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Summary. In femoral cortical bone of 16 uremic patients with long standing renal in- 
sufficiency an increased fraction of woven bone was found both in Haversian and in inter- 
stitial bone. Either partly resorbed Haversian systems were replaced by non lamellar woven 
bone or single Haversian systems showed partly well organized lamellar bone and partly 
disorganized non lamellar ~exture without signs of antecedent resorption. The replacement of 
lamellar bone by woven bone was measured morphometrically in undecalcified ground 
sections. Woven bone was defined by its lack of structural birefringence under polarized light. 
In advanced cases of secondary hyperparathyroidism more than 60% of cortical bone were 
composed of woven bone. The substitution of immature less organized woven bone for mature 
well organized lamellar bone has important implications for the biomechanical properties of 
the skeleton. 

The skeleton of human adults is composed of lamellar bone. The structure of 
lamellar bone shows some principles that  are used in technology as composite 
material (Knese, 1958). The combination of collagen fibers, resistant to traction, 
and mineral crystals, resistant to compression, allows to meet static demands with 
a minimum of material. The light-weight construction of the skeleton is made 
possible by the skeleton's ability to adapt its architecture to functional demands 
(Kummer, 1971). This implies continous skeletal remodelling (i.e. removal of 
superfluos or damaged elements with modelling of new structures required by 
mechanical or metabolic needs). 

The biomeehanical properties of the skeleton depend on the structure of bone 
tissue: bone geometry, number and spatial arrangement of lamellar systems, 
direction and quality of collagen fibers and mineral density. Secondary hyper- 
parathyroidism induces increased bone turnover with the appearance of woven 
bone. Woven bone is primitive bone with an irregular haphazard arrangement of 
collagen fibers. Lack of directional orientation of collagen is the cause of its 
inferior biomechanical properties. In  patients with chronic renal failure and 
advanced secondary hyperparathyroidism, mechanical insufficiency of the skeleton 
causes severe clinical problems (Uehlinger, 1955; Krempien et aI., 1973, 1974; 
Mehls et al., 1973; Ritz et al., 1973; TschSpe et al., 1973; Griss et al., 1974). I t  may 
be partly the consequence of the appearance of woven bone. I t  was therefore the 
purpose of the present investigation of femoral cortical bone of patients with 
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Fig. la  

Fig. 1. (a) Femoral diaphysis. Lamellar bone with regular birefringence of ttaversian systems 
and of interstitial lamellae under polarized light. 40 year old man, sudden death, no skeletal 
disease. (b) Femoral diaphysis, Severe secondary hyperparathyroidism. Structural bire- 
fringenee is considerably lost due to subtotal replacement of lamellar bone by sharply de- 
marcated woven bone in osteones (middle) and in interstitial bone. 43 year old woman, chronic 
uremia. (c) Femoral diaphysis. Several Haversian systems with gradual transition from la- 
mellar texture of eollagen to non-lamellar woven texture within a single osteon. 49 year old 
woman, chronic renal failure. Undeealcified ground sections. Microphotograph. Enl. 1:125 

s e c o n d a r y  h y p e r p a r a t h y r e o i d i s m ,  to  q u a n t i t a t e  t h e  f r a c t i o n  of w o v e n  bone,  to  

s t u d y  t h e  i n v o l v e m e n t  of H a v e r s i a n  a n d  n o n  t I a v e r s i a n  bone  a n d  to  i n v e s t i g a t e  

w h e t h e r  d i f ferences  of co l lagen  t e x t u r e  ( lamel lar ,  woven)  are  on ly  b e t w e e n  or  

also w i t h i n  s ingle H a v e r s i a n  sys tems .  

Ma te r i a l  and Methods  

16 patients with chronic renal insufficiency and a serum creatinine above 5 rag-% (mean 
age: 38.4 ~_ 16.6 y.) and 8 control patients without skeletal disease were studied. Undecalcified 
bone samples taken from the anterior part of the right femoral diaphysis were fixed in ethanol 
(70 % ). Without prior embedding slices were taken with a saw and ground sections with a final 
thickness of 70 ~z were prepared by grinding with carborundum paper. All specimens were 
polished, freed from abrasions particles in an ultrasonic bath and studied under polarized light 
to distinguish lamellar and woven bone. Woven bone was identified by its lack of structural 
birefringence due to the irregular spatial arrangement of the collagen fibe: ,~ (Fig. 1 a-c). Point 
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counting procedures could not be applied since under polarized light the grid could not be 
identified microscopically in unlit parts. Therefore, in each specimen, 8 areas (200 • 200 ~z) 
of the outer, middle and inner cortex were photographed at a magnification of 1:125. The 
photographs were enlarged (1 : 10). The outlines of the areas with lamellar and non lamellar 
bone in interstitial bone as well as in Haversian systems were marked with a pencil. Non 
osseous areas (tIaversian channels, porosity) were subtracted from the total area. The areas 
with lamellar and non lamellar bone were cut out and weighed. Non lamellar bone was cal- 
culated as fraction of total Haversian or total interstitial area. 

Results 

As shown in Fig. 2a, in all uremic patients the fraction of Haversian bone 
represented by woven bone exceeded the 95% confidence limits of the control 
patients without skeletal disease. The difference between the two groups was 
highly significant (p~0.001) with the non parametric Wilcoxon-test for random 
samples. Whether in normals the small fraction of bone that did not show up as 
lamellar bone under polarized light, represents true woven bone or whether its 
non-lamellar appearance must be explained by the limited accuracy of the method 
cannot be decided. Similar in almost all uremic patients the fraction of interstitial 
bone represented by true woven bone exceeded the 95% confidence limits of 
normals (Fig. 2b). Again the difference between the two groups was significant 
(p~0.01). Substitution of woven bone for lamellar bone in Haversian systems 
occurred in two different ways. Either partly resorbed Haversian systems were 
replaced by non lamellar woven bone sharply demarcated from lamellar bone 
(Fig. 1 b); or single Haversian systems showed partly well ordered lamellar and 
partly disorganized non-lamellar texture without signs of antecedent resorption 
of preexisting lamellar bone (Fig. 1 c). 

Discussion 

In  human bone two types of osseous tissue can be found: lamellar bone and 
woven bone. They can be differentiated histologically by their behaviour under 
polarized light (v. Ebner, 1874). In  adults, lamellar bone forms almost the entire 
skeleton. Lamellar bone replaces the fibrous bone of the fetal skeleton during the 
first three years of postnatal life (Aeby, 1877; KSlliker, 1886; Steendijk, 1971). 
Beyond that  age woven bone is found in growth, repair and reaction. In  adult bone, 
major amounts of woven bone appear in rapid bone formation (fracture healing, 
Paget's disease, hyperparathyroidism; v. Recklinghausen, 1891; Ascenzi and 
Marinozzi, 1961). Woven bone is also a characteristic feature of renal bone disease 
(Garner and Ball, 1966; Binswanger et al., 1971). Presumably as a consequence 
of the replacement of lamellar bone by woven bone the resistance of the skeleton 
to mechanical deformation is reduced in uremic patients. Inferior strength of bone 
tissue together with cortical thinning and increased cortical porosity leads to bone 
fractures (Uehlinger, 1955; TschSpe et al., 1973; Griss et al., 1974) in the adult 
skeleton and to epiphyseolysis in the growing skeleton (Krempien et al., 1974). 

There is a clear correlation between the structure of bone and its biomechanical 
properties: as in steel reinforced cement, the interaction of mineralized ground 
substance and spiralling collagen fibers confers upon bone a remarkable resistance 
to axial compression, axial tension, bending and twisting (Knese, 1958, 1960). On 
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Fig. 2. (a) Quantitative measurements of the fraction of woven bone in Haversian systems 
of 16 uremic patients. (b) Quantitative measurements of the fraction of woven bone in inter- 

stitial lamellae of 16 uremic patients 

var ious  levels of organiza t ion  (polypept ide  chain,  f i lament ,  f iber,  lamella)  colla- 
gen is a r ranged  in spirals.  On the osteone level, col lagen fibers in di f ferent  lamel lae  
run  in a l t e rna te  d i rect ions  and  thus  con t r ibu te  to the  super ior  b iomechanicM 
qua l i ty  of lamel lar  bone (Ascenzi et al., 1966). The angle be tween  collagen fibers 
and  the  longi tud ina l  axis  of the  osteone is different  in different  lamellae and  pa t t i -  
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cular in different osteones (Knese, 1958). According to Johnson (1963) there is 
suggestive evidence for a diurnal variation of osteoblast activity in lamellar bone, 
osteoblasts spinning collagen fibers in opposite directions on successive days. In  
scanning electron microscopical studies Boyd (1974) found a close association of 
cell and collagen orientation in bone formation. He therefore concluded tha t  
collagen orientation is controlled by cell orientation. Mechanical properties of 
osteones, for instance Vickers's bone hardness, clearly depend on the spatial 
orientation of collagen fibers (Amprino, 1958; Ascenzi et al., 1966, 1973). Bone 
hardness is reduced in osteones of uremic patients when compared with those of 
normals without skeletal disease (Krempien et al., 1973). 

Woven bone is laid down by the simultaneous continuous and unpolarized 
action of cells surrounding themselves on all sides with bone matrix. Therefore 
collagen fibers in the woven bone lack a regular spatial pattern. This lack of 
spatial orientation gives rise to its lack of structural birefringency and to its 
inferior strength. I t  is probable that  lamellar bone is constructed on sounder 
biomechanieal principles than woven bone giving more strength for a given 
volume of material (Pritchard, 1956). Mechanical properties of bone have also 
been shown to depend on the degree of mineralization (CarlstrSm, 1954; Ascenzi 
and Marinozzi, 1961). Since bone in chronic uremia tends to be less mineralized, 
its inferior strength may  partially be explained by its diminished mineral content. 

In  raehitic animals collagen has been shown to be less extensively cross-linked 
(Mechanic et aI., 1972). Similarly in rats with experimental uremia, increased 
amounts of immature soluble collagen have been found by Hahn  and Avioli (1970). 
I t  remains to be seen, whether one can extrapolate from this finding (obtained 
in an animal model of bone without Haversian osteones) to what happens in the 
human skeleton or whether this finding is related to the appearance of woven bone 
in chronic renal failure of humans. 

I t  is remarkable that  both lamellar and woven bone may  be found within one 
single osteon without signs of antecedent resorption of preexisting lamcllar bone 
(Fig. 1 c). This implies that  both lamellar and fibrous osteoblasts may be derived 
from the same clone of precursor cells. These intra-Haversian changes of collagen 
texture are even better visualised by scanning electron microscopy (Krempien 
et al., 1974). A similar alteration of osteones has been observed in human fluorotic 
bone (Singh et al., 1962; Aggarwal, 1973). I t  may seem surprising tha t  the propor- 
tion of woven bone in interstitial bone exceeds that  in osteones, although the 
latter have been formed later and presumably in more advanced stages of uremia. 
The data on interstitial bone are to some extent subject to artifacts, however, 
since the smaller dimensions in the interstitial areas may cause spuriously low 
structural birefringence. 

The appearance of woven bone might lead to profound disturbances of bone 
physiology. I f  elastic deformation of bone plays a role in initiating bone remodelling 
(Pauwels, 1965), perception of elastic deformation must  be decisively altered in 
osteocytes embedded in non-polarized matrix. This may  explain why fibrous 
osteoblasts appear to be largely independent of the space polarizing factors that  
govern remodelling in accordance with the physical load of the skeleton. As a 
consequence spongiosal trabeculae for instance are no longer arranged in tra- 
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jectorially bu t  in  an irregular haphazard fashion, as is easily recognized in  meta- 
physeal bone of uremic children (Krempien et al., 1974). Also for a given stat ic 
funct ion  mechanical ly  inferior woven bone mus t  accumulate  in  increased quant i t ies  
giving rise to osteosclerosis. After Bayl ink  et al. (1973) local provision of calcium 
by  periosteocytic osteolysis triggers remodelling processes. One ma y  speculate 
tha t  the vas t ly  augmented  tu rnover  of woven bone (Rasmussen and  Bordier, 
1974) is the consequence of ac t iv i ty  of osteocytes in woven bone, the appearance 
of which is characterist ically tha t  of "ac t iva ted  osteocytes".  
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