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Summary

 Background: Little has been written about the size of a bone defect that can be restored with one-stage length-
ening over a reamed intramedullary nail.

 Material/Methods: Sixteen adult female sheep were divided into four main groups: a simple osteotomy group (group 
I) and three segmental defect groups (1-, 2-, and 3-cm gaps, groups II–IV). One intact left tibia 
from each group was also used as the non-osteotomized intact control group (group V). In all cas-
es, the osteotomy was fi xed with an interlocked Universal Humeral Nail after reaming to 7 mm. 
Healing of the osteotomies was evaluated after 16 weeks by biomechanical testing. The examined 
parameters were torsional stiffness, shear stress, and angle of torsion at the time of fracture.

 Results: The regenerate bone obvious in x-rays in the groups with 1- and 2-cm gaps had considerable me-
chanical properties. Torsional stiffness in these two groups was nearly equal and its value was about 
60% of the stiffness of the simple osteotomy group. Gradually decreasing stiffness was observed as 
the osteotomy gap increased. No signifi cant differences were found among the angles of torsion at 
fracture for the various osteotomies or the intact bone. These results showed that the group with 
1-cm gap had 65% of the shear stress at failure of the simple osteotomy group.

 Conclusions: The authors believe that there is evidence indicating that intramedullary nailing could be a rea-
sonable option when one-stage lengthening of a long bone by 1 or 2 cm is contemplated.
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BACKGROUND

Traumatic or iatrogenic bone defects in the lower limbs are 
frequently encountered by orthopedic surgeons. Most au-
thors advocate the Ilizarov principles of distraction osteo-
genesis to fi ll the gap using either circular external fi xa-
tion devices or monolateral external fi xation systems [1–6]. 
Nevertheless, external fi xation systems are cumbersome and 
some patients often tolerate the consolidation period poorly, 
and complications such as pin-tract infections, articular car-
tilage damage, muscle shortening, and stiffness of the joint 
may develop [7–10]. In addition, if the external fi xator is re-
moved too early, the regenerated bone fractures can result 
in deformity, shortening, or nonunion [11,12].

Locked Reamed Intramedullary Nailing (LRIN), either sole-
ly or in combination with external fi xation, has been used 
for the treatment of segmental bone defects in long bones 
since it secures both axial and rotational alignment and bone 
length [13–16]. The latter is accomplished even if comminu-
tion exists at the fracture site and fragments are not in close 
contact to each other provided that periosteal vasculariza-
tion is not violated [17–20]. In 1997, Paley et al. described 
the technique of bone lengthening using an intramedullary 
nail to provide a more tolerated distraction process, shorter 
external fi xation period, and internal bracing of the regen-
erated bone [9]. This technique has been tested in animal 
[21] and clinical studies and has gained wide acceptance 
because of the improvement in patient comfort and lesser 
risks of stiffness and malunion [22–24]. On the other hand, 
Kristiansen and Steen reported encountering a high rate of 
serious complications with lengthening using nails, leading 
them to their abandonment this technique and a return to 
the classic Ilizarov method [25]. One-stage distraction with 
intramedullary nails augmented by autogenous cancellous 
bone or BMP composite grafts has been successfully used 
for femoral mal- and non-unions. The mean gap bridged 
ranged from 2 to 4 cm [26,27]. Alternatively, fully implant-
able motorized nails or the Albizzia technique for gradual 
limb lengthening without an external device can treat leg 
length discrepancies of up to 7 cm and 8.4 cm on average, 
respectively, without major complications [28,29].

The method of one-stage distraction using intramedullary 
nailing has been sporadically used in our department with 
promising results in patients having 2–3 cm post-traumatic 
shortening, but to our knowledge no conclusive informa-
tion is available in the literature regarding the maximum 
amount of bone length that can be achieved using an LRIN 
in one stage. We therefore undertook the present experi-
mental study in order to examine the mechanical proper-
ties of the callus created at gaps of various sizes in sheep 
tibiae treated with LRIN.

MATERIAL AND METHODS

Sixteen adult female sheep of the same age (16 to 20 months) 
weighing 30–35 kg were divided into four groups. All animal 
experiments were carried out according to the policies and 
principles established by the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals. The de-
sign of the surgical procedures was critically reviewed and 
observed by an experienced veterinary surgeon. The study 
was approved by the Ethics Committee of our hospital.

In all sheep, the procedure was performed on the right 
tibia with the animal under general anesthesia (adminis-
tered by 2.5% pentothal solution) and lying on its left side. 
The insertion point for the nails was on the anterior part 
of the tibial plateau, with an approach medial to the patel-
lar tendon, without opening of the knee capsule. The di-
aphysis was osteotomized with use of an air-oscillating saw 
through an anteromedial incision 4–6 cm below the knee 
joint. After blunt periosteal elevation over the circumfer-
ence of the bone, two transverse and exactly parallel oste-
otomies were done to create different gaps (1, 2, and 3 cm: 
groups II, III, and IV) in the shaft; exact measurement was 
achieved using a ruler blanking out the thickness of the 
saw teeth (0.7 mm) (Figure 1A,B). In the osteotomy con-
trol group, a simple osteotomy without gap was performed 
(group I). Since all the sheep were of the same race, age, 
and weight, one intact left tibia from each group was used 
after the sacrifi ce as the non-osteotomized intact control 
group (group V). The bone cylinder was removed thereaf-
ter and split longitudinally in half; its half was temporarily 
re-inserted into the gap in order to accommodate the in-
sertion of the nail and to maintain the gap during the lock-
ing procedure (Figure 1C).

A Universal Humeral Nail (UHN-Protek-Synthes) 6.8 mm 
in diameter and 190 mm in length was used in all cases. For 
the insertion of the nail, a longitudinal incision just medi-
al to the midline was made over the knee. The patellar ten-
don was split in the middle. An inlet hole was created at 
the level of the tibial tuberosity, and the canal was reamed 
with a power reamer to a diameter of 7 mm. All nails were 
locked with mediolateral bolts, two proximal and two distal. 
The locking bolts were inserted proximally with the stan-
dard aiming device and distally with a custom-made aim-
ing device accommodated to the distal part of the standard 
device (Figure 1D,E). In two cases, distal interlocking was 
achieved with the free-hand technique under fl uoroscop-
ic control. Careful attention was paid to the restoration of 
the physiological rotation of the tibia.

All wounds were closed in layers including the periosteum 
(Figure 1F) and were covered with sterile compresses and 
woolen bandages. The limb was protected with a long soft 
cast for fi ve weeks postoperatively. Finally, anteroposteri-
or and lateral radiographs were made immediately post-
operatively. The animals were caged separately for the fi rst 
three days after surgery; thereafter they were pastured to-
gether. Pain control was managed by i.m. paracetamol and 
antibiotic prophylaxis by three subsequent doses of i.m. 
Cefuroxime 750 mg.

Radiographies were obtained at 4, 8, and 16 weeks postop-
eratively, in the last case immediately after sacrifi ce of the 
animals. Radiological evaluation showed solid callus forma-
tion in all cases with simple osteotomies and 1-cm gap, ad-
equate healing in the 2-cm gap group, and poor callus for-
mation in all cases with the 3-cm gap (Figure 2). There were 
no cases with mechanical failure of the nail, but we noticed 
screw breakage in three cases; in two of these cases, healing 
of the fracture was achieved despite the breakage. No cases 
of screw loosening or migration were identifi ed.

The tibiae were denuded thereafter and fi rmly embedded 
at their ends in epoxy resin. All animals survived to the 16th 
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week except one with a 2-cm gap that died in the 11th post-
operative week because of infection at the tibia and was re-
placed by another animal. One left tibia from each group 
was explanted as well to serve as the intact control group 
(group V).

Healing of the osteotomies was evaluated by biomechan-
ical testing after nail removal. The mechanical test was a 
static application of torsion moment. It was applied using 
a computer-controlled torsion testing machine at a rate of 
0.5° per second to failure (Figure 3). A strain gage reaction 
torque sensor (Lebow 2121-1K, Troy, Michigan, USA) was 
used to measure the applied torsion moment. The angle 
of rotation was measured via a device based on the variable 
potential divider principle. By a precise and highly linear 
10-turn potentiometer connected to a Wheatstone bridge 
and turned during rotation due to proper mechanical en-
gagement, a linear transformation of the rotational angle 
to voltage change was achieved. Each sample was tested a 
total of three times. The fi rst two tests conditioned the sam-
ple and the last test was used to calculate torsional stiffness. 
The applied torsion moment (Nm) versus angular displace-
ment (degrees) was recorded online. From the torsion mo-
ment and the dimensions of the tibial shaft cross-section in 
the middle of the fracture site of each sample measured af-
ter mechanical testing, the torsional shear stress t was cal-
culated by the formula:

t = T*r/I0      where       I0 = I0= p(R4 –R4)
                                                    

2    0        i

T is the torsion moment, I0 the polar moment of inertia, r 
the radius at which the torsional stress was calculated, and 
R0, Ri the outer and the inner radii of the cylindrical shaft 
of the tibia. Because of the tapered shape of the cross sec-
tion, half of the mean value of six measurements of the di-
ameter taken at six points every 15 degrees in the periphery 
of the cross-section, was considered as the outer radius. The 
slope of the graph of the mean shear stress (in the middle 
of the bone shaft cross-section at the fracture site) versus 
angle of torsion is defi ned as torsional stiffness. The mode 
and area of failure of each specimen was recorded (direct 
observation, photography). Mean values and standard de-
viations for torsional stiffness and shear stress at failure are 
shown in Figures 4 and 5, respectively.

Statistical analysis

The data were interpreted with the Mann-Whitney U 
test. Possible correlations were examined with use of the 
Spearman r test. SPSS 11.0 for Windows software (SPSS, 
Chicago, Illinois) was used for the statistical analysis. To 
determine statistical differences between the four groups 
with regard to torsional properties, a two-factorial analysis 
of variance for repeated measurements was performed. The 
level of signifi cance was set at p<0.05.

RESULTS

Fractures produced during the mechanical test were not in 
the callus zone in all cases. In particular, samples with a sim-
ple osteotomy or 1-cm gap were fractured distally to the cal-
lus zone, whereas samples with 2- and 3-cm gaps were frac-
tured at the callus zone or at the distal metaphysis. One of 
the samples with 2-cm osteotomy was fractured at the site of 
the peripheral screw. Samples with osteotomy of 3 cm did 
not fractured abruptly. The torsion moment, and in conse-
quence the maximum shear stress, decreased gradually after 
they had reached their maximum values (Figure 6).

The results of the torsion testing appear in Figures 4–7 and 
the summary of the mean biomechanical values for each os-
teotomy group in Table 1. Figure 6 displays the mean for 
each osteotomy graph of maximum shear stress (developed 

Figure 1.  Surgical technique: (A): approach to 
the tibia and accurate measurement of 
the gap, (B) osteotomy, (C) splitting of 
the bone cylinder and re-insertion into 
the gap, (D) application of the nail and 
proximal locking using the standard 
aiming device, (E) distal locking using 
a custom-made aiming device, and (F) 
closure with periosteum preservation.

A B C

D E F

Figure 2.  Radiological evaluation of healing among diff erent 
osteotomized groups. Solid callus formation is seen in both 
the simple osteotomy and 1-cm gap group.
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on the outer surface of the bone shaft in the middle of the 
fracture site) versus the angle of torsion. The slope of each 
graph represents the torsional stiffness. A gradually decreas-
ing stiffness was observed as the osteotomy gap increased. 
Osteotomies without gap displayed the maximum stiffness, 
which was lower than that of intact bone. The development 
of torsional rigidity, although weak in osteotomies with larger 
gaps, provides proof that some bony bridging of the osteot-

omy fragments occurred in all osteotomies. Among the sam-
ples with 2-cm osteotomies there were differences resulting 
in large standard deviations in torsional stiffness.

Figure 3.  The biomechanical testing device. The 
denuded tibiae were embedded in epoxin 
resin. Note the fracture pattern after the 
application of a torsional moment. This 
particular case had a 3-cm defect and the 
fracture was eventuated in the callous 
zone.
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Figures 4 and 5 display respectively the torsional stiffness and 
the maximum shear stress at fracture, which occurs on the out-
er surface of the bone shafts at the fracture site, at the section 
of the gap, for each kind of osteotomy. There was a decrease 
in maximum shear stress from simple osteotomy to osteot-
omy with a fracture gap of 3 cm. No signifi cant differences 
(p<0.05) were found among the angles of torsion at fracture 
for the various osteotomies or the intact bone (Figure 7).

DISCUSSION

In the literature there are three methods of treatment of 
bone defects with an intramedullary nail: progressive length-
ening with an external fi xation device using an intramedul-
lary nail, gradual limb lengthening with the Albizzia tech-
nique, and one-stage lengthening using an intramedullary 
nail [2,9,21–23,25–29,30–32]. In the last mentioned, the 
bridging of such a gap is not based on the principles of pro-
gressive distraction osteogenesis, which is a method well doc-
umented and widely accepted. This raises the question con-
cerning the quality of the callus. Therefore the existence 
of callus per se and the mechanical properties of such cal-
lus would be worth investigation.

Bone defects in sheep tibiae is a model documented in 
the literature [21,33–35]. In a previous publication we de-
scribed our surgical technique of intramedullary nailing of 
a sheep tibia [32]. In this study we followed the technique 
described by den Boer et al. [33] with a slight modifi cation: 
we used half of the removed bone cylinder as a temporary 
spacer in order to maintain the gap during nail insertion 
and locking instead of a specially designed device used by 
the above-mentioned authors.

The healing of bones was evaluated by torsion testing. The 
examined parameters were torsional stiffness, shear stress, 
and angle of torsion at the time of fracture. Our decision 
to use only mechanical test and no histology or DEXA was 
based on the main principle of any fracture healing process: 
the restoration of mechanical strength of the bone.

The callus created in the simple osteotomy group was also 
very strong in our series, as other authors have shown in their 
series [36,37]. Samples with osteotomy without a gap were 
fractured distally to the osteotomy zone at a site roughly coin-
ciding with the middle of the tibia, which was the site where 
the intact tibiae were fractured. This was not the case with 
samples with osteotomies of 2-cm or 3-cm gap, which were 
fractured at the callus zone or at the distal metaphysis. The 
callus in the 3-cm gap group was very weak in all tests.

In the tibial model described by den Boer et al. [33], two 
of six tibiae with 3-cm bone defects were healed. They give 
no information regarding the postoperative mobilization. 
The authors argue that closure of the periosteum could be 
a possible explanation for callus formation in these cases. 
We nevertheless did not notice adequate callus formation 
although we also did meticulous closure of the periosteum. 
A likely cause could have been the better mechanical sta-
bility they obtained with three screws proximally and three 
distally compared with two proximally and two distally in 
our study). Regauer et al. [35] created a critical defect (5 
cm) in sheep tibiae that was fi lled with different osteoin-
ductive factors, including autogenous cancellous bone and 
Osteogenic Protein-1. After 12 weeks they used 3D-CT vol-
umetry to evaluate fracture healing, but there were no sig-
nifi cant differences between the different combinations of 
growth factors. New bone formation by autogenous can-
cellous bone was better than any other factor. According 
to our fi ndings, we think that healing of a 3-cm bone de-
fect is not certain unless bone graft or bone substitute is 
applied. Den Boer et al. [33] noticed effi cient healing in 
7/8 defects (3 cm) in the group that was treated with au-
tologous bone graft.

Maximum shear stress on the outer surface of the bone at 
the fracture site at the time of failure was noted in the in-
tact bone. The various groups had progressively lower values 
than the intact bone, the highest being that with the simple 
osteotomy and the lowest that with the 3-cm gap. The group 
with the 3-cm gap had small resistance in torsion, thus em-
phasizing the weakness of the callus. The regenerate bone 
obvious in x-rays in the groups with 1-cm and 2-cm gaps had 
considerable mechanical properties. Torsional stiffness in 
these two groups was nearly equal and its value was about 
60% of the stiffness of the simple osteotomy group. It was 
interesting that the group with the 2-cm gap, i.e. twice the 
gap size of the group with 1 cm, had the same torsional stiff-
ness as the former. However, the wide range in values in the 
latter shows that further investigation is required. A more 
even distribution of values was noted regarding shear stress 
at failure. A gradually decreasing shear stress was observed 
as the osteotomy gap increased. Our results showed that 
the group with the 1-cm gap had 65% of the shear stress at 
failure of the simple osteotomy group.

The weak point of this study was the short period of time 
over which the experiment was developed. It is unknown 
whether the callus would further mature in the groups with 
the various gaps after the period of 16 weeks and what the 
time required for that would be. The increase in torsional 

Torsional stiff ness (N/mm2/deg) Max shear stress (N/mm2) Angle of fracture (degrees)

Intact bone (group V) 0.437 11.51 25.1

Simple osteotomy (Group I) 0.386 9.88 27.8

Osteotomy 1 cm (Group II) 0.240 6.63 23.4

Osteotomy 2 cm (Group III) 0.236 4.85 23.1

Osteotomy 3 cm (Group IV) 0.071 1.65 25.9

Table 1. Mean biomechanical values for each osteotomy group.
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resistance of the callus would probably be faster and sound-
er in the group with the 1-cm gap, but at the same time one 
could reasonably hypothesize that the callus in the 2-cm 
group would fi nally be equal in terms of torsional stiffness 
to that of 1-cm gap. The length of time per se for callus for-
mation in intramedullary nailing is not a problem for pa-
tients because their only restriction is partial weight bearing 
over the prescribed period of time. The authors acknowl-
edge these weak points, but they had to fi nish the study pre-
maturely for reasons beyond their control.

CONCLUSIONS

We believe that there is evidence indicating that intramed-
ullary nailing would be a reasonable option when one-stage 
lengthening of a long bone of 1 or 2 cm is contemplated. 
However, a longitudinal study of healing of acutely distract-
ed bones is necessary to draw fi rm conclusions.
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