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Introduction
Infection following open fracture remains a significant
challenge to orthopaedic surgeons.1,2 Clinical studies of
factors that affect infection are difficult. Patient variables
and heterogeneity of wounds and fractures all risk con-
founding clinical research findings. To overcome these
problems, large numbers of patients need to be recruited,
but it can take many years to report their findings.3 Alter-
natively, animal models of open fractures offer the poten-
tial to test concepts and novel treatments in a
reproducible, standardised setting. Variables, other than
those under investigation, can be controlled and results
obtained rapidly. Although there is a compromise
between reality and reproducibility, they allow testing of
interventions not sanctioned for clinical trials and save
research money for the pursuit of only the most promis-
ing therapies. Furthermore, there is a versatility in animal
models that allows rapid progress in developing themes
as well as the direct comparison of multiple treatment
modalities. This paper describes our institution’s experi-
ence with a rat-contaminated open femur fracture model.
This is a versatile, reproducible model for testing interven-
tions in infection of an open fracture.

Materials and Methods
The model used in these studies is based on that first
described by Chen, Kidder and Lew4 in 2002. These studies
were conducted under a protocol in compliance with the
Animal Welfare Act and the implementing Animal Welfare
Regulations, and in accordance with the principles of the
Guide for the Care and Use of Laboratory Animals. 

Surgical procedure 
Adult male Sprague-Dawley rats (Harlan Laboratories,
Indianapolis, Indiana) weighing between 350 g and
400 g on the day of surgery, were anesthetised with 2%
isofluorane, the fur over their right leg shaved, and the
skin sterilised with povidone iodine and 70% isopropa-
nol. An incision is then made in the skin originating over
the greater trochanter and continuing distally toward
the knee, centred over the femoral shaft. The femoral
shaft is then exposed and stabilised with a bespoke
contoured polyoxymethylene plate, secured with
six threaded K-wires inserted under power (Fig. 1). This
allows the humane stabilisation of a bony defect and has
the effect of introducing an implant to lower the bacte-
rial inoculum required for infection.5 A 6 mm critical
defect is then created in the mid-shaft with a reticulating
saw (Series 1000, Microaire, Charlottesville, Virginia)
with continuous saline irrigation. The defect is then con-
taminated with 30 mg of sterile bovine collagen soaked
with a specified amount of Staphylococcus aureus
(S. aureus) in 0.5 ml of saline. The (Xenogen 36) strain of
S. aureus used derives from ATCC strain 49525, origi-
nally from a septic human patient (Caliper LifeSciences,
Santa Clara, California) and has been engineered to emit

photons. This strain of bacteria has been accepted by
other investigators to be an appropriate choice for mod-
elling musculoskeletal infection.6 The wound is then
closed, with continuous nylon sutures to the fascial layer
and surgical clips to skin.

A total of six hours after the original procedure, all ani-
mals are re-anesthetised, their wounds are opened, and
all the contaminated collagen is meticulously removed
with excision of any necrotic or otherwise non-viable soft
tissue. The wound is then irrigated with 60 ml of sterile
saline delivered at low pressure from a hand-held syringe
held 10 cm from the surgical field. At this stage, local
treatments, if applicable, were applied and their wounds
similarly closed in layers. The animals recovered with
appropriate provision of adequate analgesia, food and
water, and they were mobilised without restriction of
activity. The animals were euthanised 14 days after simu-
lated injury. Under sterile conditions, the wounds were
opened through the healed incision with exposure of the
bone defect. The femur and hardware were stripped of
soft tissue and separated. The bone tissue was snap-fro-
zen in liquid nitrogen and crushed. Bone and hardware
samples were then sent separately for standard quantita-
tive microbiological analysis. Briefly, crushed bone sam-
ples were homogenised with 10 ml of saline in an
agitator. Similarly, hardware specimens were rinsed with
10 ml of saline in an agitator; then aliquots from
individual specimens were sequentially diluted and
spread onto tryptic-soy-agar plates. After overnight incu-
bation at 37°C, bacterial colonies were counted and
recorded, the threshold of detectability was set at 30 col-
ony forming units per gram (CFU/g). Confirmation that
the bacterial colonies being counted are from the original
contaminating S. aureus is obtained with further imaging
using a photon count camera.

Fig. 1

Radiograph showing a 6 mm defect in a rat femur stabilised by a radiolucent
polyoxymethylene plate secured with six threaded 0.9 mm K-wires.
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Systemic and local antibiotics. The results with respect
to infection rate are shown in Figure 6. A 50% infection
rate was not clearly established in this study but the rela-
tionship between systemic antibiotic dosage and infec-
tion in the presence of antibiotic beads is shown in
Figure 7 and Table III.

Discussion
Bacterial inoculation-relevance. The early experience of
this model in our institution7 used an inoculant of
105 CFUs. When this was treated with irrigation and
debridement at six hours, robust infection was detectable
in all animals, necessitating differentiation in the degree
of contamination using bacterial quantification.7 There is
a danger that when the bacterial contamination is this
stringent, the effect of treatments that produce anything
less than a massive effect on bacterial levels will not be
detected, leading to a Type II error. Additionally, a treat-
ment that actually exerted a negative influence on infec-
tion i.e. brought about an increase in infection, might not
be detected. Finally, in an under-contaminated wound
where none of the wounds would become infected due
to insufficient bacterial inoculation, a positive treatment
effect might not be detected. These examples show the

importance of avoiding a floor or ceiling effect. The
results of this study establish the bacterial inoculation
associated with a 50% infection rate therefore refining this
model for further studies.8

Systemic relevance of antibiotics. Animals inoculated
with 105 CFU of bacteria, and then surgically treated at
six hours, had an infection rate of approximately 50%
when treated with 5 mg/kg of cafazolin for three days. This
allows for the surgical and antibiotic treatment to be initi-
ated at different time points, allowing the effect of timing
of treatment to be explored.9 Use of systemic antibiotics at
a dosage that still results in 50% infection rates allows treat-
ments that work harmoniously with antibiotics to be

Table I. Quantification of bacteria recovered from animals 14 days after inoculation with various quantities
of bacteria, given in colony forming units (SEM, standard error of the mean)

Quantity of colony-forming units

1 × 101 1 × 102 1 × 103 1 × 104 1 × 105

Bone mean 0 7.21 × 104 7.83 × 105 1.11 × 105 1.51 × 105

Bone SEM 0 4.40 × 104 1.35 × 105 1.92 × 104 1.95 × 104

Implant mean 0 9.82 × 104 1.65 × 105 2.58 × 104 5.11 × 104

Implant SEM 0 5.10 × 104 1.61 × 105 3.16 × 103 9.11 × 103
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Fig. 4

Graph showing the proportion of samples with detectible bacteria in each
group of six animals (maximum of 12 samples per group) 14 days after
inoculation with 1 × 105 colony-forming units (CFU) of S. aureus and treat-
ment with various doses of systemic cafazolin for 72 hours.
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Fig. 5

Graph showing the quantification of bacteria recovered from animals 14 days
after inoculation with 1 × 105 colony-forming units (CFU) of S. aureus and
treatment with various doses of systemic cafazolin for 72 hours. Error bars
show standard error of the mean.

Table II. Quantification of bacteria recovered from animals 14 days
after inoculation with 1 × 105 colony-forming units (CFU) of S. aureus
and treatment with various doses of systemic cafazolin for 72 hours.
Results are given in CFU (SEM, standard error of the mean)

10 mg/Kg 
cefazolin

5 mg/Kg 
cefazolin

2 mg/Kg 
cefazolin

Bone mean 0 7.21 × 104 7.83 × 105

Bone SEM 0 4.40 × 104 1.35 × 105

Implant mean 0 9.82 × 104 1.65 × 105

Implant SEM 0 5.10 × 104 1.61 × 105
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tested, once again establishing the ‘tipping point’ for infec-
tion and thus avoiding floor or ceiling effects in this modi-
fication of the basic model.
Systemic and local relevance of antibiotics. In clinical prac-
tice, antibiotics may be delivered locally as well as system-
ically.10 In fact, this may represent the area of treatment
with the most potential for development. The most
common local antibiotic vehicle remains antibiotic-
loaded PMMA ‘bone cement’ beads.11 This institution has

previously published results of the introduction of antibi-
otic PMMA beads into this open-fracture model.7 

This study shows infection outcomes in a context
closely mimicking the regular clinical practice of concur-
rent treatment with systemic and local antibiotics. This
permits the model to be used to investigate the relation-
ship between infection and combinations of antibiotics
delivered in different forms.12

Interpretation. The sigmoid curve as shown in Figure 8 is
a common treatment effect across dose response studies. In
this clinical scenario, a low level of contamination is easily
managed by the host with no infection; however, at a cer-
tain level of contamination, a tipping point is reached,
above which clinical infection overwhelms this host immu-
nity. Clinically, we may influence this situation with a ther-
apy that translates to the left of the curve. If it moves the
contamination off the steepest part of the curve, it may
mean that even a moderate treatment effect creates a suffi-
ciently different infection rate to reach significance (Fig. 8).

In the model, finding this same tipping point of initial
contamination for a set control group with a 50% infec-
tion rate allows us to maximise the potential for demon-
strating an effect, whether positive or negative, of an
intervention group. We describe our results when the
pro- and anti-infective variables are changed subtly to
result in a significant effect on the proportion of animals
with bacteria recoverable from their wounds. These
results demonstrate this discrete ‘tipping point’ in the
balance between pro- and anti-infective factors across
multiple studies which test novel products and treatment
strategies, and the importance of this to avoid floor or
ceiling effects of tested interventions.8,13 Minimising the
risk of studies that do not demonstrate efficacy, or those
that do not demonstrate the lack thereof, is a waste of
investigators time, resources and is unethical in studies
using animals. By maximising the potential to establish
strategies worth taking further, while minimising the
power of these studies, we believe we have shown the
ability of this model and these techniques to perform effi-
cient basic science research. 
Model flexibility. Although the studies discussed in this
paper have focused on a single outcome measure of deep
infection, this model can also be used to examine the
effect of treatments on fracture healing. If the animals are
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Fig. 6

Graph showing the proportion of samples with detectible bacteria in each
group of six animals (maximum of 12 samples per group) 14 days after inoc-
ulation with 1 × 105 colony-forming units (CFU) of S. aureus and treatment
with antibiotic beads and various doses of systemic cafazolin for 72 hours.
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Fig. 7

Graph showing the quantification of bacteria recovered from animals 14 days
after inoculation with 1 × 105 colony-forming units (CFU) of S. aureus and
treatment with antibiotic beads and various doses of systemic cafazolin for
72 hours. Error bars show standard error of the mean. 

Table III. Quantification of bacteria recovered from animals 14 days after
inoculation with 1 × 105 colony-forming units (CFU) of S. aureus and
treatment with antibiotic beads and various doses of systemic cafazolin
for 72 hours. Results are given in CFU; SEM, standard error of the mean.

5 mg/Kg cefazolin 
antibiotic beads

2 mg/Kg cefazolin 
antibiotic beads

Antibiotic 
beads only

Bone mean 1.36 × 102 4.72 × 105 3.89 × 105

Bone SEM 1.03 × 102 4.00 × 105 2.21 × 105

Implant mean 0 1.32 × 104 1.96 × 105

Implant SEM 0 3.98 × 103 4.79 × 104
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kept alive for longer than 14 days, then bone healing in
the defect can be quantified with micro-CT or histology
after euthanasia.14,15 

The studies presented here all involved a six-hour delay
between contamination and surgical treatment. This
delay has been shown to have a large effect on infec-
tion.7,13 If there is a longer delay between infection and
debridement, this model can be used to investigate a
chronic, recalcitrant infection. 

This model could be used with a multiple photolumi-
nescent bacteria strain to examine polymicrobial infec-
tion, which has yet to be accurately characterised in an
animal model.
Study weaknesses. The model used in this study mimics
clinical practice but does not re-create the clinical reality of
open fractures. Some key differences include the absence
of significant soft-tissue damage, a surgically created
defect rather than fracture, a single surgical treatment, and
immediate fixation and primary closure between injury
with contamination and surgical treatment, including
debridement and irrigation, which clearly differs from clin-
ical practice. It has been argued that measuring bacterial
numbers is a measure of contamination and is not neces-
sarily analogous to infection. We used cafazolin in this
model because cefalosporins are a recommended antibi-
otic option in open fractures,16 and previous experience
with cafazolin in similar animal models reduced the model
development work required to design this study. We
believe that as this model involves an organism known to
be sensitive to the antibiotic used; the effects observed

should be similar with different combinations of bacteria
and antibiotic. However, it is possible that the effects
observed might be more pronounced with intravenous
administration of antibiotics than with oral ingestion or the
subcutaneous route that was used in this model, in order
to avoid the morbidity from repeated venupuncture in a
small mammal. Within the limits of animal welfare and
practicality of a cost-effective model, we believe our results
demonstrate the versatility, reproducibility, and functional-
ity of this model to examine effectively multiple and clini-
cally relevant interventions.
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Fig. 8

Idealised curve representing the ‘tipping point’ at which a host’s immune
system is unable to eradicate infection and a group of animals in a study
group will move from 0% infection to 100% infection, with a small
increase in pro-infective factors or a small decrease in anti-infective factors.


