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ABSTRACT 

High energy bone fractures resulting from impact trauma are often accompanied by subcutaneous soft tissue injuries, 
even if the skin remains intact. There is evidence that such closed soft tissue injuries affect the healing of bone fractures, 
and vice versa. Despite this knowledge, most impact trauma studies in animals have focussed on bone fractures or soft 
tissue trauma in isolation. However, given the simultaneous impact on both tissues a better understanding of the interac- 
tion between these two injuries is necessary to optimise clinical treatment. The aim of this study was therefore to de- 
velop a new experimental model and characterise, for the first time, the healing of a complex fracture with concurrent 
closed soft tissue trauma in sheep. A pendulum impact device was designed to deliver a defined and standardised im- 
pact to the distal thigh of sheep, causing a reproducible contusion injury to the subcutaneous soft tissues. In a subse- 
quent procedure, a reproducible femoral butterfly fracture (AO C3-type) was created at the sheep’s femur, which was 
initially stabilised for 5 days by an external fixator construct to allow for soft tissue swelling to recede, and ultimately in 
a bridging construct using locking plates. The combined injuries were applied to twelve sheep and the healing observed 
for four or eight weeks (six animals per group) until sacrifice. The pendulum impact led to a moderate to severe 
circumferential soft tissue injury with significant bruising, haematomas and partial muscle disruptions. Posttraumatic 
measurements showed elevated intra-compartmental pressure and circulatory tissue breakdown markers, with recovery 
to normal, pre-injury values within four days. Clinically, no neurovascular deficiencies were observed. Bi-weekly ra- 
diological analysis of the healing fractures showed progressive callus healing over time, with the average number of 
callus bridges increasing from 0.4 at two weeks to 4.2 at eight weeks. Biomechanical testing after sacrifice showed in- 
creasing torsional stiffness between four and eight weeks healing time from 10% to 100%, and increasing ultimate tor- 
sional strength from 10% to 64% (relative to the contralateral control limb). Our results demonstrate the robust healing 
of a complex femur fracture in the presence of a severe soft tissue contusion injury in sheep and demonstrate the estab- 
lishment of a clinically relevant experimental model, for research aimed at improving the treatment of bone fractures 
accompanied by closed soft tissue injuries. 
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1. Introduction 

High energy bone fractures resulting from impact trauma, 
such as those sustained by pedestrians hit by a motor 
vehicle, are often accompanied by subcutaneous soft 
tissue injuries, even if the skin remains intact. Clinical 
experience and experimental research has provided evi- 
dence that the healing of bone fractures is influenced by 
the state of the surrounding tissue [1-3]. The muscles and  

periosteum that surround bone are not only important for 
the re-vascularisation of the fracture callus, but these tis- 
sues are also known as a source for osteoprogenitor cells 
that are essential for bone formation during fracture 
healing [3-5]. A better understanding of the interplay be- 
tween bone fracture healing and the surrounding soft 
tissue is therefore essential for the development of better 
treatment modalities for bone fractures with concurrent 
soft tissue injuries. Conducting animal experiments that 
closely represent a clinical scenario is challenging, espe- 
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cially in large animals. The experimental trauma should 
reflect a clinically observed injury pattern, whilst at the 
same time allow for a high level of standardisation, 
which is required to limit the variability and therefore re- 
duce the necessary sample size. 

While numerous experimental models can be found in 
the literature to assess either soft tissue or bone fracture 
healing individually, there are only a few studies that 
have investigated the interaction between these two inju- 
ries. Furthermore, most of these studies are conducted in 
small animal models. Although small animal experimen- 
tal models are highly valuable to address fundamental 
research questions pertaining to the interaction between 
biochemical processes occurring during bone fracture 
and soft tissue trauma healing, it can be argued that large 
animal models are best suited to addressing immediate 
clinical research questions. 

To our knowledge, the only experiment in larger ani-
mals combining a soft tissue injury and a bone fracture 
has been reported by Schmeling and colleagues, who 
studied a moderate soft tissue injury and a concurrent 
simple tibia shaft fracture in sheep [6]. In humans, high 
energy trauma to the tibia (which has very limited soft 
tissue coverage) commonly results in open fractures. And 
while open tibia fractures are clinically demanding and 
often lead to complications due to wound contamination 
and blood and tissue loss, it is also the closed fractures 
with extensive subcutaneous soft tissue trauma that are 
particularly challenging to treat. Specifically, due to the 
inaccessibility of the damaged soft tissue structures and 
the absence of any quantitative clinical measures to as- 
sess the closed soft tissue injuries objectively, the diag- 
nosis and monitoring of closed soft tissue trauma is dif- 
ficult. We therefore believe that the model by Schmeling 
et al is not optimal for replicating the most challenging 
injury scenarios with regard to the injury location and the 
fracture type. In addition, while Schmeling’s experiments 
and most other fracture healing experiments have been 
performed on simple osteotomies or transverse fractures, 
these injuries are not reflective of the multifragmentary 
fracture patterns typically observed as a result of high 
energy impact trauma with extensive soft tissue trauma. 
Consequently, more realistic and reproducible trauma ex- 
perimental models are required, in order to develop and 
assess methods, fixation implants and procedures that 
may improve the clinical treatment of combined closed 
soft tissue and bone injuries.  

The goal of this project was therefore to develop an 
experimental model with a standardised closed soft tissue 
injury of grade III, according to the Tscherne classifica- 
tion [7], and a reproducible, co-localised multi-frag- 
-mentary fracture type C3, according to the AO classifi- 
cation [8], in a clinically relevant and challenging ana- 
tomical region, such as the distal femur. In this commu- 

nication, we report on the characterisation of the healing 
of the combined injuries in this experimental sheep mo- 
del. 

2. Materials and Methods 

2.1. Injury Model 

Based on pilot experiments and a review of the literature, 
the application of the injuries was divided into two suc- 
cessive procedures with the initial application of a soft 
tissue injury followed by the creation of a multi-fragmen- 
tary fracture of the sheep femur. 

All procedures were carried out with approval from 
the University Animal Ethics Committee (UAEC) of the 
Queensland University of Technology (Ref No: 4222A), 
Brisbane, Australia and followed the policies and guide- 
lines of the NHMRC and AVCC (including the Austra- 
lian Code of Practice for the care and use of animals for 
scientific purposes (7th Edition 2004). 

The combined soft tissue trauma and multi-fragmen- 
tary fracture was applied to 12 Merino wethers (mean 
age: 5.6 ± 0.9 years and mean weight: 40.0 ± 5.6 kg). 
Induction of anaesthesia was achieved with propofol (10 
mg/ml) 0.5 mg/kg as bolus intravenous injection and 
maintained at 4 mg/kg/hour. Buprenorphine (0.01 mg/kg) 
was administered intravenously to provide analgesia. 

2.2. Application of Soft Tissue Trauma 

A pendulum impact device (Figure 1(a)) was developed 
to create a standardised soft tissue trauma with a defined 
injury pattern that is comparable to that resulting from a 
high energy impact in humans. The anaesthetised sheep 
was placed onto a trestle, with the right femur precisely 
positioned with the anvils at the location of the subse- 
quent impact, five centimetres proximal from the knee 
joint. The impactor and counterpart anvils were designed 
to compress the entire circumference of the distal region 
of the thigh, while sparing the bone (Figure 1(b)). In 
terminal in vivo experiments, the soft tissue injury result- 
ing from the impact was characterised by post-mortem 
macroscopic dissections confirming the severe damage 
with subcutaneous haematomas and layer disruption, in- 
tramuscular haematomas as well as partial muscle dis- 
ruption. 

2.3. Application of Multi-Fragmentary Fracture 

After application of the soft tissue trauma, a multi-frag- 
mentary shaft fracture (AO C-type fracture) was created 
on the distal femur through a small (3 cm) antero-lateral, 
trans-muscular approach. The configuration of this frac- 
ture was defined by two transverse fracture lines approx 
3 cm apart, and a longitudinal fracture line dividing the 
central, tubular bone section into two pieces, resulting in 
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Figure 1. (a) Pendulum trestle to create the soft tissue in-
jury. The sheep is placed onto the trestle and the right fe-
mur positioned between the impactor and counterpart; (b) 
The impactor (I) and counterpart (C) are shaped to com- 
press the entire circumference of the thigh muscles, while 
sparing the bone. 
 
four main fragments (Figure 2). The detailed steps to 
create this injury are illustrated in Figure 3. 

After application of the soft tissue trauma and the mul- 
tifragmentary fracture, the distal femur fracture was tem- 
porarily stabilised with a lateral external fixator in a bri- 
dging construct, consisting of two bicortical Schanz’ 
screws in the distal and proximal main fragments, con- 
nected by two carbon rods (Large External Fixator, Syn- 
thes, Switzerland). The two central, smaller fragments 
were manually reduced but not stabilised. Five days after 
trauma and initial stabilisation, consistent with clinical 
practice to allow for soft tissue swelling to recede, the 
external fixator was removed and definitive fixation of 
the fracture was achieved with an internal fixator (7-hole 
narrow 4.5/5.0 mm LCP, Synthes, Switzerland) with two 
bicortical locking screws on either side of the fracture 
zone. 

2.4. Characterisation of Fracture Healing 

Immediately post operatively, conventional x-rays were 
taken in anterior-posterior (a-p) and latero-medial (1-m) 
planes to confirm the fracture pattern and the successful 

 

Figure 2. Fracture creation sequence: 1) Two partial trans- 
verse anterior osteotomies are performed, 30 mm apart 
from each other; 2) In the middle between the osteotomies 
one antero-posterior (a-p), bicortical drill hole is placed; 3) 
Through the anterior osteotomies, four bicortical, oblique 
holes are drilled at 30 degrees to each other; 4) In the 
latero-medial direction: four bicortical holes are drilled at 
30 degrees to each other; 5) To split the middle segment 
longitudinally into two fragments, a blade bar is inserted 
into the a-p drill hole with gentle hits by a hammer; 6) Fi- 
nally, two chisels are used to initiate the two transverse 
fractures by a strong hit with the hammer. 
 
reduction (Figure 4). Further bi-planar x-rays were taken 
fortnightly to monitor the fracture healing progress until 
the animals were sacrificed at 4 weeks (n = 6) and 8 
weeks (n = 6) (Figure 4). 

The digitised radiographs were evaluated qualitatively, 
with respect to fracture configuration (fracture pattern 
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with the computer software AMIRA (Visage Imaging 
GmbH, Berlin, Germany) to determine the reproducibil- 
ity of the fracture pattern. This was defined by the frac- 
ture length as an average value from six measurements: 
The length of the fracture zone and the distance between 
the proximal and distal main fragment was measured in 
three different aspects in radiographs from two planes. In 
addition, the progress of fracture healing was assessed by 
counting the number of callus bridges across the entire 
fracture zone. Of the 12 experimental animals, six ani- 
mals were sacrificed after four weeks and another six 
animals at eight weeks after trauma. Both femora were 
harvested, and following removal of the plate fixator and 
dissection of all but the intact muscles, the proximal and 
distal bone ends were embedded in dental acrylic PMMA 
(Paladur, Heraeus Kulzer, Germany). The femora were 
tested in torsion on an Instron mechanical testing ma- 
chine (Instron 8874, Instron Pty Ltd., Norwood, Massa- 
chusetts, USA). The maximum torque at failure and tor- 
sional stiffness of the healing femora was determined and 
reported as a percentage of the values from the intact 
contra-lateral side. 

a)

b)

 

Figure 3. (a) A cadaveric ovine femur during fracture crea- 
tion in vitro (AO-type C3 fracture). Two partial transverse 
osteotomies, one longitudinal osteotomy and the drill holes 
have been applied; (b) The fracture initiation with chisels 
and a so-called blade bar results in four major fragments 
with this fracture model. 

2.5. Monitoring Soft Tissue Healing 

In order to characterise the soft tissue damage and its 
recovery over time, an intramuscular probe (Neurovent 
PTO, Raumedic AG, Germany) was inserted percutane- 

 
according to the AO classification) and quantitatively 
 

 

Figure 4. Representative x-ray series of the fracture healing progress.  
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ously, immediately after application of the soft tissue 
trauma: The sensor was positioned in the distal part of the 
rectus femoris muscle of the anterior muscle compartment 
at the level of the soft tissue damage and the fracture site, 
which was confirmed by manual palpation through a small 
incision. In 7 animals the intra-compartmental pressure 
could be measured twice daily over a period of 5 days post 
surgery. Venous blood samples were taken daily from one 
day preoperatively to 5 days postoperatively from all 12 
animals to determine the systemic levels of serum markers 
for muscle tissue breakdown, Creatine Kinase (CK) and 
Lactate Dehydrogenase (LDH). 

2.6. Statistical Analysis 

Statistical analysis was performed using SPSS software 
version 17 (SPSS Inc., Chicago IL, USA). All data were 
tested for normal distribution with the Kolmogorov- 
Smirnov test and parametric testing was performed using 
ANOVA. All numerical data are reported as mean values 
± standard deviation and were considered significant at p < 
0.05. 

3. Results 

3.1. Characterisation of Fracture Healing 

A multi-fragmentary fracture, classified as AO-C3 frac- 
ture according to AO classification, with an average 
length of the fracture zone of 30.1 ± 3.1 mm was created 
in 12 sheep. 

All fractures were stabilised with the same external 
fixator construct initially, and after a complication-free 
period of five days to allow soft tissue recovery, the frac- 
tures were definitively stabilised with an internal fixator 
plate. 

In the analysis of the x-ray images an increasing aver- 
age number of callus bridges of 0.4 ± 0.5, 0.9 ± 0.8, 2.5 ± 
0.6 and 3.2 ± 0.8 at two, four, six and eight weeks, re- 
spectively, demonstrated progressive fracture healing (p 
= 0.08 between 2 and 4 weeks, p < 0.05 between 4 and 6 
weeks, p = 0.11 between 6 and 8 weeks). This observa- 
tion was confirmed by the mechanical testing results af- 
ter 4 and 8 weeks (Figure 5). The torsional rigidity of the 
fractured femur significantly increased from 9.8% ± 
12.4% (n = 6) at 4 weeks to 100.4% ± 41.4% (n = 6) at 8 
weeks (p < 0.005). Similarly, the ultimate torque im- 
proved from 9.6% ± 9.9% to 64.4% ± 18.3% (p < 0.005). 

3.2. Monitoring of Soft Tissue Injury 

The intra-compartmental pressure measurements in the 
quadriceps muscle of 7 animals revealed peak values 
immediately after the surgeries (8.2 ± 7.9 mmHg). These 
values remained below the threshold that would have 
indicated the development of a compartment syndrome. 

The elevated pressure decreased over the next 5 days 
with the lowest value measured on day 5 (1.3 ± 1.5 
mmHg). 

Evaluation of the serum levels of CK and LDH yielded 
a peak at day 1 after trauma and surgery, with 1035.8 ± 
503.3 U/L and 627.9 ± 130.6 U/L, respectively; these 
values decreased over the following 2 days to physio- 
logical serum levels (Figure 6). 

4. Discussion 

We showed, for the first time, the healing of a multi- 
fragmentary femoral fracture with a concurrent severe, 
but closed soft tissue injury in sheep. The analysis of 
compartment pressure measurements and evaluation of 
clinical markers for tissue breakdown showed a good 
recovery of the soft tissue injury within 5 days after trau- 
ma. Radiographic and biomechanical assessment demon- 
strated timely healing of the multi-fragmentary fracture 
within the 8 weeks experimentation time. 

The combined trauma was achieved during one single 
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Figure 5. Mechanical testing of the two groups (n = 6) at 4 
and 8 weeks recovery times: The ultimate torque and the 
torsional rigidity of the fractured femur in proportion to 
the uninjured contralateral femur increase significantly (p 
< 0.05) over time. 
 

 

Figure 6. Average blood serum levels of Creatine Kinase 
and Lactate Dehydrogenase from 12 sheep over a period 
from just prior to the trauma application and surgery until 
five days after surgery. The measured values show a peak 
on day one after surgery, while the levels decreased to nor- 
mal physiological values over the following days. 
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surgery session, under general anaesthesia, within appro- 
ximately 20 minutes of surgery time. The newly devel- 
oped pendulum impact device created a reproducible soft 
tissue injury (Tscherne grade III), as demonstrated during 
pilot experiments by post-mortem macroscopic dissec- 
tion. The AO-C3 fractures were created using procedures 
that could be performed through a small, trans-muscular 
approach, thereby minimising further iatrogenic damage 
to the soft tissues. The fracture pattern was consistent, 
enabling all fractures to be stabilised with the same con- 
figuration by using an external fixator initially, followed 
by an internal fixator after 5 days, resulting in a compa- 
rable mechanical environment for all animals, which 
further minimised the variability of the fracture healing 
environment. 

The fracture healing was monitored with fortnightly 
radiographs, showing progressing callus formation with 
an increasing number of callus bridges, which correlated 
with the increase of the mechanical competency from 
four to eight weeks. The time course of fracture healing 
in our experiments corresponds well with that of previ- 
ously published ovine models [9-11]. In fact, both for 
simple osteotomy models as well as for the multi-frag- 
mentary fracture model by Baumgaertel, similar stiff- 
ness and strength values at comparable time points have 
been reported [12]. 

Whilst we succeeded in developing the methods to 
create a combined soft tissue injury and bone fracture in 
sheep, the chosen methods also have certain limitations. 
In order to have better control over the severity and re-
producibility of the soft tissue injury and the multi- 
fragmentary fracture, the injuries were created in two 
steps. A small incision was therefore required in order to 
insert the instruments for the creation of the multi-frag- 
mentary fracture. Consequently, the tissue response to 
the actual soft tissue injury, and to the iatrogenic injury 
from the fracture creation cannot be separated completely. 
Furthermore, this trans-muscular incision may have lead 
to a small fasciotomy, through which any developing com- 
partment pressure may have been released. This could 
explain why only moderate compartment pressure values 
were measured in our experiments, and no case of com- 
partment syndrome was observed, despite the severe 
muscle injury. 

The recovery of the injured soft tissue was monitored 
by measuring the compartment pressure in the quadriceps 
muscle in the vicinity of the fracture zone. Peak com- 
partment pressure values were recorded immediately 
post-operatively in all of the 7 sheep. Although pressure 
measurements were always performed whilst the animals 
were lying down, in order to decrease any variability due 
to changes in muscle tone, there was still a relatively 
wide distribution of the measured values for the com- 
partment pressure. This suggests that the values were 

highly dependent on the positioning of the probe within 
the muscle, which made the measurement of absolute 
pressure values difficult. Nevertheless, the trend of de- 
creasing interstitial pressure during the three days fol- 
lowing trauma and surgery was highly consistent. 

The analysis of systemic CK and LDH levels showed a 
peak for these diagnostic markers of tissue damage on 
day one after trauma/surgery, which correlates well with 
clinical observations of significant muscle trauma in hu- 
mans. However, as the post-mortem macroscopic dissec- 
tion in preliminary/pilot, terminal in vivo experiments 
showed, and the visual functional observation of the 
animals in the in vivo experiments confirmed, the injury 
was limited to the structure of the muscles and their sur- 
rounding soft tissues, and did not affect their function, or 
the structure and function of the major blood vessels and 
nerves. After an immediate postoperative recovery period 
of two hours, all sheep (with appropriate levels of anal- 
gesia) were moving their limbs without any signs of pa- 
resis. For further characterisation of the extent of the soft 
tissue injury and its recovery, additional experiments are 
planned using alternative evaluation methods, such as 
magnetic resonance tomography, and histological assess- 
ments.  

In summary, we describe the development of a large 
animal model to study for the first time, the healing of a 
complex, reproducible fracture with concurrent closed 
soft tissue trauma in sheep. The results showed that the 
soft tissue injury recovered well and the fractures healed 
successfully, demonstrating the robust fracture healing in 
sheep. Furthermore, these results may serve as baseline 
data for future experiments with this clinically relevant 
experimental model, aimed at improving the treatment of 
combined soft tissue injuries and bone fractures.  
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