
?revious studies on the ultrastructure of bone usin~ 
on ~, s, 4, 5 and electron microscopy 6, 7, s, 9 have demons 
e arrangement of structural components in this sy 
onship between the organisation of the apati te part 
frost of the X-ray  diffraction work has been devoted t 
)f the apati te component, but complete agreement ha 
e wide-angle diffraction pat tern of intact bone, man3 
~d, because of the small crystallite size, and a reliab 
Ietarmination of the unit cell dimensions has been pc 
les in which the crystallite size has been greatly increa 
,een indirect, the diffraction rings from powdered b. 
ation to the pat tern  of fluorapatite 2. 
in bones in which the collagen fibres are well aligm 
~ns show good orientation, the c axis of the hexagonal 
mg axis of the bone and parallel to the collagen fibr~ 
?rom an initial electron microscope study 6 of fragmeJ 
in sections of bone, ROBINSON AND WATSON 7 have 
nt in the form of tabular  crystals, the most probable ' 
o 400 A, the width of the same order as the length 

increased. Even here the treatmel 
bone specimens being index( 

'ned, the wide-angle X-ray r 
unit cell being directed alor 

fibre axis. 
mented bone, and more recent 

suggested that  the apati te 
"mature"  crystal length beir 

th, and the thickness betwe( 
~f these crystals appeared to be associated with the period 

eration of the low-angle diffuse scatter 4 of X-rays fro 
,le to suggest precise axial dimensions for the crystallii 
nd to be elongated in the direction of the c crystallograph 
~ntated parallel to  the collagen fibre axis. In deducing tt 
a number  of assumptions had to be made concerning the 
the inter-particle interference. These assumptions seeme 
d form of the low-angle scatter, and by the fact that  preci~ 
deduced by applying the theory of independent partic 

'stem 15. Further  consideration and discussion with oth 
diffuse scatter  methods have strengthened the justificatic 
etical t rea tment  to this system, and it has also been possib 
ff P h a r m a c o l o g y ,  Univ .  of B i r m i n g h a m .  
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eter  m i g h t  be  as h igh  as 75 A as g i v e n  in p r e v i o u s  pl 

d t h e  pa r t i c l e  shape  be  t h a t  of a u n i f o r m  cy l inder .  Th,  

r y  close to t h e  v a l u e  of 21o A g i v e n  p r e v i o u s l y .  

?he sugges t i on  of a f u n d a m e n t a l  t a b u l a r - s h a p e d  cryst', 

) rm  of t he  low-ang le  s c a t t e r  of  X- r ays .  A r a n d o m  , 

t ies in t h e  p l ane  p e r p e n d i c u l a r  to  t h e  long  axis  wou l  
• i t y  of t h e  log I - - r  2 curve ,  whi l s t  an  o r d e r e d  arran~ 

1ape of t h e  pa r t i c l e  s c a t t e r  f r o m  cross - sec t ions  of bon  

e m o s t  r e a d i l y  i n t e r p r e t e d  in t e r m s  of a pa r t i c l e  of s: 

"he fac t  t h a t  t h e  low-ang le  s c a t t e r  was  diffuse and 

ma were  o b s e r v e d  was  a s s u m e d  to  be  due  to  a s l ight  

ties so t h a t  we l l -de f ined  d i f f r ac t ing  p l anes  for  X - r a y s ,  
~y has  b e e n  m a d e  of t h e  d i f f rac t ion  p a t t e r n s  of  fish [ 

;e a r r a n g e m e n t  of s t r u c t u r a l  c o m p o n e n t s  is i n d i c a t e d  
on p e a k s  h a v e  b e e n  o b s e r v e d  in t he  low-ang le  pa t te r :  

a t i on  of pa r t i c l e  size. T h e  w i d e - a n g l e  p a t t e r n ,  too,  p a r  

hens ,  s h o w e d  i m p r o v e d  de f in i t ion  so t h a t  a d i r ec t  

t ions  cou ld  be  m a d e ,  a n d  a c c u r a t e  un i t  cel l  d i m e n s k  

rns, t o g e t h e r  w i t h  a s t u d y  of t h e  ef fec ts  of hea t ing ,  

Dones, ant i  ne re  a m u c n  toOl 

i n d i c a t e d  (Figs. I a n d  2). Def in i t e  di 

~a t t e rn  w h i c h  p e r m i t  a m o r e  dire~ 

) a r t i cu l a r ly  in t he  case  of hea te  

i n d e x i n g  of t he  w i d e - a n g  
ms deduced .  These  improve  

are  r e p o r t e d  in th i s  paper .  

MATERIALS AND METHODS 

ions (0.2 mm thick) of ribs from perch and from pike, and of met 
dned by grinding. Intact specimens were examined, and also spe( 
ad been removed by refluxing with ethylene diamine in a Soxhl 
;s. The complete removal of the collagen was confirmed by nitrog~ 
hat no carbonisation occurred on heating. 
lade of the effects of heating on the form of the low-angle scatt 
rots, the specimens were heated for i hour in a furnace at a controll, 
t 600 ° C, and the diffraction then examined at room temperatuI 
mens were mounted in a platinum heating foil on the diffractk 
te during heating. Both intact bone and ethylene diamine extract~ 

ecorded photographically at about IOO mm sample to film distant 
nt and procedure are as described in a previous publication 4. Wid 

microcamera, by cylindrical powder camera (diameter 57.4 m r r  

[iameter powder camera (Hilger). 

alar the detailed discussion of the problem with Dr. G. PORO 
sical Chemistry, University Graz, Austria. 

f r ac t ion  

e s t i m a t i o n  

spec imens ,  

ref lect ic  

p a t t e r n s ,  

Longitudinal and cross-sections 
brane bones from pike were obtained 
mens from which the collagen had 
distillation apparatus for 24 hours. 
determination, and by the fact that  

In addition, a study was made 
and diffraction. In some experiments, the 
temperature between 2oo°C and 
whilst in others, the bone specimens 
camera, and serial exposures made durin 
bone were used in these experiments. 

The low-angle scatter was recorded 
Details of experimental equipment 
angle patterns were recorded by 
and by high precision, 19o mm diameter 
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dke (Fig. 3), and with this specimen well-defined di 
irection perpendicular to the elongation of the parti, 
gave a spacing of about 220 A, and a much fainter 

~. A photometer trace along the long axis of the pa 
ort particle dimension) showed a pronounced should 
d reflect a definite Bragg diffraction at this point th 
mately 68 A. 
in tile low-angle pattern of the specimen from which tt 
:traction with ethylene diamine (Fig. 9) this shoulde 
nger observed. The intensity of scatter along the i 
ase with increase in scattering angle which gave a rela 
i was approximately linear. From the slope (a) of th 
t 65 A was calculated assuming the particle to apl 
utionL The well-defined diffractions in the direction t 
~tter persisted even after the complete extraction o 
r sample to film distances showed intense and well 
~I8 A, but the 13o A and longer spacings were weak a 
Heating the sections of intact membrane bone of pik 
ckening of the specimen and an appreciable intensific 
4). This appeared to be shortened along the long axis 
but not so much as to obscure the diffraction ban 
sity of scatter along the long axis was regular, and a 

pproxlmate to an elllpsmd ( 
perpendicular to the long a~, 
of the collagen. Exposures 

well-defined reflections at 65o 
and difficult to record. 

)ike to 200 ° C for I h produce 
ensifieation of the low-angle scatt( 

and extended along the shol 
band at 22o A. Tile decrease i 

particle diameter of approx 
~Vith increase in temperature, the intensity and spread ( 
ion was increased (Fig. 5) and the relationship betwee 
howed increased deviations from linearity. Calculations ( 
Lsions showed a tendency for the apparent diameter t 
of scatter in the other direction made possible a dire( 
txis, the initial values for 2 R were of the order of IOO I 
Lhe colour of the specimen showed an obvious removal ( 
ty with scattering angle became more and more steep, an 
tricted {Fig. 6) until it was no longer resolved at a samp 
The same sequence of changes was observed both in tL 

peeimen was heated in a furnace and then cooled befol 
:tern, and those in which the specimen was maintained 

line extracted pike bone was heated above 400 ° C, strikin 

of scatter 
longer 
and 218 

Heatin 
a blackenin 
(Fig. 
axis 
intensit' 
mately 6o A was deduced. With 
scatter in the short dimension 
log I and r ~ along the axis she 
approximate p~ticle dimen 
increase. When the spread 
evaluation along the short axis 
Above about 35 o° C, when the 
carbon, the fall off in intensit~ 
the spread of the scatter restri~ 
to film distance of IOO mm. 
experiments in which the s t 
recording the diffraction pattern, 
high temperature during exposure. 

When the ethylene diamine 
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',d to 600°C  for I h were ob ta ined  in a cyl indrical  
showed the layer  lines, and in the i l lus t ra t ion (Fig. I]  

larked with  dots. The  indexing  of some of the  lines in 
the Hi lger  camera  is shown in Fig. 12. The  hexagone 

measur ing  a = 9.41 A and c = 6.87 A. 

Fhe wide-angle diffraction pa t t e rn  of fish bone shows 

,een seen in o ther  types  of bone and re la ted  to the 
r o r ien ta t ion  than  tha t  seen in previous pat terns ,  t t  
ment  of crystal l i tes .  The  i m p r o v e m e n t  may  be assoL 

*one resembles  in m a n y  ways a single Havers ian  syst 

[ation in the  pa t t e rn  of h u m a n  bone has been obt~ 

rsian sys tem ~4. In  addit ion,  the phase contras t  phot  

of collagen fibres in fish bone as compared  with  t[  

ously. This too cont r ibutes  to the be t t e r  a l ignment  o 
ks in p rev ious  studies, the  a s y m m e t r y  of the  particle 

rogat ion of the  apa t i t e  crystal l i tes  in the  c direct ion,  

e collagen. In  the  case of the perch ribs and those 
ene d iamine  or hea ted  to 200°C for short  periods, 

'stem, anct m tact  an lmprow 

obta ined  f rom an isolated sing 

photographs  show a be t t e r  alig~ 

the m a m m a l i a n  bones studi( 

of the  apa t i te  particles• 

~article sca t te r  is such as to sugge 

and parallel  to the fibre ax 
those of pike bone ref luxed wil 

the sca t te r  in the d i rec tk  

mtrast photograph of decalcified perch rib. × 4o0. 
contrast photograph of intact pike rib. x 4o0. 

Ltern of longitudinal section of pike membrane bone, showing m 
[iffuse equatorial reflection superimposed on particle scatter at 68, 
] 3, but specimen heated to 2oo ° C for i hour. 

3, but specimen heated to 3oo ° C for I hour. 
1 3, but specimen heated to 4oo ° C for I hour. 
ttern of longitudinal section of intact perch rib, (fibre axis vertic~ 
f 0o2 reflection of apatite and equatorial collagen (i i •5 A) reflectio 
1 7, but specimen heated to 7oo ° C for I hour. 
:tern of longitudinal section of pike membrane bone after remov 
ne. Shows meridional reflection at 2io A, but diffuse equatori 
reflection is no longer observed. 

)attern of cross-section of perch rib heated to 7oo ° C for I ho~ 
narked changes in intensities of reflections as compared with Fig. 
)tograph of longitudinal section of perch rib after heating (7oo ° 
are marked, and centres of reflections indicated by dots. 

gram of heated perch bone showing indexing of the reflections. 
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Fig. 3. Low-angle diffraction pattern 
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Fig. 4. As in 
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Fig. 7- Wide-angle diffraction pattern 
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disappears when the collagen is either extracted or d: 
s t  suggest that it is associated with the collagen r. 
ever, collagen itself does not give such a reflection i 
'.ment of apatite crystallites is probably closely associ~ 
;, it would not be surprising if their organisation we 
.lagen. On the other hand, the diffraction bands at 65c 

° ° I / ' : : i  ..... 
,o l_ , ' 1 '  ' ' l  .......... : .... 

3. Diagram showing pho tome te r  t race  along long axis of sc~ 
l embrane  bone before (I) and af ter  (2) ex t rac t ion  of collagen 

is ob ta ined  by  sub t rac t ing  curve 2 from 

e long axis of the apatite particle remained well-de 
se after the removal or disorganisation of the collag 
table spacing of the apatite particles in the direction 
The fundamental 65o A repeating unit in this direct 
ff the collagen period, but the intensity of the diffracti 

1 

scat ter  f rom longi tudinal  sect ion 
wi th  e thylene  diamine.  Curve ( 

well-defined and were in fact mol 
en, thus suggesting a preci~ 
parallel to the collagen fib1 

direction is indistinguishable fro1 
the diffraction and the pattern of relatix 

ent, leaving no doubt as to the dependance of the low-ang 
)n of the apatite component. The outstanding intensity, 
patite may indicate a special significance for this spacin 
, related to the dimension of 2zo A deduced for the bas 
er study of the continuous low-angle scatter. Evidence fi 
fls third order diffraction is also obtained from the heatir 
.'re, under conditions producing growth or fusion of tt 
n be moved from the third order diffraction to the secon 
ltrated on the fundamental spacing alone. A ready expl~ 
ts can be obtained by assuming particles of 2Io A to 22o 
imately parallel array but forming well-defined crystalh 
"vals (about 65o A) corresponding to the lengths of thr( 
be little doubt of the close relationship between the fort 
ite component and the structure of collagen, and that tt 

pike m e m b n  

of the 
intense 
and stable 
axis. 
that of 1 
intensities is markedly different 
reflections on the organisation 
the 218 A reflection in the a 
and it can in fact be readily 
particle length from an earlier 
a specific reinforcement of this 
of decollagenised bone, where 
crystallites, the emphasis can 
order, and eventually concentrated 
nation of all diffraction effects 
in length, aligned in approximatel, 
graphic planes only at intervals 
such basic units. There can be 
of crystallization of the apatite 
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:he chemical structure of the collagen, and these fir 
apati te particles may  reflect the spacing of importa  

;en chains. 
if one considers the development of bone, one can 
a of the mineral component as being initiated at cert~ 
; the surface of the bundles of collagen, and the cry 
sponding approximately to the distance between cent 
e, the repetition of units in the direction of the coll~ 
more precise than in the direction at right angles t, 
the case in the bone specimens studied, the long axes 
rming regular diffraction planes so as to produce w 
t the diameters normally show sufficient disorganisatiq 
e r .  

['he changes with heating, of the intensities of the 
ene diamine extracted bone, besides emphasising the 

third order diffraction, also indicated that  the growt 
e direction of the long axis is somewhat slower thai 
the changes are at first confined within the fundame 
1 growth or fusion of the sub-units can take place with, 

Fhe arrangement of apati te particles along the colla 
nuous, and a basic particle length of about 210 to 22~ 

low-angle reflections of tt 
initial specific reinforcemel 

rowth or fusion of the crystallit, 
than in the short direction, ar 

fundamental  unit. In other words, 
)lace without affecting the fundament 

.gen fibre is almost certain 
22o A would appear to be muc 

alue of 35o to 4oo A suggested by ROBINSON AND WATSO 
t that  in the lat ter  work, the particle length most frequent 
these were assumed to be fragments of the larger particle 

larger plaques which are seen so frequently in eleetre 
by the association of a number  of the more basic particl 
the ultrastructural  organisation. 
e scatter observed when the bone sections are heated see 
tuence for which a qualitative explanation can readily t 
the scatter is probably associated with the earbonisatic 
of carbon particles within the specimen producing a secor 
non-uniform particle size, which increases the spread ar 

stage, the scatter is composite and would not be expectc 
oretical t reatment.  When all the carbon has been remove 
gain of apati te alone, and the contraction and increase 

ethylene 
of the 
in the 
that  the 
initial 
repeating unit. 

The 
continuous 
more satisfactory than the value 
from E.M. studies. I t  is noted that  
found was about  18o A, but 
Our results suggest that  the 
micrographs may  be formed 
and reflect a higher stage of 

The changes in low-angle 
to follow a fairly regular seq 
found. The initial spread of 
of the collagen, the formation 
scattering phase, possibly of 
intensity of scatter. At this 
to respond to any simple theoretk 
the system is presumably agam 
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ing  for  t h e i r  s y n t h e t i c  h y d r o x y a p a t i t e s .  

; r o m  t h e  c r y s t a l  s t r u c t u r e  i t  is c lear  t h a t  t h e  subst~ 

n fac t ,  t h e  s t r o n g  re f l ec t ions  seen  in t h e  n o r m a l  bo 

;ely f r o m  t h e  p a t t e r n s  of  t h e  h e a t e d  bone .  H o w e v e  

) i l i ty  t h a t  t h e  fus ion  of t h e  c r y s t a l l i t e s  on h e a t i n g  m~ 

ical c h a n g e  in  t h e  s t r u c t u r e  of t h e  a p a t i t e .  
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or  m u c h  h e l p f u l  d i scuss ion ,  a n d  to  t h e  R o c k e f e l l e r  

lee. 

n the low angle diffraction pat tern of certain types of fish 
been observed which tend to confirm the particle dimensio 
lgle scatter given by less well-ordered specimens. The partk 
pal axial dimensions being about 65 A and 22o A. The long 
f the collagen, and the coincidence of the long axial dimensic 
intense third order diffraction of collagen is thought to empha 
rm of crystallization of the apatite and the chemical structm 
leat ing bone sections to a temperature of 5oo to 6oo ° C see= 

bone, definite BRAGG diffractio 
ensxons deduced from the continuo 
articles are probably rod-shaped, t] 

axis is aligned parallel to the fib 
ms,on with the spacing correspondil 
~hasise the close relationship betwe 

mture of collagen. 
seems to cause a fusion of the cryst~ 

d improvement in the definition of the wide angle pattern.  In t[ 
ught out very clearly, and a direct indexing of the reflections w 
dimensions deduced (a = 9.41 A, c = 6.87 A). 

ion sous angle faible de certains types d'os de poissons, les auteu 
tRAGG d4finies qui confirment les dimensions de particules calcul~ 
le faible donn4e par des 4chantillons moins bien orient4s. Les par 
ae de bAtonnets, les dimensions axiales principales 6rant d'envir~ 
rient4 parall~lement A l 'axe de la fibre de cotlag~ne, et la coinciden 
et l 'espacement qui correspond g la diffraction intense de troisi~r 
• met  qu'une relation dtroite existe entre la forme de cristallisatb 
que du collag~ne. 
s ~t des temp6ratures de 5oo ° ~ 6oo ° C provoque la fusion des crist~ 
1 nette de la d4finition des images sous grand angle. Dans ces imag~ 
t inctement et un rep4rage direct des r6flexions a 6t4 effectu6 all 
as des unit4s cellulaires (a = 9.4 t A, c ~ 6.8 7 A). 

I n  

have been 
low an 
princiI 
axis of 
to the intense 
the form 

Heatin 
lites, and this produces a marked 
pattern the layer lines were brou 
carried out and precise unit cell dimensio 

Dans les images de diffraction 
ont observ4 des diffractions de BRAGG 
~. partir  de la dispersion sous angle 
cules sont probablement en forme 
65 A e t  22o A. Le grand axe est orient4 
entre la dimension du grand axe et 
ordre du collag~ne semble confirmer 
de l 'apatite et la structure chimic 

Le chauffage de sections d'os 
lltes, et entratne une am41ioration 
les couches apparaissent tr~s distinc 
qu'un calcul pr6cis des dimensions 
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