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ABSTRACT

T his  t h e s i s  d e a l s  w ith  th e  s t r u c t u r e  o f  equ ine  limb bones . The 

i n i t i a l  s tu d y  d e te rm in e d  th e  r e l a t i v e  p r o p o r t i o n  o f  f i e l d s  o f  view 

o ccup ied  by more l o n g i t u d i n a l  and more o b l iq u e  c o l la g e n  i n  th e  c o r te x  

o f  t h e  r a d i u s  and  h a s  a t t e m p t e d  t o  r e l a t e  t h i s  i n f o r m a t i o n  t o  

o s t e o n a l  ty p e  and ty p e  o f  l o a d in g .  T here  i s  a h i g h e r ,  more o b l iq u e  

f r a c t i o n  in  th e  com pression  c o r te x  which i s  a s s o c ia t e d  w ith  a h ig h e r  

re m o d e l l in g  a c t i v i t y .  The a c t u a l  o r i e n t a t i o n  p a t t e r n  o f  th e  c o l la g e n  

f i b r e s  i n  th e  d a rk  and th e  b r i g h t  l a m e l l a e  i n  s e c o n d a ry  o s te o n s  i n  

th e  p la n e  o f  s e c t i o n  i n  p o la r i s e d  l i g h t  i s  de te rm ined .

D i s t a l  co n d y la r  f r a c t u r e s  o f  th e  t h i r d  m e taca rp a l  bones can be 

s u b s t a n t i a l l y  e x p l a i n e d  by u n d e r l y i n g  s t r u c t u r a l  f e a t u r e s  o f  t h e  

m in e ra l i z e d  c a r t i l a g e  and bone. There i s  a  marked p r e f e r e n c e  to  th e  

o r i e n t a t i o n  o f  t h e  s t r u c t u r e  o f  th e  m i n e r a l i z e d  c a r t i l a g e  and i t  

t e n d s  t o  c l e a v e  i n  t h e  s a g g i t a l  p l a n e .  T h e r e  a r e  p r o f o u n d  

d i f f e r e n c e s  w i th  age and betw een i n d i v i d u a l s  i n  th e  d e n s i t y  o f  th e  

su b c h o n d ra l  bone. P ro x im a l to  t h i s ,  th e  main t r a b e c u l a e  a r e  p l a t e s  

r u n n in g  i n  th e  d o r s o -p a lm a r  d i r e c t i o n  w i th  s m a l l  s t r u t s  r u n n in g  i n  

t h e  m e d i o - l a t e r a l  d i r e c t i o n  j o i n i n g  them t o g e t h e r .  T h i s  s t r u c t u r e  

le a d s  to  a tendency f o r  a  f r a c t u r e  to  p ro p a g a te  between th e  s a g g i t a l  

p l a t e s .  I n  t h e  s k e l e t a l  t i s s u e s ,  f r a c t u r e s  s t a r t  e i t h e r  i n  t h e  

a n i s o t r o p i c  t r a b e c u l a r  bone, a t  th e  o s s e o - c h o n d r a l  j u n c t i o n ,  o r  a t  

th e  t i d e -m a rk  in  th e  c a l c i f i e d  c a r t i l a g e  a t  th e  deep s u r f a c e  o f  th e  

a r t i c u l a r  c a r t i l a g e .  They may t h e r e f o r e  s p r e a d  i n  one o r  i n  two 

d i r e c t i o n s .  W h e re v e r  t h e  c r a c k  i n i t i a t e d ,  i t  w o u ld  p r o p a g a t e  

c a t a s t r o p h i c a l l y  when i t  reached  th e  zone o f  p a r a l l e l  p l a t e  s t r u c t u r e  

o f  th e  c a n c e l lo u s  bone.

The s t r u c t u r e  o f  th e  t r a b e c u l a r  bone g iv e s  maximum s t r e n g t h  and 

p r o t e c t i o n  in  th e  s a g g i t a l  p la n e  in  which th e  bone r o t a t e s ,  b u t  i t  

w i l l  y i e l d  s l i g h t l y  i n  t h e  t r a n s v e r s e  p l a n e  and t h i s  may have  a 

b e n e f i c i a l  e n e r g y  a b s o r b i n g  r o l e .  The d i s a d v a n t a g e  o f  t h i s  

s t r u c t u r a l  o r g a n i s a t i o n  i s  t h a t  i t  o f f e r s  m in im a l r e s i s t a n c e  to  

f r a c t u r e s  in  th e  s a g g i t a l  p la n e .

F u r th e r  to  t h i s ,  an a n i s o t r o p i c  a r c h i t e c t u r e  i n  th e  a r t i c u l a r  

c a r t i l a g e  o f  th e  e q u in e  M cIII i s  d e s c r ib e d  and a s s o c i a t e d  w ith  th e  

u n i d i r e c t i o n a l  load  t h a t  th e  bone undergoes .
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CHAPTER 1

HISTORICAL INTRODUCTION AND BACKGROUND

The b iom echan ica l competence o f  bones depends upon th e  s t r e n g t h  

o f  b o n e  t i s s u e ,  w h ic h  a g a i n  d e p e n d s  on  m a s s ,  d e n s i t y ,  t h r e e  

d im e n s io n a l  a r ra n g e m e n t  and th e  s t r e n g t h  o f  th e  c o m p o s i te  m a t e r i a l .  

Mass d e n o te s  bone q u a n t i t y  w h i le  th e  o t h e r  f a c t o r s  c o n s t i t u t e  bone 

q u a l i t y .

Bone’s m a te r i a l  p r o p e r t i e s  depend on th e  m ic ro sco p ic  s t r u c t u r e  

o f  t h e  c a l c i f i e d  m a t r i x  a s  w e l l  a s  i t s  c o m p o s i t i o n .  P o r o s i t y  

( f r a c t i o n  o f  th e  m a t e r i a l  o c c u p ie d  by s o f t  t i s s u e  s p a c e ) ,  d e g re e  o f  

m i n e r a l i s a t i o n ,  c o l l a g e n  f i b r e  o r i e n t a t i o n ,  h i s t o l o g i c a l  s t r u c t u r e  

(p r im a ry  o r  s e c o n d a r y  o s t e o n a l  bone) and f a t i g u e  damage a r e  th e  

d e te rm in in g  f a c t o r s .  Changes i n  th e s e  v a r i a b l e s ,  and a l s o  changes in  

m i c r o s t r u c t u r a l  and c o m p o s i t io n a l  s t a t u s  caused  by re m o d e ll in g  cause  

a change in  m a te r i a l  s t r e n g t h  ( f a i l u r e  s t r e s s )  and s t i f f n e s s  ( e l a s t i c  

modulus) o f  bone.

Bone s t r e n g t h  i s  t h e  m a in  d e t e r m i n a n t  o f  t h e  m e c h a n i c a l  

i n t e g r i t y  o f  t h e  bone  i t s e l f .  C e r t a i n  e x t r a - o s s e o u s  f a c t o r s  a l s o  

c o n t r i b u t e  t o  i t .  Bone s t r u c t u r a l  f a i l u r e  d e p e n d s  on t h e  f o r c e  

a p p l i e d ,  and th e  b o n e ’ s s t r e n g t h  t o  r e s i s t  t h e  f o r c e .  F r a c t i o n a l  

vo lum e c o r r e l a t e s  w e l l  w i t h  b o n e  s t r e n g t h .  H ow ever ,  i t  i s  n o t  

s u f f i c i e n t  t o  e x p l a i n  why i n d i v i d u a l s  w i th  n o rm a l  v a l u e s  s u s t a i n  

f r a c t u r e  w h i le  th o s e  w ith  low bone mass do n o t .  G a r d s e l l  f a i l e d  to  

f i n d  any  d i f f e r e n c e  b e t w e e n  f r a c t u r e  a n d  n o n - f r a c t u r e  g r o u p s  

( G a r d s e l l  e t  a l  1989, 1990).  Thus bone s t r e n g t h  a l s o  depends  upon 

t h e  s t r u c t u r a l  m a t e r i a l  p r o p e r t i e s  an d  i t s  t h r e e - d i m e n s i o n a l  

a r c h i t e c t u r e  (M e l to n  e t  a l  1 9 8 8 ) ,  j o i n t l y  r e f e r r e d  t o  a s  bone  

q u a l i t y .  Bone q u a l i t y  b ro a d ly  covers  th e  a r c h i t e c t u r e  o f  bone -  bo th  

c o r t i c a l  and t r a b e c u l a r ,  t h e  c o m p o s i t io n  and o r g a n i s a t i o n  o f  th e  

m a t r i x  and i t s  m i n e r a l i s a t i o n  p r o f i l e .  The l o a d i n g  h i s t o r y  i s  an 

im p o r ta n t  p a ra m e te r  f o r  th e  m a t e r i a l  p r o p e r t i e s  o f  bone , e s p e c i a l l y  

i n  r e l a t i o n  to  th e  change i n  o r g a n i s a t i o n  i n  r e s p o n s e  to  d i f f e r e n t  

ty p e s  o f  s t r a i n  and th e  e x t e n t  o f  f a t i g u e  damage and i t s  r e p a i r  by 

re m o d e ll in g .  Bone q u a l i t y  i s  n o t  som eth ing  s t a t i c .  I t  i s  c o n s ta n t ly
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changing  i n  com pliance w ith  f u n c t i o n a l  h i s t o r y .  Every change i n  th e  

f u n c t i o n  o f  bone i s  f o l l o w e d  by c e r t a i n  d e f i n i t e  c h a n g e s  i n  t h e  

i n t e r n a l  a r c h i t e c t u r e  and e x t e r n a l  con fo rm ation  (Wolff 1892).

Bone s t r e n g t h  and th e  i n d i v i d u a l ’s en v iro n m en t  c o n c o m i ta n t ly  

c o n t r i b u t e  t o  t h e  o c c u r r e n c e  o f  f r a c t u r e .  P r o p e n s i t y  t o  f a l l ,  

im p a ire d  p o s t u r a l  r e f l e x e s  d u r in g  f a l l i n g ,  i n s u f f i c i e n t  s o f t  t i s s u e  

o v e r  t h e  p o i n t  o f  im p a c t  t o  d i s t r i b u t e  t h e  f o r c e  o f  t h e  f a l l ,  and 

env ironm en ta l  h aza rd s  a r e  th e  a d d i t i o n a l  f a c t o r s  t h a t  c o n s t i t u t e  th e  

en v iro n m en t o f  th e  i n d i v i d u a l .  Some p o i n t  o u t  t h a t  th e  f o r c e  o f  a 

f a l l  from a s ta n d in g  h e i g h t ,  p ro p e r ly  a p p l i e d ,  i s  s u f f i c i e n t  to  b reak  

any a d u l t  bone (Heaney 1993)»

Bone f r a g i l i t y  depends on s e v e r a l  f a c t o r s  such  as  t r a b e c u l a r  

c o n n e c t i v i t y ,  a l t e r a t i o n s  i n  b one  a r c h i t e c t u r e ,  m i c r o f r a c t u r e s  

v i s i b l e  a t  l i g h t  m i c r o s c o p ic  l e v e l ,  m i c r o c r a c k s  o r  d e f e c t s  a t  th e  

u l t r a s t r u c t u r a l  l e v e l ,  bone q u a l i t y  and c o n t in u o u s  changes  i n  bone 

c o m p o s i t io n .  F a t i g u e  damage c a u s e s  bone f r a g i l i t y ,  a p r o c e s s  t h a t  

i n v o l v e s  p r o d u c t i o n  o f  h i s t o l o g i c a l l y  o b s e r v a b l e  c r a c k s .  I f  su ch  

c ra c k s  a r e  n o t  r e p a i r e d ,  t h e i r  g r a d u a l  deve lopm en t and c o a l e s c e n c e  

e v e n tu a l ly  le a d  to  bone f r a c t u r e .

Mechanisms t h a t  l e a d  to  bone f r a g i l i t y  may be d i f f e r e n t .  In  

low tu rn o v e r  o s te o p o r o s i s ,  t h e r e  a re  l a r g e r  burdens  o f  f a t i g u e  damage 

c a u s i n g  i n c r e a s e d  b one  f r a g i l i t y ,  and  h e n c e  i n c r e a s e d  r i s k  o f  

f r a c t u r e .  I n  h ig h  t u r n o v e r  o s t e o p o r o s i s  g r o u p s ,  f a s t e r  bone  l o s s  

fo l lo w s  in c re a s e d  re m o d e ll in g  which g iv e s  r i s e  to  l a r g e r  rem o d e ll in g  

sp aces  in  bone s t r u c t u r e  t h a t  fav o u r  in c re a s e d  r i s k  o f  f r a c t u r e .

V ar io u s  f a c t o r s  i n f l u e n c e  bone a t  b o th  macro and m icro  l e v e l s  

th roughou t l i f e .  M odelling  changes th e  o v e r a l l  shape o f  bone o rgans 

i n  r e s p o n s e  to  p h y s i o l o g i c  and m e c h a n ic a l  i n f l u e n c e s .  Bones may 

w iden o r  ch an g e  i n  s h a p e  by th e  rem o v a l o r  a d d i t i o n  o f  b o n e ,  e g . , 

p e r i o s t e a l  g ro w th  ( a d d i t i o n  o f  new l a y e r s  o f  b one)  i n c r e a s e s  th e  

w id th  o f  a lo n g  bone, w h i le  rem oval o f  bone o c c u r s  a t  t h e  e n d o s t e a l  

s u r f a c e  w idening th e  lumen o f  th e  c y l in d e r .

R e m o d e l l i n g  i s  t h e  r e s u l t  o f  c o u p l i n g  o f  f o r m a t i o n  and  

r e s o r p t i o n ,  n o r m a l l y  a b a l a n c e d  p r o c e s s .  The c e l l s  r e s p o n s i b l e  

c o n s t i t u t e  t h e  B a s ic  M u l t i c e l l u l a r  U n i t  (BMU: F r o s t  19^9) o r  Bone 

Rem odelling U nit (BRU; P a r f i t t  1983a). During th e  re m o d e l l in g  c y c le ,
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an i n d i v i d u a l  BRU g iv e s  r i s e  t o  a Bone S t r u c t u r a l  U n i t  (BSU: F r o s t  

1969• E r ik se n  I 986 ) . The l i f e s p a n  o f  i n d i v i d u a l  o s t e o c l a s t  n u c l e i  i s  

o n ly  a few days o r  w eeks, and t h a t  o f  th e  o s t e o b l a s t  i s  o n ly  a few 

months (F ro s t  I 986 ) . O s teo cy te  lo n g e v i ty  i s  e s t im a te d  to  be abou t 25 

y e a r s  (F r o s t  I 985 ) .

I n  c o r t i c a l  b o n e ,  t h e  BRU i s  a p p r o x i m a t e l y  400pm l o n g  and 

200pm w ide a t  t h e  b a s e .  An i n d i v i d u a l  BRU b o r e s  l o n g i t u d i n a l l y  

th rough  th e  c o r te x  a t  a r a t e  o f  40pm p e r  day (Jaw o rsk i  and Lok 1972), 

known as th e  c u t t i n g  cone, l e a v in g  new bone b eh in d ,  th e  c l o s i n g  cone. 

D u rin g  t h e  p r o c e s s ,  new bone i s  l a i d  down a ro u n d  a c e n t r a l  c a n a l  

c o n t a i n i n g  b lo o d  v e s s e l s ,  a lo n g  th e  l o n g  a x i s  o f  t h e  BRU. Thus i t  

g iv e s  r i s e  to  a bone s t r u c t u r a l  u n i t ,  a  c o r t i c a l  o s te o n  o r  H avers ian  

sy s tem  w here  c o l l a g e n  f i b r e  l a m e l l a e  a r e  a r r a n g e d  i n  c o n c e n t r i c  

l a y e r s  a round  th e  c e n t r a l  c a n a l .  R em o d e ll in g  does  n o t  p ro c e e d  w ith  

t h e  same i n t e n s i t y  on t h e  p e r i o s t e a l  and  e n d o s t e a l  a s p e c t s .  An 

im b a la n c e  i n  r e m o d e l l i n g  ( r e s o r p t i o n  and f o r m a t io n )  on p e r i o s t e a l  

s u r f a c e s  w i th  a n e t  i n c r e a s e  i n  bone c o n t r i b u t e s  t o  a p p o s i t i o n a l  

growth and f r a c t u r e  r e p a i r .  On e n d o s te a l  s u r f a c e s  r e m o d e l l in g  o ccu rs  

a t  a h i g h e r  i n t e n s i t y ;  th e  r a t e  o f  r e s o r p t i o n  e x c e e d s  t h e  r a t e  o f  

f o r m a t io n  r e s u l t i n g  i n  e n d o c o r t i c a l  t h i n n i n g  and e x p a n s io n  o f  th e  

c y l in d e r  i n  long  bones .

Though BRU ta k e  a  d i f f e r e n t  forms in  th e  t r a b e c u l a r  component, 

y e t  t h e  p u r p o s e  i s  t h e  sam e ;  o l d  b o n e  i s  r e p l a c e d  w i t h  new . 

C a n c e l lo u s  bone c o n s i s t s  o f  bony t r a b e c u l a e ,  e i t h e r  t h i n  p l a t e s  o r  

s p i c u l e s  w i th  a  t h i c k n e s s  r a n g e  from 50p® t o  400pm ( E r i k s e n  e t  a l  

199 4 ) .  The t r a b e c u l a e  a r e  i n t e r - c o n n e c t e d  i n  a honeycomb p a t t e r n  

p r o v i d i n g  m ax im al m e c h a n i c a l  s t r e n g t h .  T r a b e c u l a r  a r c h i t e c t u r e  

fo l lo w s  a  p a t t e r n  t h a t  e n s u r e s  maximal a d a p t a t i o n  to  t h e  p r e v a i l i n g  

s t r e s s  d i r e c t i o n .

Rem odelling a s  a m o d i f ie r  o f  bone s t r e n g t h .

R em odell ing  b r i n g s  changes  i n  bone s t r u c t u r e  th ro u g h o u t  l i f e .  

Removal o f  o ld  bone i s  fo l lo w e d  by s y n t h e s i s  o f  new bone m a t r ix  and 

i t s  s u b s e q u e n t  m i n e r a l i s a t i o n .  S in c e  r e m o d e l l i n g  i s  u s u a l l y  a 

b a l a n c e d  p r o c e s s  o f  r e s o r p t i o n  and f o r m a t i o n ,  i t  p r e s e r v e s  t h e  

m e ch an ica l  i n t e g r i t y  o f  th e  s k e l e t o n .  At th e  same t im e ,  i t  a l t e r s
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t h e  b o n e  a r c h i t e c t u r e  and  c o m p o s i t i o n  l e a d i n g  t o  c h a n g e  i n  i t s  

c a p a c i ty  to  w i th s ta n d  v a r i e t i e s  o f  s t r a i n .  M oreover, i f  fo rm a t io n  i s  

n o t  coup led  w ith  r e s o r p t i o n ,  bone removal o b v io u s ly  le a d s  to  im pa ired  

m echan ica l competence.

As r e m o d e l l in g  e v e n t s  p ro c e e d ,  o l d e r  bone i s  r e p l a c e d  by new 

H a v e r s i a n  u n i t s .  A n e t  i n c r e a s e  i n  p o r o s i t y  may r e s u l t  n e a r  t h e  

m e d u l l a r y  c a n a l  due to  t h e  a p p e a ra n c e  o f  l a r g e r  H a v e r s i a n  c a n a l s .  

T h i s  t e n d e n c y  i s  r e d u c e d  on t h o s e  s i d e s  o f  t h e  b o n e  w h e re  

l o n g i t u d i n a l  b e n d in g  s t r e s s e s  a r e  h a b i t u a l l y  h i g h e r ,  i . e . ,  i n c r e a s e  

i n  e n d o s t e a l  b o n e  l o s s  and  i n t r a c o r t i c a l  p o r o s i t y  o c c u r  

p r e f e r e n t i a l l y  n e a r  t h e  n e u t r a l  a x i s  f o r  b e n d i n g  o f  l o n g  b o n e s  

(M artin  and B urr I 989 ) ,  s u g g e s t in g  t h a t  s t r e s s  i n h i b i t s  r e m o d e l l in g  as 

w e ll  as s t im u la t in g  p e r i o s t e a l  m ode lling .

I n  c a n c e l l o u s  bone e a c h  r e m o d e l l i n g  e v e n t  p r o d u c e s  a s m a l l  

i n c r e a s e  i n  p o r o s i t y .  I f  r e s o r p t i o n  c o n t i n u e s ,  and i s  n o t  co u p led  

w i th  b a l a n c e d  f o r m a t i o n ,  t h e  t r a b e c u l a e  g e t  t h i n n e r .  F u r t h e r  

r e s o r p t io n  le a d s  to  p e r f o r a t i o n ,  o r  th in n in g  and d is c o n n e c t io n  o f  th e  

t r a b e c u l a e .  P e r f o r a t e d  t r a b e c u l a e  become c o m p le t e ly  u n lo a d e d ,  and 

c o n s e q u e n t l y  a r e  r e s o r b e d  ( P a r f i t t  1 9 8 4 , I 9 8 7 ; M o s e k i ld e  1990; 

J a y a s i n g h e  e t  a l  1 9 9 3 ) • W h e th e r  t h e  f r e e  e n d s  t h a t  f o l l o w  t h e  

s e v e r in g  o f  th e  t r a b e c u la e  remain unchanged, o r  become c o a te d  by new 

bone fo rm a t io n ,  th ey  n ev e r  r e g a in  c o n t in u i t y  ( Ja y a s in g h e  e t  a l  1993). 

S t u d i e s  show t h a t  v e r t i c a l  m a in  l o a d  b e a r i n g  s t r u t s  a r e  l e s s  

f r e q u e n t l y  a f f e c t e d  th a n  t h e  h o r i z o n t a l  t r a b e c u l a e  i n  v e r t e b r a l  

b o d ie s  l e a d in g  to  a g e - r e l a t e d  in c r e a s e  i n  c a n c e l lo u s  bone a n is o t ro p y  

(Mosekilde 1989; Jay as in g h e  e t  a l  1993).

SEM s t u d i e s  f u r t h e r  r e v e a l  t h e  e v e n t s  t h a t  t h e  t r a b e c u l a e  

u n d e rg o  d u r i n g  r e s o r p t i o n  when deep  v e r t i c a l  e x c a v a t i o n s  l e a d  to  

s e v e r i n g  o f  t h e  t r a b e c u l a e .  T r a b e c u l a e  g e t  t h i n n e r  by  l o n g  

r e s o r p t io n  grooves t h a t  ex ten d  a long  th e  lo n g  axes o f  th e  t r a b e c u la e  

from node to  n o d e .  G r a d u a l l y ,  s e v e r i n g  o f  t h e  t r a b e c u l a e  c a u s e s  

b re a c h e s  i n  th e  t r a b e c u l a r  ne tw ork  and c o n n e c t i v i t y .  U l t i m a t e l y  th e  

b o n e ' s  a r c h i t e c t u r a l  c o m p e te n c e  d e t e r i o r a t e s  w i t h  t h e  p r o c e s s  

(Jay as in g h e  e t  a l  1993: Jones  and Boyde 1994).

Loading  a c t i v a t e s  in c r e a s e d  o s t e o n a l  r e m o d e l l i n g  (B u rr  e t  a l

1 98 5 ) .  R e m o d e l l in g  a f f e c t s  bone s t r e n g t h  and s t i f f n e s s  i n  s e v e r a l
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ways; p r i m a r i l y  i n  th e  m a te r i a l  p r o p e r t i e s  o f  th e  s k e l e t o n .  A ccording 

to  on e  s c h o o l  o f  t h o u g h t ,  d u r i n g  l i f e ,  i n  n o rm a l  i n d i v i d u a l s ,  

s k e l e t a l  l o a d i n g  p r o d u c e s  f a t i g u e  dam age o r  m i c r o c r a c k s  i n  t h e  

c a l c i f i e d  m a t r i x  u n d e r  p h y s i o l o g i c a l  c o n d i t i o n s  (B u r r  e t  a l  1985» 

S c h a f f l e r  e t  a l  1989» 1 9 9 0 ) .  R e m o d e l l in g  f o l l o w s  t o  r e p a i r  th e  

f a t i g u e  damage ( F r o s t  1963; C a r t e r  and H ayes 1 9 7 7 ) '  Some s t u d i e s  

p r o v i d e  e v i d e n c e  t h a t  f a t i g u e  c r a c k s  p r o d u c e d  a s  a  r e s u l t  o f  

m e c h a n ic a l  l o a d i n g ,  l e a d  t o  an i n c r e a s e  i n  num ber  o f  o s t e o n a l  

r e s o r p t i o n  c a v i t i e s  (Burr e t  a l  1985» Mori and B u rr  1991)»

T hus  f a t i g u e  r e l a t e d  m i c r o - d a m a g e  a s  m a n i f e s t e d  by 

h i s t o l o g i c a l l y  d e f in e d  c r a c k s  ( F r o s t  1960b; B u rr  and S t a f f o r d  1990) 

d o e s  n o t  n o r m a l l y  a c c u m u l a t e  w i t h  a g e  ( F r o s t  1 9 6 0 b ) . S e v e r a l  

m echanism s o f  r e p a i r i n g  f a t i g u e  damage h a v e  b e e n  p u t  f o r w a r d .  I f  

r e m o d e ll in g  o ccu rs  as  a r e p a r a t i v e  measure f o r  f a t i g u e  damage. F ro s t  

h y p o t h e s i s e d  t h a t  damage c a u s i n g  d i s r u p t i o n  i n  t h e  c a n a l i c u l a r  

n e tw o rk  t r i g g e r s  a c e l l u l a r  membrane r e s p o n s e  i n  o s t e o c y t e s  w hich  

e v e n t u a l l y  s i g n a l s  t h e  a p p r o p r i a t e  c e l l  p o p u l a t i o n  w i t h i n  t h e  

H a v e r s ia n  c a n a l  t o  b e g in  th e  p r o c e s s  o f  r e p a i r  ( F r o s t  1973. 1985 ) .  

O thers  advoca te  a  d i f f e r e n t  mechanism -  a b re a c h  i n  l a m e l l a r  bonding 

t h a t  fo l lo w s  m ic ro c ra c k s  r e l i e v e s  th e  u s u a l  s t r e s s  t r a n s m i t t e d  from 

t h e  s u r r o u n d i n g  b o n e  t o  t h e  H a v e r s i a n  c a n a l ,  a n d  i n i t i a t e s  

r e m o d e l l in g  (M ar t in  and B u rr  1982).  In  a d d i t i o n  to  t h e  e x c i t a t o r y  

s i g n a l s  conveyed by o s te o c y te s  p r e s e n t  a d j a c e n t  to  th e  damaged a r e a ,  

Lanyon p roposes  t h a t  th e  absence o f  co n t in u o u s  i n h i b i t o r y  s i g n a l  from 

th e  o s te o c y te s  i n  th e  damaged a re a  (o s te o c y te s  k i l l e d  o r  damaged) to  

p r e v e n t  o s t e o c l a s t  i n v a s i o n  e v e n t u a l l y  m ig h t  w ork a s  a s i g n a l  

i n v i t i n g  r e p a i r  (Lanyon 1993).

P h y s io lo g i c a l l y  loaded  bone a p p a re n t ly  does n o t  s u s t a i n  s t r a i n  

damage (C urrey  1968, 1984).  As Lanyon p ro p o s e s  (Lanyon I 9 8 7 )» when 

th e  s t r a i n  r i s e s  above a t h r e s h o l d  l e v e l  ( s t i l l  u n a b l e  t o  c a u s e  

m i c r o f r a c tu r e ) ,  th e  change t h a t  occu rs  in  th e  deformed m a tr ix  such  as 

r e o r i e n t a t i o n  o f  p ro te o g ly c a n s  (S k e r ry  e t  a l  I 9 8 8 ) , a r e  d e t e c t e d  by 

th e  o s t e o c y t e s  i n  th e  v i c i n i t y .  The o s t e o c y t e s  th e n  s i g n a l  to  th e  

a p p r o p r ia t e  c e l l  p o p u la t io n  th rough  t h e i r  com m unications to  i n i t i a t e  

r e m o d e l l i n g  p r o c e s s .  P r o t e o g l y c a n s  a r e  b e l i e v e d  to  be r e s p o n s i b l e  

p r o v i d i n g  e x t r a c e l l u l a r  i n f o r m a t i o n  a s  t h e y  h a v e  s t a b i l i s i n g
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p r o p e r t i e s  on f i b r i l l a r  p r o t e i n s  (Meyer I 9 6 0 ) .  Pead and c o -w o rk e rs  

( 1988a) showed t h a t  o s t e o c y t e s  r e c e i v e  f i r s t  hand in f o r m a t i o n  from 

th e  deformed m a tr ix  in  lo a d in g  bones beyond th e  p h y s io lo g i c a l  l i m i t .  

Lanyon ( I 987 ) a l s o  su g g es ted  t h a t  a  few s i g n a l s  o f  s h o r t  i n t e r m i t t e n t  

l o a d in g  a r e  enough to  i n i t i a t e  r e m o d e l l i n g .  O b v io u s ly ,  t h e s e  s o r t s  

o f  lo a d in g  a r e  n o t  c a p a b le  o f  p ro d u c in g  damage i n  t h e  bone m a t r ix .  

Under th e s e  c i rc u m s ta n c e s ,  th e  re m o d e ll in g  i s  n o t  i n i t i a t e d  to  r e p a i r  

damage, b u t  to  p r e v e n t  im pending  f a i l u r e ,  r e s i s t i n g  d i s c o n t i n u i t i e s  

i n  th e  bone m a tr ix ,  and h e lp  to  m a in ta in  th e  m echan ica l i n t e g r i t y  o f  

bone.

I n  t h e  e v e n t  o f  f a t i g u e  dam age , a l t h o u g h  t h e  r e m o d e l l i n g  

p r o c e s s  c o n t i n u a l l y  r e p a i r s  th e  damage, i t  may n o t  e f f e c t i v e l y  h e a l  

a l l  t h e  dam age t h e  b o n e  s u s t a i n s .  T h u s  t h e r e  i s  a l w a y s  an 

a c c u m u la t io n  o f  damage w a i t i n g  f o r  r e p a i r  th ro u g h o u t  t h e  s k e l e t o n .  

T h i s  dam age i s  t h o u g h t  t o  c o r r e s p o n d  t o  m i c r o c r a c k s ,  w h ic h  a r e  

v i s i b l e  h i s t o l o g i c a l l y  (Burr and S ta f f o r d  1990). R em odelling  e v e n ts  

may produce weak i n t e r f a c e s  i n  th e  c a l c i f i e d  m a tr ix ;  cement l i n e s  may 

weaken th e  c o r t i c a l  bone f o r  monotonie lo a d in g .  Remodelled c o r t i c a l  

bone i s  w eaker and l e s s  s t i f f  th a n  p r im a ry  bone i n  t e n s i o n .  F a t ig u e  

damage r e d u c e s  t h e  e l a s t i c  m odulus  and m a t e r i a l  s t r e n g t h  o f  bone 

(C a r te r  and Hayes 1977; McElhaney e t  a l  1970). Human seco n d ary  bone i s  

8 0 % a s  s t r o n g  an d  9 1 % a s  s t i f f  i n  t e n s i o n  ffei p r i m a r y  b o n e  

( V in c e n t e l l i  and G rigorov  I 985 ) .

As m a t e r i a l  s t r e n g t h  i s  r e d u c e d ,  t h e  b o n e  b e c o m e s  m ore 

s u s c e p t i b l e  to  t r a u m a t i c  f r a c t u r e .  However, a t  th e  same t im e ,  th e  

weak i n t e r f a c e s  p ro v id e  p r o t e c t i o n  a g a i n s t  f a t i g u e  f a i l u r e .  Where 

th e  f a i l u r e  i s  a r r e s t e d ,  t r a n s v e r s e  f a t i g u e  c rac k s  a r e  d i v e r t e d  i n t o  

l o n g i t u d i n a l  p a th s .  Remodelled bone, which r e p la c e s  th e  damaged bone 

fo l lo w in g  f a t i g u e  damage, i s  b e t t e r  a b le  to  r e s i s t  f a i l u r e  by f a t i g u e  

c ra c k in g .

C o llagen  f i b r e  o r i e n t a t i o n

C o l l a g e n  f i b r e  o r i e n t a t i o n  i s  a m a jo r  d e t e r m i n a n t  o f  bone  

s t r e n g t h  ( V in c e n te l l i  and Evans 1971; Evans 197^; Riggs e t  a l  1993b). 

R e m o d e l l in g  a t  d i f f e r e n t  r e g i o n s  s u b j e c t e d  t o  d i f f e r e n t  s t r a i n  

d i r e c t i o n  may l e a d  to  l a y i n g  down o f  c o l l a g e n  f i b r e s  i n  d i f f e r e n t
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o r i e n t a t i o n  which a re  b e t t e r  cap a b le  to  w i th s ta n d  d i f f e r e n t  ty p e s  o f  

s t r a i n ;  t h i s  may a l s o  a f f e c t  c o r t i c a l  bone s t r e n g t h  (Boyde and Riggs 

1990 ; Riggs e t  a l  1993a)*

I n  p o l a r i s e d  l i g h t ,  c o r t i c a l  o r  c a n c e l l o u s  b o n e  sh o w s a 

c h a r a c t e r i s t i c  appea rance ,  th e  l a m e l l a r  p a t t e r n  caused  by a l t e r n a t i n g  

o r i e n t a t i o n  o f  c o l l a g e n  (G e b h a rd t  1 9 0 5 f A s c e n z i  and B o n n u c i 1964, 

1967 . 1968 ; Evans and V i n c e n t e l l i  1969. 1974). The c o n c e n t r i c  la m e l la e  

w i t h i n  t h e  o s t e o n s  c o n t a i n  c o l l a g e n  o f  a  s i m i l a r  p a c k i n g  d e n s i t y .  

The f i b r e s  l i e  p a r a l l e l  t o  one  a n o t h e r  w i t h i n  t h e  p l a n e  o f  t h e  

l a m e l l a e  (G ebhard t 1905; Boyde 1972; A scen z i  and Bonnuci 1976; Reid

1 9 8 6 ) .  S e v e r a l  o t h e r  s t u d i e s  showed t h a t  th e  c o l l a g e n  f i b r e s  l i e  

p a r a l l e l  (Jones e t  a l  1975; Jones  and Boyde 1976b) b e in g  c o n f in e d  in  

domains (Boyde and H obdell I 969 ) .

T h is  p a t t e r n  i s  a b s e n t  i n  woven bone ,  where c o l l a g e n  f i b r i l s  

a r e  d i f f e r e n t l y  o rg a n is e d .  Woven bone i s  formed d u r in g  th e  fo rm a t io n  

o f  p r im a ry  bone and i n  some p a t h o l o g i c a l  c o n d i t i o n s  l i k e  P a g e t s  

d i s e a s e  o f  bone i n d i c a t i n g  a s t a t e  o f  h i g h  bone t u r n o v e r .  I t  a l s o  

h a p p e n s  i n  bone a t  c e r t a i n  s t a g e s  o f  f l u o r i d e  t r e a t m e n t ,  when an 

i n i t i a l  h ig h  r a t e  o f  bone fo rm a t io n  i s  a s s o c i a t e d  w i th  i n a b i l i t y  o f  

t h e  bone  r e m o d e l l i n g  u n i t  t o  e n s u r e  p r o p e r  l a m e l l a r  a l i g n m e n t  

( E r i k s e n  e t  a l  1 9 9 4 ) .  D i f f e r e n t  c o l l a g e n  f i b r i l  a r r a n g e m e n t  

e v e n t u a l l y  a f f e c t s  th e  m echan ica l p r o p e r t i e s  o f  bone.

More l o n g i t u d i n a l l y  o r i e n t e d  f i b r e s  enhance  t e n s i l e  s t r e n g t h  

(M a r t in  and I s h i d a  1989; Boyde and R iggs 1990; R iggs e t  a l  1993b).  

H igher com pressive s t r e n g t h  has  been a s s o c ia t e d  w ith  bone c o n ta in in g  

many o s t e o n s  o f  p r e d o m i n a n t l y  o b l i q u e / t r a n s v e r s e  c o l l a g e n  f i b r e  

o r i e n t a t i o n  (Evans e t  a l  1974; Boyde and R ig g s  1990; R ig g s  e t  a l  

1993b ) .  There i s  ev idence  t h a t  t h i s  h i s t o l o g i c a l  f e a t u r e  i s  a d ju s te d  

to  o p t i m iz e  bones  m a t e r i a l  s t r e n g t h  to  t h e  l o c a l  s t r e s s  s i t u a t i o n  

(A scenzi and Bonnuci I 967 . I 9 6 8 ; Lanyon e t  a l  1982; Boyde e t  a l  1984a; 

P o r t i g l i a t t i - B a r b o s  e t  a l  I 98 3 . 1984, I 987 ; Carando e t  a l  I 9 8 9 , 1991; 

A scenzi e t  a l  1990; Boyde and Riggs 1990; Riggs e t  a l  1993b). There  i s  

l i t t l e  in f o r m a t io n  a b o u t th e  e f f e c t s  o f  c o l l a g e n  f i b r e  o r i e n t a t i o n  

and i t s  a g e - r e l a t e d  changes in  c a n c e l lo u s  bone.

H ow ever, t h e  o r g a n i s a t i o n  r e s p o n s i b l e  f o r  t h e  l a m e l l a t i o n  

w i th in  the  o s teo n s  has been a m a t te r  o f  c o n t ro v e r s y  f o r  a lo n g  tim e.

24



S e v e r a l  w o r k e r s  p r o p o s e d  a  num ber o f  m o d e ls  o f  c o l l a g e n  f i b r e  

o r i e n t a t i o n .  U n t i l  now, th e  most g e n e r a l l y  a c c e p te d  model ( K o l l i k e r  

1889 ; Von Ebner 1875Î G ebhard t  1905) s u g g e s te d  t h a t  t h e  l a m e l l a t i o n  

i n  p o l a r i s e d  l i g h t  i s  due to  s u c c e s s i v e  a l t e r n a t e  l a m e l l a e  o f  more 

t r a n s v e r s e  and more l o n g i t u d i n a l  f i b r e s :  la m e l la e  ly i n g  on th e  p la n e  

o f  s e c t i o n  a p p e a r i n g  b r i g h t  b e t w e e n  c r o s s e d  p o l a r s  w h i l e  t h e  

l o n g i t u d i n a l  f i b r e s  a r e  c u t  i n  c r o s s  s e c t i o n  and a p p e a r  d a rk  i n  TS. 

O thers  d e s c r ib e d  d i f f e r i n g  p a t t e r n s  o f  o r g a n i s a t io n  w i th in  s u c c e s s iv e  

l a m e l l a e  (R a n v ie r  1889; Z i e g l e r  I 9O6 ; R uth  19^7; R o u i l l e r  1956; 

M a ro t t i  and Muglia I 988 ; M a r r o t t i  1990, 1993; Hasegawa 1994).

E f f e c t  o f  m i n e r a l i s a t i o n  i n  bone

The m echanical i n t e g r i t y  o f  bone a l s o  depends on i t s  deg ree  o f  

m i n e r a l i s a t i o n .  The s t i f f n e s s  and b r i t t l e n e s s  o f  bone depend m a in ly  

on i t s  m in e ra l  c o n te n t  (Currey 1969a-b; Katz e t  a l  1984). The degree  

o f  m i n e r a l i s a t i o n  depends on th e  r a t e  o f  bone tu rn o v e r .  Low tu rn o v e r  

l e a d s  to  h y p e r m i n e r a l i s a t i o n  and th e  bone becomes more b r i t t l e  and 

s t i f f .  I n c r e a s e d  b r i t t l e n e s s  o r  s t i f f n e s s  r e d u c e s  bone q u a l i t y  and 

f a v o u r s  f r a c t u r e .  The m i n e r a l  d e n s i t y  o f  l a m e l l a r  b one  i n c r e a s e s  

w i th  age (Jones and Boyde 1994; Boyde e t  a l  1993; Riggs e t  a l  1993a, 

1993b; Boyde e t  a l  1992; Reid and Boyde 1987; Grynpas 1993)* However, 

woven b one  m i n e r a l i z e s  r a p i d l y ,  and  c a l c i f i e d  c a r t i l a g e  i s  t h e  

d e n s e s t  phase in  bone (Boyde e t  a l  1992). With d i g i t a l  b a c k s c a t t e r e d  

e l e c t r o n  image a n a l y s i s  Boyde e t  a l  (1995b) found  a  lo w e r  r a t e  o f  

bone renew al in  fem a le s  and i n  o s t e o a r t h r i t i s  s u b j e c t s .  D i f f e r e n c e  

in  m in e ra l  c o n te n t  i n  o ld  and new bone on e i t h e r  s id e  o f  r e v e r s a l  o r  

r e s t i n g  l i n e  o f f e r s  a p o t e n t i a l  c l e a v a g e  p l a n e  w i t h i n  t h e  t i s s u e  

(Jones  and Boyde 1994). Changes may be co n f in e d  to  d i s c r e t e  re g io n s  o f  

an i n d i v id u a l  bone, and such changes may have d ram a tic  e f f e c t s  on th e  

s t r e n g t h  o f  t h a t  b o n e .  G r e a t e r  b o n e  t u r n o v e r  r e p l a c e s  f a t i g u e  

damaged bone w ith  new bone . T h is  a l s o  p r e v e n t s  h y p e r m i n e r a l i s a t i o n  

and consequent b r i t t l e n e s s  found in  unrem odelled  bone ( F r o s t  1960a).

O s te o c y te  d e a th  m a n i f e s te d  as  empty la c u n a e  a f f e c t s  th e  bone 

q u a l i t y  ( S c h n i t z e r  e t  a l  1990; Wong e t  a l  I 985 ) . O s te o c y te s  have  a 

l i f e  span  o f  abou t 25 y e a r s  ( P a r f i t t  e t  a l  I 9 8 7 ) .  Empty la c u n a e  in  

th e  c e n t r e  o f  t r a b e c u la e  (Wong e t  a l  I 9 8 5 ) may be due t o  a b sen ce  o f
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r e m o d e l l in g  o f  th e  t r a b e c u l a r  c o re  f o r  many y e a r s .  I t  may a l s o  be 

due to  i n a b i l i t y  o f  n u t r i e n t s  t o  r e a c h  th e  c o re  o s t e o c y t e s  from th e  

marrow c a v i t y  ( U r i s t  e t  a l  1 9 6 3 ) '  F o l lo w in g  o s t e o c y t e  d e a t h ,  t h e  

l a c u n a e  and  c a n a l i c u l a e  becom e c a l c i f i e d  l e a d i n g  t o  i n c r e a s e d  

h y p e r m in e r a l i s a t io n  and b r i t t l e n e s s ,  a c o n d i t io n  term ed M ic ro p e t ro s i s  

by F r o s t  (1 9 6 0 a ) .  However, u n re m o d e lle d ,  o l d e r  bone i s  i t s e l f  more 

m i n e r a l i s e d  and hence  more b r i t t l e ,  in d e p e n d e n t  o f  th e  p r e s e n c e  o f  

o s t e o c y t e s .

Bone a r c h i t e c t u r e

Bone s t r e n g t h  d e te rm in e s  th e  lo a d in g  c a p a c i ty  o f  any in d i v id u a l  

bone which in  tu r n  depends on cum ula tive  r e p r e s e n t a t i o n  o f  i t s  mass, 

c o r t i c a l  t h i c k n e s s ,  o r g a n i s a t i o n  and on t r a b e c u l a r  a r c h i t e c t u r e .  

T r a b e c u la r  bone i s  made up o f  a s e r i e s  o f  i n t e r c o n n e c t e d  p l a t e s  o r  

r o d s .  C r o s s - s e c t i o n a l  geom etry ,  th e  number, t h i c k n e s s ,  c o n n e c t i v i t y  

and o r i e n t a t i o n  o f  th e  t r a b e c u l a e  a r e  e s s e n t i a l  f o r  t h e  m a in te n a n c e  

o f  th e  f u n c t i o n a l  s t a t u s  o f  w eigh t b e a r in g  bone. I r r e g u l a r i t y  o f  th e  

t r a b e c u l a r  l a t t i c e ,  even in  th e  p re s e n c e  o f  m a in ta in e d  bone volum e, 

weakens th e  t r a b e c u l a r  bone.

G o l d s t e i n  and c o -w o rk e r s  (1993) showed t h a t  i n  human n o rm a l  

t r a b e c u l a r  bone ( m e t a p h y s e a l ) , more th a n  80% o f  t h e  v a r i a n c e  i n  

m e c h a n ic a l  b e h a v i o u r  can  be e x p l a i n e d  by m e a su re s  o f  d e n s i t y  and 

o r i e n t a t i o n .  M inera l d e n s i t y ,  number o f  t r a b e c u l a r  p a c k e ts  and t h e i r  

v o lu m e ,  an d  c o l l a g e n  m a t r i x  d i s t r i b u t i o n  a l s o  d e t e r m i n e  t h e  

m echanical i n t e g r i t y  o f  t r a b e c u l a r  bone.

A d ap ta t io n  o f  bone to  i t s  fu n c t io n .

Bone a r c h i t e c t u r e  and i t s  o r g a n i s a t i o n  n e e d s  t o  be  a b l e  t o  

w i t h s t a n d  s t r a i n s  i n  v a r i o u s  d i r e c t i o n .  T h i s  i s  e n s u r e d  by  an 

a d a p t iv e  m ode ll ing  and rem o d e ll in g  p ro c e s s .  W o lf f 's  Law s t a t e s  t h a t  

t h e  s k e l e t o n  a t t e m p t s  t o  a d a p t  i t s  s t r u c t u r e  t o  t h e  l o a d  i t  

e x p e r i e n c e s .  M e c h a n ic a l  f a c t o r s  s t i m u l a t e  m o d e l l i n g  r e s p o n s e s ,  

p r i m a r i l y  i n  th e  form o f  p e r i o s t e a l  bone f o r m a t io n ,  t h a t  a l t e r  bone 

s i z e  and shape.

S t r a i n  i n  th e  a p p e n d ic u la r  s k e l e t o n  i s  m a in ly  due to  b e n d in g  

and t o r s i o n .  P e r i o s t e a l  growth in c re a s e s  th e  o u te r  d ia m e te r  o f  bone.
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N e c e ssa ry  changes  i n  s k e l e t a l  morphology a r e  g overned  by c o n t in u o u s  

fe e d b a c k  o f  m e c h a n ic a l  i n f o r m a t i o n  t h a t  i n c l u d e  c u r r e n t  l o a d i n g  

s t a t u s  an d  e x i s t i n g  a r c h i t e c t u r e .  A p p r e c i a t i o n  o f  s t r a i n  

d i s t r i b u t i o n  th ro u g h o u t th e  m a tr ix  i s  an e s s e n t i a l  phenomenon (Lanyon 

1 9 9 3 ) '  A l th o u g h  t h e  g e n e r a l  fo rm  o f  t h e  b o n e  i s  g e n e t i c a l l y  

d e te rm in e d ,  th e  components on which th e  m echan ica l i n t e g r i t y  depends 

a r e  m o d u la te d  i n  r e s p o n s e  t o  t h e  f u n c t i o n a l  l o a d i n g  s t a t u s  o f  

i n d i v id u a l  bone (Lanyon 1992b) .

Bone t r a b e c u l a e  a l i g n  th e m s e lv e s  w i th  t h e  d i r e c t i o n  o f  p u r e  

com pressive  and t e n s i l e  lo a d in g  to  avo id  th e  h ig h  s t r a i n s  in v o lv e d  in  

b e n d in g .  The t r a j e c t o r i a l  h y p o th e s i s  o f  bone t r a b e c u l a r  sy s tem  was 

d e s c r ib e d  l a s t  c e n tu ry  where t r a j e c t o r i e s  o f  bone t r a b e c u la e  to  a l i g n  

w ith  th e  p r i n c i p a l  s t r e s s  t r a j e c t o r i e s  w i th in  th e  bone were d e s c r ib e d  

(Meyer 1867; W o lff  I 87O, I 8 9 2 ) .  L a t e r ,  s e v e r a l  o t h e r  r e s e a r c h e r s  

a l s o  o b s e r v e d  t h a t  p e a k  p r i n c i p a l  s t r e s s  d i r e c t i o n  a l i g n s  w i th  

t r a b e c u l a r  t r a j e c t o r i e s  (Lanyon 197%; Pauwels I 98O; Hayes and Snyder 

1981) .  So, i t  i s  u s u a l ly  assumed t h a t  p r i n c i p a l  s t r e s s  d e te rm in e  th e  

a r c h i t e c t u r e  o f  c a n c e l lo u s  bone.

H o w e v e r ,  some w o r k e r s  r a i s e d  o b j e c t i o n s  r e g a r d i n g  t h e  

u n d e r l y i n g  b i o m e c h a n i c s  i n  t r a j e c t o r i a l  e x p l a n a t i o n  o f  t h e  

development o f  th e  c h a r a c t e r i s t i c  t r a b e c u l a r  p a t t e r n  (F y h r ie  and C a r t e r  

1 9 8 6 ; C a r t e r  e t  a l  1989; T u r n e r  1992; H e r t  1992, 1 9 9 ^ ) .  T u r n e r  

( 1992) h y p o th e s ise d  t h a t  th e  t e x t u r a l  a n i s o t ro p y  must e x a c t ly  b a la n c e  

th e  a n is o t ro p y  o f  th e  peak p r i n c i p a l  s t r e s s e s  imposed upon c a n c e l lo u s  

b o n e ,  and  h e n c e  c a n c e l l o u s  b o n e  a r c h i t e c t u r e  a d a p t s  i t s e l f  to  

m a in ta in  a un ifo rm  and i s o t r o p i c  d i s t r i b u t i o n  o f  peak  s t r a i n  w i th i n  

t h e  b o n e .  C o m p r e s s iv e  s t r e s s e s  an d  t e n s i l e  s t r e s s e s  a f f e c t  

c a n c e l lo u s  bone a d a p ta t io n  s i m i l a r l y  (H ert e t  a l  1969* L iskova  and H ert  

1971 ; Rubin and Lanyon 1984; Lanyon 1987; T u rne r  1992), and th e  e x t e n t  

o f  d e p o s i t i o n  depends on th e  peak  v a lu e  o f  s t r a i n  (Rubin and Lanyon 

1984; Lanyon I 987 ) .  F y h r ie  and C a r t e r  ( I 986 ) and C a r t e r  and co-w orkers  

(1989 ) have r e j e c t e d  th e  o r i g i n a l  t r a j e c t o r i a l  t h e o ry  and co n c lu d ed  

t h a t  th e  c a n c e l lo u s  bone s t r u c t u r e  can be d e s c r ib e d  o n ly  i n  te rm s o f  

j o i n t  lo a d in g  from d i f f e r e n t  d i r e c t i o n s .  H ert  (1992) su g g e s te d  t h a t  

p r e s s u r e  o n ly  i s  r e s p o n s i b l e  f o r  th e  f o r m a t io n  o f  t h e  f u n c t i o n a l  

a r c h i t e c t u r e  o f  th e  m e ta p h y se a l  s p o n g io s a ,  s i n c e  t e n s i o n  as  maximum
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p r i n c i p a l  s t r e s s  i s  n o t  m a n i f e s t e d  e i t h e r  i n  e p i p h y s e s  o r  i n  

m etaphyses where c a n c e l lo u s  bone i s  b e in g  formed and rem o d e lled .

E x t e n s i v e  w ork  h a s  b e e n  a c c o m p l i s h e d  on  a d a p t i v e  b o n e  

re m o d e l l in g  and c o l la g e n  f i b r e  o r g a n i s a t i o n .  U n t i l  now, th e  c o l la g e n  

o r i e n t a t i o n  in  secondary  o s te o n s  i s  a c o n t r o v e r s i a l  i s s u e .  I t  i s  an 

e s s e n t i a l  com ponent o f  t h e  s t r e n g t h  o f  b o n e .  E x te n d e d  s t u d y  i s  

n e e d e d  t o  i d e n t i f y  t h e  c h a n g e  i n  t h e  m i c r o - a r c h i t e c t u r e  o f  t h e  

c o r t i c a l  bone w i th  a d a p t iv e  bone r e m o d e l l in g ,  and to  d e te rm in e  th e  

t r u e  o rd e r  o f  c o l la g e n  in  th e  H avers ian  system .

F u r th e r ,  s e v e r a l  s t u d i e s  have been perfo rm ed  to  u n d e rs ta n d  th e  

3-D t r a b e c u l a r  a r c h i t e c t u r e  o f  c a n c e l l o u s  b o n e  s u c h  a s  3"D 

pho tography  (Jay as in g h e  e t  a l  1994), con t in u o u s  r o t a t i o n  p a r a l l a x  o f  

beams (Boyde e t  a l  1 9 8 9 , 1 9 9 0 b ) ,  and S c a n n in g  e l e c t r o n  m ic ro s c o p y  

( J a y a s in g h e  e t  a l  1993)* F u r t h e r  s tu d y  in  th e  s t r u c t u r e  o f  bone a t  

i t s  m a c ro  and  m i c r o  l e v e l  w i t h  r e l a t i o n  t o  t h r e e  d i m e n s i o n a l  

a r c h i t e c t u r e  and o r i e n t a t i o n  o f  c a n c e l l o u s  bone  a r e  n e c e s s a r y  to  

u n d e r s t a n d  th e  mechanism why bone f a i l s  i n  c e r t a i n  c i r c u m s t a n c e s  

d u r in g  f r a c t u r e  w i th  c h a r a c t e r i s t i c  m orphology, d e s p i t e  a b se n c e  o f  

any a p p a re n t  pa th o lo g y .
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Figure 1.1

The anatom y o f  t h e  e q u in e  f o r e l i m b .  The r a d i u s  ( a , b )  bows i n  a 

c r a n i o - c a u d a l  d i r e c t i o n ,  w h i le  t h e  cannon  bone ( a , c )  i s  s t r a i g h t  

( a f t e r  P a s q u in i  e t  a l  1978)*



Figure 1.1

b

a

Lat e ra l  view A n t e r i o r  view
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CHAPTER 2

FURTHER STUDIES INTO THE ADAPTATION OF CORTICAL BONE TO FUNCTION WITH 

SPECIAL REFERENCE TO THE DIFFERENT ORIENTATIONS OF COLLAGEN FIBRES IN 

THE TENSION AND COMPRESSION CORTICES.

2 . 1 .1  INTRODUCTION

The b iom echan ica l competence o f  bone and i t s  m ain tenance  depend 

on s e v e r a l  f a c t o r s .  Of t h e s e ,  r e m o d e l l i n g  i s  a  p r o c e s s  t h a t  

c o n t in u e s  i n t e r m i t t e n t l y  th ro u g h o u t  l i f e  and w hich changes  c o r t i c a l  

bone s t r u c t u r e  to  keep  p a c e  w i th  i t s  f u n c t i o n a l  r e q u i r e m e n t s .  The 

a l ig n m e n t  o f  th e  c o n s t i t u e n t  c o l l a g e n  f i b r e s  i s  a p p a r e n t l y  m o d if ie d  

to  w i th s ta n d  d i f f e r i n g  lo a d in g  regim es (Boyde and Riggs 1990; A scenzi 

e t  a l  1990 ; Riggs e t  a l  1993a).

I f  p r i m a r y  b one  e x i s t s  i n  t h e  f i r s t  i n s t a n c e ,  r e m o d e l l i n g  

r e p l a c e s  i t  w i th  sec o n d a ry  o s t e o n s .  These  a r e  th e  b a s i c  s t r u c t u r a l  

u n i t s  (HSU) i n  c o r t i c a l  b o n e ,  e a c h  o f  w h ic h  i s  d e l i n e a t e d  by  a 

r e v e r s a l  l i n e ,  o n e  t y p e  o f  c e m e n t  l i n e .  The r e v e r s a l  l i n e  i s  

r e c o g n i s e d  by i t s  s c a l l o p e d  a p p e a ra n c e ,  d i s c o n t i n u i t y  o f  c a n a l i c u l i  

(L a c r o ix  1 9 5 1 ) ,  and a h y p e r m i n e r a l i s e d  cem en t m a t r i x .  Some cem ent 

l i n e s  a r e  r e s t i n g  l i n e s  w h ich  r e s u l t  when bone f o r m a t i o n  re su m es  

a f t e r  an i n t e r r u p t i o n .  These a re  r e c o g n ise d  by t h e i r  smooth s u r f a c e ,  

th e  c o n t in u i t y  o f  c a n a l i c u l i ,  and th e  c o n te x tu a l  s i t u a t i o n .

O steona l bone forms app ro x im ate ly  2 /3 r d s  o f  th e  t o t a l  compact, 

c o r t i c a l  bone i n  man, a p r o p o r t i o n  w hich  f a l l s  w i th  age  (C u r re y  

1964). I n t e r s t i t i a l  bone and c i r c u m f e r e n t i a l  l a m e l la e  c o n s t i t u t e  th e  

r e s t  o f  th e  c o r te x .

As r e g a rd s  th e  m a tu ra t io n  s ta g e  o f  th e  m i n e r a l i s a t i o n  p ro c e s s ,  

abou t 70%-75% o f  th e  f i n a l  p o s s i b le  l e v e l  o f  m i n e r a l i s a t i o n  w i th in  a 

new bone p a c k e t  i s  com ple te  w i th in  few d a y s ,  w h i le  a b o u t  90% o f  th e  

maximum l e v e l  o f  m i n e r a l i s a t i o n  t a k e s  s e v e r a l  months ( P a r f i t t  1976, 

1983a ) . T h is  c o r r e l a t e s  w e ll  w ith  th e  lo n g e r  term m a tu ra t io n  p ro c e ss  

t h a t  a c c o u n t s  f o r  t h e  o b s e r v e d  d i f f e r e n c e s  i n  t h e  d e g r e e  o f  

m i n e r a l i s a t i o n  o f  o s t e o n s  s e e n  i n  c o m p a c t  b o n e  b y .  b o t h  

m ic ro ra d io g ra p h y  and BSE-SEM and th e  i n c r e a s e  in  th e  p r o p o r t i o n  o f  

h ig h e r  d e n s i t y  bone f r a c t i o n s  seen  i n  th e  bone o f  o l d e r  i n d i v i d u a l s
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(Boyde e t  a l  1992).

The bone fo rm in g  c e l l s  l i e  i n  a c o n t in u o u s  s h e e t  on th e  bone 

s u r f a c e  where p a tc h e s  o f  c e l l s  show s i m i l a r  o r i e n t a t i o n s  (Jones  1973. 

1974; Jo n es  e t  a l  1975)* T h ere  a r e  d i f f e r i n g  d e g re e s  o f  e l o n g a t i o n  

and o r i e n t a t i o n  -  " w e l l  o r i e n t e d  f i e l d s  o f  more e lo n g a te d  c e l l s  to  

a r e a s  o f  l e s s  e l o n g a t e d  c e l l s  show ing  l i t t l e  o r  l i m i t e d  a p p a r e n t  

o r i e n t a t i o n ” (Jones  and Boyde 1 9 7 6 a ) .

The o rd e r in g  i n t o  domains o f  p a r a l l e l  c e l l s  c o r r e l a t e s  w i th  th e  

p a t t e r n  o f  u n d e r l y i n g  bone  c o l l a g e n  o r i e n t a t i o n  ( J o n e s  and Boyde 

1976a ) . The c o l l a g e n  f i b r i l s  s e c r e t e d  l i e  a lo n g  th e  m a jo r  a x i s  o f  

th e  p roduc ing  c e l l s  (Jones e t  a l  1975; Jones  and Boyde 1976b), which 

de te rm ine  th e  f i b r e  o r i e n t a t i o n .  O r ie n ta t io n  o f  o s te o g e n ic  c e l l s  in  

c u l t u r e  i n d i c a t e s  t h a t  th e  c e l l u l a r  o r i e n t a t i o n  does  n o t  depend on 

th e  u n d e r ly in g  c o l la g e n  f i b r e s  (Jones and Boyde 1976a). SEM ev idence  

s u g g e s ts  t h a t  c o l la g e n  o r i e n t a t i o n  i n  h a rd  t i s s u e  m a t r ic e s  depends on 

th e  f reedom  o f  c e l l s  to  move w i th  r e s p e c t  t o  t h e  m a t r i x  s u r f a c e  

(Boyde and H obdell I 969 ) .  The amount o f  bone l a i d  down depends on the  

number o f  c e l l s  which have m ig ra ted  to  o r  m itosed  w i th in  th e  a r e a  and 

how a c t iv e  they  a r e  (Jones  1974; Jones  and Boyde 1976c, 1977a, 1979)*

O s te o b la s t s  m ig ra te  and change shape in  organ  c u l t u r e  (Jones  and 

Boyde 1977a; T a y lo r  e t  a l  I 9 8 9 ) .  As r e g a r d s  th e  deve lopm en t o f  th e  

c o l l a g e n  p a t t e r n ,  a  r e s t  i n  th e  c y c l e  o f  a c t i v i t i e s  o f  o s t e o b l a s t s  

cou ld  r e s u l t  in  an a b ru p t  change in  o r i e n t a t i o n  o f  c o l la g e n  from one 

la m e l la  to  an o th e r  (Jones and Boyde 1 9 7 7 a) . V arying a c t i v i t y  r a t e s  may 

a f f e c t  r e - o r d e r i n g  o f  t h e  c e l l s  w i t h i n  t h e  m o n o l a y e r ,  and  t h u s  

p o s s ib ly  in f lu e n c e  th e  c o l la g e n  o r i e n t a t i o n  (Jones  and Boyde (1976a).

PTH a l t e r s  o s t e o b l a s t  shape and a l ignm en t i n  v i t r o  (PTE: Jones

and Boyde 1976a, 1976c, 1977a; Jones and Ness 1977; PTH: Jones  e t  a l

1981 ) .  O s t e o b l a s t s  change  t h e i r  s h a p e ,  e l o n g a t e ,  a l i g n ,  and show 

few er r u f f l e s  compared to  c o n t r o l s  (Jones  and Boyde 1976a, 1976c; A li  

e t  a l  1990) .  The c e l l s  under  th e  in f lu e n c e  o f  PTH do n o t  c e a se  t h e i r  

m a t r i x  p r o d u c t i o n .  O s t e o b l a s t s  i n  l o n g e r  te rm  PTE c u l t u r e  s t i l l  

produce p a r a l l e l  c o l la g e n  f i b r e s  (Jones  and Boyde 1 9 7 7 a ) . P a r a th y ro id  

hormone i n c r e a s e s  p r o s t a g l a n d i n  s y n t h e s i s  by bone. O s t e o b l a s t s  a r e  

th e  major sou rce  o f  p r o s ta g l a n d in s  formed by bone (Nolan e t  a l  1983;

A l i  e t  a l  1990)-  P r o s t a g l a n d i n s ,  e s p e c i a l l y  PgE2 c a u s e  bone to
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r e s o r b  in  organ  c u l t u r e  (K le in  and R aisz  1970; D ie t r i c h  e t  a l  1975)• 

A l i  e t  a l  (1990) showed t h a t  th e  PgE2does n o t  change th e  o s t e o b l a s t  

s h a p e ,  and c o n c lu d e d  t h a t  t h e  c e l l  sh a p e  ch an g e  w i th  PTH i s  n o t  

m e d ia te d  by endogenous p r o s t a n o i d s ,  and o s t e o b l a s t  s h ap e  change  i s  

n o t  e s s e n t i a l  f o r  bone r e s o r p t i o n  s t im u la te d  by PgE2 .

However, PTH i s  n o t  e s s e n t i a l  f o r  o s t e o c l a s t i c  a c t i v i t y  and 

b one  r e m o d e l l i n g  s i n c e  p a r a t h y r o i d e c t o m i s e d  new b o r n  r a t s  a l s o  

e x h i b i t  th e  r e s o rb in g  phenomenon (Krukowski e t  a l  I 98O ).

Jo n es  and Boyde (1977b) em phasised  t h a t  t h e  c o n t i n u i t y  o f  th e  

c e l l  s h e e t  on th e  bone s u r f a c e  to  be an im p o r ta n t  c o n t r o l l i n g  f a c t o r  

f o r  o s t e o c l a s t i c  r e s o r p t i o n .  O s t e o c l a s t s  can  more e a s i l y  i n s i n u a t e  

th e m se lv e s  to  come i n t o  c o n t a c t  w i th  th e  bone when th e  a d h e s io n  o f  

t h e  l i n i n g  c e l l s  i s  i m p a i r e d  a f t e r  m a t r i x  p r o d u c t i o n  s t o p s ,  o r  

fo l lo w in g  th e  a d m in i s t r a t i o n  o f  PTH (Jones and Boyde 1977b).

Rodan and M a r t in  ( I 98 I )  b a sed  t h e i r  h y p o th e s i s  on t h i s  work. 

They s u g g e s t e d  t h a t  t h e  c h a n g e  i n  t h e  s h a p e  o f  o s t e o b l a s t s  may 

r e g u l a t e  th e  a c c ess  o f  o s t e o c l a s t s  to  the  bone s u r f a c e .  F a c to r s  t h a t  

cause  c e l l  shape a l t e r a t i o n  may c o n t r i b u te  to  th e  r e s o r p t i o n  p r o c e s s .  

As a r g u e d ,  t h e  r e s o r b i n g  a g e n t s  su c h  a s  PTH and  P r o s t a g l a n d i n s  

u n c o v e r  th e  m a t r ix  by in d u c in g  c e l l  shape  change ,  p r o b a b ly  v i a  cAMP 

o r  Ca^*, and thus  f a c i l i t a t e  o s t e o c l a s t i c  in v a s io n .

O s t e o c a l c i n  r e l e a s e d  from  d i g e s t e d  m a t r i x  f u r t h e r  e n h a n c e s  t h e  

p r o c e s s  by a t t r a c t i n g  m onocy tic  o s t e o c l a s t  p r e c u r s o r s  (Mundy e t  a l  

1978 ; Mundy and Roodman I 987 ) .

O s te o b la s t s  th u s  seem to  be in  c o n t ro l  o f  c o l la g e n  o r i e n t a t i o n  

i n  bone m a t r i x ,  and to  f u n c t i o n  o v e r  r e l a t i v e l y  l a r g e  a r e a s  i n  a 

c o n c e r t e d  f a s i o n .  To do t h i s ,  th e y  must be i n  c o m m u n ic a t io n .  C e l l  

p r o c e s s e s  o f  o s t e o b l a s t s  c o n t a c t  th e  c e l l  b o d ie s  o f  a d j a c e n t  c e l l s .  

D i r e c t  i n t e r c e l l u l a r  com m unica tion  can o c c u r  v i a  gap j u n c t i o n s .  Gap 

j u n c t i o n s  a r e  a g g r e g a t e s  o f  t r a n s c e l l u l a r  membrane c h a n n e l s  t h a t  

a l lo w  d i r e c t  co u p l in g  between th e  cytoplasm  o f  a d j a c e n t  c e l l s  (Warner 

1 9 8 8 ) .  O s t e o b l a s t s  c o m m u n ic a te  b e tw e e n  o n e  a n o t h e r  a n d  w i t h  

o s t e o c y t e s  th ro u g h  gap j u n c t i o n s  ( r a t :  Doty SB I 9 8 I ;  J o n e s  e t  a l  

1993; man: C i v i t e l l i  1 992 ) .  Human o s t e o b l a s t s  e x p r e s s  a t  l e a s t  two 

c o n n e x i n s , C onnexin43 and C onnex in  45 . 0x43 i s  a b u n d a n t  i n  human

o s t e o b l a s t  t h a t  m e d ia te  b o th  dye c o u p l in g  and e l e c t r i c  c o u p l i n g
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( C i v i t e l l i  1 9 9 5 ) .  Gap j u n c t i o n s  a l l o w  t h e  p r o p a g a t i o n  o f  

m e c h a n i c a l l y  s t i m u l a t e d  [C a ^ * ]  w av es  t h r o u g h o u t  o s t e o b l a s t i c  

monolayers (Xia and F e r r i e r  (1992).

In  a d d i t i o n  to  th o s e  betw een o s t e o b l a s t s ,  Jo n e s  e t  a l  (1993) 

fo u n d  (0 x 4 3 )  g ap  j u n c t i o n s  a l s o  b e t w e e n  some o s t e o c l a s t s  and  

o v e r ly in g  mononuclear c e l l s  a t  s i t e s  o f  a c t i v e  r e s o r p t i o n .  T h is  may 

i n d i c a t e  th e  e x i s t e n c e  o f  some s i m i l a r  f u n c t i o n a l  c o m m u n ic a t io n  

system  between o s t e o b l a s t s  and o s t e o c l a s t s .  Gap ju n c t io n  f u n c t io n  i s  

r e g u l a t e d  by hormones such  as  p a r a t h y r o i d  hormone and p r o s t a g l a n d i n  

E2 . S c h i l l e r  and  c o - w o r k e r s  (1 9 9 2 )  show ed t h a t  PTH s t i m u l a t e s  

connexin43 in  c u l tu r e d  r a t  bone.

V esely  e t  a l  (1992) s tu d ie d  bone c e l l  p o p u la t io n s  by " f i lm in g "  

f o r  l o n g  p e r i o d s  i n  c u l t u r e  and  d e m o n s t r a t e d  t y p e s  o f  c o n t a c t  

i n t e r a c t i o n  t h a t  would h e lp  th e  o s t e o c l a s t  b r e a c h  th e  o s t e o b l a s t i c  

s h e e t ,  and reach  th e  bone s u r f a c e  f o r  r e s o r p t i o n .  "Message m ediated  

c o n t a c t  b e h a v io u r  -  MMCB" betw een  o s t e o b l a s t  and o s t e o c l a s t  c a u s e s  

z e i o s i s  o f  th e  o s t e o b l a s t  t h a t  l e a d s  t o  r e t r a c t i o n  o f  t h e  c e l l .  

S u b s e q u e n t ly ,  t h e  o s t e o c l a s t  t a k e  t h e  p o s i t i o n  o f  t h e  o s t e o b l a s t .  

The r e t r a c t i o n  c o n t in u e s ,  o r  even b eg in s  a f t e r  th e  c o n t a c t  i s  b roken . 

O s t e o c l a s t  mass t r a v e l s  a lo n g  th e  lo n g  i n t e r c o n n e c t i n g  p r o c e s s e s  

(Jones  and Boyde 1977b) and n u c l e i  can be seen  to  t r a v e l  th ro u g h  them. 

O s t e o c la s t s  make c o n ta c t  by a la m e l l i fo rm  p r o c e s s ,  a s a t e l l i t e ,  o r  a 

t u b u l a r  p r o c e s s .  An o s t e o b l a s t  may r e t u r n  to  i t s  o r i g i n a l  p o s i t i o n  

a f t e r  th e  o s t e o c l a s t  moves away. Very f i n e  m ic r o th r e a d s  t h a t  were 

s e e n  to  rem a in  as  c o n n e c t i o n s  b e tw ee n  o s t e o b l a s t s  and o s t e o c l a s t s  

a f t e r  such i n t e r a c t i o n  may p o s s ib ly  gu ide  t h e i r  r e t u r n  (V ese ly  e t  a l  

1 9 9 2 ) f o r  p o s s i b l e  s u b s e q u e n t  b o n e  f o r m a t i o n  a t  t h e  s i t e  o f  

o s t e o c l a s t i c  bone r e s o r p t io n .

The o s t e o c l a s t  i s  th e  s o l e  bone r e s o r b i n g  c e l l .  T h e re  i s  no 

e v id e n c e  to  s u p p o r t  a d i r e c t  r e s o r p t i v e  f u n c t i o n  o f  c e l l s  s u c h  as  

o s t e o c y t e s ,  o s t e o b l a s t s ,  m o n o c y te s ,  m a c r o p h a g e s ,  a l t h o u g h  some 

w o rk e rs  have  found  an a s s o c i a t i o n  w i th  r e s o r p t i o n  i n  v i t r o .  Some 

r e s e a r c h e r s  cou ld  f i n d  no r e s o r p t i o n  p i t s  a s s o c i a t e d  w i th  m onocytes 

(A li  e t  a l  1984a) o r  m acrophages (S h a p iro  e t  a l  1979) l y i n g  a g a i n s t  

bone s u r f a c e s .  However, Mundy e t  a l  (1977) c o n c lu d e d  t h a t  human 

monocytes were a b le  to  degrade d e v i t a l i s e d  bone. Macrophages d e r iv e d
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from t i s s u e s  i n  p a t h o l o g i c a l  c o n d i t i o n s  s u c h  a s  m a l i g n a n c y  and 

rheum atoid  a r t h r i t i s  cou ld  be a s s o c ia t e d  w ith  bone d e s t r u c t i o n .  Human 

t u m o u r - a s s o c i a t e d  m a c r o p h a g e s  (TAMs) i s o l a t e d  f ro m  d i f f e r e n t  

m a lignan t s i t e s  (p rim ary  lu n g  carc inom as: A thanasou and Quinn 1992a; 

p i l a r  tumor o f  s c a lp :  A thanasou and Quinn 1992b) when in c u b a te d  on bone 

s l i c e s  w ere  c a p a b l e  o f  b o n e  r e s o r p t i o n ,  a s  d e m o n s t r a t e d  by  p i t  

fo rm a t io n .

I n f l a m m a t o r y  c e l l s  s u c h  a s  m a c r o p h a g e s  a n d  m a c r o p h a g e  

p o l y k a r y o n s  d e r i v e d  f ro m  t h e  j o i n t  c a p s u l e  o f  f a i l e d  h i p  

a r t h r o p l a s t i e s  produced sm all  r e s o r p t io n  p i t s  and s u r f a c e  e r o s io n  in  

c o r t i c a l  bone s l i c e s  when c u l t u r e d  i n  v i t r o  (A thanasou  e t  a l  1 992 ) .  

F u r t h e r  s t u d i e s  (Q u in n  an d  A th a n a s o u  1 9 9 2 ;  Q u in n  e t  a l  1994 )  

dem onstra ted  t h a t  th e  t u m o u r - i n f i l t r a t i n g  macrophages were c a p a b le  o f  

d i f f e r e n t i a t i o n  i n t o  o s t e o c l a s t - l i k e  c e l l s  w h ich  c a u s e d  e x t e n s i v e  

bone r e s o r p t i o n  which co u ld  be a s s o c i a t e d  w i th  e x t e n s i v e  o s t e o l y s i s  

i n  m a l ig n a n c y  ( c a r c i n o m a t o u s  s k e l e t a l  m e t a s t a s i s ) .  None o f  t h e  

p r e v i o u s l y  m e n t io n e d  s t u d i e s  showed m a c ro p h a g e s  t o  c a u s e  b one  

r e s o r p t io n  in d e p e n d e n t ly ,  a l th o u g h  Chang e t  a l  (1992) conc luded  t h a t  

m a c ro p h a g e s  d e r i v e d  from  synov ium  o f  p a t i e n t s  w i t h  r h e u m a t o i d  

a r t h r i t i s ,  were in d e p e n d e n t ly  a b le  to  c au se  e x t e n s i v e  ro u g h e n in g  o f  

bone  s u r f a c e ;  a  f i n d i n g  t h a t  s u g g e s t s  a p o s s i b l e  r o l e  o f  t h e  

m acrophages  i n  t h e  d e v e lo p m e n t  o f  m a rg in a l  e r o s i o n s  i n  rh e u m a to id  

a r t h r i t i s .  The r e s o r p t i o n  was n o t  a f f e c t e d  by l o c a l  o r  s y s t e m i c  

f a c t o r s  i n f l u e n c in g  bone r e s o r p t io n .

As re g a rd s  th e  r o l e  o f  o s te o c y te s  in  bone r e s o r p t i o n .  Scanning  

e l e c t r o n  m ic ro s c o p ic  s t u d i e s  d i s c r e d i t e d  th e  n o t i o n  o f  " o s t e o c y t i c  

o s t e o l y s i s "  ( Jo n es  and Boyde 1977b; Boyde 1980b; J o n e s  e t  a l  I 9 8 5 ) .  

Some w o rk e rs  h av e  s u g g e s t e d  a c e r t a i n  s u p p o r t i n g  r o l e  f o r  o t h e r  

c e l l s  in  o s t e o c l a s t i c  bone r e s o r p t io n  (Heersche 1978; Chambers I 98I ,  

1985 ) .  The s u g g e s t io n  t h a t  th e  o s t e o b l a s t  p r e p a r e s  th e  bone s u r f a c e  

by r e l e a s i n g  c o l l a g e n a s e  b e f o r e  th e  o s t e o c l a s t  comes i n t o  a c t i o n  

(C ham bers  I 9 8 I ,  I 9 8 5 ) ,  o r  t h a t  t h e  o s t e o c l a s t  f i r s t  d e g r a d e s  

n o n c o l la g e n o u s  bone m a t r ix ,  d é m in é r a l i s é s  th e  b o n e ,  and th e n  l e a v e s  

t h e  s i t e  f o r  p h a g o c y t o s i s  o f  t h e  e x p o s e d  c o l l a g e n  f i b r i l s  by 

m o n o n u c le a r ,  f i b r o b l a s t - l i k e  o r  m o n o c y te - d e r iv e d  c e l l s  (H e e rs c h e  

1978 ) has r e c e iv e d  l i t t l e  s u p p o r t .  Again s e v e r a l  s c a n n in g  e l e c t r o n
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m icroscopy s t u d i e s  (Jones  and Boyde 1977b; Boyde e t  a l  1984b; Jones  e t  

a l  1 9 8 4 ;  A l i  e t  a l  1 9 8 4 b )  c a t e g o r i c a l l y  n u l l i f i e d  t h e  a b o v e  

s u g g e s t io n s ,  f u r t h e r  s u g g e s t in g  t h a t  th e  o s t e o c l a s t s  can r e s o r b  bone 

a lo n e  w ith o u t  th e  h e lp  o f  o th e r  c e l l  ty p e s .

R e m o d e l l in g  i s  c o n t r o l l e d  by s e v e r a l  l o c a l  f a c t o r s .  I t  h a s  

f r e q u e n t l y  been  s u g g e s te d  t h a t  r e m o d e l l in g  fo l lo w s  m icro-dam age in  

bone as  a r e p a r a t i v e  p r o c e s s  ( F r o s t  1963; C a r t e r  and Hayes 1 9 7 7 b ) . 

F a t ig u e  microdamage i s  ev idenced  by th e  o c c lu s io n  o f  th e  c a n a l i c u l a r  

l a c u n a r  pathway due to  d i s t u r b a n c e s  f o l lo w in g  l o c a l  f r a c t u r e  ( F r o s t  

1960a ) .  However, p h y s i o l o g i c a l l y  lo a d e d  bone  d o es  n o t  a p p a r e n t l y  

e x h i b i t  s t r a i n  damage (Currey  1984).

Bone a d a p t s  t o  t h e  p a t t e r n  o f  i t s  m e c h a n ic a l  l o a d i n g .  I t  i s  

s e n s i t i v e  t o  c h a n g e s  i n  t h i s  n o rm a l  p a t t e r n ,  a l t e r i n g  m ass  and 

geo m etry  i n  r e s p o n s e  t o  t h e  new f o r c e s  ( C a r t e r  1987; F r o s t  I 9 8 8 ) .  

A daptive  bone rem o d e ll in g  i n  response  to  s t r a i n  d i s t r i b u t i o n  and i t s  

m a g n i tu d e s  h a s  b een  d e m o n s t r a t e d  by s e v e r a l  w o rk e rs  ( H e r t  e t  a l  

1971a , 1971b; L iskova and H er t  1971; Lanyon and Baggot 1976; Lanyon e t  a l  

1979» 1982 ; Lanyon I 987 , 1992a, 1992b; O'Connor e t  a l  1982; Rubin and 

Lanyon 1982, 1984, 1 9 8 5 t 1987)* H e r t  and c o - w o r k e r s  a l s o  showed 

(1971b) t h a t  bone a d ap ts  to  i t s  l o c a l  s t r a i n  environm ent w i th o u t  any 

c e n t r a l  n e rv o u s  sy s te m  c o n t r o l .  I t  h a s  o f t e n  b e e n  s u r m is e d  t h a t  

s t r a i n  i n  bone m a t r ix  i s  i n  some way r e a d  by th e  o s t e o c y t e s  (Lanyon 

1987 , 1993) in  th e  v i c i n i t y  which then  send v i a  communications

to  o s t e o b l a s t s ,  to  i n i t i a t e  th e  rem o d e ll in g  p ro c e s s .

In c re a s e d  m echan ical lo a d s  s t im u la t e  m o d e ll in g  in  c o r t i c a l  bone 

w i th  an i n c r e a s e  i n  p e r i o s t e a l  bone f o r m a t i o n  w i t h o u t  p r i o r  bone 

r e s o r p t io n  (Read e t  a l  1988b; Burr e t  a l  1989; Nunamaker and B utterw eck  

1989 ; Riggs 1990 ; Hagino e t  a l  1993).

A few e v e n t s  o f  s h o r t  i n t e r m i t t e n t  dynamic lo a d in g  a r e  enough 

to  produce a d a p t iv e  o s te o n a l  rem o d e ll in g  (Rubin and Lanyon I 9 8 7 » Pead and 

Lanyon I 989 ) . With s e v e r a l  experim en ts  in  v ivo  and in  v i t r o ,  Lanyon 

and c o -w o rk e r s  d e m o n s t r a t e d  a s e r i e s  o f  e v e n t s  t h a t  o c c u r  i n  bone 

f o l l o w i n g  m e c h a n ic a l  l o a d i n g .  C e l l u l a r  m e ta b o l i s m  i s  a c t i v a t e d  

w i t h i n  th e  f i r s t  few m in u te s  o f  l o a d i n g .  Pead  and Lanyon ( I 9 8 9 ) 

dem onstra ted  a d a p t iv e  o s te o g e n ic  response  i n  v ivo  (av ian )  fo l lo w in g  a 

s i n g l e  p e r i o d  o f  dynam ic l o a d i n g .  I n d o m e th a c in  when a d m i n i s t e r e d
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d u r in g  lo a d in g  re d u c e d  th e  o s te o g e n i c  r e s p o n s e ,  s u g g e s t i n g  t h a t  th e  

im m edia te  r e l e a s e  o f  p r o s t a g l a n d i n s  i s  th e  i n i t i a l  s t e p  when s t r a i n  

in fo rm a t io n  i s  t r a n s l a t e d  i n t o  b io ch em ica l  s i g n a l s .

An i n c r e a s e  i n  t h e  r e l e a s e  o f  p r o s t a g l a n d i n  E (PgE ) an d  

p r o s t a c y c l i n  (PgI2) a t  t h e i r  maximum l e v e l  w i th in  5 m inu tes  o f  a  15- 

m inute  p e r io d  o f  c y c l i c  m echanica l lo a d in g  o f  c a n in e  c a n c e l lo u s  bone 

was d e m o n s t r a t e d  i n  v i t r o  by R a w l i n s o n  e t  a l  ( 1 9 9 1 )*  By 

im m u n o lo c a l i s a t io n ,  th e y  showed t h a t  o s t e o b l a s t s  r e l e a s e d  b o th  PgE2 

and PgI2 ( p r o s ta c y c l in )  w h ile  o s te o c y te s  r e l e a s e d  PgI2 , b u t  n o t  PgE2. 

Added p r o s t a c y c l i n ,  b u t  n o t  PgE2, p r o d u c e d  an  i n c r e a s e  i n  RNA 

s y n t h e s i s  w i t h i n  6 h o u r s  a s  e v id e n c e d  by t h e  i n c r e a s e  i n  s p e c i f i c  

a c t i v i t y  o f  ^ H -u r id in e  i n  e x t r a c t e d  RNA. Adding p r o s t a g l a n d i n s  i n  

v i t r o  ( a d u l t  c a n c e l l o u s  bone i n  c u l t u r e )  R a w lin so n  e t  a l  (1993) 

f u r t h e r  show ed t h a t  e x o g e n o u s  p r o s t a g l a n d i n  E2 i n c r e a s e d  G6PD 

a c t i v i t y  i n  o s te o c y te s  and s u r f a c e  c e l l s  w i th in  8 m in u te s ,  b u t  had no 

e f f e c t  on RNA s y n t h e s i s  a t  6 h o u r s .  On th e  c o n t r a r y ,  p r o s t a c y c l i n  

s t im u la t e d  bo th  G6PD a c t i v i t y  and ^ H -u r id in e  in c o r p o r a t i o n  e q u a l ly  in  

o s te o c y te s  and s u r f a c e  c e l l s .

Thus p r o s t a c y c l i n  i m i t a t e s  th e  e a r l y  lo a d in g  r e l a t e d  re sp o n se s  

-  an  i n c r e a s e  i n  G6PD a c t i v i t y  and  RNA s y n t h e s i s  i n  b o n e  c e l l s  

(R aw lin so n  e t  a l  1 9 93 )•  Cheng e t  a l  ( r a t :  1994) a l s o  c o n f i rm e d  

im m ed ia te  and s u s t a i n e d  i n c r e a s e s  i n  G6PD a c t i v i t y  i n  r e s p o n s e  to  

lo a d in g  (500 g, 1 Hz, 8 m inu tes)  and p r o s t a c y c l i n  t h a t  p e r s i s t e d  f o r  

l 8 h ,  by w h ic h  t i m e  a l k a l i n e  p h o s p h a t a s e  a c t i v i t y  i n  s u r f a c e  

o s t e o b l a s t s  was e l e v a t e d  and ^ H -p ro l in e  i n c o r p o r a t i o n  i n t o  c o l l a g e n  

in c re a s e d .  The sequence was s i m i l a r  w ith  p r o s t a g l a n d in  E2 b u t  t h e r e  

was no change in  a l k a l i n e  p h o sp h a ta se  a c t i v i t y .

I n  v i t r o  m e c h a n ic a l  l o a d i n g  o f  c a n i n e  c a n c e l l o u s  bone  c o r e s  

(E l-H aj e t  a l  1990) a l s o  showed an in c r e a s e  in  i n t r a c e l l u l a r  g lu c o se  

6 -p h o s p h a te  deh y d ro g en ase  (G6PD) in  l i n i n g  c e l l s ,  and i n c r e a s e d  RNA 

s y n t h e s i s  i n  o s t e o c y t e s  6 h o u rs  a f t e r  l o a d in g .  A dding In d o m e th a c in  

i n h i b i t e d  b o th  th e  re s p o n s e s .

An i n c r e a s e  i n  th e  a c t i v i t y  o f  th e  enzyme g lu c o s e  6 -p h o s p h a te  

deh y d ro g en ase  in  th e  p e r i o s t e a l  c e l l s  a d j a c e n t  to  th e  bone s u r f a c e  

i m m e d i a t e l y  a f t e r  a s i n g l e  6 m in u te  p e r i o d  o f  l o a d i n g  was a l s o  

d e m o n s t r a t e d  p r e v i o u s l y  i n  v iv o  ( a v i a n - c o r t i c a l ) by S k e r r y  e t  a l
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( 1989) .  The in c r e a s e  was p r o p o r t i o n a l  to  th e  s t r a i n  m agnitude i n  th e  

im mediate v i c i n i t y  o f  th e  c e l l s .  In  v i t r o  s t u d i e s  a l s o  documented an 

a lm o s t  im m ediate  i n c r e a s e  i n  th e  a c t i v i t y  o f  G6PD i n  o s t e o c y t e s  and 

o s t e o b l a s t s  which was p r o p o r t i o n a l  to  th e  l o c a l  s t r a i n  m agn itude  on 

lo a d in g  ( r a t  u ln a ,  500g* 1 HZ, 8 m inu tes :  Cheng e t  a l  1994).

A d ap tiv e  r e g u l a t i o n  o f  m a t r ix  s y n t h e s i s  was a l s o  d e m o n s t ra te d  

in  l 8 h  o rg a n  c u l t u r e  o f  17 day  em b ry o n ic  c h i c k  t i b i o t a r s i  a f t e r  a 

s i n g l e  20 m inu te  p e r io d  o f  i n t e r m i t t e n t  l o a d in g  a t  0 .4  Hz (Zaman e t  

a l  1992) .  I n c re a s e d  e x p re s s io n  o f  th e  mRNA f o r  ty p e  1 c o l la g e n  i n  th e  

p e r i o s t e a l  t i s s u e  o f  bones and an i n c r e a s e  i n  a l k a l i n e  p h o s p h a ta s e  

a c t i v i t y  were documented.

D a l l a s  e t  a l  (1 9 9 3 )  a l s o  d o c u m e n te d  p e a k  s t r a i n  m a g n i tu d e  

r e l a t e d  r e s p o n s e s  s u c h  a s  a r a p i d  i n c r e a s e  o f  G6PD a c t i v i t y  i n  

o s t e o b l a s t s  and o s t e o c y t e s ,  and in c r e a s e d  RNA s y n t h e s i s  d e t e c t a b l e  

a f t e r  8h (more pronounced a f t e r  24h) i n  o rgan  c u l t u r e  fo l lo w in g  a 20 

m inute  p e r io d  o f  i n t e r m i t t e n t  lo a d in g  o f  c h ic k  embryonic s h a f t  a t  0 .4  

Hz. B o th  r e s p o n s e s  w e re  b l o c k e d  by i n d o m e t h a c i n .  D i f f e r e n t  

s e q u e n t i a l  a c t i v i t i e s  o f  enzym es G6PD and a l k a l i n e  p h o s p h a t a s e  i n  

o s t e o c y t e s  and p e r i o s t e a l  o s t e o b l a s t s  a f t e r  a 5 m in u te  p e r i o d  o f  

c y c l i c  l o n g i t u d i n a l  l o a d i n g  a t  1 Hz o f  l4w r a t  t i b i a  and f i b u l a  

c o r r e l a t e  w e l l  w i t h  t h e  o r d e r  o f  new b o n e  f o r m a t i o n  h a v e  b e e n  

c o n f i r m e d  i n  v iv o  by Dodds e t  a l  ( 1 9 9 3 ) « The G6PD a c t i v i t y  i n  

o s t e o c y t e s  and p e r i o s t e a l  o s t e o b l a s t s  was im m e d ia te ly  i n c r e a s e d .  

Even a f t e r  24 h o u r s ,  G6PD l e v e l  i n  o s t e o b l a s t s  was h i g h e r  th a n  th e  

c o n t r o l s ,  w h i l e  i n  o s t e o c y t e s  i t  r e t u r n e d  t o  c o n t r o l  v a l u e s .  

I m m e d i a t e l y  a f t e r  l o a d i n g ,  a l k a l i n e  p h o s p h a t a s e  a c t i v i t y  i n  

o s t e o b l a s t s  was u n a f f e c t e d ,  though  i t  was i n c r e a s e d  24 h o u r s  l a t e r .  

A l k a l i n e  p h o s p h a ta s e  a c t i v i t y  i n  o s t e o c y t e s  was n o t  d e t e c t a b l e  i n  

t im e .  The r e s p o n s e  i n  o s t e o c y t e s  was t r a n s i e n t ,  w h ich  s u g g e s t s  an 

e a r l y  b iochem ica l  change a s s o c ia t e d  w ith  s t r a i n  p e r c e p t io n ,  and t h a t  

i n  o s t e o b l a s t s  le d  to  o s te o g e n e s i s .

The s e c o n d a r y  o s t e o n s  w h ich  f i l l  i n  t h e  t u n n e l s  b o r e d  by 

o s t e o c l a s t s  a re  c y l i n d r i c a l  s t r u c t u r e s , rou g h ly  p a r a l l e l  to  th e  long  

a x i s  o f  bone, which may ex tend  f o r  s e v e r a l  m i l l i m e t r e s  w i th  a s p i r a l  

co u rse  (dog: Cohen and H a r r i s  1958; dog, baboon and man: Tappen 1 9 7 7 )» 

They a r e  c i r c u l a r  i n  c r o s s  s e c t i o n ,  200 to  300y°i i n  d ia m e te r .  With
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c a n a l  d ia m e te rs  o f  from 20 to  50u™t t h e i r  w a l l  th i c k n e s s e s  a r e  up to  

80pm o r  more (man: Johnson 1964, I 966 ) . Lower e s t im a te s  o f  th e  mean 

t o t a l  l e n g t h  o f  human s e c o n d a r y  o s t e o n s  a t  2*5nim, a d i a m e t e r  o f  

200pm, a c e n t r a l  c a n a l  d i a m e t e r  o f  40 pm, and a  w a l l  t h i c k n e s s  o f  

75pm a re  g iven  by P a r f i t t  (1983a ) .

H ert and co-w orkers  (1994) dem onstra ted  t h a t  th e  o s te o n s  i n  long  

bo n es  i n  man (hum erus ,  u l n a ,  r a d i u s ,  fe m u r ,  t i b i a  and f i b u l a )  a r e  

a r ran g ed  in  two h e l i c a l  system s o f  o p p o s i te  s i g n s ,  th e  i n c l i n a t i o n  o f  

o s t e o n  d i r e c t i o n  from th e  bone a x i s  b e in g  w i t h i n  5 “ to  1 5 “ • S i m i l a r  

r e s u l t s  were found in  dog and sheep . Osteon o r i e n t a t i o n  i n  o p p o s i te  

o b l i q u e  d i r e c t i o n s  was a l s o  d e m o n s t r a te d  p r e v i o u s l y  by Lanyon and 

Bourne in  th e  d ia p h y s i s  o f  th e  sheep t i b i a  (1 9 7 9 )«

The c o n c e n t r i c  l a m e l l a e  i n  s e c o n d a r y  o s t e o n s  a r e  2 t o  2 '5pm  

t h i c k  ( J a w o rs k i  1 9 9 2 ) ,  w h ich  i s  t h e  same a s  t h e  d i a m e t e r  o f  t h e  

c o l la g e n  f i b r e  bund les  seen  i n  s u r f a c e  views o f  l a m e l l a r  bone m a tr ix  

(Boyde 1972).

C o llag en  f i b r e s  i n  H a v e r s ia n  sy s tem s  a r e ,  i t  i s  h y p o th e s i s e d ,  

a r r a n g e d  i n  a manner b e s t  s u i t e d  to  p e r fo rm  t h e i r  b io m e c h a n i c a l  

f u n c t i o n  a s  b o n e  a d a p t s  t o  i t s  f u n c t i o n .  The p r o p o r t i o n  o f  

l o n g i t u d i n a l  and t r a n s v e r s e  l a m e l l a e  w i th i n  o s te o n s  v a r i e s ,  so  t h a t  

th e y  can  be c l a s s i f i e d  i n t o  g ro u p s  c o n s i d e r i n g  t h e i r  a p p e a ra n c e  i n  

p o l a r i s e d  l i g h t .  The n e t  l a m e l l a r  o r i e n t a t i o n  h a s  b e e n  c o r r e l a t e d  

w i th  f u n c t i o n  in  man and o t h e r  a n im a ls  (G e b h a rd t  1905; A s c e n z i ,  

Bonucci 1964 , 1967 , 1968 ; Evans and V i n c e n t e l l i ,  1969. 1974 ; Boyde e t  

a l  1984a).

O s t e o n s  a r e  o f  t h r e e  t y p e s  d e p e n d i n g  on t h e  m ix  o f  t h e  

c o n s t i t u e n t  c o l l a g e n  f i b r e s .  S e c o n d a r y  o s t e o n s  w i t h  a h i g h  

p r o p o r t i o n  o f  LS c o l l a g e n  a p p e a r  d a rk  i n  a t r a n s v e r s e  s e c t i o n  o f  a 

lo n g  bone c o r t e x ,  w h i le  t h o s e  w i th  TS c o l l a g e n  a p p e a r  b r i g h t  i n  

p o l a r i s e d  l i g h t  i n  a bone c r o s s - s e c t i o n  (A scen z i  and B onucci 1964; 

P o r t i g l i a t t i - B a r b o s  e t  a l  1984; A scenzi e t  a l  1990). C o n v erse ly ,  in  

l o n g i t u d i n a l  bone s e c t i o n s  t h e  l o n g i t u d i n a l  l a m e l l a e  a r e  b r i g h t  and 

t r a n s v e r s e  la m e lla e  a r e  dark  (A scenzi e t  a l  1990). An a l t e r n a t e  type  

( c o n ta in in g  a l t e r n a t e  l o n g i t u d i n a l  and t r a n s v e r s e  la m e l la e )  e x h i b i t s  

a l t e r n a t i o n  o f  d a r k  and  b r i g h t  l a m e l l a e  i n  b o t h  c r o s s  an d  

lo n g i tu d in a l  s e c t i o n  in  p o l a r i s e d  l i g h t .  Evans (1974) d i f f e r e n t i a t e d
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o s t e o n s  i n t o  p r e d o m i n a n t l y  d a r k ,  p r e d o m i n a n t l y  b r i g h t  an d  

i n t e r m e d i a t e  b e tw e e n  d a r k  and  l i g h t .  S t u d y i n g  s i n g l e  i s o l a t e d  

o s t e o n s ,  A scenz i and c o -w o rk e rs  (1990) showed t h a t  t h e  o s t e o n s  w i th  

l o n g i t u d i n a l  f i b r e s  a re  s u i t e d  f o r  lo a d in g  in  t e n s io n ,  and th o s e  w ith  

t r a n s v e r s e  f i b r e s  a r e  b e t t e r  a b l e  t o  w i t h s t a n d  l o a d i n g  u n d e r  

com pression . However, o s te o n s  do n o t  e x i s t  i n  i s o l a t i o n  i n  bone, and 

th e  r e le v a n c e  o f  th e s e  o b s e rv a t io n s  i s  t h e r e f o r e  n o t  c l e a r .

P o r t i g l i a t t i - B a r b o s  e t  a l  (1 9 8 3 )  f o u n d  a c h a r a c t e r i s t i c  

d i s t r i b u t i o n  o f  o s te o n a l  ty p e s  w i th in  e n t i r e  c ro s s  s e c t i o n s  o f  human 

femora. A s i m i l a r  c h a r a c t e r i s t i c  c o l la g e n  f i b r e  o r i e n t a t i o n  p a t t e r n  

-  somehow o r  o t h e r  p ro b a b ly  c o r r e l a t i n g  w i th  r e g io n s  o f  t e n s i o n  and 

com pression  -  cou ld  a l s o  be dem onstra ted  w i th o u t  making r e f e r e n c e  to  

s i n g l e  o s te o n s  and t h e r e f o r e  w i th o u t  c o n s i d e r i n g  th e  o s t e o n a l  ty p e s  

d i s t i n g u i s h e d  i n  A s c e n z i* s  e a r l i e r  work [ e g  i n  human l o n g  b o n es  

[ f e m o ra l  s h a f t  (Boyde e t  a l  1984a; P o r t i g l i a t t i - B a r b o s  e t  a l  1984, 

1987 ; A scenzi I 988 ) ; t i b i a l  and f i b u l a r  s h a f t  (Carando e t  a l  I 989 ) ; 

h um erus ,  u l n a  and r a d i u s  (C arando  e t  a l  1 9 9 1 ) :  f e m u r ,  t i b i a  and 

f i b u l a  (A scenz i e t  a l  1 990 ] .  Such "mapping" r e l i e d  upon m e asu r in g  

th e  b r i g h t n e s s ,  i n  t r a n s m i t t e d  c i r c u l a r l y  p o l a r i s e d  l i g h t ,  o f  l a r g e  

a r e a s  i n  t h e  bone s e c t i o n :  i n  f a c t ,  ev en  e n t i r e  l a r g e  bone  c r o s s  

s e c t i o n s  cou ld  be s tu d ie d  a t  once (Boyde and Riggs 1990; Riggs e t  a l  

1993a , 1993b).

E x t e n s iv e  work h a s  b e e n  done on c o l l a g e n  f i b r e  o r i e n t a t i o n .  

S t r a i n  c h a r a c t e r  and c o l la g e n  f i b r e  arrangem ent have been  c o r r e l a t e d  

on s e v e r a l  o c c a s i o n s .  However, u n t i l  now, no model o f  t h e  c o l l a g e n  

f i b r e  arrangem ent in  bone la m e l la e  has been a c c ep ted  w i th o u t  d i s p u t e .  

The most w id e ly  a c c e p te d  model (Ebner 1875; K o l l i k e r  1889; G ebhard t 

1905 ) i s  t h a t  l o n g i t u d i n a l  and t r a n s v e r s e  c o l l a g e n  f i b r e s  a l t e r n a t e  

i n  s u c c e s s iv e  la m e l la e  where th e  f i b r e s  i n  each la m e l l a  l i e  p a r a l l e l  

to  each  o t h e r .  I n  p o l a r i s e d  l i g h t  m ic ro sco p y  th e  c o l l a g e n  p a r a l l e l  

to  t h e  p l a n e  o f  s e c t i o n  i s  b i r é f r i n g e n t ,  a n i s o t r o p i c ,  and h en ce  

a p p e a rs  b r i g h t .  The c r o s s - c u t  c o l l a g e n  i s  i s o t r o p i c ,  e x t i n g u i s h e s ,  

and hence appears  d a rk .

O thers  opined  d i f f e r e n t l y .  The l a m e l l a r  p a t t e r n ,  a c c o rd in g  to  

R anv ier  ( I 889) and Z ie g le r  ( I 9O6 ) ,  i s  due to  a d i f f e r e n t  s t r u c t u r e  in  

s u c c e s s iv e  l a m e l l a e ,  f i b r o u s  c o l la g e n o u s  l a m e l l a e  a l t e r n a t i n g  w ith
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homogenous a f i b r i l l a r  l a y e r s  ( in t e r m e d ia te  s u b s t a n c e ) .  Ruth (1947), 

R o u i l l e r  e t  a l  1 9 5 2 ;  F r a n k  e t  a l  ( 1 9 5 5 ) ,  an d  R o u i l l e r  (1 9 5 6 )  

a t t r i b u t e d  th e  l a m e l l a t i o n  to  th e  d i f f e r e n c e  in  amount o f  c o l la g e n  in  

s u c c e s s iv e  l a y e r s ,  c o l la g e n  r i c h  l a y e r s  ( c o m p a c t / f i b r i l l a r  la m e l la e )  

a l t e r n a t i n g  w i th  l a y e r s  o f  d i f f u s e  l a m e l l a e  (c e m e n tin g  l a m e l l a e )  o f  

p r e d o m i n a n t l y  g r o u n d  s u b s t a n c e  c o n t a i n i n g  a few  f i b r e s .  The 

f i b r i l l a r  l a m e l l a e  (named f o r  th e  d e n s e ,  c o l l a g e n  r i c h  l a y e r )  were 

su p p o se d  t o  c o n t a i n  l e s s  m i n e r a l  ( R o u i l l e r  e t  a l  1952) and w ere  

b e l i e v e d  to  c o n t a i n  e i t h e r  t r a n s v e r s e  (R u th  1947) o r  l o n g i t u d i n a l  

f i b r e s  ( R o u i l l e r  e t  a l  1952).

Boyde and H o b d e l l  ( I 9 6 9 ) ,  u s i n g  SEM, d e m o n s t r a t e d  t h a t  t h e  

‘ lam ellae*  o f  s e c t i o n s  appea red  i n  s u r f a c e  views as  “domains'* w i th in  

w hich  t h e  c o l l a g e n  f i b r e  o r i e n t a t i o n  i s  c o n f i n e d .  P r e s e n c e  o f  

“domains** o f  f i b r e s  w i th i n  l a m e l l a e  (Boyde and H o b d e ll  I 9 6 9 , Boyde 

1972 ) has  a l s o  been  co n f irm e d  by s e v e r a l  o t h e r s  ( F r a s c a  e t  a l  1977; 

P an n a ra le  e t  a l  1994).

R e c e n t ly  some w orkers  have d i s a g r e e d  w i th  t h i s  v iew  (M a r o t t i  

and M ug lia  I 9 8 8 ; M a r o t t i  1990, 1993; Hasegawa e t  a l  1 9 9 4 ) .  They 

have a rgued  t h a t  th e  d i f f e r e n c e  i s  i n  b o th  th e  q u a n t i t y  o f  c o l l a g e n  

i n  th e  l a m e l l a e ,  and i n  th e  o r i e n t a t i o n  o f  th e  c o n s t i t u e n t  f i b r e s .  

C o llag en  r i c h  and c o l l a g e n  p o o r  l a m e l l a e  a l t e r n a t e  w i th  eac h  o t h e r .  

F ib re s  a re  n o t  p a r a l l e l ,  r a t h e r  hav ing  an in te rw oven  t e x t u r e  i n  bo th  

dense  and lo o s e  l a y e r s .  C o l la g e n  b u n d le s  a r e  c o n t in u o u s  th ro u g h o u t  

th e  l a m e l l a r  b o n e .  Dense l a m e l l a e  a r e  s i g n i f i c a n t l y  t h i n n e r  th a n  

l o o s e  l a m e l l a e ,  b u t  th e y  a p p e a r  t h i c k e r  i n  p o l a r i s e d  l i g h t  a t  th e  

e x p en se  o f  t h e  i n t e r v e n i n g  l o o s e  l a m e l l a e .  M a r o t t i  com pared  th e  

dense and lo o se  la m a l la e  w ith  t r a n s v e r s e  and l o n g i t u d i n a l  la m e l l a e  in  

Gebhardt*s model.

I t  i s  more g e n e r a l l y  a c c e p t e d  t h a t  t h e  c o n c e n t r i c  l a m e l l a e  

w i th in  th e  o s te o n s  c o n ta in  c o l la g e n  o f  a s i m i l a r  p ack in g  d e n s i t y .  The 

f i b r e s  l i e  p a r a l l e l  to  one a n o th e r  w i th in  th e  p la n e  o f  t h e  l a m e l l a e  

(G ebhard t 1905; Cooper e t  a l  I 9 6 6 ; Boyde 1972; A sc en z i and Bonnuci 

1 9 7 6 ; R e id  1 9 8 6 ) .  S e v e r a l  o t h e r  s t u d i e s  (L a n y o n  e t  a l  1 9 8 2 ;  

P o r t i g l i a t t i - B a r b o s  e t  a l  1984; A sc e n z i  1 9 8 8 ; A s c e n z i  e t  a l  1990; 

S kerry  e t  a l  I 988 ; Boyde and Riggs 1990; Riggs e t  a l  1993a; Riggs e t  

a l  1993b) c o r r e l a t e d  G ebhard t* s  model w i th  th e  s t r a i n  d i s t r i b u t i o n
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and r e s u l t i n g  c h a r a c t e r i s t i c  m o le c u la r  o r g a n i s a t i o n  o f  t h e  c o l l a g e n  

f i b r e s  w i th in  o s te o n s .

The o r g a n i s a t i o n  o f  c o l l a g e n  f i b r e s  i n  d i f f e r e n t  o r i e n t a t i o n s  

has  been a s s o c ia t e d  w ith  th e  ty p e s  o f  s t r a i n .  C e r t a in  w e ig h t b e a r in g  

lo n g  bones p ro v id e  model s i t u a t i o n s  in  which th e  e f f e c t  o f  d i f f e r e n t  

ty p e s  o f  s t r a i n s  on c o l la g e n  o r i e n t a t i o n  may be s tu d ie d .  The r a d iu s  

o f  t h e  h o r s e  bows i n  a c r a n i o - c a u d a l  d i r e c t i o n  w i t h  a  c r a n i a l  

c o n v e x i t y .  I n  l o a d i n g ,  i t  w ould  be  e x p e c te d  t h a t  a l l  s u c h  a n t e r o -  

p o s t e r i o r l y  ( c r a n i o - c a u d a l l y ) c u rv e d ,  w e ig h t  b e a r i n g  lo n g  bones  o f  

quadrupeds would be s u b je c t e d  to  lo n g i tu d in a l  t e n s io n  i n  th e  c r a n i a l  

a s p e c t  and to  l o n g i t u d i n a l  co m p re ss io n  i n  th e  c a u d a l  a s p e c t  (Rooney 

1969) .  S t r a i n  gauge s t u d i e s  i n  v iv o  have confirm ed  th e s e  p r e d i c t i o n s  

i n  a l l  g a i t s  (Turner e t  a l  1975; Rubin and Lanyon 1982; Biewener e t  a l  

1983a ,  1983b ) .  Lanyon and c o -w o rk e rs  (1975) w ork ing  w i th  t i b i a  a l s o  

docum ented  s i m i l a r  r e s u l t s  i n  man. The p a t t e r n  o f  c o l l a g e n  f i b r e  

o r i e n t a t i o n  a s s e s s e d  by p o l a r i s e d  l i g h t  m ic ro s c o p y  o f  w ho le  c r o s s  

s e c t i o n s  o f  a d u l t  h o r s e  r a d i i  shows a s t r o n g  c o r r e l a t i o n  w i th  t h i s  

s t r a i n  d i s t r i b u t i o n .  I n  t h e  new born  h o r s e  r a d i u s ,  t h e  c o l l a g e n  

o r i e n t a t i o n  i s  l o n g i t u d i n a l  i n  a l l  p o r t i o n s  o f  t h e  c o r t e x .  I n  

a d u l t s ,  r e g io n s  o f  bone s u b j e c t e d  to  l o n g i t u d i n a l  co m p re ss io n  have 

b een  shown to  be composed o f  a  h ig h  p r o p o r t i o n  o f  more t r a n s v e r s e  

c o l l a g e n  ( c a u d a l  c o r t e x ) ,  w hereas  r e g io n s  s u b j e c t e d  to  l o n g i t u d i n a l  

te n s io n  a r e  composed o f  m ain ly  lo n g i tu d in a l  c o l la g e n  (Boyde and Riggs 

1990 ; Riggs e t  a l  1993a). Riggs and co-w orkers  (1993b) w orking w ith  

equ in e  r a d i i  a l s o  documented th e  d i f f e r e n t  c h a r a c t e r i s t i c  m echan ica l 

p r o p e r t i e s  o f  c r a n i a l  and cau d a l  c o r t i c e s .

S im i l a r  r e s u l t s  were o b ta in e d  in  th e  e q u in e  t h i r d  m e ta c a rp a l  

bone , which d e m o n s t ra te d  c o l l a g e n  p a r a l l e l  t o  th e  l o n g i t u d i n a l  a x i s  

o f  f o a l  M c I I I ,  b u t  a l a r g e r  p r o p o r t i o n  o f  t r a n s v e r s e l y  o r i e n t e d  

c o l l a g e n  f i b r e s  i n  t h e  p a lm a r  and d o r s a l  c o r t i c e s  w i th  i n c r e a s i n g  

ag e ,  a f e a t u r e  c o m p a t ib le  w i th  an a d a p t a t i o n  to  c o m p re ss iv e  s t r a i n  

p r e s e n t  in  t h i s  bone (Riggs 1990; S to v e r  e t  a l  1992).

Using CPL b r ig h tn e s s  i n t e n s i t y  measurement (Boyde e t  a l  1 9 8 4 a) , 

Riggs and co-w orkers  (Riggs 1990; Riggs e t  a l  1993a) showed a g r e a t e r  

p r o p o r t io n  o f  t r a n s v e r s e  c o l la g e n  and a g r e a t e r  d eg ree  o f  rem o d e ll in g  

i n  th e  cauda l c o r te x  o f  equ ine  r a d i i .
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The p u rp o se  o f  th e  p r e s e n t  work was to  exam ine t h e s e  f i n d i n g s  

i n  an independen t s tu d y  w ith  a  d i f f e r e n t  approach , to  s e e  w hether  th e  

a c q u i r e d  d i f f e r e n c e  i n  t h e  c a u d a l  a s p e c t  was a c h i e v e d  th r o u g h  

secondary  re m o d e ll in g  o f  th e  p rim ary  p e r i o s t e a l  bone t h a t  grew a f t e r  

b i r t h ,  to  p ro v id e  a s t a t i s t i c a l  r e p r e s e n t a t i o n  o f  r e l a t i v e  p lacem ent 

o f  p r im a r y  and s e c o n d a r y  o s t e o n s  i n  two c o r t i c e s ,  and  d i f f e r e n t  

c o l la g e n  f i b r e  o r i e n t a t i o n  w i th in  th e  secondary  o s te o n s ;  and f i n a l l y  

to  l o o k  i n t o  t h e  p r e v a i l i n g  c o n t r o v e r s y  r e g a r d i n g  t h e  t r u e  

arrangem ent o f  c o l la g e n  f i b r e s  i n  H av ers ian  sy stem s.

2 . 1 .2  Use o f  p o l a r i s e d  l i g h t  i n  s tu d y in g  bone l a m e l l a r  o r g a n i s a t i o n

In  a p o l a r i s i n g  m ic ro s c o p e ,  two P o l a r o i d  f i l t e r s  o r  two n i c o l  

p r ism s  a r e  u se d .  The p o l a r i s e r  p o s i t i o n e d  betw een  th e  l i g h t  s o u rc e  

and th e  condenser  c o n v e r t s  th e  t r a n s m i t t e d  l i g h t  i n t o  p la n e  p o l a r i s e d  

l i g h t .  The a n a ly s e r  i s  i n s e r t e d  i n t o  th e  m icroscope tu b e .

T h e re  a r e  c e r t a i n  o b j e c t s  th r o u g h  w hich  th e  p o l a r i s e d  l i g h t  

p a s s e s  u n i n t e r r u p t e d l y .  T h e i r  components have v e ry  l i t t l e  p r e f e r r e d  

a l i g n m e n t  and a r e  i n c a p a b l e  o f  a f f e c t i n g  t h e  p o l a r i s e d  l i g h t .  

C o n s e q u e n t ly  when v ie w ed  b e tw ee n  c r o s s e d  p o l a r i s e r s ,  no l i g h t  can  

p a s s  th ro u g h  and th e  o b j e c t  a p p e a r s  d a rk  l i k e  th e  b a c k g ro u n d .  These 

a r e  n o n - b i r e f r i n g e n t  o b j e c t s ,  o p t i c a l l y  i s o t r o p i c .

B i r e f r i n g e n c e  i s  an  o p t i c a l  p r o p e r t y  o f  w e l l  a l i g n e d  

su b m ic ro sc o p ic  s t r u c t u r e s .  I t  i s  m a n i f e s te d  by an o b j e c t  a p p e a r in g  

b r i g h t  in  c e r t a i n  o r i e n t a t i o n s  between c ro s s e d  p o l a r s .  The v i b r a t i o n  

p la n e  o f  th e  p o l a r i s e d  l i g h t  i s  a l t e r e d  by o r i e n t e d  e l e m e n t s  h a v in g  

d i f f e r e n t  r e f r a c t i v e  i n d i c e s  w i th in  th e  s t r u c t u r e .  These o b j e c t s  a re  

b i r é f r i n g e n t  ( o p t i c a l l y  a n i s o t r o p i c ,  doubly  r e f r a c t i v e ) .

The b i r e f r i n g e n c e  o f  an  o b j e c t  i s  e i t h e r  d u e  t o  t h e  

c h a r a c t e r i s t i c  a r ra n g e m e n t  o f  th e  m o le c u la r  o r  a tom ic  s t r u c t u r e  i t  

c o n t a i n s  ( i n t r i n s i c  b i r e f r i n g e n c e ) ,  o r  may be  d u e  t o  o r d e r e d  

nonrandom s t r u c t u r e ,  th e  r e g u l a r i t y  o f  which i s  on a s c a l e  s m a l l e r  

th a n  th e  w a v e le n g th  o f  l i g h t .  T h is  i s  due t o  t h e  s u b m ic r o s c o p i c ,  

o r i e n t e d ,  asymmetric e lem en ts  o f  d i f f e r e n t  r e f r a c t i v e  i n d i c e s  w i th in  

th e  s t r u c t u r e  (form b i r e f r i n g e n c e ) .

B i r é f r i n g e n t  m a t e r i a l s  a p p e a r  d a rk  ( i s o t r o p i c )  be tw een  l i n e a r  

c ro s se d  p o la r s  when th e  main s t r u c t u r e  d i r e c t i o n  i s  e x a c t ly  p a r a l l e l
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w ith  th e  o p t i c  a x i s  o r  to  th e  p o l a r i s e r  o r  th e  a n a l y s e r ,  when l i g h t  

p a s s e s  th r o u g h  t h e  o b j e c t  u n a f f e c t e d  and c a n n o t  p a s s  th r o u g h  th e  

a n a l y s e r ,  l e a d i n g  to  e x t i n c t i o n .  An o b j e c t  w i th  i t s  s t r u c t u r e  a x i s  

p e r p e n d i c u l a r  t o  t h e  o p t i c  a x i s  d i s a p p e a r s  c o m p l e t e l y  e v e r y  90° 

d u r in g  a f u l l  r o t a t i o n  w i th  a ch an g e  i n  b r i g h t n e s s  a s  i t  r o t a t e s .  

T h is  i s  a d i s a d v a n t a g e  e n c o u n t e r e d  i n  a n a l y s i n g  a  s p e c im e n  w i th  

l i n e a r l y  p o l a r i s e d  l i g h t  a s  t h e  b r i g h t n e s s  i s  n o t  c o n s t a n t  i n  a l l  

r o t a t i o n  p o s i t i o n s .  Hence i t  i s  n e c e s s a r y  to  exam ine  t h e  im age a t  

d i f f e r e n t  a n g le s  o f  r o t a t i o n .

On th e  c o n t r a r y ,  c i r c u l a r l y  p o l a r i s e d  l i g h t  a l lo w s  a c o n s t a n t  

image a c h ie v e d  u s i n g  two q u a r t e r  w a v e le n g th  r e t a r d a t i o n  p l a t e s  i n  

a d d i t i o n  to  l i n e a r  p o l a r i s i n g  f i l t e r s .  I n  c i r c u l a r l y  p o l a r i s e d  

l i g h t ,  th e  s ig n a l  i s  c o n s ta n t  i r r e s p e c t i v e  o f  a x is  o f  o r i e n t a t i o n  in  

th e  p la n e  o f  s e c t i o n .  There i s  no e x t i n c t i o n  a n g le .

C o llagen  c o n s t i t u t e s  abou t 95% o f  th e  o rg a n ic  component o f  bone 

and i s  o p t i c a l l y  a n i s o t r o p i c  due to  th e  p o s i t i v e  form b i r e f r i n g e n c e  

g e n e r a t e d  by t h e  p a r a l l e l  a l i g n m e n t  o f  c o l l a g e n  m o l e c u l e s  and 

i n t e r v e n i n g  w a t e r  ( o r  e m b e d d in g  m e d iu m ) .  The n e g a t i v e  fo rm  

b i r e f r i n g e n c e  o f  t h e  a p a t i t e  c r y s t a l s  i n  b o n e ,  w h ich  a r e  m o s t ly  

o r i e n t e d  p a r a l l e l  w i th  th e  c o l l a g e n ,  s l i g h t l y  r e d u c e s  t h e  o b se rv e d  

t o t a l  b i r e f r i n g e n c e  o f  t h e  m i x tu r e  ( t h e  b i r e f r i n g e n c e  o f  a  bone 

s e c t i o n  i s  in c re a s e d  by removal o f  th e  m in e ra l  com ponent).

In  p o l a r i s e d  l i g h t ,  th e  b r i g h t n e s s  i s  l i n e a r l y  r e l a t e d  to  th e  

s e c t i o n  t h i c k n e s s .  H ence  p l a n e  p a r a l l e l  s e c t i o n s  o f  u n i f o r m  

th ic k n e s s  must be used f o r  c o l la g e n  o r i e n t a t i o n  a n a l y s i s .  The f i b r e s  

p a r a l l e l  t o  th e  p l a n e  o f  s e c t i o n  e x h i b i t  maximum b r i g h t n e s s  w h i le  

th o se  p a r a l l e l  to  th e  o p t i c  a x i s  ( l o n g i tu d in a l )  ap p ea r  d a rk .

2 .2  MATERIALS AND METHODS

Table  2 .1

P r i n c i p a l  modes o f  p r e p a r a t io n  and s tu d y  o f  sam ples .

1. 100pm g r o u n d .s e c t io n s , p r i n c i p a l  p la n e s  TS ( r a d i a l  LS, t a n g e n t i a l  

LS)

2. 40 to  50pm ground s e c t i o n s ,  in c lu d in g  45" to  p r i n c i p a l  p la n e s
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3. Mounting i n  DPX.

4 . P o la r i s e d  l i g h t  microscopy

5 . PLM u s in g  U n iv e rs a l  s ta g e

6. A u to f lu o re sce n ce  mode CSLM

7 . E tch in g  by ch ic k  o s t e o c l a s t

8. Gold s p u t t e r  c o a t in g

9 . 'C o n v e n t io n a l '  SB SEM

Seven h o r s e  r a d i i ,  f i v e  o f  known a g e ,  l 8 y  (2 a n i m a l s ) ,  12y, 

l l y ,  6y, and two o f  unknown age were o b t a i n e d .  The r a d i i  w ere k e p t  

f ro z e n  u n t i l  arrangem ents  f o r  p r e p a r in g  s e c t i o n s  were made.

I n i t i a l l y ,  t h e  l8 y  r a d i u s  was c u t  a t  i t s  m i d s h a f t  p l a n e  and 

th en  a t  about 6 cm p ro x im a lly  ( f ig u r e  2 .1 )  w ith  a band saw. From th e  

b lo c k  th u s  o b ta in e d ,  two p i e c e s  were p r e p a r e d ,  one from th e  c r a n i a l  

and one from th e  c a u d a l  c o r t e x ,  each  a b o u t  1 cm wide and 6 cm lo n g  

and c o n t a in in g  th e  c e n t r e s  o f  th e  c r a n i a l  and c a u d a l  s u r f a c e s .  The 

p ie c e s  were marked a t  t h e i r  e x t r e m i t i e s ,  d i s t a l  ( tow ards  th e  m id sh a f t  

p l a n e )  and p r o x im a l ,  and k e p t  i n  ^ 0% m e th a n o l .  C o n s e c u t iv e  p l a n e  

p a r a l l e l  u n d e c a l c i f i e d  s e c t i o n s  o f  100 m ic ro n  t h i c k n e s s  w ere  c u t  

u s i n g  a B u e h le r  I s o m e t  w a te r  c o o le d  diam ond saw from  e a c h  o f  t h e  

c r a n i a l  and cauda l p ie c e s  o f  a h o rs e  r a d iu s  o f  I 8 y e a r s  age s t a r t i n g  

from th e  d i s t a l  end , and th e n  a t  1cm a p a r t  p r o x im a l ly  up to  4cm and 

th en  aga in  two s e c t i o n s  a t  5*5 cm.

Each s e c t i o n  was l a b e l l e d  w ith  an i n d i c a t i o n  as to  i t s  r e l a t i v e  

p o s i t i o n  and  m e a s u re d  w i t h  a d i g i t a l  m i c r o m e t e r  ( M i t u t o y o ,  LCD 

e l e c t r o n i c  c a l l i p e r ,  r e s o l u t i o n  0*01 mm) o r  a s c re w  m ic r o m e te r  a t  

s e v e r a l  d i f f e r e n t  p la c e s .

The s e c t io n s  were washed c le a n  o f  lo o s e  s o f t  t i s s u e  and l e f t  in  

50% m ethanol. A fterw ards  they  were t r e a t e d  w ith  a b s o lu t e  a lc o h o l  f o r  

one h o u r  and t h e n  w i th  x y l e n e ,  m oun ted  w i t h  DPX u n d e r  a l a r g e  

c o v e r s l i p ,  and weighed down w ith  p o t s  o f  l e a d  s h o t  w h i le  d r y in g  i n  

37°c oven f o r  48 h o u r s .  G re a t  c a r e  was ta k e n  to  a v o id  a i r  b u b b le s .  

F i n a l l y  each s e c t i o n  was l a b e l l e d .
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Figure 2.1

The s i t e  o f  th e  r a d iu s  where th e  s e c t i o n s  were ta k e n .
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I n  a  s i m i l a r  w ay , p a i r s  o f  c o n s e c u t i v e ,  p l a n e  p a r a l l e l  

u n d e c a l c i f i e d  s e c t i o n s  o f  100pm th ic k n e s s  were a l s o  o b ta in e d  from th e  

l l y  h o r s e  r a d i u s  from b o th  th e  c r a n i a l  and c a u d a l  c o r t i c e s ,  a t  th e  

m id sh a f t  p la n e  and then  a t  1 cm i n t e r v a l s  p ro x im a l ly  up to  5 cm. Two 

p ie c e s  o f  c r a n i a l  and cau d a l  c o r t e x ,  abou t 4 cm. long ,  c o n t a in in g  th e  

c e n t r e s  o f  th e  c r a n i a l  and cau d a l  s u r f a c e s  were a l s o  o b ta in e d  from a 

h o r s e  r a d iu s  o f  unknown age. 30 p la n e  p a r a l l e l  c o n s e c u t iv e  s e c t i o n s  

were p re p a re d  a t  O'43mm i n t e r v a l s .  Two s e c t i o n s  o f  100pm th ic k n e s s  

from each, e x t re m i ty  and two from th e  m iddle  ( d i s t a l  -  a t  th e  m id sh a f t  

p la n e ,  6 .5  mm and 13mm p ro x im a lly )  were mounted in  a s i m i l a r  way.

S im i la r  s e c t i o n s  from fo u r  f u r t h e r  an im als  [6y , 12y, l8 y (2 )  and 

one unknown age] from m id sh a f t  p la n e  and a t  a p la n e  3cm p rox im al were 

o b ta in e d  and mounted in  DPX.

2 . 2 .2  In s p e c t io n  f o r  F a t ig u e  damage:

F o r  b a s i c  f u c h s i n  s t a i n i n g  ( F r o s t  I 9 5 8 , 1 9 5 9 )  t o  r e v e a l  

p o s s i b l e  c r a c k s ,  one s e c t i o n  o f  110pm t h i c k n e s s  was o b ta in e d  a f t e r  

each  p a i r  o f  s e c t i o n s  tak en  from th e  cau d a l  c o r t e x  o f  th e  l l y  and l8y  

r a d i i .  Thus 5 s e c t i o n s  were o b ta in e d  from th e  c a u d a l  c o r t e x  o f  each  

o f  t h e  r a d i i  o f  known age  and t h r e e  more 110pm s e c t i o n s  from  th e  

c a u d a l  c o r t e x  o f  t h e  unknown ag e  r a d i u s  w ere  a l s o  c h o s e n .  The 

s e c t i o n s  w ere  i n f i l t r a t e d  f o r  24 h o u r s  i n  a 1% (w /v) s o l u t i o n  o f  

b a s i c  f u c h s in  i n  35% a l c o h o l .  A f te rw a rd s  g r i n d i n g  was p e r fo rm e d  on 

carborundum a b r a s iv e  p a p e r  k e e p in g  th e  s e c t i o n s  c o n s t a n t l y  w e t.  The 

s e c t i o n s  were tho rough ly  washed, a i r  d r i e d  f o r  60 h o u rs ,  and mounted 

in  DPX.

2 . 2 .3  A s s a y  o f  p r i m a r y  a n d  s e c o n d a r y  o s t e o n s  a n d  c o l l a g e n  

o r i e n t a t i o n

A ll  th e  c r a n i a l  and c a u d a l  s e c t i o n s  w ere exam ined i n  l i n e a r l y  

p o l a r i s e d  l i g h t .  O s t e o n a l  c a n a l s  o f  b o t h  p r i m a r y  and  s e c o n d a r y  

o s t e o n s  w ere c o u n te d  and th e  " c o l l a g e n  o r i e n t a t i o n " ,  i . e  b r i g h t  

( " t r a n s v e r s e " ,  TS; s t r i c t l y  sp eak in g ,  o b l iq u e )  o r  dark  ( l o n g i t u d i n a l ,  

LS) reco rded  in  twenty Imm^ a r e a s  u s in g  a sq u a re  g r a t i c u l e  (20
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f i e l d s  o f  th e  g r a t i c u l e ,  p e r i o s t e a l  to  e n d o s t e a l ) .  T h is  was done f o r  

each  p a i r  o f  s e c t i o n s  o f  known age, u s in g  an e y e p ie c e  m a g n i f ic a t io n  

o f  XIO. The m a g n i f i c a t i o n  o f  th e  o b j e c t i v e  u sed  was a l s o  XIO. From 

th e  unknown age bone, a d d i t i o n a l  tw enty 1mm a re a s  i n  th e  

s u b - p e r i o s t e a l  r e g io n  were exam ined. S e c t io n s  were a b o u t  9 mm wide 

on th e  p e r i o s t e a l  s i d e .  20 a re a s  were ta k en  from w i th in  3mm a r e a  o f  

th e  p e r io s teu m : th e  purpose  was to  look  f o r  any ev id en ce  o f  in c r e a s e d  

r e m o d e ll in g  on th e  p e r i o s t e a l  s id e .

2 . 2 .4  Q u a n t i t a t i v e  d e s c r i p t i o n  o f  p r o p o r t i o n  o f  LS and TS c o l l a g e n .

The c h a r a c t e r  o f  th e  c o l l a g e n  o r i e n t a t i o n  (LS o r  O b l i q u e ) , i n  

one s e c t i o n  o f  t h e  c r a n i a l  and c a u d a l  c o r t i c e s  o f  r a d i i  o f  s e v e n  

a n im a ls  was o b s e rv e d  and r e c o rd e d  u s in g  a Merz g r a t i c u l e  a s s e s s i n g  

t h e  c o n d i t i o n  a t  e v e r y  i n t e r s e c t i o n ,  and  c h o o s i n g  t h e  h i t s  on 

s e c o n d a ry  o s t e o n s .  The h i t s  were c a t e g o r i s e d  a s  f a l l i n g  i n t o  th e  

m ost p e r i p h e r a l ,  t h e  m i d t h i c k n e s s  o r  t h e  c e n t r a l  p a r t  o f  e a c h  

o s te o n s .  The Merz g r i d  c o n ta in s  36 t e s t  p o i n t s ,  cove rs  an a c t u a l  a r e a  

o f  Imm^ and 20 such f i e l d s  i n  each o f  th e  s e c t i o n s  were examined.

The number o f  h i t s  i n  secondary  o s teo n s  was th u s  coun ted  c a t e g o r i s i n g  

t h e i r  p o s i t i o n s  w i th in  th e  o s te o n s .

2 . 2 . 5  E x a m in a t io n  u s i n g  C i r c u l a r l y  p o l a r i s e d  l i g h t  and  B io -R ad  

L a se rsh a rp  Confocal Scanning L ig h t  m icroscope

F u r th e r  100pm t h i c k  s e c t i o n s  from c r a n i a l  and c a u d a l  c o r t i c e s  

o f  6y , l l y ,  12y, l 8 y  ( 1 ) ,  l 8 y ( 2 )  and two unknown age  h o r s e  r a d i i  

p r e p a r e d  a s  above and exam ined in  C i r c u l a r l y  P o l a r i s e d  L i g h t ,  were 

a g a i n  e x a m in e d  i n  t h e  B io - R a d  MRC500 C o n f o c a l  S c a n n i n g  L i g h t  

m icroscope in  a u to f lu o re s c e n c e  mode. The a u to f lu o re s c e n c e  e x c i t e d  by 

th e  488 nm l i n e  o f  th e  a rg o n  io n  l a s e r  was u s e d  t o  i d e n t i f y  th e  

h i s t o l o g i c a l  f e a t u r e s  in  th e  s e c t io n s  o f  b o th  c o r t i c e s .

The number o f  th e  b r i g h t  (more f l u o r e s c e n t )  2" o s t e o n s  i n  th e  

c r a n i a l  and cauda l c o r te x  was reco rded  by c o u n t in g  in  a r e a s  m easuring  

e i t h e r  3 mm A? and 6 mm ML, o r  2 mm A? and 6 mm ML (where th e  c o r te x  was
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n o t  broad  enough) i n  s u b p e r i o s t e a l ,  c e n t r a l  and e n d o c o r t i c a l  r e g io n s .

100 pm t h i c k  t r a n s v e r s e  s e c t i o n s  w ere a l s o  p r e p a r e d  as  above 

from th e  d o r s a l  c o r te x  o f  M cIII o f  two h o r s e s  o f  ex trem e age (2y? and 

24y?) f o r  exam ina t ion  i n  C onfocal a u to f lu o re s c e n c e  m icroscopy .

2 .2 .6  T i l t e d  s e c t i o n s  o f  compact bone: LPL, CPL and SEN

C r a n i a l  and  c a u d a l  c o r t i c a l  b l o c k s  w ere  o b t a i n e d  f rom  t h e  

c e n t r e  o f  th e  m id sh a f t  o f  th e  r a d iu s  o f  an unknown age h o r s e  (aged as 

ev idenced  by h i s t o l o g i c a l  f e a t u r e s ) .  S e c t io n s  o f  v a ry in g  th i c k n e s s ,  

250pm and 100pm, were o b ta in e d  in  o r th o g o n a l  and 45" t i l t e d  p la n e s  as  

f o l l o w s :  s a g i t t a l  (AP: a n t e r o - p o s t e r i o r ) ,  c o r o n a l  (ML: m e d io -  

l a t e r a l ) ,  t r a n s v e r s e ,  45" r a d i a l  ( t i l t e d  t r a n s v e r s e ) ,  45" t a n g e n t i a l  

( t i l t e d  lo n g i tu d in a l )  and 45"+ 45".

The 100pm s e c t i o n s  were c le a n e d ,  d eh y d ra ted  i n  a b s o lu te  a lc o h o l  

and mounted in  DPX, exam ined u s in g  p o l a r i s e d  l i g h t  (b o th  l i n e a r  and 

c i r c u l a r ) ,  and pho tographed .

The 250pm s e c t i o n s  w e re  u s e d  f o r  r e s o r p t i o n  by  c h i c k  

o s t e o c l a s t s  (Boyde e t  a l  1984b; Jo n es  e t  a l  1984, 1985; R eid  19 8 6 ) .  

The s l i c e s  w ere  d e h y d r a t e d  and  d e f a t t e d  by c h l o r o f o r m  : m e th a n o l  

e x t r a c t i o n  i n  a  S o x h le t  a p p a ra tu s .  The s h a f t s  o f  lo n g  bones from 19 

day p r e - h a t c h  c h ic k s  were c l e a n e d  o f  p e r io s t e u m  and c a r t i l a g e ,  and 

k e p t  i n  c o o le d  p h o s p h a te  b u f f e r e d  s a l i n e .  The b o n es  w ere  q u i c k l y  

chopped i n  E a g le s  minimum e s s e n t i a l  medium (MEM) w i th  10% added  

f o e t a l  c a l f  serum and 2 mM L-G lutam ine. Bone fragm ents  were a g i t a t e d  

to  r e l e a s e  c e l l s .  Drops o f  th e  c e l l  su sp e n s io n  were d e p o s i t e d  on to  

th e  s l i c e s .  The s l i c e s  were l e f t  f o r  45 m inu tes  a t  37°C and in  5% CO2 

t o  a llow  th e  c e l l s  to  s e t t l e .  Then th e  n o n ad h eren t  c e l l s  were g e n t ly  

washed o f f  w ith  s t e r i l e  medium. The s l i c e s  w ith  a d h e re n t  bone c e l l s  

were c u l tu r e d  a t  37"C in  5% CO2 i n  th e  same medium. A f te r  48 h o u rs ,  

th e  s l i c e s  were c le a n e d  o f  c e l l s ,  d e h y d ra te d  i n  e t h a n o l ,  a i r  d r i e d ,  

mounted on an aluminium p l a t e  w i th  d o u b le  s id e d  c o n d u c t iv e  t a p s  and 

co a ted  w ith  go ld  by s p u t t e r i n g  (Boyde and Jones  1983; Jones  e t  a l  1984) 

f o r  SEM i n  b o t h  s e c o n d a r y  e l e c t r o n  e m i s s i o n  mode (SE) and  

b a c k s c a t te r e d  e l e c t r o n  im aging (BSE) modes, o p e r a t in g  a t  lOKV and 15 

-  20 KV r e s p e c t iv e l y  (Boyde and Jones  1983; Jones e t  a l  1984).

100 pm TS s e c t i o n s  o f  th e  c a u d a l  s i d e  o f  th e  r a d i u s  o f  an l8 y
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h o rs e  were s i m i l a r l y  t r e a t e d  by o s t e o c l a s t i c  r e s o r p t i o n  f o r  24 h o u rs ,  

and c l e a n e d .  T h ese  w ere  exam ined  u s i n g  b o th  CPL and t h e  3 “ D Edge 

m icroscope , b e fo re  mounting f o r  SEM.

S e v e r a l  t h i n n e r  s e c t i o n s  (40 -  w ere  p r e p a r e d  from  two

h o rs e  r a d i i  ( l8 y  and Unknown age) c r a n i a l  and cau d a l  c o r t i c e s ,  i n  th e  

TS and 45“ t a n g e n t i a l  ( t i l t e d  lo n g i tu d in a l )  p la n e s ,  washed, c le a n e d ,  

deh y d ra ted  and mounted in  DPX b e fo re  exam ina t ion  i n  a L e i t z  U n iv e r s a l  

S ta g e  P o l a r i s i n g  M ic ro s c o p e .  H ere t h e  sam p le  i s  s i t u a t e d  i n  th e  

c e n t r e  o f  a g l a s s  s p h e re  ( a c t u a l l y  c o n s t r u c t e d  o f  two h e m is p h e re s )  

w hich  can  be  t i l t e d  and r o t a t e d  i n  5 a x i s .  The t h i c k n e s s  o f  th e  

o b j e c t  s l i d e  r e q u i r e s  to  be i n  betw een 0 .9  to  1 .1  mm, and th e  s i z e  

a d j u s t e d  to  f i t  and to  p e r m i t  t i l t i n g .  Two s p h e r i c a l  s e g m e n ts ,  one 

on top  o f  th e  o b j e c t  s l i d e ,  and th e  o th e r  b en ea th  th e  g l a s s  p l a t e  a re  

s ecu red  w ith  th e  u n iv e r s a l  s t a g e .  The v a r io u s  l a y e r s  i n  th e  sandwich 

a r e  o p t i c a l l y  u n i t e d  u s in g  im m ersion o i l .  The c o r t i c a l  s l i c e s  were 

examined r o t a t i n g  th e  o b je c t  s l i d e  on i t s  v e r t i c a l  a x i s ,  from 310“ to  

50 “ (“50“ to  +50“ ) a t  10“ o r  15“ i n t e r v a l s .  A TV CCD camera was used  

to  t r a n s f e r  t h e  im a g e s  t o  a f r a m e - s t o r e  b a s e d  im ag e  a n a l y s i n g  

computer.

2 .3  RESULTS

2 . 3 .1  A s s a y  o f  o s t e o n s ,  i n t e r s t i t i a l  l a m e l l a e  a n d  c o l l a g e n  

o r i e n t a t i o n .

Main F e a tu re s  :

1. M ost o f  t h e  c r a n i a l ,  t e n s i o n  c o r t e x  o f  t h e  r a d i u s  r e m a in e d  

u n re m o d e l le d  a t  a l l  t h e  a g e s  exam ined .  T h a t  p r im a r y  b one  i n  th e  

t e n s i o n  c o r t e x  w hich  was r e m o d e l le d  was r e p l a c e d  by o s t e o n s  w i th  

m a in ly  p re d o m in a n t ly  l o n g i t u d i n a l  c o l l a g e n  o r i e n t a t i o n  ( f i g .  2 . 2 a ,  

2 .4 a b ,  2 . 1 1 ) .  A few w ere r e p l a c e d  by o s t e o n s  w i th  p r e d o m i n a n t l y  

" t r a n s v e r s e "  (o b l iq u e )  f i b r e  o r i e n t a t i o n  ( f i g .  2 .9  and 2 .1 1 )

2. Most o f  th e  c a u d a l  co m p ress io n  c o r te x  had undergone  r e m o d e l l i n g ,  

s u c h  t h a t  t h e  p r i m a r y  bone  was r e p l a c e d  m a in ly  by o s t e o n s  w i t h  

p redom inan tly  " t r a n s v e r s e "  (o b liq u e )  c o l la g e n  o r i e n t a t i o n  ( f i g .  2 .2 b ,
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2 .3 a b ,  2 . 1 1 ) .  Some r e p la c e m e n t ,  though  s p a r s e ,  was by o s t e o n s  w i th  

p r e d o m i n a n t l y  l o n g i t u d i n a l  ( d a rk )  f i b r e  o r i e n t a t i o n  ( f i g .  2 . 2 b ,  

2 . 1 1 ) .  The g r e a t e r  t h e  ag e  o f  t h e  a n i m a l ,  o r  t h e  g r e a t e r  t h e  

i n t e n s i t y  o f  r e m o d e l l i n g ,  t h e  l e s s e r  was t h e  number o f  d a r k  (LS) 

o s t e o n s  i n  t h e  c a u d a l  c o r t e x .  Where p r e s e n t ,  t h e y  w e re  m a in ly  

lo c a te d  toward th e  e n d o s te a l  a s p e c t .

3. In  th e  cau d a l  c o r t e x ,  r e m o d e ll in g  was pronounced  on th e  p e r i o s t e a l  

s i d e  ( f i g .  2 . 3 a - b ,  2 .7 )  w here  t h e  s u b - p e r i o s t e a l  c i r c u m f e r e n t i a l  

l a m e l l a e  w ere  s u b s t a n t i a l l y  r e p l a c e d .  I n  t h e  c r a n i a l  c o r t e x ,  

rem o d e ll in g  was more marked tow ards th e  e n d o s te a l  s id e  ( f i g .  2 .4 a - b ) .

4 .  Almost a l l  s e c o n d a ry  o s t e o n s ,  i r r e s p e c t i v e  o f  t h e i r  c h a r a c t e r  o r  

l o c a t i o n ,  e x h ib i t e d  b r i g h t  la m e l la e  a t  t h e i r  p e r i p h e r i e s .

5. I n  t h e  t e n s i o n  c o r t e x ,  t h e  s e c o n d a r y  o s t e o n s  w e re  o f  f i r s t  

g e n e r a t i o n ,  w h i l s t ,  dep en d in g  on age ,  seco n d  o r  t h i r d  o r d e r  o s te o n s  

p r e v a i l e d  in  th e  com pression c o r te x .

6. Remnants o f  secondary  o s te o n s  formed th e  i n t e r s t i t i a l  la m e l l a e  in  

th e  h e a v i ly  rem ode lled  s i t e s  i n  th e  cauda l  (com pression) c o r t e x  ( f i g .  

2 . 3 ) ,  w h i l s t  c i r c u m f e r e n t i a l  l a m e l la e ,  p r im ary  p le x ifo rm  and o s te o n a l  

s t r u c t u r e s  c o n s t i t u t e d  th o s e  i n  th e  r e s t  o f  th e  c a u d a l  c o r t e x  ( f i g .  

2 .2 b ) ,  and i n  th e  c r a n i a l  c o r te x  (2 .2 a ,  2 . 4 ) .

7. The d e g re e  o f  r e m o d e l l in g  d id  n o t  match w i th  ( i n c r e a s i n g )  age in  

a l l  th e  an im als .  Bone o f  s i m i l a r  ages from d i f f e r e n t  an im a ls  d id  n o t  

show e q u a l  r e m o d e l l i n g .  Some y o u n g e r  b o n e s  e x h i b i t e d  a  g r e a t e r  

d eg ree  o f  re m o d e ll in g  than  o ld e r  ones ( f i g .  2 .3 a - b ,  2 .1 1 ) .

8 . The t o t a l  c o u n t  o f  o s te o n s  was n o t  a lw ays  g r e a t e r  i n  t h e  c a u d a l  

( c o m p r e s s io n )  c o r t e x  ( T a b le  2 . 2 ,  f i g .  2 . 5 ) ,  b u t  t h e  num ber o f  

secondary  o s te o n s  i n  th e  cauda l  (com pression) c o r te x  was always 2 to  

4 tim es g r e a t e r  than  t h a t  i n  th e  c r a n i a l  ( t e n s io n )  c o r te x  i n  a l l  ages 

( f i g .  2 .6 )

R iggs  ( 1 990 ) d e s c r i b e d  a g r a d u a l  i n c r e a s e  i n  t h e  am ount o f  

rem o d e lle d  t i s s u e  p r e s e n t  i n  th e  c o r t i c e s  w i th  i n c r e a s i n g  a g e .  The 

p r e s e n t  s t u d y  s u g g e s t s  t h a t  t h e r e  i s  s u b s t a n t i a l  i n d i v i d u a l  

v a r i a b i l i t y ,  such t h a t  even younger a n im a ls  can  be more e x t e n s i v e l y  

rem odelled  than  t h e i r  o ld e r  c o u n te r p a r t s  ( f i g .  2 . 3 ) ,  and an im als  a t  a 

g r e a t e r  age may s t i l l  e x h i b i t  e x te n s iv e  a r e a s  o f  un rem ode lled  bone in
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b o th  c o r t i c e s  (2 .2 a -b ,  2 .3 b ,  2 .4 b ,  2 .1 0 a ) .  T h is  f e a t u r e  a l s o  i s  n o t  

e n t i r e l y  c o n s i s t e n t  w ith  th e  s u g g e s t io n  t h a t  th e  c o l la g e n  o r i e n t a t i o n  

p a t t e r n  c h a r a c t e r i s t i c  f o r  th e  a d u l t  h o r s e  r a d iu s  deve lops  d u r in g  th e  

f i r s t  two y e a r s  o f  l i f e  (Riggs 1990). The c o n tin u o u s  rep la cem e n t o f

T ab le  2 .2 .

R e la t i v e  number o f  p rim ary  and secondary  o s te o n s  i n  c r a n i a l  and 

cauda l  c o r t i c e s  o f  r a d i i  o f  f i v e  known and two unknown age h o rse s  

as  p e rc e n ta g e s  (D erived from th e  d a t a  o b ta in e d  from tw enty  Imm^ 

a r e a s  i n  each o f  c r a n i a l  and cauda l s e c t i o n s ) .

Age Osteons C ra n ia l  Caudal

6y Prim ary 58 0

Secondary 42 100

l l y  Prim ary 53 I 8

Secondary 47 82

12y Prim ary 55 3

Secondary 45 97

l8 y  Prim ary 40 2

Secondary 60 98

l8 y (2 )  Prim ary 64 9

Secondary 36 91

U nk.l P rim ary 48 4

Secondary 52 96

Unk.2 Prim ary 56 31

Secondary 44 69

51



Figure 2.2

CPL m icrographs (montage) o f  100 ym th i c k  s e c t i o n s  o f  a)  th e  c r a n i a l  

( l e f t )  and b) th e  c a u d a l  ( r i g h t )  c o r t i c e s  o f  a 11 y e a r  o ld  a n im a l .  

The p e r i o s t e a l  m a rg in  o f  t h e  c r a n i a l  s e c t i o n  i s  to w a rd s  t h e  t o p ,  

w h i l s t  t h a t  o f  th e  cauda l  s e c t i o n  i s  a t  t h e  bottom .

a)  Most o f  th e  bone in  th e  c r a n i a l  c o r te x  i s  un rem ode lled : th e  number 

o f  2° o s te o n s  i s  v e ry  low. The p rim ary  o s t e o n a l  bone i s  d a rk  w h i l s t  

th e  r a d i a l  woven bone s t r u t s  and p le x ifo rm  s h e e t s  a re  b r i g h t .  A few 

bands  o f  b r i g h t  l a m e l l a e ,  p a r a l l e l  to  t h e  c i r c u m fe re n c e  s t i l l  e x i s t  

i n  th e  p e r i o s t e a l  t h i r d  o f  th e  c o r t e x .  The c i r c u m f e r e n t i a l  l a m e l l a r  

b a n d s  a r e  s e e n  to  be  r e p l a c e d  by 2 “ o s t e o n s  i n  p l a c e s .  The 2® 

o s te o n s  a re  p redom inan tly  d a rk .

b) The c a u d a l  c o r t e x  i s  h ig h l y  re m o d e l le d  by 2® o s te o n s  c o n t a i n i n g  

p re d o m in a n t ly  b r i g h t  c o l l a g e n ,  the  more so  on th e  p e r i o s t e a l  s i d e .  

T h is  c o r te x  shows a few dark  2® o s te o n s .  Some p a r t  o f  th e  bone i n  the  

e n d o c o r t i c a l  re g io n  o f  th e  cauda l c o r te x  i s  y e t  unrem odelled  and the  

p e r i p h e r i e s  o f  a l l  2® o s teo n s  in  th e  b o th  c r a n i a l  and cau d a l  c o r t i c e s  

a r e  b r i g h t .
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Figure 2.3

a - b )  CPL m i c r o g r a p h s  (m o n ta g e )  o f  100 ym t h i c k  s e c t i o n s  o f  t h e  

c a u d a l ,  com pression c o r te x  o f  a) 6 y e a r  ( l e f t )  and b) 18 y e a r  ( r i g h t )  

o ld  a n im a l .  The p e r i o s t e a l  m a rg in  i s  to w a rd s  t h e  b o t to m  o f  e a c h  

p i c t u r e .

B o th  show e x t e n s i v e  r e m o d e l l i n g .  The s u b - p e r i o s t e a l  

c i r c u m f e r e n t i a l  la m e l la e  a r e  s u b s t a n t i a l l y  r e p la c e d .  Second o r  t h i r d  

o r d e r  o s te o n s  a r e  p r e s e n t .  The c o r t e x  i n  th e  y ounger  a n im a l  i s  more 

e x t e n s i v e l y  r e m o d e l l e d  s u c h  t h a t  t h e  p r i m a r y  b o n e  c o n t e n t  i s  

c o m p le te ly  r e p l a c e d .  The c o r t e x  o f  t h e  o l d e r  one s t i l l  c o n t a i n s  a 

b u lk  o f  p rim ary  bone in  i t s  e n d o c o r t i c a l  r e g io n .  C onvers ion  to  a more 

c a n c e l lo u s  s t r u c t u r e  i s  s een  i n  th e  e n d o c o r t i c a l  r e g io n  o f  th e  c o r te x  

o f  th e  6 y e a r  an im al.  Dark 2* o s te o n s  a r e  v e ry  s c a n t  i n  th e  c o r t e x  o f  

e i t h e r  an im al.
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Figure 2.4

a -b )  C i r c u l a r l y  p o la r i s e d  l i g h t  m icrographs o f  100 pm t h i c k  s e c t i o n s  

o f  t h e  c r a n i a l ,  t e n s i o n  c o r t e x  o f  a )  6 y e a r  ( l e f t )  and b )  18 y e a r  

( r i g h t )  o ld  an im a l ,  b o th  showing a h ig h  p r o p o r t i o n  o f  u n re m o d e l le d  

bone. The p e r i o s t e a l  margins a r e  a t  th e  to p  o f  th e  p i c t u r e .

The c r a n i a l  c o r te x  o f  th e  6 y e a r  o ld  an im al i s  more rem o d e lle d ,  

and shows a f a i r  d i s t r i b u t i o n  o f  2° o s te o n s  i n  i t s  m i d - c o r t e x .  The 

d e g r e e  o f  r e m o d e l l i n g  i s  a p p a r e n t l y  g r e a t e r  i n  t h e  e n d o c o r t i c a l  

( low er) re g io n  o f  th e  c o r te x  i n  bo th  th e  a n im a ls ,  v e ry  few 2° o s te o n s  

c o n ta in  o b l iq u e  c o l la g e n  f i b r e s .
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p r im a r y  b o n e ,  c o n t a i n i n g  p r e d o m i n a n t l y  l o n g i t u d i n a l  c o l l a g e n ,  by 

secondary  o s te o n s ,  c o n ta in in g  e i t h e r  p red o m in an tly  t r a n s v e r s e / o b l i q u e  

f i b r e s  o r  l o n g i t u d i n a l  f i b r e s ,  i n  b o t h  t h e  c r a n i a l  and  c a u d a l  

c o r t i c e s  e v e n t u a l l y  l e a d s  to  th e  d eve lopm en t o f  t h e  c h a r a c t e r i s t i c  

c o l la g e n  f i b r e  o r i e n t a t i o n  p a t t e r n ,  b u t  t h i s  o ccu rs  o v e r  a  p e r io d  o f  

tim e which v a r i e s  i n  d i f f e r e n t  an im a ls .

Here i s  a d e s c r i p t i o n  o f  th e  o b s e rv a t io n s  i n  more d e t a i l :

The c r a n i a l  ( t e n s i o n )  c o r t e x :  P r im a ry  p le x i f o r m  and o s t e o n a l  

bone o ccu p ies  th e  g r e a t e r  p a r t  o f  t h i s  c o r t e x  i n  a l l  a n im a ls ,  and i t  

p r e d o m in a te s  i n  t h e  m i d c o r t e x .  T hese  o s t e o n s  a p p e a r  p r e d o m i n a n t l y  

d a rk  i n  p o l a r i s e d  l i g h t  ( f i g .  2 . a ,  2 .4 ,  2 .1 1 ) .  In  a lm os t a l l  c a s e s ,  

th e  p le x ifo rm  framework showed b r i g h t e r  f i b r e s ;  i n  some a n im a ls ,  some 

o f  t h e  p r im a ry  o s t e o n s  w ere  a l s o  b r i g h t  ( f i g .  2 .1 0 b ,  T a b le  2 . 5 "  

2 . 12) .

The p r im a r y  bone was p a r t l y  r e p l a c e d ,  and m o s t ly  by o s t e o n s  

w ith  p redom inan tly  lo n g i tu d in a l  f i b r e s ,  w i th in  a range  o f  79%"9&% o f  

th e  t o t a l  secondary  o s teo n s  (F ig .  2 .1 1 ) .  In  some o ld e r  an im als  ( l8 y :  

2 a n i m a l s ,  1 2 y ) , t h e  p r o p o r t i o n  o f  p r im a r y  bone i s  q u i t e  h ig h  i n  

com parison to  t h a t  in  younger h o rs e s  (F ig .  2 .4 b ,  2 .9 b ) .  A lthough in  

th e  m a jo r i ty  o f  an im a ls ,  th e  number o f  seco n d ary  o s te o n s  was g r e a t e r  

on t h e  e n d o s t e a l  s i d e ,  y e t  i n  some a n i m a l s  ( e g  6y and  12y) t h e  

i n c i d e n c e  was t h e  same th r o u g h o u t  th e  c o r t e x  ( F i g .  2 . 4 a ,  2 . 9 b ) .  

E x c e p t io n a l ly ,  i n  one an im al (unknown age spec im en  1, t h e  o l d e r  o f  

th e  two unknowns), th e  p e r i o s t e a l  a s p e c t  was g r e a t l y  r e m o d e l le d .  In  

t h e  same a n im a l ,  t h e  number o f  s e c o n d a r y  o s t e o n s  s u p e r c e d e d  th e

number o f  th e  p rim ary  o s te o n s  (Table 2 . 2 ) .

I n  a d d i t i o n  t o  t h e  b r i g h t  s u b p e r i o s t e a l  c i r c u m f e r e n t i a l  

l a m e l l a e  s e e n ,  a few b a n d s  o f  b r i g h t  l a m e l l a e ,  p a r a l l e l  t o  t h e  

c i rc u m fe ren c e  were observed  in  th e  p e r i o s t e a l  t h i r d  o f  th e  c o r te x  in  

a l l  a n im a ls .  These l a m e l l a r  bands a r e  s e p a r a t e d  from eac h  o t h e r  by 

th e  p l e x i f o r m  b one  fram e w o rk  ( F i g .  2 . 4 b ) .  The c i r c u m f e r e n t i a l  

la m e l la e  were p a r t l y  r e p la c e d  by secondary  o s te o n s  w ith  p red o m in an tly  

l o n g i t u d i n a l  c o l la g e n  (2 .2 a ,  2 .8 c ) .

The number o f  th e  p rim ary  o s teo n s  was g r e a t e r  th a n  t h a t  o f  th e

secondary  o s teo n s  (Table 2 . 2 ) .  The secondary  o s te o n s  were m ain ly  o f
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Figure 2.5

Average number o f  o s teo n s  i n  th e  c r a n i a l  and cauda l c o r t i c e s  o f  seven  

e q u in e  r a d i i .  Rem odelling does n o t  always in c r e a s e  th e  t o t a l  number 

o f  o s te o n s  in  the  cauda l c o r t e x .



Figure 2 .5
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Figure 2.6

Average number o f  secondary  o s te o n s  in  c r a n i a l  and cau d a l  c o r t i c e s  o f  

seven  equ ine  r a d i i  p e r  mm^. The d e n s i ty  in c r e a s e d  by abou t t h r e e  f o ld  

i n  th e  cauda l  c o r te x  o f  some a n im a ls .  The o s te o n s  were coun ted  in  an 

AP t r a n s e c t  in  20 (mm^f a r e a s  i n  each o f  th e  s e c t i o n s .

F ig u re  2 .7

Number o f  secondary  o s te o n s  p e r  mm̂  in  c r a n i a l  and cau d a l  c o r t i c e s  o f  

r a d i u s  o f  one a n im a l ,  once i n  20 a r e a s  on th e  p e r i o s t e a l  s i d e ,  and 

th e n  ag a in  in  20 a re a s  e x te n d in g  from p e r io s teu m  to  en d o s teum o f  each 

s e c t i o n s .  The i n c r e a s e d  num ber on t h e  p e r i o s t e a l  s i d e  i s  q u i t e  

a p p a re n t .



Figure 2 .6

A v e ra g e  n u m b e r  d e n s i ty  o f  2° o s t e o n s  in c ra n ia l  & c a u d a l  s i d e s  o f  e q u in e  radii
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th e  f i r s t  g e n e r a t io n .  G e n e ra l ly ,  no in c r e a s e  i n  o s te o n a l  c a n a l  s i z e  

was e v i d e n t ,  a l t h o u g h  i n  some a n i m a l s  few o s t e o n s  w i t h  l a r g e r  

o s t e o n a l  c a n a l s  w e re  o b s e r v e d  to w a r d s  t h e  e n d o s te u m .  S e c o n d a r y  

o s te o n s ,  i r r e s p e c t i v e  o f  t h e i r  l o c a t i o n ,  i n v a r i a b l y  e x h i b i t e d  b r i g h t  

l a m e l la e  a t  t h e i r  p e r i p h e r i e s ;  a c o n s ta n t  o b s e r v a t io n  i n  a l l  an im als  

o f  a l l  a g e s .

The c a u d a l  ( c o m p r e s s io n )  c o r t e x :  The c a u d a l  c o r t e x  i n  a l l

an im als  was g r e a t l y  rem ode lled  and composed o f  secondary  o s te o n s  w ith  

p r e d o m in a n t ly  t r a n s v e r s e / o b l i q u e  f i b r e s  (F ig .  2 . 3 ) .  The number o f  

seco n d ary  o s te o n s  was always f a r  g r e a t e r  th an  p r im ary  o s te o n s ,  which 

w ere  v e r y  s c a n t  ( F ig .  2 . 3 b ,  T a b le  2 . 2 ) .  H owever, t h e  e x t e n t  o f  

r e m o d e l l i n g  v a r i e d  i n  d i f f e r e n t  a n im a ls  and w i t h o u t  any  a p p a r e n t  

r e l a t i o n s h i o p  w i th  a g e .  Some y o u n g e r  a n im a ls  e x h i b i t e d  g r e a t e r  

d e g re e  o f  r e m o d e l l i n g  th a n  o l d e r  o n e s ;  i n  a  6 y e a r  o l d ,  th e  c o r t e x  

was co m p le te ly  rem ode lled  (F ig .  2 .3 a ,  2 .1 1 ) .

G e n e r a l l y ,  r e m o d e l l i n g  was i n t e n s e  on t h e  p e r i o s t e a l  s i d e ,  

w here  p r im a r y  o s t e o n s  w ere a lm o s t  a b s e n t  ( F i g .  2 . 3 ,  2 . 7 ) .  I n  some 
a n im a ls ,  th e  p e r i o s t e a l  la m e l la e  were t o t a l l y  r e p la c e d  by new o s te o n s  

( F ig .  2 . 3 ) .  The e x t e n t  o f  p r e v i o u s  r e m o d e l l i n g  a c t i v i t y  g r a d u a l l y  

re d u c e d  from m id - c o r t e x  to  endosteum  (F ig .  2 .2 b ,  2 . 3 b ) .  Some o l d e r  

an im als  showed a  g r e a t e r  p r o p o r t i o n  o f  un rem odelled  bone th a n  younger 

a n im a ls  ; f o r  exam ple  a b o u t  one f o u r t h  o f  t h e  volum e o f  t h e  c o r t e x  

tow ards  th e  e n d o s te a l  a s p e c t  was p r im ary  (F ig .  2 .2 b ) .

Almost a l l  an im als  had a  v e ry  sm a l l  number o f  secondary  o s te o n s  

w i th  p r e d o m in a n t ly  l o n g i t u d i n a l  f i b r e s ,  w i th i n  a  ra n g e  o f  0 - 15% o f  

t h e  t o t a l  s e c o n d a r y  o s t e o n s .  I n  some a n im a l s  t h e s e  w ere  t o t a l l y  

a b s e n t ,  and more w ere  s e e n  i n  some o l d e r  a n i m a l s ,  t h e  f r a c t i o n  o f  

such  o s te o n s  b e in g  more toward th e  endosteum and i n  th e  c e n t r e  o f  th e  

c o r t e x  (F ig .  2 .1 1 ) .

The number d e n s i t y  o f  s e c o n d a ry  o s te o n s  i n  th e  c a u d a l  c o r t e x  

was u s u a l l y  2 to  4 t im es  t h a t  i n  th e  c r a n i a l  c o r te x  ( 2 .6 ) .  The t o t a l  

coun t o f  th e  o s te o n s  i n  th e  cau d a l  c o r te x  was g e n e r a l l y  g r e a t e r  th a n  

i n  th e  c r a n i a l  ( f i g .  2 . 5 ) .  Secondary o s te o n s  were g e n e r a l l y  s m a l le r  

th a n  i n  th e  c r a n i a l  c o r te x .
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Figure 2.8

a - b )  LPL m ic ro g rap h s  o f  th e  c r a n i a l  c o r t e x  o f  an 11 y e a r  o ld  an im al 

show ing  a)  d a rk  2" o s t e o n s  w i th  b r i g h t  p e r i p h e r i e s  ( t o p ) ,  b ) 45° 

r o t a t i o n  o f  t h e  s p e c im e n  unm asks  t h e  b r i g h t  c o m p o n e n ts  i n  t h e  

p le x i f o r m  and th e  p r im a ry  o s t e o n a l  bone ( m i d d l e ) , and c )  CPL image 

o f  th e  same specimen (b o t to m ) .



Figure 2 .8
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Figure 2.9

a )  The c r a n i a l  c o r t e x  o f  an 18 y e a r  (#2) o ld  an im a l ( to p )  show ing  a 

few 2 “ o s te o n s  c o n ta in in g  p redom inan tly  o b l iq u e  ( b r ig h t )  f i b r e s .

b) The c r a n i a l  c o r t e x  o f  a 12 y e a r  o ld  anim al (bottom) showing a f a i r  

d i s t r i b u t i o n  o f  2* o s te o n s  in  i t s  p e r i o s t e a l  t h i r d .



Figure 2 .9
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Figure 2.10

a -b )  CPL image o f  a) th e  cauda l c o r te x  o f  an 18 y e a r  (#2) o ld  an im al 

showing a g r e a t e r  bu lk  o f  unrem odelled  bone tow ards i t s  e n d o c o r t i c a l  

r e g i o n .  The p r im a r y  bone e x h i b i t s  some b r i g h t  c o l l a g e n  i n  i t s  

c o n t e n t .  Note r e t a in e d  Sharpey f i b r e s .

b) The c r a n i a l  c o r te x  o f  a 6 y e a r  o ld  anim al showing b r i g h t  c o l l a g e n  

l a m e l l a e  in  i t s  p rim ary  bone.



Figure 2.10
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F ig u re  2 .11

S eco n d ary  o s te o n s  w i th  p red o m in an t l o n g i t u d i n a l  (d a rk )  and o b l i q u e  

( b r i g h t )  c o l l a g e n  o r i e n t a t i o n  i n  th e  c r a n i a l  and c a u d a l  c o r t i c e s  o f  

seven  equ ine  r a d i i  as  p e rc e n ta g e s  o f  th e  t o t a l  secondary  o s te o n s .  The 

com pression  c o r te x  when rem odelled  c o n ta in e d  m o s tly  seco n d a ry  o s te o n s  

w i th  predom inant o b l iq u e  c o l la g e n  o r i e n t a t i o n .



Figure 2 .11
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The num ber o f  o s t e o n s  w i t h  a l a r g e r  c a n a l  lum en  g r a d u a l l y  

in c r e a s e d  from m id co r tex  to  th e  endosteum, b u t  t h e r e  were e x c e p t io n s ,  

and some anim als  showed o s te o n s  w ith  l a r g e r  c a n a ls  i n  th e  p e r i o s t e a l  

r e g io n  ( 2 .3 a - b ) .

T here  were more r e c e n t l y  r e s o r p t i o n  s p a c e s ,  i e  r e c e n t  c u t t i n g  

c o n e s ,  i n  th e  c a u d a l  c o r t e x  th a n  i n  t h e  c r a n i a l  c o r t e x ,  and  t h e i r  

number g ra d u a l ly  in c re a s e d  from m idcortex  to  endosteum (F ig .  2 .3 a -b )

S eco n d a ry  o s t e o n s  o f  s e c o n d  o r  t h i r d  o r d e r  g e n e r a t i o n s  w ere  

o b s e r v e d  i n  d i f f e r e n t  a n im a ls  ( F ig .  2 . 3 b ) .  I n t e r s t i t i a l  l a m e l l a e  

w ere  t h e  r e m n a n ts  o f  r e m o d e l l e d  o s t e o n s  i n  some a n i m a l s ,  w h i l e  

p r im ary  p le x ifo rm  and o s te o n a l  bone s t r u c t u r e s  c o n s t i t u t e  a  v a r i a b l e  

am oun t o f  t h e  c o r t e x  i n  c a s e s  w h ic h  sh o w e d  a l o w e r  d e g r e e  o f  

r e m o d e l l i n g  ( F ig .  2 . 2 b ,  2 . 3 b ) .  The p r im a r y  bone a l s o  c o n t a i n e d  

b r i g h t  f i b r e s  i n  a d d i t i o n  to  th e  p red o m in an tly  l o n g i t u d i n a l  component 

(F ig .  2 .1 0 b ) .

2 . 3 .2  Q u a n t i t a t io n  o f  c o l la g e n  hav ing  d i f f e r e n t  o r i e n t a t i o n s  i n  th e  

t e n s io n  and com pression  c o r te x .

The f in d i n g s  as  d e s c r ib e d  above a r e  q u i t e  c o n s i s t e n t  w i th  th e  

d a t a  o b t a i n e d  by s t e r e o l o g i c a l  c o u n t i n g  o f  c o l l a g e n  l a m e l l a e ,  

c a t e g o r i s i n g  them i n t o  e i t h e r  b r i g h t  o r  d a r k ,  and m ost p e r i p h e r a l ,  

c e n t r e  t h i c k n e s s ,  and e n d o s t e a l  w i t h i n  t h e  s e c o n d a r y  o s t e o n s  i n  

c r a n i a l  and c a u d a l  c o r t i c a l  s e c t i o n s .  P o o l in g  a l l  t h e  r e s u l t s  f o r  

t h e  c a u d a l  c o r t e x  f o r  a l l  a n i m a l s  and  a l l  a g e s ,  t h e  PLM b r i g h t  

c o n s t i t u t e d  90% to  100% (T ab le  2 .3 ,  T ab le  2 .1 3  " 2 . 1 9 ) .  E x c lu d in g  

th e  p e r ip h e r a l  h i t s  on t r a n s v e r s e / o b l iq u e  la m e l la e  ( s in c e  a lm o s t  a l l  

d a rk  secondary  o s te o n s  have a b r i g h t  component a t  t h e i r  p e r i p h e r i e s ) ,  

th e  p ro p o r t io n  o f  b r i g h t  la m e l la e  in  p o l a r i s e d  l i g h t  i n  th e  secondary  

o s te o n s  in  th e  c r a n i a l  c o r te x  ranged  from 7% to  24% ( f i g .  2 .1 2 ) .  76% 

to  93% o f  th e  t o t a l  o b l iq u e  la m e l la e  w i th in  th e  seco n d ary  o s te o n s  in  

c r a n i a l  c o r t i c e s  were th o se  p r e s e n t  a t  th e  p e r i p h e r i e s  ( f i g .  2 .1 2 ) .

2 . 3 .3  The q u e s t io n  o f  i n c i p i e n t  c ra c k s .

O steocy te  la cu n ae  and th e  c a n a l i c u l i  were w e ll  d em o n s tra ted  in  

th e  b a s ic  fu c h s in  s t a i n e d  s e c t i o n s .  There was no ev id en ce  o f
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T ab le  2 .3

P r o p o r t i o n  o f  o b l i q u e  ( ' t r a n s v e r s e '=  PLM b r i g h t )  and  l o n g i t u d i n a l  

c o l l a g e n  l a m e l l a e  i n  s e c o n d a r y  o s t e o n s  i n  t h e  c r a n i a l  and c a u d a l  

c o r t i c e s  o f  seven  equ ine  r a d i i :  ex p re s se d  i n  te rm s o f  number o f  h i t s  

on e i t h e r  b r i g h t  (o b liq u e )  o r  d ark  ( l o n g i t u d i n a l )  l a m e l la e ,  and a l s o  

as  p e r c e n ta g e s  o f  th e  t o t a l  h i t s  on th e  l a m e l l a e  i n  th e  s e c o n d a ry  

o s te o n s  i n  20 a r e a s .  Merz g r id  c o n ta in s  36 h i t s  i n  1 sq.mm a r e a .  20 

such  f i e l d s  i n  each o f  th e  s e c t i o n s  were examined. In  some an im a ls ,  

t h e  c o m p re s s io n  c o r t e x  was c o m p le te ly  r e m o d e l l e d  w i th  s e c o n d a r y  

o s t e o n s  c o n t a i n i n g  o b l i q u e  f i b r e s .  The a p p a r e n t  b u lk  o f  o b l i q u e  

l a m e l la e  i n  c r a n i a l  c o r t i c e s  a c t u a l l y  r e p r e s e n t s  m o s tly  th o s e  f i b r e s  

a t  t h e i r  p e r ip h e r i e s  (see  f i g u r e  2 . 13)

Age & s i t e  T o ta l  h i t s  O blique L o n g i tu d in a l  % ( o b i . /L o n g . )

6y C ra n ia l  I 88 I 30 58 6 9 . 1 5 /3 0 .85

6y Caudal 643 643 0 100/0

l l y  C ra n ia l  I 98 129 69 6 5 .1 5 /3 4 .8 5

l l y  Caudal 409 402 07 9 8 .2 9 /  1 .71

12y C ra n ia l  I 65 IO6 59 6 4 .2 5 /3 5 .7 5

12y cauda l 575 575 0 100/0

l8 y  C ra n ia l  316 227 89 7 1 .8 4 /2 8 .1 6

l8 y  Caudal 662 597 65 9 0 .1 8 /  9 .8 2

I8y(2 )  Cr. IO8 76 32 7 0 .3 8 /2 9 .6 2

l8 y (2 )  Cd. 445 445 0 100/0

U nk.l Cr. 125 88 . 37 7 0 .4 0 /2 9 .6

. U nk.l cd 590 543 47 9 2 . 03/  7 .97

Unk.2 Cr. 198 131 67 6 6 .1 6 /3 3 .8 4

Unk.2 Cd. 334 319 15 9 5 . 50/  4 .5
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Figure 2.12

R e l a t i v e  d i s t r i b u t i o n  o f  o b l iq u e  la m e l la e  w i th in  seco n d ary  o s te o n s  in  

th e  c r a n i a l  ( te n s io n )  c o r te x  o f  seven eq u in e  r a d i i .  More th a n  75% o f  

th e  o b l i q u e  c o l l a g e n  p r e s e n t  i n  th e  s e c o n d a r y  o s t e o n s  i n  c r a n i a l  

c o r t e x  l i e s  a t  t h e i r  (2°) p e r i p h e r i e s .



Figure 2.12

O b liq u e  c o l l a g e n  in s e c o n d a r y  o s t e o n s  in c r a h i a l  c o r t i c e s
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u n s ta in e d  compartments ( m ic r o p e t r o t ic  bone o f  F ro s t )  i n  th e  s e c t i o n s ,  

and th e r e  were no s t a i n e d  m ic ro -c ra c k s .

2 . 3 .4  O b se rv a tio n  in  C onfocal scan n in g  l i g h t  m icroscopy .

The pr im ary  bone (bo th  p le x ifo rm  and p r im ary  o s t e o n a l ) , w hether  

p r e s e n t  i n  t h e  c r a n i a l  o r  i n  t h e  c a u d a l  c o r t e x ,  i s  g e n e r a l l y  more 

f l u o r e s c e n t  than  th e  secondary  bone ( f i g u r e s  2 .13  a -b ,  2 . l 4 a ,  2 . 15a , 

2 . l 6 a - b ) ;  th e  p le x i f o r m  bone g iv e s  a h i g h e r  a u t o f l u o r e s c e n c e  s i g n a l  

th a n  th e  p r im a ry  o s t e o n a l  bone ( f i g u r e s  2 . 13a - b ,  2 . l 4 a ,  2 . l 6 c - d j .  

S in c e  th e  c r a n i a l  c o r t e x  i s  m o s t ly  u n r e m o d e l le d  and  c o n t a i n s  more 

p r im a r y  b o n e ,  i t s  g e n e r a l  a p p e a ra n c e  i s  b r i g h t e r  t h a n  t h e  c a u d a l .  

The g r e a t l y  r e m o d e l le d  c a u d a l  c o r t e x  e x h i b i t s  l e s s  a u t o f l u o r e s c e n c e  

( f i g u r e s  2 . 13d, 2 . 15b ) .

The m a jo r i t y  o f  s e c o n d a ry  o s te o n s  i n  b o th  c r a n i a l  and c a u d a l  

c o r t i c e s  a r e  d a rk  ( f i g u r e s  2 .1 3 c - d ,  2 .1 5 b ) .  These a r e  th e  d a r k e s t  

co m p o n en ts  i n  b o t h  t h e  c o r t i c e s ,  and  h e n c e  a p p e a r  d a r k e r  t h a n  

su rro u n d in g  bone. The cauda l c o r te x  i s  l e s s  b r i g h t  ( a u to f l u o r e s c e n t )  

th an  th e  c r a n i a l ,  as i t s  p rim ary  bone c o n te n t  i s  g r e a t l y  red u ce d ,  and 

c o n ta in s  more 2 “ o s te o n s  due to  a g r e a t e r  deg ree  o f  r e m o d e l l in g .

Some 2 “ o s te o n s  i n  b o th  th e  c o r t i c e s  a r e  b r i g h t  w i th  v a r i a b l e  

i n t e n s i t y  ( f i g u r e s  2 . 13a -d ,  2 . l 4 b ,  2 . 17a -b ;  2 . l 8 a - b )  th e  number i s  

g r e a t e r  i n  th e  c a u d a l  c o r t e x  ( f i g u r e  2 . l 4 a ,  t a b l e  2 . 4 ) .  Some among 

them a r e  even  b r i g h t e r  th a n  th e  p l e x i f o r m  bone s t r u c t u r e  ( f i g u r e s  

2 . 1 3 a - b ,  2 . l 4 b ) .  A g a in ,  t h e  c a u d a l  c o r t e x  c o n t a i n s  more o f  t h i s

ty p e  o f  2® o s t e o n s  ( t a b l e  4 ,  f i g .  2 . l 4 b ) .  I n  g e n e r a l ,  t h e  c a u d a l  

c o r t e x  o f  o l d e r  a n im a ls  (eg l 8 y - l ,  l8 y -2 )  c o n t a in s  a  g r e a t e r  number 

o f  b o t h  o f  t h e s e  t y p e s  ( f l u o r e s e c e n t  and  more f l u o r e s c e n t )  o f  

o s t e o n s  (T a b le  4 ) .  The number o f  b r i g h t  2® o s t e o n s  i s  r e l a t i v e l y  

l e s s  i n  th e  g r e a t l y  r e m o d e l le d  c a u d a l  c o r t e x  o f  a y o u n g e r  a n im a l  

i . e . ,  6y ( T a b l e  4 ) ,  w h ic h  e v e n t u a l l y  g i v e s  an  o v e r a l l  l o w e r  

a u to f lu o re s c e n c e  s i g n a l  than  t h a t  o f  o ld e r  an im a ls .
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Figure 2.13

a - b )  The c r a n i a l  c o r t e x  o f  two 18 y e a r  o ld  h o r s e s  i n  i t s  p e r i o s t e a l  

a s p e c t  ( to p  row) as  s e e n  i n  c o n f o c a l  a u t o f l u o r e s c e n c e  mode (BioRad 

MRC L ase rsh a rp  500, 488nm e x c i t a t i o n  >515^m f lu o r e s c e n c e ) .  The number 

o f  2® o s t e o n s  i s  r e l a t i v e l y  lo w . The p r i m a r y  b one  g i v e s  h i g h e r  

a u t o f l u o r e s c e n c e  th a n  th e  new 2® o s te o n s  which a p p e a r  d a r k .  H ig h ly  

a u t o f l u o r e s c e n t  2 ® o s te o n s  i n  th e  b o th  a n im a ls  e x h i b i t  i n t e r m i t t e n t  

r e s t i n g  l i n e s  w i th in  them. FW: a & b = .76  mm

c - d )  The c e n t r e  o f  th e  c a u d a l  c o r t e x  (m id c o r te x )  o f  two I 8 y e a r  o ld  

h o r s e s  (b o t to m  row) i n  c o n f o c a l  a u t o f l u o r e s c e n c e  sh o w in g  d e n s e l y  

packed 2® o s teo n s  w ith  d i f f e r e n t  l e v e l s  o f  a u to f lu o r e s c e n c e .  FW: c & 

d = 2 .4  mm.



Figure 2.13
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Figure 2.l4

a - b )  The s u b - p e r i o s t e a l  r e g io n  o f  a)  th e  c r a n i a l  ( to p )  and b) th e  

c a u d a l  c o r t e x  ( b o t to m )  o f  a  l 8  y e a r  o l d  a n i m a l  a s  s e e n  i n  t h e  

c o n fo c a l  a u to f lu o re s c e n c e .

a )  The c r a n i a l  c o r t e x  i s  th e  l e a s t  r e m o d e l le d ,  and i t s  p r im a ry  bone 

c o n t e n t  i s  more a u t o f l u o r e s c e n t  th a n  th e  new 2 “ o s t e o n s .  FW = 1 .35  

mm.

b) Newer 2 “ o s te o n s  g e n e r a l ly  e x h i b i t  th e  l e a s t  a u to f lu o r e s c e n c e ,  b u t  

one v e r y  s m a l l  2* o s t e o n  i s  b r i g h t e r  t h a n  t h e  d a r k e r  n e i g h b o u r s  

w i t h i n  w hich  i t  d e v e lo p e d .  Some show b r i g h t e r  cem en t l i n e s  w i t h i n  

them. FW= 1.35  mm.

The o s t e o n s  i n  t h e  b o t h  c o r t i c e s  show d i f f e r e n t  l e v e l s  o f  

a u to f lu o r e s c e n c e .  D i f f e r e n t  a u to f lu o re s c e n c e  l e v e l s  i n  th e  i n d i v id u a l  

o s te o n s  i n d i c a t e  p ro g re s s iv e  i n c r e a s in g  m i n e r a l i s a t i o n .



Figure 2.14
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Figure 2.15

a -b )  C onfocal a u to f lu o re s c e n c e  images o f  a)  th e  c r a n i a l  ( top )  and b) 

th e  c a u d a l  (bottom) e n d o c o r t i c a l  re g io n  o f  two 18 y e a r  o ld  an im a ls .

a)  The u n re m o d e lle d  p r im a ry  o s t e o n a l  bone i n  th e  c r a n i a l  c o r t e x  i s  

more f l u o r e s c e n t  than  th e  2" o s te o n s  which ap p ea r  d a rk .  FW= 1.35nim.

b) The c a u d a l  e n d o c o r t i c a l  s i d e  i s  r e m o d e l l e d ,  and h e n c e  e x h i b i t s  

l e s s  f lu o r e s c e n c e .  FW = 1 .35  nim.



Figure 2.15
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Figure 2.16

C onfocal a u to f lu o re s c e n c e ;

a )  The p r im a ry  bone i n  t h e  m i d c o r t e x  o f  a 6 y e a r  h o r s e  ( t o p  l e f t )  

g iv e s  h ig h e r  a u t o f l u o r e s c e n c e  s i g n a l  th a n  2 “ o s t e o n s ,  a l l  o f  which 

a r e  d a r k e r .  FW= 2 .44  mm.

b) The prim ary  bone i n  th e  m id co r tex  o f  an 11 y e a r  h o r s e  ( to p  r i g h t )  

shows more f lu o re s c e n c e  than  th e  2" o s te o n s ;  a b r i g h t e r  2 “ o s te o n  has 

bands w ith  d i f f e r e n t  l e v e l s  o f  f lu o r e s c e n c e .  FW = .SJuaa.

c )  The m i d c o r t e x  o f  a 12 y e a r  ( b o t t o m  l e f t )  h o r s e  s h o w in g  

d i f f e r e n c e  in  th e  l e v e l s  o f  f lu o re s c e n c e  i n  th e  p r im ary  bone, t h a t  in  

t h e  e n d o c o r t i c a l  r e g i o n  b e i n g  h i g h e r .  A l l  2" o s t e o n s  a r e  d a r k e r  

i r r e s p e c t i v e  o f  t h e i r  l o c a t i o n s .  FW = 2 .44  mm.

d) The e n d c o r t i c a l  r e g i o n  o f  t h e  c o r t e x  o f  an l 8  y e a r  (#2) a n im a l  

sh o w in g  more f l u o r e s c e n t  p r im a r y  b o n e .  The woven bone  c o n t e n t  i s  

m ax im ally  b r i g h t .  T h is  r e g io n  i s  m in im a l ly  r e m o d e l le d ,  and th e  few 

secondary  o s teo n s  e x h i b i t  much l e s s  a u to f lu o r e s c e n c e .  FW = 2 .4 4  mm.



Figure 2.16
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T a b l e  2 . 4  R e l a t i v e  num ber o f  b r i g h t  (m ore  f l u o r e s c e n t )  2* 

o s t e o n s  i n  th e  c r a n i a l  and th e  c a u d a l  c o r t e x  o f  r a d i i  o f  7 an im a ls  

( i n  a r e a s  m easu r in g  e i t h e r  3mm AP & 6mm ML, o r  2 mm A? & 6mm ML) in  

d i f f e r e n t  r e g i o n s  ( P e r  = p e r i o s t e a l ,  Mid = C e n t r a l ,  & End = 

e n d o s t e a l ) .

Age/Area C ortex  P e r  Mid End T o ta l

l-8y (1) C ra n ia l  l8  15 85 118

(2mm X 6mm) Caudal 70 80 l68  318

I8y (2) C ra n ia l  38 13 19 70

(3mm X 6mm) Caudal 170 70 22 262

12y C ra n ia l  4 2 6 12

(3mm X 6mm) Caudal 25 2 2 29

l l y  C ra n ia l  8 1 7 16

(3mm X 6mm) Caudal 30 12 3 45

6y C ra n ia l  2 5 19 26

(2mm X 6mm) Caudal 28 15 1 44

Unk (1) C ra n ia l  6 7 9 22

(2mm X 6mm) Caudal 8 l6  9 33

Unk (2) C ra n ia l  6 38 68 112

(2mm X 6mm) Caudal 101 52 4 157

R e s t i n g  cem ent l i n e s  a r e  v i s i b l e  a s  more f l u o r e s c e n t  b an d s  

w i th in  secondary  o s te o n s .  The remnants o f  2* o s te o n s  a l s o  e x h i b i t  

more a u to f lu o re s c e n c e  ( f ig u r e s  2 .13  a - c ) .

There a re  fewer b r i g h t  2 ” o s te o n s  i n  th e  c r a n i a l  c o r te x  o f  some 

an im als  (eg 6y, l l y ,  12y, & u n k . l ) ,  w h i l s t  o th e r s  ( l 8 y - l ,  l8 y -2 ,  unk.
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2) show a  g r e a t e r  num ber,  i n d i c a t i n g  t h a t  t h e  c o r t e x  o f  t h e  o l d e r  

an im al c o n ta in s  a  h ig h e r  number o f  dense  2 “ o s te o n s  (T ab le  4 ) .  Where 

p r e s e n t ,  t h e y  a r e  s e e n  m a in ly  i n  t h e  s u b - p e r i o s t e a l  t h i r d  o f  t h e  

c o r t e x  a n d / o r  to w ard s  th e  e n d o s teum as  f o r  exam ple i n  th e  f o l lo w in g  

a n im a ls ;  l 8 y - l ,  l l y ,  U n k .l  & Unk.2 ( f i g u r e s  13 a - b ,  2 . 1 7 a ) .  Where 

t h e  e n d o s t e a l  t h i r d  o f  t h e  c o r t e x  i s  g r e a t l y  u n re m o d e l le d ,  th e y  a r e  

s een  m a in ly  tow ards th e  p e r io s teu m  (eg l 8 y - 2 ) . The c r a n i a l  c o r t e x  o f  

some a n im a ls  (eg  l l y ,  12y) shows no p r e f e r e n c e  f o r  t h e  s i t e ,  where 

th e y  a r e  s een  i n  b o th  a s p e c t s .  In  th e  c e n t r e  o f  th e  c o r te x  ( f i g u r e s  

2 .1 6  a - c )  th e y  a r e  v e ry  s c a n t ,  i n d i c a t i n g  t h a t  t h e r e  h a s  been  th e  

l e a s t  r e m o d e l l i n g  i n  t h i s  a r e a ;  a l th o u g h  th e  c r a n i a l  c o r t e x  o f  one 

an im al (12y) e x h i b i t s  a f a i r  d i s t r i b u t i o n  o f  d a rk e r  2° o s te o n s  i n  th e  

c e n t r e  o f  th e  c o r te x  ( f i g .  2 . l 6 c ) .

I n  t h e  c a u d a l  c o r t e x  w hich  i s  m o s t ly  r e m o d e l l e d  th r o u g h  i t s  

whole e x t e n t ,  b r i g h t  2® o s te o n s  a r e  s e e n  more to w ard s  t h e  endosteum  

th a n  th e  c e n t r e  o f  th e  c o r te x  (eg  l 8 y - l ) .  Where th e  e n d o s te a l  t h i r d  

o f  th e  c a u d a l  c o r t e x  i s  m o s t ly  u n re m o d e l le d ,  th e  b r i g h t  2® o s te o n s  

a r e  s e e n  more i n  t h e  p e r i o s t e a l  t h i r d  th a n  i n  t h e  c e n t r e  o f  t h e  

c o r t e x  e g .  l 8 y - 2 ,  12y , l l y  o l d  a n im a ls  ( f i g .  2 . l 4 b ) .  T h ese  a r e  

a lm o s t  a b s e n t  i n  t h e  g r e a t l y  u n r e m o d e l le d  e n d o s t e a l  t h i r d  o f  t h e  

c a u d a l  c o r t e x  (e g  l l y ) , w h ich  a p p e a r s  b r i g h t e r  due t o  i t s  p r im a r y  

bone c o n te n t .  There a r e  e x c e p t io n s  as  w e l l ;  some an im als  (Unk. age 1 

& 2) w i th  l a r g e l y  u n re m o d e l le d  e n d o s t e a l  t h i r d  o f  th e  c a u d a l  c o r t e x  

show more dense  ( b r ig h t )  2® o s te o n s  i n  th e  c e n t r e  th a n  th e  p e r i o s t e a l  

t h i r d ,  and a l s o  e x h i b i t  few b r i g h t  2® o s te o n s  on th e  e n d o s te a l  a s p e c t  

(one o f  th e  unknown a g es ,  unk. 1 ) .

The t r a n s v e r s e  s e c t i o n s  o f  th e  d o r s a l  c o r t e x  o f  M c l l l  o f  two 

a n i m a l s  ( i e  2yF  & 2 4 y F )  show  s i m i l a r  f e a t u r e s  i n  c o n f o c a l  

a u t o f l u o r e s c e n c e .  The p r im a r y  bone i n  t h e  b o th  a n im a l s  g i v e s  a 

h i g h e r  a u t o f l u o r e s c e n c e  s i g n a l  t h a n  t h a t  o f  t h e  s e c o n d a r y  b o n e  

( f i g u r e s  2 .1 9  a - b ) .  Both  th e  p r im a ry  and th e  s e c o n d a ry  bone o f  th e  

o l d e r  a n i m a l  i s  more f l u o r e s c e n t  t h a n  t h a t  o f  t h e  y o u n g e r  one  

( f i g u r e s  2 .2 0  a - b ,  2 . 2 0 c - d ) . However, t h e  p l e x i f o r m  bone  o f  th e  

o ld e r  an im al has  th e  g r e a t e s t  f lu o re s c e n c e  o f  a l l  ( f i g u r e  2 . 19b ) .

The p r im ary  bone i n  th e  whole o f  th e  d o r s a l  c o r t e x  o f  th e  o ld e r  

anim al a p p a r e n t ly  shows uniform  a u to f lu o re s c e n c e  l e v e l  ( f i g .  2 .2 0 a ) ;
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Figure 2.17

a -b )  More f l u o r e s c e n t  2" o s te o n s  tow ards  th e  endosteum  o f  b o th  th e  

c r a n i a l  ( t o p )  and t h e  c a u d a l  (b o t to m )  c o r t i c e s  o f  an 18 y e a r  o ld  

h o r s e .  The b r i g h t e r  o s t e o n s  show s e v e r a l  cem ent l i n e s  w i t h i n  them. 

FW: a  = 1 .2 6  mm, b = 1 .38  mm.



Figure 2.17
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Figure 2.18

The c a u d a l  c o r t e x  o f  a 6 y e a r  o ld  h o r s e  r a d i u s  show ing  2 “ o s t e o n s  

w ith  c o n t r a s t i n g  a u to f lu o re s c e n c e  s i g n a l  in  th e  m idco rtex .

FW = .63  mm.
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Figure 2.19

a - b )  The d o r s a l  c o r t e x  o f  M o l l i  o f  a) 2 y e a r  ( to p )  and b) 24 y e a r  

(b o tto m  l e f t ) ,  show ing  d i f f e r e n t  l e v e l s  o f  a u t o f l u o r e s c e n c e .  The 

p r im a r y  bone  i n  th e  p e r i o s t e a l  r e g i o n  o f  t h e  b o th  a n im a ls  a p p e a r  

b r i g h t e r  th a n  th e  2 “ o s t e o n s ;  th e  f l u o r e s c e n c e  l e v e l  i s  a p p a r e n t l y  

h ig h e r  i n  th e  24 y e a r  o ld  anim al c o r te x .  A g r e a t e r  p r o p o r t i o n  o f  th e  

f i e l d  i n  t h e  o l d e r  a n im a l  i s  d a rk  due t o  t h e  p r e s e n c e  o f  more 2 ° 

o s te o n s .

c )  An a b ru p t  change in  th e  f lu o re s c e n c e  l e v e l  i n  th e  c o r t e x  o f  th e  2 

y e a r  o l d  a n im a l  ( b o t to m  l e f t ) , t h e  b o n e  to w a r d s  t h e  e n d o s te u m  

a p p e a r in g  more f l u o r e s c e n t .

FW: a ,  b & c = 2 .44  mm.
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Figure 2.20

a - c )  The d o r s a l  c o r t e x  o f  M cIII  o f  2 y e a r  ( to p )  and 24 y e a r  (bo ttom  

row) h o rs e s  showing d i f f e r e n t  f lu o re s c e n c e  l e v e l s .

a )  The p r i m a r y  b one  i n  t h e  d o r s a l  c o r t e x  o f  t h e  2 y e a r  a n i m a l  

e x h i b i t s  a low er f lu o re s c e n c e  l e v e l  than  th e  o ld e r  one ( b ) . However, 

th e  woven bone s t r u c t u r e  shows more f lu o r e s c e n c e .

b & c) The p r im ary  bone in  th e  d o r s a l  c o r te x  o f  M cIII o f  th e  24 y e a r  

(bottom l e f t  & r i g h t )  anim al g iv e s  a h ig h e r  f lu o re s c e n c e  s i g n a l

th a n  th e  2 y e a r  o ld  an im al.

A lthough th e  2 “ o s te o n s  a r e  d a rk e r  i n  th e  b o th  c o r t i c e s ,  a few i n  th e

o ld e r  anim al (b & c) show a h ig h e r  f lu o re s c e n c e  l e v e l .

FW: a & b = 2 .44  mm, c = .97mm.
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w h i l s t  t h a t  i n  t h e  c o r t e x  o f  t h e  y o u n g e r  a n im a l  show a  d i f f e r e n t  

f e a t u r e ,  th e  p a r t  i n  th e  e n d o c o r t i c a l  r e g io n  b e in g  b r i g h t e r  th a n  th e  

r e s t  o f  th e  c o r t e x  (F ig .  2 . 1 9 c ) ,  a  f e a t u r e  a l s o  s e e n  i n  th e  c r a n i a l  

c o r t e x  o f  t h e  r a d i u s  o f  a 12 y e a r  o l d  h o r s e  ( F i g .  2 . l 6 c ) .  T h i s  

i n d i c a t e s  t h a t  t h e  am ount o f  more m i n e r a l i s e d  bone i n c r e a s e s  w i th  

a g e ,  and t h a t  t h e  g r a d u a l  i n c r e a s e  i n  th e  d e g re e  o f  m e n e r a l i s a t i o n  

d e n s i t y  fo l lo w  a  g r a d i e n t  from endosteum to  p e r io s te u m .

2 . 3 .5  The q u e s t i o n  o f  c o l la g e n  o r i e n t a t i o n

2 . 3 . 5a  LS and O blique s e c t i o n s  o f  th e  c r a n i a l  and cau d a l  c o r t i c e s  i n  
LPL & CPL.

C r a n ia l  c o r t e x :

S a g i t t a l  LS -  The o s t e o n s  i n  t h e  l o n g i t u d i n a l  s e c t i o n s  

o b ta in e d  i n  th e  s a g i t t a l  p la n e  appea r  b r i g h t  i n  CPL ( f i g .  2 .2 1 a )  w ith  

t h e i r  b o u n d a r ie s  deno ted  by d ark  l i n e a r  m a rg in s .  The c o l la g e n  f i b r e s  

l i e  p a r a l l e l  to  th e  lo n g  a x is  o f  th e  s e c t i o n .

I n  LPL t h e  c o l l a g e n  f i b r e s  u n d e r g o  e x t i n c t i o n  a t  0 t o  1 0 “ 

( 2 . 2 1 b ) ,  t h e  mean b e i n g  05° and  o c c u r s  a t  e v e r y  9 0 “ i n t e r v a l .  The 

m a r g i n  i s  d a r k .  The o s t e o n s  a r e  maximum b r i g h t  w i t h  4 5 ° - 5 0 ° 

r o t a t i o n .  U n l ik e  th e  c a u d a l  s e c t i o n s ,  t h e  i n t e r m i t t e n t  d a rk  shadow 

l i n e s  i n  between la m e l la e  a r e  h a r d ly  v i s i b l e  i n  most o f  th e  o s te o n s ,  

where v i s i b l e ,  th e y  a r e  v e ry  f i n e .  The o s te o n s  a r e  s een  to  fo l lo w  a 

s t r a i g h t  l o n g i t u d i n a l  c o u rse .

C r a n ia l  o b l iq u e  ( t i l t e d  l o n g i t u d i n a l /  4 5 “ LS) s e c t i o n s  

In  CPL, most o f  th e  o s te o n s  a r e  b r i g h t ,  w i th  a  l a m e l l a r  ap p ea ran ce .

In  LPL, th e  m a jo r i ty  o f  o s te o n s  and i n t e r s t i t i a l  t i s s u e  appea rs  

d a rk  w i th in  10“- 2 0 “ o f  r o t a t i o n  ( f i g .  2 . 2 2 a ) , when th e  p e r i p h e r i e s  a t  

t h e i r  whole c i rc u m fe re n c e  rem ain b r i g h t .  The o s te o n s  t u r n  b r i g h t  a t  

- 3 5 ° a n d  +55* r o t a t i o n  ( f i g .  2 . 2 2 b ) ,  w hen t h e  m a r g i n s  a t  t h e  

c o n t r a l a t e r a l  two s id e s  t u r n  d a rk .

C r a n ia l  o b l iq u e  ( t i l t e d  t r a n s v e r s e /  4 5 “ r a d i a l )  s e c t i o n s  -  

I n  CPL, o s te o n s  a r e  b r i g h t  w ith  a l a m e l l a r  ap p ea ran ce .  O steons
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Figure 2.21

a )  CPL ( t o p )  & b )  LPL ( b o t t o m )  im a g e s  o f  a c r a n i a l  s a g i t t a l  

l o n g i t u d i n a l  s e c t i o n .  The f i b r e s  a r e  d a rk  i n  LPL when th e  s e c t i o n  i s  

viewed i n  th e  p la n e  normal to  th e  o p t i c  a x i s  ( a t  0 “ i e  th e  lo n g  a x is  

o f  th e  s e c t i o n  l y i n g  e x a c t l y  p a r a l l e l  t o  th e  "N S"). The s e c t i o n  i s  

100pm t h i c k .  FW = 700pm.
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Figure 2.22

a -c )  LPL images o f  c r a n i a l  o b l iq u e  s e c t i o n .

a) The maximum e x t i n c t i o n  o f  th e  c r a n i a l  45* LS s e c t i o n  i s  o b se rv e d  

w ith  20* r o t a t i o n  o f  th e  s e c t i o n .

b) B r ig h t  2* o s te o n s  w i th  d a rk  m arg in s  a r e  s e e n  i n  45* LS s e c t i o n  @ 

55* r o t a t i o n  , and in

c)  45* TS s e c t i o n s  @ -25* (335’ ) o f  r o t a t i o n .

FW: a) iSOOum, b & c) 1350^m,
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a p p e a r  d a rk  i n  LPL w i t h i n  10*-20* o f  r o t a t i o n ;  t h e  p e r i p h e r i e s  

rem a in  b r i g h t .  At a round  -2 5 * ,  o s te o n s  t u r n  b r i g h t ;  p e r i p h e r i e s  a t  

t h e i r  u p p e r  and lo w e r  c i r c u m f e r e n c e  a r e  d a r k  ( f i g .  2 . 2 2 c ) .  The 

b r ig h t n e s s  o f  th e  o s te o n s  i s  maximal a t  around 60“ o f  r o t a t i o n ,  when 

th e  th i c k  c i rc u m fe ren c e  above and below a g a in  tu r n s  d a rk .

C ra n ia l  t i l t e d  t r a n s v e r s e  s e c t i o n s  ( o b l i q u e / r a d i a l  45*) ap p ea r  

b r i g h t e r  th an  th e  t i l t e d  l o n g i tu d in a l  s e c t i o n s  (o b liq u e /4 5 *  L S ) . More 

b r i g h t  c o l l a g e n  i n  t i l t e d  t r a n s v e r s e  s e c t i o n s  i n d i c a t e s  t h a t  t h e  

c o l la g e n  f i b r e s  a re  more l o n g i tu d in a l  i n  th e  c r a n i a l  c o r t e x .

In  t h e  same s e c t i o n s ,  when th e  o s t e o n  p r o p e r  i s  b r i g h t ,  t h e  

m arg in  on to p  and below i s  d a rk ;  when th e  o s te o n  a p p e a r s  d a r k ,  th e  

m argin a t  th e  same l o c a t i o n  changes from d ark  to  b r i g h t .

In  th e  t i l t e d  l o n g i t u d i n a l  s e c t i o n s  (o b liq u e /4 5 *  LS), when th e  

o s te o n  p r o p e r  i s  b r i g h t ,  m arg in s  on th e  two c o n t r a l a t e r a l  s i d e s  a r e  

d a rk ;  when th e  o s te o n  p ro p e r  i s  d a rk ,  th e  margin a t  th e  same l o c a t i o n  

t u r n s  b r i g h t .  In  l o n g i t u d i n a l  s e c t i o n s ,  th e  m arg in  i s  d a r k .  These 

o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  f i b r e s  a t  t h e  p e r i p h e r i e s  a r e  more 

t r a n s v e r s e .

Caudal c o r te x :

S a g i t t a l  LS -  In  s a g i t t a l  LS, a l l  th e  o s te o n s  ap p ea r  b r i g h t  

i n  CPL ( f i g .  2 . 23d ) .  The s t r a i g h t  d a r k  m a rg in s  d e n o te  t h e  cem en t 

l i n e s .  F i b r e s  a r e  p a r a l l e l .  T h e re  a r e  d a r k  l a m e l l a e  w i t h i n  t h e  

o s t e o n s .  O s te o n s  p r e d o m i n a n t l y  f o l l o w  a l o n g i t u d i n a l  c o u r s e .  Some 

o s te o n s  a r e  s e e n  to  ta k e  a somewhat o b l iq u e  c o u r s e  ( f i g .  2 . 23a - b ) .  

The l o n g i t u d i n a l  s e c t i o n s  a p p p e a r  b r i g h t e r  t h a n  t h e  t r a n s v e r s e  

s e c t i o n s ,  i n d i c a t i n g  t h a t  th e  c o l la g e n  i s  more n e a r l y  LS th a n  TS.

In  LPL, e x t i n c t i o n  o c c u r s  betw een 345““ 025* ( f i g .  2 . 2 3 a - b ) ,  

maximum e x t i n c t i o n  b e i n g  w i t h i n  t h e  r a n g e  o f  0 - 1 0 “ . O s te o n s  a r e  

m a x im a l ly  b r i g h t  w i t h i n  4 5 * - 5 0 “ o f  r o t a t i o n  ( f i g .  2 . 2 3 c ) .  D ark  

la m e l la e  a re  seen  between th e  b r i g h t  la m e l l a e .

Caudal o b l iq u e  ( t i l t e d  lo n g i tu d in a l /4 5 *  LS) s e c t i o n s :

In  CPL, th e  o s te o n s  appear b r i g h t .  A l t e r n a t in g  d a rk  and b r i g h t  

la m e l la e  a re  p r e s e n t  w i th in  th e  o s te o n s .
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Figure 2.23

PLM images o f  100 urn th i c k  cau d a l  s a g i t t a l  l o n g i t u d i n a l  s e c t i o n ;  th e  

l o n g i t u d i n a l  a x is  o f  th e  s e c t i o n  i s  ”NS". The o s te o n s  p red o m in an t ly  

fo l lo w  a lo n g i tu d in a l  co u rse .

a )  E x t in c t io n  o ccu rs  between - 1 5 “ (3^5°) to  025°, th e  maximum b e in g  

a t  0 - 1 0 ° .  The image i s  v iew ed  a t  0 ° .  O s te o n s  w hich  t a k e  somewhat 

o b l iq u e  cou rse  appea r  b r i g h t  in  t h i s  p i c t u r e .  LPL image.

b) 2 0 ° r o t a t i o n  o f  t h e  sp ec im en  g i v e s  e x t i n c t i o n  i n  t h o s e  o s t e o n s  

which appear  b r i g h t  a t  0° .  LPL image.

c)  The o s t e o n s  a p p e a r  b r i g h t  when t h e  s e c t i o n  i s  r o t a t e d  to  4 5 ° .  

LPL image.

d) B r ig h t  o s teo n s  w ith  s t r a i g h t  d ark  m argins a re  a l s o  seen  in  th e  CPL 

image (bottom r i g h t ) .

C orrespond ing  f e a t u r e s  in  a & b a re  marked w ith  red  s p o t s .

FW: a & b) l800pm, c) 530pm d) l400pm.
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Figure 2.24

Caudal o b l iq u e  s e c t i o n s  (45* TS and 45" LS) i n  LPL & CPL. 

a  & b) 45" TS 

c  & d) 45" LS

a)  The e x t i n c t i o n  o f  th e  o s te o n s  i n  45" TS s e c t i o n  o c c u r  a t  1 0 “ o f

r o t a t i o n ,  th e  m argins a r e  b r i g h t .  LPL.

b) CPL o f  th e  same f i e l d  as  i n  a .

c )  The maximum e x t i n c t i o n  o c c u r s  i n  45"  LS s e c t i o n  a t  2 0 “ o f  

r o t a t i o n ,  some rem a in in g  b r i g h t .  LPL.

d) At 3 4 0 “ ( - 2 0 “ ) ,  t h i s  45" LS s e c t i o n  a p p e a r s  b r i g h t ,  th e  f i b r e s

ap p ea r  p a r a l l e l  i n  t h i s  p lan e  o f  th e  s e c t i o n .  LPL image.

FW: a -d )  1450pm.
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The o s te o n s  undergo e x t i n c t i o n  a t  d i f f e r e n t  l e v e l s  o f  r o t a t i o n  

i e  0 -40* , w ith  th e  m a jo r i ty  o f  f i b r e s  b e in g  d a rk  a t  20* ( f i g .  2 .2 4 c ) .  

Some o s te o n s  e x h i b i t  no e x t i n c t i o n  a t  a l l .  The s e c t i o n  i s  maximally 

b r i g h t  a t  around 335° ( f i g .2 .2 4 d )  o r  w i th in  60 *-65 ° o f  r o t a t i o n  w ith  

t h e  w hole  c i r c u m f e r e n c e  i l l u m i n a t e d .  W ith  f u r t h e r  r o t a t i o n ,  t h e  

e x t i n c t i o n  ag a in  ta k e s  p la c e  between 90 * -130*.

C audal o b l iq u e  ( t i l t e d  t r a n s v e r s e / r a d i a l  45*) s e c t i o n s ;

O steons a r e  more c i r c u l a r  than  i n  t i l t e d  l o n g i t u d i n a l  s e c t i o n s  

( f i g .  2 .2 4 a  -  CPL). A l t e r n a t in g  b r i g h t  and d a rk  la m e l l a e  a r e  seen .

I n  LPL, some o s t e o n s  u n d e rg o  e x t i n c t i o n  a t  3 5 0 * -1 0 *  ( f i g .  

2 . 2 4 b ) ,  w h i l e  t h e  m a j o r i t y  show no e x t i n c t i o n  a t  any  l e v e l  o f  

r o t a t i o n .  The p r e v i o u s l y  e x t in g u i s h e d  o s te o n s  t u r n  b r i g h t  w i th  40* 

r o t a t i o n ,  w h i l e  t h e  m a j o r i t y  shows no c h a n g e .  W ith  8 5 ° " 9 5 °  o f  

r o t a t i o n ,  t h e  m a j o r i t y  shows no chan g e  w h i l e  t h e  r e s t  t u r n  d a rk  

a g a i n .

T i l t e d  l o n g i t u d i n a l  s e c t i o n s  a p p e a r  b r i g h t e r  th a n  th e  t i l t e d  

t r a n s v e r s e  s e c t i o n s ,  w hich  i n d i c a t e s  t h a t  t h e  c o l l a g e n  f i b r e s  a r e  

more p a r a l l e l  to  th e  p la n e  o f  th e  t i l t e d  l o n g i t u d i n a l  s e c t i o n  th a n  

t h a t  o f  th e  t i l t e d  t r a n s v e r s e  s e c t i o n .

2 . 3 . 5b O b s e r v a t i o n s  w i t h  t h e  L e i t z  U n i v e r s a l  s t a g e  p o l a r i s i n g  

m icroscope :

50 pm th i c k  o b l iq u e  (45* LS) c r a n i a l  s e c t i o n s

W ith  t h e  s e c t i o n  o r i e n t e d  n o rm a l  t o  t h e  o p t i c  a x i s ,  h e r e  

a n n o t a t e d  3 6 0 *, s e c o n d a ry  o s t e o n s  a p p e a r e d  b r i g h t  ( f i g .  2 . 25a ) .  

L a m e l la t io n  was a l t e r n a t e l y  b r i g h t  and d a rk ,  b u t  b r i g h t  la m e l l a e  were 

d o m i n a n t .  M ost p e r i p h e r a l  f i b r e s  w e re  b r i g h t .  C i r c u m f e r e n t i a l  

la m e l l a e  were a l s o  b r i g h t .

With th e  s e c t i o n  a t  + 045° t i l t ,  ( i . e .  o r i e n t e d  to  s im u l a t e  a 

norm al T S ) , th e  o s teo n  p ro p e r  appeared  d a rk .  D arkening  began a t  +20“ , 

and p e r s i s t e d  between +30° to  +45°: i t  was maxim ally d a rk  a t  +30“ 

( f i g .  2 . 25b ) .  Beyond +45° th e  o s teo n s  g r a d u a l ly  became b r i g h t e r .  I t
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Figure 2. 25

LPL m ic ro g ra p h s  o f  50 pm t h i c k  C r a n i a l  o b l i q u e  (45° LS) s e c t i o n  

(viewed in  U n iv e rsa l  s t a g e  m icroscope) w ith  i t s  p e r i o s t e a l  margin 45° 

t o  th e  t i l t  a x i s  showing

a )  B r ig h t  o s teo n s  in  th e  s e c t i o n  a t  360° (ze ro  t i l t ,  t o p ) ;

b) Dark o s te o n s  w i th  a  b r i g h t  m arg in  a r e  s een  a t  +30° t i l t  (bo ttom  

l e f t ) , w h i l s t

c )  At - 30 ° (330°) th e  o s te o n s  t u r n  b r i g h t  w ith  a  d a rk  margin (bottom 

r i g h t ) .

The t i l t  a x i s  i s  v e r t i c a l .  C o r re sp o n d in g  f e a t u r e s  a r e  marked 

w ith  re d  s p o ts .
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Figure 2. 26

LPL m icrographs o f  c r a n i a l  o b l iq u e  (45° LS) s e c t i o n  viewed w ith  i t s  

p e r i o s t e a l  m a rg in  p a r a l l e l  t o  th e  t i l t  a x i s  i n  U n i v e r s a l  s t a g e  

m icroscope  showing

a) Dark o s teo n s  w ith  a b r i g h t  margin a t  z e ro  t i l t  (360“ , t o p ) ;  

b & c )  Towards ± 45° , t h e  o s t e o n s  a p p e a r  b r i g h t  w i th  a d a r k  m a rg in  

(bottom  l e f t  & r i g h t ) .

The t i l t  a x is  i s  v e r t i c a l .  C orresponding  f e a t u r e s  a re  marked w i th  red  

s p o t s .
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s h o u ld  be n o te d  t h a t  t h e s e  p o s i t i o n s  a r e  d i f f i c u l t  t o  r e a c h  b e c a u se  

t h e r e  i s  n a t u r a l l y  a p ro b le m  w i th  t h e  l i m i t a t i o n s  o f  t h e  d e p th  o f  

f i e l d  o f  th e  o p t i c a l  sy s te m , and f u r t h e r  t h a t  th e  a p p a r e n t  s e c t i o n  

th i c k n e s s  i n c r e a s e s  w i th  t i l t ,  which w i l l  i n c r e a s e  th e  b r i g h t n e s s  o f  

s u i t a b l y  o r i e n t e d  f i e l d s .  The p e r i p h e r a l  f i b r e s  w i t h i n  t h e  o s te o n  

( a t  t h e  m arg in)  were b r i g h t  a l l  a ro u n d . These  f i b r e s  w ere m ax im ally  

b r i g h t  a t  +30® and p e r s i s t e d  t i l l  a f t e r  +45*. The c i r c u m f e r e n t i a l  

l a m e l la e  were maximally d a rk  a t  35*, and th e n  began b r i g h t e n i n g .

With a 90® t i l t  from th e  above p la n e ,  i . e . ,  -45® (315*) o s te o n s  

a p p e a r e d  b r i g h t  an d  r e m a i n e d  so  b e y o n d  3 1 5 * .  B r i g h t n e s s  was 

homogeneous; i t  d id  n o t  show a l t e r n a t e  l a m e l l a t i o n .  The m arg in  was 

a l m o s t  d a r k  ( f i g .  2 . 2 5 c )  w i t h  a f a d e d  b r i g h t  l i n e  w i t h i n .  

C i r c u m fe re n t ia l  l a m e l la e  were b r i g h t .

F u r t h e r m o r e ,  when t h e  s e c t i o n  was o r i e n t e d  s u c h  t h a t  t h e  

p e r i o s t e a l  margin la y  p e rp e n d ic u la r  to  th e  t i l t  a x i s  o f  th e  U n iv e rsa l  

s t a g e  ( i . e . ,  t h e  lo n g e r  a x i s  o f  th e  o b l i q u e l y  s e c t i o n e d  o s te o n  l a y  

p a r a l l e l  to  th e  t i l t  a x i s ) , th e  o s te o n  p r o p e r  a p p e a re d  d a rk  w i th  a 

b r i g h t  m arg in  a t  a l l  d e g re e s  o f  th e  t i l t  ( i . e . ,  +45° to  -45® ). When 

th e  lo n g e r  a x i s  o f  th e  o b l i q u e l y  s e c t i o n e d  o s te o n  l a y  p e r p e n d i c u l a r  

to  t h e  t i l t  a x i s  ( i . e . ,  t h e  p e r i o s t e a l  m a rg in  o f  t h e  s e c t i o n  was 

p a r a l l e l  to  th e  t i l t  a x i s ) ,  th e  o s te o n  p r o p e r  was d a rk  ( f i g .  2 . 26a) 

v iew ed  no rm al t o  t h e  s e c t i o n  ( 3 6 0 ®), w h i l s t  t h e  m a rg in  a p p e a re d  

b r i g h t .  Tow ards  ±45* ( f i g .  2 .2 6  b - c ) , t h e  o s t e o n  p r o p e r  becam e 

b r i g h t .  The b r i g h t n e s s  was homogeneous. The whole c i r c u m f e r e n c e  o f  

th e  margin was d ark  and d i s t i n c t .

A l l  t h e s e  o b s e r v a t i o n s  a r e  i n  a c c o r d  w i t h  t h e  v ie w  t h a t  

s e c o n d a r y  o s t e o n s  i n  t h e  c r a n i a l  c o r t e x  c o n t a i n  p r e d o m i n a n t l y  

l o n g i t u d i n a l  f i b r e s ,  w ith  m arg ina l more t r a n s v e r s e  f i b r e s .

50 pm th i c k  o b l iq u e  (45* LS) cauda l s e c t i o n :

Viewed norm al to  th e  s e c t i o n  (360®) th e  o s te o n s  i n  th e  c a u d a l  

s e c t i o n  a p p ea red  b r i g h t ,  w ith  t h e i r  p e r i p h e r i e s  a l s o  b r i g h t  ( f i g u r e  

2 . 27a ) .

Towards +045® th e  o s te o n s  became b r i g h t e r .  Maximum b r ig h t n e s s
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Figure 2.27

LPL m ic ro g ra p h s  o f  50 P® t h i c k  o b l iq u e  (45* LS) c a u d a l  s e c t i o n  s e e n  

i n  U n iv e rs a l  s ta g e  m icroscope

a) b r i g h t  o s te o n s  when v iew ed norm al to  th e  s e c t i o n  ( a t  z e ro  t i l t ,  

to p )  ;

b) t h e  o s te o n s  t u r n  b r i g h t e r  w i th  a d a rk  m arg in  to w ard s  +45° t i l t  

(bottom  l e f t ) ; and

c) th e  o s teo n s  appear d a rk  a t  - 30° (330°) t i l t .

The s e c t i o n  i s  s e e n  w i th  i t s  p e r i o s t e a l  m arg in  a t  45° to  th e  

t i l t  a x i s .  The t i l t  a x i s  i s  v e r t i c a l .  C o r r e s p o n d in g  f e a t u r e s  a r e  

marked w ith  red  s p o t s .
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Figure 2.28

LPL m ic ro g rap h s  o f  c a u d a l  o b l iq u e  (45* LS) s e c t i o n  v iew ed  w i th  i t s  

p e r i o s t e a l  m argin p e r p e n d i c u l a r  to  th e  t i l t  a x i s  i n  U n iv e r s a l  s t a g e  

m icroscope

a)  d a rk  o s teo n s  w ith  b r i g h t  m argins a t  z e ro  t i l t  (360®, to p ) ;

b) +30*

c) -45*

The t i l t  a x i s  i s  v e r t i c a l .  C o r re s p o n d in g  f e a t u r e s  a r e  marked 

w i th  red  s p o ts .



Figure 2.28



F ig u re  2.29

LPL m i c r o g r a p h s  o f  c a u d a l  o b l i q u e  (45° LS) s e c t i o n  v ie w ed  i n  t h e  

U n iv e r s a l  s t a g e  Microscope w i th  i t s  p e r i o s t e a l  margin p a r a l l e l  t o  th e  

t i l t  a x i s .

a)  dark  o s teons  w i th  b r i g h t  margins a t  ze ro  t i l t  ( t o p ) ;

b) +45°

The t i l t  a x i s  i s  v e r t i c a l .  C o r r e s p o n d in g  f e a t u r e s  a r e  marked 

w i th  r e d  s p o t s .
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was a t  50““60*.  The p e r i p h e r y  was dark  ( f i g .  2 .27b)

Towards ( f i g .  2 . 2 7 c )  -45* (315*) t h e  o s t e o n s  a p p e a r e d  d a r k .  

Maximum d a r k n e s s  was a t  325** The e x t i n c t i o n  b e g i n s  a t  350* ,  and 

p e r s i s t s  u n t i l  315* when they  became f a i n t l y  b r i g h t .

At -45* t h e  o s t e o n s  a p p e a re d  f ad ed  b r i g h t .  Beyond t h i s  t i l t  

t h e y  g r a d u a l l y  became b r i g h t e r .  The p e r i p h e r a l  l a m e l l a e  a t  t h i s  t i l t  

were maximally b r i g h t .  The number o f  l a m e l l a e  was always c o n s t a n t .

Again,  when th e  s e c t i o n  was o r i e n t e d  such  t h a t  t h e  l o n g e r  a x i s  

o f  t h e  o b l i q u e l y  s e c t i o n e d  o s t e o n  l a y  p a r a l l e l  t o  t h e  t i l t  a x i s  o f  

t h e  U n iv e r s a l  s t a g e  ( i . e . ,  t h e  p e r i o s t e a l  margin  l y i n g  p e r p e n d i c u l a r  

t o  t h e  t i l t  a x i s ) ,  and v iewed  norm al  t o  t h e  s e c t i o n  ( 3 6 0 * ) ,  t h e  

o s t e o n s  ap p e a re d  d a rk  w i th  a b r i g h t  marg in  ( 2 . 2 8 a ) .  The a p p e a ra n c e  

was n o t  d i s t i n c t ,  r a t h e r  meshed.  Towards +45* t h e  o s t e o n s  rem a ined  

d a r k  w h i l s t  t h e  m a rg i n s  changed  t o  d a r k .  Towards  t h i s  t i l t ,  t h e  

a p p e a ra n c e  was n o t  d i s t i n c t  ( f i g .  2 . 2 8 b ) .  Towards -45* (3 1 5 * ) ,  t h e  

o s t e o n s  r e m a i n e d  d a r k ,  and t h e  m a r g i n s  b r i g h t .  H e r e ,  b o t h  t h e  

o s t e o n s  and th e  margins  were d i s t i n c t  ( f i g  2 . 2 8 c ) .

When t h e  s e c t i o n  was o r i e n t e d  such  t h a t  t h e  p e r i o s t e a l  marg in  

l a y  p a r a l l e l  t o  t h e  t i l t  a x i s ,  and v iew ed  n o rm a l  t o  t h e  s e c t i o n  

(360*) ,  the  o s te o n s  appeared  dark  with  b r i g h t  margin  ( 2 . 2 9 a ) .  Towards 

±4 5 *. th e  o s te o n s  t u rn e d  b r i g h t  w h i l s t  th e  margins  d a rk  (2 . 29b - c ) .

These o b s e r v a t i o n s  su p p o r t  the  view t h a t  th e  secondary  o s te o n s  

c o n t a i n  o b l iq u e  f i b r e s ,  which a r e  n e v e r t h e l e s s  more l o n g i t u d i n a l  than  

o b l i q u e .  The margin co n ta in e d  t r a n s v e r s e  f i b r e s .

2 . 3 . 5c O b se rva t ions  w i th  Scanning E l e c t r o n  Microscopy

A l th o u g h  t h e  d e t a i l s  i n  t h e  s l i c e s  were  somewhat d i s t o r t e d  

d u r i n g  th e  d r y in g  p r o c e s s ,  a f a i r  i d e a  about  t h e  o r g a n i s a t i o n  o f  the  

c o l l a g e n  f i b r e s  i n  s u c c e s s iv e  l a m e l l a e  and t h e i r  o r i e n t a t i o n  cou ld  be 

p e r c e i v e d .
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Caudal cortical 45" radial slices:

The o s t e o n s  r e s o r b e d  a t  d i f f e r e n t  l o c a t i o n s  and i n  d i f f e r e n t  

o b l i q u i t i e s  a l l  e x h i b i t e d  l a m e l l a e  w i t h i n  t h e  b a s e  and t h e  w a l l s  o f  

t h e  p i t s  ( f i g .  2 . 30 ) .  Collagen  f i b r e  bund les  ( l a m e l l a e )  a r e  observed  

i n  t h e  p la n e  o f  t h e  s e c t i o n  around th e  c i r c u m fe ren c e  o f  t h e  o s t e o n a l  

c a n a l s  e g . ,  im m ed ia te ly  around  t h e  c a n a l ,  w i t h i n  t h e  o s t e o n  p r o p e r ,  

and a t  t h e  p e r i p h e r y .  The l a m e l l a e  i n  t h e  p l a n e  o f  s e c t i o n  a r e  n o t  

v i s i b l e  o v e r  t h e  whole e x t e n t  o f  t h e  same r e s o r p t i o n  f i e l d :  a t  t h e  

t o p  and t h e  b o t to m  e x t r e m i t i e s  o f  t h e  e l l i p t i c a l  s e c t i o n  o f  t h e  

o s t e o n s  t h e s e  a r e  n o t  v i s i b l e  ( f i g u r e  2 .  30d - e ) ,  w h i l s t  t h e s e  a r e  

a p p a r e n t  on t h e  o t h e r  two s i d e s  and a d j a c e n t  t o  t h e  t o p  and t h e  

bot tom e x t r e m i t i e s  ( f i g .  2 .30  a - d ) .

These l a m e l l a e  i n  th e  p la n e  o f  s e c t i o n  c o n t a i n  p a r a l l e l  f i b r e s  

and t r a v e r s e  f o r  some d i s t a n c e  b e f o r e  t h e y  d i s a p p e a r  w i t h i n  t h e  

t i s s u e  (F ig .  2 . 3 0 e ) .  Some f i b r e s  a re  seen  to  d e c u s s a t e  and j o i n  w i th  

t h e  a d j a c e n t  l a y e r  i n  a l t e r n a t e  s i m i l a r  l a m e l l a e .  I n  b e t w e e n  t h e  

a l t e r n a t e  l a m e l l a e  (which  a r e  p a r a l l e l  t o  t h e  s u r f a c e ) ,  t h e r e  a r e  

w ide r  l a m e l l a e  which appea r  s t i p p l e d  ( c ro s s  c u t  due t o  r e s o r p t i o n  and 

l a t e r  d i s t o r t e d  d u r in g  a i r  d r y i n g ) .

Caudal  c o r t i c a l  45* t a n g e n t i a l  s l i c e s :

The l a m e l l a r  b a n d in g  i s  a p p a r e n t  on two s i d e s  o f  t h e  o s t e o n ,  

b u t  i s  n o t  v i s i b l e  a t  t h e  e x t r e m i t i e s  o f  t h e  o t h e r  two s i d e s ,  which 

r e p r e s e n t  t h e  t o p  and t h e  b o t to m  o f  t h e  e l l i p t i c a l  s e c t i o n  o f  t h e  

o s t e o n ,  where no a l t e r n a t i o n  i s  a p p a r e n t l y  d i s t i n g u i s h a b l e  ( F i g .  

2 . 3 1 ) .  L a m e l l a e  l y i n g  i n  t h e  p l a n e  o f  s e c t i o n  a r e  com posed  o f  

p a r a l l e l  f i b r e s ,  w i th  w ider  s t i p p l e d  l a m e l l a e  i n  between.

I t  i s  conc luded  t h a t  t h e  l a m e l l a e  i n  t h e  p l a n e  o f  t h e  s e c t i o n  

a r e  o b l i q u e  f i b r e s ,  n e v e r t h e l e s s  more l o n g i t u d i n a l  tha n  o b l i q u e .  The 

w ide r  s t i p p l e d  l a m e l l a e  a r e  more n e a r l y  l o n g i t u d i n a l  f i b r e s .
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Figure 2.30

BSE images o f  cauda l  c o r t i c a l  t i l t e d  t r a n s v e r s e  (45° r a d i a l )  s e c t i o n ,  

r e s o r b e d  by c h i c k  o s t e o c l a s t s .

The r e s o r b e d  a r e a s  show a r e g u l a r  a l t e r n a t e  l a m e l l a r  

a p p e a r a n c e .  The l a m e l l a r  bands  i n  t h e  p l a n e  o f  s e c t i o n  a r e  composed 

o f  p a r a l l e l  f i b r e s ,  and a r e  n o t  v i s i b l e  w i t h i n  t h e  same r e s o r p t i o n  

f i e l d  o v e r  t h e  whole  e x t e n t .  The w i d e r  s t i p p l e d  z o n e s  b e tw e e n  t h e  

l a m e l l a e  l y i n g  i n  t h e  p l a n e  o f  s e c t i o n  r e p r e s e n t s  t h o s e  w i t h  

p red o m in an t ly  l o n g i t u d i n a l  f i b r e s .

Image b and c (midd le  row) a r e  t h e  e n l a r g e m e n t s  o f  p a r t s  o f  

t h e  f i e l d  o f  view i n  a ;  bottom row (d,  e)  a r e  s e p a r a t e  f i e l d s .

The long  axes o f  th e  o b l i q u e  s e c t i o n s  a r e  shown h o r i z o n t a l .

15 kV. Au s p u t t e r - c o a t e d .

FW: a = 220pm, b = 71 pm, c = 56pm, d = 56pm, e = 113pm
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Figure 2.31

BSE images o f  c a u d a l  c o r t i c a l  t i l t e d  l o n g i t u d i n a l  ( t a n g e n t i a l  45°)  

s e c t i o n ,  r e s o rb e d  by c h i c k  o s t e o c l a s t s .

a  & b) The l a m e l l a r  bands  a r e  ap p a re n t  on one s i d e  o f  o s t e o n s .

c )  One c o rn e r  o f  an o s t e o n  showing l a m e l l a r  beinds.

d)  Lamellar  bands a r e  n o t  a p p a re n t  i n  one e x t r e m i t y  o f  an e l l i p t i c a l  

o s t e o n .

e)  Lamel lar  bands a t  t h e  s i d e  o f  a n o t h e r  o s te o n .

f )  Enlargement o f  a  p a r t  o f  t h e  f i e l d  o f  view i n  e .

The long  axes o f  t h e  o b l i q u e  s e c t i o n s  a r e  shown h o r i z o n t a l .

15 kV. Au s p u t t e r - c o a t e d .

FW: a  = 113 ]iiD, b = 71 VUDf c = 220 pm, d = l42pm, e = 38O pm, 

f  = 70pm.
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Figure 2.32

SE images of  r e s o rb e d  c a u d a l  c o r t i c a l  l o n g i t u d i n a l  ( s a g i t t a l )  s e c t i o n  

showing s u c c e s s i v e  l a y e r s  o f  f i b r e s  o f  d i f f e r e n t  o r i e n t a t i o n  a t  th e  

b ase  o f  the r e s o r p t i o n  p i t s :

a  & b) V e r t i c a l  l a m e l l a e  a l t e r n a t e  w i th  s t i p p l e d  o b l i q u e  l a m e l l a e  

( top  row ) ,

c & d) Overlapping v e r t i c a l  and o b l iq u e  l a m e l l a r  s h e e t s  o f  c o l l a g e n  

(middle row), &

e)  O b l i q u e  l a m e l l a r  s h e e t  w i t h  a d j a c e n t  r e s o r b e d  l o n g i t u d i n a l  

l a m e l l a e  (bottom).

LS i s  v e r t i c a l .  lOkV. Au s p u t t e r - c o a t e d .

FW: a = 38 b = 22 pm, c = 38 U“ i d = 22pm, e = 38 pm.
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Figure 2.33

SE images o f  n a t u r a l  s u r f a c e  o f  th e  H a v e r s i a n  c a n a l  w a l l s  i n  c a u d a l  

s a g i t t a l  l o n g i t u d i n a l  s e c t i o n  s h o w in g  a r r a y s  o f  c o l l a g e n  f i b r e  

bund le s  forming a l t e r n a t e  s h e e t s  i n  d i f f e r e n t  d i r e c t i o n s .

LS i s  v e r t i c a l .  10 kV. Au s p u t t e r - c o a t e d .

FW: a = 22 pm, b = 22 pm.
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Caudal  c o r t i c a l  s a g i t t a l  l o n g i t u d i n a l  s l i c e s :

Some f i b r e s  a r e  clamped i n  l a m e l l a e  which a r e  v e r t i c a l l y  

o r i e n t e d  a l o n g  t h e  p l a n e  o f  t h e  s e c t i o n .  Between  t h e  v e r t i c a l l y  

o r i e n t e d  l a m e l l a e ,  l a y  w ider l a m e l l a e  which appea r  s t i p p l e d  ( f i g .

2 .3 2  a - b ) .  Some p i t s  e x h i b i t  c o l l a g e n  s h e e t s  o v e r l a p p i n g  one a n o t h e r  

i n  v e r t i c a l  and o b l iq u e  o r i e n t a t i o n s ;  i n  o t h e r s  r e s o r b e d  l o n g i t u d i n a l  

l a m e l l a e  w i th  i n t a c t  o b l i q u e  l a m e l l a r  s h e e t  a r e  s e e n  ( F ig .  2 . 3 2 d ) .  

Some r e s o r b e d  f i b r e s  i n  t h e  s l o p i n g  edges o f  th e  p i t s  appea r  s t i p p l e d  

( F i g . 2 . 3 2 c - e ) . The n a t u r a l  s u r f a c e  o f  t h e  H a v e r s i a n  c a n a l  w a l l s  

r e v e a l s  a r r a y s  o f  c o l l a g e n  f i b r e  bundles  which form a l t e r n a t e  s h e e t s  

i n  d i f f e r e n t  d i r e c t i o n s  ( F ig .  2 . 3 3 ) •  I n  some p l a c e s ,  s h e e t s  which 

a r e  v e r t i c a l  l a m e l l a e  o v e r l a p  s h e e t s  o f  o b l i q u e l y  o r i e n t e d  l a m e l l a e ,  

o r  th e  r e v e r s e .  F ib r e s  a t  th e  b o rd e r s  between l a m e l l a e  d e c u s s a t e  to  

j o i n  w i th  a d j a c e n t  l a m e l l a e .  I t  i s  s imple  to  conc lude  t h a t  v e r t i c a l  

l a m e l l a e  and s h e e t s  i n  t h e  p l a n e  o f  s e c t i o n  a r e  i n d e e d  n e a r l y  

l o n g i t u d i n a l  l a m e l l a e ,  whereas th e  o b l i q u e l y  o r i e n t e d  c o l l a g e n  f i b r e  

s h e e t s  and s t i p p l e d  zones r e p r e s e n t  o b l i q u e  l a m e l l a e .

Caudal  c o r t i c a l  m e d i o - l a t e r a l  l o n g i t u d i n a l  s l i c e s  o b t a in e d  

i n  c o r o n a l  p l a n e  e x h i b i t  n a r r o w  v e r t i c a l  l a m e l l a e  w i t h  c o l l a g e n  

f i b r e s  l y i n g  a lo n g  t h e  p l a n e  o f  t h e  s e c t i o n ,  w i t h  b r o a d e r  s t i p p l e d  

z o n e s  b e tw ee n  t h e  v e r t i c a l  l a m e l l a e  ( F i g .  2 . 3 5  a - c ) . A g a in ,  t h e  

v e r t i c a l  l a m e l l a e  a r e  com posed  o f  l o n g i t u d i n a l  f i b r e s ,  and  t h e  

b r o a d e r  s t i p p l e d  zones a r e  th e  l a m e l l a e  w i th  o b l i q u e  f i b r e s .

4 5 '  p l u s  45* cauda l  c o r t i c a l  s l i c e s  show f i b r e  

b u n d le s  ( l a m e l l a e )  l y i n g  i n  t h e  p l a n e  o f  s e c t i o n ,  a l t e r n a t i n g  w i th  

more l o n g i t u d i n a l  f i b r e s  which show a s t i p p l e d  appea rance  (2 .35  d - e ) .

C r a n i a l  c o r t e x

The s a g i t t a l  c r a n i a l  c o r t i c a l  s l i c e s  show r e s o r p t i o n  p i t s  w i th  

f i b r e s  n e a r l y  v e r t i c a l  a lo n g  t h e  p l a n e  o f  s e c t i o n .  The f i b r e s  were 

n e a r l y  p a r a l l e l  to  each o t h e r  (F ig .  2.34 d - e ) .

The m e d i o - l a t e r a l  c r a n i a l  c o r t i c a l  l o n g i t u d i n a l  s l i c e s  show 

a l t e r n a t e  v e r t i c a l  l a m e l l a e  o f  p a r a l l e l  f i b r e s  i n  th e  p l a n e  o f
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Figure 2.34

SE images o f  r eso rbed  c r a n i a l  l o n g i t u d i n a l  s e c t i o n s  showing: 

a )  S t i p p l e d  l a m e l l ae  between a l t e r n a t i n g  l a m e l l a e  o f  p a r a l l e l  f i b r e s  

i n  t h e  p l a n e  ( c o r o n a l )  o f  s e c t i o n  ( t o p ) .  The l a m e l l a e  o f  p a r a l l e l  

f i b r e s  i n  the  p lane  of  s e c t i o n  a r e  n e a r l y  v e r t i c a l .

b & c ) Some p i t s  a l s o  e x h i b i t  s u c c e s s i v e  v e r t i c a l  and  o b l i q u e  

l a m e l l a r  s h e e t s  o f  c o l l a g e n  f i b r e s  i n  t h e  l o n g i t u d i n a l  s e c t i o n s  

o b t a i n e d  i n  the  same p lane  (middle ro w ) .

d & e )  S a g i t t a l  s e c t i o n s  show ing  r e s o r b e d  f i b r e s  a l i g n e d  n e a r l y  

p a r a l l e l  t o  the  v e r t i c a l  a x i s  (bottom r o w ) .

LS i s  v e r t i c a l .  10 kV. Au s p u t t e r - c o a t e d .

FW: a = 56 ym, b = 71 ym, c = 56 ym, d = 56 ym, e = 27ym.



Figure 2.34
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Figure 2.35

a - c )  SE images o f  t h e  c a u d a l ,  c o r t i c a l  l o n g i t u d i n a l  s e c t i o n s  i n  t h e  

c o r o n a l  p l a n e  showing  v e r t i c a l  l a m e l l a e  o f  p a r a l l e l  f i b r e s  i n  t h e  

p l a n e  o f  the  s e c t i o n ;  o b l i q u e  l a m e l l a e  a p p e a r in g  s t i p p l e d .

V e r t i c a l  a x i s  i s  LS.

d) SE image o f  cauda l  s e c t i o n  showing f i b r e  b u n d le s  l y i n g  i n

t h e  p l a n e  o f  s e c t i o n ,  a l t e r n a t i n g  w i t h  r e s o r b e d  more l o n g i t u d i n a l  

f i b r e s .

V e r t i c a l  i s  LS. 10 kV. Au s p u t t e r  c o a t e d .

FW: a = 27 pm, b = 38 v^» c = 36 pm, d = 38 pm.
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s e c t i o n .  Between  t h e s e  l a m e l l a e ,  t h e  l a m e l l a e  a p p e a r e d  " s t i p p l e d ” 

(F ig ,  2 . 3 4 a ) .  Some p i t s  s i m u l t a n e o u s l y  e x h i b i t  a l t e r n a t e  s h e e t s  o f  

o b l i q u e  and v e r t i c a l  f i b r e s  ( F ig .  2 .34  b - c ) :  o t h e r s  have  v e r t i c a l l y  

a l i g n e d  and p a r a l l e l  r e s o r b e d  f i b r e s .  The r e s o r b e d  s t i p p l e d  f i b r e s  

and o b l iq u e  s h e e t s  t r u l y  r e p r e s e n t  o b l i q u e  f i b r e s .

2 . 4  DISCUSSION

T h i s  s t u d y  o f  c o r t i c a l  b o n e  s t r u c t u r e  d e s c r i b e s  s e v e r a l  

h i s t o l o g i c a l  f e a t u r e s  which develop  i n  t h e  r a d i u s  as a consequence o f  

a d a p t a t i o n  t o  b i o m e c h a n i c a l  f u n c i o n .  The p r o p o r t i o n  o f  t h e  f i e l d  

o c c u p i e d  by t h e  d a r k  and t h e  b r i g h t  c o l l a g e n  f i b r e s ,  as  w e l l  as  t h e  

o r i e n t a t i o n  o f  c o l l a g e n  f i b r e s  i n  t h e  a l t e r n a t i n g  b r i g h t  and d a r k  

l a m e l l a e  i n  t h e  2* o s t e o n s  i n  t r a n s v e r s e  s e c t i o n s  h a s  b e e n  

de te rm ined .

I n  t h i s  s t u d y ,  t h e r e  was c l e a r  e v i d e n c e  o f  a g r e a t e r  l e v e l  o f  

r e m o d e l l i n g  i n  t h e  c a u d a l  t h a n  t h e  c r a n i a l  c o r t i c e s  o f  e q u i n e  r a d i i  

o f  d i f f e r e n t  ages .  The p r e s e n t  f i n d i n g s  conf irm th e  r e s u l t s  o f  p r i o r  

s t u d i e s  which showed t h a t  secondary  o s te o n s  form th e  g r e a t e r  b u lk  o f  

t h e  cauda l  c o r t e x  (Lanyon & Baggot 1976; Lanyon e t  a l  1982; Boyde and 

R ig g s  I 99O; Riggs  e t  a l  1993a ,  1 9 9 3 b ) .  I n c r e a s e d  r e m o d e l l i n g  was 

d e m o n s t r a t e d  i n  t h e  c a u d a l  c o r t e x  o f  u l n a - o s t e o t o m i s e d  s h e e p  r a d i u s  

(Lanyon e t  a l  I 9 8 2 ) as  a consequence  o f  m e c h a n i c a l l y  a d a p t i v e  bone 

r e m o d e l l i n g  p r o c e s s .  The p r e s e n t  s t u d y  and t h a t  o f  R ig g s  (1990)  

show t h a t  t h e  c r a n i a l  c o r t e x  a l s o  u n d e r g o e s  a v a r i a b l e  d e g r e e  o f  

s e c o n d a r y  o s t e o n a l  r e m o d e l l i n g  i n  e q u i n e  r a d i u s ,  even  th o u g h  t h e  

tu r n o v e r  r a t e  i s  much lower than  t h a t  i n  cauda l  c o r t e x .

The p r e s e n t  s tu d y  showed t h a t  t h e r e  were second o r  t h i r d  o r d e r  

o s t e o n s  i n  t h e  c a u d a l  c o r t e x .  The i n t e r s t i t i a l  l a m e l l a e  w ere  

composed o f  remnants o f  o l d e r  o s t e o n s .  The c i r c u m f e r e n t i a l  l a m e l l a e  

were  found  t o  be n e a r l y  r e p l a c e d  by s e c o n d a r y  o s t e o n s  w i t h  more 

o b l i q u e  c o l l a g e n  o r i e n t a t i o n .  The volume f r a c t i o n  formed by . rem nan ts  

o f  o l d e r  o s t e o n s  i n  i n t e r s t i t i a l  l a m e l l a e  was u s u a l l y  g r e a t e r  i n  

o l d e r  a n i m a l s .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  b a c k s c a t t e r e d  e l e c t r o n  

i m a g i n g  s t u d i e s  d e m o n s t r a t i n g  t h a t  t h e  c r a n i a l  c o r t e x  i s  more

99



m i n e r a l i z e d  th a n  t h e  c a u d a l  c o r t e x  (Boyde e t  a l  1992;  R ig g s  e t  a l  

1993b) .

However ,  t h e  p r e s e n t  s t u d y  showed  n o t i c e a b l e  d i f f e r e n c e s  

be tween  a n i m a l s .  A l though ,  f o r  t h e  most  p a r t  t h e  p r o p o r t i o n  o f  t h e  

b u l k  o f  p r i m a r y  bone  i n  t h e  c a u d a l  c o r t e x  was g r e a t e r  i n  y o u n g e r  

b o n e s ,  y e t  some y ounger  c a u d a l  c o r t e x  e x h i b i t e d  a g r e a t e r  d e g r e e  o f  

r e m o d e l l i n g  than  than  t h a t  seen  i n  o l d e r  an im a ls .

The p r o p o r t i o n  o f  dark  secondary  o s te o n s  i n  c r a n i a l  and cauda l  

c o r t i c e s  o f  younger an imals  was p r o p o r t i o n a t e l y  g r e a t e r  th a n  t h a t  i n  

o l d e r  an im als .  Darker o s te o n s  a r e  e i t h e r  v e ry  few o r  t o t a l l y  a b s e n t  

i n  g r e a t l y  r e m o d e l l e d  bone .  T h i s  i n d i c a t e s  t h a t  g r e a t e r  age i s  n o t  

t h e  on ly  c o n t r i b u t i n g  f a c t o r  f o r  a g r e a t e r  degree  o f  r e m o d e l l i n g  and 

t h a t  t h e  g r e a t e r  i n t e n s i t y  o f  t h e  r e p l a c e m e n t  o f  s e c o n d a r y  o s t e o n s  

c o n t a i n i n g  p r e d o m i n a n t l y  l o n g i t u d i n a l  c o l l a g e n  by o s t e o n s  w i t h  more 

o b l i q u e  c o l l a g e n  may o c c u r  i r r e s p e c t i v e  o f  t h e i r  l o c a t i o n  i n  b o t h  

c o r t i c e s .

A l th o u g h  i n  some a n i m a l s  t h e  d i s t r i b u t i o n  o f  o s t e o n s  i n  t h e  

c r a n i a l  and cauda l  c o r t e x  was a lmos t  un i fo rm ,  i n  o t h e r s  i t  v a r i e d  a t  

d i f f e r e n t  s i t e s  t h r o u g h o u t  t h e  s e c t i o n .  They were u s u a l l y  mos t  

numerous  i n  t h e  s u b - p e r i o s t e a l  r e g i o n  o f  t h e  c a u d a l  c o r t e x ,  w here  

p r im a r y  o s t e o n s  were n e a r l y  a b s e n t .  In  t h e  c r a n i a l  c o r t e x ,  e v i d e n c e  

o f  o s t e o n a l  r e m ode l l ing  was a l s o  q u i t e  a p p a r e n t  i n  t h e  s u b - p e r i o s t e a l  

bone,  i n  p l a c e s  r e p l a c i n g  p e r i o s t e a l  l a m e l l a e  n e a r  th e  s u r f a c e .

Bone t u r n o v e r  i n  t h e  c r a n i a l  and c a u d a l  c o r t i c e s  c a n n o t  be 

s t r i c t l y  a s s o c i a t e d  w i th  i n c r e a s i n g  age: i t  i s  much more l i k e l y  t o  be 

a t t r i b u t a b l e  to  th e  ’ t r a i n i n g  r e g im e ’ t h a t  th e  animal had undergone.  

O s t e o n a l  r e m o d e l l i n g  i s  more  i n t e n s e  i n  more  a c t i v e  a n i m a l s ,  

r e g a r d l e s s  o f  age,  body s i z e  o r  s p e c i e s  ( S c h a f f l e r  and B urr  1984).  The 

g r e a t e r  p r o p o r t i o n  o f  o s teo n s  c o n t a i n i n g  l o n g i t u d i n a l  c o l l a g e n  on the  

c a u d a l  e n d o s t e a l  s i d e  p e r h a p s  a s s o c i a t e s  w e l l  w i t h  t h e  r e l a t i v e  

d i s t r i b u t i o n  o f  t e n s i o n  th rough  c r a n i a l  t o  cauda l  c o r t i c e s .

While a lm os t  a l l  o f  t h e  whole t h i c k n e s s  o f  t h e  c a u d a l  c o r t e x  

had  u n d e rg o n e  r e m o d e l l i n g  i n  some a n i m a l s ,  t h e  p r e s e n c e  o f  a  good 

a m oun t  o f  p r i m a r y  b o n e  i n  t h e  c r a n i a l  c o r t e x  i n d i c a t e s  

p r o p o r t i o n a t e l y  low t u rn o v e r .  At an even g r e a t e r  age,  whether  a l l  o f  

th e  bone would have undergone r em o d e l l in g  i s  q u e s t i o n a b l e .
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Using r e l a t i v e  CPL b r i g h t n e s s  i n t e n s i t y  measurements (Boyde e t  

a l  1 9 8 4 a ) ,  R iggs  and c o - w o r k e r s  (R iggs  1990;  R ig g s  e t  a l  1993a)  

p r e s e n t e d  d a t a  s u g g e s t in g  a g r e a t e r  p r o p o r t i o n  o f  t r a n s v e r s e  c o l l a g e n  

i n  t h e  c a u d a l  c o r t e x .  R e m o d e l l i n g  d oes  n o t  a lw a y s  g i v e  r i s e  t o  

t r a n s v e r s e / o b l i q u e  c o l l a g e n .  The g r e a t  m a j o r i t y  o f  s econdary  o s te o n s  

i n  t h e  c r a n i a l  c o r t e x  c o n t a i n  p r e d o m i n a n t l y  l o n g i t u d i n a l  c o l l a g e n  

f i b r e s .  U n re m o d e l l e d  p r i m a r y  bone  s t r u c t u r e  c an  be  f o u n d  i n  b o t h  

c r a n i a l  and c a u d a l  c o r t i c e s  o f  o l d e r  a n i m a l s ,  i r r e s p e c t i v e  o f  age .  

P r im a r y  bone  c o n t a i n s  p r e d o m i n a n t l y  l o n g i t u d i n a l  f i b r e s  i n  b o t h  

c o r t i c e s .  A l t h o u g h  few s e c o n d a r y  o s t e o n s  i n  t h e  c a u d a l  c o r t e x  

c o n t a i n  l o n g i t u d i n a l  c o l l a g e n .  The p l e x i f o r m  bone i n  b o t h  c o r t i c e s  

c o n t a i n  t r a n s v e r s e  c o l l a g e n .  I n  some a n i m a l s  c r a n i a l  c o r t e x  , t h e  

p r e s e n c e  o f  s e v e r a l  l a m e l l a r  bands  ( c i r c u m f e r e n t i a l )  i n d i c a t e  s low 

g row th .  These  l a m e l l a r  bands i n  t h e  p e r i p h e r a l  t h i r d  o f  t h e  c r a n i a l  

c o r t e x ,  and a t  t h e  p e r i p h e r y  o f  b o t h  c o r t i c e s  c o n t a i n  PLM b r i g h t  

c o l l a g e n .  The p r e s e n c e  o f  t h e  g r e a t  m a j o r i t y  o f  s e c o n d a r y  o s t e o n s  

w i t h  p r e d o m i n a n t l y  o b l i q u e  f i b r e s  i n  t h e  c a u d a l  c o r t e x  i s  

u n q u e s t i o n a b l e .  A l t h o u g h  n o t  many,  some r e m o d e l l e d  o s t e o n s  i n  

c r a n i a l  c o r t e x  c o n t a in  o b l iq u e  c o l l a g e n .  The woven bone framework in  

t h e  u n r e m o d e l l e d  bo n e ,  ( i n  o l d e r  a n i m a l s  and i n  b o t h  c o r t i c e s )  

always shows as PLM b r i g h t .

R ig g s  and c o - w o r k e r s  ( R i g g s  1990;  R i g g s  e t  a l  19 9 3 a )  a l s o  

d e s c r i b e d  an age d e p e n d e n t  v a r i a t i o n  i n  CPL b r i g h t n e s s .  A f t e r  a 

g r a d u a l  d e c r e a s e  u n t i l  t h e  age  o f  10, he  showed a r i s e  i n  o l d e r  

a n i m a l s .  The p r e s e n c e  o f  woven bone  i n  f o e t a l  and n e o n a t e  a n i m a l s  

e x p l a i n s  h ig h e r  CPL b r i g h t n e s s  i n  them.

The p re s e n c e  o f  a v a r i a b l e  amount o f  unremodelled  bone i n  o l d e r  

a n i m a l s ,  i n d e p e n d e n t  o f  age ,  i s  n o t  c o n s i s t e n t  w i t h  t h e  s u g g e s t i o n  

t h a t  t h e  c h a r a c t e r i s t i c  c o l l a g e n  f i b r e  o r i e n t a t i o n  p a t t e r n  i n  a d u l t  

h o r s e  r a d i u s  develops  over  th e  f i r s t  two y e a r s  o f  l i f e  (Riggs 1990).  

C o n t i n u o u s  r e p l a c e m e n t  o f  p r i m a r y  bone c o n t a i n i n g  p r e d o m i n a n t l y  

l o n g i t u d i n a l  c o l l a g e n  i n  bo th  c r a n i a l  and cauda l  c o r t e x  by secondary  

o s t e o n s  c o n t a i n i n g  e i t h e r  p r e d o m i n a n t l y  l o n g i t u d i n a l  f i b r e s  o r  

o b l i q u e  f i b r e s ,  e v e n t u a l l y  l e a d s  t o  a c o l l a g e n  f i b r e  o r i e n t a t i o n  

p a t t e r n  w i th  g e n e r a l  c h a r a c t e r i s t i c s  s p e c i a l  t o  t h e  e q u i n e  r a d i u s ,  

b u t  o v e r  a v a r i a b l e  p e r i o d  o f  t im e  and w i t h  d i f f e r e n c e s  be tw ee n
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i n d i v i d u a l  a n im a ls .

The d i f f e r e n c e  i n  t h e  o r i e n t a t i o n  o f  c o l l a g e n  f i b r e s  i n  newly 

formed  o s t e o n s  i n  t h e  t e n s i o n  and t h e  c o m p r e s s i o n  c o r t e x  c l e a r l y  

c o n f i rm s  t h a t  w h i l e  l o a d i n g  i n i t i a t e s  s e c o n d a r y  r e m o d e l l i n g ,  i t  i s  

i t s  c h a r a c t e r  ( t e n s i o n  o r  com press ion )  which d e t e r m i n e s  t h e  f u t u r e  

c h a r a c t e r i s t i c  c o l l a g e n  f i b r e  o r i e n t a t i o n  a t  d i f f e r e n t  s i t e s ,  

a l l o w i n g  t h e  bone  t o  w i t h s t a n d  d i f f e r e n t  t y p e s  o f  s t r a i n .  Lanyon 

a t t r i b u t e d  t h i s  i n c r e a s e d  r em o d e l l in g  to  t h e  s t r a i n  env i ronm ent t h a t  

t h e  bone e x p e r i e n c e d ,  and co n s id e re d  t h a t  t h e  new bone th u s  formed i s  

v e r y  u n l i k e l y  t o  s u s t a i n  f a t i g u e  damage t h a t  c o u l d  h a v e  i n i t i a t e d  

r e m o d e l l i n g  (Lanyon e t  a l  1982).

V e ry  l i t t l e  e v i d e n c e  f o r  r e s o r p t i o n  was o b s e r v e d  on t h e  

p e r i o s t e a l  s i d e  o f  th e  c o r t e x  where m ode l l ing  was i n t e n s e .  Pead and 

co-workers  (1988b) dem onst ra ted  t h a t  a s i n g l e  s h o r t  p e r i o d  o f  dynamic 

l o a d i n g  ca u s e d  p e r i o s t e a l  a c t i v a t i o n  f o r  d i r e c t  bone f o r m a t i o n .  An 

a p p r o p r i a t e  o s t e o g e n i c  s t i m u l u s  can i n i t i a t e  bone f o r m a t i o n  w i t h o u t  

g o in g  t h r o u g h  t h e  no rm al  r e s o r p t i o n  and f o r m a t i o n  p r o c e s s .  They 

named t h i s  p ro c e s s  as "renewed rem o d e l l i n g " ,  b u t  i t  i s  m o d e l l i n g ,  n o t  

rem o d e l l in g .

P h y s i o l o g i c a l l y  loaded  bone a p p a r e n t l y  does n o t  s u s t a i n  s t r a i n  

damage ( C u r r e y  1968,  1 9 8 4 ) .  As Lanyon p r o p o s e s  ( I 9 8 7 ) ,  when t h e  

s t r a i n  r i s e s  a b o v e  a t h r e s h o l d  l e v e l  ( s t i l l  u n a b l e  t o  c a u s e  

m i c r o f r a c t u r e ) ,  t h e  changes  t h a t  o c c u r  i n  t h e  deformed m a t r i x  ( such  

as r e o r i e n t a t i o n  o f  p ro t e o g l y c a n s :  Sker ry  e t  a l  I 988 ) a r e  d e t e c t e d  by 

th e  o s t e o c y t e s  i n  t h e  v i c i n i t y ,  which t h e n  s i g n a l  t h e  a p p r o p r i a t e  

c e l l  p o p u l a t i o n  th rough  t h e i r  communications to  i n i t i a t e  r e m o d e l l i n g  

p r o c e s s  (Rubin and Lanyon 1987; Lanyon I 9 8 7 , 1993)* P r o t e o g l y c a n s  

a r e  b e l i e v e d  t o  b e  r e s p o n s i b l e  f o r  p r o v i d i n g  e x t r a c e l l u l a r  

in fo rm a t io n  as  they  have s t a b i l i z i n g  p r o p e r t i e s  on f i b r i l l a r  p r o t e i n s  

(Meyer 196O ) . Pead  and c o - w o r k e r s  ( 1988a) showed t h a t  o s t e o c y t e s  

r e c e i v e  f i r s t  hand i n f o r m a t i o n  from t h e  deformed m a t r i x  i n  l o a d i n g  

bones i n  excess  o f  th e  p h y s i o l o g i c a l  l i m i t .

Rubin and Lanyon ( I 987 ) a l s o  s u g g e s t e d  t h a t  d i f f e r e n t  r e g i o n s  

o f  one bone a r e  d i f f e r e n t l y  " g e n e t i c a l l y  programmed" to  respond  t o  a 

p a r t i c u l a r  amount and p a t t e r n  o f  i n t e r m i t t e n t  s t r a i n .  The po tency  o f  

th e  s t i m u l u s  i s  p r o p o r t i o n a l  t o  th e  magn i tude  o f  t h e  s t r a i n .  S t r a i n
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l e v e l s  perceived as normal in  one region induce adaptive remodelling  

in  another. Further, a few b u rs ts  o f  sh o r t  in t e r m it t e n t  dynamic 

loading are enough to i n i t i a t e  rem odelling. Their ob servat ion s  are 

a lso  c o n s is t e n t  with the s tu d ie s  o f  Liskova and Hert (1971) in  that  
s t a t i c  load has l i t t l e  in f lu en ce  as an o s te o reg u la to ry  stim ulus in  

adaptive bone rem odelling for  the maintenance o f  bone. Obviously, 
th e s e  s o r t s  o f  s h o r t  i n t e r m i t t e n t  l o a d i n g  are  n o t  c a p a b le  o f  

producing damage in  the bone matrix.

No evidence o f  microdamage has been observed in  t h i s  study in  

fuchsin sta ined s ec t io n s .  Riggs (1990) found only one s in g le  example 

o f  microdamage in  greatly  remodelled bone.
I t  i s  q u i t e  c l e a r  th a t  the  a d a p t iv e  r e m o d e l l in g  i s  s o l e l y  

dependent on the fu n ct io n a l a c t iv i t y  o f  the anim als. I t  i s  almost 
d e c is iv e  that fu n ct io n a l s tr a in  d ir e c t io n  and i t s  magnitude have a 
d e f in i te  ro le  in  determining the greater remodelling ra te .

In man, w ith  in c r e a s in g  age, an in c r e a s e  in  i n t r a - c o r t i c a l  
p o r o s i ty  i s  secondary to  an in c r ea se  in  the number o f  secondary  

osteons as w e ll  as in  the mean diameter o f  the o s teo n a l ca n a ls .  The 

p o ro s ity  i s  greater  on the en d ocortica l aspect (Martin e t  a l  I 98O). 

In t h i s  s tu d y  o f  h o r se  bone, th e  d e g r e e  o f  p o r o s i t y  was n o t  
a sso c ia ted  with in crea s in g  age. Some younger bone e x h ib ite d  a more 
extensive  h is tory  o f osteonal remodelling than older ones. Moreover, 
the  p o r o s i t y  was more prom in en t n ea r  th e  o u t e r  c o r t e x  due to  

in c r e a s e d  r e m o d e l l in g  w ith o u t  an i n c r e a s e  in  H a v e r s ia n  c a n a l  

diameter, and that in  the inner cortex (endosteal) was mainly due to 

r e s o r p t io n  s p a c e s ,  form ing o s te o n s  w ith  la r g e r  c a n a l s ,  and an 

incomplete trabecular network.

Confocal autofluorescence  somehow r e f l e c t s  the m in er a l isa t io n  

p r o f i l e  o f  the primary and the secondary bone in  both the c o r t i c e s .  
Various degrees o f  m ineralisation of osteons are seen, in d ica t in g  the 

r e l a t i v e  tim e p e r io d  over  which th e  o s t e o n s  had undergone  

m ineralisation . More highly mineralised bone genera lly  e x h ib its  more 

au to flu orescen ce . Features observed in  p o la r is e d  l i g h t ,  such as the 

r e l a t i v e  r e m o d e l l in g  s t a t u s  o f  th e  bone in  th e  t e n s i o n  and 

com pression  c o r t i c e s ,  are c o n s i s t e n t  w ith  th e  o b s e r v a t io n s  in  

confocal autofluorescence. The primary bone i s  more m ineralised, and
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g iv e s  a h i g h e r  a u t o f l u o r e s c e n c e  s i g n a l  from th e  o u t s e t .  The c r a n i a l  

c o r t e x  i s  g r e a t l y  unremodelled ,  and c o n t a i n s  a g r e a t e r  p r o p o r t i o n  o f  

p r i m a r y  b o n e .  Hence ,  t h e  c r a n i a l  c o r t e x  a p p e a r s  b r i g h t e r  t h a n  t h e  

c a u d a l .  N a t u r a l l y ,  t h e  p r i m a r y  p l e x i f o r m  bone  i s  more f l u o r e s c e n t  

th a n  th e  p r im ary  o s t e o n a l  bone.  D i f f e r e n t  r e m o d e l l i n g  i n t e n s i t i e s  i n  

d i f f e r e n t  r e g i o n s  ( i e  p e r i o s t e a l ,  c e n t r a l  and e n d o c o r t i c a l )  o f  t h e  

c r a n i a l  and t h e  c a u d a l  c o r t e x ,  and i t s  v a r i a b i l i t y  i n  a n i m a l s  o f  

d i f f e r e n t  ages  s e e n  i n  p o l a r i s e d  l i g h t ,  i s  q u i t e  a p p a r e n t  from t h e  

d i f f e r e n t  l e v e l s  o f  a u t o f l u o r e s c e n c e .  New 2 * o s t e o n s  a r e  g e n e r a l l y  

t h e  l e a s t  m i n e r a l i s e d  and e x h i b i t  t h e  l e a s t  a u t o f l u o r e s c e n c e .  The 

bone s u r r o u n d i n g  new o s t e o n s  i s  always more f l u o r e s c e n t .  S i n c e  t h e  

c a u d a l  c o r t e x  i s  g r e a t l y  r e m o d e l l e d ,  t h e  g r e a t  m a j o r i t y  o f  t h e  2* 

o s te o n s  i s  da rk .  I n t e r e s t i n g l y ,  th e  c r a n i a l  c o r t e x ,  which undergoes  

a l e s s e r  d e g re e  o f  r e m o d e l l i n g  and c o n t a i n s  few er  2® o s t e o n s ,  a l s o  

shows a p r o p o r t i o n  o f  d a rk  2 “ o s t e o n s .  Some 2 “ o s t e o n s  i n  b o t h  o f  

t h e  c o r t i c e s  a r e  b r i g h t ;  t h e i r  d i s t r i b u t i o n  p a t t e r n  i n  d i f f e r e n t  

r e g i o n s  o f  b o t h  c r a n i a l  and c a u d a l  c o r t i c e s ,  w here  r e m o d e l l i n g  i s  

s e e n  t o  o c c u r  w i t h  a v a r i a b l e  i n t e n s i t y  i n  d i f f e r e n t  a n i m a l s ,  

s u g g e s t s  t h a t  th e s e  a r e  o l d e r  o s te o n s  which a r e  more m i n e r a l i s e d .

O c c a s io n a l ly ,  o l d e r  2" o s teo n s  i n  b o th  c o r t i c e s  a r e  seen  t o  be 

more m i n e r a l i s e d  t h a n  t h e  p r i m a r y  b o n e ,  and e x h i b i t  t h e  h i g h e s t  

a u t o f l u o r e s c e n c e .  The g r e a t e r  number o f  t h e s e  o s t e o n s  i n  o l d e r  

a n i m a l s  f u r t h e r  s u g g e s t s  t h a t  t h e  s e c o n d a r y  b o n e ,  i f  i t  i s  n o t  

f u r t h e r  remode l led ,  can ach ieve  a h ig h e r  m i n e r a l i s a t i o n  d e n s i t y  than  

t h e  pr im ary  bone.  Hence, an a r r e s t e d  o r  r e t a r d e d  r e m o d e l l i n g  p ro c e s s  

i n  o l d e r  age  w i l l  e v e n t u a l l y  l e a d  to  h y p e r m i n e r a l i s a t i o n  o f  t h e  

e x i s t i n g  secondary  bone.

I n  t h e  c r a n i a l  c o r t e x ,  t h e  m ore  a u t o f l u o r e s c e n t ,  more  

m i n e r a l i s e d  o s t e o n s  a r e  d i s t r i b u t e d  more i n  t h e  o u t e r  and i n n e r  

c o r t i c e s  t h a n  i n  t h e  m i d - c o r t e x .  A l though  t h e r e  i s  v a r i a t i o n ,  more 

h i g h l y  m i n e r a l i s e d  o s teo n s  ( b r i g h t  i n  a u t o f l u o r e s c e n c e )  i n  th e  cauda l  

c o r t e x  a r e  g e n e r a l l y  seen  towards th e  p e r i o s t e a l  s i d e  and i n  th e  mid

c o r t e x .  Very few b r i g h t  ( a u t o f l u o r e s c e n t )  2® o s t e o n s  a r e  seen  i n  the  

l a r g e l y  u n rem o d e l le d  e n d o c o r t i c a l  t h i r d  o f  t h e  c a u d a l  c o r t e x .  Th is  

conf irm s  the  o b s e r v a t i o n  i n  PLM t h a t  the  compress ion  c o r t e x  undergoes  

more rem ode l l ing  towards the  p e r i o s t e a l  s u r f a c e ,  w h i l s t  t h e  midcor tex
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remains  m os t ly  unremodelled  i n  th e  t e n s i o n  c o r t e x .  The d i s t r i b u t i o n  

o f  b r i g h t  2" o s t e o n s  i n  d i f f e r e n t  r e g i o n s  o f  t h e  c r a n i a l  and t h e  

c a u d a l  c o r t i c e s  i n d i c a t e s  t h a t  t h e  r e m o d e l l i n g  p r o c e s s  d o e s  n o t  

a lways  f o l l o w  a g r a d i e n t  from p e r i o s t e u m  t o  endos teum ,  a l t h o u g h  i n  

t h e  m a j o r i t y  o f  c a s e s  an i n c r e a s e d  re m o d e l l i n g  i n t e n s i t y  was s een  to  

fo l l o w  a g r a d i e n t  from th e  p e r io s teum  t o  th e  endosteum.

The f e a t u r e s  o f  t h e  c o n f o c a l  a u t o f l u o r e s c e n c e  s e e n  i n  t h e  

t r a n s v e r s e  s e c t i o n s  o f  t h e  d o r s a l  c o r t e x  o f  e q u i n e  M c I I I  o f  two 

ex t reme age animals  ( i e  2yF and 24yF) a r e  a l s o  c o n s i s t e n t  w i th  th o s e  

found  i n  t h e  r a d i i .  The s t u d y  shows t h a t  t h e  p r im a r y  o s t e o n a l  bone 

i s  more  m i n e r a l i s e d  t h a n  t h e  s e c o n d a r y  b o n e ,  and  t h a t  b o t h  t h e  

p r im ary  and secondary  bone r e a c h e s  a h ig h e r  m i n e r a l i s a t i o n  l e v e l  a t  a 

g r e a t e r  a g e .  The m i n e r a l i s a t i o n  d e n s i t y  o f  t h e  c o r t e x  o f  b o t h  t h e  

an im als  (a s  a p p a re n t  by b r i g h t n e s s ) ,  i n d i c a t e s  t h a t  a  h i g h e r  l e v e l  o f  

m i n e r a l i s a t i o n  i s  reached  d u r in g  f i r s t  few y e a r s  o f  l i f e  (as  e a r l y  as 

2 y e a r ) ,  t h e  r e m a i n i n g  b e i n g  a c h i e v e d  t h r o u g h o u t  t h e  r e s t .  

F u r the rm ore ,  an a b ru p t  change i n  the  degree  o f  t h e  m i n e r a l i s a t i o n  o f  

t h e  p r i m a r y  b o n e  a t  t h e  j u n c t i o n  o f  t h e  m i d c o r t e x  a n d  t h e  

e n d o c o r t i c a l  r e g io n  (as seen  i n  t h e  2 y e a r  McIII  and 12 y e a r  r a d i u s ) ,  

s u g g e s t s  t h a t  the  amount o f  more m i n e r a l i s e d  bone i n c r e a s e s  w i th  age,  

and t h a t  t h e  i n c r e a s e  i n  t h e  d e g r e e  o f  t h e  m i n e r a l i s a t i o n  h a s  a 

g r a d i e n t  from endosteum to  pe r io s teum .

The AFCSLM f i n d i n g s  a r e  i n  a g r e e m e n t  w i t h  t h e  n o t i o n  t h a t  

i n c r e a s e d  r e m o d e l l i n g  c a u s e s  a s h i f t  t o w a r d s  l o w e r  m i n e r a l i s a t i o n  

d e n s i t i e s  ( a s  i n  t h e  c a u d a l  c o r t e x )  and t h a t  low t u r n o v e r  ( a s  i n  

c r a n i a l  c o r t e x )  c a u s e s  a s h i f t  t o w a r d s  h i g h e r  m i n e r a l i s a t i o n  

d e n s i t i e s .  The p r e s e n t  s t u d y  a l s o  added  t h a t ,  i n  t h e  a b s e n c e  o f  

f u r t h e r  ( c o n t i n u e d )  r e m o d e l l i n g  (a s  s e e n  i n  t h e  c a u d a l  c o r t e x  o f  

o l d e r  a n i m a l s ) ,  the  secondary  bone can reach  a h i g h e r  m i n e r a l i s a t i o n  

l e v e l  t h a n  t h e  p r i m a r y  b o n e .  T h i s  s u g g e s t s  t h a t  t h e  r a t e  o f  bone  

t u r n o v e r ,  a s  w e l l  as  t h e  c o n t i n u i t y  o f  t h e  r e m o d e l l i n g  p r o c e s s ,  

d e t e r m i n e  bone m i n e r a l i s a t i o n  d e n s i t y .  H y p o - m i n e r a l i s a t i o n  f o l l o w s  

h i g h  b o n e  t u r n o v e r  w h i l e  low b o n e  t u r n o v e r  l e a d s  t o  

h y p e r m i n e r a l i s a t i o n .  The r e s u l t  o f  the  p r e s e n t  s tu d y  i s  i n  agreement  

w i t h  t h e  o b s e r v a t i o n  t h a t  t h e  bone m i n e r a l i s a t i o n  d e n s i t y  i n c r e a s e s  

w i th  age (Jones and Boyde 1994; Boyde e t  a l  1993; Riggs e t  a l  1993a,
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1993b; Boyde e t  a l  1992;  R e id  and Boyde 1987;  Grynpas  1993)* T h i s  

a l s o  c o n f o r m s  w e l l  w i t h  t h e  r e s u l t s  o b t a i n e d  i n  b a c k - s c a t t e r e d  

e l e c t r o n  imaging (Boyde e t  a l  1992; Riggs e t  a l  1993b) where c r a n i a l  

c o r t e x  was found to  be more m i n e r a l i s e d  th a n  th e  cauda l  c o r t e x .

F u r th e r m o re ,  i t  shows t h a t  as  r e m o d e l l i n g  keeps  on r e p l a c i n g  

o l d e r  bone  w i t h  new o s t e o n s ,  more and more p a c k e t s  o f  d i f f e r e n t  

m i n e r a l i s a t i o n  d e n s i t i e s  a r e  l a i d  down p r o d u c i n g  more i n t e r f a c e s  

w i t h i n  a g iven  bone,  which would o b v io u s ly  l e a d  t o  a change i n  b o n e ' s  

m a t e r i a l  p r o p e r t i e s .  V a r i a b l e  r e m o d e l l i n g  i n t e n s i t y  a t  t h e  s i t e s  

s u b j e c t e d  t o  d i f f e r e n t  s t r a i n  d i r e c t i o n  d e m o n s t r a t e s  t h a t  t h e  

m echan ica l  a d a p t a t i o n  p r o c e s s ,  where r e m o d e l l i n g  i s  s t r a i n - m e d i a t e d ,  

i s  a  s i g n i f i c a n t  d e t e rm in a n t  o f  t h e  amount, r a t e  and l o c a t i o n  o f  bone 

fo rm a t io n  and r e s o r p t i o n .

I t  i s  n o t  u n j u s t i f i e d  t o  a r g u e  t h a t  t h e  c h a r a c t e r i s t i c  

d i f f e r e n c e  i n  rem o d e l l in g  i n  c r a n i a l  and cauda l  c o r t i c e s  e x c lu d e s  the  

i d e a  o f  i n i t i a t i o n  o f  r e m o d e l l i n g  i n  t h e s e  s i t e s  t o  o c c u r  f o l l o w i n g  

f a t i g u e  damage.  I f  t h i s  w e re  t r u e ,  t h e r e  w ou ld  h a v e  b e e n  more 

r e m o d e l l i n g  i n  c r a n i a l  c o r t e x  w h ich  s h o u l d  h a v e  s u s t a i n e d  more 

f a t i g u e  damage as  i t  was s u b j e c t e d  t o  more t e n s i o n  t h a n  t h e  c a u d a l  

c o r t e x .  F u r t h e r ,  t i l l  now, no e v i d e n c e  f o r  f a t i g u e  damage h a s  been  

fo u n d  i n  t h e  p e r i o s t e a l  s i d e  w he re  t h e  r e m o d e l l i n g  i s  i n t e n s e .  

A l th o u g h  one can  a r g u e  t h a t  t h e  damage c a n n o t  be s e e n  a t  a  g i v e n  

t im e ,  s i n c e  i t  i s  r a p i d l y  taken  o u t  by r e s o r p t i o n ;  th e  p r e s e n t  s tu d y  

d id  n o t  show any predominant  s i g n  o f  r e s o r p t i o n  i n  t h e  s u b p e r i o s t e a l  

r e g io n  o f  th e  g r e a t l y  remode lled  cauda l  c o r t e x .  Damage due t o  s t r a i n  

does  n o t  a p p a r e n t l y  occu r  when th e  bone i s  s u b j e c t e d  t o  p h y s i o l o g i c a l  

l o a d i n g  (Currey 1984).  I t  i s  p o s t u l a t e d  t h a t  th e  a c q u i r e d  d i f f e r e n c e  

i n  t h e  c a u d a l  c o r t e x  i s  t h e  r e s u l t  o f  a d a p t i v e  r e m o d e l l i n g  o f  t h e  

p e r i o s t e a l  bone,  pr im ary  p le x i fo rm ,  and o s t e o n a l  s t r u c t u r e s  and t h a t  

d i f f e r e n c e s  i n  the  p e r c e p t i o n  o f  s t r a i n  v a r i a b l e s  cause  a  d i f f e r e n c e  

i n  t h e  s t y l e  o f  d e p o s i t i o n  o f  c o l l a g e n  f i b r e s  by t h e  o s t e o b l a s t s  i n  

" c l o s i n g  cones" .

A l t h o u g h  s e v e r a l  s t u d i e s  h a v e  e s t a b l i s h e d  t h a t  t h e  s t r a i n  

d i s t r i b u t i o n  a f f e c t s  c o l l a g e n  f i b r e  o r i e n t a t i o n  w i t h i n  s e c o n d a r y  

o s t e o n s  i n  d i f f e r i n g  l o c a t i o n s ,  y e t  c o n t r o v e r s y  p r e v a i l s  r e g a r d i n g  

t h e  o r g a n i s a t i o n  o f  c o l l a g e n ,  and i t s  p a t t e r n  o f  d i s t r i b u t i o n  which
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a c t u a l l y  causes  l a m e l l a t i o n  w i t h i n  t h e  o s t e o n s .

T h i s  s t u d y  o f  e q u i n e  r a d i i  s e c t i o n e d  i n  d i f f e r e n t  p l a n e s  

e x h i b i t s  f e a t u r e s  t h a t  s u p p o r t  t h e  c l a s s i c  Gebhardt  model i n  t h a t  th e  

l a m e l l a t i o n  w i th in  th e  o s t e o n s  i s  due to  a l ignm en t  o f  c o l l a g e n  f i b r e s  

i n  d i f f e r e n t  d i r e c t i o n s  i n  s u c c e s s i v e  l a y e r s .  The p r e s e n t  s t u d y  

shows t h a t  t h e  f i b r e s  a r e  a c t u a l l y  more l o n g i t u d i n a l  t h a n  o b l i q u e .  

Th i s  s tudy  conf irms th e  view t h a t  l a m e l l a t i o n  r e p r e s e n t s  s u c c e s s i v e  

l a y e r s  o f  b u n d le s  composed o f  f i b r e s  l y i n g  i n  d i f f e r e n t  d i r e c t i o n s  ; 

more l o n g i t u d i n a l  f i b r e s  i n  t h e  PLM d a r k  z o n e s  and more o b l i q u e  

f i b r e s  i n  t h e  PLM b r i g h t  l a y e r s  i n  t r a n s v e r s e  s e c t i o n .  The PLM 

ev id en ce  i s  suppor ted  by SEM o f  th e  r e s o r b e d  c o r t i c a l  bone s e c t i o n s ,  

which a l s o  c o n t r a d i c t  th e  r e c e n t l y  su g g e s te d  a l t e r n a t i v e  h y p o t h e s i s  

t h a t  t h e  l a m e l l a r  a p p e a r a n c e  i s  due t o  a l t e r n a t e  c o l l a g e n - r i c h  and 

c o l l a g e n - p o o r  l a y e r s  w h e re  t h e  f i b r e s  r u n  i n  random d i r e c t i o n s  

( M a r o t t i  1993)* The r e s o r b e d  bone  e x h i b i t e d  s u c c e s s i v e  z o n e s  o f  

d i f f e r e n t l y  o r i e n t a t e d  c o l l a g e n  f i b r e s  w i t h i n  t h e  o s t e o n s ;  t h e  

a l t e r n a t e  l a m e l l a e  c o n t a i n e d  c o l l a g e n  f i b r e s  o f  s i m i l a r  p a c k i n g  

d e n s i t y .

The zones which appeared  s t i p p l e d  between v e r t i c a l  l a m e l l a e  i n  

t h e  c a u d a l  l o n g i t u d i n a l  s l i c e s  w ere  s e e n  a s  a l t e r n a t e  c o m p a c t  

l a m e l l a e  o f  p a r a l l e l  c o l l a g e n  f i b r e s  i n  t h e  o b l i q u e  s l i c e s ,  where the  

d e n s e  l a m e l l a e  c o n t a i n i n g  p a r a l l e l  f i b r e s  a l t e r n a t e d  w i t h  l a y e r s  

w h i c h  a p p e a r e d  s t i p p l e d ,  h e r e  r e p r e s e n t i n g  t h e  l o n g i t u d i n a l  

l a m e l l a e .

I f  one were  t o  a c c e p t  t h e  M a r o t t i ' s  v i e w  t h a t  t h e  b r i g h t  

l a m e l l a e  i n  t r a n s v e r s e  s e c t i o n s  a r e  composed o f  c l o s e l y  i n t e r w o v e n  

f i b r e s  r u n n in g  i n  a l l  d i r e c t i o n s ,  i t  would be i m p o s s i b l e  f o r  t h o s e  

l a m e l l a e  to  e x t i n g u i s h  t o t a l l y  i n  p o l a r i s e d  l i g h t  i n  any o r i e n t a t i o n .  

However,  e x t i n c t i o n  was c l e a r l y  o b s e r v e d  i n  t i l t e d  l o n g i t u d i n a l  

c a u d a l  s e c t i o n s  a t  c e r t a i n  d e g r e e s  o f  t i l t :  t h e  U n i v e r s a l  s t a g e  

p r o v i d e s  an e x c e l l e n t  o p p o r t u n i t y  t o  make su c h  o b s e r v a t i o n s .  The 

l e v e l  o f  e x t i n c t i o n  observed  a t  a  c e r t a i n  deg ree  o f  t i l t ,  i d e n t i f i e d  

t h e  la m e l l a e  to  be o b l i q u e  a t  about  35° t o  th e  long  a x i s .  Th is  i s  i n  

agreement w i th  p r i o r  p r e d i c t i o n s  t h a t  the  " t r a n s v e r s e  f i b r e s "  a r e  n o t  

t r a n s v e r s e ,  b u t  a r e  o b l i q u e  ( R ig g s  e t  a l  1 9 9 3 a ) , a l t h o u g h  t h e y  

su g g e s te d  the  o r i e n t a t i o n  a t  around
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P ro p o sa l s  t h a t  d a rk  ( e x t i n g u i s h e d  o r  n o n - b i r e f r i n g e n t ) l a m e l l a e  

may have  a d i f f e r e n t  c o m p o s i t i o n  e g .  be  composed m a i n l y  o f  g ro u n d  

s u b s t a n c e ,  o r  few f i b r e s  w i t h i n  t h e  g r o u n d  s u b s t a n c e ,  o r  a  

co m p o s i t i o n  o f  l o o s e l y  i n t e r w o v e n  f i b r e s  i n  a l l  d i r e c t i o n s ,  do n o t  

a p p e a r  t o  be t r u e  as  r e v e a l e d  i n  t h i s  s t u d y .  L o n g i t u d i n a l  s a g i t t a l  

s e c t i o n s  o f  th e  c r a n i a l  c o r t e x  show b r i g h t  c o l l a g e n  i n  PLM which a r e  

p a r a l l e l  t o  the  long  a x i s  o f  e lo n g a t e d  o s t e o n s .  In  LPL, e x t i n c t i o n  

o f  t h e s e  f i b r e s  occur  when th e y  l i e  p a r a l l e l  t o  e i t h e r  o f  t h e  p o l a r s .  

The v e ry  f i n e  dark  shadows between b r i g h t  l a m e l l a e  r e p r e s e n t  t h e  few 

t h i n n e r  o b l i q u e  l a m e l l a e .  The t i l t e d  l o n g i t u d i n a l  s e c t i o n  gav e  a 

l a m e l l a r  ap p e a ra n c e  i n  o s t e o n s  when viewed  i n  t h e  u s u a l  t r a n s v e r s e  

p l a n e .  The l i n e a r  dark  boundary l i n e s  may r e p r e s e n t  t h e  cement l i n e  

w h ich  i s  n o n - b i r e f r i n g e n t , a s  t h e  c e m e n t  l i n e  d o e s  n o t  c o n t a i n  

c o l l a g e n  (Weinmann and S i c h e r  1955)• The t i l t e d  l o n g i t u d i n a l  c r a n i a l  

s e c t i o n  examined a t  a  t i l t  +45“ e x h i b i t e d  e x t i n c t i o n  o f  mos t  o f  t h e  

o s t e o n s ,  as happens i n  th e  u s u a l  TS p la n e  o f  s e c t i o n .

The p r e s e n t  f i n d i n g s  c o n f i r m  t h a t  t h e  b r i g h t  p e r i p h e r i e s  o f  

o s t e o n s  i n  TS (a lm ost  an i n v a r i a b l e  f e a t u r e ) ,  i s  due t o  t h e  p r e s e n c e  

o f  more t r a n s v e r s e  f i b r e s .  I t  may be a t t r i b u t a b l e  to  t h e  p a t t e r n  o f  

t h e  o r i e n t a t i o n  o f  t h e  b o n e  f o r m i n g  c e l l s  d u r i n g  t h e i r  i n i t i a l  

r e c r u i t m e n t  a t  t h e  s i t e  o f  " r e v e r s a l  o f  r e s o r p t i o n " ,  and t h e  f i r s t  

few e p i s o d e s  o f  l a y i n g  down o f  c o l l a g e n  when t h e r e  m i g h t  n o t  have  

d e v e l o p e d  a d e f i n i t e  o r i e n t a t i o n  p a t t e r n  o f  o s t e o b l a s t s  w h ic h  

a s s o c i a t e  w i th  t h e  f u t u r e  f u n c t i o n a l  r e q u i r e m e n t ,  which depends  on 

s t r a i n  d i r e c t i o n .  As soon  a s  t h e  f i r s t  few e p i s o d e s  a r e  o v e r ,  t h e  

o s t e o b l a s t s  adopt  an o r i e n t a t i o n  depending on the  type  o f  s t r a i n  the  

bone m a t r ix  e x p e r i e n c e s .  Th is  i s  why th e s e  t r a n s v e r s e  components a r e  

p r e s e n t  i n  bo th  ty pe  o f  o s t e o n s ,  i r r e s p e c t i v e  o f  t h e i r  main c o l l a g e n  

f i b r e  o r i n t a t i o n  o r  o f  t h e i r  l o c a t i o n  i n  e i t h e r  c o r t e x .  The change 

i n  o s t e o b l a s t  o r i e n t a t i o n  t h a t  c o r r e s p o n d s  w i t h  t h e  d i r e c t i o n  o f  

l o n g i t u d i n a l  and n e a r l y  l o n g i t u d i n a l  ( o b l i q u e )  f i b r e s  i n  s u c c e s s i v e  

l a m e l l a e  appears  q u i t e  l o g i c a l .

How i t  i s  c o n t r o l l e d  i s  n o t  known, b u t  i t  i s  c l e a r  from t h e  

a b o v e  t h a t  o s t e o b l a s t s  a r e  a b l e  t o  a d a p t  t o  t h e i r  f u n c t i o n .  

O s t e o b l a s t s ,  w h ic h  s e c r e t e  t h e  o s t e o i d  i n  an  o r d e r l y  m a n n e r ,  

de te rm ine  the  l a m e l l a r  a rrangement i n  bone (Jones e t  a l  1975; Jones  and
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Boyde 1 9 7 6 b ) . S t u d i e s  h a v e  a l r e a d y  showed t h a t  t h e  b o n e  f o r m i n g  

c e l l s  respond to  s t r a i n  i n  v i t r o  (Hasegawa e t  a l  1985; Buckley e t  a l  

1 9 8 8 ) .  The  s t r a i n  b o n e  u n d e r g o e s ,  a n d  d a i l y  f l u c t u a t i o n  i n  

p a r a t h y r o i d  and g row th  hormones  a f f e c t  r e - o r d e r i n g  and  e n s u r e  a 

change  i n  r a t e  o f  m a t r i x  p r o d u c t i o n  ( Jones  and Boyde 1976a,  1976c,  

1977a» 1 9 7 9 ) '  B u ck ley  and c o - w o r k e r s  ( I 9 8 8 ) ,  i n d u c i n g  d e f o r m a t i o n  

regimen w i th  c y c l i c  s t r a i n ,  showed t h a t  t h e  o s t e o b l a s t s  co u ld  undergo 

a r e o r i e n t a t i o n  o f  90" w i t h i n  h o u r s  o f  an a p p l i e d  s t r a i n .  Such  a 

r e o r i e n t a t i o n  i s  n o t  above  d i s p u t e  i n  v i v o .  However,  o n c e  s u c h  a 

r e o r i e n t a t i o n  i n  t h e  p a t t e r n  o f  o s t e o b l a s t s  h a s  been  r e a c h e d  a f t e r  

t h e  i n i t i a l  d e p o s i t i o n  o f  c o l l a g e n  f i b r e s  a t  t h e  p e r i p h e r y ,  f u r t h e r  

r e o r i e n t a t i o n  to  such an e x t e n t  i s  n o t  n e c e s s a r y  f o r  t h e  development 

o f  t h e  c h a r a c t e r i s t i c  c o l l a g e n  o r i e n t a t i o n  p a t t e r n  s e e n  i n  t h e  

s u c c e s s i v e  l a m e l l a e  i n  t h e  p r e s e n t  s t u d y ;  a f a r  l e s s e r  d e g r e e  o f  

change i n  o r i e n t a t i o n  o f  th e  o s t e o b l a s t s  can g iv e  r i s e  t o  t h e  t y p i c a l  

d i f f e r e n t  o r i e n t a t i o n s  o f  c o l l a g e n  f i b r e s  i n  t h e  s u c c e s s i v e  l a m e l l a e ,  

l i i u s  t h e  c h a r a c t e r i s t i c  o r i e n t a t i o n  o f  c o l l a g e n  f i b r e s  i n  

p red o m in an t ly  d i f f e r e n t  o r i e n t a t i o n s  i s  a t t r i b u t a b l e  t o  t h e  d i f f e r i n g  

f u n c t i o n a l  a c t i v i t y  o f  o s t e o b l a s t s  i n  t h e  ' c l o s i n g  cones*

Osteons have been d i f f e r e n t i a t e d  i n t o  t h r e e  v a r i e t i e s  depending  

on t h e i r  appearance  i n  p o l a r i s e d  l i g h t  - LS, TS and mixed (A scenzi  and 

Bonucci  1967 . 1968; Evans 1974).  Th is  p r e s e n t  s tu d y  showed t h a t  the  

g r e a t  m a j o r i t y  o f  o s t e o n s  p r e s e n t  i n  t h e  e q u i n e  r a d i u s  c r a n i a l  and 

c a u d a l  c o r t i c e s  were e i t h e r  p r e d o m i n a n t l y  d a r k  o r  p r e d o m i n a n t l y  

b r i g h t ,  and e x h i b i t e d  d i f f e r e n t  d e g r e e s  o f  l a m e l l a t i o n .  A b s o l u t e l y  

b r i g h t  o r  d a r k  ( p a r a l l e l  f i b r e d )  o s t e o n s  i n  e i t h e r  o f  t h e  c o r t i c e s  

c o u l d  h a r d l y  be found.  T h i s  may be b e c a u s e  we r a r e l y  l o o k  e x a c t l y  

a l o n g  t h e  l o n g  a x i s  o f  t h e  o s t e o n .  The r a r e ,  v e r y  d a r k  o s t e o n s  

s t i l l  had a t h i c k  PLM b r i g h t  component a t  t h e i r  p e r i p h e r i e s .

The p r e s e n t  s t u d y  w i t h  t h e  >515nm A u t o f l u o r e s c e n c e  mode o f  

C o n f o c a l  M i c r o s c o p y  a l s o  c o n f i r m s  p r e v i o u s  f i n d i n g s  u s i n g  

b a c k s c a t t e r e d  e l e c t r o n  imaging (Boyde e t  a l  1992; Riggs e t  a l  1993b) 

t h a t  t h e  c r a n i a l  c o r t e x  i s  more m i n e r a l i s e d  t h a n  t h e  c a u d a l  c o r t e x .  

T h i s  f i n d i n g  a l s o  a s s o c i a t e s  w i th  the  d i f f e r e n c e s  i n  t u r n o v e r  r a t e  i n  

c r a n i a l  and cauda l  c o r t i c e s  (Lanyon e t  a l  1982; Boyde and Riggs 1990; 

Riggs  e t  a l  1993a) . The p r e s e n t  s tudy  s u g g e s t s  t h a t  t h e  r e a s o n  t h a t
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th e  m i n e r a l i s a t i o n  d e n s i ty  i s  more in  th e  c r a n i a l  c o r t e x  i s  t h a t  th e  

g r e a t e r  p a r t  o f  i t s  p r im a ry  bone r e m a in s  u n r e m o d e l l e d  ev en  a t  a 

g r e a t e r  age. T h is  s tu d y  f u r t h e r  su g g e s ts  t h a t  th e  seco n d ary  bone, i f  

n o t  f u r t h e r  rem ode lled ,  can ach iev e  a h ig h e r  l e v e l  o f  m i n e r a l i s a t i o n  

d e n s i t y  th a n  t h e  p r im a r y  bone  w i th  i n c r e a s i n g  a g e .  The l a t e r  i s  

b e t t e r  dem onstra ted  i n  th e  cau d a l  c o r te x  o f  th e  r a d i i  o f  th e  g r e a t e r  

age an im als .

M a r o t t i  (1993) a rg u e s  t h a t  i t  i s  o n ly  p a r a l l e l  f i b r e d  o s te o n s  

( M a r o t t i  and  M u g l ia  1992) t h a t  a r e  s u i t e d  t o  w i t h s t a n d  t e n s i l e  

s t r e s s .  The PLM d a rk  l a m e l l a e  a r e  supposed  to  be form ed by l o o s e l y  

in te rw oven  f i b r e s  which reac h  a  h ig h e r  deg ree  o f  m i n e r a l i s a t i o n  than  

th e  c o l l a g e n  d e n se  l a m e l l a e ,  and th u s  b e t t e r  s u i t e d  t o  w i t h s t a n d  

c o m p re s s io n .  M a r o t t i  found  no c o r r e l a t i o n  b e tw e e n  t h e  d e g r e e  o f  

m a t r ix  c a l c i f i c a t i o n  and th e  u l t i m a t e  t e n s i l e  s t r e n g t h  o f  c o l l a g e n  

f i b r e s .  A lth o u g h  t h e s e  f e a t u r e s  w ould e x p l a i n  t h e  f a c t  t h a t  t h e  

t e n s i o n  c o r t e x  i s  s t r o n g e r  i n  c o m p r e s s i o n  t h a n  t e n s i o n ,  t h e  

i n e v i t a b l e  q u e s t i o n  i s ,  where does th e  t e n s i l e  s t r e n g t h  i n  c r a n i a l  

c o r t e x  come from ? I f  i t  i s  t r u e  t h a t  t h e  more t h e  l o n g i t u d i n a l  

f i b r e s ,  th e  g r e a t e r  i s  th e  t e n s i l e  s t r e n g t h ,  o b v io u s ly ,  th e  answ er 

l i e s  w i th in  i t s e l f .

C o lla g e n  f i b r e s  p ro v id e  th e  key e le m e n t  f o r  th e  b io m e c h a n ic a l  

s t r e n g t h  o f  t h e  o s t e o n s .  S i n c e  b o n e  a d a p t s  t o  f u n c t i o n ,  t h e  

b i o l o g i c a l  o r g a n i s a t i o n  o f  t h e  c o l l a g e n  s h o u ld  f i t  w e l l  w i th  i t s  

b iom echan ica l  need.
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Background d a ta  o f  C h ap te r 2 

T ab le  2 .5 a -b

T a b le  2 .5 a  Number o f  o s t e o n s  i n  20 a r e a s  ( f ro m  p e r i o s t e u m  t o  

en d o s teu m ) i n  p a i r s  o f  u n d e c a l c i f i e d  p l a n e  p a r a l l e l  s e c t i o n s  o f  

c r a n i a l  c o r t e x  ta k e n  1cm a p a r t  : th e  most d i s t a n t  s e c t i o n s  b e in g  a t  

5 . 5cm p ro x im a l  to  t h e  m id s h a f t  p la n e  o f  th e  r a d i u s  ( m id s h a f t  p l a n e ,  

1cm, 2cm, 3cm, 4cm and 5*5cm p r o x im a l ly ) .

l8 y  c r a n i a l

S e c t io n s T o ta l  no. B r ig h t  (Obi) Dark (LS)

M idshaft/1

M id sh af t /2

103 162 

113 169

22

25

99
110

140

144

I c m .p r o x . / l

lc m .p ro x . /2

110 165 

94 169
15

25

106

85

150

144

2 c m .p ro x . / I  

2 cm .p rox ./2

142 132

126 127
9

11

22
22

133

115

110

105

3 c m .p ro x . / l

3cm .p rox ./2

127 164

111 165

16

27

119

103

148

138

4 c m .p ro x . / l  

4 cm .p rox ./2
123 154 

137 163

14

20
23

27

109

117

131
136

5 cm .p rox /l

5 .5cm .p rox /2
103 176 

80 179

4

10

24

39

99

70

152

140
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T a b l e  2 . 5 b  Number o f  o s t e o n s  i n  20 a r e a s  ( f r o m  p e r i o s t e u m  t o  

en d o s teu m ) i n  p a i r s  o f  u n d e c a l c i f i e d  p l a n e  p a r a l l e l  s e c t i o n s  o f  

c a u d a l  c o r t e x  t a k e n  1cm a p a r t :  t h e  m ost d i s t a n t  s e c t i o n s  b e i n g  a t  

5 . 5cm p ro x im a l  to  t h e  m id s h a f t  p la n e  o f  t h e  r a d i u s  ( m id s h a f t  p l a n e ,  

1cm, 2cm, 3cm, 4cm and 5*5cm p ro x im a l ly ) .

l8 y  Caudal:

S e c t io n s T o ta l  no. B r ig h t  (Obi) Dark (LS) 

1 '  2 °

M id sh a f t /1  3 425 0 405

M id sh a f t /2  1 486 0 477

20
9

1cm. p r o x . / l  3 343 0 322

1cm. p r o x . /2  0 335 0 320

21

15

2 c m .p ro x . / I  

2cm .p rox . /2
358

349

334

339

24

10

3 c m .p ro x . / I  

3 cm .p ro x ./2

392

401
373
372

19

29

4 c m .p ro x . / I  

4 cm .p ro x ./2
363
400

333

373

30

27

5 cm .p ro x /l  3 387 0 342

5 .5cm .p rox /2  6 4 l l  0 356
45

55
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Table 2.6a-b lly cranial and caudal cortex:

T ab le  2 .6 a  Number o f  o s te o n s  in  20 a re a s  i n  p a i r s  o f  p la n e  

p a r a l l e l  s e c t i o n s  o f  100pm t h i c k n e s s ,  o b t a i n e d  from  t h e  r a d i u s  

( c r a n i a l  a s p e c t )  s t a r t i n g  from  m i d s h a f t  p l a n e  and  t h e n  a t  1cm 

i n t e r v a l  p ro x im a lly  up to  5cm (m id sh a ft  p la n e ,  1cm, 2cm, 3cm, 4cm and 

5cm p r o x i m a l l y ) . T a b u l a t e d  w i t h  t h e i r  c h a r a c t e r i s t i c  c o l l a g e n  

o r i e n t a t i o n :  o b l iq u e  ( b r ig h t )  o r  l o n g i t u d i n a l  (d a rk ) .

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)

M id sh af t /1  l64 107 39 23 125 84

M id sh a f t /2  173 99 28 26 145 73

1 cm/1  120 136 11 20 109 116

1 cm/2  132 126 16 18 116 108

2 c m ./I  110 161 17 15 93 146

2 cm/2  123 140 15 8 108 132

3 cm/1  121 109 17 15 104 94

3 cm/2  118 118 12 6 106 112

4 cm/1  123 103 8 8 115 95

4 cm/2  128 104 25 12 103 92

5 cm/1  135 89 29 12 106 77

5 cm/2  131 94 11 17 120 77
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T ab le  2 .6 b  Number o f  o s te o n s  i n  20 a re a s  i n  p a i r s  o f  p la n e  

p a r a l l e l  s e c t io n s  o f  100pm th i c k n e s s ,  o b ta in e d  from th e  c au d a l  c o r te x  

o f  11 y e a r  o l d  r a d i u s ,  f rom  i t s  m i d s h a f t  p l a n e  and  t h e n  a t  1cm 

i n t e r v a l s  p ro x im a lly  up to  5 cm, t a b u la te d  w ith  t h e i r  c h a r a c t e r i s t i c  

c o l la g e n  o r i e n t a t i o n :  o b l iq u e  - b r i g h t .  L o n g i tu d in a l  - Dark.

C auda l:

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)

M idshaft /1  38 212 13 191 25 21

M id sh af t /2  27 218 7 191 20 27

1 cm/1 43 195 13 160 30 35

1 cm/2 38 206 17 l 8 l  21 25

2 cm/1 36 215 4 I 76 32 39

2 cm/2 44 200 6 I 7 I  38 29

3 cm/1 42 220 1 189 41 31

3 cm/2 44 218 0 189 44 29

4 cm/l 31 226 2 181 29 45

4 cm/2 33 210 1 178 32 32

5 cm/1 39 227 2 187 37 40

5 cm/2 38 223 1 188 37 35
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T ab le  2 .7 a - b  Unknown age #1

T ab le  2 .7 a  T o ta l  no. o f  o s te o n s  in  a 20 a r e a s  e x te n d in g  from 

p e r i o s t e a l  to  e n d o s t e a l  s i d e  i n  each  o f  th e  c r a n i a l  s e c t i o n s  o f  th e  

h o r s e  r a d i u s  o f  unknown age  1 ( m i d s h a f t  p l a n e ,  6 .5  mm and 13 mm 

p ro x im a l) .

S e c t io n s T o ta l  no. B r ig h t  (Obi) Dark (LS)

M id sh af t . 103 98 2 101 89

Middle (6.5mm) 90 108 23 28 67 80

Proxim al (13mm) 97 107 9 24 88 83

T able  2 .7 b  No. o f  o s te o n s  i n  20 a re a s  ( p e r i o s t e a l  to  e n d o s te a l )  

in  e ac h  o f  th e  c a u d a l  s e c t i o n s  o f  th e  h o r s e  r a d i u s  o f  unknown age 1 

(m id sh a f t ,  6 .5  mm and 13 mm p ro x im a l) .

S e c t io n s T o ta l  no. B r ig h t  (Obi) Dark (LS)

M idshaft 16 427 389 15 38

Middle (6.5mm) 11 399 0 365 11 34

Proxim al (13mm) l8  405 0 375 18 30
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T ab le  2 .8 a  No. o f  o s te o n s  i n  20 a r e a s  (on th e  p e r i o s t e a l  s id e )

i n  each  o f  th e  c r a n i a l  s e c t i o n s  o f  th e  h o r s e  r a d iu s  o f  unknown age 1

(m id s h a f t ,  6.5mm and 13mm p ro x im a l) .

T ab le  2 . 8a-b

C ra n ia l

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)
1» 2» 1 “ 2* 1* 2*

M idshaft  104 136 49 28 55 108

Middle ( 6 . 5mm) 108 l44  71 56 37 88

Prox . (ISmni) 111 137 6 l  39 50 98

T ab le  2 .8 b .  No. o f  o s te o n s  i n  20 a r e a s  (on th e  p e r i o s t e a l  s id e )

i n  eac h  o f  th e  c a u d a l  s e c t i o n s  o f  th e  h o r s e  r a d i u s  o f  unknown age 1

(m id sh a f t ,  6.5mm and 13mm p ro x im a l) .

C au d a l:

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)

1 “  2 "  1 “  2 *  1 "  2 °

M idshaft  0 482 0 438 0 44

Middle (6.5mm) 1 485 0 463 1 22

Prox. (13mm) 0 477 0 425 0 52
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T ab le  2 .9 a -b  6 y e a r  c r a n i a l  and cau d a l :

T ab le  2 .9 a  Number o f  o s te o n s  i n  20 a r e a s  i n  6y c r a n i a l  c o r te x ,

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)

1" 2° 1" 2 '  1 “ 2°

M idshaft  124 106 0 9 124 97

3 cm. p rox . 135 83 0 5 135 78

T ab le  2 .9 b  Number o f  o s te o n s  i n  20 a r e a s  i n  6y cau d a l  c o r t e x .

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)
2® 2° 2 *

M idshaft  0 220 0 220 0 0

3 cm. prox . 0 206 0 206 0 0

T ab le  2 .1 0 a -b  Unknown age #2 c r a n i a l  and c a u d a l :

T ab le  2 .1 0 a  Number o f  o s teo n s  i n  20 a r e a s  i n  unknown age (2) 

c r a n i a l  c o r te x .

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)
2® 2 ® 2 ® 2 ® 2 *

M idshaft  99 103 0 6 99 97

3 cm. prox . 123 75 0 8 123 67

117



T ab le  2 .10b  Number o f  o s te o n s  in  20 a r e a  i n  unknown age (2) 

c a u d a l  c o r te x .

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)

1 “  2 “  1 “  2 “  1 “  2 °

M idshaft  66 204 66 201 0 3

3 cm. p rox . 99 163 99 155 0 10

T ab le  2 .1 1 a -b  12 y e a r  c r a n i a l  and cauda l

T ab le  2 .1 1 a  Number o f  o s te o n s  in  20 a re a s  i n  12y c r a n i a l  s e c t i o n s

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)
2 o 2 ® 2 ® 2 ® 2 ® 2 ®

M idshaft  I 68 132 8 5 I 60 127

3 cm. p rox . 126 IO8 3 4 123 104

T ab le  2 .11b  Number o f  o s te o n s  in  20 a re a s  i n  12y cau d a l  s e c t i o n s .

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)

M idshaft  2 249 2 249

3 cm. p rox . 11 222 8 219
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Table 2.12a-b l8year #2 cranial and caudal:
Table 2.12a No. of osteons in 20 areas in l8y (2) cranial sections,

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)

1 *  2 ’  1 “  2 *  1 “  2 °

M id sh af t  l42  79 10 13 132 66

3 cm. p rox .  139 8 l  28 21 111 60

T ab le  2 .12b  No. o f  o s te o n s  in  20 a re a s  in  l8 y  (2) cau d a l  s e c t i o n s .

S e c t io n s  T o ta l  no. B r ig h t  (Obi) Dark (LS)

1 “ 2 “ 1 “ 2 '  1" 2*

M idshaft  26 277 25 274 1 3

3 cm. p rox .  23 249 17 235 6 l4
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T a b le s  2 .13  “ 2 .19

P r o p o r t i o n  o f  l o n g i t u d i n a l  and o b l i q u e  c o l l a g e n  i n  u n d e c a l c i f i e d  

p l a n e  p a r a l l e l  s e c t i o n s  o f  100 pm t h i c k n e s s ,  one  e a c h  from  t h e  

c r a n i a l  and c a u d a l  c o r t i c e s  o f  7 a n im a ls .  H i t s  on g r i d  i n  s e c o n d a ry  

o s te o n s  were re c o rd e d ,  su b d iv id in g  i n t o  most p e r i p h e r a l ,  m id th ic k n ess  

and c e n t r a l .

B = B r ig h t  = o b l i q u e ,  D = Dark = L o n g i tu d in a l .  T o t a l  h i t s  on g r i d  -  

36.

T ab le  2 .1 3 a -b  6y c r a n i a l  and cauda l s e c t i o n s :

T ab le  2 .1 3 a  6y c r a n i a l

1 2 3 4 5 6

F ie ld H its  i n  2* P e r ip h Mid C e n t ra l To ta]

B/D B/D B/D B/D

1 9 8 /0 0 /0 0 /1 8 /1
2 11 8 /0 0 /1 0 /2 8 /3

3 9 2 /0 1/4 1/1 4 /5
4 3 2 /0 0 /1 0 /0 2 /1

5 8 4 /0 0 /2 l ) l 5 /3
6 11 6 /0 1/4 0 /0 7 /4

7 9 6 /0 2 /1 0 /0 8 /1
8 18 10/0 1/2 0 /5 11/7

9 9 6 /0 0 /2 0/1 6 /3
10 6 3 /0 0 /2 1 /0 4 /2

11 13 8 /0 0 /5 0 /0 8 /5
12 9 6 /0 0/1 0 /2 6 /3

13 10 7 /0 1/2 0 /0 8 /2

14 8 4 /0 2 /2 0 /0 6 /2

15 10 6 /0 1/1 0 /2 7 /3
16 16 11/0 1/3 0 /1 12/4

17 15 11/0 0 /2 0 /2 11/4

18 4 1/0 0 /2 0/1 1/3

19 7 5 /0 0/1 0/1 5 /2
20 3 3/0 0 /0 0 /0 3 /0
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Table 2.13b 6y caudal

1 2  3 4 5 6
Field Hits in 2° Periph Mid Central Total

B/D B/D B/D B/D

1 29 15/0  10 /0  4 /0  2 9 /0

2 34 17 /0  13 /0  4 /0  34/0

3 36 15 /0  16/0  5 /0  36/0

4 33 16/0  14/0  3 /0  33/0

5 34 18/0  10 /0  6 /0  34/0

6 32 14 /0  10/0  8 /0  32/0

7 32 19/0  8 /0  11 /0  32/0

8 32 17/0  7 /0  8 /0  32/0

9 33 18/0  9 /0  6 /0  33/0

10 34 12/0  12 /0  10 /0  34/0

11 33 20 /0  9 /0  4 /0  33/0

12 31 17/0  7 /0  7 /0  31/0

13 30 19/0  8 /0  3 /0  30/0

14 32 17/0  12/0  3 /0  32/0

15 33 10/0  18/0  5 /0  33/0

16 35 15/0  16 /0  4 /0  35/0

17 27 15/0  10/0  2 /0  27 /0

18 31 14/0  14 /0  3 /0  31/0

19 31 11 /0  10/0  10 /0  31/0

20 31 20 /0  6 /0  5 /0  31/0
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Table 2.l4a-b lly cranial and caudal sections:
Table 2.l4a lly cranial

1 2 3 4 5 6

Tield H its  i n  2° P e r ip h Mid C e n t r a l T o ta l

B/D B/D B/D B/D

1 13 7 /0 0 /4 2 /0 9 /4

2 11 4 /1 0 /4 0 /2 4 /7

3 12 7 /1 0 /3 1 /0 8 /4

4 1 0 /0 1 /0 0 /0 1 /0

5 7 3 /0 1/3 0 /0 4 /3
6 12 5/1 0 /6 0 /0 5 /7

7 4 4 /0 0 /0 0 /0 4 /0

8 15 10/0 0 /4 1 /0 11/4

9 18 10/1 3 /3 1 /0 14/4

10 14 5 /0 3 /5 1 /0 9 /5
11 19 11/1 0 /6 1 /0 12/7
12 6 2 /0 2 /0 2 /0 6 /0

13 5 4 /0 0/1 0 /0 4 /1
14 4 1 /0 0 /3 0 /0 1/3

15 7 4/1 1/1 0 /0 5 /2

16 6 3 /0 1/1 1 /0 5/1

17 8 4 /0 2/1 0 /1 6 /2

18 14 9 /0 0 /3 1/1 10/4

19 9 5 /0 0 /3 0 /1 5/4

20 13 5 /0 1/7 0 /0 6 /7
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Table 2.l4b lly caudal

1 2 3 4 5 6

Area H i t s  in  2° P e r ip h Mid C e n t r a l T o ta l

B/D B/D B/D B/D

1 32 2 0 /0 10/0 1/1 31/1

2 23 11/0 9 /0 3 /0 23 /0

3 25 6 /0 18/0 1 /0 25 /0

4 27 11/0 10/0 6 /0 27 /0

5 21 12/0 8 /0 1 /0 21 /0

6 15 10/0 4 /0 1 /0 15 /0

7 13 6 /0 4 /0 2 /1 12/1

8 6 5 /0 0 /0 1 /0 6 /0

9 26 17/0 8 /0 1 /0 26 /0

10 15 8 /0 2 /0 1 /4 14/1

11 25 11/0 13/0 1 /0 2 5 /0

12 26 8 /0 13/0 5 /0 2 6 /0

13 19 10/0 7 /0 2 /0 19 /0

14 17 8 /0 8 /0 1 /0 17 /0

15 17 12/0 3 /0 1/1 16/1

16 6 2 /0 2 /0 2 /0 6 /0

17 23 14/0 6 /0 3 /0 2 3 /0

18 21 8 /0 9 /0 3 /1 20/1

19 22 11/0 8 /0 3 /0 2 2 /0

20 30 21/1 5/1 2 /0 28 /2
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Table 2.15a-b 12y cranial and caudal sections

Table 2.15a 12y cranial

1 2 3 4 5 6

F ie ld H its  in  2° P e rip h Mid C e n tra l T o ta l

B/D B/D B/D B/D

1 8 2 /0 0 /5 1 /0 3 /5
2 10 6 /0 1/3 0 /0 7 /3

3 6 2 /1 0 /3 0 /0 2 /4

4 7 4 /0 0 /3 0 /0 4 /3

5 3 2 /0 1 /0 0 /0 3 /0

6 9 4 /0 0 /3 0 /2 4 /5

7 10 2 /1 1/5 0 /1 3/7
8 13 8 /0 1/2 0 /2 9 /4

9 9 5 /0 2 /1 1 /0 8 /1

10 5 0 /1 1/1 1/1 2 /3
11 15 7 /0 2 /3 1 /2 10/5
12 6 3 /0 1/1 0 /1 4 /2

13 0 0 /0 0 /0 0 /0 0 /0

14 5 4 /0 0 /0 0 /1 4/1

15 12 4 /0 1/5 0 /2 5 /7
16 13 10/0 0 /3 0 /0 10/3

17 14 6 /0 3/1 3/1 12/2

18 4 4 /0 0 /0 0 /0 4 /0

19 10 5 /0 0 /3 2 /0 7 /3
20 6 3 /0 1/1 1 /0 5/1
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Table 2.15b 12y caudal

1 2 3 4 5 6

F ie ld H its  i n  2 “ P e r ip h Mid C e n t r a l T o ta l

B/D B/D B/D B/D

1 34 2 0 /0 9 /0 5 /0 34/0

2 35 16/0 19 /0 5 /0 35 /0

3 34 15 /0 12 /0 7 /0 34 /0

4 35 19 /0 11 /0 5 /0 35 /0

5 30 15 /0 10 /0 5 /0 30 /0

6 31 10/0 18 /0 3 /0 31/0

7 32 15 /0 1 5 /0 2 /0 3 2 /0

8 28 13/0 1 1 /0 4 /0 28 /0

9 25 14/0 6 /0 5 /0 25 /0

10 18 7 /0 9 /0 2 /0 18/0

11 33 19 /0 11 /0 3 /0 33 /0

12 30 15 /0 8 /0 7 /0 30 /0

13 31 16 /0 9 /0 6 /0 31 /0

14 27 12/0 11 /0 4 /0 2 7 /0

15 28 l 4 / 0 12/0 2 /0 28 /0

16 30 16 /0 11 /0 3 /0 30 /0

17 34 14/0 15 /0 5 /0 34 /0

18 28 8 /0 16/0 4 /0 28 /0

19 17 6 /0 7 /0 4 /0 17 /0

20 15 6 /0 6 /0 3 /0 15 /0
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Tables 2.l6a-b l8y cranial and caudal cortex:

Table 2.l6a l8y cranial

1 2 3 4 5 6

F ie ld H i ts  i n  2* P e r ip h Mid C e n t r a l T o ta l

B/D B/D B/D B/D

1 18 15/0 0 /2 1 /0 16/2

2 15 10/0 0 /4 1 /0 11/4

3 16 10/1 0 /3 2 /0 12/4

4 15 8/1 0 /4 1/1 9 /6

5 14 8 /3 0 /3 0 /0 8 /6

6 17 8/1 0 /6 1/1 9 /8

7 15 7 /2 0 /6 0 /0 7 /8
8 22 12/1 5 /4 0 /0 17/5

9 21 15/0 0 /4 0 /2 15/6
10 16 9 /0 0 /5 2 /0 11/5
11 15 9 /0 3 /2 1 /0 13/2
12 16 12/0 0 /4 0 /0 12/4

13 15 8 /0 1/4 1/1 10/5
14 16 10/0 1/4 1 /0 12/4

15 14 12/0 0 /1 1 /0 13/1
16 17 10/0 1 /6 0 /0 11 /6

17 15 10/0 2 /2 2 /0 14/2

18 10 6 /0 1/3 0 /0 7 /3

19 11 6 /0 0 /4 0 /1 6 /5
20 17 14/0 0 /1 0 /2 14/3
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Table 2.l6b l8y caudal

1 2 3 4 5 6

F ie ld H its  in  2 ' P e r ip h Mid C e n t r a l T o ta l

B/D B/D B/D B/D

1 32 21/0 7 /2 2 /0 30/2

2 36 20/0 12/0 3/1 35/1

3 34 19/0 12/0 3 /0 34 /0

4 33 19/0 6 /2 3 /3 28/5

5 32 21/0 2 /6 2 /1 25/7
6 30 18/0 6/4 2 /0 26/4

7 32 17/0 7 /5 3 /0 2 7 /5
8 35 16/0 12/1 6 /0 34/1

9 34 24/0 7 /1 2 /0 33/1
10 33 20/0 5 /2 6 /0 31/2

11 34 16/0 6 /8 4 /0 2 6 /8

12 33 17/0 8 /6 2 /0 2 7 /6

13 31 22/0 5 /2 2 /0 29 /2

14 28 10/0 13/3 2 /0 25/3

15 30 12/0 11/6 1 /0 2 4 /6

16 36 26/0 6 /2 2 /0 34/2

17 35 24/1 9 /1 0 /0 33/2

18 36 19/0 11/3 3 /0 33/3

19 34 19/0 6/3 6 /0 31/3
20 34 23/1 6/1 3 /0 32 /2
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Tables 2.17a-b l8y (2) cranial and caudal cortex:

Table 2.17a l8y (2) cranial

1 2 3 4 5 6

F ie ld H its  i n  2* P e r ip h Mid C e n t r a l To ta ]

B/D B/D B/D B/D

1 4 4 /0 0 /0 0 /0 4 /0

2 3 2 /0 0/1 0 /0 2 /1

3 2 1 /0 0 /0 0 /1 1 /0

4 4 3 /0 0/1 0 /0 3/1

5 5 4 /0 1/0 0 /0 5 /0

6 4 2 /0 0/1 0 /1 2 /2

7 14 12/0 0 /0 1/1 13/1
8 8 2 /0 0 /5 0 /1 2 /6

9 12 7 /0 0 /4 0 /1 7 /5
10 8 7 /0 0/1 0 /0 7 /1
11 2 2 /0 0 /0 0 /0 2 /0

12 0 0 /0

13 2 2 /0 0 /0 0 /0 2 /0

14 1 1/0 0 /0 0 /0 1 /0

15 2 1/0 0/1 0 /0 1/1
16 8 6 /0 1/1 0 /0 7 /1

17 12 6 /0 1/3 0 /2 7 /5
18 7 3 /0 1/1 0 /2 4 /3

19 8 5 /0 0 /3 0 /0 5 /3
20 2 1 /0 0/1 0 /0 1/1
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Table 2.17b l8y (2) caudal

1 2  3 4 5 6
Field Hits in 2“ Periph Mid Central Total

B/D B/D B/D B/D

1 34 15 /0  18 /0  1 /0  34/0

2 30 15/0  7 /0  8 /0  30/0

3 24 15/0  5 /0  4 /0  24 /0

4 28 13 /0  12 /0  3 /0  28 /0

5 21 12/0  2 /0  7 /0  21/0

6 16 8 /0  6 /0  2 /0  16/0

7 16 7 /0  6 /0  3 /0  16/0

8 3 2 /0  0 /0  1 /0  3 /0

9 29 13/0  11/0  5 /0  29 /0

10 30 20 /0  6 /0  4 /0  30 /0

11 20 12/0 4 /0  4 /0  20 /0

12 29 12/0 10/0  7 /0  29 /0

13 16 1 /0  10/0  5 /0  16/0

14 20 13/0  3 /0  4 /0  20 /0

15 10 5 /0  4 /0  1 /0  10/0

16 5 5/0  0/0  0/0  5/0
17 30 20 /0  7 /0  3 /0  30/0

18 23 8 /0  14 /0  1 /0  23 /0

19 31 13/0  15/0  3 /0  31/0

20 30 17/0  8 /0  5 /0  30/0
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T ab le  2 . l 8 a - b  Unknown age (1) c r a n i a l  and cau d a l  c o r te x :

T ab le  2 . l 8 a  Unknown age (1) c r a n i a l

1 2  3 4 5 6

F ie l d  H i ts  i n  2 “ P e r ip h  Mid C e n t r a l  T o ta l

B/D B/D B/D B/D

1 13 8 /3  0 /1  1 /0  9 /4

2 2 1/0  0/0  0/1  1/1

3 4 3 /0  1 /0  0 /0  4 /0

4 9 4 /3  0 /1  0 /1  4 /5

5 4 4 /0  0 /0  0 /0  4 /0

6 2 0/0  0/1  0/1  0/2
7 5 4 /0  1 /0  0 /0  5 /0

8 15 12 /0  1 /0  2 /0  15/0

9 10 4 /1  1 /3  1 /0  6 /4

10 9 4 /0  2 /3  0 /0  6 /3

11 5 4 /0  1 /0  0 /0  5 /0

12 6 4 /0  1 /0  0 /1  5/1

13 5 3 /0  1 /0  0 /1  4 /1

14 4 1 /0  0 /0  0 /3  1 /3

15 6 3 /0  1 /0  2 /0  6 /0

16 7 4 /1  0 /2  0 /0  4 /3

17 4 1 /0  0 /2  0 /1  1/3

18 6 2 /0  0 /2  0 /2  2 /4

19 5 3 /1  0 /1  0 /0  3 /2

20 4 3 /0  0 /0  0 /1  3/1
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T ab le  2 .18b  Unknown age (1) cau d a l

1 2  3 4 5 6
Field Hits in 2" Periph Mid Central Total

B/D B/D B/D B/D

1 34 18/0  13 /0  2 /1  33/1

2 36 19/0  8 /0  8 /1  35/1

3 34 20 /0  13/0  1 /0  34/0

4 30 15/0  9 /0  6 /0  30/0

5 29 2 0 /0  5 /1  3 /0  28 /1

6 26 23 /0  3 /0  0 /0  26 /0

7 24 12/0  8 /1  2 /1  22/2

8 18 12/0  3 /2  1 /0  16/2

9 16 8/0  3/5  0/0  11/5
10 31 17/0 7 /3  4 /0  28 /3

11 34 15/0  15/1 2 /1  32 /2

12 35 21/1  5 /4  4 /0  30/5

13 32 23 /0  5 /2  2 /0  30/2

14 33 24/1 4 /2  2 /0  30/3

15 29 20/1  5 /3  0 /0  25/4

16 25 14 /2  4 /2  2 /1  20/5

17 23 14/2 3 /1  3 /0  20/3

18 34 17/0  9 /2  4 /0  30/4

19 33 19/0  7 /1  1 /6  32/1

20 34 22/1 8 /2  1 /0  31 /3
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T able  2 .19  a -b  Unknown age (2) c r a n i a l  and cau d a l  c o r te x :

T ab le  2 .1 9 a  Unknown (2) c r a n i a l

1 2 3 4 5 6

F ie ld  H i ts  i n  2* P e r ip h  Mid C e n t r a l  T o ta l

B/D B/D B/D B/D

1 7 6/0 0/1 0/0  6/1
2 15 6 /0  0 /5  0 /4  6 /9

3 13 10 /0  0 /2  0 /1  10/3

4 15 9 /2  0 /4  0 /0  9 /6

5 11 7 /0  0 /3  0 /1  7 /4

6 7 5/0  0/1  0/1  5/2
7 11 6/0  2/1  0/2  8/3
8 17 1 /0  2 /4  0 /0  13/4

9 6 6/0 0/0  0/0  6/0
10 12 7 /0  1 /2  0 /2  8 /4

11 7 5/0  0/1 0/1  5/2
12 12 8/0  1/1 0/2  9/3
13 10 5 /0  0 /4  0 /1  5 /5

14 5 2 /0  1 /2  0 /0  3 /2

15 11 5 /0  2 /2  0 /2  7 /4

16 17 10 /0  0 /6  0 /1  10/7

17 3 3 /0  0 /0  0 /0  3 /0

18 2 1 /0  0 /1  0 /0  1/1

19 12 7 /0  0 /4  0 /1  7 /5

20 5 3/0 0/1 0/1  3/2
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Table  2 .19b  Unknown (2) cauda l

1 2  3 4 5 6
Field Hits in 2* Periph Mid Central Total

B/D B/D B/D B/D

1 32 20 /0  8 /0  4 /0  32 /0

2 27 16/0  6 /2  2 /1  24 /3

3 26 14/0  11/0  1 /0  26 /0

4 10 7 /0  2 /0  1 /0  10/0

5 5 2/0  2/0  1/0  5/0
6 5 3 /0  0 /0  1 /1  4 /1

7 30 18/0  8 /0  3 /1  29/1
8 23 11/0 9 /0  2 /1  22/1

9 18 10/0 3 /0  5 /0  18/0

10 8 5/0  3/0  0/0  8/0
11 4 3 /0  1 /0  0 /0  4 /0

12 3 3/0  0/0  0 /0  3/0
13 29 17/0  8 /0  4 /0  29 /0

14 27 15/0  10 /2  0 /0  25 /2

15 20 15/0  2 /3  0 /0  17/3

16 10 7/0 2/0  0/1  9/1
17 4 3 /0  1 /0  0 /0  4 /0

18 23 11/0 9 /0  3 /0  23 /0

19 20 12/0 6/0  1/1  19/1
20 10 7/0  1/2  0/0  8/2
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CHAPTER 3

A STRUCTURAL PREDISPOSITION TO SPONTANEOUS FRACTURE IN EQUINE LONG 

BONE: AN INHERENT WEAKNESS IN ITS THREE DIMENSIONAL ARCHITECTURE.

3 .1 .1  INTRODUCTION

The co m p a c t  b o n e  o f  t h e  r a d i a l  m i d s h a f t  r a r e l y  f r a c t u r e s :  

m e t a c a r p a l  ( M c I I I )  f r a c t u r e s  m o s t  commonly o c c u r  i n  t h e  e q u i n e  

fo re l im b  long  bones and t h i s  accoun t i s  based  on th e  e x c e l l e n t  rev iew  

by Riggs ( 1990) .  Condylar f r a c t u r e s  o f  t h i r d  m e ta c a rp a l  bone (cannon 

bone) a r e  v e ry  f r e q u e n t  i n  young r a c i n g  T h o roughbreds  (Rooney 1974, 

R ick  e t  a l  1983)• The f r a c t u r e  m o s t ly  i n v o l v e s  th e  l a t e r a l  co n d y le  

(R ick e t  a l  1983; Meagher 1976) .  Sex d i s t r i b u t i o n  i s  n e a r l y  e q u a l  

(R ick  e t  a l  I 9 8 3 ) .  The mean age o f  t h e  a f f e c t e d  a n im a ls  h a s  b een  

r e p o r te d  to  be about 4 y e a rs  (Meagher 1976; R ick e t  a l  1983)•

The f r a c t u r e s  p r o p a g a t e  t h r o u g h  r e g i o n s  w h ich  a r e  l a r g e l y  

c a n c e l l o u s  i n  n a t u r e .  The s t r i k i n g  f e a t u r e  i s  t h a t ,  t h e  f r a c t u r e  

l i n e  a lm o s t  a lw ays shows a c h a r a c t e r i s t i c  m orphology i n  i t s  o r i g i n  

and p r o p a g a t i o n .  O r i g i n a t i n g  i n  a f o c a l  a r e a  o f  t h e  s u b c h o n d r a l  

r e g i o n  o f  t h e  M c I I I  o r  MT3 n e a r  t h e  d i s t a l  a r t i c u l a r  s u r f a c e  

im m ediate ly  a d ja c e n t  to  th e  s a g i t t a l  r i d g e ,  th e  f r a c t u r e  l i n e  p a s s e s  

p r o x i m a l l y  f o r  3 t o  4 cm b e f o r e  e x t e n d i n g  f u r t h e r  a x i a l l y  o r  

l a t e r a l l y .  More l a t e r a l  e x t e n s i o n  t a k i n g  an e x i t  t h r o u g h  t h e  

c o r t i c a l  bone l e a d s  t o  c o m p le te  f r a c t u r e  (R ic k  e t  a l  1983; R ig g s  

199 0 ) .  C om ple te  f r a c t u r e  i s  more common th a n  in c o m p le t e  f r a c t u r e .  

Complete c o n d y la r  f r a c t u r e s  a r e  th o s e  w hich i n t e r r u p t  th e  a r t i c u l a r  

s u r f a c e  b e f o r e  e x t e n d i n g  on t o  t h e  p e r i o s t e a l  s u r f a c e  o f  t h e  

m e t a p h y s e a l  o r  t h e  d i a p h y s e a l  r e g i o n s  p r o x i m a l l y .  I n c o m p l e t e  

f r a c t u r e s  do n o t  i n t e r r u p t  th e  c o n t i n u i t y  o f  th e  p ro x im a l  c o r t i c a l  

bone ( f i g u r e s  3 * la -b ) .

I t  i s  s u g g e s t e d  t h a t  c o n d y l a r  f r a c t u r e s  o f  M cIII  a r e  a lm o s t  

e x c l u s i v e l y  th e  r e s u l t  o f  s t r e n u o u s  e x e r c i s e  (Rooney 1974; Meagher 

197 6 ) .  B io - m e c h a n i c a l ,  f a t i g u e  and o s t e o c h o n d r i t i c  phenom ena h ave  

been a s s o c ia t e d  w ith  th e  o ccu rren c e  o f  t h i s  type  o f  f r a c t u r e  (Rooney 

1974; Krook and M ay lin  I 9 8 8 ; P o o l and M eagher 1 9 9 0 ) .  Krook and
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M aylin (1988) a l s o  su g g es ted  t h a t  p r e - e x i s t i n g  c a r t i l a g i n o u s  l e s i o n s  

i n  t h e  a r t i c u l a r  s u r f a c e  c o u ld  c au se  l a t e r a l  c o n d y la r  f r a c t u r e s  o f  

th e  cannon bone. T h is  c o n t r a d i c t s  th e  f i n d i n g  o f  P o o l and Meagher

( 1990 ) where d e g e n e r a t iv e  j o i n t  d i s e a s e  was th o u g h t  t o  be  s e c o n d a ry  

to  t h e  f r a c t u r e  t h a t  p a s s e d  t h r o u g h  a p r e - e x i s t i n g  l e s i o n  o f  

t r a u m a t i c  o s te o c h o n d ro s is .  F u r th e r  ev idence  (Pool and Meagher 1990) 

showed t h a t ,  even i n  some f r a c t u r e  c a s e s ,  t h e  f r a c t u r e  p la n e  p a s s e d  

th ro u g h  a d i f f e r e n t  p la n e  to  th e  o s t e o c h o n d r i t i c  l e s i o n  p r e s e n t  p r i o r  

to  t h e  f r a c t u r e .  R iggs (1990) p r e s e n te d  an e x c e l l e n t  re v ie w  i n  h i s  

t h e s i s  r e g a r d i n g  p r o b a b l e  p a t h o g e n e s i s  o f  t h i s  ty p e  o f  m e t a c a r p a l  

f r a c t u r e s .

O s te o c h o n d r o s i s  o c c u r s  c o m p a r a t i v e ly  l e s s  f r e q u e n t l y  i n  t h e  

d i s t a l  end o f  m e ta c a rp a l s  among a l l  o t h e r  j o i n t s  o f  th e  h o r s e ,  and 

th e  l e s i o n  f r e q u e n t l y  s een  i n  o t h e r  l o c a t i o n s  i s  u s u a l l y  b i l a t e r a l  

(Rooney 1 9 7 5 a ) • M oreover, where th e  l e s i o n  i s  s e e n  a s s o c i a t e d  w i th  

f r a c t u r e ,  as  i n  th e  d i s t a l  end o f  th e  t i b i a ,  f r a c t u r e  i s  c o n s id e r e d  

to  p re c e d e  o s te o c h o n d r o s i s  (Rooney 1975b).  Hence, o s t e o c h o n d r o s i s  

can h a rd ly  be a s s o c ia t e d  w ith  th e  h ig h e r  number o f  c o n d y la r  f r a c t u r e s  

o f  M c I I I  s e e n  i n  r a c i n g  h o r s e s ,  w h ich  i n  t h e  m a j o r i t y  o f  c a s e s  

in v o lv e  one limb (Rick e t  a l  I 983 ) .  Rick and co -w orkers  (1983) found 

p a lm a r  e r o s i v e  d e f e c t s  i n  t h e  s u b c h o n d r a l  b o n e  a s  r e v e a l e d  by 

r a d io g ra p h y  ( p r e - t r e a t m e n t )  i n d i c a t i n g  th e  p r e s e n c e  o f  d e g e n e r a t i v e  

j o i n t  d i s e a s e  in  6 c a se s  among 75 an im als  w ith  cannon bone f r a c t u r e .  

T h is  i n d i c a t e  some a s s o c i a t i o n  o f  d e g e n e r a t i v e  j o i n t  d i s e a s e  w i th  

f r a c t u r e ,  b u t  does n o t  s p e c i f i c a l l y  i d e n t i f y  th e  j o i n t  d i s e a s e  to  be 

a m ajor cause  o f  d i s t a l  co n d y la r  f r a c t u r e s .

I n  d e g e n e r a t i v e  j o i n t  d i s e a s e ,  e x c e s s i v e  s t r e s s  due to  th e  

l e s i o n  i n  t h e  a r t i c u l a r  c a r t i l a g e ,  may c a u s e  s c l e r o s i s  o f  t h e  

s u b c h o n d r a l  bone l e a d i n g  to  t h e  s t r u c t u r a l  f a i l u r e .  C hai e t  a l

(1991) dem onstra ted  s i m i l l a r  pa th o lo g y  in  man.

"B ucked  s h i n " , a n o t h e r  commonly o c c u r i n g  p a t h o l o g y  i n  t h e  

e q u in e  cannon  bones  i s  s u g g e s t e d  to  happen  due to  f a t i g u e  f a i l u r e  

(Norwood 1978 ) .  But t h i s  u s u a l l y  o c c u r  d u r i n g  th e  f i r s t  y e a r  o f  

t r a i n i n g  i n  2 y e a r  o ld  a n i m a l s .  F a t i g u e  f r a c t u r e s  do n o t  o c c u r  

u s u a l l y  i n  h o r s e s  o l d e r  th a n  4 y e a r  (Nunamaker e t  a l l  I 9 8 9 ) .  The 

c o n d y la r  f r a c t u r e s  o f  M cIII u s u a l ly  occur in  r a t h e r  o ld e r  an im als .
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B e s id e s  bone s t r e n g t h ,  s t r a i n  h i s t o r y  a l s o  c o n t r i b u t e s  t o  th e  

c a u s a t io n  o f  f r a c t u r e  (Biewener and D ia l  1992). S t r a i n  on th e  h o r s e s  

t h i r d  m e ta c a r p a l  bone  i n c r e a s e s  w i th  i n c r e a s i n g  s p e e d  (Nunamaker 

1986 ) .  This  cou ld  pe rh ap s  be a s s o c ia t e d  w ith  th e  h ig h e r  in c id e n c e  o f  

d i s t a l  con d y la r  f r a c t u r e  i n  th e  T h o ro u g h b re d . .

S t a t i c  l o a d s  h a v e  no e f f e c t  on m o d e l l i n g  and  r e m o d e l l i n g  

a c t i v i t y .  Low er s t r a i n  v a l u e s  c o r r e s p o n d i n g  t o  n o r m a l  d a i l y  

a c t i v i t i e s  evoke no r e a c t i o n  ( F r o s t  I 9 8 6 ) . The e f f e c t s  o f  dynamic 

l o a d i n g  i s  p r o f o u n d .  F r a c t u r e  r e s i s t a n c e  i s  l a r g e l y  d e p e n d e n t  on 

bone mass and g e o m e try .  T r a b e c u l a r  a r c h i t e c t u r e  and bone  volum e 

f r a c t i o n s  a re  r e l a t e d  to  th e  s t r e s s  d i r e c t i o n  and m agnitude.

P r o b in g  e x p l a n a t i o n  i s  y e t  l a c k i n g  r e g a r d i n g  t h e  c a u s e  o f  

sp o n ta n e o u s  ty p e  o f  f r a c t u r e  i n  th e  d i s t a l  m e ta c a rp a l  c o n d y le s  w i th  

th e  c h a r a c t e r i s t i c  m orpho log ica l f r a c t u r e  l i n e s .  The p re s e n c e  o f  some 

t y p i c a l  o r g a n i s a t i o n a l  f e a t u r e s  a t  t h e  s i t e  o f  f r a c t u r e  may 

c o n t r i b u t e  t o  t h e  o c c u r a n c e  o f  c o n d y l a r  f r a c t u r e s  w i t h  t h e  

c h a r a c t e r i s t i c  morphology.

The aim o f  t h i s  s tu d y  was to  exam ine th e  p r e - f r a c t u r e  m ic ro 

ana tom y  and p a t h o l o g y  i n  l a r g e l y  c a n c e l l o u s  b o n e  r e g i o n s .  The 

q u e s t i o n s  t h a t  w e re  a d d r e s s e d  i n c l u d e d  ( a )  a r e  t h e r e  an y  

o r g a n i s a t i o n a l  f e a t u r e s  o f  th e  bone in  th e  re g io n s  p rone  to  f r a c t u r e  

which make them so; and (b) can any i n c i p i e n t  damage be v i s u a l i s e d  a t  

s u c h  s i t e s  p r i o r  to  f r a c t u r e .  C l e a r l y ,  th e  o n ly  p o s s i b i l i t y  to  

o b t a i n  m a t e r i a l  i n v e s t i g a t i n g  t h e  s e c o n d  p o i n t  was t o  u s e  t h e  

c o n t r a l a t e r a l  l im b  s i t e  i n  f r a c t u r e  c a s e s  w h ic h  h a v e  h a d  t o  be 

d e s t ro y e d .

In  t h i s  s tu d y ,  3“D m i c r o - a r c h i t e c t u r e  o f  r e g io n s  o f  th e  t h i r d  

m e ta c a r p a l  and m e t a t a r s a l  b o n es  commonly in v o l v e d  i n  r a c e  t r a c k  

f r a c t u r e s  were examined. The r e g io n s  th rough  which f r a c t u r e s  u s u a l l y  

i n i t i a t e  and p ro p ag a te  such as th e  immediate subchondra l  bone and th e  

t r a b e c u l a r  a r c h i t e c t u r e  i n  th e  d i s t a l  t h i r d  o f  th e  cannon bone were 

i n v e s t i g a t e d .  The m i c r o s t r u c t u r e  and g ro w th  p a t t e r n s  w ere  s t u d i e d  

u s i n g  P o l a r i s e d  l i g h t  m i c r o s c o p y ,  t h e  Edge 3D M i c r o s c o p e ,  

f lu o re s c e n c e  mode co n fo ca l  LM (Bio-Rad L ase rsh a rp )  and SEM in  b o th  SE 

and BSE modes.
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3 . 1 .2  The anatomy o f  M cIII

The M cIII i s  th e  s i n g l e  w eigh t b e a r in g  bone between th e  c a r p a l  

and m e taca rp o -p h a lan g ea l  j o i n t s .  The f i r s t  and f i f t h  m e ta c a rp a ls  a r e  

n o t  p r e s e n t ,  w h i le  second  and f o u r t h  d i g i t s  a r e  v e s t i g i a l  r e m n a n ts ,  

known as s p l i n t  b o n e s ,  w hich rem ain  a t t a c h e d  to  th e  p o s t e r o - m e d ia l  

and p o s t e r o - l a t e r a l  a s p e c t s  o f  t h e  t h i r d  m e t a c a r p u s / m e t a t a r s u s  

p ro x im a l ly  by syndesm osis . The d i s t a l  end o f  th e  cannon bone forms a 

h in g e  j o i n t ,  known a s  t h e  f e t l o c k  j o i n t ,  w i th  t h e  f i r s t  p h a la n x  

(Thomason 1984).

M cIII a r e  d e s ig n e d  to  w i th s ta n d  l a r g e  co m p re ss iv e  l o a d s ,  and 

can a l s o  w i th s ta n d  l a r g e  b e n d in g  lo a d s  i n  th e  m e d i o - l a t e r a l  p l a n e .  

The p roxim al end i s  b e t t e r  adap ted  f o r  g r e a t e r  AP bending  lo a d s  than  

th e  d i s t a l  end, where such bending  lo a d s  canno t no rm ally  be produced . 

F u s io n  o f  th e  a c c e s s o r y  m e t a c a r p a l s  w i th  M cIII  i n c r e a s e s  b e n d in g  

s t r e n g t h  and r i g i d i t y  (P io t t r o w s k i  e t  a l  I 983 ) .

From a l a t e r a l  v iew  t h e  MCIII i s  r e l a t i v e l y  s t r a i g h t .  Bone 

s t r a i n  r e c o r d i n g  ( T u rn e r  e t  a l  1975; B ie w en e r  e t  a l  1983a) showed 

t h a t  t h e  M cIII  i s  lo a d e d  p r i m a r i l y  i n  a x i a l  c o m p re s s io n ,  th o u g h  

f i l m / f o r c e  a n a l y s i s  show ed m e ta c a r p u s  t o  be  l o a d e d  i n  s a g i t t a l  

b e n d in g ,  when th e  p a lm ar  c o r t e x  i s  s u b j e c t e d  to  c o m p re ss io n  and th e  

d o r s a l  c o r t e x  i s  s u b j e c t e d  to  t e n s i o n .  The bone a l s o  u n d e rg o e s  a 

m e d i o - l a t e r a l  b e n d in g  d u r i n g  t h e  sw in g  p h a s e  o f  t h e  s t r i d e .  The 

s t r a i n  p a t t e r n  has a l s o  been su p p o r ted  l a t e r  by s e v e r a l  o t h e r  s t u d i e s  

(Rubin e t  a l  1989; Gross e t  a l  1990; Riggs 1990; S to v e r  e t  a l  1992). 

D em onstra tion  o f  a l a r g e r  p r o p o r t i o n  o f  t r a n s v e r s e  c o l la g e n  in  palm ar 

and d o r s a l  c o r t i c e s  (Riggs 1990; S to v e r  e t  a l  1992) as  a  consequence 

o f  r e m o d e l l in g  w ith  i n c r e a s i n g  age t r u l y  s u g g e s t s  th e  s t r a i n  t o  be 

com pression .

The d o r s a l  a r t i c u l a r  s u r f a c e  a t  t h e  d i s t a l  end o f  M cII I  i s  

c o n v ex  c r a n i a l l y  w i t h  a s a g i t t a l  r i d g e  and two sm o o th  c o n d y l a r  

s u r f a c e s .  The subchondra l bone o f  th e  d o r s a l  s u r f a c e  has a  v e ry  f i n e  

t r a b e c u l a r  p a t t e r n  and appea rs  dense than  th e  subchondra l bone a t  th e  

ju n c t io n  between th e  d o r s a l  and palm ar s u r f a c e s .  Normally th e  palm ar 

s u r f a c e  o f  th e  d i s t a l  end o f  t h e  M cIII  i s  sm ooth and c o n v e x .  The 

s u b c o n d y l a r  b o n e  i s  m ore  d e n s e  t h a n ,  an d  l a c k s  t h e  d e f i n i t e  

t r a b e c u l a r  p a t t e r n  o f  th e  do rso -p a lm ar  ju n c t io n .  The s a g i t t a l  r id g e
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is less dense than the condyles (O’Brien 1977)* Macroscopically, the
normal cartilage is smooth on the palmer surface. The width of the
medial condyle is slightly greater than that of the lateral condyle.

3 . 1 .3  Patho logy  o f  th e  F e t lo c k  j o i n t

S e v e ra l  s t u d i e s  (O’B rien  1977; Rick e t  a l  1983; rev iew  i n  Riggs 

1 9 9 0 ) fo c u s e d  on d i f f e r e n t  f e a t u r e s  o b s e r v e d  i n  j o i n t  p a t h o l o g y .  

I n t r a c a p s u l a r  s o f t  t i s s u e  s w e l l i n g  i s  o n l y  a  s i g n  o f  s e r i o u s  

u n d e r ly in g  ab n o rm a li ty  o f  th e  c a r t i l a g e  a n d /o r  su b ch o n d ra l  bone. The 

c o n d y la r  s u r f a c e  and th e  s a g i t t a l  r id g e  o f  th e  M cIII f l a t t e n  when i t  

i s  a s s o c ia t e d  w ith  u l c e r a t e d  l e s i o n  in  th e  a r t i c u l a r  c a r t i l a g e .  Wear 

o r  s c o r e  l i n e s  a p p e a r  a s  l i n e a r  g r o o v e s  o f  v a r y i n g  d e p t h  o f  

s u p e r f i c i a l  i r r e g u l a r i t i e s  t o  c o m p le te  f i s s u r e s  i n  t h e  a r t i c u l a r  

c a r t i l a g e ,  e x te n d in g  i n  a p ro x im a l  to  d i s t a l  d i r e c t i o n .  S t r u c t u r a l  

d i s o r g a n i s a t i o n  and d e c re a s e d  r a d i o d e n s i t y  r e s u l t  from l o s s  o f  th e  

n o rm a l  t r a b e c u l a r  p a t t e r n  i n  t h e  u n d e r l y i n g  s u b c h o n d r a l  b o n e .  

D e s t r u c t i v e  s u b c h o n d r a l  l e s i o n s ,  l e s s  t h a n  1 cm i n  d i a m e t e r ,  a r e  

d e t e c t a b l e .  O steophytes  u s u a l l y  occur on e i t h e r  s id e  o f  th e  s a g i t t a l  

r i d g e  n e a r  th e  m id l in e  (O’B rien  1977). With an i n c r e a s e  i n  s e v e r i t y ,  

s m a l l  p e r i a r t i c u l a r  o s te o p h y te s  and o s t e o l y t i c  d e f e c t s  a t  th e  c r a n i a l  

d i s t a l  M cII I ,  on e i t h e r  s i d e  o f  th e  s a g i t t a l  r i d g e  g r a d u a l l y  c a u s e s  

d i s h in g  o f  th e  p e r i a r t i c u l a r  r e g io n  which i s  fo l lo w ed  by a p ro d u c t iv e  

and d e s t r u c t i v e  p r o c e s s  e x te n d in g  down on to  th e  c r a n i a l  a r t i c u l a r  

s u r f a c e  o f  th e  s a g i t t a l  r id g e  and condyle (O’B rien  1977).

3 . 2 .1  MATERIALS AND METHODS

T ab le  3 1

P r i n c i p a l  modes o f  p r e p a r a t io n  and s tudy  o f  sam ples .

1. B o i l in g

2. Enzymatic c le a n in g  u s in g  Terg-azyme, 7 -5  gms i n  1 l i t r e ,

5-10  days ,  change o f  s o lu t i o n  every  day, 50 °C.

3 . T opograph ica l docum entation  (Photography)

4 . 4mm square  b e ^  from McIII c o n ta in in g  e i t h e r  m edia l o r  l a t e r a l  

no tc h ,  and AP s l i c e s  w ith  w a te r  coo led  slow speed  diamond saw, 

c leaned  f o r  SEM.
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Figure 3*1

Top -  D i f f e r e n t  t y p e s  o f  t h e  c o n d y l a r  f r a c t u r e  o f  t h e  t h i r d  

m e ta c a rp a l  bone: a)  Incom ple te ,  b) C o m p le te -n o n d isp laced ,  c)

C o m p le te -d isp laced  ( a f t e r  Rick e t  a l  1983 and Riggs 1990).

B o tto m  -  A c e n t r a l  4 mm t h i c k  m e d i o - l a t e r a l  s e c t i o n  o f  a t h i r d  

m e ta c a rp a l  bone from a co n d y la r  f r a c t u r e  c a se  (6 y e a r ) .

The p h o to g ra p h  i s  ta k e n  w ith  a 35nim cam era w i th  a 80mm macro l e n s .  

White s q u a re s  = 1 cm.



Figure 3•1

mm
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5. 4mm c r o s s - s e c t i o n s  and in t e r m e d ia te  s l i c e s  o f  th e  beeims, c le a n e d .

6. Mounting in  DPX.

7. P o la r i s e d  l i g h t  m icroscopy

8. A u to f lu o re sc e n c e  mode CSLM

9. Subchondral ( s u b - a r t i c u l a r  c a r t i l a g e )  bone b lo c k s ,  c le a n e d .

10. Hydrogen p e ro x id e ,  4 t im es  d i l u t e d ,  2 h r  /  2% 24 h r s .

11. Gold s p u t t e r  c o a t in g

12. * C o n v e n t io n a l ' SE SEM

1 3 . S ta in  w ith  B r i l l i a n t  S u lp h a f la v in e  i n  90% e th a n o l .

14. PMMA embedding and p o l i s h i n g .

15 . Carbon c o a t in g ,  SEM BSE.

16 . CSLM o f  PMMA embedded beams and b lo c k s .

The m a te r i a l s  s tu d ie d  c o n s i s t e d  o f  Thoroughbred r a c e h o rs e  lim bs 

w i t h i n  h o u r s  o f  e u t h a n a s i a  o f  a n i m a l s  d e s t r o y e d  b e c a u s e  o f  

spon taneous f r a c t u r e s  d u r in g  r a c in g  o r  t r a i n i n g .  Thus M cIII from I 6 

a n i m a l s ,  two w i th  M c II I  and two w i th  a h in d l im b  P I f r a c t u r e ,  w ere 

c o l l e c t e d  and s to r e d  w ith  s k in  i n t a c t  a t  -20* . Bones were d i s s e c t e d  

as soon as p o s s i b l e  and sawn w h ile  deep f ro z e n .

Each M cIII was sawn m e d i o - l a t e r a l l y  i n t o  3 o r  4 p ie c e s  u s in g  a 

band saw. The t h i c k n e s s  o f  t h e  m id d le  p i e c e  was 4mm. E x p e r im e n ts  

have been conducted  to  d i s c o v e r  a s a t i s f a c t o r y  c le a n in g  reg im e which 

w i l l  remove a l l  s o f t  t i s s u e  e lem en ts ,  in c lu d in g  p e r i o s t e a l  and marrow 

t i s s u e ,  bone c e l l s  and f a t .  I n i t i a l l y  some samples were b o i l e d  in  a 

d e t e r g e n t  s o l u t i o n  (Nunamaker e t  a l  1989) f o r  ap p ro x im a te ly  15 h o u rs .  

The c le a n e d  bone , d ev o id  o f  s o f t  t i s s u e s ,  s t i l l  c o n t a in e d  b lo o d  and 

f a t  d e e p  w i t h i n  t h e  t i s s u e .  O t h e r  s a m p l e s  w e re  t r e a t e d  by  a 

c o m m e rc ia l  enzyme c l e a n i n g  d e t e r g e n t  (Boyde 19 8 4 ; R ig g s  1990) 

d e s ig n e d  f o r  c l e a n i n g  s u r g i c a l  i n s t r u m e n t s  ( T e r g - a - z y m e , A l d r i c h  

chem ica l C o., Milwaukee, USA). However, u n l ik e  p re v io u s  p ro c e d u re s ,  

th e  bone samples had to  be t r e a t e d  f o r  a lo n g e r  p e r io d  a t  50 *C 

f o r  10-15  d ay s  w i th  a s o l u t i o n  (7*5 gm i n  1 l i t r e )  ch a n g e  e v e r y  

a l t e r n a t e  d a y .  The l a t e r  t r e a t m e n t ,  c o m b in e d  w i t h  m e c h a n i c a l  

debridem ent u s in g  a w a te r  j e t ,  and d e f a t t i n g  in  ace to n e  has  p roved  to  

be s a t i s f a c t o r y  in  g e n e r a t in g  samples w ith  r e l a t i v e l y  unchanged bone 

m a tr ix  w ith  c le a n  s u r f a c e s  a v a i l a b l e ,  f o r  example, f o r  SEM s tu d y .
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Figure 3«2

P lan  o f  s e c t i o n in g  o f  th e  bone a t  th e  s i t e  o f  th e  f r a c t u r e .

a) The 4 mm s q u a re  beams ( to p )  c o n t a in s  t h e  n o tc h ,  t h e  s i t e  o f  th e  

i n i t i a t i o n  o f  th e  f r a c t u r e .

b) The low er  p i c t u r e  shows th e  b lo c k s ,  o b t a in e d  by c u t t i n g  th e  beam 

a t  e v e ry  4 mm i n  th e  w a te r  c o o le d  diamond saw. The im ages a r e  ta k e n  

w ith  a 35nim camera w ith  a  80mm macro l e n s .



Figure 3.2
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The a r c h i t e c t u r e  o f  th e  t r a b e c u l a r  bone i n  M cIII  sam p les  was 

s t u d i e d  u s in g  p la n e  p a r a l l e l  4mm s l i c e s  ( f i g u r e s  3 .2 a ,  3*3abc) and 

s q u a re  s e c t io n  l o n g i tu d in a l  beams (Boyde e t  a l  1989. 1990b) c u t  u s in g  

a s low  sp eed ,  w a te r  c o o le d  diamond saw (B u e h le r  is o m e t)  to  m in im ise  

damage to  more d e l i c a t e  t r a b e c u l a r  e le m e n ts .  The l o n g i t u d i n a l  beams 

w ere p r e p a r e d  su ch  t h a t  e a c h  c o n t a i n e d  e i t h e r  t h e  m e d ia l  o r  t h e  

l a t e r a l  no tch  o f  th e  a r t i c u l a r  s u r f a c e  ( f i g .  3*2 a ) .  These specim ens 

w ere docum ented  by p h o to g r a p h i n g  a l l  s u r f a c e s  a t  a l l  l e v e l s  (35mm 

cam era  w i th  80mm macro l e n s ) .  S am ples  w ere  exam ined  by SEM a f t e r  

g o ld  s p u t t e r  c o a t in g .

Some were s t a i n e d  (9 a n im a ls :  6yG, 7 y , 8y, l l y ,  1 2 y -2 ,  l 8 y - 2 ,  

u n k .)  w ith  th e  s t a b l e  f l u o r e s c e n t  dye b r i l l i a n t  s u lp h a f l a v in e  i n  90% 

e t h a n o l ,  d e h y d r a t e d  i n  a c e t o n e ,  an d  e m b ed d ed  i n  p o l y - m e t h y l -  

m e t h a c r y l a t e : PMMA (Boyde and J o n e s  1983; Boyde 1984; Boyde e t  a l  

1986 ; Reid and Boyde 1987; Boyde e t  a l  1992). PMMA monomer has  a  low 

v i s c o s i t y  and p e n e t r a te s  w e ll  i n t o  bone. I n i t i a l l y  vacuum embedding 

was t r i e d ,  b u t  d i s c o n t i n u e d  b e c a u s e  b u b b le s  c o u ld  n o t  be  a v o i d e d .  

However, s u c c e s s fu l  embedments was ach ieved  by s e r i a l  i n f i l t r a t i o n  in  

PMMA when 95% (by  v o lu m e )  d i s t i l l e d  m e t h y l  m e t h a c r y l a t e  (BDH 

C hem ica ls , UK) was co -po lym erised  w ith  5% (by volume) s ty r e n e  (BDH) a t  

37°C, and d e s t a b i l i s e d  w i th  0.2% by w e ig h t  2 , 2 - a z o - b i s  (2 m e th y l  

p r o p i o n i t r i l e ) . S ty re n e  was u sed  to  r e n d e r  th e  em bedding r e s i n  more 

s t a b l e  to  e l e c t r o n  beam bombardment (Boyde 1984; Boyde e t  a l  I 9 8 6 ; 

Boyde e t  a l  1992) as PMMA i s  u n s ta b le  u n d e r  e l e c t r o n  bombardment. To 

overcome th e  problem enco u n te red  in  embedding th e  long  s l e n d e r  beams, 

b o i l i n g  tubes  were used as d is p o s a b le  embedding ’c a p s u l e s ’ . P o l i s h e d  

s u r f a c e s  a r e  r e q u i r e d  f o r  c o n f o c a l  LM and BSE SEM im a g in g  m odes. 

P roblem s were e n c o u n te re d  i n  p o l i s h i n g  a l l  f o u r  s i d e s  o f  eac h  beam, 

b u t  i t  seems s a t i s f a c t o r y  to  p o l i s h  two o r  t h r e e  m u tu a l ly  o r th o g o n a l  

s u r f a c e s  (m edial,  l a t e r a l  and a n t e r i o r  o r  p o s t e r i o r ) .

F u r th e r ,  one subchondra l  ( s u b - a r t i c u l a r )  bone b lo c k  c o n t a i n i n g  

e i t h e r  t h e  m e d ia l  o r  t h e  l a t e r a l  n o t c h  o f  t h e  d i s t a l  c o n d y l e  from 

e a c h  o f  f i v e  more a n i m a l s  ( i n c l u d i n g  y o u n g e r  o n e s )  was o b t a i n e d ,  

c l e a n e d ,  embedded i n  PMMA and p o l i s h e d  on two f a c e s  -  a n t e r o 

p o s t e r i o r  and m e d i o - I a t e r a l  f o r  BSE. Embedded samples were trimmed, 

ground and p o l i s h e d  on graded  wet carborundum a b r a s i v e  p a p e r s ,
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Figure 3-3

4 mm t h i c k  m id d le  m e d i o - l a t e r a l  s e c t i o n s  o f  th e  d i s t a l  M c I I I  o f  3 

an im als  o f  d i f f e r e n t  ages :

a)  6y, b) l8y  & c ) l l y .

The c h a r a c t e r i s t i c  a n i s o t r o p i c  t r a b e c u l a r  a r c h i t e c t u r e ,  v i s i b l e  w ith  

naked eyes ex ten d in g  from j u s t  p rox im al to  th e  subch o n d ra l  bone up to  

th e  s i t e  o f  th e  fu s io n  o f  th e  growth p l a t e  c a r t i l a g e  (arrow  m arked). 

The t r a b e c u la e  become b ro a d e r  w ith  lo n g e r  sp aces  between them tow ards 

th e  s i t e  o f  th e  f u s i o n .  At t h e  s i t e  o f  th e  f u s i o n ,  t h e  a n i s o t r o p i c  

a r c h i t e c t u r e  i s  f i n e r  and t h i n n e r .  Beyond t h i s  s i t e ,  t h e r e  i s  a 

change in  th e  t r a b e c u l a r  th i c k n e s s  and o r i e n t a t i o n .



F igu re  3*3 #

m m

l ü
M it-mm
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Figure 3-4 a-c:

The s i t e  o f  the  no tch  b e s id e s  the  s a g i t t a l  r i d g e  o f  t h e  d i s t a l  t h i r d  

m e t a c a r p a l  bone o f  t h r e e  a n i m a l s  o f  d i f f e r e n t  a g e s .  The f r a c t u r e  

occu r s  a t  t h i s  s i t e .  Note e x t e n s i v e  v a r i a t i o n  in  the  bone d e n s i t y  in  

t h i s  r e g io n ;  a) 8y ( t o p ) ,  b) 2y (middle ) ,  &. c)  J y  (bo ttom).



Figure 3 -4 a-c:
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f i n a l l y  f i n i s h i n g  w i th  w a te r  d i s p e r s e d  diam ond (on a  r o t a r y  l a p :  

M etase rv )  t o  0.25pm. Samples were c o a te d  w i th  ca rb o n  to  r e n d e r  th e  

s u r f a c e  e l e c t r i c a l l y  conduc tive  by f l a s h  e v a p o ra t io n  o f  ca rbon  s t r i n g  

(Boyde e t  a l  1992).

100pm s e c t i o n  were a l s o  o b ta in e d  a t  each i n t e r v a l  w h ile  ta k in g  

th e  4mm c r o s s - s e c t i o n s  o f  th e  beams and mounted i n  DPX f o r  CPL, Edge 

and CSLM. 4mm c r o s s - s e c t i o n s  from e i g h t  a n im a ls  (6yG, 7y R t . M cIII ;  

8y L t .  M cIII ;  l l y  R t .  M cIII ;  l8 y  LT. M c I I I ;  Unk. R t .  M c I I I ;  2yF R t.  

M cIII ;  and 6wF R t.  M cIII) were o b ta in e d ,  c le a n e d ,  d e h y d ra te d  and co a ted  

w ith  go ld  by s p u t t e r i n g  f o r  SEM ( f i g .  3 .2 b ) .  The sex  o f  th e  an im als  

was unknown where n o t  m entioned.

F u r th e r  sam ples:

F u r t h e r  beams and a n t e r o - p o s t e r i o r  s l i c e s  w ere  o b t a i n e d  from some 

more younger and o ld e r  anim als  such as

1. One l a t e r a l  beam and two AP s l i c e s  from a Id  L t .  M cIII .

2 . One m edial beam and two AP s l i c e s  from a 6wF R t.  M cIII .

Beams and one s l i c e  from each anim al were c lean ed  and c o a te d  f o r  SEM.

3. 6 wk L t .  M c I I I  s e p a r a t e d  a t  i t s  g ro w th  p l a t e  was c u t  on i t s  

t r a n s v e r s e  p l a n e  i n  i t s  e p i p h y s i s ,  17 mm p r o x im a l  t o  t h e  s a g i t t a l  

r id g e ,  and in  th e  same p lan e  f u r t h e r  p ro x im a l ly  and 6 mm prox im al to  

th e  growth p l a t e .

Two s e c t i o n s  (3mm, 280 pm) were o b ta in e d  from d i s t a l  d ia p h y s i s  o f  L t .  

M cIII .

4. One beam and one AP s l i c e  were o b ta in e d  from 9 month f o e t u s  and 

p re s e rv e d  in  70% e th a n o l .  The s u r f a c e  was documented by pho tography .

5. From 2yF R t. M cIII a d i s t a l  co n d y la r  p ie c e  were o b ta in e d  from i t s  

m ed ia l a s p e c t ,  c lean ed  and co a ted  f o r  SEM.

6. Two more beams and two AP s l i c e s  were o b ta in e d  from M cIII  o f  two 

more o l d e r  h o r s e s  (4yF and 2 4 y F ) , w ere c l e a n e d ,  d e h y d r a t e d ,  and 

c o a te d  by go ld  s p u t t e r i n g .

A l to g e th e r  m a t e r i a l s  from l6  an im a ls  (9m f o e t u s .  I d ,  4d f o a l ,  6wkF, 

2yF, 4yF, 6yG, 7y, 8y, l l y ,  12y #2, l8 y  #2, 24y, Unknown age) were 

examined.
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3.2.2 Examination

P o la r i s e d  L ig h t  M icroscope (CPL & LPL), High r e s o l u t i o n  S te re o  

m ic r o s c o p e  ( E d g e ) ,  B i o - r a d  L a s e r s h a r p  C o n f o c a l  S c a n n i n g  L i g h t  

M ic ro sco p e  (CSLM) and SEM i n  b o th  SE and BSE mode w ere  em ployed  

d u r in g  th e  s tu d y  o f  th e  m a te r i a l .

a .  T opograph ic  d o c u m en ta t io n  o f  M cIII sam p les  by p h o to g r a p h in g  th e  

s u r f a c e s  ( f i g  3 .2  -  3 -4 ) .

b .  100pm w a t e r  c o o l e d  d iam ond  saw s e c t i o n s  i n  p o l a r i s e d  l i g h t  

m icroscopy, Edge, and Confocal scan n in g  l a s e r  m icroscopy (CSLM: B io

r a d  l a s e r s h a r p  C o n f o c a l  S c a n n in g  M ic r o s c o p e ,  MRC 500 and  N oran  

O d e s s e y )  u s i n g  a u t o f l u o r e s c e n c e  mode i m a g i n g  ( u s i n g  >515 nm 

a u to f lu o re s c e n c e  e x c i t e d  by th e  488nm l i n e  o f  th e  argon io n  l a s e r )

c .  I n t e r v e n i n g  c r o s s  s e c t i o n s  o f  3*5 t o  4mm t h i c k n e s s ,  and beams 

c o a te d  w ith  go ld  by s p u t t e r i n g ,  Z e is s  DSM962 SEM u s in g  low kV SE and 

BSE modes. S te re o s c o p ic  images bo th  SEM and CSLM.

d. PMMA embedded, p o l i s h e d  and carbon c o a te d  beams and b lo c k s  -

( i )  SEM BSE im ages.

( i i )  SEM BSE montages to  r e c o n s t r u c t  images i n  3D*

e .  PMMA embedded beams and b lo c k s  in  CSLM.

f .  I n te rm e d ia te  c r o s s - s e c t io n s  i n  CPL, Edge and CSLM.

3 .3  RESULTS

In  some an im als ,  d i s t a l l y ,  th e  su b ch o n d ra l  bone e x h i b i t s  a  very  

f i n e  t r a b e c u l a r  p a t t e r n ,  w hile  i n  o th e r s  i t  appea rs  to  be composed o f  

d e n s e  c o r t i c a l  b one  o f  v a r i a b l e  d e n s i t y  ( f i g .  3 * 4 ) ,  w h e re  t h e  

t r a b e c u l a r  p a t t e r n  i s  l o s t .  D e n s i ty  o f  t r a b e c u l a e  a l s o  v a r i e s  i n  

d i f f e r e n t  a n i m a l s ,  how ever ,  t h e s e  a r e  c o n s t a n t  f e a t u r e s  i n  b o th  

d o r s a l  and palm er a s p e c t  o f  th e  d i s t a l  m e taca rpus .

E x te n s iv e  v a r i a t i o n  betw een th e  bones  o f  i n d i v i d u a l s  h a s  been 

o b se rv e d  even a t  m acro sco p ic  l e v e l ;  t h e  v a r i a t i o n  b e in g  b o th  i n  th e  

c o r t i c a l  s h e l l  a s  w e l l  as  i n  th e  s u b c h o n d r a l  bone and t r a b e c u l a e .  

The th ic k n e s s  o f  th e  c o r t i c a l  s h e l l  v a r i e s  i r r e s p e c t i v e  o f  th e  ages
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Figure 3.5

A m ontage o f  a beam o f  th e  t h i r d  m e ta c a r p a l  bone o f  a  7 y e a r  o ld  

animal f o r  about 3*5 cm from th e  d i s t a l  end. Both o r th o g o n a l  s u r f a c e s  

a n t e r o - p o s t e r io r  and m e d io - la t e r a l  can be seen  a t  ^5* t i l t .  Note the  

c h a r a c t e r i s t i c  d i f f e r e n c e  i n  th e  t r a b e c u l a r  a r c h i t e c t u r e  on th e  bo th  

s u r f a c e s ,  a) m e d io - la t e r a l  & b) a n t e r o - p o s t e r i o r  s u r f a c e .  Embedded in  

PMMA. BSE. 20 kV. Carbon coa ted .



Figure 3.5

y



Figure 3. 5

à

1

f

I

i

147



o f  t h e  i n d i v i d u a l s .  I n  some a n im a ls ,  t h e  s u b c h o n d ra l  bone  i s  v e ry  

d e n s e ,  so  d e n se  t h a t  i t  a p p ea red  to  be s o l i d  com pact bone f o r  up to  

15mm deep  to  th e  a r t i c u l a r  s u r f a c e s  ( f i g u r e s  3 .4 ) .  A gain  t h i s  does 

n o t  a s s o c i a t e  w ith  i n c r e a s i n g  age.

There i s  a very in te r e s t in g  m otif in  the s tru c tu ra l anisotropy  

o f th e  b o n e . Deep to  th e  su b ch on d ra l bone th e  tr a b e c u la e  are  

predom inantly p a r a l le l  p la te s  w ith an a n ter o -p o ste r io r  o r ie n ta tio n  

jo in ed  by l e s s  e x te n s iv e  bone in  th e  m e d io - la te r a l p lan e  ( f ig u r e s  

3 . 3 » 3*6 a -b , 3 ' 7 a - g ) .  I t  i s  th e  l a t t e r  which sh e a r s  in  common 

fra c tu res . This fea tu re  i s  constant proxim ally fo r  about 30 “ 45 mm, 
up to  the s i t e  o f  th e fu s io n  o f the growth p la te  ( f i g .  3*3 " arrow 
marked), Proxim ally, the trabecular p la te s  gradually become s to u t and 

th ick er  w ith  wider tra b ecu la r  spaces near to  the s i t e  o f  the fu sio n  

(F ig . 3*3 )• At th e  s i t e  o f  the fu s io n , an abrupt change in  the  

a r c h ite c tu r e  i s  ob serv ed , where tra b ecu la e  are f i n e ,  th in n e r , and 

more a n iso tr o p ic  v e r t ic a l  p la te s  (f ig u r e s  3*2, 3*3 -  arrow marked). 

Beyond t h i s  p o in t , th e  a n iso tr o p ic  appearance i s  l o s t ,  th e  d orso-  

palmar tr a b e c u la r  p la t e s  lo s e  th e ir  predom inant a n te r o -p o s te r io r  

o r ie n ta t io n  and fo llo w  a somewhat o b liq u e  d ir e c t io n .  From here  

p ro x im a lly  in  th e  d ia p h y s is , a s so c ia te d  m e d io - la te r a l tra b ecu la r  

components are seen to  emerge, which are ob liq u ely  o r ien ted , and jo in  

w ith  th o se  in  th e  AP p lan e  r e s u lt in g  in  th e honeycomb tra b ecu la r  

arch itectu re  (F ig . 3*6 c -d , 3»7 h -p ). Hence, v e r t ic a l ,  dorso-palmar 

trab ecu lar  spaces are o b lite r a te d . The a n iso tr o p ic  a r ch ite c tu r e  in  

th e  d i s t a l  m etacarp u s i s  seen  to  d e v e lo p  r i g h t  down from th e  

subchondral bone (F ig . 3»9a-c). The arch itectu re  o f  the bone on the 

m e d io - la te r a l and th e  a n te r o -p o s te r io r  su r fa c e s  appears d i f f e r e n t  

(F igures 3*9 a -c ) ;  th a t on the m ed io -la tera l ( f i g .  3«9a) su rface  i s  
n ot to o  d i f f e r e n t  from th e  a n is o tr o p ic  s tr u c tu r e  se e n  fu r th e r  

proxim ally.

Here i s  a b r ie f  d escr ip tio n  o f  the features observed:

a) P r e f e r r e d  o r i e n t a t i o n  o f  th e  t r a b e c u la e  i s  s e e n  j u s t  deep to  

t h e  s u b c h o n d r a l  b o n e  i n  t h e  d o r s o - p a l m a r  p l a n e  w i t h  much l e s s  

c o n n e c t iv i ty  i n  th e  m e d io - l a t e r a l  p la n e  f o r  a  d i s t a n c e  a b o u t  30 mm to  

45 mm p ro x im a l ly  ( f i f u r e s  3*2b, 3*3, 3*5* 3*6a-b , 3 * 7 a -g ) .  The
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Figure 3*6 (page 149-150)

a -d )  BSE SEM image o f  4 b locks  from one beam o f  a 7y o ld  h o rs e ,  

a  & b) Note th e  s a g i t t a l ,  a n t e r o - p o s t e r i o r  t r a b e c u l a e  w i th  m ed io - 

l a t e r a l  c ro s s  b r id g e s  i n  b lo c k s  6 ( to p )  and 9 (b o t to m ) .  The s p aces  

a r e  a l s o  a n t e r o - p o s t e r i o r  and  v e r t i c a l .  The t r a b e c u l a e  on t h e  

s u r f a c e  (AP) form alm ost a compact w a l l .

c & d) In  b locks  10 (top) & 11 (b o t to m ) , th e  t r a b e c u la e  a r e  s i m i l a r l y  

o r i e n t e d  in  th e  a n t e r o - p o s t e r io r  and th e  m e d io - l a t e r a l  p la n e  g iv in g  a 

honeycomb l i k e  appearance ( fo l lo w in g  p ag e) .
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t r a b e c u l a r  s p a c e s  a r e  e l o n g a t e d  p a r a l l e l  t o  t h e  l o n g  a x e s  o f  t h e  

v e r t i c a l  t r a b e c u l a e .  T h is  s t r u c t u r a l  a n i s o t r o p y  i s  s e e n  up to  th e  

s i t e  o f  t h e  f u s i o n  o f  t h e  g r o w th  p l a t e  ( F i g u r e s  3 ' 3 & - c ) .  The 

a r c h i t e c t u r e  a t  th e  s i t e  o f  th e  fu s io n  o f  th e  growth p l a t e ,  a l th o u g h  

a n i s o t r o p i c ,  e x h i b i t s  a t o t a l l y  d i f f e r e n t  a p p e a r a n c e .  H e re  t h e  

a r c h i t e c t u r e  i s  made up o f  f i n e r ,  th i n n e r  and more v e r t i c a l  columns.

b) The a n i s o t ro p y  i s  seen  to  develop  below th e  su b ch o n d ra l  bone 

( f i g u r e  3 - 9 a ) .

c) Deep to  th e  m i n e r a l i s i n g  f r o n t ,  th e  a r t i c u l a r  c a r t i l a g e  and 

as  seen  in  th e  m e d io - l a t e r a l  p la n e ,  shows a c l e a r  tendency  to  c le a v e  

a n t e r o - p o s t e r i o r l y , w hich  i n d i c a t e s  an u n d e r l y i n g  a n i s o t r o p y  i n  

c o l la g e n  o r i e n t a t i o n  ( f ig u r e s  3 *10a-c ) .

d) D i f f e r e n c e s  i n  th e  d e n s i t y  o f  th e  s u b c h o n d ra l  bone be tw een  

i n d i v id u a l s  a r e  observed  ( f ig u r e s  3 « ^ a -c ) .

e) The c a l c i f i e d  c a r t i l a g e  i s  more d e n se ly  m in e r a l i s e d  th a n  th e  

a d ja c e n t  bone m a tr ix  ( f i g u r e s  3*10c, 4 .9 a ) .  Large c e l l  sp aces  i n  th e  

c a l c i f i e d  c a r t i l a g e  show a c t iv e  r e s o r p t io n  ( f i g u r e s  3*9h, 3*14)

f )  T h e r e  i s  no e v i d e n c e  o f  i n c i p i e n t  f a i l u r e ,  any  r e p a i r  

p r o c e s s ,  any c a l l u s  f o r m a t io n  o r  any e x c e s s i v e  r e m o d e l l i n g  a t  th e  

s i t e  prone to  f r a c t u r e .

g) Evidence o f  a c t i v e  rem o d e ll in g  w ith  d i f f e r e n t  m i n e r a l i s a t i o n  

p r o f i l e  i s  observed  ( f i g u r e s  3 -H *  3-13 . 3*14, 3 .1 5 ) '

h) R e s o r p t io n  l e a d in g  to  t h i n n i n g  o f  t r a b e c u l a e  ( f i g  3 * l6 a -b )  

and p e r f o r a t i o n  ( f i g .  3 . 15a - b ,  3 . l Y a - b , 3 . l 8 a - b )  o f  t r a b e c u l a e  i s  

e v i d e n t ,  p re d o m in a n t ly  i n  th e  h o r i z o n t a l  com ponents d i s t a l l y  i n  th e  

y o u n g e r  i n d i v i d u a l s  ( i e  1 day  & 6 w eek ) ;  t h e  b o n es  i n  t h e  c o r o n a l  

p l a n e  i . e . ,  on  t h e  m e d i o - l a t e r a l  s u r f a c e  e x h i b i t  e x t e n s i v e  

r e s o r p t i o n ,  and e s p e c i a l l y  n e a r  t o  t h e  d i s t a l  end ( F i g .  3 . 1 3 b ) .  

Burrowing o f  t r a b e c u l a r  bone d u r in g  r e s o r p t io n  on an a n t e r o - p o s t e r i o r  

a x i s  w i l l  e v e n t u a l l y  end up w ith  th e  fo rm a t io n  o f  t r a b e c u l a r  p l a t e s  

and p a c k e ts  on th e  same a x is  (F ig .  3 .1 3 a ) .

i ) O s te o n a l  r e m o d e l l in g  and v a s c u l a r  c h a n n e ls  a t  t h e  j u n c t i o n  

o f  th e  v e r t i c a l  and m e d i o - l a t e r a l  c r o s s b r i d g e s ,  p e r f o r a t i o n s  a t  th e  

ju n c t io n s  o f  th e  t r a b e c u la e ,  and th e  g e n e ra t io n  o f  cement l i n e s  from 

th e  rem o d e ll in g  p ro c e ss  (F igu re  3 * l l a - b ,  3 . 12a-c) e v e n t u a l l y  weakens 

th e  s t r u c t u r e  i n  th e  s a g i t t a l  p la n e .
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Figure 3*7 (page 152; a-f; 153: g-k; 154: 1-r)

LPL im ages o f  16 t r a n s v e r s e  s e c t i o n s  o b ta in e d  from th e  beam o f  a 2 

y e a r  o ld  t h i r d  m e ta c a rp a l .  The f i b r e s  a r e  p r e d o m in a n t ly  b r i g h t  i n  

a l l  s e c t i o n s .  AP a x i s  i s  h o r i z o n t a l .

a -g )  Show predom inant a n t e r o - p o s t e r i o r  t r a b e c u la e  i n  a l l  o f  th e  f i r s t  

7 s e c t i o n s  ( d i s t a l ) ,  a f t e r  w h ic h  ( f r o m  t h e  s e c t i o n  h )  t h e  

a r c h i t e c t u r e  appea rs  more l i k e  a honeycomb.

In  p rox im al s e c t i o n s  th e  t r a b e c u la e  become t h i n n e r .  E v e n tu a l ly ,  th e  

r e m o d e l l in g  e v e n t s  a t  th e  j u n c t i o n  o f  th e  a n t e r o - p o s t e r i o r  and th e  

m e d io - l a t e r a l  components weaken th e  s t r u c t u r e  in  th e  a n t e r o - p o s t e r i o r  

p la n e .  Note some f r e e  ends o f  t r a b e c u la e  in  th e  p rox im al ( i e .  m, n) 

s e c t i o n s .

The l a s t  two images ( q - r )  show th e  3rd  and th e  5 th  s e c t i o n s  viewed a t  

45° r o t a t i o n .

FW = 2 .8  mm



Figure 3-7 (pl52: a - f ;  153: g-k; 154:1-r)
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Figure 3*8 (page 155-156)

C o n fo c a l  s c a n n in g  l i g h t  m i c r o s c o p ic  im age o f  PMMA embedded s u b -  

a r t i c u l a r  c a r t i l a g e  bone b lo c k s .

a  & b ) AP ( to p )  and ML (m id d le )  v iew  o f  a s am p le  o f  t h e  6 week 

an im al bone. The ML s u r f a c e  shows a d ev e lo p in g  a n i s o t r o p i c  p a t t e r n ,

c )  The ML s u r f a c e  o f  th e  one day an im al bone ( f o l l o w i n g  page) shows 

no obvious a n is o t ro p y .

FW: a = 2 .44  mm, b = 3»17 mm, c = 3.21 mm



Figure 3.8 (page 155~156)
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E x a m in a t io n  o f  t h e  l o n g i t u d i n a l  s e c t i o n s  o f  t h e  a r t i c u l a r  

c a r t i l a g e  ( c o n ta in in g  subch o n d ra l  bone p ro x im a l ly )  i n  p o l a r i s e d  l i g h t  

r e v e a l s  e x t e n s i o n  o f  p r i o r  r e s o r p t i o n  s p a c e s  i n t o  t h e  c a l c i f i e d  

c a r t i l a g e  ( f i g u r e s  3 * 9 h l - b 2 ,  3 * 1 ^ )•  T h e i r  e x t r e m i t i e s  a r e  fo u n d  

d e l i n e a t e d  by o s t e o n a l  o r  t r a b e c u l a r  bone w hich s e p a r a t e  them from 

t h e  c a l c i f i e d  c a r t i l a g e  (B ro o k e  19 7 1 ; R e d l e r  e t  a l  19 7 5 ; C l a r k  

1 9 9 0 b ) .  I n  some p l a c e s ,  no l a m e l l a r  bone  i n t e r v e n e s  b e tw e e n  l a r g e  

r e s o r p t i o n  s p a c e s  and t h e  c a l c i f i e d  c a r t i l a g e  ( f i g .  3 * 1 4 ) .  The 

a p p e a ra n c e  o f  l a r g e  s p a c e s  i n  t h e  c a l c i f i e d  c a r t i l a g e  s i g n i f i e s  

g r a d u a l  r e p la c e m e n t  o f  th e  c a l c i f i e d  c a r t i l a g e  zone by new ly formed 

bone.

The d i f f e r e n t  c h a r a c t e r i s t i c  t r a b e c u l a r  p a t t e r n s  i n  th e  b o th  

a n t e r o - p o s t e r i o r  and m e d io - l a t e r a l  p la n e s  i s  seen  to  develop  a t  t h i s  

l e v e l ,  i e  s u b c h o n d r a l  bone ( f i g .  3*9) • The r e s o r p t i o n  s p a c e s  a r e  

seen  to  d ig  i n t o  th e  c a l c i f i e d  c a r t i l a g e  ( f i g .  3*14). As seen  on th e  

m e d io - l a t e r a l  s u r f a c e ,  d i s t a l l y  n e a r  to  th e  c a l c i f i e d  c a r t i l a g e ,  th e  

t r a b e c u l a e  t a k e  a r e g u l a r  s h a p e .  The t r a b e c u l a r  s p a c e s  a r e  n e a r l y  

round, which f u r t h e r  p ro x im a l ly ,  tu r n  i n t o  r e g u l a r ,  e lo n g a te d  sp aces  

be tw een  th e  s l e n d e r  and v e r t i c a l  t r a b e c u l a e  ( f i g .  3 * 9 a ) ;  th e  l a t e r  

have  s h o r t  m e d i o - l a t e r a l  c o n n e c t io n s .  On th e  c o n t r a r y ,  th e  a n t e r o 

p o s t e r i o r  s u r f a c e  shows w ider d o rso -p a lm a r  t r a b e c u l a r  p l a t e s  i n  t h i s  

r e g io n ,  w i th  random and i r r e g u l a r  shaped  t r a b e c u l a r  s p a c e s  be tw een  

them ( f i g .  3 -9 b -c ) .

In  n e o n a t a l  b o n e s  (1 day  & 6 Week) t r a b e c u l a r  p l a t e s  show 

s i m i l a r  a r ran g em en t  i n  th e  b o th  m e d i o - l a t e r a l  and a n t e r o - p o s t e r i o r  

p l a n e s .  The t r a b e c u l a r  s p a c e s  show no p r e f e r e n c e  i n  t h e i r  

o r i e n t a t i o n ,  e i t h e r  a n t e r o - p o s t e r i o r  o r  v e r t i c a l ,  a l th o u g h  th e  6 week 

bone shows some v e r t i c a l  a n t e r o - p o s t e r i o r  t r a b e c u l a r  p l a t e s ,  v iew ed 

on th e  m e d i o - l a t e r a l  s u r f a c e  ( f i g .  8 a - c ) . D is t a l l y ,  t h e  t r a b e c u l a e  

a r e  d en se .  L o ts  o f  p e r f o r a t i n g  h o le s  ( f i g .  3 .1 5 a b )  a r e  s e e n  a lo n g  

th e  t r a b e c u l a r  p l a t e s  i n d i c a t i n g  a c t i v e  r e s o r p t i o n .  Bone p a c k e ts  o f  

d i f f e r e n t  m i n e r a l i s a t i o n  d e n s i t y  a r e  o b s e rv e d  a lo n g  th e  t r a b e c u l a e .  

F e a tu re s  o f  a c t iv e  rem o d e ll in g  a r e  p r e s e n t  ( f i g .  3 •15» 3*17a-b , l8 a -

b ) .

The ano rg an ic  bone samples o f  th e  n eo n a te s  a re  c h a r a c t e r i s e d  by 

e x te n s iv e  r e s o r p t io n ,  as seen  on th e  m in e ra l  f r o n t  p r e p a r a t io n s  which
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Figure 3 .9

LPL image o f  50 pm th i c k  d e c a l c i f i e d  v e r t i c a l  s e c t i o n s  o f  su b ch o n d ra l  

bone & c a l c i f i e d  c a r t i l a g e  from th e  d i s t a l  condyle  o f  th e  M cIII .

a )  4y ML,

b) 4y AP, and

c) 24y AP.

a )  4y ML - th e  t r a b e c u l a r  s p a c e s  a r e  round  and r e g u l a r  im m e d ia te ly  

a d j a c e n t  t o  t h e  c a l c i f i e d  c a r t i l a g e ,  an d  g r a d u a l l y  t a k e  a 

l o n g i t u d i n a l  shape between th e  v e r t i c a l  t r a b e c u la e .

b & c) 4y & 24y AP -  Wide AP t r a b e c u l a r  p l a t e s  w ith  random i r r e g u l a r  

shaped  t r a b e c u l a r  s p a c e s  a r e  c o n ta in e d  w i th i n  th e  a n t e r o - p o s t e r i o r  

s e c t i o n s .

F i e l d  w id th  a = I 8OO pm, b = 3 mm, c = 3*1 mm.



Figure 3-9
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Figure 3 10

SEM and CSLM micrographs  a n t e r o - p o s t e r i o r l y  showing how th e  c a l c i f i e d  

c a r t i l a g e  has  a tendency  to  c l e a v e :

a)  BSE image shows s p l i t  l i n e s  on t h e  d i s t a l  s u r f a c e  ( m i n e r a l i s e d

a r t i c u l a r  c a r t i l a g e  s u r f a c e )  o f  a d i s t a l  ( a r t i c u l a r )  b lo c k  o f  a  beam

c u t  from an 11 y e a r  o ld  metacarpus ;  and

b) CSLM image o f  ML s u r f a c e  o f  PMMA embedded bone.  FW = .96  mm.

c)  BSE image o f  ML s u r f a c e  o f  PMMA embedded bone.

a = A u - s p u t t e r  co a ted ,  w h i l s t  t h e  p o l i s h e d  PMMA embedded b lock  

(c)  i s  ca rbon coa ted .



Figure 3•10
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a p p e a re d  rough w i t h  s c a l l o p e d  e d g e s .  V a s c u l a r  c a n a l s  s e e n  i n  t h i s  

s u r f a c e  e x h i b i t  s i g n s  o f  i n t e n s e  r e m o d e l l i n g  a l o n g  t h e i r  w a l l s .  

U n l i k e  r e s o r p t i o n  f i e l d s ,  e x p o s e d  f o r m i n g  s u r f a c e s  v ie w e d  on t h e  

m i n e r a l i s i n g  f r o n t  s u r f a c e  have a tendency o f  s h i f t i n g  toward  a n t e r o 

p o s t e r i o r  o r i e n t a t i o n  g i v i n g  r i s e  t o  a n t e r o - p o s t e r i o r  v e r t i c a l  

t r a b e c u l a e .

The bone samples  e x h i b i t e d  e x t e n s i v e  r e s o r p t i o n  i n  t r a b e c u l a e  

n e a r  t h e  c a l c i f i e d  c a r t i l a g e  end v iew ed  on a n t e r i o r  s u r f a c e  i . e . ,  

m e d i o - l a t e r a l  s u r f a c e  ( f i g .  3 1 3 b ) . The r e s o r p t i o n  f i e l d s  were s e e n  

burrow ing  th e  bony t i s s u e  on th e  do r so -pa lm a r  a x i s  ( f i g .  3 •13a)* In  

o l d e r  a n i m a l s ,  t h e  c a l c i f i e d  c a r t i l a g e  zone  was a l s o  s e e n  t o  be  

r e s o r b e d .

I n  o t h e r  an im a l s  examined (2 y e a r s  eind o l d e r )  , t h e  t r a b e c u l a e  

a r e  fo u n d  o r i e n t e d  i n  a d o r s o - p a l m a r  p l a n e  up t o  t h e  m e t a p h y s e a l  

r e g io n  f o r  a  d i s t a n c e  o f  about  30 mm to  4^ mm p r o x im a l l y .  These a r e  

a lm o s t  v e r t i c a l  p l a t e s  i n  t h e  a n t e r o - p o s t e r i o r  p l a n e  and a r e  j o i n e d  

by narrow m e d i o - l a t e r a l  c r o s s b r i d g e s .  Th is  a n i s o t r o p i c  s t r u c t u r e  i s  

p r e s e n t  i n  t h e  e x - e p i p h y s e a l  r e g i o n  up t o  t h e  s i t e  o f  t h e  f u s i o n  o f  

t h e  g r o w t h  p l a t e  ( f i g u r e s  3 * 3 .  3 * 5 .  3 • 6b , 3 - 7 a - g )  D i f f e r e n t  

m i n e r a l i s a t i o n  l e v e l s  i n d i c a t e  a c t i v e  renewal ;  however,  t h e  i n t e n s i t y  

i s  l e s s  t h a n  t h a t  i n  t h e  n e o n a t e s  w h e re  i t  i s  e v i d e n c e d  by t h e  

g r e a t e r  number  o f  r e s o r p t i o n  f i e l d s .  From t h e  m e t a p h y s e a l  r e g i o n  

p r o x i m a l l y ,  no su ch  p re d o m in a n c e  i n  d o r s o - p a l m a r  o r i e n t a t i o n  o f  

t r a b e c u l a r  p l a t e s  i s  o b s e r v e d  ( f i g u r e s  3*3» 3 * 6 c - d ,  3 * 7 h ) .  The 

m e d i o - l a t e r a l  connec t ions  o r  c r o s s b r i d g e s  a r e  r e p l a c e d  by t r a b e c u l a r  

p l a t e s .  Somewhat o b l i q u e l y  o r i e n t e d  t r a b e c u l a r  p l a t e s  from b o t h  t h e  

p l a n e s  g i v e  r i s e  t o  honeycomb l i k e  t r a b e c u l a r  a r c h i t e c t u r e  (3 *6cd ,  

3 - 7 h - p ) .

The 100pm t h i c k  i n t e r m e d i a t e  c r o s s - s e c t i o n s  o f  t h e  McIII  beams 

when e x a m in e d  w i t h  t h e  Edge 3D M i c r o s c o p e  e x h i b i t e d  no  s i g n  o f  

m i c r o f r a c t u r e ,  c r a z i n g  l i n e s  o r  c r a c k s .  P a r t i c u l a r  e m p h a s i s  was 

p l a c e d  on th o s e  s i t e s  where rem o d e l l in g  was p r e s e n t  i n  t h e  v e r t i c a l  

( a n t e r o - p o s t e r i o r )  t r a b e c u l a e  and a t  th e  j u n c t i o n  o f  t h e  t r a n s v e r s e  

w i t h  t h e  v e r t i c a l  co m p o n en ts .  The i n t e r - t r a b e c u l a r  s p a c e s  a p p e a r  

e l o n g a t e d  a n t e r o - p o s t e r i o r l y .  T h i s  p a t t e r n  i s  g r a d u a l l y  r e p l a c e d  

more d i s t a l l y  where t h e  t r a b e c u l a r  o r i e n t a t i o n  i n  b o t h  t h e  a n t e r o -
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Figure 311

a)  C o n fo c a l  s c a n n in g  l i g h t  m i c r o s c o p ic  image showing  o s t e o n s  i n  an 

a n t e r o - p o s t e r i o r l y  o r i e n t e d  p l a t e  (2 y F  M c I I I ) .  B r i l l i a n t  

s u l p h a f l a v i n e  s t a i n e d .  FW = 1.17  mm.

b) BSE SEM image o f  th e  t r a b e c u l a e  i n  McIII  o f  an 11 y e a r  o ld  animal 

showing p o r o s i t y  w i th in  the  t r a b e c u l a r  s t r u c t u r e .  A u - s p u t t e r  c o a ted .



Figure 3.11
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Figure 312

a - c )  F lu o r e s c e n c e  c o n f o c a l  s c a n n i n g  l i g h t  m i c r o s c o p i c  images  o f  t h e  

i n t e r v e n i n g  t r a n s v e r s e  s e c t i o n s  o f  t h e  beams o f  M cII I  o f  a 7 y e a r  

o l d  an imal.

a - b )  P a s s a g e  o f  v a s c u l a r  c h a n n e l s  s e e n  t h r o u g h  t h e  t r a b e c u l a r  

j u n c t i o n s  i n  th e  a n t e r o - p o s t e r i o r  p l a n e .

c)  S e v e ra l  cement l i n e s  i n d i c a t i n g  poor  r e m o d e l l i n g  h i s t o r y .

FW: a  = 2.25  mm, b = .94 mm, c = 1.11mm.



Figure 3•12
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Figure 3.13

a)  Anorganic ( h y p o c h l o r i t e  t r e a t e d )  bone samples  viewed i n  a medio- 

l a t e r a l  s e c t i o n  s u r f a c e  from th e  d i s t a l  MCIII o f  a 6 week o l d  an imal.  

Note a r e s o r p t i o n  space  i n  the  a n t e r o - p o s t e r i o r  a x i s .

SE (1 .5kV).  A u - s p u t t e r  co a ted .

b) Same sample viewed on i t s  m e d i o - l a t e r a l  s e c t i o n  s u r f a c e ,  showing 

e x t e n s i v e  r e s o r p t i o n .  The c a l c i f i e d  c a r t i l a g e  i s  on t h e  r i g h t .

SE (lOkV). A u - s p u t t e r  co a t e d .



Figure 3.13
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Figure 314

D e c a l c i f i e d  50 ym t h i c k  v e r t i c a l  s e c t i o n  i n  t h e  a n t e r o - p o s t e r i o r  

p l a n e  showing th e  c a l c i f i e d  c a r t i l a g e  zone o f  t h e  d i s t a l  c o n d y le  o f  

t h e  t h i r d  m e taca rpus  o f  a  4 y e a r  o ld  a n i m a l .  The i r r e g u l a r  t i d e m a r k  

zone i s  seen a t  the  bottom,  beyond which a l i t t l e  o f  t h e  u n c a l c i f i e d  

r a d i a l  f i b r e  zone i s  v i s i b l e .  The top  o f  t h e  p i c t u r e  shows bone.  The 

v e r t i c a l  c h o n d ro cy te  columns l i e  p a r a l l e l  t o  t h e  p r i n c i p a l  c o l l a g e n  

a x i s .  CPL image.



Figure 3■l4
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p o s t e r i o r  and t h e  m e d i o - l a t e r a l  p l a n e s  a p p e a r e d  s i m i l a r .  V a s c u l a r  

channe ls  a r e  no ted  w i t h i n  t h e  t r a b e c u l a e  m a in ly  a long  t h e i r  lo n g  axes 

( a n t e r o - p o s t e r i o r )  . I n  d i s t a l  c r o s s - s e c t i o n s  t h e  t r a b e c u l a e  a r e  

d e n s e ,  and e x h i b i t  more o s t e o n a l  r e m o d e l l i n g  t h a n  t h o s e  i n  p ro x im a l  

a r e a s ,  w here  t h e  t r a b e c u l a e  become g r a d u a l l y  t h i n n e r  w i t h  l e s s  

t r a b e c u l a r  network.

PLM

The i n t e r m e d i a t e  c r o s s  s e c t i o n s  o f  t h e  beam e x h i b i t  s i m i l a r  

t r a b e c u l a r  a r c h i t e c t u r e  i n  PLM ( f i g  3*7)•  The p r e d o m in a n t  a n t e r o 

p o s t e r i o r  o r i e n t a t i o n  o f  t h e  t r a b e c u l a e  and t h e  t r a b e c u l a r  s p aces  a r e  

a p p a re n t  up to  th e  7 t h  s e c t i o n  (3 *7g)» a f t e r  which th e  s t r u c t u r e  i s  a 

honeycomb. The t r a b e c u l a e  a p p e a r  p r e d o m i n a n t l y  b r i g h t  i n  t h e  b o th  

LPL & CPL. The c o l l a g e n  f i b r e s  a r e  p a r a l l e l  w i t h  t h e  l o n g  axes  o f  

t h e  a n t e r o - p o s t e r i o r  t r a b e c u l a e ,  and a l s o  i n  t h e  c r o s s  b r i d g e s .  

R e s o r p t i o n  s p a c e s  and  f o r m i n g  o s t e o n s  i n d i c a t e  a c t i v e  o s t e o n a l  

r e m o d e l l i n g  w i t h i n  t h e  t r a b e c u l a r  c o m p o n e n t .  The t r a b e c u l a e  

c o n t a i n e d  many b r i g h t  2 “ o s t e o n s  i n  t h e  p l a n e  o f  s e c t i o n .  They a r e  

m ostly  e l l i p t i c a l  i n  th e  a n t e r o - p o s t e r i o r  axes  o f  th e  t r a b e c u l a e .  In  

LPL, t h e  t r a b e c u l a e  a r e  p r e d o m i n a n t l y  b r i g h t  when t h e  s e c t i o n  i s  

viewed normal t o  t h e  o p t i c  a x i s ,  and a l s o  w i t h  4 5 “ r o t a t i o n  o f  t h e  

s e c t i o n s  ( f i g  3*7Q“ r ) .  R e v e r s a l  l i n e s  c h a r a c t e r i s e  a l m o s t  a l l  t h e  

t r a b e c u l a e .  The y o u n g e r  t h e  a n i m a l ,  t h e  h i g h e r  t h e  t u r n o v e r .  The 

h i g h e r  t h e  o s t e o n a l  r e m o d e l l i n g ,  t h e  h i g h e r  t h e  c e m e n t  l i n e  

i n t e r f a c e s  w i th in  the  t r a b e c u l a e .  T ra b e c u la e  i n  more d i s t a l  s e c t i o n s  

e x h i b i t  more o s t e o n a l  r e m o d e l l i n g ;  a  g r e a t e r  r a t e  i s  s e e n  a t  t h e  

j u n c t i o n s  o f  t h e  a n t e r o - p o s t e r i o r  and t h e  m e d i o - l a t e r a l  components 

( f i g  3 * 7 e - f ,  q - r ) . V a s c u l a r  c h a n n e l s  a r e  o b s e r v e d  w i t h i n  a n t e r o 

p o s t e r i o r  t r a b e c u l a r  p l a t e s .  P r o x i m a l l y ,  t h e  t r a b e c u l a r  s p a c e s  

g r a d u a l l y  become e n l a r g e d ,  t h e  t r a b e c u l a e  become t h i n n e r ,  and th e  

t u r n o v e r  r a t e  i s  s l o w e r .  The  o l d e r  t h e  a n i m a l ,  t h e  l e s s  t h e  

e x t e n s i o n  o f  the  t r a b e c u l a r  network towards  t h e  m i d s h a f t ,  con f i rm in g  

t h e  g r a d u a l  l o s s  o f  t r a b e c u l a e  w i t h i n  t h e  c e n t r a l  s h a f t  w i t h  

i n c r e a s i n g  age.
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Figure 3*15

a)  6 week m e taphys i s ,  BSE

b) p a r t i a l l y  ano rgan ic  1 day e p i p h y s i s ,  SE.

B o th  v i e w e d  on t h e  m e d i o - l a t e r a l  s u r f a c e s  s h o w i n g  e x t e n s i v e  

r e s o r p t i o n .

a = BSE (20kV), b = SE (10 kV). A u - s p u t t e r  c o a t e d .
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Figure 3*16

BSE images o f  6 week McIII  t r a b e c u l a r  s u r f a c e s

a)  e x t e n s i v e  r e s o r p t i o n  a t  t h e  b a s e  and  a l o n g  t h e  s u r f a c e  o f  a 

t r abecu lum ,  and

b) f r e e  end o f  a t r abe cu lum  as  a consequenc e  o f  i t s  r e s o r p t i o n .  Au- 

s p u t t e r  c o a t e d .
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Figure 3-17

SE images  o f  t r a b e c u l a e  i n  1 day McIII  showing e x t e n s i v e  r e s o r p t i o n  

and fo rm a t io n ,  a)  h y p o c h l o r i t e  t r e a t e d ,  b) Hydrogen p e ro x id e  t r e a t e d .  

AP = s i d e  t o  s i d e .  SE (lOkV). A u - s p u t t e r  co a ted .



Figure 3-17
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Figure 3*18

SE image o f  h y p o c h l o r i t e  t r e a t e d  one day McIII  showing r e s o r p t i o n  and 

fo rm a t io n  s i d e  by s i d e  on t h e  s u r f a c e  o f  t h e  t r a b e c u l a e .

10 kV. A u - s p u t t e r  coa ted .



Figure 3-18
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3.4 DISCUSSION

T h i s  s t u d y  was c a r r i e d  o u t  t o  a s c e r t a i n  t h e  o r g a n i s a t i o n a l  

f e a t u r e s  and,  any p r o b a b l e  p a t h o l o g y ,  which may f a v o u r  t h e  commonly 

o c c u r r i n g  f r a c t u r e  i n  t h e  d i s t a l  c o n d y l a r  r e g i o n  o f  t h e  e q u i n e  

me taca rpus .

As r e v e a l e d  i n  t h i s  s t u d y ,  t h e  t r a b e c u l a e  i n  t h e  most  d i s t a l  

r e g i o n  o f  t h e  M c I I I  were  o r i e n t e d  a n t e r o - p o s t e r i o r l y  a s  v e r t i c a l  

p l a t e s .  T h e s e  s a g i t t a l  p l a t e l i k e  t r a b e c u l a e  w e re  f o u n d  t o  be  

su p p o r te d  w i th  m e d i o - l a t e r a l  c r o s s  b r i d g i n g  and were c o n s t a n t  i n  a l l  

a n i m a l s  w i t h  t h e  e x c e p t i o n  o f  t h e  n e o n a t e s  ( I d  & 6 w ) . The 

a n i s o t r o p y  i s  f i n e r  a t  th e  s i t e  o f  the  f u s io n  o f  t h e  growth p l a t e .

The chan g in g  f e a t u r e s  o b t a i n e d  i n  t h i s  s t u d y  w i t h  age ( d u r i n g  

p o s t - n a t a l  p e r io d )  a r e  i n  agreement w i th  t h e  a d a p t a t i o n  o f  t r a b e c u l a e  

t o  s t r a i n  d i s t r i b u t i o n  (Wolf f  I 87O ) . I n  man, f u n c t i o n a l  c a n c e l l o u s  

bone d e v e lo p s  from p r im a ry  c a n c e l l o u s  bone which f i l l s  i n  t h e  whole 

m e ta p h y s i s  i n  t h e  f e t a l  and e a r l y  p o s t  n a t a l  p e r i o d  (L i s k o v a  I 96 I ; 

O s b o r n e  e t  a l  I 9 8 O) .  I t  f o r m s  a t h r e e  d i m e n s i o n a l  mesh  w i t h  

pronounced p r e f e r e n c e  f o r  l o n g i t u d i n a l  t r a b e c u l a e .  The d i r e c t i o n  o f  

t h e  t r a b e c u l a e  f o l l o w s  t h e  o r i e n t a t i o n  o f  c e l l u l a r  co lumns  o f  t h e  

g row th  p l a t e .  Only i n  t h e  c o u r s e  o f  t h e  f i r s t  p o s t - n a t a l  y e a r  and 

under  th e  i n f l u e n c e  o f  i n c r e a s e d  mechanical  l o a d i n g  does t h e  p r im ary  

c a n c e l l o u s  bone  rem ode l  i n t o  t h e  s e c o n d a r y  f u n c t i o n a l  c a n c e l l o u s  

bo n e .  The f i n d i n g  i s  a l s o  i n  a g re e m e n t  w i t h  t h e  n o t i o n  t h a t  t h e  

e q u i n e  t h i r d  m e t a c a r p a l  bone i s  p r i m a r i l y  a x i a l l y  l o a d e d  (T u rn e r  e t  

a l  1975; Biewener e t  a l  1983a ) .  Th i s  means t h a t ,  main s t r e n g t h  o f  

th e  c a n c e l l o u s  bone should  l i e  i n  v e r t i c a l  t r a b e c u l a e .

I t  i s  v e r y  c l e a r  t h a t  i n  t h e  d i s t a l  c o n d y l e  o f  e q u i n e  

m e t a c a r p a l  bone ,  t h e  c h a r a c t e r i s t i c  f r a c t u r e  l i n e  must  p a s s  t h ro u g h  

t h e  r e g i o n  o f  t r a n s v e r s e  t r a b e c u l a r  components where t h e  t r a b e c u l a r  

spaces  a re  p redom inan t ly  v e r t i c a l  w i th  a do r so -p a lm a r  o r i e n t a t i o n .

CSLM and BSE SEM s t u d i e s  r e v e a le d  a c l e a r  tendency  t o  c l e a v e  i n  

a n t e r o - p o s t e r i o r  p l a n e  i n  t h e  c a r t i l a g e  deep  t o  t h e  m i n e r a l i s i n g  

f r o n t  o f  t h e  a r t i c u l a r  c a r t i l a g e .  T h i s  o b s e r v a t i o n  i n d i c a t e s  an 

a n i s o t r o p y  a l s o  i n  u n d e r l y i n g  c o l l a g e n  f i b r e  o r i e n t a t i o n ,  which was 

l a t e r  c o n f i r m e d  by e x a m in in g  t h e  a r t i c u l a r  c a r t i l a g e  s e c t i o n s  i n
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p o l a r i s e d  l i g h t ,  and l o o k i n g  a t  t h e  m i n e r a l i s i n g  f r o n t  p r e p a r a t i o n s  

i n  SEM (chap.  4 ) .

No e v i d e n c e  d o c u m e n t i n g  t h e  p r e s e n c e  o f  m i c r o c r a c k s  o r  

m i c r o f r a c t u r e s  i n  t r a b e c u l a r  bone could  be seen  i n  t h i s  s t u d y .

I n  t h i s  s t u d y ,  a l t h o u g h  a v e r y  l i m i t e d  number  o f  M c I I I  was 

examined ,  no o r g a n i s a t i o n a l  d i f f e r e n c e s  were o b s e rv e d  be tw ee n  r i g h t  

and l e f t  l im bs .  Th is  i s  c o n s i s t e n t  w i th  th e  s tu d y  o f  Nunamaker and co

w o r k e r s  ( 1989)1  who f o u n d  no d i f f e r e n c e  f o r  any  o f  t h e  s e c t i o n  

p r o p e r t i e s  o f  McIII  a t  any age between the  l e f t  and r i g h t  l im b s .  Th is  

f r a c t u r e  commonly occu r s  i n  o l d e r  an imals .  S e v e r a l  s t u d i e s  (Meagher 

1 9 7 6 ; R ic k  e t  a l  1983;  R i c h a r d s o n  1984) o f  c o n d y l a r  f r a c t u r e s  i n  

Thoroughbreds favour  t h i s  n o t i o n ;  (R ic k :69 an im a ls ,  2 t o  8 y e a r s  o ld  

w i th  a mean o f  3*7 y e a r s ) ;  Meagher: 42 an im als ,  2 to  9 y e a r s  o ld  w i th  

a mean o f  3*6 y e a r s ) .  One s t u d y  (Rick e t  a l  1983) found  a g r e a t e r  

i n c id e n c e  o f  d i s t a l  c o n d y la r  f r a c t u r e  i n  l e f t  m e ta c a rp a l s  i n  c o n t r a s t  

t h e  r e s u l t s  o f  M eagher  (19 7 6 )  and Rooney ( 1 9 7 4 ) .  I t  i s  q u i t e  

u n l i k e l y  t h a t  t h e r e  i s  any p r e f e r e n t i a l  o r g a n i s a t i o n a l  d i f f e r e n c e  

between two l im bs .  The d i f f e r e n c e  i s  i n  t h e i r  b io m ech an ica l  a s p e c t s .  

Nunamaker and co -workers  ( I 989 ) a l s o  showed g r e a t e r  s t r a i n  magni tudes  

a t  t h e  e n d s e c t io n s  i n  th e  l e f t  l imb.  I t  seems c l e a r  t h a t  t h e  g r e a t e r  

i n c i d e n c e  o f  f r a c t u r e  i n  t h e  l a t e r a l  c o n d y l e  o f  t h e  M c I I I  i s  

a t t r i b u t a b l e  t o  t h e  g r e a t e r  l o a d  t h e  l imb s u s t a i n s  d u r i n g  r a c i n g  o r  

t r a i n i n g  i n  a co u n te rc lo c k w is e  d i r e c t i o n ,  when the  i n s i d e  l imb has  to  

w i t h s t a n d  more s t r a i n .  T h i s  e x p l a n a t i o n  s u p p o r t s  t h e  s u g g e s t i o n  

(Rooney 1974;  Meagher 1976) t h a t  c o n d y l a r  f r a c t u r e s  o f  M c I I I  a r e  

a lmos t  e x c l u s i v e l y  th e  r e s u l t  o f  s t r en u o u s  e x e r c i s e .

The a r t i c u l a r  s u r f a c e  a t  th e  d i s t a l  end o f  McIII  i s  convex w i th  

a s a g i t t a l  r i d g e  and two smooth condy la r  s u r f a c e s .  I n  some an im a ls ,  

t h e  subchondra l  bone e x h i b i t e d  a very  f i n e  t r a b e c u l a r  p a t t e r n ,  w h i le  

i n  o t h e r s  i t  appeared  t o  be composed o f  more Compact bone o f  v a r i a b l e  

d e n s i t y  b u t  w i t h  a l o s s  o f  t r a b e c u l a r  p a t t e r n .  The d e n s i t y  o f  

t r a b e c u l a e  a l s o  v a r i e d  i n  d i f f e r e n t  an imals .  These were c o n s t a n t  i n  

b o t h  d o r s a l  and p a l m a r  a s p e c t s  o f  t h e  d i s t a l  m e t a c a r p u s .  T h e s e  

f i n d i n g s  a r e  n o t  i n  a g r e e m e n t  w i t h  c e r t a i n  d e s c r i p t i o n s  o f  d i s t a l  

s u b c o n d y la r  bone a r c h i t e c t u r e  (O 'B r i e n  1977)* However,  t h e  bone i n  

t h e  s a g i t t a l  r i d g e  was l e s s  d e n s e  th a n  i n  t h e  c o n d y l e s ,  and t h e
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c a r t i l a g e  was smooth on c o n d y l a r  s u r f a c e s .  I n  man, t h e  p r e s e n c e  o f  

more dense  s u b c h o n d r a l  bone t i s s u e  w i t h  l o s s  o f  t r a b e c u l a r  p a t t e r n  

which showed compact  bone l i k e  a p p e a r a n c e  h a s  been  a s s o c i a t e d  w i th  

d e g e n e r a t i v e  l e s i o n s  o f  a r t i c u l a r  c a r t i l a g e  (human: Chai  e t  a l  1991)•

In  t h e  p r e s e n t  s t u d y ,  a n t e r o - p o s t e r i o r  f i s s u r e s  were  s e e n  i n  

t h e  c o n d y l a r  g r o o v e s  i n  t h e  f r a c t u r e  c a s e s ,  w h ic h  i n d i c a t e  t h e  

p r e s e n c e  o f  some p r e - e x i s t i n g  p a t h o l o g i c a l  p r o c e s s  which  m igh t  have 

c o n t r i b u t e d  t o  t h e  i n i t i a t i o n  o f  t h e  f r a c t u r e .  I n  a r t i c u l a r  

c a r t i l a g e  damage,  t h e  s u b c h o n d r a l  b o n e  l o s e s  i t s  w e l l - d e f i n e d  

t r a b e c u l a r  p a t t e r n .  U su a l ly ,  i f  t h e r e  i s  any d e f e c t  i n  t h e  a r t i c u l a r  

c a r t i l a g e  o r  i n  t h e  s u b c h o n d r a l  b o n e ,  i n c r e a s i n g  i n v o l v e m e n t  i n  

magnitude,  g r a d u a l l y  causes  p r o d u c t i v e  and d e s t r u c t i v e  p r o c e s s  which 

e x t e n d s  d i s t a l l y  on t o  t h e  a r t i c u l a r  s u r f a c e  b e s i d e  t h e  s a g i t t a l  

r i d g e  i n  the  condyle (O 'Br ien  1977).

D epending  on e x t e n s i o n ,  t h e  f r a c t u r e  i s  e i t h e r  c o m p l e t e  o r  

i n c o m p le t e .  P r e v i o u s  s t u d i e s  showed t h a t  com ple te  f r a c t u r e  i s  more 

common t h a n  i n c o m p l e t e  f r a c t u r e  ( 5 3 / 7 7 :  R i c k  e t  a l  1983 )•  The 

f r a c t u r e  i s  though t  (Meagher 1976; Rick  e t  a l  1983) t o  b e g in  u s u a l l y  

i n  a f o c a l  a r e a  i n  t h e  s u b c h o n d r a l  r e g i o n  o f  t h e  M c I I I ,  e x t e n d s  

p r o x i m a l l y  f o r  3 t o  4 cm b e f o r e  e x t e n d i n g  f u r t h e r  a x i a l l y  o r  

l a t e r a l l y ,  t h u s  c o n s t i t u t i n g  c o m p le t e  c o n d y l a r  f r a c t u r e ,  and l e s s  

o f t e n  incomple te  f r a c t u r e .

The p r e s e n t  s tu d y  s u g g e s t s  th e  cause  o f  spon taneous  f a i l u r e  o f  

t h e  d i s t a l  condy le  w i th  c h a r a c t e r i s t i c  m o r p h o l o g ic a l  f r a c t u r e  l i n e ,  

and c o n t r i b u t e s  t o  t h e  u n d e r s t a n d i n g  o f  t h e  b i o m e c h a n i c s  o f  i t s  

i n i t i a t i o n  and  p r o p a g a t i o n .  When f r a c t u r e  o n c e  o r i g i n a t e s ,  t h e  

c h a r a c t e r i s t i c  t h r e e - d i m e n s i o n a l  a r c h i t e c t u r e  o f  t r a b e c u l a e  ( t h e  

t r a b e c u l a e  a r e  o r i e n t e d  a s  a n t e r o - p o s t e r i o r  p l a t e s  w i t h  n a r r o w e r  

m e d i o - l a t e r a l  c r o s s - b r i d g e s )  f o r  a  c e r t a i n  d i s t a n c e ,  a s  w e l l  as  t h e  

a n i s o t r o p i c  o r g a n i s a t i o n  o f  t h e  s u b c h o n d r a l  component  i n  t h e  d i s t a l  

condyle  l e a d s  the  f r a c t u r e  l i n e  p ro x im a l ly  from th e  a r t i c u l a r  s u r f a c e  

t h r o u g h  s a g i t t a l  and v e r t i c a l  t r a b e c u l a r  s p a c e s  t o  t a k e  an e x i t  

f i n a l l y  t h r o u g h  t h e  p e r i o s t e a l  s u r f a c e  o f  t h e  m e t a p h y s e a l  o r  

d i a p h y s e a l  r e g i o n s .  The p r e d o m i n a n t  a n i s o t r o p y  i n  t h e  p a t t e r n  o f  

s a g i t t a l  t r a b e c u l a r  p l a t e s  i s  l o s t ,  as  t h e s e  p l a t e s  e x t e n d  f u r t h e r  

p r o x i m a l l y  i n  t h e  d i a p h y s e a l  r e g i o n ,  w here  e l o n g a t e d  d o r s o - p a l m a r
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t r a b e c u l a r  s p a c e s  l o s e  t h e i r  d i s t i n c t  o r i e n t a t i o n  due t o  t h e  change  

i n  t h e  form o f  m e d i o - l a t e r a l  t r a b e c u l a r  components .  T h i s  e x p l a i n s  

t h e  a r r e s t  o f  f u r t h e r  a x i a l  e x t e n s i o n  o f  t h e  f r a c t u r e  l i n e  a f t e r  a 

c e r t a i n  d i s t a n c e ,  and  i t s  e x i t  l a t e r a l l y  i n  commonly o c c u r r i n g  

comple te  d i s t a l  condy la r  f r a c t u r e s .

The m i n e r a l  c o n t e n t  o f  t h e  c a l c i f i e d  c a r t i l a g e  i s  t h e  h i g h e s t  

i n  ’’b o n e ” . E x c e s s i v e  m i n e r a l i s a t i o n  would  c a u s e  ’’b o n e ” t o  b e  more 

b r i t t l e  (C u r r e y  1969;  K atz  e t  a l  1 9 8 4 ) ,  a f e a t u r e  t h a t  c o u l d  be 

a s s o c i a t e d  w i t h  f a i l u r e  o f  t h e  bo n e  l e a d i n g  t o  f r a c t u r e  du e  t o  

r e p e a t e d  e x c e s s i v e  l o a d i n g .  T h i s  a l s o  a s s o c i a t e s  w i t h  t h e  f i n d i n g  

(Chap.  2) t h a t  t i s s u e s  i n  o l d e r  a n im a l s  a r e  more m i n e r a l i s e d .  Lower 

r e n e w a l  r a t e  i n  t h e  o l d e r  a n i m a l s  l e a d s  t o  h y p e r m i n e r a l i s a t i o n  o f  

b o th  th e  pr im ary and th e  secondary  bones .

The p r e s e n t  s t u d y  a l s o  sh o w e d  t h a t  t h e  d e n s i t y  o f  t h e  

s u b c h o n d r a l  bone v a r i e d  t o  a l a r g e  e x t e n t  i n  d i f f e r e n t  i n d i v i d u a l s ,  

as  t h e r e  was a l s o  v a r i a t i o n  i n  ap p a re n t  t r a b e c u l a r  bone d e n s i t y .  In  

some o l d e r  an imals ,  t h e  subchondra l  bone was found t o  be v e ry  dense .  

V a r i o u s  f a c t o r s  c o n t r i b u t e  t o  a l l  t h e s e  v a r i a t i o n s .  T h e r e  i s  no 

do u b t  r e g a r d i n g  th e  e f f e c t  o f  e x e r c i s e  on bone (Wolf f  1892;  Lanyon 

1974; Lanyon and Rubin 1984; Rubin and Lanyon I 985 ) .  The i n f l u e n c e  o f  

e x e r c i s e  on bone mass d ep en d s  on t h e  t y p e  and i n t e n s i t y  and i t s  

d u r a t i o n  (Jacobson e t  a l  1984; Lanyon 1992a) and t h e  age a t  which i t  

i s  p r a c t i s e d  ( S t e i n b e r g  and T r u e t t a  I 98 I ) .  E x e r c i s e  i n f l u e n c e s  b o th  

t r a b e c u l a r  and c o r t i c a l  b o n e  ( P o c o c k  e t  a l  1 9 8 6 ) . S i g n i f i c a n t  

d i f f e r e n c e s  i n  bone mass be tween t h e  dominan t  and nondominant  l im bs  

e x i s t s .  More bone mass i n  t h e  dominant  arm than  i n  t h e  c o n t r a l a t e r a l  

arm h a s  been  o b s e r v e d  ( J o n e s  e t  a l  1 9 7 ? h ) . S e v e r a l  o t h e r  r e p o r t s  

(Woo e t  a l  1981 ; Rico e t  a l  1994) a l s o  showed t h a t  p ro longed  e x e r c i s e  

l e a d s  t o  an i n c r e a s e  i n  c o r t i c a l  bone mass .  However,  R ico  and c o 

w o r k e r s  (1994) found g r e a t e r  bone  m i n e r a l  d e n s i t y  i n  t h e  c o r t i c a l  

bone ,  b u t  n o t  i n  t h e  t r a b e c u l a r  bone i n  t h e  dominan t  arm. T h i s  was 

due t o  g r e a t e r  s u s t a i n e d  p h y s i c a l  a c t i v i t y  t h a t  i n f l u e n c e s  t h e  

c o r t i c a l  component o f  the  bone,  b u t  n o t  th e  t r a b e c u l a r  bone mass.  I t  

i s  p r o b a b l e  t h a t  t h e  e x t e n s i v e ,  d e n s e  s u b c h o n d r a l  b o n e  i n  some 

i n d i v i d u a l s  i n  t h i s  s t u d y  i s  due to  a h i g h e r  m agn i tude  o f  e x e r c i s e .  

I n c r e a s e d  s t i f f n e s s  due to  t h e  d e n s e  bony t i s s u e  u n d e r n e a t h  t h e

173



a r t i c u l a r  c a r t i l a g e  i n  some i n d i v i d u a l s  w o u ld  r e d u c e  t h e  s h o c k  

a b s o rb in g  c a p a c i t y  c a u s i n g  im proper  l o a d  d i s t r i b u t i o n .

The p r e s e n t  s t u d y  a l s o  d e m o n s t r a t e d  r e m o d e l l i n g  e v e n t s  which  

g e n e r a t e  cem ent l i n e s  i n  t h e  t r a b e c u l a e  a s  r e v e a l e d  by  C o n f o c a l  

microscopy and BSE im aging .  These i n t e r f a c e s  would o b v io u s ly  weaken 

t h e  bone f r a c t u r e  r e s i s t a n c e .

I t  i s  c o n c l u d e d  f r o m  t h e  p r e s e n t  s t u d y  t h a t  t h e  h i g h e r  

i n c i d e n c e  o f  d i s t a l  c o n d y l a r  f r a c t u r e  i n  young  r a c i n g  T horoughbreds  

i s  due t o  an  a s s o c i a t i o n  o f  g r a d u a l  d e t e r i o r a t i o n  o f  bone  q u a l i t y  

w i t h  h i g h e r  m a g n i t u d e  o f  e x e r c i s e .  T h e  t y p i c a l  i n i t i a t i o n ,  

p r o p a g a t i o n  and f a t e  o f  t h e  f r a c t u r e  l i n e  i s  a t t r i b u t a b l e  t o  t h e  

morphology (form and s t r u c t u r e )  o f  t h e  c o n s t i t u e n t  t i s s h e  components 

i n  t h e  d i s t a l  t h i r d  o f  t h e  MCIII .

The p r e s e n t  f i n d i n g s  f a v o u r  t h e  n o t i o n  t h a t  t h e  t r a b e c u l a r  

s y s t e m s  i n  t h e  d i s t a l  c o n d y l e  o f  t h e  m e t a c a r p u s  a r e  c o m p r e s s i o n  

s y s t e m s  ( H e r t  1992 ,  1 9 9 4 ) .  The t r a b e c u l a e  i n  m e t a c a r p a l  c r o s s  

s e c t i o n s  th roughou t  t h e  l e n g t h  p r e d o m in a n t ly  were b r i g h t  i n  p o l a r i s e d  

l i g h t  i n  b o t h  t h e  d o r s o - p a l m a r  a n d  m e d i o - l a t e r a l  t r a b e c u l a r  

components .  The n a t u r e  and c h a r a c t e r  o f  t h e  m i n e r a l  euid c o l l a g e n o u s  

m a t r i x ,  as  w e l l  as  t h e  m i n e r a l - m a t r i x  a s s o c i a t i o n  i s  i m p o r t a n t  f o r  

t h e  s t r e n g t h  o f  b o n e .  The s t r e n g t h ,  s u p p o r t  and  o t h e r  m e c h a n i c a l  

p r o p e r t i e s  o f  t h e  c a l c i f i e d  t i s s u e  a r e  d e p e n d e n t  p a r t i a l l y  upon t h e  

m o l e c u l a r  s t r u c t u r e  and  a r r a n g e m e n t  o f  i t s  c o n s t i t u e n t  m i n e r a l  

c r y s t a l s  w i t h i n  t h e i r  o r g a n i c  m a t r i x  (L a n d i s  1 9 9 5 ) .  H y d r o x y a p a t i t e  

and c o l l a g e n  combine t o g e t h e r  t o  form a com posi te  m a t e r i a l .  S t i f f n e s s  

i s  r e n d e r e d  by t h e  m i n e r a l  p h a s e  w h i l e  f l e x i b i l i t y  i s  due  t o  t h e  

m a t r ix  (B u r s t e i n  e t  a l  1977) .  The c r y s t a l s  a l i g n  c l o s e l y  p a r a l l e l  t o  

one a n o t h e r  and t o  t h e  l o n g  a x i s  o f  t h e  f i b r i l s  w i t h  w h ich  t h e y  

a s s o c i a t e .  The c o l l a g e n  f i b r e  a r r a n g e m e n t  i n  c o r t i c a l  bone i t s e l f  

i n d i c a t e s  t h e  ty p e  o f  s t r a i n  t h a t  t h e  bone  u n d e r g o e s  w h i l e  a d a p t i n g  

t o  i t s  b i o m e c h a n i c a l  f u n c t i o n  (Boyde and R ig g s  1990;  A sc en z i  e t  a l  

1 99O; R i g g s  e t  a l  1993&; a l s o  s e e  C h a p .  2 ) .  B i r e f r i n g e n c e  i n  

p o l a r i s e d  l i g h t  i n  t h e  p l a n e  o f  s e c t i o n  i s  a  t y p i c a l  f e a t u r e  a t  t h e  

s i t e  o f  compress ion i n  c o r t i c a l  bone (Boyde and Riggs  1990; Riggs e t  

a l  1993a;  a l s o  see  Chap. 2 ) .

The c h a r a c t e r i s t i c  c o l l a g e n  d e p o s i t i o n  u n v e i l e d  i n  t h e  r e g i o n
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o f  com press ion  i n  t r a b e c u l a r  bone i s  i n  ag reem en t  w i t h  t h e  f i n d i n g  

(T u rn e r  e t  a l  1975» B iewener  e t  a l  1983a) t h a t  t h e  e q u i n e  M cII I  i s  

a x i a l l y  l o a d e d  i n  c o m p r e s s i o n .  C o m p r e s s i v e  s t r a i n  l e d  t o  t h e  

d e p o s i t i o n  o f  p r e d o m i n a n t l y  n o n - l o n g i t u d i n a l  c o l l a g e n  ( b r i g h t  i n  

p o l a r i s e d  l i g h t  i n  t h e  p l a n e  o f  s e c t i o n  o f  t h e  c a n c e l l o u s  b o n e ) , a 

r e s u l t  c o n s i s t e n t  w i t h  t h a t  found  i n  t h e  c o r t e x  o f  e q u i n e  r a d i i  

( C h a p t e r  2 ) ,  a s  a c o n s e q u e n c e  o f  m e c h a n i c a l  a d a p t a t i o n  o f  bone  t o  

s t r e s s  s t i m u l i .  A d a p t a t i o n  o f  c o r t i c a l  bone t o  c o m p re s s io n ,  g i v i n g  

r i s e  to  more t r a n s v e r s e  c o l l a g e n  f i b r e s  was a l s o  dem ons t r a ted  i n  th e  

pa lmar  and d o r s a l  c o r t i c e s  o f  t h e  equ ine  McIII  w i th  i n c r e a s i n g  age by 

Riggs  ( I 99O) and S to v e r  e t  a l  (1992).

A bone changes  i t s  s hape  and a r c h i t e c t u r e  i n  r e s p o n s e  t o  t h e  

d i r e c t i o n  o f  s t r a i n  (Wolf f  I 87O; Lanyon 1974,  1992) .  I t  i s  e q u a l l y  

r e s p o n s i v e  t o  t e n s i l e  and c o m p r e s s i v e  s t r e s s e s  ( H e r t  e t  a l  1969;  

Turne r  1992).  F r a c t u r e  r e s i s t a n c e  i s  a lmos t  e n t i r e l y  r e l a t e d  t o  bone 

mass and geom etry .  The e f f e c t s  o f  dynamic l o a d i n g  on m o d e l l i n g  and 

r e m o d e l l i n g  a c t i v i t y  i s  p r o f o u n d ,  w h i l e  s t a t i c  l o a d s  h a v e  no su c h  

e f f e c t  ( F r o s t  I 9 8 6 ) . Rubin  and Lanyon (1984) s u g g e s t e d  t h a t  t h e  

o s t e o g e n i c  e f f e c t  o f  l o a d in g  i s  g r e a t e s t  when the  s t r a i n s  and s t r a i n  

r a t e s  a r e  h i g h  a n d  t h e  s t r a i n  d i s t r i b u t i o n  i s  u n u s u a l .  Bone  

t r a b e c u l a e  a l i g n  th e m s e lv e s  w i t h  t h e  d i r e c t i o n  o f  p u r e  c o m p re s s iv e  

and t e n s i l e  l o a d in g  t o  avoid  t h e  h igh  s t r a i n s  invo lved  i n  bend ing .

L o n g i t u d i n a l  bone  g r o w t h  i s  d e t e r m i n e d  by t h e  a c t i v i t y  o f  

growth p l a t e  c a r t i l a g e  (Br igh ton  1978),  which i s  l o c a t e d  between th e  

e p i p h y s i s  and m e ta p h y s i s .  The g rowth  p l a t e  i s  a h i g h l y  a n i s o t r o p i c  

s t r u c t u r e ,  a l though  th e  a n i s o t r o p y  v a r i e s :  i t  i s  more d i s t i n c t  i n  r a t  

and cow tha n  i n  man (H unz ike r  1994) .  I t s  c e l l u l a r  o r g a n i s a t i o n  i s  

v e ry  c h a r a c t e r i s t i c .  The chondrocy tes  which a c t  as  f u n c t i o n a l  u n i t s  

o f  l o n g i t u d i n a l  bone growth,  a r e  a r r a n g e d  i n  v e r t i c a l  columns (Member 

1 9 8 3 ) .  L ike  t h e  c e l l u l a r  a r r a n g e m e n t ,  t h e  m a t r i x  o f  g r o w th  p l a t e  

c a r t i l a g e  e x h i b i t s  a  w e l l  d e f i n e d  s t r u c t u r a l  o r g a n i s a t i o n  ( E g g l i  e t  

a l  1 9 8 5 ) .  E l o n g a t i o n  o f  t h e  d i a p h y s i s  o f  t h e  e q u i n e  M c I I I  g o es  on 

w i t h  c o n t in u o u s  d i s l o c a t i o n  o f  t h e  g rowth  p l a t e  away from t h e  bone 

c e n t r e  u n t i l  t h e  g r o w t h  p l a t e  i n  e q u i n e  d i s t a l  M c I I I  b e c o m e s  

m i n e r a l i s e d ,  and c l o s e s  a t  a r o u n d  260 d ay s  d u r i n g  t h e  p o s t - n a t a l  

p e r i o d .  The r e m o d e l l i n g  p r o c e s s  s i m u l t a n e o u s l y  s h a p e s  and m o d i f i e s
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t h e  s t r u c t u r e  i n  th e  d i s t a l  McIII  as  needed f o r  th e  a d a p t a t i o n  t o  th e  

p r e v a i l i n g  b io m e c h a n i c a l  c o n d i t i o n s .  T h i s  co u ld  be a s s o c i a t e d  w i th  

th e  o b s e r v a t i o n  t h a t  the  t r a b e c u l a r  a r c h i t e c t u r e  undergoes  an a b ru p t  

c h a n g e  f rom b e y o n d  t h e  s i t e  o f  t h e  f u s i o n  o f  t h e  g r o w t h  p l a t e .  

F u r th e rm o re ,  th e  most  a n i s o t r o p i c  a r e a  i n  t h e  m e ta p h y s e a l  r e g i o n  i s  

th e  s i t e  o f  the  f u s i o n  o f  th e  growth p l a t e .  This  i n d i c a t e s  t h a t  th e  

g r o w th  p l a t e  c a r t i l a g e  o f  t h e  e q u i n e  d i s t a l  M c l l l  i s  a  h i g h l y  

a n i s o t r o p i c  s t r u c t u r e ,  t h e  a n i s o t r o p y  i s  r e t a i n e d  e v e n  when i t  

becomes m i n e r a l i s e d  and t h a t  t h e  a r c h i t e c t u r e  i s  c h a r a c t e r i s t i c  t o  

a l l  age an imals .

The development o f  th e  a n i s o t r o p i c  a r c h i t e c t u r e  i n v o l v i n g  bone 

t r a b e c u l a e  and t r a b e c u l a r  spaces  a l s o  t a k e s  p l a c e  i n  t h e  subchondra l  

bone components,  as  i t  has  been  r e v e a l e d  by exam in ing  l o n g i t u d i n a l  

s e c t i o n s  o f  subchondra l  bone i n  b o th  th e  a n t e r o - p o s t e r i o r  and medio- 

l a t e r a l  p la n e s .

Younger an imals  (eg 1 day,  6 wk) e x h i b i t e d  e x t e n s i v e  r e s o r p t i o n  

n e a r  the  c a r t i l a g e  end viewed on e i t h e r  th e  a n t e r i o r  o r  t h e  p o s t e r i o r  

s u r f a c e  i n  m e d i o - l a t e r a l  s e c t i o n s .  R e s o rp t io n  f i e l d s  i n  t h e  a n t e r o 

p o s t e r i o r  a x i s  would e v e n t u a l l y  c o n t r i b u t e  to  the  development o f  the  

d o r s o - p a l m a r  p l a t e s  and s p a c e s .  The s u b c h o n d r a l  bone  s u r f a c e  was 

s e e n  t o  u n d e rg o  e x t e n s i v e  r e s o r p t i o n .  I n v a r i a b l y ,  a l l  v a s c u l a r  

channe ls  seen  i n  th e  m i n e r a l i s i n g  f r o n t  p r e p a r a t i o n s  e x h i b i t e d  s ig n s  

o f  e x t e n s i v e  r e m o d e l l i n g .  T h i s  c o u l d  be a s s o c i a t e d  w i t h  a f e a t u r e  

o b ta in e d  i n  the  s a g i t t a l  p la n e  on th e  a n t e r o - p o s t e r i o r  s u r f a c e ,  where 

numerous v a s c u l a r  channe ls  were seen  to  open up i n t o  l a r g e  spaces  i n  

t h e  c a l c i f i e d  c a r t i l a g e .  O l d e r  a n i m a l s ,  on some o c c a s i o n s ,  a l s o  

showed s i m i l a r  f e a t u r e  which cou ld  be a s s o c i a t e d  w i th  t h e  p e n e t r a t i o n  

o f  c a l c i f i e d  c a r t i l a g e  by subchondra l  bone c a p i l l a r i e s  (Brooke 1971; 

human: R e d l e r  e t  a l  1975; human,  r a b b i t  and c a n i n e :  C l a r k  1990b) 

c a r r y i n g  r e s o r b i n g  c e l l s  w i th  them (C la rk  1990b).

T r a j e c t o r i e s  o f  b o n e  t r a b e c u l a e  a l i g n  w i t h  t h e  s t r e s s  

t r a j e c t o r i e s  w i th i n  th e  bone (Meyer 1867; Wolff  I 87O). More r e c e n t l y ,  

s e v e r a l  o t h e r  s t u d i e s  have  shown t h a t  peak  s t r e s s  d i r e c t i o n s  a l i g n  

w i th  t r a b e c u l a r  t r a j e c t o r i e s  (Lanyon 197^; Hayes and S nyder  I 98 I ) .  

I t  i s  u s u a l l y  assumed t h a t  p r i n c i p a l  s t r e s s  i n  some way d e t e r m i n e s  

th e  a r c h i t e c t u r e  o f  c a n c e l lo u s  bone.  C e r t a in
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c o n t r o v e r s i e s  e x i s t  r e g a r d i n g  t h e  t r a j e c t o r i a l  e x p l a n a t i o n  o f  t h e  

development o f  th e  c h a r a c t e r i s t i c  t r a b e c u l a r  p a t t e r n  (F y h r ie  and C a r t e r  

1986 ; C a r t e r  e t  a l  1989; Turne r  1992; F i a i a and H er t  1993; H e r t  1992. 

1994) .  I n  t h e  t r a j e c t o r i a l  h y p o th e s i s  o f  t r a b e c u l a r  a r rangem en t ,  one 

s e t  o f  t r a b e c u l a e  i s  though t  t o  be loaded  i n  normal l o a d i n g  d i r e c t l y  

i n  t e n s i o n , and  a n o t h e r  s e t  i n  c o m p r e s s i o n .  The r e s u l t  o f  t h e  

p r e s e n t  s t u d y  a p p e a r s  a t  f i r s t  s i g h t  t o  be  i n  c o n t r a s t  t o  t h i s  

s p e c i f i c  mechanism o f  development.

H owever ,  t h e  d i s t a l  t h i r d  o f  t h e  M c I I I  u n d e r g o e s  r o t a t o r y  

co m p re s s io n ,  d u r i n g  which t h e  a x i s  o f  l o a d i n g  r o t a t e s  i n  m o t io n ,  so 

t h a t  i t  d e v e l o p s  t h e  t y p i c a l  a n i s o t r o p i c  d o r s o - p a l m a r  t r a b e c u l a r  

p a t t e r n  as  a b io - m e c h a n i c a l  a d a p t a t i o n  (Thomason I 9 8 5 ) • The d i s t a l  

most  p a r t  would be l e s s  w e l l  e q u i p p e d  t o  w i t h s t a n d  t h e  s t r a i n  o f  

l a t e r a l  b e n d i n g .  The o n l y  f o r c e  t h a t  c o u l d  be  e f f e c t i v e  i n  t h i s  

r e g i o n  i s  r o t a t o r y  a x i a l  co m p re ss io n .  Hence,  when t h e  M cI I I  s t a r t s  

t a k i n g  l o a d  a f t e r  b i r t h ,  t h e  s t r a i n  r e l a t e d  b io m e c h a n i c a l  r e s p o n s e s  

g r a d u a l l y  a l i g n  t h e  t r a b e c u l a e  v e r t i c a l l y  i n  a d o r s o - p a l m a r  

o r i e n t a t i o n  t o  e x p l o i t  t h e i r  maximum p o t e n t i a l .  S i m u l t a n e o u s l y ,  

r e l a t i v e  d i s u s e  may l e a d  to  t h e  l o s s  o f  t h e  m e d i o - l a t e r a l  t r a b e c u l a r  

com ponents  which  e x i s t  m e re ly  as  h o r i z o n t a l  s t r u t s  w h ich  a c t  as  

t r a n s v e r s e  c r o s s b r i d g e s  between the  p a r a l l e l  do r so -p a lm a r  t r a b e c u l a e .  

The development o f  t h i s  v e r t i c a l  a r c h i t e c t u r e  i s  c o n s i s t e n t  w i th  th e  

e x p l a n a t i o n  o f  Pauwels  ( I 96 5 ) d e s c r i b i n g  t h e  mechanism o f  m o d e l l i n g  

o f  o b l iq u e  t r a b e c u l a e  i n t o  v e r t i c a l  load  b e a r i n g  columns, where bone 

a p p o s i t i o n  o c c u r s  i n  a c u t e  a n g l e s  a t  t h e  s i t e  o f  g r e a t e r  s t r a i n ,  

w h i l e  r e g i o n s  i n  o b t u s e  a n g l e s  undergo  r e s o r p t i o n  i n  d i s u s e .  I t  i s  

c l e a r  t h a t  i n  th e  p r e s e n c e  o f  u n i d i r e c t i o n a l  l o a d i n g  i n  t h e  f e t l o c k  

j o i n t ,  the  bone g r i d  i n  the  d i s t a l  condyle i s  g r a d u a l l y  rem ode l led  to  

a system o f  p a r a l l e l  t r a b e c u l a e ,  o r i e n t e d  p r e c i s e l y  i n  t h e  d i r e c t i o n  

o f  the  lo a d .

The f e a t u r e s  o b t a i n e d  i n  t h i s  s t u d y  s u g g e s t  t h e  mechanism o f  

o b l i t e r a t i o n  o f  t h e  t r a n s v e r s e  component  and d e v e l o p m e n t  o f  t h e  

t e x t u r a l  a n i s o t r o p y  i n  t h e  d i s t a l  t h i r d  o f  t h e  e q u i n e  M C I I I .  

Uncoupled rem ode l l ing  (ne t  excess  r e s o r p t i o n )  causes  p e r f o r a t i o n  and 

t h i n n i n g  o f  t h e  t r a b e c u l a e  b e f o r e  com ple te  o b l i t e r a t i o n .  P e r f o r a t e d  

t r a b e c u l a e  become comple te ly  un loaded ,  and co n se q u e n t ly  a r e  re s o rb e d
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( P a r f i t t  1984, 1987 ; Mosekilde 1990; J a y a s in g h e  e t  a l  1993)*

V e r t i c a l  t r a b e c u l a e  c a r r y  th e  d i r e c t  l o a d i n g  and t h e  h o r i z o n t a l  

t r a b e c u l a e  p r e v e n t  them from b u c k l i n g  u n d e r  l a r g e  v e r t i c a l  l o a d s .  

T h i s  means t h a t  h o r i z o n t a l  t r a b e c u l a e  a r e  n o t  l i k e l y  t o  be  l o a d e d  

d u r i n g  low l o a d s .  T h e s e  t r a b e c u l a e  n e e d  t o  be  l o a d e d  f o r  t h e i r  

c o n t i n u i n g  p r e s e n c e .  L a t e r a l  b e n d in g  i s  v e r y  u n u s u a l  i n  t h e  d i s t a l  

c o n d y l e .  C o n s e q u e n t l y ,  d i s u s e  g r a d u a l l y  l e a d s  t o  c o n s i d e r a b l e  

o b l i t e r a t i o n  o f  t h e  m e d i o - l a t e r a l  c o m p o n e n t  g i v i n g  r i s e  t o  a 

t r a b e c u l a r  p a t t e r n  w i th  an a n i s o t r o p y  o f  t h e  v e r t i c a l  d o r s o - p a l m a r  

p l a t e s  and s p a c e s ,  r e n d e r i n g  th e  bone more p ro n e  t o  f r a c t u r e  d u r i n g  

e x c e s s i v e  l o a d .  I n  human lum bar  v e r t e b r a e ,  i t  h a s  b e e n  shown t h a t  

main v e r t i c a l  load  b e a r i n g  s t r u t s  were l e s s  f r e q u e n t l y  a f f e c t e d  than  

t h e  h o r i z o n t a l  t r a b e c u l a e  i n  v e r t e b r a l  b o d i e s  l e a d i n g  t o  an a g e -  

r e l a t e d  i n c r e a s e  i n  c a n c e l l o u s  bone  a n i s o t r o p y  ( M o s e k i ld e  1989;  

J a y a s i n g h e  e t  a l  1993)  • Once t h e  h o r i z o n t a l  t r a b e c u l a e  a r e  

e l i m i n a t e d ,  t h e  v e r t i c a l  t r a b e c u l a e  c a r r y  t h e  l o a d  a l o n e  and a r e  

l i a b l e  t o  b u c k l e  u n d e r  h ig h  v e r t i c a l  l o a d i n g .  F r a c t u r e  o c c u r s  when 

any bone  e l e m e n t  i s  s u b j e c t e d  t o  a l o a d  t h a t  i t  can  n o t  s u s t a i n .  

Load i s  n e c e s s a r y  to  s t i m u l a t e  growth,  b u t  e x c e s s i v e  l o a d i n g  o f  bone 

which i s  n o t  s t r o n g  enough t o  s u s t a i n  th e  lo a d  w i l l  o n ly  p r e c i p i t a t e  

f r a c t u r e .

The a n i s o t r o p i c  a r c h i t e c t u r e  o f  t h e  grow th  p l a t e  i s  r e t a i n e d  

even  a f t e r  i t  i s  m i n e r a l i s e d ,  and i s  s e e n  i n  a l l  age a n i m a l s .  The 

a b r u p t  change  i n  t h e  t r a b e c u l a r  a r c h i t e c t u r e  p r o x i m a l l y  from beyond 

t h i s  s i t e  (about  3 cm to  4 .5  cm from th e  d i s t a l  condyle)  i n  b o th  the  

d o r s o - p a l m a r  and  t h e  m e d i o - l a t e r a l  p l a n e s  i s  i n d i c a t i v e  o f  t h e  

a s s o c i a t e d  s t r a i n  i n  t h e  m i d s h a f t  due t o  t h e  f o r c e  e x e r t e d  d u r i n g  

l a t e r a l  b e n d i n g .  Somewhat o b l i q u e l y  o r i e n t e d  v e r t i c a l  p l a t e l i k e  

t r a b e c u l a e  i n  b o t h  t h e  d o r s o - p a l m a r  and t h e  m e d i o - l a t e r a l  p l a n e s ,  

change  t h e  t r a b e c u l a r  a r r a n g e m e n t  i n t o  a t r u e  honeycomb.  Such a 

m o r p h o l o g i c a l  change  to w ard  t h e  m i d d le  t h i r d  i s  c o n s i s t e n t  w i t h  

s e v e r a l  p r e v i o u s  s t u d i e s  (T u rne r  e t  a l  1975; B iewener  e t  a l  1983a; 

Rubin e t  a l  I 989 ) which demonst ra ted  t h a t  th e  me tacarpus  i s  lo aded  i n  

a x i a l  com pre ss ion  and m e d i o - l a t e r a l  b e n d i n g .  At t h e  m i d s h a f t ,  t h e  

M c I I I  i s  l i k e l y  t o  u n d e r g o  maximum d e g r e e  o f  l a t e r a l  b e n d i n g .  

C o n s e q u e n t ly ,  th e  s t r a i n  o f  th e  l a t e r a l  b e n d in g  i s  a s s o c i a t e d  w i th
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t h e  s t r a i n  o f  th e  a x i a l  compress ion .  As soon as  t h e r e  i s  a  change in  

l o a d i n g  c o n d i t i o n ,  t h e  s t r i c t  d o r s o - p a l m a r  o r i e n t a t i o n  o f  t h e  

t r a b e c u l a e  i s  o b l i t e r a t e d .  The h o r i z o n t a l  m e d i o - l a t e r a l  components 

a r e  e x p o s e d  t o  s u p r a t h r e s h o l d  s t r a i n  w hich  i s  t r a n s l a t e d  i n  t h e  

change  i n  a r c h i t e c t u r e  i n  m e d i o - l a t e r a l  t r a b e c u l a e  i n  t h e  r e g i o n  

a b o u t  4 cm p r o x i m a l  t o  t h e  d i s t a l  c o n d y l e ,  w here  t h e  bone  a g a i n  

r e a c t s  by  a p p o s i t i o n ,  w i t h  t e n s i o n  a n d  c o m p r e s s i o n  a s s u m i n g  

morphogenetic  f u n c t i o n .

T h i s  change i n  a r c h i t e c t u r e  o f  t r a b e c u l a e  i n  b o t h  t h e  d o r s o -  

p a l m a r  and t h e  m e d i o - l a t e r a l  p l a n e s  f o l l o w i n g  a ch an g e  i n  l o a d i n g  

en v i ronm en t  i s  c o n s i s t e n t  w i th  t h e  c o n c l u s i o n  o f  C a r t e r  and h i s  c o 

workers (F yh r ie  and C a r t e r  I 986 ; C a r t e r  e t  a l  I 989 ) t h a t  t h e  c a n c e l l o u s  

bone s t r u c t u r e  can be d e s c r i b e d  o n ly  i n  t e rm s  o f  j o i n t  l o a d i n g  from 

d i f f e r e n t  d i r e c t i o n s .  T h i s  a l s o  s u p p o r t s  t h e  h y p o t h e s i s  ( T u r n e r  

1992 ) t h a t  t h e  a r c h i t e c t u r e  o f  c a n c e l l o u s  bone  a d a p t s  i t s e l f  t o  

m a i n t a i n  a un i fo rm  and i s o t r o p i c  d i s t r i b u t i o n  o f  peak  s t r a i n  w i t h i n  

t h e  b o n e ,  s o  t h a t  t h e  t e x t u r a l  a n i s o t r o p y  e x a c t l y  c a n c e l s  t h e  

a n i s o t r o p y  o f  t h e  p e a k  p r i n c i p a l  s t r e s s e s  im posed  upon c a n c e l l o u s  

bone.  Compression and t e n s i o n  have s i m i l a r  morphogenetic  e f f e c t s  on 

bone a d a p t a t i o n .  Here,  the  t r a b e c u l a e ,  a l s o  i n  t h e  co ro n a l  p la n e  a r e  

e q u a l l y  p l a t e  l i k e  s t r u c t u r e s  which  a l i g n  o b l i q u e l y  and v e r t i c a l l y ,  

p r o v id i n g  a s u i t a b l e  a r c h i t e c t u r e  as a d a p t a t i o n  t o  s t r a i n  d i r e c t i o n s .  

T h i s  e x p l a i n s  t h e  f a t e  o f  t h e  f r a c t u r e ;  why i t  i s  c u r v e d  a f t e r  a 

c e r t a i n  a x i a l  e x t e n s i o n .

While c o n s i d e r i n g  th e  h igh  in c id e n c e  o f  f r a c t u r e  i n  t h e  d i s t a l  

c o n d y l e  o f  t h e  can n o n  b o n e ,  one  s h o u l d  c o n s i d e r  some r e l e v a n t  

c h a r a c t e r i s t i c s  o f  t h i s  f e t l o c k  j o i n t . I t  h a s  a r e l a t i v e l y  s m a l l  

s u r f a c e  a r e a  i n  compar ison  to  body s i z e  and t h e  s i z e  o f  o t h e r  l imb 

j o i n t s ;  i t  has  t h e  g r e a t e s t  r a n g e  o f  m ot ion  among a l l  l im b  j o i n t s ,  

and hence ,  has  to  w i th s ta n d  th e  g r e a t e s t  f o r c e s  o f  movement o f  any o f  

t h e  j o i n t s ;  and f l a t  r a c i n g  h o r s e s  convey a l l  o f  t h e i r  w eigh t  th rough  

t h i s  one  j o i n t  d u r i n g  one  p h a s e  o f  t h e  g a i t .  I n  r e s p o n s e  t o  

r e p e t i t i v e  l o a d i n g  d u r i n g  r a c i n g  o r  t r a i n i n g ,  t h e  s u b c h o n d r a l  bone 

p r o g r e s s i v e l y  t h i c k e n s  b e n e a t h  s i t e s  o f  m a j o r  w e i g h t  b e a r i n g .  

N o rm a l ly ,  s u b c h o n d r a l  bone i n  t h e  p a l m a r  a r t i c u l a r  s u r f a c e  o f  t h e  

d i s t a l  condy le  o f  th e  cannon bone i s  more d e n s e .  There  i s  a g r o s s
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i n c r e a s e  i n  th e  s c l e r o s i s  o f  su b -ch o n d ra l  bone i n c l u d i n g  t h a t  i n  th e  

d o r s a l  a r t i c u l a r  s u r f a c e ,  f o l l o w i n g  r e p e t i t i v e  tr aum a  d u r i n g  r a c i n g  

o r  t r a i n i n g .  This  i s  an e x e r c i s e  induced  r e s p o n s e  o f  t h e  subchondra l  

c a n c e l l o u s  bone  t o  r e p e t i t i v e  c y c l i c  c o m p r e s s i o n .  The s u b c h o n d r a l  

bone i s  s t i f f e n e d .  Hence,  i t s  shock  a b s o r b i n g  c a p a c i t y  d i m i n i s h e s  

l e a d i n g  t o  an  i m b a l a n c e  i n  w e i g h t  t r a n s m i s s i o n .  F u r t h e r m o r e ,  

a r t i c u l a r  c a r t i l a g e  over  th e  non-com pl ian t  s c l e r o t i c  bone may undergo 

g r a d u a l  d e g e n e r a t io n ,  thus  a g g ra v a t in g  t h e  p a t h o lo g y .  The c a r t i l a g e  

f a i l s  t o  even ly  d i s t r i b u t e  weight  d u r in g  locomot ion  to  t h e  u n d e r ly i n g  

s u b c h o n d r a l  bone.  S ubsequen t  deve lopment  o f  i s c h a e m i c  n e c r o s i s  o f  

t h e  s c l e r o t i c  bone may a l s o  deve lop  i n t o  t r a u m a t i c  o s t e o c h o n d r o s i s .  

Once f r a c t u r e  i s  i n i t i a t e d  f o r  any r e a s o n :  e i t h e r  due t o  f a i l u r e  

f o l l o w i n g  e x c e s s i v e  l o a d  b e a r i n g  d u r i n g  s t r e n u o u s  e x e r c i s e ,  o r  

enhanced by any o t h e r  e x i s t i n g  pa tho logy ,  t h e  v e ry  morphology o f  th e  

t r a b e c u l a r  and t h e  s u b c h o n d r a l  bone com ponen ts  f a v o u r  t h e  t y p i c a l  

c o n d y l a r  f r a c t u r e  i n  t h i s  r e g i o n .  H o w e v e r ,  t h e  p r e s e n c e  o f  

p a t h o l o g i c a l  e v id e n c e  on t h e  c o n d y l a r  s u r f a c e  o f  t h e  f r a c t u r e  c a s e s  

s e e n  i n  t h i s  s t u d y  d e m o n s t r a t e  t h a t  some p r e - e x i s t i n g  p a t h o l o g y  may 

e n h a n c e  t h e  f a i l u r e  o f  t h e  d i s t a l  c o n d y l e ,  a l t h o u g h  t h e  v e r y  bone  

m orpho logy  ( form and s t r u c t u r e )  o f  t h e  e q u i n e  m e t a c a r p a l  d i s t a l  

condyle  i t s e l f  p ro v id e s  an i n h e r e n t  weakness f o r  th e  f a i l u r e  l e a d i n g  

t o  f r a c t u r e  due to  s t r e n u o u s  e x e r c i s e  i n  r a c i n g  o r  t r a i n i n g .
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CHAPTER 4

THREE-DIMENSIONAL STUDIES IN THE ANISOTROPY OF ARTICULAR CARTILAGE.

4 . 1  INTRODUCTION

As i n  any s y n o v i a l  j o i n t ,  t h e  a r t i c u l a r  c a r t i l a g e  i n  d i s t a l  

condyles  o f  t h e  equ ine  m e ta c a rp a l s  b e a r s  a s i g n i f i c a n t  im por tance  i n  

t h e  f e t l o c k  j o i n t  f u n c t i o n .  I n  s y n o v i a l  j o i n t s ,  i t  c o v e r s  t h e  

e x t r e m i t i e s  o f  bones  on a r t i c u l a t i n g  s u r f a c e s ,  and t h e r e b y  a i d s  i n  

t h e  s p r e a d in g  o f  loa ds  a c ro s s  t h e  j o i n t .  This  means t h a t  t h e  s u r f a c e  

i t s e l f  i s  lo a d  b e a r i n g .  In  a d d i t i o n ,  i t  p r o v id e s  a f l u i d  f i l l e d  wear 

r e s i s t a n t  s u r f a c e ,  and p l a y s  a r o l e  i n  b o t h  l u b r i c a t i o n  and wear  

( A r m s t r o n g  a n d  Mow 1 9 8 0 ) .  W a t e r  i s  t h e  m a j o r  c o n s t i t u e n t  o f  

c a r t i l a g e ;  up t o  60% -  80% o f  t h e  t i s s u e .  A l a r g e  p o r t i o n  o f  t h e  

i n t e r s t i t i a l  f l u i d  i s  f r e e  to  move under  a load  o r  p r e s s u r e  g r a d i e n t  

(Mow and Meyers 1983)• This  f a c i l i t a t e s  th e  load  b e a r i n g .  The load  

i s  n o t  even th roughou t  th e  a r t i c u l a r  head s u r f a c e  d u r in g  movement o f  

a  j o i n t  a t  a g i v e n  t i m e  ; t h i s  i s  p o s s i b l y  t r a n s l a t e d  i n t o  t h e  

d i f f e r e n t  t h i c k n e s s  o f  a r t i c u l a r  c a r t i l a g e  a t  d i f f e r e n t  s i t e s ,  

o b s e rv e d  (Oikawa e t  a l  1989) o v e r  t h e  d i s t a l  m e t a c a r p a l  c o n d y l e s  i n  

Thoroughbred h o r s e s .

The main c o n s t i t u e n t s  o f  a r t i c u l a r  c a r t i l a g e  a r e  c o l l a g e n  and 

p r o t e o g l y c a n .  Type I I  c o l l a g e n  c o n s t i t u t e s  about  90-95?» o f  th e  t o t a l  

c o l l a g e n  c o n t e n t  (Mayne and Mark I 983 ) . P r e v i o u s l y ,  Nimni and Deshmuk 

( 1973) s ugges ted  t h a t  d e g e n e r a t i v e  p r o c e s s e s  o f  c a r t i l a g e  may l e a d  to  

m e ta b o l i c  changes  i n  th e  chond rocy tes ,  which in c lu d e  change from type 

I I  t o  t y p e  I  c o l l a g e n  s y n t h e s i s .  H o w e v e r ,  E y r e  e t  a l  ( I 9 8 O) 

c o n t r a d i c t e d  t h i s  o b s e r v a t i o n .  T r a c e  amount o f  o t h e r  c o l l a g e n o u s  

s p e c i e s  i n c l u d i n g  Type I I I ,  V, VI, IX, X and XI has a l s o  been  r e p o r t e d  

t o  be p r e s e n t  (Rhodes and M i l l e r  1978, Morrison  e t  a l  1998).

C e l l s  ( c h o n d r o c y t e s )  a r e  s p a r i n g l y  d i s t r i b u t e d  i n  c a r t i l a g e ,  

and e x i s t  w i th o u t  d i r e c t  c e l l - c e l l  c o n t a c t  (K ue t tne r  and P a u l i  I 983 ) . 

In  human a r t i c u l a r  c a r t i l a g e ,  t h e  c o l l a g e n  f i b r i l s  v a r y  t h r o u g h o u t  

t h e  m a t r ix .  F i b r i l  d ia m e te r  i n c r e a s e s  from w i th i n  th e  s u p e r f i c i a l  to  

d e e p e r  l a y e r s  (M c C a l l  1 9 6 9 ;  M ui r  e t  a l  1 9 7 0 ) ,  an d  f ro m  t h e
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chondrocy te  outward .  Around t h e  chondrocy tes  i s  a  p e r i c e l l u l a r  h a lo  

o f  f i n e  f i b r i l s  4 -10  nm i n  d i a m e t e r ,  which a p p e a r s  t o  be  s p e c i a l l y  

r i c h  i n  p r o t e o g l y c a n s .  F u r t h e r  from t h e  c e l l s  a r e  l o c a t e d  c a p s u l a r  

f i b r i l s  o f  l a r g e r  d i a m e t e r ,  and be tween  t h i s  zones  m a tu re  c o l l a g e n  

f i b r i l s  o f  d ia m e te r  30-200 nm a r e  p r e s e n t  (Mayne and Mark 1983)•

The p a t t e r n  o f  d i s t r i b u t i o n  o f  c o l l a g e n  f i b r i l s  i n  a r t i c u l a r  

c a r t i l a g e  h a s  l o n g  been  a s u b j e c t  o f  c o n t r o v e r s y .  B e n n i n g h o f f ’ s 

( 1 9 2 5 ) model  o f  c o l l a g e n  f i b r i l  o r g a n i s a t i o n  h a s  a t t r a c t e d  wide 

s u p p o r t  (human; McCall 1969; Mow e t  a l  1974; Minns and S te v e n s  1977 

Human, d o g ,  p i g ,  r a t ,  r a b b i t ,  g u i n e a  p i g :  Zam brano  e t  a l  1982 

ca n in e :  Dunham e t  a l  I 988 ; human, dog and r a b b i t :  C la rk  1990a; human 

O m e ' l i anenko  19891 1 9 9 1 ) « T h i s  model d e s c r i b e s  c o l l a g e n  f i b r e s  i n  

t h e  a r t i c u l a r  c a r t i l a g e  a s  o r g a n i s e d  i n t o  t h r e e  r e g i o n s  : t h e  

s u p e r f i c i a l ,  the  middle ,  and t h e  deep zone.  The f i b r i l s  a r e  roughly  

t a n g e n t i a l  t o  t h e  a r t i c u l a r  s u r f a c e  and a r e  d e n s e l y  p a c k e d  i n  t h e  

s u p e r f i c i a l  zo n e .  The m i d d le  zone  c o n t a i n s  f i b r i l s  w h ich  a r e  t h e  

a r c h e d  c o n t i n u a t i o n  o f  t h e  r a d i a l  f i b r e s  o f  t h e  d e e p e r  z o n e .  The 

r a d i a l  f i b r i l s  a r e  o f  l a r g e r  d i a m e t e r  and a r e  found t o  t r a v e l  i n t o  

c a l c i f i e d  c a r t i l a g e  u ndernea th  (human: Bul lough and Goodfel low I 9 6 8 ; 

R e d le r  1974; R ed le r  e t  a l  1975; Lane and Weiss 1975; Minns and S tevens  

1977; Jones  and Boyde 1982).  However, c o n t ro v e r s y  e x i s t s  as  r e g a r d  to  

t h e  r a d i a l  p a t t e r n  o f  f i b r i l s  i n  t h e  deep  zone  o f  t h e  u n c a l c i f i e d  

c a r t i l a g e  (human: Weiss e t  a l  I 9 6 8 ; C la r k e  1971b) where p r e s e n c e  o f  

r a n d o m l y  o r i e n t e d  f i b r e s  h a s  b e e n  s u g g e s t e d .  M a c C o n a i l l  (1951 )  

s u g g e s te d  a more o b l iq u e  o r i e n t a t i o n  o f  f i b r e s  r a t h e r  th a n  t h e  r a d i a l  

sys tem. However, Broom and Myers ( I 98O) su g g es ted  a 3D env i ronm ent o f  

v e r t i c a l l y  a l i g n e d  f i b r e s  s u r r o u n d i n g  t h e  c e l l  b o d i e s  i n  t h e  r a d i a l  

f i b r e  z o n e .  An a d d i t i o n a l ,  d e n s e  s e p a r a t e  l a y e r  o f  s m a l l  f i b r i l s  

co v e r in g  the  t a n g e n t i a l  s u r f a c e  f i b r e s  has  been dem o n s t r a ted  by many 

(human: Weiss e t  a l  I 968 ; human, dog, p i g ,  r a b b i t  and r a t :  Zambrano e t  

a l  1 9 8 2 ; c a n i n e  : Dunham e t  a l  I 9 8 8 ; C l a r k  1 9 9 0 a ) .  w h ic h  c a n  be  

a s s o c i a t e d  w i th  th e  l a m in a  s p l e n d e n s , i n i t i a l l y  d e s c r i b e d  a s  a  t h i n  

a c e l l u l a r  l a y e r  o f  h y a l in e  com posi t ion  devoid  o f  c o l l a g e n  f i b r i l s ,  by 

MacConail l  (1951),  a l though  some o t h e r  r e s e a r c h e r s  deny i t s  p r e s e n c e  

(Aspden and Hukins 1979).

The t h i c k n e s s  o f  t h e  d i f f e r e n t  z o n e s  v a r i e s  i n  d i f f e r e n t
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l o c a t i o n s  i n  th e  a r t i c u l a r  c a r t i l a g e .  The r a d i a l  zone c o n s i s t i n g  o f  

s t r a i g h t  v e r t i c a l  f i b r e s  i s  d o m i n a n t  i n  t h e  c e n t r e  w h e r e  t h e  

t a n g e n t i a l  and t r a n s i t i o n a l  zo n es  c o n t r i b u t e  o n l y  a b o u t  5% o f  t h e  

t o t a l  c a r t i l a g e  dep th  (human, dog and r a b b i t :  C la rk  1991)* D i f f e r e n t  

zones  i n  t h e  e q u in e  d i s t a l  m e ta c a r p a l  c o n d y l a r  a r t i c u l a r  c a r t i l a g e  

have a l s o  been dem ons t ra ted  by Oikawa and co -w orkers  ( I 9 8 9 ) .  However, 

t h e i r  i n v e s t i g a t i o n  was l i m i t e d  t o  t h e  s t u d y  o f  t h e  c h a n g e  i n  

a r t i c u l a r  c a r t i l a g e  t h i c k n e s s  w i th  i n c r e a s i n g  age ;  where t h e y  found 

no change  t o  o c c u r  a f t e r  2 y e a r s  o f  a g e .  A ls o  i n  humans ,  l i t t l e  

c h a n g e  h a s  b e e n  d o c u m e n te d  i n  t h e  p a t t e r n  o f  i n t a c t  a r t i c u l a r  

c a r t i l a g e  w i th  i n c r e a s i n g  age i n  e l d e r l y  i n d i v i d u a l s  (Muir  e t  a l

I 97O).

S e v e ra l  o t h e r  s t u d i e s  w i th  p o l a r i s e d  l i g h t  and o t h e r  t e c h n iq u e s  

have a t t e m p t e d  to  i d e n t i f y  t h e  f i b r e  o r i e n t a t i o n  i n  d i f f e r e n t  zones  

o f  t h e  a r t i c u l a r  c a r t i l a g e .  Minns and S t e v e n s  (human: 1977) found 

f i b r i l s  runn ing  p a r a l l e l  to  th e  s u r f a c e  i n  t h e  s u p e r f i c i a l  zone,  b u t  

i n  random o r i e n t a t i o n .  Bul lough and Goodfel low ( I 968 ) and Meachim e t  

a l  ( 1974) a s s o c i a t e d  the  d i r e c t i o n  o f  th e  lo n g  axes o f  t h e  o v a l  s l i t s  

( s p l i t  l i n e s )  w h ich  a r e  p r o d u c e d  on t h e  a r t i c u l a r  s u r f a c e  when 

p i e r c e d  w i th  a round awl w i th  th e  o r i e n t a t i o n s  o f  th e  c o l l a g e n  f i b r e s  

i n  th e  s u p e r f i c i a l  l a y e r s .  L a t e r ,  C la rk  (human, dog and r a b b i t :  1990a) 

cou ld  t r a c e  th e  r a d i a l  f i b r e s  a r c h in g  th rough  th e  t r a n s i t i o n a l  zone,  

and e x t e n d i n g  i n t o  t h e  s u r f a c e  t o  become f l a t  and o v e r l a p p e d  i n  a 

common d i r e c t i o n .  H o w e v e r ,  K a m a l a n a t h a n  an d  B r o o m ' s  ( 1 9 9 3 )  

u l t r a s t r u c t u r a l  s t u d i e s  (bov ine )  r e v e a l e d  l i t t l e  e v i d e n c e  t h a t  t h e  

s p l i t - l i n e  d i r e c t i o n  c o r r e l a t e d  s t r o n g l y  w i th  any p r e f e r r e d  a l ignment  

o f  f i b r i l s .

The b a s a l  z o n e  o f  a r t i c u l a r  c a r t i l a g e  i s  c a l c i f i e d .  The 

t h i c k n e s s  o f  t h i s  l a m i n a  a t  a p p r o x i m a t e l y  0 . 1  mm i s  r e m a r k a b l y  

c o n s t a n t  i n  d i f f e r e n t  j o i n t s  and s p e c i e s  (Meachim and S to ck w e l l  1 973 )« 

S t ro n g  a l ignment  o f  f i b r e  bundles  i n  th e  CO has  been r e p o r t e d  (Broom 

and P o o le  1982) .  C a l c i f i e d  c a r t i l a g e  i s  s e p a r a t e d  from u n c a l c i f i e d  

c a r t i l a g e  by an i r r e g u l a r  b o r d e r  known as  t h e  t i d e m a r k .  I t  may be 

e x p o s e d  a s  a m i n e r a l  s u r f a c e  f o l l o w i n g  t h e  r e m o v a l  o f  t h e  

u n m in e ra l i z e d  m a t r ix .  The j u n c t i o n  between u n c a l c i f i e d  and c a l c i f i e d  

c a r t i l a g e  i s  c o m p a r a t i v e l y  w eaker  t h a n  t h e  b o u n d a r y  b e t w e e n  two
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c a l c i f i e d  t i s s u e s  su c h  as  c a r t i l a g e  and bone  (human: Kumar e t  a l  

1 9 9 1 )* T h e re  i s  no c o n t i n u i t y  o f  f i b r e s  a c r o s s  t h e  c a r t i l a g e - b o n e  

i n t e r f a c e  (Human: C la rk  and Huber 1990).  The e x t e n t  o f  m i n e r a l i s a t i o n  

o f  t h e s e  two t i s s u e s  i s  d i f f e r e n t  (B oyde  e t  a l  1 9 9 2 ) .  The 

s u b c h o n d r a l  bone i s  a  w e l l - d e f i n e d  c o r t i c a l  s h e l l ,  and s u p p o r t s  t h e  

j o i n t  c a r t i l a g e  ( r a b b i t :  Lemperg 1 9 7 1 ) » The t h i n  bone  p l a t e  i s  

c o n n e c t e d  on i t s  d e e p  s u r f a c e  w i t h  t h e  l a t t i c e - w o r k  o f  f i n e  

t r a b e c u l a e  o f  t h e  e p i p h y s e a l  r e g i o n  (human fe m o ra l  c o n d y l e :  Chai  e t  

a l  1991 ) .  Brookes  (1971) showed f i n e  a r t e r i a l  t e r m i n a l s ,  p o s s i b l y  

end a r t e r i e s  p a s s i n g  a t  random to w ard  t h e  s u b c h o n d r a l  bone  p l a t e .  

Subchondral  v a s c u l a r  loops  i n f r e q u e n t l y  p e n e t r a t e  t h e  c a l c i f i e d  zone 

o f  t h e  c a r t i l a g e ,  b u t  t h e y  a r e  u s u a l l y  s e p a r a t e d  from t h e  c a r t i l a g e  

by a few o s t e o n i c  l a m e l l a e  o r  f i n e  t r a b e c u l a e  o f  bone (Brookes 1971 : 

C la r k  1990b ) . I n v a s i o n  by c a p i l l a r y  lo o p s  o f  c a l c i f i e d  c a r t i l a g e ,  

and i n  some o c c a s i o n s  t h e  t i d e  mark h a s  a l s o  b e e n  o b s e r v e d  by 

e l e c t r o n  microscopy (R edler  e t  a l  1975)«

Scanning e l e c t r o n  microscopy has  long  been used  e f f e c t i v e l y  f o r  

i n v e s t i g a t i n g  f i b r e  o r g a n i s a t i o n ,  and t o  lo o k  f o r  any s p e c i a l  o r d e r  

o f  c o l l a g e n  i n  a r t i c u l a r  c a r t i l a g e  ( B u l l o u g h  and G o o d f e l lo w  I 9 6 8 ; 

R e d le r  1974; Minns and S tevens  1977; C la rk  1990a).  Minns and S tevens  

( 1 9 7 7 ) s t u d i e d  c o l l a g e n  by d i s s o l v i n g  away t h e  n o n - c o l l a g e n o u s  

m a t r i x .  S e v e ra l  s t u d i e s  (Human, sheep ,  r a t :  Boyde I 98O; Jones  and Boyde 

1 9 8 2 ; C h ic k :  S h a p i r o  and Boyde I 9 8 7 ) showed t h e  30 n a t u r e  o f  t h e  

m i n e r a l i s i n g  f r o n t  i n  ano rgan ic  samples .  F resh  c a r t i l a g e  i s  immersed 

i n  e i t h e r  c o ld  9-10% sodium h y p o c h l o r i t e  o r  i n  warm (50"C) 5% sodium 

p e ro x id e  to  remove a l l  u n m in e ra l i s e d  o rg a n ic  m a t r ix  and c e l l s  (Boyde 

1972 ; Boyde I 98O; Boyde e t  a l  1982, Jones  and Boyde 1982; Boyde 1984).  

A l l  m i n e r a l i s e d  p a r t s  t h a t  a r e  l i n k e d  t o  one  a n o t h e r  r e m a i n  a s  

s k e l e t o n .

Many o f  the  above mentioned s t u d i e s  and te c h n iq u e s  have focused  

on t h e  u l t r a s t r u c t u r e  o f  a r t i c u l a r  c a r t i l a g e  i n  humans and o t h e r  

a n im a ls .  The t h r e e  d im ens iona l  a r c h i t e c t u r e  o f  th e  equ ine  m e taca rp a l  

a r t i c u l a r  c a r t i l a g e  h a s  n o t  p r e v i o u s l y  b e e n  r e p o r t e d .  The aim o f  

t h i s  i n v e s t i g a t i o n  was to  s t u d y  t h e  a r t i c u l a r  c a r t i l a g e  i n  d i s t a l  

condy les  o f  the  equ ine  McIII p a r t i c u l a r l y  lo o k in g  f o r  any a n i s o t r o p y  

i n  i t s  t h r e e  d i m e n s i o n a l  a r c h i t e c t u r e  w h i c h  m i g h t  m a t c h  t h e
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a n i s o t r o p y  s e e n  i n  s u b c h o n d r a l  and im m e d i a t e  c a n c e l l o u s  bone  i n  

eq u in e  d i s t a l  t h i r d  m e ta c a rp a l s  (Chap. 3)*

4 .2  MATERIALS AND METHODS:

T ab le  4 .1

P r i n c i p a l  modes o f  p r e p a r a t i o n  and s tu d y  o f  samples .

1. T h i rd  m e taca rp a l  d i s t a l  co n d y la r  a r t i c u l a r  c a r t i l a g e  s e c t i o n s  

(microtome o r  hand -cu t )

2.  D e m i n e r a l i s a t i o n  o f  a r t i c u l a r  c a r t i l a g e  b loc ks  i n  EDTA, microtome 

s e c t i o n s  i n  d i f f e r e n t  p l a n e s :  t r a n s v e r s e ,  s a g i t t a l  and c o r o n a l .

3. Mounting i n  DPX.

4 .  4mm squa re  beams o f  McIII  d i s t a l  condy les  c u t  w i th  w a te r  coo led  

diamond saw, c l e a n e d ,  dehydra ted  and embedded i n  Polymethyl  

m e th a c r y l a t e .

5. P o l a r i s e d  l i g h t  microscopy.

6. A u to f lu o re s ce n ce  mode Confocal  s c an n in g  l i g h t  microscope  (CSLM).

7 .  Enzymatic c l e a n i n g  u s in g  Terg-azyme, 7*5 gms i n  1 l i t r e ,

5-10 days ,  change o f  s o l u t i o n  eve ry  day,  50*C.

8.  Subchondra l  ( s u b - a r t i c u l a r  c a r t i l a g e )  bone b lo c k s ,  c l e a n e d .

9 .  2% Hydrogen p e ro x id e ,  24 h r s .

10.  NaOCL t r e a tm e n t

11. Gold s p u t t e r  c o a t i n g

12.  Convent iona l  SB SEM and BSE

1 3 . CSLM o f  PMMA embedded beams and b lo c k s .

Bone b locks  o f  c o n s id e r a b l e  s i z e  c o n t a i n i n g  t h e  no tc h  a d j a c e n t  

t o  t h e  s a g i t t a l  r i d g e  from more f i v e  an imals  were o b ta i n e d ,  c l e a n e d ,  

embedded and c o a t e d  f o l l o w i n g  t h e  p r o c e d u r e  a d o p ted  t o  p r e p a r e  t h e  

m e t a c a r p a l  beams ( a s  d e s c r i b e d  i n  c h a p t e r  3) f o r  b a c k s c a t t e r e d  

e l e c t r o n  imaging (BSE) i n  o r d e r  to  o bse rve  any a n i s o t r o p i c  s t r u c t u r e  

i n  t h e  m i n e r a l i s e d  c a r t i l a g e .  The same s a m p le s  were  exam ined  i n  

c o n fo c a l  scann ing  l i g h t  microscope (CSLM) b e f o r e  c o a t i n g .

F u r t h e r  samples from McIII  d i s t a l  condyles  ( Id ,  6wkF, 2yF, 4yF 

and 24yF) were  o b t a i n e d  and c l e a n e d  by t r e a t i n g  i n  T e rg -a zy m e  as
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d e s c r i b e d  a b o v e .  The bone  s a m p l e s  w e re  d e f a t t e d  i n  a l c o h o l  and  

m e thano l / ch lo ro fo rm  b e f o r e  t r e a t i n g  w i th  2% Hydrogen p e r o x id e  a t  37 

f o r  24 h o u r s  (Boyde 1984,  J a y a s i n g h e  e t  a l  1993)* T h i s  r e s u l t e d  i n  

s u p e r f i c i a l l y  a n o r g a n i c  s a m p l e s  by  r e m o v i n g  t h e  s u p e r f i c i a l  

u n m i n e r a l i s e d  m a t r i x ,  w h i l e  t h e  m i n e r a l i s e d  c o l l a g e n  i s  r e t a i n e d  i n  

bone .  The samples  were a i r  d r i e d ,  c o a t e d  w i t h  g o ld  by s p u t t e r i n g ,  

and examined i n  th e  SEM o p e r a t e d  a t  10 kV f o r  b o th  s econdary  e l e c t r o n  

imaging (SE) and b a c k s c a t t e r e d  e l e c t r o n  imaging (Boyde 1972; Boyde and 

Jones  1983 ; Boyde e t  a l  I 986 ; J ay as in g h e  e t  a l  1993; Boyde and Jones

1996 ) .

O the r  b lo c k s  from t h e  same a n im a ls  were l e f t  u n t r e a t e d .  Some 

ano rgan ic  samples ( d e p r o t e i n i s e d )  were p r e p a re d  by t r e a t i n g  th e  bone 

samples  w i th  a sodium h y p o c h l o r i t e  s o l u t i o n  a t  room t e m p e ra tu r e :  30% 

d i l u t e d  s o l u t i o n  o f  a v a i l a b l e  b l e a c h  (Jones and Boyde 1982; Boyde e t  a l  

1 982 ; Boyde and Jo n es  1983; Boyde 1984).  The sam ples  were t r e a t e d  

a l t e r n a t e l y  w i t h  e t h a n o l  t o  remove f a t  c o n t a i n e d  deep  w i t h i n  t h e  

t i s s u e .  NaOCl t r e a t m e n t  c o n t i n u e d  u n t i l  t h e  s a m p l e s  w ere  v i s i b l y  

c l e a n  and  w h i t e .  A l t h o u g h  t i m e  c o n s u m i n g ,  t h e  r e s u l t  was 

s a t i s f a c t o r y .  The p u rp o s e  was t o  d i g e s t  away t h e  c o l l a g e n  from t h e  

subchondra l  bone l e a v i n g  th e  m ine ra l  component i n t a c t  t o  a l low  s tudy  

o f  t h e  c r y s t a l  o r i e n t a t i o n  on t h e  exposed  s u r f a c e  o f  t h e  c a l c i f i e d  

c a r t i l a g e .  A f t e r  NaOCl e x t r a c t i o n ,  t h e  s a m p l e s  were t h o r o u g h l y  

r i n s e d  w i t h  d i s t i l l e d  w a t e r  t o  w ash  away t h e  r e s i d u a l  s o d iu m  

c h l o r i d e .  The s a m p l e s  w ere  a i r  d r i e d ,  and  c o a t e d  w i t h  g o l d  by 

s p u t t e r i n g  i n  a s p u t t e r  c o a t e r  f o r  SEM f o r  b o th  s e c o n d a r y  e l e c t r o n  

and b a c k s c a t t e r e d  e l e c t r o n  imaging.

In  a d d i t i o n ,  s m a l l e r  r e c t a n g u l a r  b loc ks  o f  a r t i c u l a r  c a r t i l a g e  

were o b t a i n e d  by sawing i n  a w a t e r  c o o le d  diamond saw w h i l e  f r o z e n .  

I n i t i a l l y ,  a  few t h i n  s e c t i o n s  c u t  v e r t i c a l l y  i n  d o r s o -p a lm a r ,  medio- 

l a t e r a l  p l a n e s ,  a n d  t r a n s v e r s e  p l a n e  w e r e  o b t a i n e d  ( h a n d  c u t  

s e c t i o n s )  from one a n i m a l .  A f t e r w a r d s ,  a l l  a r t i c u l a r  c a r t i l a g e  

b l o c k s  were d e m i n e r a l i s e d  i n  EDTA (Warshwasky and Moore I 9 6 7 ) .  The 

c a r t i l a g e  b lo c k s  were k e p t  immersed i n  4.13% EDTA s o l u t i o n  (pH 7 .O- 

7 . 4 )  a t  4"C ( 4 l . 3gm EDTA and  4.4gm so d iu m  h y d r o x i d e  i n  1000 ml 

d i s t i l l e d  water )  f o r  two weeks.  A f t e r  d e m i n e r a l i s a t i o n ,  t h e  samples 

were embedded in  wax b e fo re  t a k i n g  p la n e  p a r a l l e l  s e c t i o n s  a t  25pm o r
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50pm i n  t h e  same o r t h o g o n a l  p l a n e s .  For  each  p l a n e ,  two s e r i e s  o f  

s e c t i o n s  were  o b t a i n e d  from e a c h  a r t i c u l a r  s am ple  by r o t a t i n g  t h e  

b lo c k  a t  r i g h t  ang le  (90*) on th e  microtome k n i f e .  Th is  was done to  

r u l e  o u t  a r t i f a c t s  i n  f i b r e  a r r a n g e m e n t  due t o  t h e  d i r e c t i o n  o f  

p r e s s u r e  o f  t h e  microtome k n i f e .  The s e c t i o n s  were mounted i n  DPX 

f o r  p o l a r i s e d  l i g h t  microscopy.

4 .3  RESULTS

PLM s t u d i e s  showed f o u r  zones i n  th e  a r t i c u l a r  c a r t i l a g e  o f  th e  

e q u i n e  M cI I I ,  i n c l u d i n g  t h e  c a l c i f i e d  c a r t i l a g e  zone .  The f e a t u r e s  

appea red  d i f f e r e n t  i n  th e  s e c t i o n s  c u t  i n  d i f f e r e n t  p l a n e s .

The l o n g i t u d i n a l  s a g i t t a l  ( d o r s o - p a lm a r )  s e c t i o n s ,  when s e e n  

w i t h  t h e i r  v e r t i c a l  a x e s  p a r a l l e l  t o  t h e  *'NS" ( n o r t h - s o u t h )  

d i r e c t i o n ,  a p p e a r e d  b r i g h t  i n  CPL w i t h  v a r y i n g  i n t e n s i t i e s  o f  

b r i g h t n e s s  i n  d i f f e r e n t  zones .  The s u p e r f i c i a l  and th e  i n t e r m e d i a t e  

z o n e s  w e re  l e a s t  b r i g h t  ( f i g  4 . l a , d ) ;  a  d i s t i n c t  t r a n s i t i o n  

c h a r a c t e r i s e s  t h e  d i f f e r e n c e  i n  t h e  b r i g h t n e s s  b e t w e e n  t h e  

i n t e r m e d i a t e  and th e  r a d i a l  f i b r e  zones .

The r a d i a l  f i b r e  zone i s  th e  d e e p e s t  zone o f  t h e  u n m i n e r a l i s e d  

c a r t i l a g e .  The f i b r e s  e x t e n d  f u r t h e r  d i s t a l l y  i n  t h e  i n t e r m e d i a t e  

zone ,  where th e y  a r c h  i n  one d i r e c t i o n  ( f i g .  4 . 1 a , d )  on t h e  AP a x i s  

t o  become c o n t i n u o u s  a s  t h e  t a n g e n t i a l  f i b r e s ,  p a r a l l e l  t o  t h e  

s u r f a c e  i n  t h e  s u p e r f i c i a l  z o n e  ( F i g .  4 . l a - d ) . The c h o n d r o c y t e  

l a c u n a e  were s e p a r a t e d  from one a n o t h e r ,  and were found d i s t r i b u t e d  

p a r a l l e l  to  a n t e r o - p o s t e r i o r  f i b r e s  (F ig .  4 . 1 b , c ) .  The a rched  f i b r e s  

i n  t h e  i n t e r m e d i a t e  zone showed u n i fo rm  a p p e a r a n c e .  I n  LPL, i f  t h e  

s u p e r f i c i a l  f i b r e s  a p p e a r e d  d a r k ;  t h e  r e s t  was a p p a r e n t l y  b r i g h t .  

The s u p e r f i c i a l  f i b r e s  a p p e a r e d  b r i g h t  on r o t a t i o n  o f  t h e  s e c t i o n  

( F ig .  4 . 1 b - c ) .  The a rc h e d  f i b r e s  underw en t  e x t i n c t i o n  a t  d i f f e r e n t  

d e g re e s  o f  r o t a t i o n  (F ig .  4 . 1 b - c ) .

The c o r o n a l  s e c t i o n s  ( m e d i o - l a t e r a l )  e x a m in e d  w i t h  t h e i r  

v e r t i c a l  axes  p a r a l l e l  t o  t h e  "NS", e x h i b i t e d  a " n o n - d i r e c t i o n a l  

t e x t u r e "  i n  the  s u p e r f i c i a l  and the  i n t e r m e d i a t e  zones ( f i g . 4 . 2 b ) .  In  

CPL, th e  s u p e r f i c i a l  and th e  i n t e r m e d i a t e  zones were a p p a r e n t l y
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Figure 4.1

50 pm t h i c k  d e c a l c i f i e d  l o n g i t u d i n a l  s e c t i o n s  i n  th e  a n t e r o - p o s t e r i o r  

( s a g i t t a l )  p l a n e  o f  t h e  a r t i c u l a r  c a r t i l a g e  from t h e  d i s t a l  c ondy le  

o f  McIII  o f  a 4 y e a r  o ld  an imal.

a)  CPL micrograph showing d i f f e r e n t  zones  o f  th e  AC.

Top = u n c a l c i f i e d  s u p e r f i c i a l / i n t e r m e d i a t e  zone 

C en t re  = u n c a l c i f i e d  r a d i a l  f i b r e  zone 

bottom = c a l c i f i e d  c a r t i l a g e  zone 

bottom edge = bone,  

b ,  c & d) show s u p e r f i c i a l ,  i n t e r m e d i a t e  and u n c a l c i f i e d  r a d i a l  f i b r e  

zones on ly .

The f i b r e s  i n  t h e  i n t e r m e d i a t e  z o n e  u n d e r g o  e x t i n c t i o n  a t  

d i f f e r e n t  r o t a t i o n s  o f  th e  specimen.  B r i g h t  r a d i a l  f i b r e  zone i s  seen 

below t h e  dark  i n t e r m e d i a t e  zone.

Comparison o f  (b) @ 4 5 “ s t a g e  r o t a t i o n  and (c )  @ 65“ r o t a t i o n  

shows t h a t  b r i g h t n e s s  o f  r a d i a l  f i b r e  zone i s  o r i e n t a t i o n  dep en d e n t

( i n  bottom l e f t  hand c o r n e r  o f  f i e l d ) .

b & c = LPL, d = CPL image o f  t h e  same f i e l d  as image c.

FW: a = 1.2mm, b = 550pm c) 550pm, d) 550pm
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Figure 4.2

50 pm t h i c k  d e c a l c i f i e d  l o n g i t u d i n a l  s e c t i o n s  i n  t h e  m e d i o - l a t e r a l  

( c o r o n a l )  p la n e  o f  t h e  a r t i c u l a r  c a r t i l a g e  from th e  d i s t a l  condy le  o f  

M cIII  o f  a 4 y e a r  o ld  an imal.

a )  t o p  edge = i n t e r m e d i a t e  f i b r e  zone 

to p  c e n t r e  = r a d i a l  f i b r e  zone

below c e n t r e  = c a l c i f i e d  c a r t i l a g e  zone 

bo ttom edge = bone

b)  t o p  = s u p e r f i c i a l  zone

to p  h a l f  = i n t e r m e d i a t e  f i b r e  zone 

bo ttom h a l f  = r a d i a l  f i b r e  zone

c)  top  = s u p e r f i c i a l  f i b r e  zone 

bo t tom = r a d i a l  f i b r e  zone.

The r a d i a l  f i b r e  z o n e  i s  b r i g h t e r  t h a n  t h e  r e s t ,  and  i s  

s e p a r a t e d  from t h e  CC zone below by t h e  i r r e g u l a r  t i d e  mark m arg in .  

The CC zone e x h i b i t s  h o r i z o n t a l  shadowing p a t t e r n  which  i s  p a r a l l e l  

t o  t h e  t i d e  mark p l a n e ,  and a t  r i g h t  ang le  to  t h e  f i b r e  d i r e c t i o n .

The S u p e r f i c i a l  and t h e  i n t e r m e d i a t e  zones  a p p e a r  d a r k  i n  LPL 

(c)  when th e  s e c t i o n  i s  viewed w i th  i t s  l o n g i t u d i n a l  a x i s  p a r a l l e l  to  

e i t h e r  p o l a r .

FW: a) 1 .55  mm, b) 5OO pm, c) 475um«
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Figure 4.3

PLM im ages  o f  50y® t h i c k  d e c a l c i f i e d  l o n g i t u d i n a l  s e c t i o n  i n  t h e  

a n t e r o - p o s t e r i o r  ( s a g i t t a l )  pleine o f  t h e  a r t i c u l a r  c a r t i l a g e  from 

t h e  d i s t a l  condyle  o f  McIII  o f  a  4 y e a r  o ld  an imal.

a )  CPL,

to p  = r a d i a l  f i b r e  zone

c e n t r e  = c a l c i f i e d  c a r t i l a g e  zone

bottom = bone

b)  r a d i a l  f i b r e  zone a t  c e n t r e ,  LPL

c)  r a d i a l  f i b r e  zone,  LPL

a)  The c a l c i f i e d  c a r t i l a g e  zone shows a h o r i z o n t a l  shadowing p a t t e r n  

a t  r i g h t  ang le  t o  th e  f i b r e  d i r e c t i o n .

b)  LPL im age o f  t h e  same s e c t i o n  s h o w i n g  b r i g h t  r a d i a l  f i b r e s ,

i n c l i n e d  e i t h e r  a n t e r i o r l y  o r  p o s t e r i o r l y .

c )  LPL image o f  th e  same f i e l d  as p i c t u r e  b w i th  20“ r o t a t i o n  o f  th e

s e c t i o n .  Rad ia l  f i b r e s  undergo comple te e x t i n c t i o n .

FW: a = 1200 pm, b = 450 pm, c = 450 pm
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Figure 4.4

LPL images  o f  50ym t h i c k  d e c a l c i f i e d  l o n g i t u d i n a l  s e c t i o n  i n  t h e  

m e d i o - l a t e r a l  p l a n e  o f  t h e  a r t i c u l a r  c a r t i l a g e  f rom  t h e  d i s t a l  

condy le  o f  McIII o f  a 4 y e a r  o ld  animal showing

a)  r a d i a l  f i b r e  zone,  ML, LPL.

b) same f i e l d ,  d i f f e r e n t  s t a g e  r o t a t i o n .

a)  s t r a i g h t  b r i g h t  r a d i a l  f i b r e s  i n  LPL w i t h  45* r o t a t i o n  o f  t h e  

s e c t i o n .  FW = 525 pm.

b) showing e x t i n c t i o n  i n  the  r a d i a l  f i b r e  zone w i th  t h e  s e c t i o n  l y i n g  

w i th  i t s  l o n g i t u d i n a l  a x i s  p a r a l l e l  to  e i t h e r  p o l a r .  FW: 500pm.
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d a r k e r  i n  th e  m e d i o - l a t e r a l  p l a n e •than  i n  th e  a n t e r o - p o s t e r i o r  p la n e  

( F i g .  4 . 2 b ) .  I n  b o t h  t h e  z o n e s ,  t h e  c h o n d r o c y t e  d i s t r i b u t i o n  was 

random,  and t h e  l a c u n a e  a p p e a r e d  round  ( f i g .  4 . 2 b ) .  I n  LPL, t h e  

s u p e r f i c i a l  and t h e  i n t e r m e d i a t e  zones had underwent complete 

e x t i n c t i o n  when examined w i t h  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  s e c t i o n  

l y i n g  p a r a l l e l  t o  e i t h e r  p o l a r  ( F i g .  4 . 2 c ) .  The a r c h i n g  o f  t h e  

f i b r e s ,  and  t h e i r  c o n t i n u a t i o n  a s  t a n g e n t i a l  f i b r e s  i n  t h e  

s u p e r f i c i a l  zone  was n o t  d i s t i n g u i s h a b l e  i n  t h i s  p l a n e .  As s t a t e d ,  

t h e  c h o n d r o c y t e  l a c u n a e  were  ro u n d  and random i n  t h e  i n t e r m e d i a t e  

zone ( f i g u r e s  4 . 2 b ) ,  w h i l s t  i n  t h e  s a g i t t a l  p l a n e ,  th e y  were o b l i q u e ,  

w i th  t h e i r  long  axes d i r e c t e d  i n  one d i r e c t i o n ,  b e in g  p a r a l l e l  t o  th e  

a rched  f i b r e s  (F ig  4 . 1 a , d ) .

The r a d i a l  f i b r e  zone was th e  t h i c k e s t  o f  a l l  t h e  zones  i n  th e

a r t i c u l a r  c a r t i l a g e .  The f i b r e s  were b r i g h t  i n  b o th  th e  s a g i t t a l  and

t h e  co rona l  p la n e s  i n  CPL ( f i g .  4 .3b ;  4 . 4 a ) .  In  th e  s a g i t t a l  p l a n e ,  

t h e  f i b r e  b u n d l e s  were  i n c l i n e d  on t h e  a n t e r o - p o s t e r i o r  a x i s  when 

examined w i th  th e  v e r t i c a l  a x i s  o f  the  s e c t i o n  l y i n g  p a r a l l e l  t o  the  

*’NS" (F ig  4 . 3 a - b ) .  In  LPL, maximal e x t i n c t i o n  o f  t h e s e  f i b r e s  i n  th e  

s a g i t t a l  s e c t i o n s  o c c u r e d  w i t h  20* o f  r o t a t i o n ,  i n d i c a t i n g  t h e i r  

o r i e n t a t i o n  a t  20® t o  t h e  v e r t i c a l  a x i s  ( F ig .  4 . 3 c ) .  These  f i b r e s  

a p p e a re d  maxim al ly  b r i g h t  w i t h  f u r t h e r  r o t a t i o n  o f  t h e  spec im en  by

±45®.

The chondrocy te  l a cu n ae  were e lo n g a te d  i n  shape ,  l y i n g  p a r a l l e l

t o  t h e  r a d i a l  f i b r e s  i n  t h e  s a g i t t a l  p l a n e  on t h e  a n t e r o - p o s t e r i o r

s u r f a c e  ( f i g .  4 . 3 & - b ) ;  i n  t h e  c o r o n a l  p l a n e  on t h e  m e d i o - l a t e r a l  

s u r f a c e , ,  they  appea r  somewhat e l l i p t i c a l  ( f i g .  4 . 4 a ) .

The r a d i a l  f i b r e  b u n d le s  on th e  m e d i o - l a t e r a l  s u r f a c e  o f  th e  

l o n g i t u d i n a l  ( v e r t i c a l  c o r o n a l )  s e c t i o n  undergo  e x t i n c t i o n  i n  LPL, 

when th e  s e c t i o n  i s  viewed w ith  i t s  l o n g i tu d in a l  axes l i e  p a r a l l e l  to  

th e  p l a n e s  o f  e i t h e r  o f  t h e  p o l a r s  ( F ig .  4 . 4 b ) ;  t h e  f i b r e s  w ere 

maximally b r i g h t  a t  45 “ o f  r o t a t i o n  (F ig . 4 . 4 a ) ,  and ap p ea r  s t r a i g h t .  

T h is  i n d i c a t e s  t h a t  th e  r a d i a l  f i b r e s  i n  th e  m e d i o - l a t e r a l  s e c t i o n s  

a r e  v e r t i c a l .  The f i b r e s  i n  t h e  i n t e r m e d i a t e  zone  a p p e a r e d  to  be 

v e r t i c a l  and c o n t in u o u s  w ith  th e  r a d i a l  f i b r e  zone.

The c a l c i f i e d  c a r t i l a g e  zone in  th e  a n t e r o - p o s t e r i o r  s e c t i o n  

shows h o r iz o n t a l  shadowing p a t t e r n  a t  r i g h t  an g le  to  th e  f i b r e
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Figure 4.$

CPL images o f  t h i n  h a n d -c u t  l o n g i t u d i n a l  s e c t i o n s  i n  b o th

a)  a n t e r o - p o s t e r i o r

b) m e d io - l a t e r a l

viewed in  p o l a r i s e d  l i g h t  i n  w a te r .  The c e l l s  a r e  n o t  o rg a n is e d  i n t o  

columns (chondrons) i n  t h i s  one day an im al.
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Figure 4.6

CPL images o f  t h i n  h a n d -c u t  l o n g i t u d i n a l  s e c t i o n s  o f  6 week M cIII in

a)  a n t e r o - p o s t e r i o r

b) m e d io - l a t e r a l

v ie w e d  i n  p o l a r i s e d  l i g h t  i n  w a t e r  sh o w in g  v e r t i c a l  co lu m n s  o f  

chondrocy te  la cu n ae  n e a r  th e  bone c a r t i l a g e  i n t e r f a c e .
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d i r e c t i o n  ( f i g .  4 . 3 a ) .  S i m i l a r  p a t t e r n  i s  s een  i n  th e  CC zone i n  th e  

m e d i o - l a t e r a l  s u r f a c e  ( f i g .  4 .2 a )  p la n e .

At t h e  e x t r e m e  s u r f a c e  m a r g i n ,  a  t h i n  b r i g h t  l a m i n a  was 

observed  i n  which e x t i n c t i o n  occu r red  w i th  t h e  s u r f a c e  p a r a l l e l  w i th  

e i t h e r  p o l a r .

The t h i n  h a n d -c u t  l o n g i t u d i n a l  s e c t i o n s  o f  a r t i c u l a r  c a r t i l a g e  

from the  d i s t a l  condyle o f  t h e  McIII  o f  t h e  two n e o n a te s  (1 day and 6 

week) ex a m in e d  i n  p o l a r i s e d  l i g h t  i n  w a t e r  showed a d i f f e r e n t  

d i s t r i b u t i o n  o f  chondrocy te  l a c u n a e .  The chond rocy te  l a cunae  looked 

random i n  th e  whole o f  th e  c a r t i l a g e  s e c t i o n  ( v e r t i c a l )  o f  th e  1 day 

o ld  animal i n  th e  bo th  p l a n e s  ( f i g .  4 . 5 a - b ) ,  w h i l s t  t h a t  o f  th e  s i x  

week o ld  animal s e c t i o n  showed a v e r t i c a l  d i s t r i b u t i o n  o f  chondrocy te  

l a c u n a e  n e a r  t h e  c a r t i l a g e  bone  i n t e r f a c e  i n  b o t h  t h e  AP and ML 

p la n e s  ( f i g .  4 . 6 a - b ) .

M i n e r a l i s i n g  f r o n t  p r e p a r a t i o n s  r e v e a l e d  s e v e r a l  f e a t u r e s  on 

t h e  nude  s u b c h o n d r a l  b o n e  s u r f a c e .  H y d ro g e n  p e r o x i d e  t r e a t e d  

p r e p a r a t i o n s  e x h i b i t e d  s i g n s  o f  t h e  o r g a n i s a t i o n  o f  t h e  c o l l a g e n o u s  

m a t r ix  where f i n e  f i b r i l s  were seen  p a r a l l e l  t o  a n t e r o - p o s t e r i o r  a x i s  

w i t h i n  chondrocy te l a cu n a  w a l l s  ( f i g .  4 . 7 b - d ) .  P a r t i a l  d i g e s t i o n  o f  

t h e  c o l l a g e n  m a t r i x  r e s u l t e d  i n  d o r s o - p a l m a r  s p l i t s  on t h e  s u r f a c e  

( f i g .  4 . 8 a - c ) .  C h o n d r o c y t e  l a c u n a e  w i t h  m ore  m i n e r a l i s e d  

p e r i c e l l u l a r  margins were v i s i b l e  ( f i g .  4 .7 a )

H ypoch lo r i t e  t r e a t e d  (anorgan ic )  samples have th e  u n m i n e r a l i s e d  

m a t r ix  washed away from t h e  t i d e  mark zone ( m i n e r a l i s i n g  c a r t i l a g e ) ,  

g i v i n g  a good c h a n c e  o f  s e e i n g  t h e  o r i e n t a t i o n  o f  t h e  ( a n t e r o 

p o s t e r i o r )  s l i t s  ( f i g .  4 . 9 c ) .  The p r i n c i p a l  a x i s  o f  t h e  c a r t i l a g e  

c o l l a g e n  h a s  b e e n  s e e n  a s  p a r a l l e l  v e r t i c a l  c o lu m n s  a l o n g  t h e  

f r a c t u r e d  w a l l  ( f i g .  4 . 1 0 a ) .

Some s u p e r f i c i a l l y  ano rgan ic  samples e x h i b i t e d  a n t e r o - p o s t e r i o r  

f r a c t u r e  l i n e s  on t h e  m i n e r a l i s i n g  f r o n t  s u r f a c e  ( f i g  4 . 1 0 b - e ) .  

T h e s e  f r a c t u r e  l i n e s  a p p e a r e d  d u r i n g  t h e  d r y i n g  p r o c e s s .  

A r t i f i c i a l l y  f r a c t u r e d  s u r f a c e  a l l o w  o b s e r v a t i o n  o f  t h e  

o r g a n i s a t i o n a l  f e a t u r e s  o f  t h e  s t r u c t u r e s  i n v o l v e d  (Boyde 1 9 7 2 ) .  

These f r a c t u r e  l i n e s  were c h a r a c t e r i s t i c a l l y  i n  t h e  do r so -pa lm a r  

d i r e c t i o n  i n  a l l  samples  s u g g e s t i n g  t h e i r  e x t e n s i o n  a l o n g  e x i s t i n g  

a n t e r o - p o s t e r i o r  s p l i t s  i n  the  u n d e r ly i n g  s t r u c t u r e s .  Moreover,
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Figure 4.7

SE images  o f  t h e  a r t i c u l a r  c a r t i l a g e ,  d i s t a l  M cII I  o f  a  2 y e a r  o l d  

and a 4 y e a r  o ld  an imals ,  

a ,  b & c)  = 2y same f i e l d

d) 4y

The samples were p a r t i a l l y  d i g e s t e d  i n  te rg -azyme and Hydrogen 

p e r o x id e .  Predominant  a n t e r o - p o s t e r i o r l y  o r i e n t e d  p a r a l l e l  f i b r e s  a r e  

s een  w i t h i n  th e  chondrocyte  l a c u n a e .

SE (lOKV). Au s p u t t e r - c o a t e d .



Figure 4 .7
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Figure 4.8

SE images o f  hydrogen p e ro x id e  t r e a t e d  subchondra l  bone s u r f a c e  o f  24 

y e a r  McIII  showing a n t e r o - p o s t e r i o r  f i b r e s  i n  p a r t l y  d i g e s t e d  m a t r ix .  

Note t h e  m ine ra l  d e p o s i t i o n  a lo n g  the  lo n g  axes o f  th e  f i b r e s .

SE (lOkV). Au s p u t t e r - c o a t e d .
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F ig u re  4 .9

a) SE image o f  ML s u r f a c e  o f  a b lo c k  from t h e  M cII I  d i s t a l  c o n d y l a r  

r e g i o n  showing AP s p l i t s  i n  th e  c a l c i f i e d  c a r t i l a g e .

SE ( 1 .5  kV). Au s p u t t e r - c o a t e d .

b & c )  A n o rg a n ic  p r e p a r a t i o n  o f  t h e  s u b c h o n d r a l  bone  m i n e r a l i s i n g  

f r o n t  s u r f a c e  o f  two a n i m a l s  (2yF & 24yF) s h o w i n g  p e r i c e l l u l a r  

m i n e r a l i s a t i o n .  The 24y animal bone sample shows an a n t e r o - p o s t e r i o r  

s p l i t  l i n e .

SE (10 kV). Au s p u t t e r - c o a t e d .
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Figure 4.10

a) H y p o c h lo r i t e  t r e a t e d  subchondra l  bone s u r f a c e  (24yP) showing an AP 

s p l i t  l i n e .  The v e r t i c a l  markings  seen  i n  th e  f r a c t u r e d  w a l l  

show t h e  p r i n c i p a l  a x i s  o f  t h e  c a r t i l a g e  c o l l a g e n .  SE (10 kV).  Au- 

s p u t t e r  coa ted .

b & c )  Hydrogen p e r o x i d e  t r e a t e d  s u b c h o n d r a l  bone  s u r f a c e  (4yP) 

showing  a n t e r o - p o s t e r i o r  s p l i t  l i n e s .  V e r t i c a l  c o l l a g e n  f i b r e s  a r e  

s e e n  i n  th e  f r a c t u r e d  w a l l .  SE (10 kV). A u - s p u t t e r  c o a t e d .

d & e)  Hydrogen pe rox ide  t r e a t e d  subchondra l  bone s u r f a c e  o f  t h e  same 

a n im a l  showing an a n t e r o - p o s t e r i o r  s p l i t  l i n e .  The c o l l a g e n  on b o th  

t h e  w a l l s  has  the  same o r i e n t a t i o n .

SE (10 kV). A u - s p u t t e r  c o a t e d .
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Figure 4.11

BSE images o f  PMMA. embedded s u b - a r t i c u l a r  c a r t i l a g e  bone b lo c k s  from 

d i s t a l  condyles  

a )  7 y e a r  o ld  

b & c)  6 y e a r  o ld

showing v e r t i c a l  f i b r e s ,  and s p l i t s  i n  t h e  c a l c i f i e d  c a r t i l a g e  on 

th e  m e d i o - l a t e r a l  s u r f a c e .  

lOkV. Carbon coa ted .
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secondary  e l e c t r o n  imaging c l e a r l y  d i s p l a y e d  p a r a l l e l  c o l l a g e n  f i b r e s  

i n  th e  f r a c t u r e  p la n e  ( f i g .  4 . 1 0 b -d ) .

B a c k s c a t t e r e d  e l e c t r o n  im aging  o f  a n o r g a n i c  sam p les  r e v e a l e d  

t h e  c i r c u m f e r e n c e  o f  t h e  v a s c u l a r  c a n a l s  on t h e  m i n e r a l i s i n g  f r o n t  

s u r f a c e  t o  be more h i g h l y  m i n e r a l i s e d  t h a n  t h e  i n t e r t e r r i t o r i a l  

m a t r ix ,  a  f i n d i n g  c o n s i s t e n t  w i th  p r e v io u s  s t u d i e s  i n  human, r a t  and 

c h i c k  a r t i c u l a r  c a r t i l a g e  ( Jones  and Boyde 1982; Sh ap i ro  and Boyde

1987).
The a r t i c u l a r  ends o f  embedded beams and b lo c k s  i n  t h e  co ro n a l  

p l a n e  e x h i b i t e d  v e r t i c a l  s p l i t s  i n  t h e  c a l c i f i e d  c a r t i l a g e  zone  i n  

b o th  b a c k s c a t t e r e d  e l e c t r o n  and c o n f o c a l  s c a n n i n g  l i g h t  m i c r o s c o p i c  

images ( f i g . 4 . 11, and Chap. 3)*

4 .4  DISCUSSION

T h i s  s t u d y  was c a r r i e d  o u t  t o  a s c e r t a i n  i f  t h e r e  i s  an y  

s t r u c t u r a l  a n i s o t r o p y  i n  th e  a r t i c u l a r  c a r t i l a g e ,  and to  examine i t s  

a s s o c i a t i o n  w i th  f r a c t u r e s ,  commonly s een  i n  d i s t a l  c o n d y l e s  o f  t h e  

cannon bone o f  Thoroughbreds.

S c a n n i n g  e l e c t r o n  m i c r o s c o p i c  s t u d y  o f  a n o r g a n i c  s a m p l e s  

p r o v i d e d  a c o m p le t e  o v e r v i e w  o f  t h e  s u b c h o n d r a l  bone  m i n e r a l i s i n g  

f r o n t .  The p r i m a r y  i n t e n t i o n  was t o  s e e  i f  t h e r e  w e re  a n t e r o 

p o s t e r i o r  s p l i t s  on t h e  s u r f a c e ;  t h e s e  were  i n d e e d  fo u n d  i n  t h i s  

s tu d y .

The c h a r a c t e r i s t i c  c o l l a g e n  f i b r e  d i s t r i b u t i o n  ( a n t e r o -  

p o s t e r i o r l y  and p a r a l l e l )  w i t h i n  t e r g - a z y m e  and h y d r o g e n  p e r o x i d e  

e t c h e d  c h o n d r o c y t e  l a c u n a e  b a s e s  i n i t i a l l y  c o n t r i b u t e s  t o  t h e  

d e v e lo p in g  a n i s o t r o p y  i n  c a l c i f i e d  c a r t i l a g e  s t r u c t u r e  as r e v e a l e d  by 

secondary  e l e c t r o n  imaging d u r in g  t h i s  s tu d y .  R ed le r  and co-w orkers  

( 1 9 7 5 ) a l s o  found  b ands  o f  f l a t t e n e d  f i b r i l s  p a r a l l e l  t o  t h e  wavy 

s u r f a c e  o f  th e  c a l c i f i e d  c a r t i l a g e  w hi le  examining th e  t idem ark  zone 

i n  humans,  i n  a d d i t i o n  t o  v e r t i c a l  f i b r i l s  e x t e n d i n g  from t h e  non

c a l c i f i e d  t o  c a l c i f i e d  zones .  D e p o s i t i o n  o f  m i n e r a l  c r y s t a l s  a l o n g  

t h e  c e l l u l a r  c i r c u m f e r e n c e  ( p e r i c e l l u l a r  m i n e r a l i s a t i o n ) , where t h e  

c r y s t a l s  a r e  o r i e n t e d  p a r a l l e l  t o  t h e  c o l l a g e n  f i b r e s  a l o n g  l o n g  

axes ,  observed  in  t h i s  s tudy ,  a l s o  c o n t r i b u t e s  to  t h e  development o f
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an a n i s o t r o p i c  a r c h i t e c t u r e  i n  t h i s  a r e a .  M inera l  c r y s t a l  d e p o s i t i o n  

b e tw ee n  c e l l  co lu m n s ,  b e tw ee n  c e l l s ,  and a l o n g  t h e  l o n g  a x e s  o f  

c o l l a g e n  f i b r e s  has  a l r e a d y  been dem ons t ra ted  ( Jones  and Boyde 1982, 

Boyde and J o n e s  1983) •  As m i n e r a l i s a t i o n  o f  t h e  l a m e l l a r  bone  i s  

i n i t i a t e d ,  t h e  m i n e r a l  d e p o s i t i o n  s t a r t s  from w i t h i n  t h e  c o l l a g e n ,  

s u b s e q u e n t ly  s p r e a d in g  to  a d j a c e n t  m a t r ix  (Boyde 1972, 1974; Katz e t  

a l  1989 ; G lim cher  I 98 9 ) ; l o n g  a x i s  o f  c r y s t a l s  l i e  p a r a l l e l  t o  t h e  

f i b r e s  (A scenz i  e t  a l  I 9 6 5 , 1978; Lees and P r o s t a k  I 9 8 8 ) . S e v e r a l  

p r i o r  s t u d i e s  d e m o n s t r a t e  t h a t  t h e  v e r t i c a l  f i b r e s  o f  t h e  r a d i a l  

zone o f  u n c a l c i f i e d  c a r t i l a g e  a r e  c o n t i n u o u s  i n t o  t h e  c a l c i f i e d  

c a r t i l a g e  (Bullough and Goodfel low I 968 ; R e d le r  e t  a l  1975; Jones  and 

Boyde 1982; Boyde and Jones 1983; C la rk  1990a) .  Columns o f  o r i e n t e d  

c o l l a g e n  f i b r e s  i n  c a l c i f i e d  c a r t i l a g e  as  w e l l  as  columns  o f  c e l l s  

o c c u p y i n g  l a c u n a e  a l o n g s i d e  t h e  c o l l a g e n  f i b r e s  were  d e s c r i b e d  by 

T r u e t a  and L i t t l e  ( I 96O).

A n t e r o - p o s t e r i o r  f r a c t u r e  l i n e s  i n  a n o r g a n i c  b o n e  s a m p l e s  

s t u d i e d  i n  SEM, showed c o l l a g e n  f i b r i l s  o r i e n t e d  v e r t i c a l l y ,  p a r a l l e l  

t o  t h e  f r a c t u r e  w a l l  i n  b o th  a n o r g a n i c  and s u p e r f i c i a l l y  a n o r g a n i c  

p r e p a r a t i o n s :  c o n t r a s t i n g  v iews o f  b o t h  s i d e s  o f  su ch  c l e f t s  would 

p ro v id e  th e  answer to  the  q u e s t i o n  whether  t h e s e  s p l i t s  deve lop  a long  

a p l a n e  a t  w h i c h  t h e r e  i s  a c h a n g e  o f  o r i e n t a t i o n ,  i n  t h e  AP 

d i r e c t i o n ,  o f  t h e  p r i n c i p a l  a x i s  o f  t h e  b u l k  c o l l a g e n  f i b r e s .  The 

p r e s e n t  s tudy  showed no such change o f  o r i e n t a t i o n  o f  c o l l a g e n  f i b r e s  

i n  bo th  th e  s i d e s  o f  th e  s p l i t s .

Once th e  p re s e n c e  o f  a n i s o t r o p y  i n  c a l c i f i e d  c a r t i l a g e  has  been 

e s t a b l i s h e d ,  i t  i s  l o g i c a l  t h a t  i t  s h o u l d  be. p r e s e n t  i n  t h e  n o n 

m i n e r a l i s e d  c a r t i l a g e  a s  w e l l .  The p a t t e r n  o f  c o l l a g e n  f i b r e  

d i s t r i b u t i o n  was de te rmined  by p o l a r i s e d  l i g h t  microscopy o f  s e c t i o n s  

o f  a r t i c u l a r  c a r t i l a g e  cu t  i n  d i f f e r e n t  p l a n e s .  The d i s t r i b u t i o n  o f  

c o l l a g e n  f i b r e  i n t o  t h r e e  z o n e s  i n  t h e  u n m i n e r a l i s e d  c a r t i l a g e  as  

r e v e a l e d  by LPL and CPL i n  t h i s  s t u d y  i s  c o n s i s t e n t  w i t h  s e v e r a l  

p r e v i o u s  s t u d i e s  conduc ted  i n  human and o t h e r  a n i m a l s  (McCall  1969; 

Minns and S t e v e n s  1977;  Zambrano e t  a l  1982;  C l a r k  19 9 0 a ,  1991)•  

F u r t h e r  to  t h i s ,  s e v e r a l  d i f f e r e n t  f e a t u r e s  have a l s o  been  documented 

d u r in g  th e  p r e s e n t  s tu d y .

The p r e s e n t  s tudy  showed t h a t  th e  f i b r e s  i n  r a d i a l  zone o f  the
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a r t i c u l a r  c a r t i l a g e  a r e  n o t  s t r i c t l y  v e r t i c a l .  The bands  o f  f i b r e s  

a r e  i n c l i n e d  on t h e  d o r s o - p a l m a r  a x i s  i n  one d i r e c t i o n  i n  one f i e l d  

o f  v ie w .  The r a d i a l  f i b r e s  were  found  t o  c o n s t i t u t e  t h e  g r e a t e s t  

p a r t  o f  t h e  t h i c k n e s s  o f  t h e  a r t i c u l a r  c a r t i l a g e ,  a n d  t h e i r  

c o n t i n u i t y  as a rched  f i b r e s  to  t a n g e n t i a l  f i b r e s  on t h e  s u r f a c e  i s  i n  

agreement w i th  C la rk  (1990a,  1991) who found s i m i l a r  r e s u l t s  i n  man, 

dog and r a b b i t .  I n  t h e  p r e s e n t  s t u d y ,  t h e  c o l l a g e n  f i b r e s  i n  t h e  

s u p e r f i c i a l  zone  l y i n g  p a r a l l e l  t o  t h e  s u r f a c e  w e re  s e e n  t o  be  

d i s t r i b u t e d  a n t e r o - p o s t e r i o r l y  i n  t h e  v e r t i c a l  s a g i t t a l  s e c t i o n s .  

F a i l u r e  t o  s e e  t h e s e  f i b r e s  i n  t h e  c o r o n a l  s e c t i o n s  c o n f i r m s  t h e i r  

c h a r a c t e r i s t i c  a n t e r o - p o s t e r i o r  o r i e n t a t i o n .  The c h a r a c t e r i s t i c  

a r c h i n g  o f  the  r a d i a l  f i b r e s  i n  th e  i n t e r m e d i a t e  zone which c o n t in u e  

as  s u p e r f i c i a l  f i b r e s  s e e n  i n  t h e  p r e s e n t  s t u d y ,  was n o t  v i s i b l e  i n  

t h e  c o r o n a l  p l a n e ,  which s u g g e s t s  t h a t  r a d i a l  f i b r e s  i n  t h e  e q u i n e  

m e t a c a r p a l  d i s t a l  c o n d y l a r  a r t i c u l a r  c a r t i l a g e  a r c h  m a in ly  a n t e r o -  

p o s t e r i o r l y .  The o b l i q u i t y  o f  t h e  r a d i a l  f i b r e s  i n  t h e  AP a x i s  i s  

c o n s i s t e n t  w i th  th e  a r c h i n g .  This  could  be a s s o c i a t e d  w i th  t h e  f a c t  

t h a t  t h e  e q u in e  cannon bone i s  l o a d e d  i n  a x i a l  c o m p re s s io n .  Hence,  

t h e  r a d i a l  f i b r e s  b u c k l e  i n  a way t h a t  t h e  r e s u l t i n g  s u p e r f i c i a l  

f i b r e s  f o l l o w  t h e  d i r e c t i o n  o f  t h e  l o a d .  I t  can be c o n c l u d e d  t h a t  

t h e  v e r t i c a l  f i b r e s  o f  t h e  r a d i a l  zone o f  a r t i c u l a r  c a r t i l a g e  i n  a 

j o i n t  u n d e r  u n i d i r e c t i o n a l  l o a d  a r c h  o n l y  i n  t h e  l i n e  o f  j o i n t  

r o t a t i o n .  I t  i s  a p p a r e n t  t h a t  i n  a m u l t i d i r e c t i o n a l  l o a d i n g  

c o n d i t i o n ,  t h e  v e r t i c a l  f i b r e s  i n  t h e  r a d i a l  z o n e  w i l l  a r c h  i n  

m u l t i p l e  d i r e c t i o n s .  T h i s  e x p l a i n s  why some r e s e a r c h e r s  (human: 

C la rk e  1971a. Minns and S tevens  1977; Kamalanathan and Broom 1993) f a i l e d  

t o  f i n d  a p red o m in an t  and un i fo rm  o r i e n t a t i o n  o f  c o l l a g e n  f i b r e s  i n  

the-  s u p e r f i c i a l  z o n e s  o f  t h e  a r t i c u l a r  c a r t i l a g e  i n  a j o i n t  o f  

m u l t i d i r e c t i o n a l  l o a d i n g .  F o r  t h e  same r e a s o n  some o t h e r s  (human: 

McCal l  1 9 6 9 ; C l a r k e  1971b; R e d l e r  1974;  O m el ianenko  I 9 8 9 , 1991) 

f a i l e d  t o  f i n d  a p r e d o m i n a n t  o r i e n t a t i o n  o f  f i b r e s  i n  t h e  

i n t e r m e d i a t e  zone o f  u n c a l c i f i e d  a r t i c u l a r  c a r t i l a g e .  Broom (1984a) 

a l s o  d e s c r i b e d  a s t r u c t u r a l  d i s c o n t i n u i t y  i n  a p l a n e  b e l o w  t h e  

a r t i c u l a r  s u r f a c e .  He a rg u e s  t h a t  t h i s  p l a n e  p r o v i d e s  a s i t e  f o r  a 

change i n  o v e r a l l  o r i e n t a t i o n .

C a r t i l a g e  c o l l a g e n  f i b r e s  l i e  p a r a l l e l  to  the  long  axes  o f  the
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chondrocy te l a c u n a e .  Thus t h e  s h a p e , o r i e n t a t i o n  and d i s t r i b u t i o n  o f  

t h e  l a c u n a e ,  and t h e i r  d i f f e r e n t  a p p e a ra n c e  i n  d i f f e r e n t  p l a n e s  i n  

s e v e r a l  z o n e s  o f  t h e  a r t i c u l a r  c a r t i l a g e ,  a l s o  i n d i c a t e  t h e  

o r i e n t a t i o n  o f  c o l l a g e n  f i b r e s  i n  t h e  a r t i c u l a r  c a r t i l a g e .  The 

la cunae  a r e  e l o n g a t e d  and p a r a l l e l  w i th  one a n o t h e r  i n  t h e  AP a x i s  i n  

t h e  s u p e r f i c i a l  zone i n  s a g i t t a l  s e c t i o n s .  On t h e  c o n t r a r y ,  i n  t h e  

c o r o n a l  p l a n e ,  t h e y  a p p e a r  ro u n d  and random. The l a c u n a e  i n  t h e  

i n t e r m e d i a t e  zone  a p p e a r  r o u n d  and random i n  t h e  c o r o n a l  p l a n e ,  

w h i l s t  t h e y  a p p e a r  e l o n g a t e d ,  o b l i q u e  and o r i e n t e d  i n  t h e  s a g i t t a l  

p l a n e .  I n  t h e  r a d i a l  z o n e ,  t h e  l a c u n a e  a r e  v e r t i c a l  and  p a r a l l e l  

w i th  f i b r e s  i n  bo th  th e  s a g i t t a l  and co ro n a l  p l a n e s ,  a l th o u g h  i n  th e  

c o r o n a l  p l a n e  t h e  l a c u n a e  a p p e a r  l e s s  e l o n g a t e d .  The r a d i a l  f i b r e s  

c o n t i n u e  i n t o  t h e  c a l c i f i e d  c a r t i l a g e  z o n e  w h e r e  t h e y  beca m e  

m i n e r a l i s e d .  A l though ,  t h e  p r e s e n c e  o f  l a c u n a e  i n  t h e  m i n e r a l i s e d  

c a r t i l a g e ,  p a r a l l e l  t o  i t s  v e r t i c a l  a x i s ,  i s  l i k e l y  t o  f a v o u r  t h e  

c l e a v a g e  o f  t h e  bone  i n  b o t h  t h e  p l a n e s ,  t h e  a n t e r o - p o s t e r i o r l y  

i n c l i n e d  f i b r e  b u n d l e s  i n  t h e  r a d i a l  zone w i l l  g i v e  some n a t u r a l  

r e s i s t a n c e  t o  t h e  f a i l u r e  o f  t h e  bone  i n  t h e  m e d i o - l a t e r a l  p l a n e .  

The t h i n  l a y e r  on t h e  s u r f a c e  s een  i n  t h i s  s t u d y  i s  c o n s i s t e n t  w i th  

t h e  p r e s e n c e  o f  a  s u r f a c e  l a y e r  w i t h  s u r f a c e  p a r a l l e l  f i b r e s  a s  

o bse rved  i n  s e v e r a l  p r e v i o u s  s t u d i e s  on c a r t i l a g e  i n  o t h e r  s p e c i e s  

(McConail l 1951; Zambrano e t  a l  1982; C la rk  1990a).

The l e s s  CPL b r i g h t  s u p e r f i c i a l  zones found d u r i n g  th e  p r e s e n t  

s t u d y ,  c o u l d  p o s s i b l y  b e  a s s o c i a t e d  w i t h  t h e  d i f f e r e n c e  i n  

g lyc osam inog lycan  c o n t e n t  and t h e i r  o r i e n t a t i o n  i n  s u p e r f i c i a l  and 

d e e p e r  z o n e s .  G l y c o s a m i n o g l y c a n  c o n t e n t  i s  r e d u c e d  i n  t h e

s u p e r f i c i a l  zone ,  i n c r e a s i n g  c o n s i d e r a b l y  w i th  d e p t h ,  and GAGs a r e  

h i g h l y  o r i e n t e d  i n  t h e  d e e p e r  zones  (Muir e t  a l  1970;  Dunham e t  a l  

1988 ) .

The random chondrocy te  d i s t r i b u t i o n  th ro u g h o u t  t h e  dep th  o f  th e  

a r t i c u l a r  c a r t i l a g e  i n  d i s t a l  c o n d y l e s  o f  t h e  n e o n a t e  m e t a c a r p u s  

found in  t h i s  s tudy  i s .  i n  agreement w i th  Oikawa and co -w orkers  (1989).  

How ever ,  t h e y  f o u n d  no a p p a r e n t  p a t t e r n  o f  a r r a n g e m e n t  o f  

c h o n d ro c y te s  u n t i l  a f t e r  t h e  age o f  s i x  months.  The p r e s e n t  s t u d y  

r e v e a l e d  t h a t  the  v e r t i c a l  d i s t r i b u t i o n  o f  chondrocy tes  i n  t h e  r a d i a l  

zone b e g i n s  as e a r l y  as  s i x  weeks o f  age ,  b u t  i t  t a k e s  a few months
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t o  ach ieve  a d i s t i n c t  o r i e n t a t i o n  th roughou t  th e  whole zone .  Oikawa 

and co -w orkers  s ugges ted  t h a t  a f t e r  th e  age o f  s i x  months,  c e l l s  g a in  a 

c h a r a c t e r i s t i c  o r i e n t a t i o n :  p a r a l l e l  to  t h e  a r t i c u l a r  s u r f a c e  i n  th e  

s u p e r f i c i a l  zone ,  and p e r p e n d i c u l a r l y  t o  t h e  s u r f a c e  i n  t h e  mid to  

deep zone.  The d e ve lop ing  v e r t i c a l  d i s t r i b u t i o n  o f  c h ond rocy te s  n e a r  

t h e  c a r t i l a g e  bone i n t e r f a c e  i n  th e  s i x  week o ld  animal found i n  t h i s  

s t u d y  p r o v i d e s  f u r t h e r  e v i d e n c e  t h a t  g r a d u a l  l o a d  b e a r i n g  w i t h  

i n c r e a s i n g  a g e  b r i n g s  a c h a n g e  i n  c e l l u l a r  o r i e n t a t i o n .  The  

a r t i c u l a r  c a r t i l a g e  com ponen ts  u n d e rg o  a p r o c e s s  Of a d a p t a t i o n  t o  

f u n c t i o n  w hi le  th e  bone s t a r t s  c a r r y i n g  lo a d  w i th  a x i a l  compress ion .

U n i l a t e r a l  d i r e c t i o n  o f  f i b r e s  on a n t e r o - p o s t e r i o r  a x i s  

p ro v id e  n a t u r a l  c l eavage  s i t e s  i n  t h e i r  o r g a n i s a t i o n  which may ex tend  

f u r t h e r  through r a d i a l  f i b r e s .  I n  r a d i a l  f i b r e  zone,  f r a c t u r e  always 

o c c u r s  v e r t i c a l l y ,  n e v e r  t r a n s v e r s e  (Broom 1984b , S i l y n - R o b e r t s  and 

Broom 1 9 9 0 ) .  More work w i l l  need  t o  be  done t o  c h r a c t e r i s e  t h e  

n a t u r e  o f  u n d e r l y i n g  AP a n i s o t r o p y  i n  t h e  c a l c i f i e d  c a r t i l a g e  zone .  

I t  i s  shown h e r e  t h a t  t h e r e  i s  a d i f f e r e n c e  i n  t h e  a n g u l a t i o n  o f  

c a r t i l a g e  c o l l a g e n  between AP and ML s e c t i o n s ,  and i n  t h e  s p l a y i n g  o f  

c o l l a g e n  w h e r e  i t  e x t e n d s  f ro m  t h e  d e e p  r a d i a l  t o  t h e  more 

s u p e r f i c i a l  o b l i q u e  l a y e r s .  However,  i t  can  n o t  be s t a t e d  t h a t  a  

c l e a r  s t r u c t u r a l l y  based  answer has  been o b ta in e d .

C h o n d r o c y t e s  have  v e r y  l i m i t e d  a b i l i t y  t o  r e g e n e r a t e  t h e i r  

m a t r i x .  Once t h e  a r t i c u l a r  c a r t i l a g e  i s  dam aged ,  e i t h e r  due  t o  

m e c h a n i c a l  o r  d e g e n e r a t i v e  p r o c e s s ,  f i b r o b l a s t  l i k e  c e l l s  w hich  

a r r i v e  from the  synov ia  and p e r i o s t e a l  t i s s u e  (Green 1977) r e p a i r  i t .  

I n  equine c a r p a l  bones ,  m e ch an ic a l ly  induced  l e s i o n s  were seen  to  be 

h e a l e d  w i t h  a c o m b i n a t i o n  o f  f i b r o u s  t i s s u e  and  f i b r o c a r t i l a g e  

(French  e t  a l  I 9 8 9 ) . When t h e  f i b r o u s  m a t r i x  i s  u n a b l e  t o  f u n c t i o n  

e f f i c i e n t l y ,  weight  t r a n s m i s s i o n  l e a d s  to  f u r t h e r  d e s t r u c t i o n  o f  th e  

w eight  b e a r i n g  a r e a  o f  the  j o i n t  (Mayne and Mark I 983 ) .

I n  any e v e n t ,  i f  a bone i s  lo a d e d  e x c e s s i v e l y ,  t h e  change  i n  

a r t i c u l a r  c a r t i l a g e  i n d i c a t e s  t h e  p a t t e r n  o f  p o s s i b l e  e x t e n s i o n  o f  

f r a c t u r e  th ro u g h  e x i s t i n g  c l e a v a g e  l i n e s  i n  t h e  c a r t i l a g e .  S u r f a c e  

d e p r e s s i o n s  seen  on a r t i c u l a r  c a r t i l a g e  were due t o  t h e  c o l l a p s e  o f  

th e  s u r f a c e  l a y e r  i n t o  the  u n d e r ly i n g  la cunae  (human: C la rke  1 971a ) • 

Excess ive  load  caused roughness  o f  the  s u r f a c e  w i th  o c c a s i o n a l  c l e f t s
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i n  a r t i c u l a r  c a r t i l a g e  (bovine ;  Saxèna e t  a l  1991). I n  th e  e v e n t  o f  

a c u t e  t r a n s a r t i c u l a r  l o a d  ( c a n i n e :  Thompson e t  a l  1991) ,  c l e f t s  on 

t h e  s u r f a c e  o f  t h e  a r t i c u l a r  c a r t i l a g e  were a l s o  d e m o n s t r a t e d .  I n  

t h e  same s t u d y ,  f r a c t u r e  was s e e n  t o  o c c u r  i n i t i a l l y  i n  t h e  zone  o f  

c a l c i f i e d  c a r t i l a g e .  T h i s  c o u l d  b e  a s s o c i a t e d  w i t h  t h e  m ore  

m i n e r a l i s e d  c a l c i f i e d  c a r t i l a g e  zone,  s i n c e  i n c r e a s e d  m i n e r a l i s a t i o n  

l e a d s  t o  i n c r e a s e d  b r i t t l e n e s s .  The m e c h a n i c a l  b r e a c h  i n  t h e  

c a l c i f i e d  c a r t i l a g e  g r a d u a l l y  l e a d s  t o  s u b c h o n d r a l  c h a n g e s  which  

e v e n t u a l l y  g i v e  r i s e  t o  o s t e o a r t h r i t i c  l i k e  d e g e n e r a t i o n  w i t h i n  s i x  

months (C a n in e ;  Thompson e t  a l  1 9 9 1 ) » A n o th e r  s i t e  o f  f a i l u r e  i n  

s h e a r  i s  t h e  t i d e m a rk  zone ,  a s  d e m o n s t r a t e d  i n  humans (Kumar e t  a l  

1991 ) .  A l though ,  t h e  c o n t i n u i t y  o f  v e r t i c a l  f i b r e s  from t h e  d e e p e s t  

l a y e r  o f  t h e  u n c a l c i f i e d  a r t i c u l a r  c a r t i l a g e  i n t o  t h e  c a l c i f i e d  

c a r t i l a g e  p r o v i d e s  a t e t h e r i n g  mechanism i n  t h e  t i d e m a r k  zone ,  once  

t h e r e  i s  f a i l u r e ,  i t  i s  c l e a r  t h a t  t h e  g r a d u a l  p r o g r e s s  w i l l  f o l l o w  

t h e  n a t u r a l  p r e f e r r e d  c l e a v a g e  p l a n e  w i t h i n  t h e  i n v o l v e d  s t r u c t u r e .  

The e x t e n s i o n  w i l l  f o l l o w  th ro u g h  t h e  a n i s o t r o p i c  s t r u c t u r e s  o f  t h e  

subchondra l  bone (c h a p . 3)•

The p r e s e n c e  o f  d e n s e r  s u b c h o n d r a l  bone  t i s s u e  w i t h  l o s s  o f  

t r a b e c u l a r  p a t t e r n ,  which  ap p e a re d  as  compact  bone i n  some an im a ls  

(chap .  3) may be a s s o c i a t e d  w i th  d e g e n e r a t i v e  l e s i o n s  o f  a r t i c u l a r  

c a r t i l a g e  (human; C ha i  e t  a l  1 9 9 1 ) » Such s c l e r o s i s  may be  due t o  

s t r e s s  i n  t h e  bone above  t h e  minimum t h r e s h o l d  l e v e l  f o r  a l o n g e r  

p e r i o d  o f  t im e .  The deve lopm en t  o f  a d e g e n e r a t i v e  a r t i c u l a r  l e s i o n  

i f  any,  may be a s e q u e l  to  ongoing s c l e r o s i s .  An a l t e r n a t i v e  view i s  

t h a t  t h e  s c l e r o s i s  i s  t h e  consequence  o f  t h e  d e g e n e r a t i v e  a r t i c u l a r  

l e s i o n s .  In  the  human o s t e o a r t h r i t i c  femora l  head,  Chai and co-workers  

( 1 9 9 1 ) f o u n d  no e v i d e n c e  o f  m i c r o f r a c t u r e  i n  t h e  s c l e r o t i c  

subchondra l  bone.  However, t h e  h o r s e s  which e x h i b i t e d  th e  f e a t u r e  o f  

compact s c l e r o t i c  bone t i s s u e  i n  th e  p r e s e n t  s tu d y  had no f r a c t u r e s ,  

even  i f  t h e s e  a n i m a l s  c o u l d  be c o n s i d e r e d  a t  r i s k ,  i f  t h e  a l t e r e d  

anatomy o f  t h e  s u b c h o n d r a l  bone  t i s s u e  w i l l  f a i l  h a r m o n i o u s l y  t o  

p r o p a g a t e  th e  s t r e s s  p r o x i m a l l y ,  l e a d i n g  to  an im b a lan c e  i n  w e ig h t  

t r a n s m i s s i o n .
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CHAPTER 5

SUMMARY, CONCLUSION AND FUTURE DIRECTION

The c o n c e p t  o f  t h e  b o n e ' s  a d a p t a t i o n  t o  t h e  b i o - m e c h a n i c a l  

f u n c t i o n  i s  g e n e r a l l y  a c c e p t e d .  The p r e s e n t  s t u d i e s  i n t o  t h e  

morphology  o f  t h e  e q u in e  r a d i u s  c o r t i c a l  (chap .  2) bone ,  t h e  M cII I  

c a n c e l l o u s  bone  ( c h a p .  3) and t h e  a r t i c u l a r  c a r t i l a g e  ( c h a p . 4) 

de te rm ine d  some i n e r e s t i n g  c h a r a c t e r i s t i c  f e a t u r e s .

The o r i e n t a t i o n  o f  t h e  c o l l a g e n  l a m e l l a e  i n  t h e  s e c o n d a r y  

o s t e o n s  o f  t h e  c o r t i c a l  bone has  been a s u b j e c t  o f  c o n t r o v e r s y  f o r  a  

l o n g  t i m e .  The p r e s e n t  s t u d y  d e t e r m i n e d  t h e i r  o r i e n t a t i o n .  The 

o s t e o n s  c o n t a i n  a l t e r n a t i n g  d a r k  and  b r i g h t  l a m e l l a e .  The d a r k  

l a m e l l a e  which a r e  e x t i n g u i s h e d  i n  t h e  p l a n e  o f  t h e  s e c t i o n  i n  t h e  

p o l a r i s e d  l i g h t  a re  de termined  to  be composed o f  n e a r l y  l o n g i t u d i n a l  

c o l l a g e n  f i b r e s ,  w h i l s t  t h o s e  a p p e a r i n g  b r i g h t  a r e  composed o f  more 

o b l i q u e  f i b r e s ,  b e i n g  a t  a b o u t  3 5 “ t o  t h e  v e r t i c a l  a x i s  o f  t h e  

o s t e o n s .  T h i s  c o n c l u s i o n  has  been  made f o l l o w i n g  e x t e n s i v e  s t u d i e s  

o f  t h e  s e c t i o n s  o f  d i f f e r e n t  p l a n e s  i n  t h e  p o l a r i s e d  l i g h t  

( i n c l u d i n g  t h e  U n i v e r s a l  s t a g e  m i c r o s c o p e )  and S c a n n i n g  e l e c t r o n  

m i c r o s c o p e .  R e s o r b e d  s l i c e s ,  m e c h a n i c a l l y  e t c h e d  by t h e  c h i c k  

o s t e o c l a s t s  have been used  i n  t h e  SEM. S ince  the  o s t e o b l a s t s  l a y  th e  

c o l l a g e n  f i b r e s ,  and d e t e r m in e  t h e i r  o r i e n t a t i o n s ,  t h e  o r i e n t a t i o n  

p a t t e r n s  u n v e i l e d  d u r in g  th e s e  s t u d i e s  appear  more l o g i c a l  as  r e g a rd  

t o  t h e  p o s s i b l e  c h a n g e s  i n  t h e  p o s i t i o n  o f  t h e  o s t e o b l a s t s  a r e  

r e q u i r e d .  The a l t e r n a t i n g  n e a r l y  l o n g i t u d i n a l  and t h e  more o b l i q u e  

l a m e l l a e  a re  b e t t e r  s u i t e d  t o  w i th s t a n d  the  s t r a i n  c h a r a c t e r i s t i c  to  

t h e  c r a n i a l ,  t e n s i o n  c o r t e x  and t h e  c a u d a l ,  co m p re ss io n  c o r t e x  o f  

t h e  e q u i n e  r a d i i .  The p r e s e n t  s t u d y  a l s o  d e t e r m in e d  t h e  r e l a t i v e  

p r o p o r t i o n  o f  the  l o n g i t u d i n a l  and th e  o b l i q u e  l a m e l l a e  i n  th e  f i e l d  

o f  t h e  s e c t i o n .  I t  i s  c o n s i s t e n t  w i t h  t h e  p r e v i o u s l y  r e p o r t e d  

f i n d i n g s  t h a t  th e  c a u d a l  c o r t e x  i s  more r e m o d e l l e d  t h a n  t h e  c r a n i a l  

c o r t e x ,  and t h a t  t h e  c r a n i a l  c o r t e x  c o n t a i n s  s e c o n d a ry  o s t e o n s  w i th  

more p redom inan t ly  l o n g i t u d i n a l  c o l l a g e n  f i b r e s ,  w h i l s t  t h o s e  i n  the  

c a u d a l ,  c o m p re s s io n  c o r t e x  c o n t a i n s  2 '  o s t e o n s  w i t h  more o b l i q u e  

c o l l a g e n .  Tha t  th e  o b l i q u e  c o l l a g e n  i s  c h a r a c t e r i s t i c  t o  t h e  s i t e
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o f  c om pre ss ion  i s  a g a i n  co n f i rm e d  i n  b o t h . t h e  r a d i i  ( c h a p t e r  2) and 

t h e  m e t a c a r p a l  s e c t i o n s  ( c h a p t e r  3)* However,  t h e  p r e s e n t  s t u d y  

showed t h a t  t h e  r e m o d e l l i n g  p r o c e s s  i s  n o t  d ep e n d e n t  on age ,  r a t h e r  

i t  depends  on t h e  a n im a l ,  and th u s  p r o b a b ly  r e f l e c t s  p r e v i o u s  l i f e  

h i s t o r y  d i f f e r e n c e s .

The r e s u l t s  have  a l s o  b e e n  a s s o c i a t e d  w i t h  t h e  o b s e r v a t i o n s  

made d u r i n g  t h e  s t u d y  o f  t h e  s a m p le s  i n  a u t o f l u o r e s c e n c e  c o n f o c a l  

microscopy .  The d i f f e r e n c e  i n  th e  m i n e r a l i s a t i o n  d e n s i t y  obse rved  i n  

t h e  c r a n i a l  and t h e  c a u d a l  c o r t i c e s  i s  a g a i n  a s s o c i a t e d  w i t h  t h e  

f u n c t i o n a l  a c t i v i t i e s  and w i t h  t h e  age o f  t h e  a n i m a l s .  The bone  

which i s  l e s s  remode lled  i s  more m i n e r a l i s e d ,  w h i l s t  more rem ode l led  

bone i s  l e s s .  T h i s  f i n d i n g  i s  c o n s i s t e n t  t o  t h e  p r e v i o u s  knowledge 

t h a t  th e  c r a n i a l  c o r t e x  i s  more m i n e r a l i s e d  than  th e  cauda l  c o r t e x .

In  g e n e r a l ,  p r im ary  bone i s  more m i n e r a l i s e d  th a n  t h e  secondary  

b one .  However,  t h e  s e c o n d a r y  bone  has  b e e n  s e e n  t o  become more 

m i n e r a l i s e d  than  p r im ary ,  where f u r t h e r  r em o d e l l i n g  i s  d i s c o n t i n u e d .  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  f i n d i n g s  t h a t  i n  t h e  e l d e r l y  

i n d i v i d u a l s ,  t h e  i n t e n s i t y  o f  t h e  r e m o d e l l i n g  p r o c e s s  ( t u r n o v e r )  

r e d u c e s ,  l e a d i n g  t o  e x c e s s i v e  m i n e r a l i s a t i o n  d e n s i t y ,  and t h a t  t h e  

bone m i n e r a l i s a t i o n  d e n s i t y  i n c r e a s e s  w i th  age.

The c o n t i n u e d  r e m o d e l l i n g  p r o c e s s ,  as  w e l l  as  t h e  ab s e n c e  o f  

t h e  r e m o d e l l i n g ,  may b o t h ,  a t  t h e  ex t re m e ,  r e d u c e  t h e  bone q u a l i t y  

(chap .  2 and 3)« E x c e s s iv e  b r i t t l e n e s s  a n d / o r  p o r o s i t y  r e d u c e s  t h e  

m a t e r i a l  s t r e n g t h ;  th e  bones become more prone to  f r a c t u r e .

L i k e  t h e  c o r t i c a l  b o n e ,  t h e  t r a b e c u l a r  a r c h i t e c t u r e  a l s o  

c h a n g e s  t o  a d a p t  t o  f u n c t i o n .  The p r e s e n t  s t u d i e s  show a 

c h a r a c t e r i s t i c  t r a b e c u l a r  a r c h i t e c t u r e  t o  d e v e l o p  i n  t h e  e q u i n e  

d i s t a l  t h i r d  m e taca rp a l  bone (chap.  3) a f t e r  b i r t h .  The a n i s o t r o p i c  

t r a b e c u l a r  a r c h i t e c t u r e  s e e n  i n  t h e  a d u l t  a n im a l s  i s  n o t  p r e s e n t  i n  

th e  n e o n a t e s .  The bone i n  t h e  e x -e p ip h y s e a l  r e g io n  shows a n i s o t r o p i c  

a r c h i t e c t u r e ,  where t h e  t r a b e c u l a e  a re  p redom inan t ly  a n t e r o - p o s t e r i o r  

v e r t i c a l  p l a t e s  w i t h  e l o n g a t e d  s p a c e s  b e tw e e n  them. The m ed io -  

l a t e r a l  c r o s s  b r i d g e s  c o n n e c t  t h e  t r a b e c u l a e  i n  t h e  m e d i o - l a t e r a l  

p l a n e .  The f i n d i n g  s u g g e s t s  t h e  c a u s e  o f  a commonly o c c u r r i n g  

f r a c t u r e  i n  th e  equ ine  fo r e l im b  i e  the  co n d y la r  f r a c t u r e  o f  t h e  t h i r d  

m e t a c a r p a l  bone ,  s i n c e  i t  i s  found t h a t  t h e  a r c h i t e c t u r e  i t s e l f
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f a v o u r s  t h e  t y p i c a l  f r a c t u r e  i n  t h e  r e g i o n .  The  a n i s o t r o p i c  

a r c h i t e c t u r e  i n  t h e  r e g io n  has  a l s o  been a s s o c i a t e d  w i th  t h e  s t r a i n s  

t h a t  t h e  bone  u n d e r g o e s  w h i l e  t a k i n g  l o a d .  I t  i s  s e e n  t h a t  t h e  

c h a r a c t e r i s t i c  t r a b e c u l a r  a r c h i t e c t u r e  i n  t h e  d i s t a l  m e ta c a rp u s  a r e  

t h e  r e s u l t  o f  compress ion ,  s i n c e  th e  equ ine  McIII  i s  p r i m a r i l y  loaded  

i n  r o t a t o r y  a x i a l  compress ion.

The p r e s e n t  s t u d y  a l s o  d e m o n s t r a t e d  r e m o d e l l i n g  e v e n t s  which 

g e n e r a t e  cement l i n e s  i n  t h e  t r a b e c u l a e  a s  r e v e a l e d  by C o n f o c a l  

m i c r o s c o p y  an d  BSE i m a g i n g  ( c h a p  3)*  T h e s e  i n t e r f a c e s  w o u ld  

o b v io u s ly  weaken th e  bone s t r e n g t h .  S i m i l a r  i n t e r f a c e s  a r e  g e n e ra te d  

i n  c o r t i c a l  bone fo l l o w i n g  re m o d e l l i n g  e v e n t s  (chap 2 ) .

A wide range o f  v a r i a t i o n  e x i s t  between th e  bones o f  h o r s e s  o f  

d i f f e r e n t  a g e s .  A p p a r e n t  bone  t r a b e c u l a r  d e n s i t y  v a r i e s  g r e a t l y  

between i n d i v i d u a l s ;  t h e  v a r i a b i l i t y  i s  n o t  age d e p e n d e n t  as  i t  i s  

seen  a l s o  i n  the  r a d i i  (chap.  2 ) .  I t  i s  a p p a re n t  t h a t  t h e  f u n c t i o n a l  

a c t i v i t y  o f  t h e  a n i m a l  i s  a m a j o r  f a c t o r  i n  d e t e r m i n i n g  t h e  

t r a b e c u l a r  and t h e  c o r t i c a l  bone  m ass .  E x t e n s i v e  r e s o r p t i o n  and 

f o r m a t io n  p h a s e s  have been  o b s e rv e d  i n  t h e  younger  i n d i v i d u a l s .  On 

t h e  c o n t r a r y ,  t h e  o l d e r  ones  show a lo w er  d e g re e  o f  r e n e w a l .  Again ,  

t h i s  i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g  t h a t  t h e  o l d e r  a n i m a l  bone  i s  

more m i n e r a l i s e d  (chap.  2 ) .

The o r i e n t a t i o n  p a t t e r n  o f  t h e  c o l l a g e n  i n  d i f f e r e n t  zones  o f  

t h e  a r t i c u l a r  c a r t i l a g e  o v e r  t h e  d i s t a l  co n d y le  o f  t h e  e q u i n e  t h i r d  

m e t a c a rp a l  bone has  been  d e t e r m in e d .  The r a d i a l  f i b r e s  i n c l i n e  on 

th e  a n t e r o - p o s t e r i o r  a x i s ,  and a r c h  a n t e r o - p o s t e r i o r l y .  T h i s  i s  

a s s o c i a t e d  w i th  t h e  f a c t  t h a t  t h e  m e t a c a r p a l  bone i s  a x i a l l y  lo a d e d  

i n  c o m p r e s s i o n .  The f i n d i n g s  a r e  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  

r e p o r t s  t h a t  t h e  r a d i a l  f i b r e s  a r e  c o n t i n u o u s  i n t o  t h e  c a l c i f i e d  

c a r t i l a g e  zone ( c h a p . 2 and c h a p . 3 ) « The a n i s o t r o p i c  s t r u c t u r e  

seen  i n  the  c a l c i f i e d  c a r t i l a g e  zone keeps  pace  w i th  th e  development 

o f  t h e  a n i s o t r o p y  s een  i n  t h e  t r a b e c u l a r  a r c h i t e c t u r e  o f  t h e  d i s t a l  

t h i r d  o f  t h e  t h i r d  m e t a c a r p a l  b o n e .  The r e a s o n  t h a t  t h e  b o n e  

i n i t i a l l y  f r a c t u r e s  i n  the  t i d e  mark zone i n  the  c a l c i f i e d  c a r t i l a g e  

i s  t h a t  t h e  c a l c i f i e d  c a r t i l a g e  i s  more m i n e r a l i s e d  and i t  c o n t a i n s  

a n i s o t r o p i c  s t r u c t u r e  w i t h i n  i t ,  a l b e i t  a s  y e t  i m p r o p e r l y  

c h a r a c t e r i s e d .
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The f e a t u r e s  s e e n  i n  t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  t h e  

c o l l a g e n  o r i e n t a t i o n  may change  w i t h  t h e  d i s t r i b u t i o n  p a t t e r n  o f  

s t r a i n s  i n  a  g iven  bone.  The s h a f t  o f  t h e  human p rox im al  femur cou ld  

be an i d e a l  s i t e  t o  examine,  s i n c e  th e  d i r e c t i o n  o f  s t r a i n  i s  g r o s s l y  

changed i n  th e  s h a f t  o f  t h e  im plan ted  femur i n  f r a c t u r e  c a s e s  where 

p r o s t h e s e s  a r e  used .

To s t u d y  t h e  a n i s o t r o p i c  a r c h i t e c t u r e  i n  f u r t h e r  d e t a i l s ,  

s i m i l a r  h in g e d  j o i n t s  i n  o t h e r  s p e c i e s  s h o u ld  a l s o  be examined.  I n  

v i t r o  f r a c t u r e  p r o p a g a t i o n  s t u d y  i n  b o t h  t h e  c o r t i c a l  and  t h e  

c a n c e l l o u s  bones would p r o v i d e  i m p o r t a n t  c l u e s  as  t o  t h e  p r e f e r e n c e  

o f  t h e  f r a c t u r e  i n i t i a t i o n  and p r o p a g a t io n .

I t  i s  a p p a r e n t  t h a t  t h e  a r t i c u l a r  c a r t i l a g e  n e e d s  f u r t h e r  

s t u d y .  Whole a n t e r o - p o s t e r i o r  and m e d i o - l a t e r a l  s e c t i o n s  o f  t h e  

a r t i c u l a r  c a r t i l a g e  o f  t h e  t h i r d  m e t a c a r p a l  d i s t a l  c o n d y l e  would  

p r o v id e  f u r t h e r  in fo rm a t io n ,  and would a l low  s tu d y  o f  d i f f e r e n c e s  i n  

t h e  d i f f e r e n t  r e g io n s  o f  th e  c a r t i l a g e .
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Appendix 1

The u s e  o f  P o l a r i s e d  l i g h t  m ic ro s co p y  i n  d e t e r m i n i n g  c o l l a g e n  f i b r e  

o r i e n t a t i o n  i n  bone.

P o l a r i s e d  l i g h t

V i s i b l e  l i g h t  i s  e l e c t r o m a g n e t i c  r a d i a t i o n  w i t h  a w a v e le n g th  

between 400 -  700 nm. The o r i e n t a t i o n  o f  t h i s  wave i s  p e r p e n d i c u l a r  

t o  t h e  w a v e f r o n t .  N a t u r a l  o r  u n p o l a r i s e d  l i g h t  ha s  no p r e f e r e n t i a l  

o r i e n t a t i o n .  When o n ly  one v i b r a t i o n  d i r e c t i o n  i s  a l l o w e d  t o  p a s s ,  

t h e  r e s u l t i n g  l i g h t  i s  s a i d  to  be l i n e a r l y  o r  p la n e  p o l a r i s e d  as  i t s  

v i b r a t i o n  d i r e c t i o n  i s  r e s t r i c t e d  t o  a s i n g l e  p l a n e .  P o l a r i s i n g  

f i l t e r s  a r e  u s e d  t o  c o n s t r a i n  t h e  l i g h t  p a s s i n g  t h r o u g h  i t  t o  a 

s i n g l e  p l a n e  o f  v i b r a t i o n .  T hese  f i l t e r s  a r e  commonly made from 

f i l m s  o f  l o n g - c h a i n  p o ly m e r s  s t r e t c h e d  t o  b r i n g  t h e  c h a i n s  i n t o  a 

p o l a r i s e d  c o n f i g u r a t i o n  so t h a t  l i g h t  v i b r a t i n g  a long  t h e  d i r e c t i o n s  

o f  t h e  c h a i n s  i s  s t r o n g l y  a b s o rb e d ,  w h i l s t  l i g h t  w i th  i t s  v i b r a t i o n  

component p e r p e n d i c u l a r  t o  t h e  c h a i n s  i s  t r a n s m i t t e d .  I f  a  s econd  

p o l a r i s i n g  f i l t e r  i s  p l a c e d  on top  o f  t h e  f i r s t ,  w i th  i t s  ’v i b r a t i o n *  

d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  f i r s t ,  no l i g h t  can p a s s  t h r o u g h  and 

th e  p o l a r s  a re  s a i d  to  be c r o s s e d .

I s o t r o p i c  M a t e r i a l s

The r e f r a c t i v e  index  o f  a  m a t e r i a l  i s  d e f in e d  as t h e  r a t i o  o f  

t h e  v e l o c i t y  o f  l i g h t  i n  a i r  t o  th e  v e l o c i t y  o f  l i g h t  i n  t h a t  medium. 

In  an  o p t i c a l l y  i s o t r o p i c  m a t e r i a l ,  t h e  v e l o c i t y  o f  l i g h t  i s  

c o n s t a n t ,  and i s  i n d e p e n d e n t  o f  t h e  d i r e c t i o n  i n  w h ich  t h e  l i g h t  

p a s s e s  t h ro u g h  i t .  Such a m a t e r i a l  a b s o r b s  o r  t r a n s m i t s  p o l a r i s e d  

l i g h t  e q u a l ly  i n  any d i r e c t i o n .  Thus o p t i c a l l y  i s o t r o p i c  media have 

on ly  one r e f r a c t i v e  index  and do n o t  r e s t r i c t  th e  v i b r a t i o n  d i r e c t i o n  

o f  l i g h t  p a s s i n g  th ro u g h  them so t h a t  t h e y  a p p e a r  d a r k  when p l a c e d  

between c ro s s e d  p o l a r s  w hatever  t h e i r  o r i e n t a t i o n .

A n i s o t r o p i c  m a t e r i a l s ,  b i r e f r i n g e n c e  o r  double  r e f r a c t i o n

O p t i c a l l y  a n i s o t r o p i c  m a t e r i a l s  e x h i b i t  b i r e f r i n g e n c e :  t h e y  

t r a n s m i t  l i g h t  w i th  d i f f e r e n t  v e l o c i t i e s  depending on th e  o r i e n t a t i o n
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Polaroid sheet

N a t u r a l  l ig h t
P l a n e - p o l a r i z e d  l igh t  

V i b r a t i o n  d i r e c t i o n

F igure  A1.1 When a l i g h t  beam with  i t s  v i b r a t i o n  
d i r e c t i o n s  i n  a l l  o r i e n t a t i o n s  pas s  th rough  a 
p o l a r i s i n g  f i l t e r ,  i t  i s  conver ted  to  a p la n e  p o l a r i s e d  
l i g h t .  I t s  v i b r a t i o n  d i r e c t i o n s  a r e  i n  a s i n g l e  p lane .
(From Robinson and Bradbury 1992, Q u a l i t a t i v e  p o l a r i z e d  
l i g h t  microscopy, Oxford Science  P u b l i c a t i o n s ) .

o f  t h e  m a t e r i a l ,  i . e .  t h e r e  a r e  d i f f e r e n t  r e f r a c t i v e  i n d i c e s  
d e p e n d i n g  upon d i r e c t i o n . F o r  t h e  m a t e r i a l s  w i t h  w hich  we a r e  

c o n c e r n e d  i n  t h i s  t h e s i s ,  t h e r e  a r e  two e x t r e m e  v a l u e s  o f  t h e  

r e f r a c t i v e  in d e x .  Such m a t e r i a l s  a r e  c a l l e d  doubly  r e f r a c t i v e  o r  

b i r é f r i n g e n t .  Except  f o r  l i g h t  p r o p a g a t i n g  a lo n g  th e  i s o t r o p i c  o r  

o p t i c  a x i s ,  the  v e l o c i t y  o f  a ray  which i s  p o l a r i s e d  i n  one d i r e c t i o n  

i s  d i f f e r e n t  f rom t h a t  o f  a n o t h e r  p o l a r i s e d  i n  a c o n t r a s t i n g  

d i r e c t i o n .  One ray  s u f f e r s  a r e l a t i v e  ' r e t a r d a t i o n '  w i th  r e s p e c t  to  

the  o t h e r ,  and th e r e  i s  an ' o p t i c a l  pa th  d i f f e r e n c e '  between the  two 

components o f  th e  l i g h t  when they  emerge from th e  o t h e r  s i d e  o f  th e  

sample.

P o l a r i s e d  l i g h t  m i c r o s c o p y  i s  u s e d  t o  e x a m i n e  o p t i c a l l y  

a n i s o t r o p i c  o b j e c t s .  The p r e s e n c e  o f  a n i s o t r o p y  i n  an o b j e c t  

i n d i c a t e s  p o l a r i t y  and o r d e r .  Such o b j e c t s  a p p e a r  b r i g h t  on a dark  

f i e l d  i n  c e r t a i n  o r i e n t a t i o n s  between c ro s sed  p o l a r s .  Thus p o l a r i s e d  

l i g h t  d i s t i n g u i s h e s  s i n g l y  r e f r a c t i n g  ( i s o t r o p i c )  from d o u b ly

242



r e f r a c t i n g  ( a n i s o t r o p i c )  m e d ia .  The o r d i n a r y  p o l a r i s e d  l i g h t  

m ic ro sco p e  g iv e s  some i n f o r m a t io n ,  a l th o u g h  n o t  c o m p le te ,  a b o u t  th e  

o r i e n t a t i o n s  o f  th e  c o n s t i t u e n t  s t r u c t u r e s  i n  a com plex a n i s o t r o p i c  

o b j e c t .

The appearance  o f  a b r i g h t  p a r t  i n  an image o f  an o b j e c t  under 

c ro s s e d  p o la r s  may be due to  one o r  more o f  th e  fo l lo w in g ,

i )  " I n t r i n s i c  b i r e f r i n g e n c e "  due to  th e  s p a t i a l  a rrangem en t o f  a tom ic  

g ro u p s  and m o le c u le s  i n  c r y s t a l l i n e  s t r u c t u r e s  ( e x c l u d i n g  c u b i c  

c r y s t a l s ) .  Hexagonal c r y s t a l s  in c lu d in g  th e  a p a t i t e  l i k e  c r y s t a l s  in  

bone have u n i a x i a l  b i r e f r i n g e n c e .

i i )  "Form b i r e f r i n g e n c e "  o r i g i n a t e s  when o b j e c t s  w hich a r e  s m a l l  i n  

a t  l e a s t  one d im ens ion  w i th  r e s p e c t  to  th e  w a v e le n g th  o f  l i g h t  a r e  

r e g u l a r l y  o r i e n t e d  w i t h i n  a medium o f  d i f f e r e n t  r e f r a c t i v e  i n d e x .  

T hese  o b j e c t s  may o r  may n o t  be i n t r i n s i c a l l y  b i r é f r i n g e n t .  The 

i n t e n s i t y  o f  "form b i r e f r in g e n c e "  v a r i e s  w ith  th e  d i f f e r e n c e  between 

th e  two r e f r a c t i v e  i n d i c e s .

i i i )  " B i r e f r i n g e n c e  o f  f lo w "  i s  o b t a i n e d  when s t r u c t u r e s  a r e  

p r e f e r e n t i a l l y  o r i e n t e d  in  a moving s tream  o f  l i q u i d ;

i v )  " S t r a i n  b i r e f r i n g e n c e "  o c c u r s  when t h e r e  i s  a p r e f e r e n t i a l  

o r i e n t a t i o n  o f  s t r u c t u r e s  o r  rea l ig n m e n t  o f  chem ica l bonds induced  by 

m echanical s t r e s s .

The b i r e f r i n g e n c e  has  a s ig n .  I f  th e  l a r g e r  v e l o c i t y  i s  found 

f o r  l i g h t  v i b r a t i n g  p a r a l l e l  w i th  th e  lo n g  a x i s  o f  t h e  e l o n g a t e d  

e le m e n ts ,  th e  b i r e f r i n g e n c e  i s  s a i d  to  be p o s i t i v e :  i f  t h e  r e v e r s e ,  

n e g a t iv e .

I f  " i n t r i n s i c "  and "form " b i r e f r i n g e n c e  a r e  o f  t h e  same s i g n ,  

t h e i r  e f f e c t s  a r e  a d d i t i v e :  i f  o f  o p p o s i t e  s i g n ,  t h e y  o p p o se  e a c h  

o t h e r .  The n e t  b i r e f r i n g e n c e  w i l l  h a v e  t h e  s i g n  o f  t h e  m ore 

in t e n s e  o f  th e  two.

T hickness  a s  a v a r i a b l e

The t h i c k e r  th e  sam ple , th e  more th e  o p t i c a l  p a t h  d i f f e r e n c e ,  

f o r  a g iv e n  o r i e n t a t i o n .  Two o b j e c t s  h a v in g  th e  same t h i c k n e s s  may 

show d i f f e r i n g  r e t a r d a t i o n  : t h e  o b j e c t  i n  w h ic h  t h e  d i f f e r e n c e  

between th e  two r e f r a c t i v e  i n d i c e s  i s  g r e a t e r  a p p e a r s  b r i g h t e r  th a n

243



th e  o b j e c t  w ith  a s m a l le r  d i f f e r e n c e .

O p tic  a x i s

A l l  a n i s o t r o p i c  s t r u c t u r e s  have a t  l e a s t  one d i r e c t i o n ,  known 

as an o p t i c  a x i s ,  a lo n g  w hich  th e  v e l o c i t y  i s  t h e  same f o r  l i g h t  

p o l a r i s e d  i n  a l l  v i b r a t i o n  d i r e c t i o n s .  They ap p ea r  i s o t r o p i c  'dark* 

when view ed a lo n g  i t s  o p t i c  a x i s .  A lthough  th e  o p t i c  a x i s  commonly 

c o i n c i d e s  w i th  t h e  l e n g t h  o f  a f i b r e ,  i t  d o e s  n o t  a lw a y s  c o i n c i d e  

w ith  th e  p h y s ic a l  d im ensions o f  an o b j e c t .  The o r i e n t a t i o n  o f  o p t i c  

axes can be r a d i a l ,  t a n g e n t i a l  o r  h e l i c a l .  In  th e s e  c a s e s ,  t h e r e  i s  

no s i n g l e  d i r e c t i o n  i n  which th e  f i b r e s  ap p e a r  i s o t r o p i c .  The o p t i c  

a x i s  s p e c i f i e s  a d i r e c t i o n ,  r a t h e r  t h a n  an  a x i s  o f  r o t a t i o n .  

B io lo g ic a l  t i s s u e s  a re  i n  g e n e ra l  u n i a x i a l ,  p o s s e s s in g  a s i n g l e  o p t i c  

a x i s  which may be o n ly  d e te rm in e d  by c a r e f u l  s e c t i o n i n g  i n  a number 

o f  p la n e s .

D if fe re n c e  between i s o t r o p i c  and a n i s o t r o p i c  m a t e r i a l s

Doubly  r e f r a c t i n g  m ed ia  d i f f e r  from  i s o t r o p i c  s u b s t a n c e s  i n  

t h a t  th e y  i )  show a r a n g e  o f  r e f r a c t i v e  i n d i c e s ,  t h e  d i f f e r e n c e  

between th e  h ig h e s t  and lo w es t  v a lu es  d e te rm in in g  th e  b i r e f r i n g e n c e ;

i i )  g e n e r a l l y  r e s t r i c t  t h e  v i b r a t i o n  d i r e c t i o n s  o f  l i g h t  p a s s i n g  

th ro u g h  them; i i i )  can  be co n c e iv e d  to  a c t  a s  beam s p l i t t e r s .  Each 

l i g h t  wave e n t e r in g  th e  medium i s  d iv id e d  i n t o  two components which 

t r a v e l  a t  d i f f e r e n t  speeds i n  d i f f e r e n t  d i r e c t i o n s ;  iv )  have one (o r  

two, b u t  n o t  in  th e  case  o f  bone) d i r e c t i o n ( s )  i n  which th e  beam, i f  

i t  e n t e r s ,  i s  n o t  s p l i t .  T h i s  i s  c a l l e d  t h e  ' o p t i c  a x i s ' .  F o r  

monochrom atic l i g h t  e n t e r i n g  a lo n g  an o p t i c  a x i s  t h e r e  i s  o n ly  one 

speed o f  t r a v e l  hav ing  one r e f r a c t i v e  in d e x .  The v i b r a t i o n  d i r e c t i o n  

o f  such  l i g h t  i s  n o t  a f f e c t e d :  in  t h i s  d i r e c t i o n ,  t h i s  a n i s o t r o p i c  

o b je c t  appea rs  i s o t r o p i c .

D e s c r ip t io n  o f  a c o n v e n t io n a l  p o l a r i s i n g  m icroscope  

L in e a r ly  p o l a r i s e d  l i g h t  m icroscope

When a b i r é f r i n g e n t  specimen i s  p la c e d  between c ro s s e d  p o l a r s ,  

i t  r e s o l v e s  th e  i n c i d e n t  p la n e  p o l a r i s e d  l i g h t  i n t o  two com ponents 

p o l a r i s e d  in  m u tua lly  p e rp e n d ic u la r  d i r e c t i o n s .  I f  r o t a t e d  between

244



Direction of Incident
light light

First
polarizing
filter
(Polaroid)

Specimen

Plane polarized

(a) Isotropic (b) Anisotropic (c) Anisotropic 
sample fibers oriented fibers oriented 

at angle to plane parallel to
of polarization plane of

polarization

Emergent
light

Second 
polarizing filter 
(perpendicular 
to first 
filter)

No light ^  
emitted / /

No light 
emitted

Image

No im age Light fibers on No image 
dark background

Figure  A1.2 P r i n c i p l e s  o f  p o l a r i s a t i o n  microscopy.

(From D arne l l  e t  a l  1990, M olecu la r  C e l l  Biology ,  

S c i e n t i f i c  American Books, I n c . )

c r o s s e d  p o l a r s ,  t h e  b i r e f r i n g e n c e  v a r i e s  i n  i n t e n s i t y .  An o b j e c t  

w i t h  i t s  s t r u c t u r e  a x i s  p e r p e n d i c u l a r  t o  t h e  o p t i c  a x i s  d i s a p p e a r s  

c o m p l e t e l y  e v e r y  9 0 “ d u r i n g  a f u l l  r o t a t i o n  w i t h  a c h a n g e  i n
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b r i g h t n e s s  as  i t  r o t a t e s .  The specimen appea rs  maximally b r i g h t  when 

i t s  o p t i c  a x i s  i s  o r i e n t e d  a t  ^5* t o  th e  az imuths  t r a n s m i t t e d  by th e  

p o l a r i s e r s .  At e v e r y  9 0 “ o f  r o t a t i o n  t h e r e  i s  a p o s i t i o n  o f  z e r o  

i n t e n s i t y .  T h i s  e x t i n c t i o n  p o s i t i o n  o c c u r s  when t h e  p e r m i t t e d  

v i b r a t i o n  d i r e c t i o n s  o f  l i g h t  i n  t h e  spec im en  a r e  p a r a l l e l  w i t h  t h e  

p o l a r i s e r  o r  t h e  a n a l y s e r .  D ur ing  r o t a t i o n  w i t h  r e s p e c t  t o  c r o s s e d  

p o l a r i s e r s ,  f o u r  p o s i t i o n s  o f  e x t i n c t i o n  an d  f o u r  o f  maximum 

b r i g h t n e s s  a r e  shown by  b i r é f r i n g e n t  s p e c i m e n s .  I t  m u s t  be  

remembered t h a t  a  b i r é f r i n g e n t  spec im en v iewed a l o n g  i t s  o p t i c  a x i s  

always a p p e a r s  i s o t r o p i c  ( d a r k ) .  T i l t e d  f i b r e s  a p p e a r  b r i g h t e r  i n  

p r o p o r t i o n  t o  t h e  a n g l e  be tween t h e  f i b r e  and t h e  o p t i c  a x i s  o f  t h e  

m i c r o s c o p e .  From t h e  p r e s e n c e  o r  a b s e n c e  o f  e x t i n c t i o n  p o s i t i o n s  

u nde r  c r o s s e d  p o l a r s ,  and t h e  maximum b r i g h t n e s s  r e a c h e d  i n  t h e  4 5 “ 

p o s i t i o n s ,  one can  c h a r a c t e r i s e  t h e  o r i e n t a t i o n s  o f  a  f a b r i c  w i t h  

r e s p e c t  t o  t h e  p la n e  o f  s e c t i o n  o f  an a n i s o t r o p i c  o b j e c t .

C i r c u l a r l y  p o l a r i s e d  l i g h t  mic roscope:

Using  p l a n e  p o l a r i s e d  l i g h t ,  b r i g h t  p a r t s  o f  an image undergo  

e x t i n c t i o n  e v e r y  9 0 “ o f  r o t a t i o n .  T h i s  i s  a  d i s a d v a n t a g e  i n  

s t u d y in g  a whole s e c t i o n .  The e x t i n c t i o n  p o s i t i o n s  can be e l i m i n a t e d  

by i n s e r t i n g  c r o s s e d  q u a r t e r  wave p l a t e s ,  one b e f o r e  and one a f t e r  

t h e  s p e c i m e n .  A q u a r t e r - w a v e  p l a t e  i s  a u n i f o r m  p i e c e  o f  

b i r é f r i n g e n t  m a t e r i a l  ( m i c a ,  q u a r t z ,  o r  e x t r u d e d  p l a s t i c )  o f  a  

t h i c k n e s s  such t h a t  m u tua l ly  p e r p e n d i c u l a r l y  p o l a r i s e d  components o f  

a  c h o s e n  w a v e l e n g t h  e x p e r i e n c e  a p h a s e  s h i f t  o f  9 0 “ , so  t h a t  a 

c i r c u l a r l y  p o l a r i s e d  l i g h t  beam i s  f o r m e d .  The  a c t i o n  o f  t h e  

q u a r t e r - w a v e  p l a t e  can  be e x p l a i n e d  by c o n s i d e r i n g  t h a t  two beams 

p l a n e - p o l a r i s e d  i n  m u t u a l l y  p e r p e n d i c u l a r  d i r e c t i o n s  t r a v e l l i n g  

t h r o u g h  t h e  p l a t e  fo rm c i r c u l a r l y  p o l a r i s e d  beams o f  o p p o s i t e  

handedness .  Beyond the  q u a r te r -w av e  p l a t e ,  th e  two i n t e r f e r e  t o  form 

a p l a n e - p o l a r i s e d  beam v i b r a t i n g  i n  an a z i m u t h  t h a t  i s  r o t a t e d  

( r e l a t i v e  t o  l i g h t  i n c i d e n t  on t h e  s p e c im e n  from t h e  p o l a r i s e r )  

t h ro u g h  an a n g l e  e q u a l  to  o n e - h a l f  t h e  p h a s e  d i f f e r e n c e  be tween  t h e  

beams.  The r e c o m b in a t io n  o f  t h e  l i g h t  waves as  t h e y  a r e  r e - u n i t e d  

a long  the  same o p t i c a l  p a th  i s  known as i n t e r f e r e n c e .
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The common p o l a r i s e d  l i g h t  microscope has
i )  a p o l a r i s e r  b e fo re  the specimen;

i i )  an a n a l y s e r  a f t e r  th e  spec im en ,  which can be removed from th e  

l i g h t  p a th  by s l i d i n g  o r  t i l t i n g ;

i i i )  a r o t a t i n g  s t a g e  to f a c i l i t a t e  o r i e n t a t i o n  s t u d i e s ;

iv )  a system o f  c e n t r i n g  the  s t a g e  r o t a t i o n  to  the  o p t i c a l  a x i s  o f  
the  microscope f o r  each o b je c t i v e ,  and f o r  c e n t r i n g  each o b j e c t i v e  to

I n t e r m e d i a t e  
im.dQc p l a n e

P o s i t i o n  o f  
c o m p e n s a t o r

O b j e c t i v e

O b je c t C a l i b r a t e d  
r o t a t i n g  s t a g e

C o n d e n s e r

i R o t a t i n g  
p o l a r i z e r

S o u r c e

F igure  A1.3 Basic des ign  o f  a p o l a r i s i n g  
microscope.  (From S l a y t e r  and S l a y t e r  1970,

O p t ic a l  Methods i n  Biology,  Cambridge U n i v e r s i t y  P re s s )
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t h e  common o p t i c a l  a x i s  o f  th e  in s t ru m e n t ;
v) an a c c e s s o r y  s l o t  f o r  a r e t a r d a t i o n  p l a t e  b e tw e e n  a n a l y s e r  and 

p o l a r i s e r .

The U n iv e r s a l  s t a g e :

The U n iv e r s a l  s t a g e  has s e v e r a l  axes  o f  r o t a t i o n .  The s e c t i o n  

may be  c e n t r e d ,  r o t a t e d ,  and  t i l t e d  b e t w e e n  t h e  c o n d e n s e r  and 

o b j e c t i v e  l e n s e s  o f  t h e  m i c r o s c o p e .  Thus t h e  o p t i c a l  a x i s  o f  t h e  

s am p le  b e i n g  e xam ined  may be a l i g n e d  t o  be e i t h e r  p a r a l l e l  o r  

p e r p e n d i c u l a r  to the  o p t i c a l  a x i s  o f  the  microscope .

M icroscope 
,  Axis XInner 

S t a g e  Axis

'  E a s t -W es tN o r t h - S o u t h

F ig u re  A1.4 The L e i t z  U n ive r sa l  s t a g e .  The c a l i b r a t e d  

curved  a r c s  a r e  f o r  measuring  th e  an g le  o f  t i l t ,  and the  

g l a s s  hemispheres  p o s i t i o n e d  above and below (no t  i n  the  

p i c t u r e )  the  t i s s u e  s e c t i o n  p r e v e n t  a d d i t i o n  o f  r e f l e c t i o n s  

from o b l iq u e  g l a s s  s u r f a c e s  du r in g  t i l t i n g  o f  th e  specimen.

(From F in la y  e t  a l  I 989 , J  Microscopy 1 5 5 ( 2 ) :213~226) .

The s e c t i o n  i s  p laced  between th e  two g l a s s  hemispheres  which 

a r e  s e c u r e d  w i t h  t h e  U n i v e r s a l  s t a g e .  The h e m i s p h e r e s  m i n i m i s e  

o p t i c a l  image d i s t o r t i o n ,  r e f l e c t i o n  and r e f r a c t i o n  r e l a t e d  to  t h e  

t i l t i n g  o f  the  s t a g e .  C a l i b r a t e d  measur ing  a r c s  and in n e r  s t a g e  a r e
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used  f o r  o b t a i n i n g  t i l t  and r o t a t i o n  a n g l e s .  The "az im u th” an g le  i s  

th e  ang le  i n  the  p la n e  o f  t i s s u e  s e c t i o n  measured by th e  r o t a t i o n  o f  

t h e  c i r c u l a r  i n n e r  s t a g e .  The e l e v a t i o n  an g le  i s  t h e  i n c l i n a t i o n  o u t  

o f  t h e  p la ne  o f  th e  s t a g e  measured on t h e  r i g h t  o r  l e f t  a r c .

The d o m in a n t  b i r e f r i n g e n c e  com ponent  o f  bone  i s  due t o  i t s  

c o l l a g e n  c o n t e n t .  The a r r a n g e m e n t  o f  c o l l a g e n  f i b r e s  and m i n e r a l  

c o m p o s i t io n  i s  h i g h l y  o r d e r e d .  The c r y s t a l s  a r e  a l i g n e d  i n  n e a r l y  

t h e  same d i r e c t i o n  as  t h e  c o l l a g e n  f i b r e s .  The t o t a l  b i r e f r i n g e n c e  

i s  t h e  sum o f  t h e  p o s i t i v e  u n i a x i a l  fo rm  b i r e f r i n g e n c e  o f  t h e  

c o l l a g e n , and  t h e  n e g a t i v e  u n i a x i a l  i n t r i n s i c  b i r e f r i n g e n c e  o f  

h y d r o x y a p a t i t e  c r y s t a l s .

The l i m i t a t i o n s  e n c o u n t e r e d  i n  c o n v e n t i o n a l  p o l a r i s i n g  

m ic roscopy  i n  d e t e r m i n i n g  bone c o l l a g e n  f i b r e  o r i e n t a t i o n  i n  t h r e e  

d im ens ions  can be removed by t h e  u s e  o f  t h e  U n i v e r s a l  s t a g e .  Such 

s t a g e s  h a v e  b e e n  u s e d  p r i m a r i l y  i n  t h e  s t u d y  o f  t h e  c r y s t a l  

s t r u c t u r e s  i n  s t r o n g l y  b i r é f r i n g e n t  g e o l o g i c a l  m a t e r i a l s .  The u se  o f  

th e  U n iv e r s a l  s t a g e  has  been r e p o r t e d  i n  t h e  s tu d y  o f  o r i e n t a t i o n  o f  

a r t e r i a l  and muscle components i n  h e a r t  and b r a i n  (Smith e t  a l  1981; 

Canham e t  a l  1986,  1991; F i n l a y  e t  a l  I 9 8 9 ) .  U n t i l  now, no a t t e m p t  

had been made to  e x p l o re  th e  use  o f  t h i s  method i n  t h e  d e t e r m i n a t i o n  

o f  c o l l a g e n  f i b r e  o r i e n t a t i o n  i n  bone.

B i r é f r i n g e n t  r e g io n s  viewed between c ro s s e d  p o l a r s  appea r  bo th  

b r i g h t  and  d a r k  i n  s e q u e n c e  w i t h  r o t a t i o n  a n d  t i l t i n g  o f  t h e  

U n i v e r s a l  s t a g e .  E x t i n c t i o n ,  f o r  an a r e a  o f  f i b r e s ,  i s  t h e  a n g u l a r  

p o s i t i o n  w i t h  l e a s t  l i g h t  i n t e n s i t y ,  and i n d i c a t e s  t h a t  t h e  o p t i c  

a x i s  i n  t h a t  a r e a  i s  p a r a l l e l  t o  t h a t  Of t h e  p o l a r i s e r  o r  t h e  

a n a l y s e r .  I f  c o l l a g e n  f i b r e s  a r e  a l i g n e d  p e r p e n d i c u l a r  t o  t h e  

n e u t r a l  t i l t  p o s i t i o n  o f  t h e  m i c r o s c o p e  s t a g e ,  so  t h a t  t h e r e  i s  

e x t i n c t i o n  i n  a l l  r o t a t i o n  p o s i t i o n s ,  s i g n s  o f  b i r e f r i n g e n c e  may be 

lo o k e d  f o r  by t i l t i n g  t h e  i n n e r  s t a g e .  Compact  bone  s l i c e s  a r e  

exam ined  f o r  e x t i n c t i o n  w h i l s t  r o t a t i n g  t h e  o b j e c t  a t  d i f f e r e n t  

d e g re e s  o f  t i l t .

T i l t i n g  a s e c t i o n  t o  h i g h  a n g l e s  may l e a d  t o  o v e r l a p p i n g  o f  

a d j a c e n t  H a v e r s i a n  s y s t e m s ,  t h u s  m a s k i n g  t h e  e x t i n c t i o n .  I t  i s  

p o s s i b l e  to  r ed u ce  t h e  chance  o f  t h e  o v e r l a p p i n g  o f  c o l l a g e n  l a y e r s  

by i )  u s i n g  t h i n n e r  s e c t i o n s  ; o r  i i )  u s i n g  s e c t i o n s  o f  t h e  c o r t e x
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c u t  i n  d i f f e r e n t  p l a n e s  t o  f a c i l i t a t e  t h e  d e t e r m i n a t i o n  o f  t h e  

o p t i c  a x e s  o f  t h e  f i b r e s  more p r e c i s e l y ,  and  i i i )  t i l t i n g  t h i n  

o b l i q u e  s e c t i o n s  to  reduce  t h e  e x t e n t  o f  o v e r l a p p in g .

There i s  ob v io u s ly  a problem w i th  u s i n g  a t i l t i n g  s t a g e  i n  t h a t  

t h e  a p p a r e n t  s e c t i o n  t h i c k n e s s  i n c r e a s e s  w i t h  t i l t ,  w h i c h  w i l l  

i n c r e a s e  th e  o p t i c a l  p a t h  d i f f e r e n c e  and th e  b r i g h t n e s s .  By c u t t i n g  

s e c t i o n s  o b l i q u e l y ,  one can re d u c e  t h e  need  t o  examine s e c t i o n s  a t  

v e ry  h igh  t i l t s  i n  de t e rm in in g  th e  e x t i n c t i o n  p o s i t i o n s .
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