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Abstract

The local mechanical environment at a fracture is known
to influence biological factors such as callus formation,
immune cell recruitment and susceptibility to infection.
Infection models incorporating a fracture are therefore
required to evaluate prevention and treatment of infection
after osteosynthesis. The aim of this study was to create
humane, standardised and repeatable preclinical models
of implant-related bone infection after osteosynthesis in
the rabbit humerus.

Custom-designed interlocked intramedullary nails and
commercially available locking plates were subjected to
biomechanical evaluation in cadaveric rabbit humeri; a
10-week in vivo healing study; a dose response study with
Staphylococcus aureus over 4 weeks; and finally, a long-
term infection of 10 weeks in the plate model. Outcome
measures included biomechanical testing, radiography,
histology, haematology and quantitative bacteriology.

Both implants offered similar biomechanical stability
in cadaveric bones, and when applied in the in vivo study,
resulted in complete radiographic and histological healing
and osteotomy closure within 10-weeks. As expected in the
infection study, higher bacterial doses led to an increasing
infection rate. In both infected groups, there was a complete
lack of osteotomy closure at 4 weeks. C-reactive protein
(CRP), lymphocyte: granulocyte ratio and weight loss
were increased in infected animals receiving IM nails in
comparison with non-inoculated equivalents, although this
was less evident in the plate group. In the 10-week infection
group, healing does not occur in the plated rabbits.

We have successfully developed a rabbit model that is
suitable for further studies, particularly those looking into
preventative strategies for post-traumatic implant-related
osteomyelitis.
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Introduction

An understanding of the impact of biomechanical stability
on fracture healing has evolved over the last half century.
The availability of ‘biological’ fixation options such as
closed nailing and minimally invasive bridge plating allows
the surgeon to modify the mechanical stability of the fixation
construct to suit the fracture pattern encountered (Perren,
2002). The local mechanical environment at a fracture
is known to influence biological factors such as callus
formation, oxygen tension and immune cell recruitment
(Claes et al., 2002; Hankemeier et al., 2001). Importantly,
these factors are also implicated in susceptibility to
infection, and fixation stability has therefore unsurprisingly
been shown to impact on implant-associated infection in
animal models (Worlock et al., 1994).

Animal models are mandated in the evaluation of
new orthopaedic technologies and treatment modalities,
due to the prohibitive logistics of large well-controlled
clinical trials. There is, however, an ethical imperative
to minimise undue burden upon experimental animals,
and at the same time maximise translation potential of
any preclinical in vivo trial (Reifenrath ef al., 2014). Our
understanding of the relevance of fixation stability to
infection and healing outcomes behoves animal models
that mimic modern clinical fixation constructs. Rabbits
have been extensively used in osteomyelitis research
(Lazzarini et al., 2006; Metsemakers et al., 2015; Reizner
et al., 2014) and methods for creating repeatable localised
infection have been established. Unfortunately, the vast
majority of rabbit models of implant related osteomyelitis
tend to avoid bone fracture, (Alt et al., 2006; Gahukamble
et al., 2014; Moojen et al., 2009; Moriarty et al., 2009;
Norden, 1970; Odekerken et al., 2014; Smeltzer et al.,
1997). Therefore, the biomechanical forces of any implant
is limited to potential stress shielding by the implant, but
no inter-fragmentary mechanical forces are present. These
models are thus unable to evaluate the effect of infection
on the course of bone healing. Of the few studies that have
described fracture models in rabbits, high exclusion rates or
clinically unrealistic implant systems have been described
(Fei et al., 2010; Worlock et al., 1994). Fracture models
in small (Penn-Barwell et al., 2014) and large (Stewart et
al.,2012) animals have emerged in recent years. However,
reproducible model in rabbits have been absent.

The aim of this study was to create humane, standardised
and repeatable small animal models of fracture fixation
associated osteomyelitis in the rabbit. To this end, we
have created two humeral osteotomy models, fixed with
either a locked plate or a custom designed interlocked
intramedullary nail. After confirmation that the implants
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allow full healing in a non-inoculated situation by ten
weeks, both models were inoculated with Staphylococcus
aureus in a dose response manner to provide implant
related osteomyelitis models for both fixation techniques.
The infection study lasted four weeks in both models
representing an acute infection. The plate model was then
selected for a long-term infection study of ten weeks to
determine if the bone heals or leads to non-union in the
presence of infection. The model is thus proposed as a
suitable model for future studies into prevention of post-
traumatic implant associated bone infection.

Materials and Methods

Study design

In order to develop and test candidate implant constructs,
this study progressed through a step-wise approach with
the first step being cadaveric testing of both implants
to determine suitability for the in vivo study. This was
followed by an in vivo proof of principle in a healing
study, which was set to run until complete osteotomy
healing in order to prove both constructs enable complete
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healing (10 weeks duration with plates and nails). Next,
a dose-response infection study was performed for both
plates and nails with inoculation of a human clinical isolate
of S. aureus, which, as an agent of acute infection, was
allowed to progress for four weeks only. Finally, a long-
term infection group was performed with a plate group
at 10 weeks to establish a model of chronic infection and
determine if the bone heals in the presence of infection.
In all cases, infection was diagnosed as culture positive
animals or histological evidence of infection. The study
design and animal numbers used at each stage are shown
in Table 1.

Implant design and manufacture

The intramedullary (IM) nail used in this study is a custom
designed rabbit humeral nail made from electropolished
Stainless Steel (EPSS, Fig. 1 available from RISystem AG,
Davos, Switzerland). The nail is 55 mm in length, with four
interlocking boltholes available. A minor modification of
the nail design occurred upon completion of the healing
phase, whereby the threaded tip of the nail was shortened
by 8 mm to ensure ease of positioning in the bone. This
change simplifies implant placement but does not influence
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Fig. 1. Images of key features of the plating and nailing models of osteotomy fixation in the rabbit humerus. A & B,
intraoperative image of rabbit receiving plate: Note in A, the brachialis muscle lies above the plate and protects the
radial nerve. B, the osteotomy is cut with continual protection of both the muscle and nerve. C & D: Image of nail
and aiming device: C, computer generated image of the IM nail showing the entry point of the nail and positioning of
the four interlocking bolts (nail length 55 mm). The nail is positioned with the aiming device, which is also used for
pre-drilling, bolt placement and performance of the osteotomy (image courtesy of RISystem AG). D, intraoperative
image shows positioning of the nail. Note: entry point obscured by adjacent musculature.

Table 1. Overview of study design and group sizes for the cadaveric mechanical testing, and in vivo healing and

infection studies.

Biomechanical testing (cadaver)

Healing Study (10 weeks)

Infection (4 weeks) Infection (10 weeks)

Test Control Not Inoculated Total | 10? | 10° | 10* | 10° | 10° 106
Plate 6 6 8 17 - 3 6 | 6|2 8
Nail 6 6 8 20 2 4 6 513 -

FELLR macETiaL
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the fixation provided by the nail in any way. Two EPSS
bolts were placed proximal and two distal to the intended
osteotomy site. Three of the interlocking bolts were
positioned in a parallel lateromedial orientation and the
fourth was placed at an angle of 45° to the other three bolts
in a craniolateral to caudomedial orientation. Bolts of 10
and 14 mm in length were available and selected according
to intraoperative measurements. The plating constructs
used in this study were commercially available 49 mm,
7-hole, EPSS Synthes Veterinary Locking Compression
Plates (Synthes, Switzerland). Each plate was fixed with
six 2 mm EPSS Steel locking screws.

Mechanical testing

The biomechanical characterisation of the fixation provided
by both plate and nail constructs was assessed using
cadaveric rabbit humeri from 12 skeletally mature rabbits
of equivalent age and weight range as those included in
the in vivo study. The humeri were divided into 2 groups
(n = 6 per group): Group 1 received a plate and group 2
received a IM nail. After implanting the plates and nails, a
transverse 0.45 mm osteotomy was created in the middle of
the diaphysis (as per surgical procedure described below).
Biomechanical testing was performed using a material
testing system (MTS mini Bionix 858, MTS USA). Bones
were first subject to three axial quasistatic ramp cycles up
to 30 N compression at a rate of 1.5 N/s. Subsequently,
the specimens underwent three torsional quasistatic ramp
cycles up to 400 Nmm at a rate of 20 Nmm/s. Internal and
external torque were applied in an alternating fashion,
holding axial load at zero. After the third cycle, internal
rotation was applied until construct failure applying the
same angular rate. Parameters of interest were: axial
stiffness, combined (between 400 Nmm internal rotation
and 400 Nmm external rotation) and internal (between
800 Nmm and 1000 Nmm) torsional stiffness, play around
neutral zone, torque and angle at failure. Each construct
was compared and normalised with the intact contralateral
humerus from the same animal.

In vivo study

The in vivo study was approved by the ethical committee
of the canton of Grisons in Switzerland (approval
numbers 12/2012, 6/2013, 33/2012). All procedures were
performed in an AAALAC (Association for Assessment
and Accreditation of Laboratory Animal Care International)
approved facility and according to Swiss animal protection
law and regulations. Fifty nine skeletally mature specific
pathogen free (SPF) female New Zealand White rabbits
(Charles River, Germany) between 24 and 36 weeks of
age and a mean body weight of 4.3 + 0.6 kg were finally
included in this study.

Surgical anaesthesia protocol

The animals were sedated prior to surgery using a
combination of 0.2 mg/kg Medetomidine (Domitor®, Pfizer
AG, Switzerland), 0.5 mg/kg Midazolam (Dormicum®,
Roche Pharma AG, Switzerland) and 0.005 mg/
kg Fentanyl (Sintenyl®, Sintetica SA, Switzerland)
intramuscularly. Anaesthesia was induced with Propofol
(Propofol® 1 % MCT Fresenius, Fresenius Kabi AG,
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Switzerland) intravenously to effect (2-6 mg/kg). The
rabbits were intubated and anaesthesia was maintained
with 1.5 to 2 % Isoflurane (Isofluran Baxter®, Baxter
AG, Switzerland) in oxygen. Preemptive analgesia was
achieved by 4 mg/kg Carprofene (Rimadyl®, Pfizer AG,
Switzerland) intravenously during surgical preparation and
0.01 mg/kg Fentanyl intravenously immediately before
incision. Analgesia was repeated every 20 min thereafter
during surgery. Post-operative analgesia consisted of
Carprofene (Rimadyl®, Pfizer AG, Switzerland) (4 mg/
kg) subcutanecously once daily for 3 days, Buprenorphine
(Temgesic®, Reckitt Benckiser AG, Switzerland) (0.05 mg/
kg) intramuscularly three times daily for 1 day and a
Fentanyl patch (Fentanyl Mepha® 12 pg/h, Mepha Pharma
AG, Switzerland) which was applied to the skin during
surgical preparation.

Nailing procedure

RISystem AG, Davos, Switzerland, provided all implants
and instruments for the nailing procedure unless otherwise
stated. The animals were placed in left lateral recumbency
with the operated (right) limb up. The surgical side was
clipped, washed with chlorhexidine-soap (Hibiscrub®,
CPS Cito Pharma Services, Switzerland) and wiped with
alcohol (Softasept® N, B. Braun Medial AG; Switzerland)
before being draped for aseptic surgery. A lateral incision
was made over the proximal humerus with preparation
down to its craniolateral surface for access to the medullary
cavity. The access point was identified by fluoroscopy and
created by drilling with a 2 mm drill bit. The entry hole and
the medullary cavity were hand reamed to the length of
the nail with a 3 mm reamer. After flushing the medullary
cavity with isotonic fluid, the nail was passed and seated
so the proximal end became flush with the entry point in
the humerus. Placement was monitored by fluoroscopy.
The incision was extended distally over the anticipated
osteotomy site down to a point proximal to the anticipated
most distal bolt hole and avoiding the radial nerve. The
interlocking bolts were placed, from proximal to distal,
by drilling a bicortical hole with a 1 mm drill bit and then
over-drilling the cis cortex with a 1.1 mm drill bit. A 14 mm
bolt was used for the proximal hole and 10 mm bolts were
used for the 3 remaining holes. The bolts were inserted
until the bolt was completely inserted through the nail or
the insertion forces resulted in breakage of the conduit
between the bolt and the handle. In all cases, interlocking
bolts were considered to be firmly placed within the bone
prior to closure of wounds. The osteotomy was created
between the second and third interlocking bolt by means
of'a 0.45 mm Gigli saw. Sutures (# 4-0 Monocryl, Ethicon,
Belgium) were then preplaced through the surgical incision
and only tightened after inoculation. Inoculation was
performed by pipetting 34 pL of the bacterial suspension
directly over the osteotomy site (total number of bacteria
added was measured and recorded, as described below).
The skin was then finally closed (# 5-0 Vicryl rapide,
Ethicon, Belgium) in a continuous pattern.

Plating procedure
The rabbits were prepared for surgery as described above

for the nailing procedure. A craniolateral skin incision was
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extended between the M. biceps brachii and M. brachii,
cranial to the V. cephalica using blunt and sharp dissection
to expose the lateral surface of the humerus. To protect the
radial nerve, tissue handling and dissection in the caudal
and distal area of the radius was reduced to a minimum.
A stab incision was made between the M. brachii and the
caput laterale of the M. triceps to accommodate the most
distal screw. The humerus was freed from surrounding
tissue in the area of the intended osteotomy. The 7-hole
locking plate was placed on the lateral humerus. The
most proximal hole was drilled with a 1.8 mm drill bit
and guide. The screw length was measured and a locking
screw of appropriate length was placed (Synthes, 2.0 mm
diameter). The remaining screws were placed in the same
fashion. A full mid-diaphyseal osteotomy was created using
a 0.45 mm Gigly saw (RISystem, Davos, Switzerland)
halfway between the third and fourth screw, underneath the
unused central screw hole. For the inoculated group, the
sutures (# 4-0 Monocryl) for the fascia were preplaced and
fully closed after inoculation. Inoculation was performed
by pipetting separate 34 uL injections onto the central
screw hole overlying the osteotomy and to the adjacent
proximal and distal screw holes (total number of bacteria
added was measured and recorded, as described below).
Finally, a two-layer closure of fascia (# 4-0 Monocryl)
and skin (# 5-0 Vicryl rapide) in a continuous pattern was
performed.

Animal welfare and observation

All animals were screened prior to entry into the study and
found to be healthy after a standard clinical examination.
Approved animals were then allowed to acclimatise to their
surroundings for two weeks prior to the start of the study.
During this time, they were group housed with a 12 h dark/
12 h light cycle, fed with hay, lettuce and supplemental
feed for rabbits (Biomill, Switzerland). After surgery,
the animals were single-housed. In the uninfected groups
animals were group-housed 2 to 3 weeks after surgery.
The inoculated animals were single housed for the whole
duration of the study. For three days after surgery, each
animal was checked at least twice daily by a veterinarian
or an experienced animal caretaker. Thereafter, the rabbits
were checked at least once a day for the rest of the study
duration.

Blood samples were taken preoperatively, 3 days
post-operative and weekly thereafter until the end of the
observation period for white blood cell (WBC) count
(Vet ABC, Scil animal care, Viernheim, Germany) and
C-reactive protein (Rabbit CRP ELISA Kit, ICL Inc.
Portland, Oregon, USA) in the inoculated groups. Weight
was measured at surgery, after three days and weekly
thereafter. Radiographs of the operated limb were taken
in two planes after surgery and once a week thereafter for
the rest of the study. Animal exclusion criteria were set at
a weight loss exceeding 15 % of the initial body weight
within two weeks, local infection with severe lameness,
persistent swelling and discharge, or signs of systemic
infection such as fever, depression and anorexia. A small
number of rabbits from all groups showed proprioceptive
deficits on the operated leg after surgery. This was due
to stress to the radial nerve during surgery and resolved
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usually within a week after surgery. Upon completion
of the observation period, all animals were humanely
euthanised using intravenously administered Pentobarbital
(Esconarkon®, Streuli Pharma AG, Switzerland).

Bacterial inoculum preparation

The inoculated S. aureus isolate (JAR060131) is a clinical
isolate from an infected human hip prosthesis. The strain is
amoderate biofilm former by the Stepanovic classification
(Stepanovic et al., 2007) and possesses LukD/E leukocidin,
gamma haemolysin, as well as staphylococcal enterotoxin
b. The strain retains numerous adhesins including
fibronectin, fibrinogen, laminin and elastin, although it
does not contain the collagen or bone sialoprotein binding
protein (Campoccia et al., 2008; Moriarty et al., 2009). The
strain is broadly antibiotic sensitive, except for resistance
to penicillin and is spa-type t084. The strain has been
submitted to the Swiss Culture Collection, with accession
number CCOS 890. The bacterial inocula were individually
prepared in Phosphate buffered saline solution (PBS,
Sigma-Aldrich, Switzerland) for each surgery as previously
described (Moriarty ef al., 2010a). A dose response curve
was created for each implant group, and was performed in
a stage-wise manner to ensure full characterisation of the
dose response curve but minimising the risk of exposing the
rabbits to excessive inocula. The prepared inocula ranged
from 6 x 10° colony forming units (CFU) to 6 x 10° CFU for
the plate surgeries, and from 6 x 10> CFU to 6 x 10° CFU
for the nail surgeries. Quantitative culture of each inoculum
was performed immediately after preparation to check
the accuracy of the prepared inoculum and equivalence
between the nail and plate inoculation procedures.

Histology

All animals from the uninoculated group and two infected
animals from both the nailing and plating (10 and 4 weeks)
groups (selected based on radiographic signs of infection)
were processed for qualitative histological evaluation. The
remaining rabbits in the inoculated groups were retained
for quantitative bacteriology. A contact radiograph (full
thickness) was taken using high-resolution technical film
(D4 Structurix DW ETE, Agfa, Belgium) and a cabinet
X-ray system (Model No. 43855A, Faxitron X-Ray
Corporation, USA). After removal of the proximal and
distal bones, the humeri underwent fixation with 70 %
ethanol for 4 weeks, with fresh ethanol changes weekly.
Following fixation, samples were dehydrated through an
ascending series of ethanol. They were then transferred
to xylene, and finally infiltrated with and embedded in
methylmethacrylate (MMA). The polymerised MMA
blocks were trimmed using a butcher saw (Bizerba
FK 22, Bizerba AG, Switzerland) prior to cutting with
an annular diamond saw (Leitz 1600 saw microtome,
Leica AG, Switzerland). The samples were glued with
cyanoacrylate onto holders for sectioning. Serial sections
of approximately 200 um thick were made, which were
then submitted for contact radiography as described above.
One section from each sample was selected, glued onto
opaque plexiglass slides, ground and polished down to a
final thickness of approximately 115 pm and stained with
Giemsa/Eosin. Histopathological analysis of all slides of all
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animals was performed using a light microscope (Olympus,
Switzerland). Histological findings were described,
wherever possible, according to distribution, severity and
morphologic character. Healing in all groups was semi-
quantitatively scored on a 5-point scale, which evaluated
osteotomy gap closure, callus size, and inflammation.
The histopathological analysis included the hard and soft
tissue local reaction with special emphasis on character
and localisation of inflammatory changes and osteotomy
healing. The score was developed specifically for this
model by a veterinary pathologist.

Bacteriology

Bacteriological evaluations were only performed on
animals included in the inoculation groups. The entire soft
tissue surrounding the humerus was removed from the
animals receiving the nail fixation, and the interlocking
bolts and IM nail transferred to a single sterile receptacle
containing PBS. For the animals receiving a plate fixation,
the soft tissues immediately contacting the plate were
removed using a sterile scalpel, and placed in a sterile
receptacle containing PBS. The proximal screws, distal
screws and the plate were then completely submerged in
three separate sterile receptacles containing PBS.

The soft tissue samples (nail and plate groups) were
roughly cut into approximately 0.5 cm pieces using a sterile
scissors and homogenised using an Omni-TH hand-held
homogeniser (LabForce AG, Switzerland) with a sterile
Omni-tip plastic probes. The bone samples were roughly
cut into small fragments no larger than 0.5 cm using a
sterile luer and immediately homogenised using a Polytron
PT3100 (Kinematica AG, Switzerland). The screws, plates
and IM nails plus bolts were vortexed for 20 s followed by
sonication for 3 min at 35 kHz in an ultrasonicating water
bath (Bandelin Sonorex Super 10P, Bandelin, Germany).

All homogenised tissue samples and sonicated implant
samples were then immediately serially diluted in PBS
and plated onto blood agar (BA) plates. BA plates were
prepared using Blood agar base (Oxoid AG, Switzerland),
containing 5 % defibrinated horse blood. Agar plates were
incubated at 37 °C and colonies counted at 24 and 48 h. The
lower limit of detection (LLOD) for bacteria was 200 CFU/
bone fragment, 100 CFU/soft tissue and 200 CFU/IM nail.
All bacterial growth was evaluated by latex agglutination
test for identification of infecting bacteria as S. aureus
(Staphaurex Plus, Oxoid AG, Switzerland).

Statistical analysis

Results are presented as means of each group with standard
error of the mean (s.e.m.). Results of biomechanical
testing were tested for normal distribution by Shapiro
Wilk test, and found to be greater than 0.05 (indicating
normal distribution), therefore a student z-test was
applied for statistical evaluation. A two way ANOVA was
used to compare differences between infected and non-
inoculated groups with regards to clinical observations
(CRP, Lymphocyte ratio and weight change). In all cases,
significance was set at *p <0.05. Prism software was used
for all statistical tests (GraphPad Software Inc., La Jolla,
CA). In the infection study, a grouped sequential procedure
was used, whereby the inoculum for each experimental
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phase was chosen based on results from all preceding
phases as used for previous similar studies (Schlegel and
Perren, 20006). The stepwise adjustment of the infectious
doses allowed placement of increased number of animals
at the dose levels at which the difference in infection rate is
most evident (i.e. Infectious Dose 50, ID, ) and minimising
the number of animals at other doses. The calculation of the
ID,, was based on cumulative infection rates according to
the method described by Reed (Reed and Muench, 1938).

Results

Mechanical testing of constructs in cadaveric humeri
Summary data of mechanical testing results is shown in
Fig. 2. The cause of failure in the control (intact) groups
under torsional loading was an oblique fracture in the
bone, whereas the construct failure in both implant groups
occurred by bone fracture through the screws or bolts,
primarily in the distal fragment. The plate constructs
failed at a higher torque than nail constructs (p <0.05). No
difference was observed between both groups of implants
regarding axial stiffness, combined and internal torsional
stiffness. There was a trend for significance regarding the
play around neutral zone (p = 0.06).

Healing in the non-inoculated nail model

Nine rabbits were operated in the non-infected IM nail
healing group. One rabbit had to be euthanised intra-
operatively due to a fractured humerus after insertion of
the nail. All other animals recovered fully from surgery.
The time-point for euthanasia was set at the earliest point
of assured radiographic evidence of healing. After 4 weeks,
callus formation was evident on radiographs and all rabbits
showed good weight bearing on the operated limb. After
10 weeks, all rabbits were fully load-bearing upon the
operated leg and conventional radiographs displayed good
callus formation and bridging between the proximal and
distal diaphysis (Fig. 3).

Healing in the non-inoculated plate model

Ten rabbits were included in the non-inoculated-plate
healing group. One rabbit had to be euthanised intra-
operatively due to a fractured humerus. One rabbit was
cuthanised 4 days after surgery due to persistent lameness.
All other animals tolerated the surgical procedure and
survived the entire observation period. The time-point
for euthanasia was set at the earliest point of radiographic
evidence of complete healing. Callus formation was
evident in radiographs of these rabbits after 4 weeks and
all rabbits were at least partially weight bearing on the
operated limb by this time. After 10 weeks, all rabbits
were fully load-bearing upon the operated leg and contact
radiographs displayed callus regression and bridging
between the proximal and distal diaphysis (Fig. 3).

Infection development

A total of 25 rabbits were included in the inoculated
nail group. All animals survived the surgical procedure,
although four of the first five operated rabbits were
euthanised early due to fracture of the humerus close to
the osteotomy gap within 14 days. These animals were
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Fig 2. Overview of mechanical testing results for both plate and nail groups versus intact
bones (n = 6 per group, * p <0.05).

Non-infected Infected

10 weeks 10 weeks

Fig. 3. Representative contact radiographs of rabbits in each group upon completion of the respective observation
periods. Both plate and nail fixation lead to healing in the non-infected group at 10 weeks. In the infected animals
at 4 weeks, the osteotomy gap is still visible in both nail and plate fixation, with periosteal reaction also observed
in the plate group. In the long-term infection group at 10 weeks with plate fixation, the osteotomy gap is also still
visible, although with reduced periosteal reaction compared to the 4 weeks group. Note: the third interlocking
bolt in the nailing procedure is placed at an angle relative to the other bolts (described in Materials and Methods).
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Fig. 5. Haematological and clinical observations of rabbits receiving a plate (left) and nail (right) in the infection
study. A, CRP concentration; B, Ratio of lymphocytes to granulocytes; C, Weight change from pre-operative weight.

In all cases n > 6, and data resented as mean + s.e.m.

housed in a hutch with a raised platform as a form of
housing enrichment, but are believed to have fractured
the limb while jumping up to or down from the platform.
The platform was then removed for all remaining animals.
Another issue identified in these animals was that in three
of four cases, the most proximal interlocking pin failed
to fully engage in the trans cortex, which was identified
at that time as a critical parameter for all subsequent
surgeries. The remainder of the rabbits survived the entire
observation period without any complications. Infection
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rate was assessed at five doses, in ten-fold increments
commencing at a low dose of 6 x 10> CFU. Overall, 14
of the 21 included rabbits were eventually determined to
be infected, with an increasing rate of infection with an
increasing inoculum (Fig. 4). The ID, was calculated to be
2.4 x 10*CFU. In all cases, infected animals were culture
positive, although animals receiving the lower inocula
tended to yield a lower CFU count.

A total of 17 rabbits were included in the inoculated
group receiving plating fixation. All animals survived the
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Heallng at 10 weeks Infectlon at 4 WEELE Infectlon at 10 weeks

Fig. 6. Giemsa Eosin stained histological sections of osteotomy region in rabbits in the healing and infection studies.
A & B, non-infected (10 weeks post implantation) receiving a plate (A) or nail (B). Note new bone formation around
the plate (star in A) and complete osteotomy closure in both groups. Infected animals at four weeks (C and D) do not
display any signs of osteotomy healing in either group, with significant inflammation observed. A long-term infection
group at ten weeks in the plate group (E & F) reveal failure to heal at ten weeks with further areas of inflammation,
osteolysis and fibrous encapsulation observed. All sections are stained with Giemsa Eosin, scale bar = 1 mm.

Table 2. Mean histopathology score in each group in the healing study (median (range))*.

Feature Non-infected Plate 10 weeks | Non-infected Nail 10 weeks
Osteotomy closure 4 (3-5) 5(5-5)
Callus size 3 (2-3) 2 (2-2)
Periosteal Inflammation 0 (0-0) 0 (0-0)
Medullary Inflammation 0 (0-0) 0 (0-2)

* Grade: 0 absent; 1 minimal; 2, slight; 3, moderate; 4, marked; 5, massive/complete.

surgical procedure and the four-week observation period.
Infection rate was assessed at four doses, in ten-fold
increments commencing at a low dose of 6 x 103 CFU.
Overall, 11 of the 17 rabbits were eventually determined
to be infected, with an increasing rate of infection with an
increasing inoculum (Fig. 4). The ID,; was calculated to
be 6.0 x 10*CFU. In all cases, infected animals displayed
significant colonisation of the implant and bone infection,
as well as some soft tissue infection (Fig. 4).

Weight, CRP and White Blood Cell (WBC) counts were
recorded throughout the observation period and are outlined
in Fig. 5. Weight loss was greater for infected animals than
non-infected in both the nail and plate model. Total WBC
did not differ between infected and non-infected animals
for either the plate or the nail groups. The lymphocyte:
granulocyte ratio revealed a greater difference between
infected and non-infected animals in both models, though
more markedly in the nail model (Fig. 5). Non-infected
rabbits in the nail group displayed a higher postoperative
peak in CRP than plated rabbits, however, in both plate
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and nail groups, the infected animals displayed a higher
and more persistently elevated CRP.

Histological evaluation

In both non-inoculated groups, complete osteotomy closure
was observed at 10 weeks, although the osteotomy closure
was graded slightly higher in the nail group, where no
visible remnants of the original osteotomy were observed
(Fig. 6, Table 2). The plate fixation group resulted in
periosteal osseous new bone formation around the plate,
which is a common feature of metal internal fixation plates.
As expected, the nail group displayed some endosteal bone
formation and bony integration of the implant, which was
much less apparent in the plate group. A low-grade cartilage
formation was observed at some boltholes in the nail
group, indicating some instability within the nail group.
No such instability was observed at the osteotomy site. In
the plate group, there were some indications of potential
stress shielding, evidenced by a slight reduced thickness
of the CIS cortex.
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The inoculated groups displayed no signs of osteotomy
closure in either group at four weeks. Active inflammation
was observed in both groups, indicative of a sub-acute
to chronic infection (Fig. 6). The plate group tended to
display slightly greater inflammation at the periosteum,
whilst the nail group displayed a slightly more pronounced
medullary inflammation. Furthermore, the inflammation
of the surrounding soft issue in the plate group displayed
purulent to necrotising inflammation, in contrast to the
mixed-cellular inflammation in the medullary region of the
nail group. The histological results in the infected group
are provided for illustrative purposes and not submitted
for semi-quantitative scoring.

Discussion

Rabbit models of implant related osteomyelitis have been
indispensable in experimental research into antibiotic
selection and dosage (Lazzarini et al., 2006), development
of new antimicrobial devices (Schurman et al., 1978)
and basic implant infection susceptibility (Moriarty et
al., 2010b; Schlegel and Perren, 2006). In the specific
context of post-traumatic implant related osteomyelitis,
the biomechanical properties of the implant system used
is widely considered to influence the risk and progression
of infection. Many rabbit models of implant related
osteomyelitis avoid the use of fracture models (Alt et al.,
2006; Giavaresi et al., 2014; Reifenrath et al., 2014) due
to the complexity required to create and fix a bone defect
requiring stabilisation. Fracture or defect models have been
described in smaller rodent models (Inzana et al., 2015;
Kim et al., 2014; Penn-Barwell et al., 2014), and these
smaller scale models are clearly advantageous in terms of
cost and ease of handling. However, the rabbit retains an
important space in the preclinical testing in implant related
osteomyelitis. The small size of rodents may in fact be a
limitation in cases where, for example, coatings may not be
reliably applied to particularly small implants, or in cases
where local antibiotic delivery vehicles may need to be
less than a few millimetres in order to fit within defects,
which also may be a challenge. Rabbit models on the other
hand offer the opportunity to use human scale implants,
as evidenced by the use of human LCPs in this study, and
interventions and may be delivered in more controllable
and realistic volumes. The rabbit, therefore, provides an
option for testing at a level in between the smaller rodents,
and the larger animal models.

We describe here the development of a biomechanically
defined osteotomy model in the rabbit that may be fixed
with either plating or nailing osteosynthesis. Both the
locking plate and interlocked intramedullary nail allow
complete healing of the rabbit humerus within 10 weeks.
The time frame for healing in our model appears to be
quite consistent with similar studies showing osteotomy
healing at approximately similar time points for external
fixation (Tobita et al., 2012) intramedullary nailing (Lowry
etal.,1997), and plating fixations (Terjesen, 1984b; Wang
et al., 2005) in rabbits. Only limited literature is available
to compare performance of our implant constructs with
relevant equivalents. A previously described interlocked
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nail for rabbit tibia has been biomechanically tested
(LeCronier et al., 2012). However, this has not been
tested in living animals to the best of our knowledge.
Another study following an IM nail-type fixation in rabbit
humerus showed some stress shielding was apparent
when biomechanical evaluations were performed (Lowry
et al., 1997), although the unlocked stainless steel pins
used in that study make direct comparison with our
interlocked model difficult. Previously described plate
constructs have also indicated some stress shielding may be
apparent (Terjesen, 1984b), similar to our present findings.
Biomechanical evaluation of cadaveric, fixed humeri in this
study revealed a trend for increased play around neutral
and angular stability in the nail group, which may be a
factor in some of the histologically observed differences,
but actually reflect clinical reality in that plating tends to
offer greater stability than nails in general. Further tests on
healed bones would be of interest to support our findings.
However, our in vivo healing study proves that both the IM
nail and plate provide sufficient strength to allow complete
healing of the transverse osteotomy within an expected
timeframe.

As infection is a serious complication of fracture care,
particularly open fractures, we further developed the model
as an implant related osteomyelitis model. Towards this
goal, we performed a dose response study in both models
with a clinical S. aureus strain isolated from an infected
joint arthroplasty. S. aureus is the most commonly isolated
microorganism from post-traumatic implant related bone
infections (Trampuz and Zimmerli, 2006), typically causing
infection characterised by bacterial biofilm formation on
the implanted hardware, osteolysis of adjacent bone,
periosteal reaction and indicators of acute infection such
as elevated CRP and white blood cell count. In these
models, infection is characterised by retarded fracture
healing, disordered new bone formation and a localised
colonisation of the implant. As such, they replicate implant
related osteomyelitis as encountered in clinical medicine.
In all cases, the infection was localised to the implant,
bone and adjacent soft tissues, without any systemic signs
associated with sepsis. We chose a time-point of four weeks
as it allows time for the infection to establish and illicit
these characteristic features of infection, without burdening
a large number of animals with an extended infection
period. This is also quite clinically relevant as S. aureus
is considered to cause primarily acute infection. In order
to see the long-term effects of infection in the model, we
observed infection in the plated group. We could clearly
show that the infection is not self-limiting and that the
bone cannot heal in the presence of infection in the plate
group. The same result is expected in the nail model, in
the presence of infection, within the normal timeframe of
healing for a non-infected rabbit, although further studies
would be required to confirm this belief.

In comparing the clinical and histological findings, the
most striking differences between groups were perhaps the
elevated CRP level in the nail group in comparison with
the plate group. The nailing procedure may be considered
more invasive, as significant amounts of bone marrow will
be disturbed or removed during reaming, which is not part
of'the plating procedure. Human clinical studies comparing
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CRP in nailing and plating procedures are limited and
scarce, although one clinical study has shown that CRP is
highly elevated after reamed nailing in comparison with
screw fixation (Garnavos et al., 2005). Interestingly, even
when infected, the nailed rabbits had a higher CRP than
infected plated rabbits, and a potential reason for this may
be the observation in histological sections that a greater
intramedullary inflammation was observed in nailed
rabbits, versus a soft tissue inflammation in plated rabbits.

Whilst the aim of the present study was to establish
two parallel models of plating and nailing osteosynthesis,
with and without infection, the results do allow some
comparison between the two fixation types. The clinical
literature does not indicate any difference exists in infection
rate between nailing and plating procedures, although only
few trials have been performed specifically focussing on
infection risk (Kurup et al., 2011; Ma et al., 2013). In the
only previously described experimental study involving
both nail and plate models of infection, Worlock et al.
compared compression plating with a relatively less stable
K-wire “IM nail” group (Worlock et al., 1994). That study
revealed that the plate model displayed significantly more
resistance to infection, and the authors hypothesised
that this was due to the difference in stability of fixation
constructs. It must be mentioned that results were achieved
using compression plating, rather than the more modern
locking plate concept, and compared them with unlocked
nail constructs (K-wires). In the present study, where
locked plates and interlocked nails were used, with less
significant differences in mechanical performance, the
infectious dose 50 (ID)) was only slightly higher in the
plate than in the nail group. Combined, these findings agree
with the basic outcome of the Worlock study (Worlock
et al., 1994) in that stability seems to have a significant
influence on infection risk, but when the nail is a more
accurate reflection of clinical practice (and differences in
stability are minor), this difference is much reduced. In our
study, the magnitude of the difference between plate and
nail fixation is rather low, and certainly not suggested to be
extrapolated to the clinical situation and implant selection
for human patients.

The developed models and our characterisation do
have a number of limitations. For example, soft tissue
damage is a common feature of fracture care, particularly
for open fractures, although in the present study, soft tissue
damage was controlled, reproducible, and limited to the
surgical incisions and placement of the implant. Dedicated
soft tissue trauma studies have been performed for rabbits
(Guthrie et al., 2014) and rats (Kalicke ef al., 2003),
revealing that soft tissue damage may be a significant risk
factor for infection (Kalicke et al., 2003). Similarly, models
have been described with blunt surgically induced fractures
(rather than clean osteotomies) in rabbits (Ashhurst ef al.,
1982). In this study, our focus lies in deep implant related
osteomyelitis, and thus additional soft tissue damage and
subsequent infection would increase the complexity of the
model and risk severe soft tissue infections that may limit
the observation period of our model. Further limitations
include the fact that the fracture is caused by an osteotomy
rather than a true fracture. Initial cadaveric trials of a blunt
force trauma failed to produce consistent fractures in rabbit
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bones, which are more brittle than for example human
bones. In many cases, the fracture pattern generated in these
cadaveric rabbit bones were fixable with either the nail or
the plate, although perhaps not both, and furthermore, in
some cases the fractures were too proximal to be reliably
fixed with either implant. Therefore, the fracture model
would unavoidably result in some selection bias in the
implant used to fix fractures and an increase in euthanasia
of animals due to inappropriate fracture patterns, not to
mention increased burden upon the rabbit. Another issue
for discussion is the means of inoculation of bacteria
(directly into the wound in a saline injection). Many
studies utilise a foreign body such as a collagen fleece
or colonised implant in order to contain the dose and aid
propagation of infection. In our study, where we wished to
model a peri-operatively contaminated open fracture, we
wish to inoculate within the surgical site and not provide
any external influence on the progression of infection.
Any “vehicle” used to control bacterial inoculation may
influence progression of infection by serving as additional
foreign bodies. One final issue is the performance of the
staged- ID_ approach, whereby a dose-response study is
performed in order to determine the lowest dose required
to infect all animals, and to determine the ID, . Using this
approach, the animals that do not get infected contribute
to the calculation of the risk of infection, and thus are
valuable results. However, in a conventional sense the
process utilises a large number of animals at a range of
doses, and therefore, relatively fewer animals at each dose.
Future studies in our lab will look to use the minimal dose
to achieve 100 % infection, and will thus benefit from the
dose-response study performed here.

A number of important animal welfare issues are
noteworthy with regard to the described models. In terms
of burden upon the animal, by choosing the humerus,
rather than for example the femur or tibia, the rabbits
have the opportunity to minimise weight-bearing on the
operated limb, since they predominantly rest on their hind
legs. Operating on the tibia would offer the opportunity to
avoid the radial nerve issue present in the humerus model,
however, we found the temporary proprioceptive deficit
to be minimised with careful attention to nerve protection
in the operating room. It is also important to note that
pilot studies in the femur suffered from a high failure rate
due to the greater forces applied in the rabbit hind limb.
Another point is that this model, as described, resulted in
no animal being excluded from this study due to septic
complications, which was a stated goal of the model i.e.
establish a localised infection, with low dropout rates and
humane endpoints. Finally, it should be noted that the
nailing procedure is the more complex procedure, and
should be done by an experienced and/or trained surgeon
to minimise post-operative exclusion rates.

As a further development of the model, it would be
interesting to follow the infection as it progresses to a
more chronic phase in the nail group. Similarly, it would
be interesting to compare antibiotic treatment regimens in
this model, both prophylactic and therapeutic. Currently,
we see this model as particularly useful for observing the
effects of various prophylactic strategies including local
delivery vehicles and novel anti-biofilm agents. The model
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would also be particularly suitable for investigations into
early treatment options. For example, should therapy begin
before the critical first three-weeks, as clinical teaching
indicates, antibiotic therapy may be successful (Zimmerli
and Trampuz, 2013). Such antibiotic interventions were not
attempted in the process of developing this model as we
felt the outcome would be highly specific to a particular
treatment regimen, and shall be considered for future
separate studies. A second development for the model
would be to include implant removal and or suppressive
antibiotic therapy to monitor bone healing after these two
interventions. Rabbit studies have previously shown that
bone healing may continue after plate removal (Terjesen,
1984a; Terjesen, 1984b) and so it would be interesting to
monitor further bone changes after implant removal in this
model. Implant removal would theoretically be a simple
procedure for the plate, which offers direct access to the
screws through a thin layer of soft tissue. Nail removal on
the other hand, would require an implant redesign as the
nail itself and interlocking bolts were designed for this
study and not yet designed for implant removal. A final
option, also to be considered, would be the development
of gap or bone defect models. Both the plate and the nail
have the possibility to accommodate a larger gap, which
may be particularly suitable for example in a debridement
and retention experiment, or even treatment of infection
by the Masquelet technique (Masquelet et al., 2000). Such
studies are highly clinically relevant and achievable with
the current model.

Conclusion

We have successfully developed a rabbit model that
incorporates a humeral osteotomy that enables fixation with
two implant systems i.e. locking plating and interlocking
IM nail fixation. The model is a significant advance over
current rabbit models, which have neglected the fracture-
healing component, particularly considering the critical
role played by biomechanics on bone healing and infection.
Inclusion of a clinically realistic fracture fixation allows
preclinical testing of basic science concepts or translation
ofnovel technologies in a model tailored to post-traumatic
osteosynthesis. The model is suitable for further studies,
particularly those looking into delayed union due to
infection, or interventions tailored towards posttraumatic
osteomyelitis.
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Discussion with Reviewers

Thorsten Guehring: This model is very versatile and will
undoubtedly be used to understand how infection reduces
healing and for evaluating strategies or therapies to reduce
infection. The authors state that future studies will use
the minimal dose to achieve 100 % infection. For some
applications, such as looking at anti-infection strategies,
this may not be the best strategy. Clinical infection rates
vary greatly but are generally never over 50 %, with 5-20 %
being more common. A bioburden challenge that produces
100 % infection rate may be too challenging for some of
the therapies that will be evaluated. What are the authors’
thoughts on balancing reproducible infection but use of
clinically-relevant levels of inoculum?

Authors: In our study, we see that we achieve an infection
rate of approximately 25 % with an inoculum of 6x10e3
CFU and approximately 50 % infection rate at 6x10e4
CFU. Although it is not known what initial bacterial
burden may be required to cause an infection in human
patients, the actual numbers of bacteria alone will not be
the single determining factor. Indeed the clinical literature
proves that highly contaminated open fractures can receive
adequate protection from infection in a proportion of cases.
The general health status of the patient and the surgical
procedure (duration and extent of tissue damage) also
play arole. Nevertheless, the reviewer raises an interesting
point and we feel that in developing an animal model, we
aim to standardise all factors that may influence infection
risk. As such, we work with healthy young animals that
do not have any established risk factors for infection. This
enables us to have uniform outcome measures, which will
be particularly useful in future interventional studies where
reduction in infection risk will be an outcome. With an
infection rate of only 20 % the number of animals to be
used for such investigation would be at least 5 times higher.
In our opinion, this approach would be queried by many,
if not all, animal care and use committees.

With respect to the contention that higher inocula may
lead to failure of potentially efficacious antimicrobial
treatments, we would point out that the literature provides
many examples of antibiotic therapies that successfully
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prevent infection in challenging models. If conventional
antibiotic therapies are efficacious against relatively high
inocula, then this should be the minimal standard expected
of any novel intervention. If an antibiotic containing
intervention (e.g. coating) will only work at lower bacterial
challenges, it is unclear how this would translate into
clinical practice. Would the coating fail in those patients
with higher bacterial burden? These same patients are the
ones most in need of protection.

Thorsten Guehring: How can the findings of this study be
interpreted, given the underpowered nature of the study?
Authors: We would like to highlight that the healing
study was performed with 8 animals per group, with
consistent results and thus we are confident the model is
reproducible. The aim of the infection study was to perform
a dose response curve, aimed at determining the ID, and
inoculum required to achieve 100 % infection rate. As
such, we have a group size of 6 at the crucial “middle”
doses. This ID, approach is a somewhat less often used
approach, and our protocol is in agreement with previous
studies using the same approach e.g. Kélicke et al. (2006).

Thorsten Guehring: What is the effect of the inability to
contain the inoculum during surgery?

Authors: We believe the inoculation of a clinical wound
to be a complex, unpredictable feature of infection. Our
models reflect many of the most important features,
including a bone fracture/osteotomy, implants and surgical
incisions. We believe the lack of containment of the
inoculum to be another step towards the clinical reality.
Of course, this will introduce some variation, and would
be a drawback perhaps for studies where an infection must
be created in all animals, regardless of the method (i.e. in
a treatment study). However, our study was designed to
determine the risk of infection, and as such, we believe
our approach is preferable where the animals that clear
the infection are as valuable as those developing infection.

Reviewer: Why was a 4-week model chosen for the
infection part of the in vivo study whereas most animal
models use a 6 weeks follow-up window?

Authors: As far as the authors are aware, there is a wide
range of euthanasia time-points used for bone infection
studies in animals. We believe that the time-point for
euthanasia should be set based upon clinically dictated
time-points that are relevant to each study. We chose our
time points for the healing study (10 weeks) and infection
study (4 weeks) based on the expectation that osteotomy
healing should be complete at 10 weeks, and an infection
will have firmly established by four weeks. Continuing the
infection for a further 2 (or 6) weeks would not strengthen
the contention that these animals are infected: we show
there is a significant bacterial colonisation of the implant
(biofilm), which is a hallmark of established infection.
Extending this time point may be beneficial if our aim
were to develop a model for non-union due to infection.
However, our study primarily aimed at developing a model
of S. aureus infection, which is typically an agent of acute
infection.
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Reviewer: A positive control group with antibiotics
showing that the defect can heal completely was not
incorporated into the experimental design. The authors
should explain why.

Authors: First of all, for clarity, we completely agree that
we need to prove that the osteotomy can heal in the absence
of infection, otherwise the model would not replicate a
proper fracture fixation. We would like to point out that this
was in fact proven in the separate healing study included
in the manuscript, which clearly shows osteotomy healing
at 10 weeks.

The addition of an antibiotic treated group (plus
bacterial contamination) would be an avenue for further
research in this model. It would show (in an antibiotic
agent and dosage dependent manner) how the model reacts
to treatment or prophylaxis against infection. Whilst we
agree this would be an additional validation, we believe
any antibiotic treatment would be specific to that treatment
regimen and would raise a number of subsequent questions:
e.g. would we choose a regimen based on human medicine,
or a regimen based on veterinary medicine? Do we use
antibiotics recommended in a dose-adjusted manner in
animals based on human pharmacokinetics? Do we use a
strain of S. aureus that is resistant to first line antibiotics
or sensitive? Do we administer a preventative regimen or
a therapeutic regimen?

From experience, we are aware that rabbits do not
tolerate many antibiotics routinely administered to
humans. Also, there are somewhat varying guidelines for
treatment, and it may be that our treatment choice does
not match guidelines in every jurisdiction. We do intend
to determine the response to antibiotic treatment in these
models at some point, but these would be tailored studies
with specific questions in mind e.g. selection and timing
of prophylaxis; selection and timing of treatment; implant
removal and local antibiotic depots etc., etc..

Reviewer: Mechanical testing in operated animals is
not performed for the inoculated (infected) animals. The
authors should explain why this was not done.
Authors: For clarity, the mechanical testing was done on
cadaveric humeri after osteotomy as a prelude to in vivo
testing. Mechanical testing of constructs at euthanasia was
not done for either the healing or the infection groups.
The purpose of the mechanical test was to describe the
biomechanical properties of both implant groups, prior to
placement in the animal. It would be interesting to measure
mechanical strength as a measure of bone healing in both
groups at the appropriate euthanasia time points. In this
study, we opted to illustrate osteotomy healing (or lack
thereof) histologically, which can clearly show the bone
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formation between osteotomy ends. Mechanical testing
would provide a clear measure of bone strength, but would
not allow histological evaluation of the bone due to the
destructive nature of the test. Furthermore, the implants
would need to be removed prior to testing, and currently the
IM nail we use would be extremely challenging to remove
from the bone without significant collateral damage to
nearby bone. We feel opting for histological visualisation
was therefore a reasonable decision for our study.

Volker Alt: Why did the authors not include biomechanical
testing of infected bones? This would be of great relevance.
Authors: As mentioned above, whilst we agree that
biomechanical testing of infected bones would be
of interest, we preferred to illustrate bone healing
histologically. From the histology, we can clearly see the
osteotomy has not healed in the infected group at four
weeks for either group, and now with the additional data
we show this also does not occur at 10 weeks for infected
plates. Mechanical testing would provide additional
supportive data, although the visual proof we feel is more
compelling.

Volker Alt: As I understand, the authors first did the bone
Fixation (with nail or plate) and then the osteotomy? By
doing so the nailing or plating may have affected the
osteotomy. Why not first do the osteotomy and then the
fixation?

Authors: Post-operative radiographs clearly show a good
reduction of the osteotomy and displacement was rare
and, if present, very minor and did not influence healing.
Performing the osteotomy first would be a logical step
towards clinical reality. However, from the perspective of
developing an experimental and reproducible model, the
placement of the implants first minimises the soft tissue
damage, significantly reduces surgical time, improves
fracture reduction and does not compromise the inoculation
protocol.
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