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T H E  L O W - A N G L E  SCATTER OF X-RAYS FROM B O N E  T I S S U E  

by 

J. B. FINEAN* AND A. ENGSTROM 
Department o[ Physical Cell Research, Karolinska Institutet, Stockholm (Sweden) 

Bone tissues in general give characteristic X-ray diffraction patterns that  contain 
numerous well-defined wide angle rings. These patterns are derived from the crystalline 
apatite component, and the observation that  in the patterns of longitudinal bone 
sections several rings show definite orientation suggests that  the apatite crystallites are 
well orientated in the bone structure. In addition to this wide angle diffraction pattern, 
bone tissues also give a diffuse low-angle scatter. In longitudinal sections of bone this 
scatter is also orientated, and the diffuse scatter may in fact be a particle scatter from 
the apatite crystallites 1. In this work, the possibility of deducing the shape and size 
of particles or crystallites in bone from the low-angle diffuse scatter has been investi- 
gated. 

The crystallite size in this system has previously been studied by examination of 
the line-broadening effects in the wide angle X-ray diffraction patterns, and by electron 
microscopy. From a study of the widths of diffraction lines, STOHLER 2 has estimated 
the average diameter of the crystallites to be in the range 31 A to 290 A. "Fiir  die mitt- 
leren linearen Abmessungen der Apatitkristallite des unbehandelten Knochens ergeben 
sich demnach einige lO -7 cm." From measurements made on crystalline particles seen 
in electron micrographs of fragmented bone preparations, ROBINSON 3 has suggested 
that  the crystallites of bone approximate to a tabular form of hexagonal outline, the 
average dimensions being 500 A in length, by 250 A in width, by IOO A in thickness, 
and the long axis lying roughly parallel to the collagen fibres. Crystal dimensions 
varying from 15o0 A to 20 A were measured. Other authors 4 have obtained electron 
micrographs of replicas of bone surfaces, and estimated the particle dimensions to be 
less than IOO A. The distinction between particle size and crystallite size is based solely 
on the experimental method used in the investigation. In the studies of diffuse low- 
angle scatter, it is a particle size which is being considered. The relation between this 
and the crystallite size will be discussed later. 

The principles of the method for the estimation of particle sizes from diffuse low- 
angle scatter of X-rays has been clearly outlined by GUINIERS, e. The treatment of 
experimental results suggested by him has been modified by numerous other workers 7-21 
in applying the method to a wide range oI systems. 

I t  has been shown that in the case of disperse systems containing particles of uni- 
form size and random orientation, the logarithm of the intensity of scattered radiation 
is a linear function of e*, where e is the scattering angle measured in radians. 

* Permanent address. Dept. of Pharmacology, Univ. of Birmingham. 
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The general expression adopted by GUINIER5, 6 in treating the scatter from such 
systems was of the form: 

log I = log K - -  47r~ log e R e ~;2 (I) 
3A 2 

From this was derived the simple relation (when a (CuKa) = 1.54 A): 

R : o .6441/ ; -  (2) 

between R, the radius of gyration of the particle (as defined in the usual mechanical 
case), and a, the slope of the curve relating log I and e 2. If the particle shape is known, 
the dimensions can be calculated from this R value (equation 2). However, in the case 
of asymmetrical particles of unknown shape the relation between the radius oi gyration 
and the actual dimensions of the particles is not easily derived, and other workers in 
this field have preferred to use an expression which gives a value for the radius of the 
particle in terms of the slope of the curve relating log I and e 2, or r 2, where r is the 
distance from the scattering centre. 

The expression given by JELLINEK AND FANKUCHEN 14 for scattering at low angles 
where tan 20 is approximately equal to 2sin0 is: 

~2~rR ~ 
lnI---- l n K - - ~ w / ~ S ,  U r 2 (3) 

From this can be derived: 

R ---- 0.83 S V £  (4) 

where R is the radius of the scattering particle, S the sample to film distance, and a 
the slope of the curve relating log I and r ~. CuKa radiation is assumed. 

In the case of systems in which the particle size is not uniform, the plot of log I 
against r 2 does not give a straight line, and the particle sizes cannot be determined 
directly. The method generally used in treating such systems is to devise theoretical 
curves for different possible distributions of particle sizes, and to match these with 
the experimental curves. 

When a well-orientated system of elongated particles is examined, the different 
particle axes can be treated independantly. In the case of an ellipsoidal shaped particle 
with axes a, a, and v.a. which is arranged with the v.a axis perpendicular to a symmetri- 
cally collimated X-ray beam, the resulting shape of the low-angle scatter will be similar 
to that of the particle but turned through 9 °0 . If the axes of the scatter corresponding 
to the axes a and v a of the particle are x and y respectively, then the expression for 
the intensity of scattered radiation from one particle at any point on the film can be 
written : 

log I ~ log K - -  4~r--~2 log e (a2x ~ + (v.a)2y ~) (5) 
5A2S 2 

From this it is evident that if the intensity is examined along a main axis of the scatter 
only one dimension of the particle is involved. For practical purposes, using CuKa- 
radiation (h = 1.54 A), the expression: 

R = o.83 SV/  (6) 

where a is the slope of the curve relating log I and r 2 along a main axis of the scatter, 
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R the corresponding radius of the particle, and S the sample to film distance, can be 
applied. 

Preliminary low-angle diffraction pictures 1, obtained from longitudinal sections of 
bone using a symmetrical beam collimation, showed marked asymmetry, indicating 
a pronounced elongation of the bone particles in the direction of the longitudinal axis 
of the bone. I t  therefore seemed possible that  the scatter could be treated according 
to the method outlined above for orientated ellipsoids of revolution in order to obtain 
values for the axial dimensions. However, the above expressions are derived assuming 
that  each particle scatters independently, and in close-packed systems the possibility 
of particle-particle interference must be considered. GUINIER 6 states that if the apparent 
density, d 1, of the system as a whole is appreciably less than tile real density, d, of the 
particles, then the absolute intensity of the scattered radiation may be diminished by 
inter-particle interference, but  the slope of the curve of intensity as a function of the 
scattering angle is not appreciably modified. However, this statement has been criticized 
by LUND AND VINEYARD 22, whose calculations for fine powders show that inter-particle 
interference may not be safely neglected unless dl/d is much less than I. 

In the case of so-called compact human bone, the mineral content is about 65% 
by weight (for dried, de-fatted bone), the remainder being organic matter, mainly 
collagen. The density of apatite is of the order of 3 whilst the maximum density of 
the dried compact bone is about 2. This means that  the volume of organic mat ter  is 
greater than that  of the mineral component. In the case of fibrous bone of hen and 
frog, and in that  of calcified tendon, the mineral content is even lower. If, therefore, 
the apatite particles are distributed evenly through the bone, there is little likelihood 
of inter-particle interference, though the intermediate organic phase may affect the 
intensity of scatter to some extent. However, from optical and electron microscope 
studies of bone under various conditions, there seems to be a definite possibility that  
there is a clumping of the particles in certain regions. In such a case, inter-particle 
interference would again become a possibility. Nevertheless, in the case of the low-angle 
scatter of X-rays from sections of bone there are no indications of peaks corresponding 
to inter-particle distances. The intensity of the scattered radiation shows a continuous 
decrease with increase in scattering angle such as would be expected from a system 
in which there is no particle-particle interference. The extreme case discussed by 
GUINIER ~ is one in which the system becomes so compact that it can be regarded as 
a homogeneous body with occasional irregularly placed holes. In this case the low-angle 
scatter is to be interpreted in terms of the holes. I t  is very unlikely that  such a system 
is present in bone. The electron microscope studies, and the general pattern of crystallite 
formation and mineral salt metabolism in bone point to a system of apatite particles. 

From these preliminary considerations it is evident that  the low-angle scatter from 
normal compact bone can be treated as a particle scatter, and it is interpreted according 
to the expressions derived by previous workers for orientated asymmetrical particles, 
neglecting inter-particle interference. 

MATERIAL AND METHODS 

Longitudinal  and cross-sections of compact  bone from human ,  cow, hen, and frog were prepared 
by grinding. The thickness of these sections was of the  order of 0.2 mm.  

The low-angle scatter was recorded photographically using Ni filtered CuKa radiation, and a 
pin-hole collimating system, obtained by arranging two similar sets of simple slit aper tures  at  r ight  
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angles  to each o ther  23. The  width  of the  undiff racted X- ray  beam at  the  plane of the  fihn was calcu- 
la ted to be o.53 ram. 

A compar i son  was made  be tween low-angle sca t te r  recorded us ing a G-uinier c amera  (providing 
m o n o c h r o m a t i c  C u K a  radiat ion),  and  t h a t  obta ined  us ing s imple slit col l imat ing ape r tu r e s  and  
Ni filtered Cu radia t ion.  In  th is  compar i son  an u n s y m m e t r i c a l  b e a m  (a slit) had to be used,  the  
length  being a r ranged  parallel  to the  longi tudina l  direct ion of the  bone section.  Wi th  such an ar- 
r a n g e m e n t  it was not  possible to use the  resul ts  direct ly  to calculate  a va lue  for the  shor t  d imens ion  
of the  part icle (the relat ion be tween log I and  r 2 was not  linear), bu t  the  compar i son  served to show 
t h a t  the  difference in the  in t ens i ty  of sca t te r  for the  two types  of rad ia t ion  used became appreciable  
only a t  very  low angles.  SHULL AND ROESS 16 e s t ima ted  t h a t  in t he  de t e rmina t ion  of the  average  
part icle size in a r a n d o m e l y  or ien ta ted  sys tem,  the  error in t roduced  by  the  use of nickel filtered 
rad ia t ion  r a the r  t h a n  crys ta l  reflected monoch roma t i c  rad ia t ion  could be as high as 2 5 g.~. However ,  
the  de t e rmina t ion  of part icle  size in such  s y s t e m s  involves  the  m a t c h i n g  of theoret ica l  and  exper i -  
men t a l  i n t ens i ty  curves,  and  here the  exac t  curve  shape  is very  impor t an t .  The  direct  t r e a t m e n t  of 
the  sca t te r  f rom the  bone samples  was such t h a t  the  devia t ions  in th is  ve ry  low-angle region would 
not  affect the  resul ts  appreciably.  

The  var ia t ion  of in tens i ty  of low-angle sca t t e r  of X-rays ,  as recorded on pho tograph ic  film, 
was  examined  us ing  ei ther  a Hilger  m i c ropho t ome t e r  or an  au toma t i ca l l y  recording dens i t ome te r  24 
(Aper ture  cor responding  to area  of o. i  m m  × o.z m m  on film). The  relat ion be tween  X- r ay  i n t ens i t y  
and  film blackening  in these  expe r imen t s  was checked and  found to be linear. The  air sca t te r  was 
found to be smal l  in compar i son  wi th  the  diffuse sca t te r  f rom the  bone specimens .  

\Vide-angle diffraction pa t t e rn s  and  low-angle sca t t e r  were recorded s imu l t aneous ly  on separa te  
films placed a t  different sample- to-f i lm dis tances.  The  undi f f rac ted  X- r ay  beam and low-angle sca t te r  
passed  t h r o u g h  an ape r tu re  in the  cent re  of a f ihnholder  placed close to the  spec imen  and  were 
recorded a t  a m u c h  grea ter  d i s tance  from the  sample.  More detai led wide-angle diffraction p a t t e r n s  
were recorded separa te ly .  

The  low-angle sca t te r  of X- rays  associa ted wi th  the  shor t  d imens ions  of the  part icles  in bone 
t i ssues  could be conven ien t ly  examined  a t  io cm to 2o cm sample- to-f i lm d i s tance  us ing  a i m m  
b e a m  s top  of circular  cross-sect ion to absorb  the  undif f rac ted  X-rays .  The  sca t t e r  f rom the  long 
part icle  d imens ion  of no rma l  bone samples  was a t  m u c h  lower angles,  and  difficult to record sa t is -  
factori ly.  Fu r the rmore ,  a faint  coheren t  diffraction pa t t e rn ,  p robab ly  due to collagen, was found to  
be super imposed  on the  diffuse part icle  sca t te r  in the  direct ion cor responding  to the  long i tud ina l  
axis  of the  bone. This  m a d e  a direct  de t e rmi na t i on  of the  par t ic le  d imens ion  in this  direct ion im- 
possible. However ,  a va lue  for this  d imens ion  was  obta ined  from a cons idera t ion  of t he  overal l  form 
of the  par t ic le  sca t t e r  f rom a long i tud ina l  sect ion of bone us ing  a pin-hole  col l imat ing  sys tem.  

In  addi t ion  to the  e x a m i n a t i o n  of sect ions of no rma l  bone,  one longi tud ina l  sect ion of cow 
femur  which had  been hea ted  to 4oo ° C to 5oo ° C in order  to r emove  organic cons t i t uen t s  was s tudied,  
and  also an  au toc laved  longi tud ina l  sect ion of h u m a n  bone. 

A n u m b e r  of electron mic rographs  were ob ta ined  from f r agmen ted  h u m a n  bone. The  E.M. 
p repa ra t ions  were made  by  collecting bone dus t  (produced by  sawing  a bone sample)  on fo rmvar -  
covered spec imen grids, and  examined  in an  RCA microscope,  type  EMU.  The  magni f ica t ion  of th is  
i n s t r u m e n t  was cal ibra ted us ing  a replica of a line gra t ing,  and  wi th  Dow la tex part icles.  

R E S U L T S  

T h e  l o w - a n g l e  s c a t t e r  o f  X - r a y s  f r o m  l o n g i t u d i n a l  s e c t i o n s  o f  e a c h  t y p e  o f  n o r m a l  

b o n e  s h o w e d  m a r k e d  a s y m m e t r y  (F ig .  I a n d  F i g .  5),  i n d i c a t i n g  i n  e v e r y  c a s e  a n  

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

c o r r e s p o n d i n g  w i d e - a n g l e  p a t t e r n  (F ig .  2),  t h e  002 r e f l e c t i o n  2, 25 s h o w e d  i n t e n s i f i c a t i o n s  

i n  t h e  d i r e c t i o n  a t  r i g h t  a n g l e s  t o  t h e  l o n g  a x i s  o f  t h e  l o w - a n g l e  s c a t t e r .  

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

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

T h e  l o w - a n g l e  s c a t t e r  f r o m  c r o s s - s e c t i o n s  o f  b o n e  (F ig .  3) s h o w e d  n o  a p p r e c i a b l e  

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

(F ig .  4).  T h e  002  r i n g  w a s  m u c h  l e s s  i n t e n s e  t h a n  in  t h e  p a t t e r n s  f r o m  l o n g i t u d i n a l  

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

T h e  l o w - a n g l e  s c a t t e r  f r o m  t h e  l o n g i t u d i n a l  s e c t i o n  o f  c o w  f e m u r  w h i c h  h a d  b e e n  

h e a t e d  t o  r e m o v e  o r g a n i c  m a t t e r  w a s  m u c h  m o r e  s y m m e t r i c a l  (F ig .  6) t h a n  t h a t  f r o m  
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the normal section (Fig. 5), but the wide-angle pattern (Fig. 7) still showed marked 
orientation of the oo2 and other reflections. The intensity of diffraction from this 
specimen seemed to have been greatly increased by the heat treatment. 

In most of the low-angle patterns only the scatter corresponding to the short 
dimension of the particles was resolved. The variation of intensity along the long axis, 
LM (Fig. 12) of the scatter from longitudinal sections was measured, and the values (I) 
plotted against distance (Fig. I3). From the symmetry of the curve it was possible to 
choose the diffraction centre, and the radii (r) were measured from this point. A plot 
was then made of log I against r ~. When the intensity variations were recorded auto- 
matically, this plot could be made directly from the automatic recording. In many 
cases (notably those in which human bone was used) the points fell on a straight line 
(Fig. 14), but in others, a line through the points gave a slight curve. The deviations 
were, however, small, and in general it was possible to obtain a reliable value for the 
slope of the curve (a), and to use this in the simple expression R = o.83 SA/Za - (for 
ellipsoidal-shaped particles) to determine Rs, the radius of the short dimension of the 
scattering particles. 

The Re values calculated from longitudinal sections showed good agreement with 
those from cross-sections (Table I). 

I t  was not possible to treat  the long axis of bone particles using this direct method. 
Exposures made using very fine collimating systems resolved the scatter from the long 
dimensions, but a faint coherent diffraction pattern was also recorded in this direction. 
This was almost certainly a collagen pattern, the third and fourth order diffractions 
being clearly shown. In compact bone, the collagen diffraction is weak and difficult to 
reproduce, but Fig. 8 shows the diffraction pattern from a sample of ossified tendon 
which contains relatively more collagen, and this also has the collagen pattern orientated 
in the same direction as the low-angle diffuse scatter associated with the long axes of 
the mineral particles (AB. Fig. 12). The superimposition of the collagen pattern prevents 
a direct treatment of the variation of the intensity along the short axis (AB) of the 
low-angle scatter. An at tempt was made to obtain an R value for the long dimension 
of the particles indirectly by examining the intensity variations along a number of 
regularly spaced lines (CD, E F etc. Fig. 12) parallel to the short axis of the scatter 
but at some distance from it where the collagen diffraction did not interfere. In this 
way a number of curves of intensity against distance were obtained, examples of which 

Fig. I. Low-angle scat ter  of X-rays  from a longitudinal section of h u m a n  femur. 

Fig. 2. Wide-angle diffraction pa t te rn  from a longitudinal section of h u m a n  femur. 

Fig. 3- Low-angle scat ter  from a cross-section of h u m a n  femur. 
Fig. 4. Wide-angle diffraction pa t t e rn  from a cross-section of h u m a n  femur. 

Fig. 5. Low-angle scat ter  from a longitudinal section of cow femur. 
Fig. 6. Low-angle scatter  from a longitudinal section of cow femur which had been heated to about  

4oo ° to 5oo ° C for one hour  in order to remove organic material.  

Fig. 7. Wide-angle diffraction pa t t e rn  from the heated section (as Fig. 7). 
Fig. 8. Low-angle diffraction from a specimen of ossified tendon, showing diffuse, low-angle sca t te r  
and the 9th and i i t h  order diffractions of collagen long spacing (reproduced by  kind permission of 
Prof. R. BEAR, Dept.  of Biology, Massachusets  Inst .  of Technology, wi th  whose equ ipment  this  

diffraction pa t t e rn  was obtained). 
Figs. 9, io, i i. Electron micrographs of f ragmented h u m a n  bone. Magnification: 9, 6o,ooo × ; io  and  
i i, 30,000 X. (Electron micrographs obtained in collaboration with Prof. H. F~RN~NDEZ-MOR.6.N'). 
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TABLE I 

Bone specim*n R s (A ) 
RL* (A) 

(,) (2) (3) 

Human (Normal femur) Longitudinal section 37 112 lO6 98 
Cross-section 39 - -  1 __ 

Cow (Normal femur) Longitudinal section 32 93 91 87 
Cross-section 35 - -  - -  - -  

Cow (Specimen previously Longitudinal section 5 ° - -  80 - -  
heated to 400 ° to 500 ° C) 

Hen (Normal femur) Longitudinal section 27 98 95 93 
Cross-section 29 - -  - -  - -  

Frog (Normal femur) Longitudinal section 34 - -  - -  - -  

* R L values (I) Calculated from a value obtained by simple extrapolation of experimental curves 
to beam centre (Fig. 17). 

(2) Calculated from a value obtained after correction for finite beam size. 
(3) Calculated from highest a value measured outside beam stop. 

L :~, .-;:~ ~~ ..~-~:.~ ~ , ,  ,..,. M 

H F O B D1F tH  1 

Fig. 12. Diagram showing the shape of the 
orientated low-angle scatter of X-rays 
from longitudinal sections of normal bone, 
and indicating the lines along which the 
variations of intensity were measured in 
order to deduce the dimensions of the 

scattering particles. 

,oo// x. .  
Fig. I3. Graph showing variations in intensity along 
the long axis (LM) of scatter from a longitudinal 

section of human femur. 

a re  s h o w n  in Fig .  15. F r o m  each  c u r v e  a p lo t  of log I aga ins t  r * was  m a d e  (Fig.  16) 

a n d  v a l u e s  tor  t h e  s lopes  (a) o b t a i n e d .  W h e n  these  were  p l o t t e d  aga ins t  d i s t ance  (x) 

f r o m  the  c e n t r a l  axis  (AB) of t h e  s c a t t e r  t h e y  were  f o u n d  to  g ive  an  a p p r o x i m a t e l y  

s t r a i g h t  l ine  r e l a t ionsh ip .  As  shown  in Fig .  17, a sma l l  e x t r a p o l a t i o n  of t h e  two  l ines 

r e p r e s e n t i n g  t h e  r e l a t i onsh ip  b e t w e e n  a a n d  x on e i t he r  s ide of t h e  b e a m  s top  p r o d u c e d  

an  i n t e r s e c t i o n  a t  t he  s c a t t e r i n g  cen t re .  T h e  v a l u e  of a a t  th i s  p o i n t  was  used  to  ca l cu la t e  

an  a p p r o x i m a t e  v a l u e  for  R L  (a long t h e  long  axis  of t h e  par t ic le )  as q u o t e d  in T a b l e  I. 

A s imi la r  p r o c e d u r e  was  app l i ed  in t he  p e r p e n d i c u l a r  d i rec t ion ,  a n u m b e r  of c u r v e s  

be ing  o b t a i n e d  a long  l ines  pa ra l l e l  to  LM (Fig. 12). A c c u r a t e  va lues  for  a were  ob t a ined ,  
a n d  w h e n  these  were  p l o t t e d  aga ins t  d i s t ance  ~rom LM t h e  c u r v e  s h o w n  in Fig .  18 was  
o b t a i n e d .  I n  th is  case  t h e  a to  x r e l a t i onsh ip  is shown  to  be  s t r i c t l y  l inear  o v e r  m o s t  
of  t h e  r ange  c o v e r e d  b u t  t h e  p e a k  is f l a t t e n e d  o v e r  a d i s t ance  of a b o u t  0.5 ram.  Th i s  
is a l m o s t  c e r t a i n l y  t h e  effect  of t h e  f in i te  size of t h e  i nc iden t  X - r a y  beam,  a n d  as t he  
b e a m  is s y m m e t r i c a l  t he  a / x  c u r v e  for  t h e  shor t  axis  of s c a t t e r  shou ld  p r o b a b l y  show 
a s imi la r  f l a t t en ing .  I f  t h e  l a t t e r  c u r v e  is t r e a t e d  a c c o r d i n g l y  (Fig. 17), t h e  second  RL 
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Fig. 14 . G raph  showing  re la t ionship  be tween  
logz0I and  r z a long  t he  long axis  of  low-angle 
sca t t e r  f rom the  long i tud ina l  sect ion of h u m a n  

femur .  
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value given in Table I is obtained. The third value given is calculated from the scatter 
close to the beam stop (i.e. along CD and C1D 1, Fig. 12). These values will be discussed 
later. When the longitudinal section was tilted with respect to the incident X-ray beam, 
the asymmetry  of the low-angle scatter was appreciably reduced. The effect was notice- 
able at angles of 3 °o or less, and at 45 ° the two axes of scatter were difficult to dis- 
tinguish. At this angle, however, there was still a small difference in the intensity curves 
corresponding to the two directions. 

In the case of the heated bone specimen in which there was no longer any inter- 
ference from collagen diffraction, both axes of the low-angle scatter could be treated 
directly. If  the scatter is assumed to come from ellipsoidal shaped particles, and 
equation 6 applied, the Rs and RE values shown in Table I are obtained. 

As illustrated in Fig. IO, some of the electron mierographs showed bundles of well- 
aligned, rod-shaped particles, the minimum observed diameters being of the order oI 
Ioo A. However, in other preparations in which a much finer dispersion of material  
was obtained, a very wide range of particle sizes and shapes could be seen (Fig. I I ) .  
In both cases, electron diffraction patterns of the preparations were of the apati te type. 

DISCUSSION 

The general form of the low angle scatter of X-rays from longitudinal sections of 
normal bone indicates that  the particles within the structure are elongated in the 
direction of the longitudinal axis of the bone. The orientation of some of the reflections 
in the wide-angle diffraction pattern,  particularly that  of the o02 reflection which has 
been reliably indexed, shows tha t  the c-axis of the crystallites is orientated approxi- 
mately parallel to the direction of elongation of the particles. Also, the direction of 
orientation of the collagen diffraction pat tern demonstrates that  this direction of 
elongation of the particles coincides with the fibre axis of the collagen fibers. 

The absence of appreciable orientation in the low-angle scatter from cross-sections 
of bone suggests tha t  the particles are well aligned, and are probably symmetrical  about 
their long axes. The straight line relationship between log I and r ~ in different direction 
across this scatter tends to confirm these deductions, and the agreement between values 
for the particle diameters derived from cross-sections and those from the corresponding 
longitudinal sections, lends further support. The general form of the low-angle scatter 
would appear to be in keeping with an ellipsoidal or rod-shaped scattering particle. 

In the case of the sample of human bone, where the relationship between log 1 
and r ~ for the short axis of the particle is strictly linear, a value for Rs, the radius along 
the short axis, can readily be obtained from equation 6 for ellipsoidal shaped particles. 
The accuracy with which the diameter /2R,) can be estimated depends mainly on the 
accuracy of the constant factor (o.83) in equation 6 as applied to this system. The 
approximation of the particle shape to an ellipsoid of revolution must  be fairly close, 
as is indicated by the shape of the particle scatter. Even if the particles are cylindrical 
the adjustment necessary in this factor would cause only a relatively small change in 
the R, value. The effect of inter-particle interference on the result is more difficult to 
assess accurately, but  the fact that  the form of the scattering curve does not appear 
to be affected appreciably is taken as an indication that  the error introduced by neg- 
lecting such interference in this system will not be serious. The small deviations from 
the linear log I/r ~ relationship shown by  some specimens may reflect either a limited 
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variation in particle diameters, or a relatively poor alignment of particles in the section. 
As the deviations are not sufficiently pronounced to interfere seriously with estimation 
of the slope, the accuracy of the calculated diameters should not be affected appreciably. 

The R value obtained for the long axis of the particles may be as reliable as that  
for the short axis. The linear relationship between a and x for an incident beam of 
negligible cross-section seems to be rally well established in practice by the experimental 
curves shown in Figs. 17 and I8. The correction for the finite beam size appears to be 
given precisely by the complete curve relating a and x across the short axis of scatter 
{Fig. I8). The flattening off of the peak of the curve is over a distance of about o. 5 mm 
which corresponds almost exactly to the calculated width (o.53 ram) of the undiffracted 
X-ray beam at the plane of the film in these experiments. The X-ray beam used was 
symmetrical  and therefore this correction factor for finite beam size can probably be 
applied directly to the curve for the long axis of scatter (Fig. I7). The middle value 
given for RL in Table I is therefore probably the most accurate. 2Rc is the estimated 
length of the particle. One possible source of error in obtaining the RL value arises 
from the fact that  the curves relating log I and r 2 across the scatter are not strictly 
linear, particularly close to the beam stop. However, the fact that  the estimated values 
of the slopes give a linear relationship with x indicates that  this error is probably small. 

Thus, this consideration of the low-angle scatter of X-rays leads to the suggestion 
that  the particles in bone are rod-shaped, the long axes of the rods being aligned in 
the direction of the longitudinal axis of the bone, and parallel to the collagen fibres. 
In the intact human bone these particles appear to have a diameter of about 73 A and 
a length of about 2Io A. The axial ratio of the particles is thus between 2:1 and 3 : I  
which is in general agreement with the overall shape of the low-angle scatter from 
longitudinal bone sections. The asymmetry  of the scatter indicates a difinite elongation 
of the particles, but the fact that  the asymmetry  is quickly reduced when the specimen 
is tilted with respect to the incident X-ray beam suggests that  the axial ratio is not 
very high. 

In the small number of normal bone samples examined the lengths of the particles 
do not appear to vary appreciably, but in the case of the diameters the figure for hen 
bone seems significantly lower than for human. When the organic component is removed 
from compact bone by heating to 4oo ° to 5oo ° C, the composition of the system is 
changed, and this in itself may have an effect on the form of the low-angle scatter. 
The change may be reflected in the increased intensity of scatter. In addition, there is 
probably also a change in the physical state of the apatite, and if the scatter is considered 
as a simple particle scatter from ellipsoidal shaped particles, the dimensions differ 
considerably from those obtained for the normal bone. Further  interpretation of these 
changes will be considered elsewhere. 

Simple autoclaving appears to have little effect on the low-angle scatter. 
Comparing these conclusions concerning the sizes and shapes of particles in normal 

intact  bone with those of previous workers, it is seen that  the dimensions deduced from 
low-angle X-ray scatter fall within the limits for crystallite size set by STOHLER 2 from 
a consideration of the broadening of diffraction lines in the wide angle X-ray pattern.  
The particles considered in this paper  may  in fact be the crystallites, and in this case 
a comparison of low-angle and wide-angle X-ray pat terns shows tha t  the crystallites 
are elongated in the direction of the c-axis. The results are not however, readily related 
to the idealised crystal dimensions proposed by ROBINSON. In a modification of his 
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original  suggestion (Addenda to 3) ROBINSON indicates  the c-axis of the crys ta l lographic  

uni t  cell as being paral lel  to the long dimension (50o A) of the crystals.  The possibil i ty 

can be considered t h a t  the part icles examined  in the s tudy  of the low-angle X-ray  

sca t te r  are sub-uni ts  of the crystals  seen by  ROBINSON, in which case the crystal  would 

include perhaps  four such cyl indrical  sub-units.  T h a t  this is the case in in tac t  bone 

seems to us mos t  unlikely,  for the ve ry  na ture  of low-angle part icle scat ter  indicates  

tha t  there  are definite dicont inui t ies  or changes in s t ructure  at the boundaries  of these 

part icles such as would not  be expec ted  in single crystals.  

Our own electron micrographs  were of two types.  One type  showed bundles of well- 

aligned, rod-shaped part icles such as would be expec ted  f rom the low-angle X-ray  data ,  

the m i n i m u m  measured  d iameters  of the rods being of the order of ioo  A. The other  

(Fig. i i ) ,  showed a much  finer dispersion of part icles wi th  no consistent  sizes or shapes. 

Tabula r  part icles  of the  type  repor ted  by  RoBINSO~ were observed,  but  in m a n y  cases 

these appeared  to be breaking down into rods and even into granules of ve ry  small  

dimensions (circa 50 A). In  general, no reliable conclusions could be drawn from such 

pictures as to the sizes and shapes of e lementa ry  particles.  
This  pre l iminary  work shows the possibilities of the appl icat ion of the  low angle 

X- ray  sca t te r  me thod  to an extens ive  examina t ion  of part icle sizes in bone tissues, and 

the problems associated wi th  mineral  salt  metabol i sm in which the part ic le  size appears  

to be impor tan t .  Fu r the r  work along these lines is being carried out.  The  effects of heat  

t r e a t m e n t  on the part icle shape are also being considered in greater  detail .  

SUMMARY 

A study has been made of the diffuse low-angle X-ray scatter from a number of longitudinal 
and cross-sections of normal intact bone. From considerations of the variations of intensity of scatter 
from well-orientated specimens, the size and shape of the scattering particles have been deduced. 

In intact human bone, the scattering particles appear to be of uniform size and to approximate 
to rods which have a diameter of about 75 A and are about 21o A long. The particles appear to be 
well-aligned, with their long axes in the direction of the longitudinal axis of the bone and parallel 
to the collagen fibre axis. 

Particles from other types of normal bone seem to be of a similar shape and size. 

Rt~SUMt~ 

La diffraction diffuse sous angle faible des rayons X a 6t6 6tudi6e sur un certain nombre de 
sections longitudinales et transversales d'os normal intact. Les variations de l'intensit6 de la dif- 
fraction sur des dchantillons bien orient6s permettent de d6terminer les dimensions et la forme des 
particules diffractantes. 

Dans l'os humain intact, les particules diffractantes sont de taille uniforme et se rapprochent 
de b£tonnets d'environ 75 A de diam6tre sur 21o A de longueur. Ces particules sont bien align6es, 
leur grand axe dirig6 selon l'axe longitudinal de l'os et parall~le A l'axe de la fibre de collag6ne. 

Les particules d'autres types d'os normaux paraissent de forme et de taille semblables. 

ZUSAMMENFASSUNG 

Es wurde die diffuse Kleinwinkelstreuung yon R6ntgenstrahlen bei einer Anzahl von Lgngs- 
und Querschnitten normaler intakter Knochen untersucht. Aus Betrachtungen der Abh&ngigkeit 
der Intensit~tt der Streuung gut orientierter Proben wurde die Gr6sse und die Form der streuenden 
Teilchen abgeleitet. 

In intakten menschlichen Knochen scheinen die streuenden Teilchen von einheitlicher Gr6sse 
zu sein und sich der Form eines Stabes mit einem Durchmesser von ca. 75 A und einer L&nge yon 
ca. 21o A zu nghern. Die Teilchen scheinen mit ihren langen Achsen zur Richtung der Liingsachse 
der Knoehen und parallel zur Achse der Kollagenfaser ausgerichtet zu sein. 

Teilchen von anderen Typen normaler Knochen scheinen Xhnliche Form und Gr6sse zu besitzen, 
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