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Summary. Apat i te  crystal  size in compac t  bone of  children 
(age < 11 years) and adolescents  (age > 12 years) with osteo- 
genesis imperfec ta  (OI) was analyzed by X-ray diffraction. 
Eight  type I, 4 type  II, 11 type III,  and 14 type IV OI  patients 
were  studied along with 9 controls .  The crystal  size was 
most  significantly reduced in type II patients,  all of  w h o m  
had died at birth. Crystal  size was also diminished in both 
children and adolescents  with types III  and IV, whereas  with 
type I OI, crystal  size was reduced  in children only, return- 
ing to normal  in adolescence .  There  was a t rend toward in- 
creased bone crystal  size with age in both OI patients and 
controls.  

Key words: Osteogenesis  i m p e r f e c t a -  Hydroxyapa t i t e  crys- 
tal size - Mineral  content .  

Osteogenesis  imperfec ta  (OI) is a rare disease of  the connec-  
tive t issues charac ter ized  by bone fragility, os teopenia ,  pro- 
gressive skeletal deformit ies ,  and often severe  growth retar- 
dation. Blue sclerae,  dental  and cardiac abnormali t ies,  jo in t  
laxity, and matur i ty  onset  deafness  can be additional mani- 
festations of  this clinically variable disease [1]. 

Sil lence et al. [2] have identified four major  subgroups of  
OI  patients.  Type  I and IV OI  patients show an autosomal  
dominant  mode  of  inheri tance and a mild or  modera te  form 
of  the disease;  type II leads to perinatal  death;  type III  is a 
severe  form. Both types II and III  OI are genetical ly heter- 
ogeneous  and are most  often the result  of  sporadic new mu- 
tations [3]. OI most  likely results f rom a variety of  delet ions,  
insertions,  and point  mutat ions in the genes coding for type 
I collagen,  which have  been identified in an increasing num- 
ber  o f  patients [4]. 

Al though OI  is a disease character ized by increased bone 
fragility, little is known about  the mineral  phase of  bone in 
this disease.  We therefore  studied changes in apatite crystal  
size in patients with different forms of  OI  in chi ldhood and 
adolescence.  

Materials and Methods 

Patients 

Bone specimens of the femoral diaphysis from controls aged 5, 8, 10, 
14, 28, and 30 years, two premature infants of the 32nd and 35th 
week of gestation, and a newborn, all of whom had died of nonskel- 
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etal diseases, and from 4 patients with type II OI were all obtained 
during autopsy. Bone specimens of 8 patients with type I, 11 pa- 
tients with type III, and 14 patients with type IV OI were all ob- 
tained during intramedullary rodding. 

The phenotype of the type I patients was typical to that previ- 
ously described [2] and exhibited a clinically mild disease with one 
to two fractures per year and no significant skeletal deformities or 
growth retardation. The type II patients had died at birth, showing 
severe skeletal deformities due to innumerable intrauterine frac- 
tures. Type III patients suffered from 10-30 fractures per year and 
developed severely disabling skeletal deformities and extreme skel- 
etal dwarfism. Type IV patients suffered from about 5-10 fractures 
per year, growth retardation, and skeletal deformities. 

Preparation of  Samples 

The cortical bone was cleaned of adherent soft tissue, ground to a 
fine powder in a Spex mill under liquid nitrogen, and lyophilized. 

X-ray Diffraction 

Powder X-ray diffraction scans of bone apatite, the principal mineral 
phase, were done on a Rigaku X-ray diffractometer (Danvers, MA) 
equipped with a graphite monochromater tuned to CuKa radiation 
(k = 0.154 nm). Only the 002 and 310 apatite peak profiles were 
examined. Inadequate intensity or uncorrectable interference from 
neighboring peaks prevented quantitative evaluation of the rest of 
the apatite diffraction pattern (Fig. lA, B). The breadths of the 002 
profiles from all bone specimens (37 OI and 9 controls) were mea- 
sured to obtain information on the size and/or internal perfection of 
the crystals along their length or c-axis, the direction parallel to the 
collagen fibrils. The 310 peak breadths from 17 OI and four control 
bones were also used to obtain similar data perpendicular to the 
c-axis (i.e., width or thickness). A continuous scan mode was em- 
ployed to record these peaks with all data collected on a strip chart 
recorder [5]. The 002 and 310 peak profiles from each sample were 
recorded a minimum of four times each at an angular velocity of 
0.125 ~ 20/minute using a time constant of 10 seconds. The scan 
ranges for the 002 and 310 peaks were 24.5-27 ~ 20 and 37.5-42 ~ 20, 
respectively. The angular width or breadth of the 002 diffraction 
peak (Fig. 1B) was measured at one-half the height of maximum 
intensity above background. The sample width ([3) was obtained 
from the experimentally observed width (B) using the relation 13 = 
(B z - b2) vz [6], where b is the angular width from instrumental 
broadening effects. A well-crystallized synthetic hydroxyapatite 
sample of negligible intrinsic broadening was used to determine b. 
The angular width of the 310 diffraction peak was estimated by 
measuring the distance between the angular position of the peak 
maximum and the position at which the high angle side was one-half 
this height and multiplying this distance by 2. This procedure min- 
imizes neighboring 212 peak interference. 

As peak broadening is inversely related to both crystal size and 
internal lattice perfection (i.e., the broader the peak, the smaller 
and/or more strained the crystals) [6], the reciprocal of the 13 values 
(1/13: also known as sample crystallinity) was used in order to equate 
the experimental data more directly to these crystal parameters. 
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Fig. 1. (A) Schematic 
representation of an apatite 
crystal showing the relation of 
the 310 and 002 diffraction 
vectors to the crystal shape. The 
dashed lines represent the 
crystal in the young OI bone and 
the solid lines represent a mature 
crystal of normal bone. (B) 
X-ray diffractogram of mature 
bone showing the 002 and 310 
reflections used in the study and 
the neighboring 212 reflection. 
The region of highest intensity 
(30-35 ~ 20) consists of four 
unresolved peaks with 
unmeasurable overlapping 
breadths. 

Calculation of  Crystal Size 

In a bovine study [5] of normal and OI bone, transmission electron 
microscopy data suggested that changes in crystallinity were due to 
size rather than strain effects. Assuming a similar situation exists for 
human OI mineral, i.e., strain changes were minimal, then the 
Scherrer equation [6], D = h/13cos0, can be used to directly compare 
changes in crystal size among the bones examined. In this equation, 
D(nm) is the mean crystallite size, h is the X-ray wavelength em- 
ployed, and 0 is the Bragg (reflectance) angle expressed in radians. 
Because the experimental [3s were measured in degrees, not radians, 
these values were divided by 57.3, the radian-degree conversion 
factor, before applying the above equation for D. 

Statistics 

For statistical treatment of the data, the Student's t tests and linear 
regression analyses were performed [8]. 

Resu l t s  

Comparison of  310 and 002 Crystallinity Data 

Regression analysis of the 310 and 002 crystallinity (1/13) data 
on the 17 OI patients and 4 controls from which both these 
values were experimentally obtained showed a positive and 
significant correlation (r = 0.81; P < 0.001) (Fig. 2). The 
slope of the regression line (0.17) indicated that the crystal- 
linity changes are anisotropic during crystal growth, i.e., the 
changes in width/thickness (310) are only 17% as large on 
average compared with corresponding length (002) changes. 
Nearly identical results were obtained using only the data 
from the 17 OI patients (slope = 0.16, r = 0.80). Tables 1 
and 2 summarize the crystallinity (1/13) measurements from 
the 002 and 310 diffraction peaks, respectively. As the crys- 
tallinity changes are considerably larger for length than for 
width/thickness, it was possible to group the length (002) 
data (Table 1) by age as well as by OI type. 

Comparison of  O02 Crystallinity and Crystal Size in Ol and 
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Fig. 2. Plot of 310 versus 002 crystallinity values of 4 control and 17 
OI bones. Regression analysis reveals a significant and positive cor- 
relation (r = 0.81; P < 0.001). 

duced in bone of type II patients compared with fetal/ 
neonatal controls and in type I, III, and IV children with OI 
(Table 1). During adolescence, crystal size of type III and IV 
patients remained significantly reduced, whereas that of type 
I patients did not differ significantly from age-matched con- 
trois. There was also a trend toward increased crystallinity 
with age in both controls and OI patients (Table 1). With the 
possible exception of OI type II, the reduced crystallinity 
changes along the 310 (width/thickness) direction for all OI 
types were too small to establish statistical significance. 

D i s c u s s i o n  

Crystallinity along the (002) direction was significantly re- Bone apatite crystal size was previously determined in two 
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Table 1. Bone mineral crystallinity (1/[3) (1) values (002 or c axis 
direction) in normal and osteogenesis imperfecta subjects 

Childhood Adolescence 
Type Fetal/Newborn (2-11 years) (/> 12 years) 

Normal 2.23 • 0.20 2.53 • 0.11 2.80 • 0.25 
(20.2 • 1.8 nm) (22.9 • 1.0 nm) (25.3 • 2.3 nm) 
n = 3  n = 3  n = 3  

(7.7 • 2,5 yrs) (24 • 8.7 yrs) 
I - -  2.27 • 0.16 ~ 2.54 • 0.17 

(20.6 • 1,4nm) (23.0 • 1.5nm) 
n = 5  n = 3  

(9.6 • 1,7 yrs) (14.7 --- 0.6 yrs) 
II 1.73 • 0.07 b - -  - -  

(15.7 -+ 0.6 nm) 
n = 4  

III 

IV 

2.02 • 0.20 c 2.33 • 0.14 a 
(18.3 - 1.8 nm) (21.1 • 1.3 nm) 
n = 7  n = 4  

(7.3 • 2.1 yrs) (13.8 • 2.9 yrs) 
2.23 • 0,19 b 2.34 • 0.20 a 

(20.2 • 1,7 nm) (21.2 --- 1.8 nm) 
n = 9  n = 5  

(4.8 • 2,6 yrs) (15.8 • 3.6 yrs) 

a Student's t test of difference between OI and means (m • 1 SD) 
significant at aP < 0.05; bp < 0.01; cp < 0.001 
The corresponding crystal sizes (nm), calculated according to Scher- 
rer's equation [6], are shown in ( ) 

Table 2. Bone mineral crystallinity (1/[3) values (310 or width/ 
thickness direction) in normal and osteogenesis imperfecta subjects 

Type 1/13 (310) a 

Normal 0.74 • 0.08, n = 4 
I 0.77 • 0.08, n = 3 
II 0.66 -+ 0.01, n = 2 b 
III 0.70 -+ 0.05, n = 4 
IV 0.71 • 0.05, n = 8 

a Not enough samples for separation of means by age 
b Student's t test of difference between OI II and normal means 
significant at P < 0.2; all other differences between normal and OI 
means not significant 

models of  bovine  os teogenes is  imperfecta  (BOI) [5]. New-  
born calves with BOI-Austra l ia  and BOI-Texas  both showed 
a decreased apatite crystal  size compared  with heal thy sib- 
lings. The changes were  isotropic as the decrease  in crystal- 
l inity was near ly  the same for  length (002) and wid th /  
thickness (310). Crystall inity changes in human OI were  an- 
isotropic,  showing the most  p ronounced  changes in length 
(002). The differences be tween  these two situations may be 
due to species differences in mineral izat ion or  a different 
pathogenesis  of  bovine  and human OI [7]. 

Changes of  crystall inity of  human OI bone have  not been 
systematical ly studied. A previous  study only reports  that 
crystal  size measured  by X-ray diffraction was generally re- 
duced in 17 pat ients  [9]. Our study demonst ra tes  that crys- 
tallinity (002) changes corre la te  with both the clinical phe- 
notype and the clinical course  in different forms of  OI. Fo r  
reasons given above  under  Materials  and Methods ,  we as- 
sume that these  changes of  crystall inity are due to changes in 
the size of  the crystals  ra ther  than to strain effects,  i .e. ,  
imperfect ions in the crystals.  In the type II patients who  had 
died at birth and the severe ly  affected type III  patients,  crys- 
tal size was smallest ,  whereas  mildly affected type I patients 
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showed an almost  normal  crystal  size during adolescence .  
The reported changes of  crystal  size in OI bone might ref lect  
an increased bone turnover  or  a s lower  crystal  growth.  Al- 
though morphological  studies have  suggested an increase in 
bone turnover  in OI [10], studies on collagen metabol i sm 
have not provided corre la t ive  ev idence  for this assumption 
[11]. Because  crystal  growth is t ightly associated with col- 
lagen fibrils in bone [12], it is fair to speculate  that col lagen 
defects in the severe ly  affected pat ients  that lead to dis- 
turbed fibril format ion [4] also retard crystal  growth.  Smal ler  
collagen fibrils were  indeed demons t ra ted  in an e lectron mi- 
croscopic  study of  the bones of  the same OI type II and III  
patients [13]. H o w e v e r ,  type I OI  patients,  whose  collagen 
secret ion is thought  to be reduced  but not  quali tat ively al- 
tered [14], also show a reduced crystal  size during child- 
hood. Interestingly,  apatite crystal  size increased with age in 
OI bone,  jus t  as it did in normal  bone.  Whether  the declining 
fracture rate in adolescent  OI patients is directly related to 
these observed crystal  growth changes remains to be estab- 
lished. 

Although it is present ly difficult to directly evaluate  the 
consequences  of  the reported mineral  changes on the stabil- 
ity of  OI bone,  our  study presents  an initial gl impse into the 
pathophysiology of  mineral deposi t ion in OI bone.  
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