.38 10738 56 M 0,20
6011 jm M 0,41 10766. | L5 F 0.27 MEAN 0.36
6009 36 M 0.89 1373 Lo F 0. 24 5592 54 R 0.73
MEAN 0.45 10980 L4 F 0.29 10970 5l F 0,%
6608 | 39 F 0.35 11256 L9 F 0.4 11342 52 F 0.38
12080 37 0.60 11091 43 F 0.46 14904 59 - F 0.48

11387 | 36 F 0.26 MEAN 0,33 12021 55 F 0.39

| MEAN 0.40 MEAN 0, Ll
MEAN FOR DECADE 0.l MEAN FOR DECADE 0,35 MEAN FOR DECADE O, 40




RESORPTION SURFACE ARBA PER UNIT VOLUME OF TISSUR.

¢

Table 26(c) INDIVIDUAT, RESULTS. AGES 60+

CASE AGEH SEX | RESORPTION CASE AGE SEX | R2SORPT TON CASE AGE SEX | R4SORPTI o

NO. (in yrs) SURFACE AREA NO (in yrs) .SURFACE AREA NO. (in yrs) SURIACE ARBA

(in sq.mny/cuimm) (ir? sq.mm/cu, mm) (in sq.mn/cu.mm)

11118 66 M 0.5 5733 73 M 0,43 5675 82 M 0.50
11978 62 M 0.56 6145 79 M 0.10 11461 83 M 0.2y
6101 62 M 0.48 6087 7 M 0,32 MEAN 0.37
12027 67 M 0.35 6146 72 M 0.13 11008 93 F 0.23
5360 65 M 035 10711 71 M 0.13 11409 89 F 0.40
10779 61 M 0,36 5385 79 M 0.29 11503 89 F. 0.22
MEAN 0.4LY4 7396 76 M 0.40 1426h 87 F 0.40
5881 63 F 0.44 MEAN 0,2 _ 11275 82 P 0,17
6215 65 F 0.46 10898 78 F 0.21 11977 8l F 0.53
6785 65 F 0.25 108441 79 F 0.17 11293 81 F 0.38
6147 69 ©F 0:40 11402 70 F 0.30 MEAN 0,33
11061 60 F 0.30 11276 72 F 0.38

11088 63 F 0.42 11313 72 F 0. 21

11154 6l F 0,30 6013 4! F 0.3l

11923 6l F 0.37 6149 70 F 0.34
MEAN 0. 37 MEAN 0.28

MEAN FOR DECADE 0,40

MEAN FOR DECADE 0,27

MEAN J'OR DECADE

0,34




RESORPTION SURFACE PWR UNIT VOLUME OF SOLID BONE (RELATIVH

SURFACY_AREA_OF BONE RESORPTION.)

Here the surface area of bone resorption is related
to the actual amount of bone present. Individual results
‘are ghown in Table 27 and Figure 35 The majority of
-results lie between 1 sq.mm./cu.mm, and 3 sq,mm./cu,mm,

' but as with all the parameters measurgéd, a considerable
scatter'cf results is seen at all ages., The highest
individual results are seen in infancy, the highest

figure being'that of 9,05 sq,mm,/cu,rm, in a three month

| old child.

rnhe values for males and females are again completely
'intermingled, and as before mean values for each decade
(Table 13) were calculated from the combined wvalues from

.each sex, If these means are plotted praphically (Figure 35)
a clearer pattern emerges:— that of a pronounced fall.from'
'the»first to second decade, continued to'the third decade.,
The difference between the values of first and second .
‘decades is highly significant (P < 0,02>0,01). After
the third decade the mean values suggest a rise with age.,

' Numerically the increase is not very great but the

differences between the reeults of the third decade and
,'those of the sixth and seventh decades are highly

| significant (P < 0.,02> 0 0% am < 0,01 reSpectively)

| The significance of the changes in formation and

»resorption surface and their surface area are discussed

~in the following section. .



™

Figure 35, Resorption surface area per unit
volume of solid bone, Individual and mean values

plotted against age.
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(in sq.mn/cu,mm) (in sa,myy/cen,mm) (in sa.mnycu,mn)

6816 %0 it 1.94 5732 Lo M 2.43% 6042 50 M 2.1 0
5%59 33 M 2,115 6278 L7 M 1.36 6150 59 M 2.33%
10704 30 M 1.31 61 52 L9 M 2,17 12022 59 M 2,82
11417 35 M 1.27 6118 I N 0:93% | 56 7L 50 i 2,13
11140 35 M 1,92
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o
—

o 1.39
1.47 LD AN 2.16

3.4k

JEAN 1.72 10738 56
6011 34 M 2,33 - |° 10766 L5 '

6009 36 M 3,6 7373 ile}

=3

b

2,10 5592 5L

=1

MEAN 2,12 10980 S

=
=

1.28 ' 10970 5L 1.39

6608 39 1,43 14256 L9

3|

2.9 11302 52
2,72 11091 L3 F 2.79 11904 59

i£5|

2.34

2,25

=5

12080 37

=

11387 36

ey}

d

y 1,07 MEAN 2,03 12021 | 55

o]

1.73
LAN 1,74 MEAN 2,23
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Table 27(c) RESORPTION

¢
i

SURFACE ARTA PRR UNIT VOLUME OF SOLID BONg. INDIVIDUAL RSSULPS. AGHS 60+

MEAN FOR DECADE 2,52

e o

ITEAN FOR DXCADE 2,03

CASE AGE SEZ | RESORPTION CASH AGT SEX | RESORPTTON CASH AGé sﬁx RESORPTLON
NO. (in yrs) SURFACE ARFEA NO. (in yrs) SURFACH ARFA wo. (in yrs) SURIACHE ARMA
{(in sq.mm/cu, mm) (in sq,mn/cu,mnm) . (in sq.mw/cu, mm)
14118 66 M 2,6L 5733 73 M L.62 5675 82' M 2,86
11978 62 M 2.62 6145 79 M 0, 58 11461 83 M 1.8,
64 01 62 M 2.45 6087 71 M 2,33 MBAN : 2,35
12027 67 M 1.46 6146 72 M 1.59 14008 93 F 1.79
- 5360 65 M 2.14 10711 74 M 1.16 11109 89 F 2,26
10779 61 M 2,07 5385 79 M 1.98 11503 89 F 1.75
IEBAN 2.23 7396 76 M 1.97 11264 87 F ly.08
5881 | 63 by 2,39 MEAN 2,03 11275 82 F 1,20
6215 65 F 3,25 10898 78 F 1,99 11977 8l 7 3,68
6785 65 F 1.78 108141 79 F 1.90 11293 81 F 2.17
6147 69 F 2,67 11402 ‘70 F 2,70 MEEN 2.2
11061 60 7 1.80 111276 72 F 1,68
11088 63 F 3.96 11313 72 F 1.9
11154 6L F 1.75 6013 74 F 1,51
11925 6l F L. 27 6149 70 F 2,55
MEAN 2.73 MEAN 2,03

ARAN [FOR DWCADE 2,40

Seomrme e e 1 e o e e Atk £ o A Y = YR 4y B L AN Bl
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SECTION FIVE

DISCUSSION - .




DISCUSaT ON

Discuséion will be concentrated upon consideration
of bong area results, since of all paraméters measured in
this morphologicnl study of cancellous bone, bone area is
the most accurately measurable and most easily interpretable,
and therefore most meaningful and of most practical
significance. _ |
‘ ' BOWE_ARIZA

Zeveral important points emerge from this study, Wo
sex Aiffercnce can be seen. . Values from males and females
are intermingled and each avpears to be part of the same
homogenous group, Individual results plotted against age
- form a band of fairly uniform width, parabolic in shape,
‘The bone area rises throughout childhood, and reaches a
_ mazimum in early adult 1life, the bulk of high individual
fesults.occurring between 20 and holyeara of age. The
bone area gubsequéntly falls with sge, the fall being highly
significant by the sixth decnde, o further fall is seen
after the eighth decade. In all age groups individual
results form a continuous series, There is no evidence at
any age of a ddal population -8 normal-group and a
pathological group with less bone.- Loss of bone with age
appears to be a universal procesa, affeeting all 1ndividuals.

Comparison with qthar publishsd studies on cancellous
bone is difficult‘becaﬁse it 1is unuduél for rgéults‘to be
expressed in-absoluté tgrms, ahd frequently no distinctibn

has been drawn between cancellous and cortical bone.
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Beck and Nordin (1960) studied a large series based
on iliac crest bone from gereral hospital autopsies, Loss
of bone substance with age was considered to be more frequent
in women than men. A virtual absence of cases under 40
years of age prevents assessment of the age at which loss of
bone begins, Frequency distributions of the results were
asymmetrical and it was concluded (Nordin 1963) that two
populations were represehted at all ages - a normal group
and an abnormal group with less bone, These results may be
criticised on several grounds; The cases studied were not
normal before -death since alliwere hospltalized, The method
of measurement was subjective, the amount of bone present in
»é section being determined by visual comparison with a standard
sample. Results vwere expressed in a somewhat arbitrary
"fashion, scores of 1I- 9 representing percentage areas of bone
from 6 -~ 27, Specimens showing a percentage area of bone
greater thah 2}% were giveﬁ a score of 9 only, a system
which seems likely to encourage an asymmetrical frequency
- distribution. TFor these réﬁsons it is felt unwise to draw
firm conclusions from theSe‘resulté. |

Saville (1965) measured the weight/volume ratio of-
iliac erest trephine samples, and concluded that loss of
bone was related to fhe ¢limacteric in both sexes, but
’examination of his figures shows that in females the amount
of bone diminished from the third decade while in men the
amount of bone fell'frdm the third to the fifth decades,

this fall being highly significant (P< 0,01). Thus these
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figures tend to support the thesis that loss of bone with
aging may start at an early period in 1life,
More closely comparable is the study of Garner and
Ball (41966), who measured the percentage of section area
occupied by bone in a number of iliac crest trephine
specimens, The figﬁresvlie in the same range as those of
. the present study. Although the conclusion is drawn that
no appreciable fall in bone area is seen befdre the age of
50, examination of the séattergram offt individual results
' shows that they form a parabolic band, similar to that of
- the present study. Results are limited, but the pattern
'ksuggests that a peak 18 seen at the age of 30 - 35 with a
subseéuent fall before the agé of 50, although naturally
-the fall is mdre'obvious in later years, Although results
from femalés in pafticu;arvare limited, values from méles
" and females are compl}etely intermingled, and no sex
difference can be seen. »Again the figures appear to form
onﬁ continuoué_series. |
The results are not completely,comparable, as those

'Afrpm the present study are derived from dection areas five
to ten times as largé:as:those 6f Garner and Ball's study,
but . they are closely related. If mean figures are
calculated for ééch‘decade from the combined results of
| the two studies, a rise in bone area is seen fHom
childhood. Very little difference 1s seen between the
mean figures of the second, third and>fourth decades, that

for the fourth decade being fractionally higher,.buf



from this time a progressive decrease with age is seen.,

Comparison may be made with results from other sites
of cancellous bone, Studying vertebral body slabs by
radiographic densitometry Caldwell (1962) showed a
progressive decrease with aging in the amount of bone
present, the process appearing to start from youth. No
significant difference was seen between males and females.

Somewhat similar results were obtained by Arnold
(1964) using the ash content per cubic centimetre of
vertebral cancellous bone as a measure of the amount of
‘bone tissue present. A progressive decrease in amount of
"bone as a function'of'age was seen,:a marked linear fall
being seeh between 35 and 85 years of age., No sex
difference can be seén. Vost (1963) studying vertebral
bone concluded that a bimodal population was present in
both sexes, There is no evidqnce'of this in Arnold's
data, nor is any sex difference appareht."

Lindahl and Lindgren (i962) studied the bone area in
fibial cancellous bone, and also megsured‘the,waight/
volume ratiovof samples of vertebral'and tibial
cancellous bone, 1In both'sites,‘and with both methods,
"vthey showed a prquessive‘fall in the amouht of bope 
- present, the r£all starting from the 14-19 age group, the
extent and rate of loss being essentially thé same in men
and women, | _ |

Cortical bone has also beenlstudied._ The percentage

of section aresa océupied by bone in femoral cortex was
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also measured in the cases from which the present study
. was drawn (Sissons, Holley and Heighway 1967), the results
suggesting loss of bone from the age of 20 years (the
" earliest age studied). No,difference was seen between
the sexes until after the age of 70 years when values from
males appeared to be slightly higher than those from
females. | .
Atkinson, Weatherell and Weidmann (1962),measured
the weight/volume ratio and cortical thickness of femoral
cortical trephine samples, both being parameters of the
-amount of bone present., They concluded that the weight/
volume ratio began to decrease in both sexes during the
fifth decade while cortieal thickness diminished in a
. linear fashion throughout the age range studied (from 20
years onwarda). This work was elaborated by Atkinson
(1965), grouping the cases acgoﬁding to the percentage‘of
vascular spaces in the cortex (the remalning area
consisting of bone), He‘estab;ished'a relation of
' 1ncréasing pprosity of bone to aging,lthisltrend becoming
definite after,thé 30 ~ 39 age group. The-individﬁal
figures of this study show no obvious sex difference.
In rib Sedlin (196)4) used the area of cortical bone

in a cross section of the bone, and the ratio of this area
to the total cross-~section area as indices of the amount

of bone present. The former index declines from early
adulthood in both males and females, while the latter

'index declines from infancy in a roughly linear fashion



in both sexes, There 1s no obvious relation to the
menopause, Takahashi and Frost (4966) confirmed these
results with a larger series. These authors stated that
their results showed that women tend to retain bone hetter
than men untll after the age of 50, and thereafter lose
bone more quickly, but if the published figures are plotted
and examined, the pattern of fall appears similar in the
two sexes, end'this_conolusion appears unjustified.

Trotter and her assooiates (Broman, Trotter and
Peterson 1958, Trotter, Broman and Peterson 1960) measured
"fhe density of whole bones as an index of the amount of
bone present, long bones, ribs and vertebral column being
studied. They concluded'that a decline in amount of bone
present was seen with age, and that this proceeded at a
‘uniform rate. No oases‘younger than 25 years were examined,

These iaboratory studies show varying ages of onset
of bone loss, This is not surnrising'es'different‘bone‘
«sifes were used, and all studies were on reletively small
pOpulations. Almost all of the studies, however, suggest
fthat bone loss with aging starts from an early asge, earlier
than that recognised cliniceally, and that in these respects
there 1is no obvious sex difference.

'~ The results of the present study are fully in keeping
with those of other»studies reviewed above., Again, the
thesis from this study of the universality of bone loss
with aging, bone loss with increasing age being a process

“‘apparently affecting all 1ndividuals, ratner than a



process affecting a group of individuals while the
majority of elderly persons show little or no bone loss,
is supported by several of the other studies reviewed.,

RELATION OF ONSET OF BONE LOSS TO MENOPAUSE

‘ Of more importance than the actual chronologiéal age
of anet of bone loss is the relation this bears to the
menopause. The relevance of Albright's theory of
osteoporosis depends on this point. Albright originally
related the onset of ostéoporosis to the menopause usirmg
clinical and simple radiological'criteria for the
‘éécognmt10n of'bone loss, Both of these are insensitive.
Two recent clinical radiological studies (Nordin,
MacGregor and Smith 1966, Meema, Bunker and Meema 4965)

¢laim to relate the onset of bane loss to the menopause,
Nordin énd co-workers data relate to spine, metacarpal
and femur. The greatest fall occurs between five and
‘fifteen years after the'nenopause in each case, but in the
case of spine and metécafpal the loss actually appears to
‘start before the menopause, These metacarpal results are
' somewhat similér to those 6f Morgan, Pulvertaft and
‘ ;Eogrman (19665'whoncohciuded that cortical ghinning (and
’i‘therefore bone loss) occurred progressively, certainly
starting from the age of 40 in both sexes, Changes possibly
occurring before LO years were not investigated. Nordin
and co-WOrkerm did.not study males, Femoral cortical l‘
thickness sHowed pfactically no change before the age of

60 years, but this takes no account of bone loss in the



form of increasing porosity which may have occurred at an
_earlier age. It is felt that the study of Nordin and
.co~workers does not demonstrate any conclusive relation
between the menopause and bones loss.

Meema, Bunker and Meema (1965) studied total
hydroxyapatite content of a gross seotion of the radius,
~Their results suggested that bone loss from the radius

- starts at about the age of the menopause, but this does
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not prove a causal relationship. Before this could be done

1t should be shown that no changes in males occur at the
";.same age. Males were not investigated. Their results
dsuggested a relation between onset of bone loss and
induction of artificial menopause, although clinically
Donaldson and Nassim (1954) and Moon and Urist (1962)
could find no evidence of this, Thesezesults of Meema
and co-workers await confirmation by other workers,
The results of the present study lead to a different

- conclusion. Frommer (1964) estimated ‘the mddal and

median age of the Memale ﬁenopaﬁsé tq be 50,1 years.' In
| the present study, althdugh conéiderable bone loss in- the
- Temale is seen after the: menapause, the figures suggast
that the time of onset 1s before the menopause,

Furthermore bone loss in the male appears to start at the
.same’age, and to occur to the same. extent There 1is no

evidence to suggest that bone area in males remains constant

until a later aﬂe.
By definition osteoporosis is a reduction in the

~amount of bone present. Thus a reduction in bone area is
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a valid measure of osteoporosis, The present study
therefore does not support Albright and Reifenstein's
theory of pathogenesis of osteoporosis, as at no time 1s
there any evidence of any difference between males and
females as regards loss of,bone.

~  Although the present study was based on as large a
series of cases as was practicable, this conclusion is
sti1ll based on a relatively small sample, and further
results are necessary for this conclusion to be definitely
established, It finds support however in the laboratory
- studies of other workers discussedvearlier. Employing
various methods for»measufihg bone loss, and studying
‘Various bone sites, almosﬁ all show that loss of bone
- 8tarts from an earlier age'than is generally realised amd
that the onset of bone loss’aopears to be uﬁrelated to the
menopause, o . ‘ » |
" The individual results of}this studyoform'a‘oand of
'o'fairly uniform width, . A# no.age is there any evidence
.of a bimodal population; of a noimal group, and of an.
abnormal osteoporotic group with less‘bone;"Thérefore,
"neithér are the results dn keepihg with Nordin s theory
- that senile osteoporosis is a pathological phenomenon,
" seen in a group of aging people and due to calcium
: deficiency, They are not against the concept that bone
" loss with aging. is mediated hy caleium removal from the
skeleton, but there is no evidenee of a group of

osteoporotic individuals, the remainder of the population



showing less or no bone loss, as would be the case if
calciun deficiency were the cause of osteoporosie.

Rather than senile and poetmenopaueqil osteoporosisn
being regarded as a pathological condition, the rise in
" bone area throughout childhood reaching a peak 1h early
adhlt 11fe, the subsequent loss of bonc substance from a
relatively early age (all individuals apparently being
affected), and the similéritiéé in age of onset and degree
of loss of bone between males and females suggest that
much if not all loss of bone is a normal aging process.

It 18 suggested that 1n§olutional (1.04, ‘senile and post-
menopausal) osteoporosis is esecntiaily a physiological
‘maniféetation of aging, rather than =a pathologicai process
seen in old age, ‘

~streh1er,'Mark, ¥ildvan and Ges (1959+) laid down
| criteria for a change in bbﬂy structurs to be considered
" part of the aging procesas, The change should be "universal,
progressivd, deleterious to the organism aﬁﬂ 1ntrinaic?.
Loes of bone with aging would certainly apbéér to meet
the first three criteria, and probably the fourth,

Shoock (1960) has peported that many physioiogi¢a1
funétiona show a decrement after the'age.ofkthirty years
and Ruger gna Stoesigger (1927) repoﬁted that in males
7cérta1n muscular functions such as strength of pull and
pdwer'of.grip,’after rieihg to a maximum in adulthood,
gradually fell sway after the ages of 20 ~ 40 years,

The smount of bone present appears to behave.likewise{

N
oo
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This does not mean that bone loss is related to change in
any of the functions mentioned. What determines loss of
bone is at present unknown; the causation may be
‘multifactorial, but the change appears to be inevitable
and universal, ' o

SITES. OF PREDILECTION OF. 0STEOPOROSIS

.. 0Osteoporosis was ofigdnally regarded :(Albright,
Bioombefg and Smith,-19h0)"ns affecting predominantly the
 axial skeleton, composed largely of cancellous bone, and
‘as being seen. later and to a lesser degree in the
appéndicnlar skeleton, composed mainly of cortical bone.

Comparison of ﬁhe'changes demonstnateduin this study.
with those of the femoral cortex of the same cases
(Sissons, Holléy‘and Heiéhﬁay 1967) shows however that
' loss of bone starts assearly, possibly earlier, from femoral‘

_cortical bone as‘from iliac”cresf cancellous bone. In
‘absolnte terms, the amdnnt of bone ibstwfrom each site is

similar but the relativé lossvis much greater from the

;vilinc erest,  In the light of these results it 1s suggested

that radiologically bone loss is recognised earlier, and

- more readily, from sites containing predominantly

:ﬁcancellous bone, rather than actually affecting these

- earlier,

" INCIDENGCE OF BON"' LOSS IN MALES AND FEMALES

No sex difference was seen in the present study, and
this is in agreement with most laboratory spudies whers

amount of bone substance or bone ash content pér unit



I
g
(=N

volume of bone and marrow has been measured, Most

clinical studies have suggestéd a predominance of female
cases of osteoporosis (Coﬁke 1955) glthough it is of
dhterest that in surveys of asymptomatic patients using
radiological criteria‘for'the recognition of osteoporosis,
Gershon-Cohen, Rechtman, Schraer and Blumberg (1953) and
Vincent and Urist (Vincent and Urist 1961, Urist 1960)

- cqncludéq that the indicence of osteoporosis in elderly
males was little different to that in females. This
‘difference between clinical andylaboratpry‘studies is as
yet unexplained (Nordin 1964b). Clinical recognition of
osteoporosis depends mainly'on'symptomato;ogy, due .
::largely to crush fracture of the vertebrae. It is
‘possible that other factors besides bone loss play a
parfvin:the causation of boné failure énd pathological
crush fractures of the vertebrae, seén ih‘osteoporotic

| patients. 4MbreAworK'is necessary on'this_subject.
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SURFACE ARTA

The measurement of surface area of bone is a
neglected subject. Surface.area has been measured in
femoral cortical bone of the cases forming the present
study (Sissons, Holley and Heighway 1967), and a study
of surface area of vertebral cancellous bone has also been
published by Bromley, Dockum, Arnold and Jee (41966) but,
other than these, no‘measﬁremehts have been reported,

The vertebral results aré expréssed in different
numerical units (cnh/sq,cm.) to those used in this study
(sqemme/cu.,mm, ), but if converted to the same units the
results of the two studies are similar both as regards
actual values obtained and pattern of change with age,
both studies showing =a decline_from childhood,

The relationship of surface area to amount of bone
tlssue present (surface ares pef unit volume of solid
bone or relative‘surfacé area) has not been studied by
other workers. -

Comparison 6f surface area of canéellous bone of
‘illac crest and coftical bone of femoral shaft reveals
that, in absolute terms, despite thebr different structural
'”arrangement the two types of bone provide a similar
| extent of surface area per unit volume of tissue, the mean
values varying during adult life from 3.9 to 3.0 sq,nmu/cu.mm.‘
in iliac crest, and £rom 3 0 to 4.3 sq,mm,/cu.mm, in
femoral cortical bone.' It will be ncted that, while loss

of surface area roughly parallels loss of bone in
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cancellous bone, in cortical bone loss of bone and
increasing porosity serves to increase the bone surface
area, |

A different situation is seen if the figures for
surface area are expressed in rélation.to the amount of
bone‘present. Expressed in this fashion the surface area
of iliac crest'céncellous bone is considerably greater
per unit volume.bf solid bone ﬁhan that of cortical
bone, by a factor of five to one. |

As metabolic interchanges such as bone formation
and resorption and much of mineral exchange will occur
at the trébecular,and Haversian surface, it is likely
that bone with a high surfacs areavrélative to the amount
of bone will be metabOIically more actrve; and will show
8 more rapid,turhover, than bone with a low surface area,
Cancellous, bone has long beén regarded'as possessing a
‘more rapid turnover rate than cortical bone (Bauer, Aub
‘and Aloright, 1929; Amprino and‘Engstrbm f952; Bryant and
Loutit 1961); the considerably greater surface area of
caﬁcellous bone per unit volume of solid boneVprbvides a
morphological basis for this, andlis undoubtedly a factor
concerned in the higher turnover rate. |
| AS has been seen the relative surface area of
cance;loﬁs-bone 1s significantly greater in childhood
~and the over 4O age group than in the 10 ~ 39 age‘group,
this being a reflection of the delicate bone trabeculze

seen in childhood aﬁd the preponderanpe of slender
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trabeculae amongst those which remain in o0ld age.

In particular the relative surface area is significantly
higher in infante and young children than in any other age
group. Ixperimental studies using radio-active isotopes
have auggestéd (Bauer, Carlsson and I.indquist 1964) that
bone turnover is more rapid in infants and the young than
in older individuals and it 1s suggested that the greater
‘pelstive surface area in this group may ‘well play an

important causative part.



09
™R
@

BONE_FORMATION AND RESORPTION

Bone formation and resorption are related topics and
will therefore be discussed together, The high values of
formation surface seen in the elderly are of considerable
interest, No values above EQQ were found between 40 and
60 ye&rsrof age, élthough é few were seen in adults below
LO, In cases aged 60 years and over, however, virtually
one sixth show values above 20%. Several explanations are
pbssible. These values tend to be rather separate from
the main group, and might be pathologiqal, There is
however no evidence. to suggest this., The bone was taken
from normal persons dying'suddenly; In every case autopsy
showed no skeletél abnormélity, nor any péthological'lesion
which might affect the skeleton. 1In these cases the bone
structure is normal the osteoid is regular in diotribution,
"individual osteoid seams are regular and well defired,
resorption appears normal, and there is no evidence of the
diéorderly,ﬂmgmmmlywi;increased, bbdne formation and
resorption surfacé, and mosaic pattern of the.bone
-characteristic of Paget’é~disease, (Collins 1956; Sissons
1966)., There is“no’evidence whatsoever of osteitis
- fibrosa to_suggest‘hyperparathyroidism‘(Sissons 1666)
Florid osteomalacia is marked by increased surface coverage
by osteoid as well as by the presence of abnormally’thick
| osteoid seams (Bissons 1966), (Pigure 36). 1In cases of
clinical osteomalacia studled pe rsonally, virtually ali

the bon- surface:is covered by osteoid of approximately



“4gure 36, Iliac creat bone fron case of clinical
osteomalacia, The bone surface ia covered by a very
thick layer of deeply staining osteoid, with little
distinction between bone and osteoid, and blurring of
the calcification front. Undecalcified section,
ijaematoxylin and eosin, ( x160;,

Figure 37, Iliac creat bons from 75 year o0ld male
with high osteoid coverage. The osteoid seam thickness
is not increased, and there is no evidence cof

osteomalacia. Undecalcified section, Haematoxylin and
eosin, ' x160,,

2
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double the normal thickness. The possibility arises that
the high values of formation surface obtained in an
apparently normel population represént exanples of early
or subclinical osteomalacia, There is no evidence to
support this view; in the cases under discussion the
thickness of osteoid seams ig normal. (Tigure %7). The
morphoélogy and staining reaction of individual sedms are
normal, and the aprearance of the calcification front is
normal (abnormalities of osteold seams and calcification
fromt being seen in osteomalacia {ifohnson 1964},
(Pigure 36).

It is more likely that these valueé are rhysiological
and part of the normal group, ard they have been accepted
A aé 80, and used in calculating mean figures for the
relevant‘decades, whiéhnmay be compared with other
'pﬁblished results, ©Such published studies are sparse,
and comparison is"hampered by the fact that in some
instances findings have not been expressed in absolute terms.

Results from the femoral cortical bone ‘of the present
. grbup ol cases were presented in an earlier study (Sissons,
Holley and Helghway 4967). Comparison of the two sites
indicates that illac crest cancellous bone possesses a
considerably greater ekﬁent of formation surface at all
ages than femoral cortical bone. In the discussion of
sirface area it has been pointed out that cancellous bone
has long been regarded as bossessing a higher turnover

rate than cortical bbne, and ‘that some of this greater
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turnover rate is due to the greater surface area (per

unit volume of solid bone) of cancellouc bone., The present
resultc cuggest that the greater percentagze of surface
occupied by bone formation is also a factor.

Frost and his co-workers studied bone formation
supface in cortical bone of ribs and clavicles (Villaneuva,
Sedlin and Frost 1963), Direct comparison of the present
results and those of Frost and colleagues is not poésible,
as their.résults:are expressed in terms of the number of
seams present, and not the extent of area of surface
covered, The technique of surface measurement is
;?referable to that of counting osteoid seams, as what
‘ aﬁpear in a section to be separate ostecid seams are
frequently no more. than parts of a continuous surface of
bone formation.

Although direct comparison is impossible it is of
interest that the paﬁtern of results is similar to that
seen in.this'study. A sharp fall in the numbér of ostéoid
seams was qbserved“from infancy through childhood to a
minimum betweén the ages of 35 ahd 40, a subsequent
" increase being seen in the elderly.

Using microradiographs, Jowsey, Kelly, Riggs, Bianco,
Seholz and Gershon-Cohen {(1965) measured the extent of
bone formation in a number of sites of cancellous and
‘cortical bone.l Their values from iliac crest are similar
in pattern to those of‘tﬁé present stﬁdy, although the

-extent of formation surface as judged by osteoid coverage
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- 18 consistently higher than the extent of such surfaces

as judged from microradiographs by Jowsey and her colleagues.
“iuch of the discrepancy is attributable to technical

factors. Interpretation of the characteristics of bone
surfaces in microradiographs'is complicated by the fact
thatimicroradiographs are prepared from thick sections,
Jowsey and co-workers used'seCtions of 100f;thickness. In
cancellous bong, oblique surfaces which may simulate or
obscure the ebpearances-of bone formatien’abound in

sections of this thickness, |

The solitary other pﬁblishedlstudy‘of-extént of
formation surfaces in iliac cresﬁ cancellous bone confirms
- the numerical‘valdes found.ih‘.the‘preeent‘stﬁdy. Van der
Sluys Veer, Smeenk and Vanlde Heul (196&) meesured the~
:extent of formation surfaces in iliac crest biop 5y
. specimens by tetracycline labelling.5 Their mean value of
125 (range 6 - 22”) in 17 control subjects agrees well
with my figures. »

The pattern of results bs of more- importance than the
numerical values obtained,‘and‘ln this,respect]the studies
- of. Jowsey and coswofkers and m&selfvare in general
agreemenc, both showing a marked fall in formation surface -

from infancy to childhood, the values then levelling off
l and tending to rise again in later life.
| Bromley, Dockum, Arnold and Jee (1966), us ing a
von Iossa Btain, measured the extent of osteoid coverage

in human vertebral cancellouo bone. Their results are very

V]
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similar both in ﬁagnituﬁe and pattern to those derived
from iliac crest iﬁ the praéent study.

Thus studies agree that a profound fall in formation
surface 18 seen from infancy o adulthood. Values then
level off, and in most cases a subsequent rise is seen in
middle or old age;‘; | |

vith the exception of studies on fhe femurs of the
cases uéed in the present'investigatiop.there are ﬁo other
published studies on formation surface pér unit volume of
bone or tiséue. |

Published data on extent of resorption surface in
cancellous bone are also scanty. Jowsey, Kélly, Riges,
Biaﬁco, “cholz and Gershon-Cohen (1965)'also measured
resorption surface from wmicroradiographs of 100r~thick
sections of iliac crest. The meén values in the present
study are'highef in all décades except possibly the second.
This‘is probably an ekpression'of the greétér accuracy of
identification of small Howship's lacunae'in‘thin‘sections,
as opposed to microradiographs from éections fige times as
thick. Again, however, the pattern of results. is of more
importance, and here the two:studies agree, After very Kigh
. values in childhood:the lowest mean figure is seen in the éo
- 29 decede, with a subsequent trend towards higﬁ values.,

' Sedlin,‘Villaneuva‘and Frost (1963) measured
resorption surface in cortical bone of ribs, values being
expressed in terms of resorption surface area per unit volume

of tissue, The values obtained are similar in magnitude to
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those of this study, and in both a sharp fall was secn
from infancy through childhood to niaturity.

SIGUINICANCE OF FATTERN OF [ORUATION CURFACE AND RESORPTION

SURFACH CHANIGH S

.08t published studies agree in showing highest values
of formation and resorption surface in infancy and lowest
values in early adult life with a subsequent increase, and
my resuits also show that the area of formation surface,
(both in absolute terms as square mn, per cubic mm, of
tissue and in relative terme as square mm, per cubic mm,
of solid bone) is greatest in infancy.

The mpaning of these changes, at least in adult life,
is not entirely clear, and depends upon the relationship
betveen extent of formation and resorption surface, and
bone formation and resorption rate. Bone formation rate
is the product of extent of formation surface and the
linear rate at which bone is laid down at any site
‘appositional growth rate). This latter parameter can only
be measursd by in vivo techniques, such ags multiple
labelling with tetracycline, or similsr marker, and very
little information exists on its variation (if any) with
age (Frost 41963; Taylor, “pker and Frost 41966,

lost workers /[Towsey, %elly, Riggs, Blanco, Scholz
and Qershon-Cohen 1%65; Bromley, Dockum, Arnold and Jee

1966) tacitly assumed that changes in bone formation rate

are medliated exclusively or almost entirely by changes in

the extent of bone formation i.e., in formation surface.
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From this point of view an incresse in formation surface
can be equated with an inerease in bone formation rate
and vice versa. |

It is probable that this is the case in increased
bone formation seen in pathological conditions, such as
Paget's disease, in which condition Lee (1967) showed that
the«boné formation rate was ten times greater than normal
but that the appositional growth rate was only slightly,
if at all, increased, The‘increase in bone formation rate
- was due almost entirely to increase in eXgent of fornation
surface. _

It ie by no means certain, however, that this state
of affairs applies to the process of aging. Indeed,.recent
experimnental results suggest that the appositional growth
rate of bone decreases with age, Frost's}initial results
(1963) emplo&ing tgtracyéline labéllihg were equivocal,but
in 8 more recent study, uéing cortical bone of ribs
(Taylor, Epker and Froat~1966} it was founa that the
appositional growth rate fell throughout life, being

approximately halved between the agés of twentd and

. gseventy, It seems 11ke1y that a similar reduction will be

seen 1n.cancéllous bone. L.ee, Marshali and Sissons (4965)
measured appositional growth rate in both cortical and
cancellous bone in two dogs. The rate was less in the
older antmal in both cortical and cancellous bone.
Further‘work on this subject is necesséry, but of the

two conflicting possibilities such evidence-ée is nvailable
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suggests that the appositional growth rate falls with age,
instead of remaining constant as other workers have assumed,

According to either of these two views, the
appositionnl gfowth rate in infancy is not lower thau in
adult life., Thus it Geems certain that the fall in
Tformation surface, formation surface ares per unit volume
of tissue, and formation surface area per unit volume of
solid bone from infancy to adulthood represent a fall in
bone formation rate; bone formation rate being highest in
infancy. This in association with the high raaorptiqn
surface seen in infancy suggests that bone turnover rate
‘will also be highest in infancy. Thisvfinds support from
data obtained from isotopic studies by Bauver, Carlsson and
Lindquist (15641) who calculated that the rate of skeletal
tﬁrnover was highest in infancy.

Mith regard to the increased formation surface secn in
old age, several possiﬁla explanations exist., If the
aﬁpa&itional growth rate remainad constant the increésed

'formation surface might compensate for the iedﬁcedvbone
:surface area; the smaller area of bone present being

covered more fqlly by sites of bone formation, the bone
formation surface area remaining constant. It has been

shown that the formation surface area per unit volume of
tissue and per unit volume of solid bone in fact tend to

rise in later life. Such a process would be seen as a factor
tending to preserve caleium homeostasis,

It is suggested, however, that the mcmt nrobahle cause
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of the increased formation surface sesn in old age 18 a
lowered avnpositional pgrowth rate, bone formation being seen
over a pgreater surface at any given time as bone 1s 1laid
down more slowly at any site, and changes in formation
surface area would be secondéry to this.

Turning now to interpretation of chénges of résorption
surfsce througﬁout life, it 1s seen thaf formation surface
and resorption surface both fall ffom 1nfahcy‘to‘childhood.
The similarity of the patterns suggests that just as the
bone formation raté, 80 the bone resorption rate falls
from infancy to chiidhood.

The increase in mean resorption surface seen in old
age might be rélatéd to a_slowed rate of boqe résqrption
at any site, cr to an absolute increase in boﬁe
resorption as an 1mba1ance‘be£ween bone.formation-and
‘resorption must oc#urvto_prbauce the bone loss of aging.

¥o experimental ﬁor» has been carr*ea out, however,
on any possible change 1n the 11neqr rate of bone |
resorption vith uge,‘ﬂhd at present, thersfore, oUCh
discussion of the siunifwcanCu of changes of resorntion
- surface with agin& must remain peculative.

In view of such imponderable factors 1t is felt that,
as the prescnt time, formation surface and res orption
surfacc measurement A should be considered mnre ag general

indleators of the extanb oP bone Povmnbion and rbsorntion,
rather than as accurata‘measures of bone formation and

resorption rates as Sowsey and her co-workers have assumed
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in their calculatisns. ( Towsey, Xelly, Riggs, Bianco,
Qcholz and Cershon-Cohen 1965),., It is probably unjustified,
. and may well be fallaclous to compare dirsctly the extent
of formation and resorption surfaces throughout iife, in
order to determine whether bone loss is mediated by an
increase in bone resorption, a decrease in bone formation,
- a combination of the two, or, indeed, any combination of
changes glving an imbalance hetween bonz formation and
resorption rates, The'morphological methods used invthis
study need to be supplemented by dynamic methods such as
tetracycline labelling for such information to emerge,
Such studies should bz made throughout adult life; in
seeking to establish the mechanism of boune loss with age,
there is limited value in studying, as other workers have
done, bone formation amd resorption surfaces or bone mineral
.dynamics in sstablished and clinically évidéﬁt cases of
osteoporosis, where bonelloss has already occurred,
It 15 evident that by their nature morphological

 istudias of the présent tyée,cannbt-provide.full
 informatioﬁ as to the mechanisms of metabolic bone

~ diseases, and forhthis.to ba'obﬁained they must be
supplsmented by dynamic‘mbrphological'methdds in

seiected cases, Studies §f:the present kind do form,
however, an ihdispensable‘background to the‘practical

study of metabolic bone diseases.
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Figure 38, (On following page).
Figures to illustrate proof

of . Tormula S,A., = 2
L

(v. appendix 1.).
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Appendix 1.

PROOF OF FORMULA ¢.A. =

after Nogers,C.A. in Short,R.H.D. 'Thil.Trans,3 1950 - 51
235, 35. (p.67)

Consider volume V of bone let S be the surface area
. of a trabecula contained in the volume V. Let G be a
grid of lines of total length L, the size of the grid
being small in comparison to V. G is moved by a simple
translation to a random position in the volume V (each
bosition being equally likely).

| Fifst consider thé,case when all lines of G afe'parallel
to some fixed direction. TFor convenience we choose an
origin 0, and rectangular Cartesian coedrdinate axes 0X,
- 0Y and CZ with OX in the diféction of ﬁhe'lines of G,
Consider aﬁ element of\length& 1 of one of the lines of G.
Lgt P, be the end point of this elemént with the lesser
X co-ordinate. The element is moved by a translation to
airandom pésition invV,
o Gonsidér-an element- of the surface S with aread s,
the elément being so small that it may be regarded as
fléf; Let,e'be the acutevangle‘between the normal to
this element and the OX axis. ”' e
v' Now when the element § 1 of G is movéd‘into V it
intersects the element § s of S if, and only if, the

“-point‘Polis moved into the skew prism formed by moving
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the elementd s by a translatdon in the direction from
X to O through a distance § 1.

The volume of this prism is the product of §1 and
the area of the projection' of the element § 8 on the plane
oY?

The area of projection is 8 8 ¢cos 8-

J.The volume = S§1ds cos 6

A8 P is equally likely to be at any point in the

volume V, its chance of being in this prism of voiﬁme

$§1 §8 cos o is 81 ‘SSVCOS 9.

This is consequently the chance that the“"eliemenlt 31
~of G interse‘c'ts tile 'surféce eiefﬁeht Ss. We may assume
that §1 is 5O small that the chance of intersecting the
surface § more than once is negligible. »

Then the chance- that 81 1ntersects the surface S
at some point is obtained by summing the chanc&s of Sl
intersecting surface elements such as $s or by -

evaluating the . 1ntegra1 |

g Jl Js cos O
, 7 ‘
q .

Nk

J‘i ".‘:cbs OJSI

E

taken over the surface 8.
As the surfacé 8 is highly convo1uted and as the

normals to the . surfacﬂ are equally likely to point in

any direction then

X cos erés , =   - CS
S o ,

where C is the mean value of cos O.
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To £ind C we conaider a spherc centre O with unit
rzdiue. The surface arca of this sphere is Lar ; the

asren of projection of the surface on the plane OY" is 2vv

A

( ?¢ from the hemisphere on one side of the plane JY7
and W from the hemisphere on the other side). The mean

value for cog 9 is the ratio of these 2 areas
] '1 :
(‘

¢ oS = =1

2
The chance that the element 1l intersects the

surfnce at come point is

d1en

B

N

— &
— U

v

On the average the element § 1 intersects the

. .
surface T, 7%; times.
4T

Qumeing over the wholé length of the grid G, the

grid will intersect the surface 1T times on the
o &7 ‘
average, Althopgh for convenience it has been assumed

that all the 1ines of G are parallel to the x axis
it 13 clear that this assumption 1s not necesasary.
| e ‘

" = =

v

it v

i
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¥
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then o per unit volume
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Appendix 2.

DERIVATION OF THRORRTICAIL STANDARD RRROR FOR USE WITH

ARRA AND CURFACE AREA MRASUREMENTS USING ZEINS

TYREPIECES I and II.

Let n be the total number of counts (points or
intercepts) made on any section, and ¢ be the perqéntage
of total (surface or surface area) ocdupied by the
gsought component, |

Then ¢ will also be the percentage of counts félling
upon the sought component. This figure will be a mean

figure derived from many separate obsérvations, which in

themselves have a binomial distribution.
¢ will also have a binomial distribution (approaching
a normal distribution as n rises) and as such has a

theoretical standard error (expressed as a % of the total)

Bxpressing thic as a fraction of the sought component

- [e(400 -~ ¢
n .

c

of

S, 5 =

As a percentage this becomes

93}
L
=t

c

100 /0(100 - ¢c)
= n = 4100 ’1@9 - G
‘ nc
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(.7.)2 = qo002 x 10 =
ne -
“ultiplying both sides by I~ and dividing by (f.%.) 2
then ne = 100 h¢ "(100 - c)
200 (F.5.)2 |

Now ?goequals no, of counts falling on sought component

To give a .1, of 107 (6f sought component)

| . _ 100 ‘
700 © Mo, of points on conponent = -Tﬁz"x 100 - ¢

_= 100 - Cas

. For a standérd eirbr ofn10*, 100 »/c counts must

have fallen on the sought component

f°1milar1y for a atandard error of 53 u (100 - ¢) points

on component ¢ are necessary.
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Appendix 3,

AGREEMENT OF CURFACT VEATUREVENTS UIING DIFFERENT METHODS

OF TURNING ZBISS NYAPIRCE IJ THROUGH 90°,

“ample counts (20 fields counted in cach case).

A, Original count, using new random orientation of

eyepiece for each ficld.

Intersections with formation surface

= 12
Intersections with fesorption surface = '1h
Intersections wifh inert surface = . 96
Total interséctions . = 122
B. Count_made withieyepiéce at right angles to
orientation in A (Angle being determined by
1nspédtion only. )
Intérsections with formation surface =. 1"
Interseetions with resorption surface = 11
Inteféections with inert surface = 95
Total intefsection | | = 117
Co Count made with eyeplece at right angles to
| ‘brientationiin A (Angle being determined with’
markers.:) |
‘Intersections with formation surface = 11
'Interséctions with resorption surface = 12
Intersections with inert shrface  ' = 97
"'Potaltivn'ter_sect‘;ions“ . = 120

All three results are similar, although measurements

from individual fields in A-shoWed’cdnsiderable ﬁifferences



248

from those in B and C., The results of B and C
(individual fields and totals) are virtually identical,

showing that method C is accurate.
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Appendix L

CORTLCTICN™ ©Won DuLI-US SUREACET

An opaque structure, of finite thickness, and
with oblique sufféces‘appears relatively larger when
viewed, with‘an incfeaced area and circunference, since
- only the greﬁtest'diameter i3 apprcciated.

' for example a four sided pyramid, viewed from A

A AR -
& : . ' ‘\ ’
B appears Aas N ’
. ) . b \ ¢
section ‘ N "
thickness e
. N\
. V4 \
4 Y
4 \
e V4 \\
4
k2 &

Qimilarly a trabecula with oblique surfaces~-

Ll\

, \ -~ appears larger from ' oblique -
| - 'above. thus | surface .

The‘trabecu1a 1s'é1ongated and thzreforc appears as a

~ whole asg:=~

Apparent T e mme e e e e r e . ...~ —-——— -] ? oblique
< osize o LW . x surface -
o 7 77 »

R R T - obligue surface
- rather than:- : '

, . 1‘;(“" - y >
Actual.siee . X% :f'a : ~ '

although 1n sections of this thickness the bone is not
| opague, and the oblique surfaoes to the left and at the
ftop of the trabecula can be recognised,

The appgrgnt«circumference will be greater than the

true ciréumference;' At ends of trabeculae this error



will be relatively large

App{%ent . Té%e s

but in absolute terms any error here contributes little

250

to the final result, Cimilsrly the bulk of the circumference

is along the sides of trabeculae and here the error is
‘réiatively ani absolutely minute.

Thus the error is minimal as regards circumference
(the actual quantity measured in surface,éoﬁnting with
the Zeiss iyepiece II.).

It will be seen that the error is of greater

-magnitude and importance in bone aréa measurements
(since the apparent area of a trabecula with oblique
surfaces 1s increased far more than the apparent
- eircumference) and a correction must be applied.

iathematical corrections (Hrdnkd 1955) suitable
if the bodies counted are portions of spheres are not
applicable to a complex structure such as canéellous
bone, but reference to the diagrams will show that a
full correction for this error is made by the method
of counting points on obligque surfaces bounding the left
andvsuperior margins of trabeculae only.' In sectlions of
this thickness the bone 1s not opaque and all oblique.

surfaces can be recognised and this correction applied.
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Appendix 5,

CTATIOTICAL “IRTHODS

All formulae used in the statistical cvaluation of -

. this study have been taken from

1. Statistical methods in biology by N.T.J,Bailey.

1959. inglish Universities Press, London.

2,.  Biomathematics by C.aA.B,Smith, 1954,

Charles Griffin, London,

3,  Statistical methods for research workers by
R.A.Fisher. 41th edition 1950, Oliver and Boyd,

London,
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