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THE HEALING OF EXPERIMENTAL FRACTURES BY 
COMPRESSION OSTEOSYNTHESIS 
11. Morphometric and Chemical Analysis 
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The effects of rigid plate fixation on the structure and chemical composition 
of bones during healing of experimental fractures were studied by morpho- 
metric and chemical analysis at intervals of 3 to 24 weeks after attachment 
of six-hole A 0  plates to osteotomized rabbit tibiae. 

After fracture union gradual porotic transformation could be observed 
from 9 weeks onwards, with rapid excavation and breakdown of the cortical 
wall. During the study over 24 weeks the degree of porosity increased from 
9.0-f 4.8 per cent to 37.5 & 10.2 per cent (P<O.OOl). This osteoporosis was 
accompanied by formation of new subperiosteal bone. The changes in the 
tubular bone led to a progressive increase in overall diameter and in the 
area occupied by the medullary cavity throughout the experiment. 

In the osteotomy area increased values were found for the content of hexos- 
amines and the ratio of hexosamines to hydroxyproline at 3 weeks, in- 
dicating formation of connective tissue in the fracture area. Later on, no 
chemical signs of callus formation could be detected. In spite of the slight 
increase in the content of hydroxyproline, reflecting the formation of new 
bone subperiosteally, the chemical composition of the unresorbed cortical 
bone remained unchanged. 
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The pattern of fracture healing varies within 
wide limits. Usually, the more stable the 
fixation, the less the periosteal reaction. Danis 
(1947) pointed out that rigid plate fixation 
secured union of fracture ends without 
formation of subperiosteal callus, calling the 
process “soundure autogene” (primary 
healing). Morphologically this primary bone 
healing is accompanied by widening of the 
Haversian canals, formation of resorption 
cavities and subsequent formation of intra- 
osseal new bone across the fracture gap 

(Andersson 1965, Miiller et al. 1963, Olerud & 
Danckwardt-Lilliestrom 1968, Schenk & 
Willenegger 1964). Additional axial compres- 
sion applied to the implant and conveyed to 
the underlying bone does not alter the mode 
of repair (Perren et al. 1969). 

In secondary healing the stabilizing factor 
is callus. The cartilaginous and ossification 
phases can be distinguished, both morpho- 
logically and chemically, by the degree of 
maturation of the callus (Penttinen 1972, 
Slatis & Rokkanen 1967). 
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Rigid metallic implants on cortical bone act 
as stress protectors in the bone (Lanyon et al. 
1976). This leads to increased porotic trans- 
formation, with widening of the Haversian 
canals and formation of resorption cavities in 
dense lamellar bone (Gordes et al. 1975a, 
Slatis et al. 1978, Uhthoff & Dubuc 1971). 

The attenuation technique has been used to 
show reduction of the mineral mass of bone 
after compression plating (Gordes et al. 
1975b, Stromberg 8z Dalen 1976, Tonino 
1974). On the other hand, as shown in our 
earlier reports concerning the chemical 
content of calcium and hydroxyproline, there 
is only a slight decrease in the mineral 
content of cortical bone (Paavolainen et al. 
1978b,c). 

The chemical composition of the callus 
formed in fractures treated without any 
internal fixation has been thoroughly analysed 
(Penttinen 1972), but little is known about 
the chemical changes during fracture repair 
after rigid plate fixation. 

The aim of the present study was to 
analyse the morphometric and chemical 
changes after rigid plate fixation of experi- 
mental osteotomies and to compare these 
alterations with those earlier reported for 
fractures treated without any internal fixation 
(Penttinen 1972). The effect of these 
alterations on the reduced mechanical 
strength of bone after rigid plate fixation of 
fractures (Braden et al. 1973, Paavolainen et 
al. 1978a) will be discussed. 

MATERIAL AND METHODS 

Operative techniques 

Forty-one rabbits weighing from 2800 to 4400 g 
were used. On the right tibia a midshaft 
osteotomy was made near the tibio-fibular 
junction with a circular saw cooled with saline. A 
stainless steel (AISI 316 L) six-hole dynamic com- 
pression plate (AO/DCP) was attached to the 
anterolateral face of the bone. The length of the 
plate was 53 mm, width 7mm and thickness 
1.5 mm. Compression was applied between the 
most proximal and the most distal screw and the 

Figure 1. A diagram showing the discs ofplated 
osteotomized rabbit tibio-fbular bone selected for 
chemical analysis. Two of the discs were taken 
from the bone beneath the plate; one of these at  
the level of osteotomy (I), the second distal to the 
osteotomy but beneath the plate (ZZ) and the third 
beyond the plate (IZZ). Each of these discs was 
further divided radially into four sectors, one of 
which contained the cortical area beneath the 
plate. 

other two pairs of screws were tightened in a 
neutral fashion (Figure 1). 

On the left tibia a sham operation was made, 
exposing the periosteum but without osteotomy or 
plate fixation. 

Postoperatively, the animals were housed in 
separate cages where they were allowed to move 
freely, with water ad libitum and a standard 
laboratory diet. No external splints or bandages 
were applied after the operation. 

Fifteen animals had to be excluded from the 
analysis because they sustained re-fractures or 
other postoperative complications. 

Sampling techniques 

The animals were divided into five subgroups 
killed 3, 6, 9, 12 and 24 weeks postoperatively. 
The tibio-fibular bones were exarticdated and 
freed from any soft tissue, but the periosteum and 
any callus tissue were preserved intact. Bones 
were radiographed before and after removal of the 
plates. 

One animal from each subgroup (five 
animals) was randomly selected for chemical 
analysis. From each tibia three discs containing 
the entire cross section of the tubular bone were 
removed at predetermined levels. 

From the plated tibia, two of the discs were 
taken from the bone beneath the plate, one of 
these at  the level of osteotomy (I), the second 
distal to the osteotomy but beneath the plate (11) 
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and the third beyond the plate (111). Comparable 
discs were sawn from the control bones. Each of 
these discs was further divided radially into four 
sectors, one of which contained the cortical area 
beneath the plate (Figure 1). 

Twenty-one animals were left for morpho- 
metric analysis of bone remodelling. A section 
through the tubular bone was removed at level 11, 
under the plate but distal to the osteotomy. These 
samples were embedded in methylmethacrylate 
and ground to 80pm with carborundum paper. 
Contact microradiographs of these undecalcified 
specimens were taken on films exposed with a 
Machlett AEG-50 tube at 10 kV, lOmA, for 1 s, 
FFD 2Ocm. 

Morphometric measurements and estimation of 
resorption on cross sections of bone 

The entire cross-sectional area and the area 
occupied by the medullary cavity were determined 
from ten-fold enlargements of contact micro- 
radiographs with planimetry (HAFF 317 
planimeter). The values obtained were reduced 
mathematically to the actual size of the bone 
(Slatis et al. 1978). The percentage increase in the 
outer circumference as compared with the paired 
control bones was calculated for each pair of 
bones and indicated the degree of subperiosteal 
new bone formation. The area of the medullary 
cavity as a percentage of the entire cross-sectional 
area was calculated for the pairs of bones. 

Photographs of the detailed structure of the 
cortical bone were made from the microradio- 
graphs at a magnification of x 100, with the 
resorption area in black and the cortical bone in 
white. The microradiographs were analysed by 
random point-sampling of each enlargement using 
a transparent grid on which there were lines and 
crossbars. The number of intersections over both 
black and white areas in the whole cortex were 
counted three times, and the number of so-called 
hits on the black areas was expressed as a percentage 
of all hits scored on cortical bone (Slatis et al. 1978). 
This technique permitted measurement of the pro- 
portion of cortical bone resorbed, and the results 
were reproducible with an error of less than 1 per 
cent. 

A paired t test was performed to test the 
significance of the differences between the paired 
bones. P>O.O5 was taken to be non-significant. 

Chemical analysis 

The samples were lyophilized, weighed and 
ground to a h e  powder in a mortar. The results 

were correlated with the dry weight of the 
material. The chemical analyses were carried out 
according to the methods used by Penttinen 
(1972). For determination of hexosamines the 
samples were hydrolysed in 4.0 ml of 2 N HCI for 
16 hours at 105OC in sealed test tubes. A 1.Oml 
portion was taken for the hexosamine assay and 
2.0 ml of concentrated hydrochloric acid was 
added to make the solution 6N. Hydrolysis was 
continued for 3 hours at 13OOC in an N, atmos- 
phere and the hydrochloric acid was evaporated in 
a boiling water bath. The specimens were 
dissolved in 8.0ml of distilled water and small 
portions were used for determination of total 
nitrogen, hydroxyproline, calcium and phosphorus. 

Calcium was determined in 1 per cent LaC1, 
with an atomic absorption spectrophotometer 
(Varian Techtronic Pty. Ltd., Model 1100, 
Melbourne, Australia). The t test was used for 
establishing the significance of differences between 
the values for the paired bones and between the 
means for every possible pair of subgroups. 
P >  0.05 was taken to be non-significant. 

RESULTS 

Technically successful preparations for mor- 
phometric analysis were obtained from 19 
animals: at  3 weeks postoperatively (four 
animals), 6 weeks (five animals), 9 weeks 
(four animals), 12 weeks (four animals) and 
24 weeks (two animals). 

Planimetry of transverse sections of 
diaphyseal bone 

Planimetry of transversal sections of the 
plated diaphyseal bone demonstrated sub- 
periosteal new bone formation with increase 
in the overall cross-sectional area of the 
tubular bone. This  was accompanied by 
resorption of subendosteal cortical bone 
leading to an increase in the area occupied by 
the medullary canal (Figure 2A-C). 

Table 1 shows the percentage increase of 
the entire cross-sectional area in the plated 
bone when compared to the intact controls, 
and the size of the medullary canal in plated 
and control bones expressed as a percentage 
of the entire cross-sectional area of the 
tubular bone. 
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Figure 2A-C. Microradiographs of transverse sections from plated and osteotomized rabbit tibio- 
jbular  bone at 3 (A), 12 (B) and 24 (C) weeks after the operation. Note the subendosteal resorption, 
porotic transformation and the increase in the overall cross-sectional area of the tubular bone. 

At 3 weeks postoperatively, the percentage 
increase of the entire cross section in plated 
bones was 16.4 & 6.8 per cent. The difference 
between the size of the medullary canal 
expressed as a percentage of the entire cross- 
sectional area was not yet significant. At 6 
and 9 weeks, the increase of the entire cross- 
sectional area was 24.4 -t 2.5 and 18.72 7.9 
per cent, respectively. At this stage the 
medullary cavity in the plated bones occupied 
a smaller percentage of the entire cross- 
sectional area than in the control bones 
(P< 0.02). Later on, at 12 and 24 weeks, the 
increase of the entire cross-sectional area in 
the plated bones was 16.4k 5.4 and 
49.7 ? 11.5 per cent, respectively. At the same 
time, however, the area occupied by the 
medullary cavity had increased so much that 

the difference between the paired bones was 
no longer statistically significant. The 
increase in the total area of the transverse 
sections and the increase in the area of the 
medullary canal both reached a significant 
level (P<O.Ol) at 24 weeks when compared 
with the values at 3 weeks postoperatively. A 
tubular bone had by then been achieved, with 
increased circumference, but with almost the 
initial ratio between the entire cross section 
and medullary cavity. 

Morphometric measurement of the porotic 
changes in the cortical bone 

Table 2 shows the results of the random 
point analysis made from microradiographs of 
transverse sections of the bones. 

Table 1 .  Planimetry of transverse sections cut from the mid-diaphysis of the plated and control bones. 
The percentage increase of the overall cross-sectional area in the plated bones when compared with the 
control bones is expressed. The size of the medullary cavity is expressed as a percentage of the entire 

cross-sectional area in plated and control bones 

Percentage increase Intramedullary area 
in relation to entire of the cross-sectional 

Time after Number of area in plated bones cross section (per cent) 
operation animals (per cent) (mean f s.d.) (mean _+ s.d.) t-test" 

Plated bone Control bone 

3 weeks 4 16.4+_ 6.8 31.9+_10.5 39.0t5.6 N.S. 
6 weeks 5 24.42 2.5 29.6+ 4.6 37.4k8.1 P<0.02 
9 weeks 4 18.7f 7.9 29.3+ 5.6 35.9t7.5 P<0.02 

12 weeks 4 16.4f 5.4 47.7f 5.8 48.4k3.3 N.S. 
24 weeks 2 49.7k11.5 39.0t 0.1 40.8t3.0 N.S. 

~ ~~~ ~ ~ ~ 

Paired t-test of the differences in intramedullary area in relation to entire cross section between plated 
and control bones (N.S. means not significant). 
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Table 2. Porotic transformation of diaphyseal bone during fracture repair with rigid plate fixation 
~ 

Time after 
operation 

Porosity 
(per cent, mean + s.d.) 

Plated bone Control bone 

Weeks Beneath the Opposite (average) (average) 
plate cortex 

3 5 .85  1.1 11.4k 5.2 ( 9.0+ 4.8) 6.3 5 1.5 
6 12.5k 4.0 18.6k 4.5 (15.6+ 5.1) 8.0 k 1.9 
9 12.2k 5.9 11.8k 7.8 (12.2+ 5.9) 5.5 k 2.5 

12 31.0+ 15.8 20.0 & 14.5 (25.5 k 15.2) 9.6 k 2.9 
24 39.3 & 10.2 33.8+ 11.2 (37.5 + 10.2) 7.5 f 2.0 

During the first 3 weeks porosity in the 
cortex adjacent to the plate remained normal, 
but the cortex opposite the plate already 
showed signs of incipient porotic transfonn- 
ation (porosity 5.82 1.1 and 11.425.2 per 
cent, respectively). After this the proportion 
of resorbed bone increased rapidly. At 9 
weeks postoperatively resorption of the 
cortical bone beneath the plate was equivalent 
to the degree of resorption at the opposite 
cortex (12.2+ 5.9 and 11.82 7.8 per cent, 
respectively). Later on, the porosity under the 
plate seemed to exceed the values for the 
opposite cortex. By 24 weeks after the 
operation the porosity under the plate had 
increased to 39.3+ 10.2 per cent and in the 
opposite cortex to 33-82 11.2 per cent. This 
increase in mean porosity in the plated bone 
during follow-up was statistically highly 
significant (P< 0.001). 

Chemical analysis 

The data obtained from chemical analyses 
were combined in subgroups according to the 
time of observation after the operation. 

No significant differences could be observed 
between the plated bones and their con- 
trols at any of the three levels sectioned along 
the tubular bone (Figure 1) in any subgroup. 

The values for section I, containing the line 
of osteotomy in plated bones and the com- 
parable level from control bones, were used 
for comparisons between the various suh- 

groups (Figure 3). In the plated bones only 
two of the parameters analysed showed 
statistically significant changes during follow- 
up: hexosamines (increase, P <  0.01) and 
the content of hydroxyproline (increase, 
P < 0.05). When these values were compared 
with the corresponding control values in the 
various subgroups, the differences between 
the paired bones were only significant for the 
content of hexosamines and the ratio of 
hexosamines to hydroxyproline at 3 weeks 
(P  < 0.01 and P < 0.05, respectively). This may 
reflect formation of connective tissue in the 
fracture area at an early stage of fracture union. 
Otherwise the changes seemed to be negligible. 

Whether chemical differences existed 
between the cortical bone adjacent to the 
plate and the bone in the opposite cortex was 
ascertained by comparing the isolated sectors 
I and I11 of the plated bones (Figure 1) in the 
various subgroups. These differently treated 
sectors showed no statistically significant 
differences in any of the parameters analysed. 

DISCUSSION 

The present study indicates that rigid plate 
fixation of experimental osteotomies in tibio- 
fibular bone of rabbits induced profound 
structural changes in the cortical bone. The 
main alterations were formation of resorption 
cavities in the cortical wall and changes in 
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Figure 3A-F. The content of calcium (A), hydroxyproline (B), nitrogen (C), hexosamines (0) and the 
ratio of calcium to hydroxyproline (E) and hexosamines to hydroxyproline (F) in osteotomiaed rabbit 
tibio-jbular bones 3 to 24 weeks after the attachment of rigid plates. White columns indicate the plated 
bones and shaded columns the sham-operated contralateral bones. The vertical bars represent one 
standard deviation in each direction (k one s.d.). Statistical significances between the paired bones and 
bones at 3 to 24 weeks are presented. 
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the structure of the tubular bone. This may 
be partly due to the fact that the material 
applied was of excessive dimensions when 
compared with the underlying bone. Yet, des- 
pite these marked structural alterations, there 
were only slight changes in chemical com- 
position in the area of fracture healing or in 
other parts of the cortical bone. 

A uniform biphasic series of events could 
be observed in the structure of the specimens. 
At the first stage the outer circumference of 
the bone increased with subperiosteal forma- 
tion of new bone, and this increase was 
followed by enlargement of the medullary 
cavity due to endosteal resorption of the cor- 
tical wall. At the end of the experiment, a 
tubular bone was achieved with increased 
circumference but with almost the initial ratio 
between the entire cross section and the 
medullary cavity. 

Transformation of the bone begins with 
resorption of osteons in the cortical bone 
opposite the rigid plate. Later on, alterations 
beneath the plate exceeded those in the oppo- 
site cortex, producing a porotic bone with 
resorption of osteons in the cortical bone 
shapes separating the remaining bridges of 
cortical bone. The porotic transformation 
observed in the present study agrees with the 
changes previously described during fracture 
repair after compression osteosynthesis in the 
dog (Andersson 1965, Schenk & Willenegger 
1967, Uhthoff & Dubuc 1971), sheep (Perren 
et al. 1969) and rabbit (Gordes et al. 1975a, 
Rahn & Perren 1971), and in man (Refior et 
al. 1975). On the other hand, similar obser- 
vations have been reported even in intact 
bone after rigid plate fixation (Slatis et al. 
1978). In intact bone the resorptive phase 
started slowly 3 weeks after plating, and 
rapid excavation and breakdown of the cor- 
tical wall occurred from 12 weeks onwards. 
In 36 weeks the degree of porosity increased 
from 7.3 to 40.9 per cent, which is equiva- 
lent to the present series with an observation 
period of 24 weeks. 

The torsional properties of the healing 
fracture after rigid plate fixation (Paavolainen 

et al. 1979) indicated that the torque 
capacity and energy absorption increased 
linearly up to 9 weeks, reflecting fracture 
repair. At 24 weeks postoperatively, however, 
these parameters were again significantly re- 
duced as compared with those of the control 
bones, reflecting the stress-protective effect of 
the rigid metallic implant. The effect of poro- 
tic transformation, with increased sites for 
crack initiation, seemed to exceed the 
mechanical effect of the increased cross 
section, with reduced shearing stress on the 
outer surface of the tubular bone (cf. Carter & 
Hayes 1977, Wright & Hayes 1977). 

Previous studies concerning the chemical 
changes after rigid plate fixation in intact 
bones (Paavolainen et al. 1978a, 1978b) re- 
vealed only a slight increase in the content of 
hydroxyproline, reflecting formation of new 
bone subperiosteally and endosteally. LOSS of 
calcium content of about 15 per cent occurred 
during the first 2 weeks postoperatively, but 
there was no evidence of progressive loss of 
calcium, as might have been expected from 
the histological observations on progressive 
structural derangement of the bone towards 
the end of the experiment. 

The results of the chemical analysis in the 
present study accord with the previous 
observations. On the other hand, the results 
also agree with the observations made by 
Mattsson (1972) and Sevastikoglou et al. 
(1976) of the chemical composition of bone 
after experimental osteoporosis due to disuse. 

As the loss of calcium beneath the plate 
might have been counterbalanced by 
formation of appositional new bone (Yu et al. 
1975) sectors of bone adjacent to the plate 
and from the opposite cortex were analysed 
separately. No differences in chemical com- 
position were found between these two 
sectors. In the area of the osteotomy the con- 
tent of hexosamines and the ratio of hexos- 
amines to hydroxyproline were slightly in- 
creased at 3 weeks, reflecting formation of 
connective tissue between the fracture ends. 
Later on, there were no significant changes in 
the computed ratios of calcium to hydroxy- 
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proline, hexosamines to hydroxyproline or 
nitrogen to hydroxyproline, indicating no  real 
signs of cartilaginous callus formation during 
the later stages of fracture repair (Penttinen 
1972). 

Bone mineral mass is reduced after rigid 
plate fixation, according to estimates made 
with attenuation techniques (Gordes et al. 
1975b, Stromberg & Dalen 1976, Tonino 
1974). However, the use of attenuation 
techniques may lead to overestimation of the 
loss of minerals from non-resorbed cortical 
bone, owing to the reduced density of the 
porotically transformed bone. 

Our findings suggest that fixation with a 
rigid plate provides conditions for undis- 
turbed union of the fracture ends without cal- 
lus formation, but the rigid implant protects 
tubular bone from mechanical stresses and 
causes resorption in those parts of the 
diaphysis which have been deprived of their 
normal function (Lanyon et al. 1976). The  
reduction of mechanical strength seems not to 
be connected with mineral loss or other 
chemical changes in the bone tissue, but due 
to structural and porotic transformation of 
the bone. 
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