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Torsional stiffness in healing fractures: influence of 
ossification 
An experimental study in rats
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Background   Different fracture fixation techniques 
and fracture environment influence bone formation in 
healing fractures. However, the influence on the devel-
opment of biomechanical properties has not been clear 
described. We evaluated the influence of fracture fixa-
tion stability and fracture environment on mechanical 
properties in healing femoral fractures in rats. 

Methods   Animals were treated surgically with exter-
nal fixation: 1 group (27 rats) with 0-mm fracture gap 
size with bone ends touching, corresponding to an axial 
stiffness of 265 (SD 34) N/mm, and a second group (27 
rats) with 2-mm fracture gap size corresponding to an 
axial stiffness of 30 (SD 2.1) N/mm. From each group, 
6–7 animals were killed at 2, 4, 6 and 12 weeks. Torsional 
test revealed a delay in torsional stiffness in fractures 
in group 2 compared to group 1. In group 2, the tor-
sional stiffness of the contralateral femora was found 
to be greater at 12 weeks than the torsional stiffness in 
group 1. 

Interpretation   We found that during fracture heal-
ing, the development of torsional stiffness corresponds 
to the magnitude of endochondral ossification and late 
response of bone formation. A significantly increased 
torsional stiffness in the non-fractured leg of rats with 
delayed fracture healing was also found, possibly indi-
cating a response to loading conditions or a systemic 
stimulation of bone mass.

■

A number of clinical and experimental studies 
have illustrated how factors such as fracture type, 
gap condition, fixation rigidity, loading and bio-

logical environment influence stability in fracture 
repair (Lewallen et al. 1984, Forwood and Parker 
1986, Claes et al. 1998, Chao et al. 1989, Meadows 
et al. 1990). Rigidly fixated undisplaced fractures 
have been shown to lead to direct osteonal healing, 
whereas intramembranous and/or endochondral 
ossification occurs in less rigidly fixated displaced 
fractures (Einhorn 1998). 

To explain the mechanical influence on differ-
entiation of skeletal tissue during fracture repair, 
several mechano-biological concepts have been 
developed, mainly finite element models (Carter 
1998). Basically, these concepts assume that in the 
initial phase of tissue regeneration in fracture heal-
ing, bone formation is permitted in areas of low to 
moderate tensile strain, fibrous tissue is promoted 
in areas of moderate to high tensile strain, and that 
there is chondrogenesis in areas with hydrostatic 
compressive stress (Carter 1998). In addition, 
poor vascularity and low oxygen tension, possibly 
explained by increased hydrostatic pressure, have 
been shown to stimulate undifferentiated mesen-
chymal cells into a chondrogenic pathway (Carter 
1998). The mechanical properties of different frac-
ture fixations has been related to later mechanical 
and histological site-specific properties in healing 
fractures (Augat et al. 1998). However, it is not 
known whether changes in site-specific histologi-
cal properties during fracture healing can influence 
fracture stability.

We investigate the possible influence of fracture 
environment and stability of fracture fixation on 
mechanical properties during fracture healing. 
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Animals and methods

Animals and anesthesia

We used 59 male Sprague-Dawley rats weighing 
350–450 g. The animals were anesthetized by intra-
peritoneal injection of 1 mL of a solution of Ketalar 
(50 mg/mL, Park Davis AB, Solna, Sweden) and 
Stesolid (5 mg/mL, Dumex Alpharma AB, Stock-
holm, Sweden) in a proportion of 4:1. Before sur-
gery Dalacin, a broad-spectrum antibiotic (Phar-
macia and Upjohn Sverige AB, Solna, Sweden; 4 
mg/kg body weight) was given intramuscularly and 
Temgesic (Meda Sverige AB, Göteborg, Sweden; 
0.01–0.05 mg/kg body weight) was given subcuta-
neously after surgery. Postoperatively, the animals 
were caged in pairs; unrestricted weight bearing 
and activity were allowed. Water was provided ad 
libitum and the rats were monitored daily. 5 ani-
mals were excluded, 3 because of infection at the 
skin-penetration sites of the fixator pins, 1 because 
of unexplained death, and 1 because of mechanical 
test failure. We obtained research ethics committee 
approval for the study.

Surgical protocol

Mark et al. (2003) have described a reliable and 
reproducible method for experimental external fixa-
tion of fractures in the femur of rats, which we used 
in this study. Briefly, a curved incision was made 
through the skin from the tail to the knee, creating a 
skin flap followed by dissection between the quad-
riceps and the hamstrings. A tunnel was dissected 
around the mid-portion of the femur and a self-
locking nylon strap was pulled through, temporary 
fixing a drill guide on the lateral aspect of the bone. 
Four 0.8-mm holes were drilled and tapped. Four 
1.2-mm pins were inserted through the holes in the 
bone and were cannulated through the skin flap. A 
fixator was fastened to the pins at a preset distance 
from the bone surface. An osteotomy was done 
between the two middle pins using a reciprocating 
saw. Using a screw for distraction or compression 
of the fixator, the bone fragments were moved to a 
preset fixator setting such as fracture gap size. 

The osteotomies were stabilized with 1.2-mm 
pins and an offset of 6 mm. We used 2 fixator set-
tings (fracture gap sizes). Group 1 consisted of 
27 animals with 0-mm fracture gap size, and with 
bone ends touching. This has been shown to cor-

respond to an axial fixation stiffness of 265 (SD 
34) N/mm. Group 2 consisted of 27 animals with 
2-mm fracture gap size, corresponding to an axial 
fixation stiffness of 30 (SD 2.1) N/mm (Mark et al. 
2003). From each group, 6–7 animals were killed 
at 2, 4, 6, and 12 weeks of fracture healing.

Mechanical testing

We dissected the fractured and contralateral leg, 
keeping the surrounding soft tissue (muscle, peri-
osteum and fascia) of the femora intact. The fixator 
was removed but the pin-bone interface was kept 
intact. The specimens were stored frozen (–20°C) 
until the time of analysis. Before measurement, 
specimens were thawed and carefully cleared from 
the remaining soft tissue. We took care to standard-
ize the time of thawing and not to dry the specimens. 
The positions of the pins and the fracture were mea-
sured and marked at the corresponding position on 
the contralateral femur of the same animal. 

At first, the knee joint was fixed in a holding 
clamp that allowed the bone to be lowered and 
centered into a testing jig. A polymer monomer 
compound (ProBase Cold, Ivoclar Ag, Schaan, 
Liechtenstein) was poured up to the level of the pin 
close to the fracture, or the corresponding mark on 
contralateral bones. When the polymer monomer 
compound was set, we fastened the jig upside down 
into the torque sensor of the test equipment. The 
procedure could be repeated to fasten the proximal 
end of the bone in another jig (Figure 1). Specially 
developed torsion test equipment was used, with 
accuracies of ± 2% for torque and ± 0.1% for angu-
lar displacement (Brånemark and Skalak 1998). 
We applied the torque at a rate of 2°/min until fail-
ure occurred, a procedure of unload and reload was 
performed when the angle was 5°, and recording 
was performed until failure occurred. A computer-
ized torque-angle displacement graph was drawn 
up (Figures 2 and 4). We calculated maximum 
torque (at bone failure), torsion angle (number of 
degrees of torsion deformation in the test bone just 
prior to failure), and the torsion stiffness (the ratio 
of the maximum torque and angle at that point) 
(White et al. 1977, Nordin and Frankel 2001). 

Statistics

We used Fisher’s nonparametric permutation test 
for comparison between groups. In order to elimi-
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nate the influence of one extreme outlier in group 
2 with 2-mm fracture defects at 4 weeks, we used 
the Mann Whitney nonparametric U-test. This test 
allows calculations of rank, which reduces the 
influence of extreme values, and is more appropri-
ate in this particular case than Fisher’s permutation 

test. All significance tests were two-tailed and con-
ducted at the 5% significance level. 

Figure 1. Specimen is seen fixed to the level of the pin 
close to the fracture or at a corresponding mark on the 
contralateral bone. Polymer monomer compound was 
used in the specially developed torsion test equipment. 
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Figure 2. Computerized torque-angle displacement graphs of (left) 0-mm fracture defects, and (right) 2-mm fracture 
defects, and corresponding contralateral leg after 6 weeks of healing. 
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Figure 3. Torsional stiffness in fractured bone with 0-mm 
and 2-mm fracture gap at 2, 4, 6 and 12 weeks of healing. 
The bars represent mean ± SE. In bone with 0-mm fracture 
defects, the torsion stiffness of the fractures was statisti-
cally significantly higher than in bone with 2-mm fracture 
defects at 2 weeks of healing (p = 0.01), 4 weeks of heal-
ing (p = 0.04), and 6 weeks of healing (p = 0.007). Due to 
one extreme value recorded in the test at 4 weeks, Mann-
Whitney U-test was used. At 12 weeks of healing, the tor-
sion stiffness of the fractures was statistically significantly 
higher in bones with 2-mm fracture defects than in bones 
with 0-mm fracture defects (p = 0.04) (Table 1).
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Results

Fractured leg

In group 1, the mean torsional stiffness of the 
fractures was higher than in group 2 at 2 weeks of 
healing (0.003, SD 0.002 Nm/°, and 0.00 Nm/°, 
respectively; p = 0.01), 4 weeks of healing (0.028, 
SD 0.011 Nm/° and 0.004, SD 0.001 Nm/°; p = 
0.04) and 6 weeks of healing (0.082, SD 0.009 
Nm/° and 0.03, SD 0.011 Nm/°; p = 0.007) (Fig-
ures 2 and 3). At 12 weeks of healing, the mean 
torsional stiffness of the fractures was higher in 
group 2 than in group 1 (0.15, SD 0.008 Nm/° 
and 0.12, SD 0.006 Nm/°; p = 0.04) (Figures 3 
and 4). Maximum torque in group 1 was higher 
than in group 2 at 2 weeks of healing (0.019, SD 
0.008 Nm and 0.003, SD 0.001 Nm; p = 0.009), 4 
weeks of healing (0.17, SD 0.045 Nm and 0.027, 
SD 0.007 Nm; p = 0.007), and 6 weeks of heal-
ing (0.47, SD 0.056 Nm and 0.16, SD 0.047 Nm; 
p = 0.002). We found no difference in maximum 
torque between 0-mm and 2-mm fracture defects 
at 12 weeks of healing. There were no differences 
in failure angle between bones with 0-mm and 2-
mm fracture defects at 2, 4, 6 and 12 weeks of 
healing.

Contralateral leg

There was no statistical difference in torsional stiff-

ness of the contralateral unfractured bone between 
rats in groups 1 and 2 at 2, 4 and 6 weeks of healing 
(Figure 5). The torsional stiffness of unfractured 
contralateral bone in group 2 was higher at 12 
weeks than torsional stiffness of unfractured con-
tralateral bone in group 1 (0.093, SD 0.005 Nm/° 
and 0.059, SD 0.007 Nm/°; p = 0.006) (Figures 
4 and 5). We found no differences in maximum 
torque and failure angle between the unfractured 
contralateral bone of rats in groups 1 and 2. 

Discussion

We found a great difference in stability between the 
two types of fractures, i.e. the torsional stiffness in 
group 1 was higher than in group 2 at 2, 4 and 6 
weeks of healing (Figure 3). Also, the stiffness of 
fractures in group 1 was about 50% of the stiff-
ness of the corresponding contralateral leg after 2 
weeks, whereas the stiffness of fractures in group 
2 did not reach 50% of the stiffness in the contra-
lateral leg until after 6 weeks of healing (Figures 
3 and 5).

These measurements are similar to those of an 
earlier study (Mark et al. 2004). In that study, the 
peak of total new bone formation (periosteal and 
intramedullary) occurred earlier in 0-mm fractures 
(2 weeks) than in 2-mm fractures (6 weeks). Also, 

Figure 4. Computerized torque-angle displacement graphs of (left) 0-mm fracture defects, and (right) 2-mm fracture 
defects, and corresponding contralateral leg after 12 weeks of healing.
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in that study there was a substantial increase in 
chondroid tissue in 2-mm fractures compared to 
0-mm fractures at 2, 3, 4 and 6 weeks of healing. 
Woven bone could also be seen bridging the 0-mm 
fracture gap after 1 week, whereas in a 2-mm frac-
ture, this occurred after 4 weeks. Consequently, 
these data showed a later response in bone forma-
tion and prolonged time for full ossification in 2-
mm fractures compared to 0-mm fractures, and we 
suggest that the difference in magnitude of chon-
droid tissue is the major reason to the differences 
in fracture stability that we found.

The torsional stiffness was increased compared 
to the contralateral leg after 6 weeks of healing in 
group 1, and after 12 weeks in group 2 (Figures 3 
and 5). Thus, at these time points the stiffness of 
the callus is greater than the stiffness of the non-
fractured contralateral leg. In the earlier study by 
Mark et al. (2004), there was no apparent histologi-
cal difference between the different fractures after 
12 weeks of healing. However, in the present study 
we found a significant increase in torsional stiff-
ness in group 2 compared to group 1 at 12 weeks 
(Figure 3). Theoretically, the remodeling process is 
more advanced in a 0-mm fracture gap than in a 2-

mm fracture after 12 weeks; hence, a possible dif-
ference in cross-sectional area may exist. To exam-
ine this further, detailed morphometrical analyses 
of cross sections are required.

We also tested the mechanical properties of the 
contralateral legs and found no differences in tor-
sional stiffness, either at 2, 4 or 6 weeks of healing. 
However, at 12 weeks, torsional stiffness of the 
contralateral legs in group 2 was increased com-
pared to the contralateral legs in group 1 (Figure 
5). In a previous study by Bak and Jensen (1992) 
in animals with tibial fractures, no such increase in 
stiffness in the nonfractured legs was found during 
the healing period. It is reasonable to assume that 
animals in group 2 will, over time, load the con-
tralateral leg more than animals in group 1; thus, 
the present observation is most likely explained by 
differences in loading pattern (Wolff’s law; Turner 
1992). The response is a slow osteoblast/osteoclast 
remodeling process, which explains why the dif-
ference cannot be found before 12 weeks of heal-
ing. Another explanation could be that biological 
factors are released, stimulating growth of the 
entire bone mass. Such factors might be released 
as a result of a general biomechanical stimulus, or 
by the presence of tissue-specific components in 
these animals.

In conclusion, we found that during fracture 
healing, the development of torsional stiffness in 
experimental fractures corresponds to the magni-
tude of endochondral ossification and late response 
of bone formation, as shown earlier by Mark and 
co-workers (2004). We also found an increased 
torsional stiffness in the nonfractured legs of rats 
with delayed fracture healing, possibly indicating a 
response to loading conditions or a systemic stimu-
lation of bone mass.
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Figure 5. Torsional stiffness in the contralateral unfractured 
bone at 2, 4, 6 and 12 weeks in rats with 0-mm and 2-mm 
fracture defects. The bars represent mean ± SE. The tor-
sion stiffness of unfractured contralateral bone in rats with 
2-mm fractured defects was statistically significantly higher 
at 12 weeks of healing than in unfractured contralateral 
bone of rats with 0-mm fractured defects at 12 weeks (p = 
0.006) (Table 2).
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