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Summary

Worldwide, there has been an ongoing increase in the number of bone infections that lead to amputations and 
lifelong disability, affecting millions of people every year. Therefore, research investigating the prevention, 
diagnosis and treatment of bone infections is vitally important. However, to develop effective new approaches 
and techniques for managing bone infections, preclinical testing and evaluations using reliable animal 
models are necessary. A novel porcine model of implant-associated osteomyelitis (IAO) in humans was 
recently developed. The model was based on female pigs, and osteomyelitis was induced by inoculation of 
Staphylococcus aureus bacteria into a pre-drilled tibial cavity (2 x 20 mm). Following inoculation, a steel 
implant (2 x 15 mm) was inserted into the cavity. The animals were euthanized 5 days after inoculation. 
Control pigs were exposed to the same surgical procedure and inoculated with sterile saline. The success rate 
of the model was 100%, i.e., all the pigs inoculated with bacteria developed osteomyelitis. Bone lesions similar 
to those found in human patients with osteomyelitis developed in the porcine IAO model, and the inoculated 
bacteria were detected both within peri-implant bone tissue and on the surface of the implants. Thus, peri-
implant bone tissue may serve as a reservoir for biofilm (bacterial aggregates surrounded by an extracellular 
matrix) shortly after surgical contamination. Biofilms are extremely tolerant to antibiotics and are reportedly 
the main reason for human bone infection treatment failure. This new porcine IAO model was used to develop 
a biofilm staining technique, which combined histochemistry (HC) and immunohistochemistry (IHC). The 
new staining technique allowed the bacterial cells and extracellular matrix to be visualised simultaneously: 
Alcian blue pH3 stained the carbohydrates of the extracellular matrix blue, and IHC treatment with an 
antibody specific for S. aureus coloured the bacterial cells red. The new staining technique could also be 
used reliably on human bone tissue with chronic staphylococcal osteomyelitis.

Two microdialysis studies were performed using the porcine IAO model. These studies found that 
systemically administered antibiotics (cefuroxime and vancomycin) showed significantly less penetration 
into the tissue surrounding infected bone implants than into healthy bone tissue. Furthermore, this reduced 
antimicrobial penetration was correlated with the progression of peri-implant bone lesions. Bone lesions that 
extended to a depth of > 3 mm from the implant cavity into the bone tissue showed almost no antimicrobial 
penetration. The reduced penetration was due to suppurative and necrotic bone inflammation and expansion 
of the implant cavity. Consequently, diffusion of antimicrobial agents from the capillary system into the 
implant cavity was hampered because it had to cover a greater distance. Bone inflammation also had a 
negative impact on the efficacy of a single dose of locally administered gentamicin. Different doses of 
gentamicin were added to the inoculum 1 min prior to inoculation into the porcine IAO model. Due to the 
development of acute inflammation including vasodilatation and increased vascular permeability, only high 
doses of gentamicin (>1000  minimum inhibitory concentration) were effective at the implant surface. This 
shows that the prophylactic concentration of locally administered antimicrobial agents cannot be evaluated 
solely by using in vitro assays. 

A systematic review of all contemporary large, non-rodent animal models of bone infection (i.e., goats, 
sheep, dogs, pigs and rabbits) was performed. Overall, it was found that experimental design was poorly 
reported, methods were of poor quality and the pathological parameters used varied significantly. Therefore, 
study template guidelines as a standard for reporting on animal models of bone infection was established. It 
was apparent that the animal species per se was one of the most important study design parameters. Based on 
a narrative review, we found that there were many advantages in using pigs for modelling bacterial biofilm 
infections in humans because comparable infections also occur spontaneously in pigs.

Currently, there are many problems associated with treating patients who have chronic biofilm-based 
infections, including bone infections. Furthermore, the increasing prevalence of antimicrobial resistance 
means that new treatments for infectious diseases are urgently required. The novel porcine IAO model 
described here is a valuable and reliable tool for investigating new prophylactic strategies and treatment 
regimens for bone infections in humans.
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Summary in Danish (resume)

Flere og flere patienter får diagnosen knogleinfektion. En knogleinfektion fŒrer til operation, indlÕggelse, 
flere ugers antibiotikabehandling og i yderste konsekvens amputation. De fleste knogleinfektioner opstår, 
fordi der kommer bakterier ind i knoglen under en operation. Det kan vÕre under indsÕttelsen af en ny kunstig 
hofte, eller ved korrektion af et benbrud hvor der anvendes osteosyntese. Knogleinfektioner er enormt svÕre 
at behandle, fordi bakterierne danner biofilm, dvs. de går i dvale, og danner en beskyttende matrix omkring 
sig. Biofilmdannelse beskytter bakterierne mod kroppens eget immunforsvar og det antibiotikum som gives 
i behandlingsŒjemed. Den stigende udvikling af antibiotikaresistens udgŒr en alvorlig trussel mode vores 
evne til at bekÕmpe infektioner, og derfor er forskning indenfor forebyggelse, diagnosticering og behandling 
af knogleinfektioner mere relevant end nogensinde fŒr. For at udvikle nye tiltag og teknikker med klinisk 
relevans, er det helt afgŒrende, at disse testes og evalueres i velkarakteriserede dyremodeller, som efterligner 
den humane patologi. Denne afhandling beskriver udviklingen, karakteriseringen og anvendeligheden af en 
ny grisemodel for implantat-relateret osteomyelitis hos menneseker.

Grisemodellen er baseret på, at der bores en lille kavitet i hŒjre tibia hvori der inokuleres saltvand eller 
Stafylokokkus aureus bakterier. Efter inokuleringen indsÕttes et lille implantat (2x15mm). Grisene aflives 
efter 5 dage og alle dyr inokuleret med bakterier udvikler komparative knoglelÕsioner. De inokulerede 
bakterier genfindes på både det indsatte implantat og et stykke inde (1 cm) i det omgivende vÕv. Modellen 
demonstrerer dermed, at det knoglevÕv som omgiver et implantat kan udgŒre et biofilmreservoir allerede 
korttid efter kirurgisk kontaminering. Den nye grisemodel er blevet brugt til, at udvikle en ny farvemetode 
der kan synliggŒre biofilmdannelse i vÕvsnit ved brug af almindelig lysmikroskopi. Princippet i den nye 
metode er en kombination af almindelig histokemi og immunohistokemi. Ved at kombinere en protokol 
for Alcian Blue pH3 med immunhistokemi baseret på et S. aureus specifikt antistof, kunne både matrix og 
bakterier i biofilmaggregater visualiseres i to forskellige farver. Den nye farvemetode er også anvendt på 
humant vÕv med kronisk osteomyelitis. 

Knogleinfektioner krÕver lang tids antibiotikabehandling og de eksisterende doseringsprotokoller bygger 
på farmakokinetiske studier af rask knoglevÕv. Baseret på grisemodellen for implantat-relateret osteomyelitis 
blev det demonstreret, at penetrationen af systemisk indgivet antibiotika (cefuroxime og vancomycine) til 
inficerede knogleimplantater, er signifikant reduceret sammenlignet med normalt rask knoglevÕv. Den 
reducerede antibiotika penetration var korreleret til udbredelsen af patologiske forandringer i knoglevÕvet 
omkring implantatet. I de tilfÕlde hvor lÕsionerne udbredte sig mere end 3 mm fra implantatet, var der nÕsten 
ingen penetration. Den reducerede penetration blev forårsaget af en purulent og nekrotisk inflammation, 
hvilket Œdelage knoglevÕvet og skabte en kavitet omkring implantat. Derfor kan det antages, at diffusion 
af antibiotika fra kapillÕrerne og indtil implantatet er blevet nedsat delvist pga. en Œget diffusionsafstand. 
Udover den store effekt på penetrationen af antibiotika, blev det også påvist, at det inflammatoriske respons 
har stor indflydelse på effekten af lokal indgivet antibiotika. Forskellige doser af gentamicin blev iblandet det 
bakterielle inokulum et minut fŒr inokulering i grisemodellen. På grund af udviklingen af akut inflamamtion, 
med vasodilation og Œget vaskulÕr permeabilitet, var det kun de meget hŒje gentamicin doser (>1000  MIC) 
som kunne fastholde en baktericid koncentration på implantatets overflade. Derfor kan det konkluderes, at 
det for knogleinfektioner, er utilstrÕkkeligt at basere effekten af antibiotika udelukkende på studier af raskt 
vÕv og på in vitro assays.

I et stort systematisk review af alle ikke-gnaver modeller for knogleinfektioner blev det påvist, at der de 
sidste 10 år er sket en markant stigning i brugen af stŒrre forsŒgsdyr som fx får og grise. Det blev også påvist, 
at afrapporteringen af studiedesign ofte var meget mangelfuld, og at den metodologiske kvalitet var meget 
lav. Dette fŒrte til udviklingen af et set retningsliner for standard afrapportering ved udvikling og anvendelse 
af dyremodeller for knogleinfektioner. Det systematiske review viste, at dyrearten er en af de mest afgŒrende 
design parameter. Baseret på en gennemgang af alle grisemodeller for bakterielle infektioner hos mennesker, 
blev det konkluderet, at grisemodeller er sÕrdeles fordelagtige som modeldyr for biofilm baseret infektioner 
hos mennesker, fordi grise (slagtesvin) udvikler komparative infektioner spontant.

Der er store problemer med behandlingen af patienter som lider af kroniske infektioner inklusive 
knogleinfektioner. Det er tydeligt, at den nye grisemodel for implantat-relateret osteomyelitis er et brugbart 
og pålideligt redskab, til at studere nye profylaktiske strategier og behandlingsregimer.

apm_v126_s141_issueinfo print.indd   6apm_v126_s141_issueinfo print.indd   6 30-03-2021   09:29:3930-03-2021   09:29:39



Implant-associated osteomyelitis: Development,

characterisation, and application of a porcine model

LOUISE KRUSE JENSEN

Department of Veterinary and Animal Sciences, Faculty of Health and Medical Science, University of
Copenhagen, Copenhagen, Denmark

INTRODUCTION

Worldwide, there has been an ongoing increase
in the number of bone infections that lead to
amputations and lifelong disability, affecting
millions of people every year [1,2]. Conse-
quently, bone infections constitute a substantial
economic burden in terms of patients, physi-
cians, hospitals and healthcare systems [1,2].
When applied to patients, the term ‘bone infec-
tion’ can include prosthetic joint infections
(PJIs), fracture-related infections (FRIs),
implant-associated osteomyelitis (IAO), chronic
osteomyelitis (CO), osteomyelitis in children
and diabetic foot osteomyelitis (DFO) [3]. Pre-
sently, DFO is the leading cause of lower
extremity amputations, and it is estimated that
a lower limb is lost every 30 s due to DFO [4,5].
The increased number of bone infections is
mainly due to an increase in the size of the
elderly population, an increased prevalence of
diabetes and an increase in the number of joint
prostheses and bone fixation implants being
used [1]. The persistence of the problem and the
unsatisfactory proportion of positive treatment
outcomes implies that the current prophylaxis
and treatment strategies are incomplete despite
best practice [2]. Therefore, future research
must focus on prevention, diagnosis and treat-
ment of bone infections. However, the develop-
ment of effective new approaches and
techniques will depend on preclinical testing
and evaluations performed in reliable animal
models. In this dissertation, a novel porcine
IAO model is presented. The publications
referred to (I–IX) describe the development,
characterization and application of this model.
Chronic bacterial infections are generally

caused by biofilm-forming bacteria [6].

Therefore, it is surprising that most reports
regarding bacterial biofilms are based on
in vitro observations, because these laboratory
findings cannot be extrapolated into clinical
settings (VIII) [7]. Consequently, there are
many problems associated with treating
patients who have chronic biofilm-based infec-
tions, including bone infections. In addition,
the increasing prevalence of antimicrobial
resistance means that new treatments for
chronic infectious diseases are urgently
required [8]. The porcine IAO model has gen-
erated new relevant in vivo observations
regarding biofilms (II, VI, VIII). In particular,
studies have shown that biofilms do not simply
involve artificial surface attachment; therefore,
the old dogma used to describe biofilms in
terms of a ‘race for the surface’ seems to be
clinically inadequate (II, VI, VIII). Biofilm for-
mation also affects tissues, and research into
both tissue and implant biofilms is equally
important for evaluating chronic bone infec-
tions. Promising new approaches to prevent
biofilm formation in orthopaedic research
include the following: 1) modification of
implant surfaces to prevent bacterial adhesion,
2) coating of implants so that they can elute
high concentrations of antibiotics locally (with-
out causing systemic toxicity), 3) new drugs
directed against bacterial adhesion molecules
or quorum sensing and 4) the development of
vaccines against biofilm-forming bacteria [9].
All of these new technologies for combating
osteomyelitis may be tested using the porcine
IAO model.
During the past 5 years, the porcine IAO

model has been applied in several studies [10–
13]. In brief, the model was used as the basis
of an EU HORIZON 2020 Research and
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Innovation Programme project (Novel Marine
Biomolecules Against Biofilm [NoMoRFilm]
no. 634588) to identify new antibiotics in
micro-algae. As a result, one promising anti-
biofilm compound was isolated, synthesized,
chemically characterized and evaluated for
anti-infective properties in the porcine model.
In addition, the NoMorFilm project also
resulted in the development of a new surface-
coating technique for orthopaedic implants.
This technique provides a coating that can
bind and release high concentrations of antibi-
otics. An EU patent application based on the
new coating technique is currently under
review and describes very successful test results
obtained using the porcine IAO model. In
addition to the prophylactic coating studies,
the porcine model was also recently used to
evaluate the therapeutic impact of a gentam-
icin-loaded biodegradable bone void filler, fol-
lowing limited or extensive debridement of
osteomyelitis lesions [12]. Currently, the por-
cine IAO model is also being used to investi-
gate the molecular orchestration of bacterial
bone infections. Gene expression analyses of
porcine and human infected bone biopsies
have shown that bone tissue can mount and
sustain a local acute phase response (i.e. an
extra hepatic acute phase response) [11]. In
addition, research has shown that the classical
receptor activator of nuclear factor jB
(RANK)–RANK-ligand (RANKL) pathway is
not responsible for bone loss resulting from
bacterial osteomyelitis [13]. In particular, the
molecular studies demonstrated upregulation
of specific inflammatory genes, which had no
murine homologues; that is, the corresponding
genes are not present in mice.

OVERVIEW OF DISSERTATION

This dissertation consists of six chapters. Chap-
ter 1 provides background information regard-
ing IAO in humans. Chapter 2 focuses on
previously studied non-rodent animal models of
bone infections and the advantages of using pigs
for modelling osteomyelitis. In Chapter 3, the
development of the new porcine IAO model is
described. Chapter 4 focuses on a new staining
technique for in situ visualization of biofilms
and biofilm formation in spontaneous porcine

bacterial infections. Chapter 5 describes the
application of the porcine IAO model in studies
investigating antimicrobial penetration into
infected bone tissue and the prevention of bio-
film formation. Finally, Chapter 6 summarizes
the main conclusions from the publications on
which this dissertation is based.

CHAPTER 1

Implant-associated osteomyelitis (IAO)

Classification of IAO – In elective trauma sur-
gery, bone infections occur at a rate of 1%–
5% after closed fractures, and at a rate of
3%–50% after open fractures [14]. In 2004, it
was estimated that two million fracture fixa-
tion procedures were performed each year in
the United States leading to approximately
100,000 cases of IAO annually [15]. Risk fac-
tors for the development of infections include
smoking and comorbidities such as diabetes,
immunosuppression and chronic infections at
other sites [16]. Fractures occur most fre-
quently in the feet and hands, followed by the
long bones, that is the humerus, radius, ulna,
femur, tibia and fibula (Fig. 1) [16]. If IAO
occurs after fracture fixation of a long bone,
this may delay healing (Fig. 1) or lead to per-
manent functional loss or even amputation of
the affected limb [2,16].
The term ‘osteomyelitis’ refers to inflamma-

tion of the bone marrow, and the term ‘ostei-
tis’ refers to inflammation of the entire bone
including the cortex [14]. Commonly,
osteomyelitis is the preferred term and this is
used synonymously for both bone infection
conditions in patients [14]. IAO may be classi-
fied based on the time from surgery to occur-
rence of the infection. ‘Early infections’ are
seen within 2 weeks after bone fixation, ‘de-
layed infections’ between the third and the 10th

week, and ‘late infections’ occur more than
10 weeks after implantation [2,16]. ‘Late infec-
tions’ can be acute if they are caused by a
haematogenous infection; otherwise, they rep-
resent a chronic ‘delayed infection’ or the
recurrence of an incorrectly treated ‘early
infection’ [16]. Clinically, osteomyelitis is also
frequently classified as either acute or chronic.
CO is subjectively defined as a bone infection
with symptoms that persist for at least

8 © 2021 APMIS. Published by John Wiley & Sons Ltd
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6 weeks, the presence of bone pathology in an
image, or infections that require major inter-
ventions due to sequestra or deformities [17].
In adults, CO is often associated with foreign
bodies, for example implants [17]. Therefore,
‘delayed’ or ‘late’ IAO may also be character-
ized/described as CO.
Osteomyelitis in the long bones may also be

classified using the Cierny–Mader staging sys-
tem, which correlates with treatments and prog-
noses [18,19]. The terms ‘acute’ and ‘chronic’
are not used in this classification system and the
stages are dynamic, reflecting the anatomy and
pathophysiology of the disease [18,19]. The
Cierny–Mader system classifies osteomyelitis
into four stages [18,19]. Stage 1, or medullary,
osteomyelitis is confined to the medullary cavity
of the bone. Stage 2, or superficial, osteomyelitis
involves only the cortical bone. Stage 3, or
localized, osteomyelitis usually involves both
cortical and medullary bone. In this stage, the
bone remains stable, and the infection does not
involve the entire bone diameter. Stage 4, or dif-
fuse, osteomyelitis involves the entire diameter
of the bone, with loss of stability. The Cierny–
Mader system includes a second dimension and
classifies the host as A, B, or C [18,19]. An A-
host is a patient with no systemic or local com-
promising factors [18]. The B-host is affected by
systemic or local factors that affect the immune

response, metabolism and local vascularity [18].
C-hosts are patients who are so severely com-
promised that they cannot have surgery [18].
According to McNally et al., the definition

of IAO implies at least one of the following
criteria: [16]

• Pus surrounding the implant.
• A sinus tract communicating with the
implant

• Evidence of an identical microorganism in at
least two samples (e.g. biopsies, exudate or
sonication fluid).

• The presence of >5 neutrophil granulocytes
(NGs) per 10 high-power fields (HPFs) in a
biopsy.

Pathology of IAO – The presence of pyogenic
bacteria within bone tissue and on the surface
of bone implants will lead to a suppurative
inflammatory reaction dominated by neu-
trophils (II, III, V) [17,19]. Bone lysis will be
induced by proteolytic enzymes released from
the inflammatory cells and the activation of
matrix metalloproteinases [20]. Furthermore,
the activation of osteoclasts will also contribute
to bone matrix resorption [20]. Within the tra-
becular bone tissue, suppuration will increase
the intraosseous pressure and cause compres-
sion of blood vessels resulting in thrombosis,

Fig. 1. Surgical treatment of IAO in a 68-year-old man. The infection was caused by Staphylococcus epider-
midis. (A) Non-healing wound over the lower tibial bone. (B) Removal of infected osteosynthetic material
during debridement of infected bone tissue. (C) Complete debridement showing pinpoint bleeding of vital cor-
tical bone tissue. (D) A bone void filled with an antibiotic-eluting degradable biocomposite. The wound was
closed using a free muscular flap.

© 2021 APMIS. Published by John Wiley & Sons Ltd 9
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which leads to ischaemic bone necrosis (i.e. tra-
becular sequestra; II, III, V) [17,19]. If the exu-
date enters and spreads within the cortical
Volkmann’s and Haversian canals, this will
lead to a compromised medullar and periosteal
blood supply and generate separated dead cor-
tical segments (i.e. sequestra) [17,19]. Regard-
less of location, a bone sequestra provide a
perfect substrate for bacterial growth [17,19].
Eventually, an infectious bone lesion will con-
tain granulation tissue and fibrosis, which may
be surrounded by osteoid-producing osteo-
blasts [17,19]. Osteogenic stem cells in the
periosteum will differentiate into osteoblasts
and form a sheath of vital bone, called an
involucrum, which surrounds the dead cortical
bone [17,19]. The involucrum is irregular and is
often perforated with openings through which
pus may spread into the surrounding soft tis-
sues and ultimately drain to the skin surface via
a sinus tract. The density of the involucrum
may gradually increase and eventually almost
forms a new diaphysis [17,19].

Aetiology and pathogenesis of IAO – Most
cases of IAO are caused by Staphylococci, and
Staphylococcus aureus and Staphylococcus epi-
dermidis (Fig. 1) are the most common aetiolo-
gies [2,16,21]. Other pathogens that are
frequently responsible for IAO include Strep-
tococci, coagulase-negative staphylococci, viru-
lent gram-negative bacteria and
Propionibacterium acnes [2,16,21]. Early infec-
tions are often caused by highly virulent
pathogens such as S. aureus, Group A Strepto-
coccus and gram-negative bacteria [2,16,21].
The three major routes by which bacterial
pathogens can access bone tissue are: 1) direct,
2) haematogenous or 3) contiguous. [16] Direct
or exogenous infections are caused by bacterial
contamination of the bone tissue during
trauma and surgery or during the periopera-
tive period [16]. Haematogenous infections
occur due to bacterial seeding following bac-
teraemia, and contiguous infections are a
result of progression from arthritis or soft tis-
sue infections to the adjacent bone fixation
device [16].

Biofilm in IAO – Both bone tissue exposed to
surgery and the inserted bone implants are
highly susceptible to infections [19,22]. If the

infecting bacteria are not eliminated rapidly,
they will adhere to the bone tissue and/or the
surface of the implant (II, III, VI, VIII) [19,22].
This process of bacterial attachment is medi-
ated by physical factors, for example surface
tension, hydrophobicity and electrostatic inter-
actions or specific adhesion to plasma proteins
such as fibronectin and fibrin [22–24]. Nor-
mally, healthy bone tissue is highly resistant to
infection. Thus, the increased susceptibility to
infection is a direct consequence of orthopaedic
procedures. Orthopaedic surgery to implant
plates, screws or prostheses, correct fractures
or debride IAO will cause tissue damage and
bleeding of exposed bone ends (Figs 1C and
2B). Immediately thereafter, the bone tissue
and any inserted implant will be covered by
plasma proteins (Figs 2 and 3). Interestingly,
the plasma protein coating plays a more impor-
tant role in bacterial surface adhesion to
implants than the implant material (e.g. steel
or titanium) [22]. If the infecting bacteria are
planktonic (single), then after adhering to the
plasma protein-embedded bone tissue or
implant, they will transform into a biofilm [6].
However, small aggregates of biofilm from the
skin may also initiate the infection (Fig. 2A,C).
A biofilm is defined as a cluster of bacterial
cells embedded in an extracellular matrix,
which is more tolerant towards antimicrobial
agents and more capable of resisting the host
immune defence mechanisms than planktonic
bacteria [6,25–27]. Bacteria growing in a bio-
film will persist, whereas planktonic bacteria
will be susceptible to the antibiotics used to
treat them (VIII) [6]. This increased antibiotic
tolerance of biofilm bacteria is mainly due to
their lower metabolic activity and their sup-
porting extracellular matrix, which can bind
and inactivate antimicrobial agents (Fig. 3B)
[6]. Biofilm bacteria are 1000- to 10,000-fold
more tolerant of antibiotics than their plank-
tonic counterparts [28]. A bone infection bio-
film will also mature over time, increasing its
antimicrobial tolerance [22]. Because of this
biofilm maturation, the probability of success-
fully treating a bone infection decreases dra-
matically from 80–90% to 30–60% if treatment
is initiated more than 3–4 weeks after infection
[22]. Osteomyelitis research has shown that
eradicating tissue-based biofilms is extremely
difficult. Antimicrobial therapy alone is often
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unsuccessful in treating these infections, due to
the high levels of antimicrobial tolerance
acquired by mature biofilms, and implant
removal and debridement of necrotic bone tis-
sue may be necessary (Fig. 1) [16,29]. Even
after removal of the infected implant and
extensive debridement, prolonged systemic
antibiotic treatment over several weeks may be
needed to render the bone culture negative [16].
Moreover, the main reason for recurrence of
IAO is bacterial biofilm survival in the bone
tissue (Fig. 2C) [29].

CHAPTER 2

Animal models of bone infections

Non-rodent animal models of bone infections –
Non-rodent animals such as sheep, goats,
dogs, pigs and rabbits are being used more fre-
quently in preclinical orthopaedic research due

to their relatively large bones, which are more
accessible for the insertion of many orthopae-
dic devices than those of mice and rats [30].
This trend is also being reflected in the study
of bone infections. Therefore, a comprehensive
systematic review was carried out to provide
an overview of previous studies on non-rodent
(i.e. sheep, goats, dogs, pigs and rabbits) ani-
mal models of bone infections (IX). The aim
was to identify differences in study design
parameters, for example bacterial inoculation
dose or infection time, among the five different
animal species. The review also investigated
the methodological quality of the studies and
post-mortem recording and evaluation of
pathology and microbiological factors. The
review was based on a systematic search of
two electronic databases (PubMed and Web of
Science). This resulted in a total of 316 publi-
cations that fulfilled the inclusion criteria (i.e.
experimental bacterial inoculation of animals

Fig. 2. Biofilm formation in bone tissue exposed during surgery. (A) Microscopy of human skin. Small aggre-
gates of biofilm (pink) can be seen in a skin fold. (B) Bone exposed to debridement following an infection
shows pinpoint bleeding of vital cortical bone tissue. (C) Biofilm aggregates from the skin (similar to those
shown in A) can access the site of surgery (1); furthermore, single planktonic bacteria may also be introduced
(1). The biofilm or planktonic bacteria may adhere to plasma proteins produced by any bleeding and also to
dead bone tissue (indicated by empty lacunae), which promotes further biofilm formation (2). The mature bio-
film (3) represents a potential remnant biofilm, that is not removed by the debridement and leading to recur-
rence of the infection.
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in order to model any type of bacterial bone
infection in humans; IX).

Findings related to study design: Since 2005,
rabbits, pigs and sheep have been used more
frequently as experimental animals to study
bone infections that affect patients (Fig. 4;
IX). While the use of ovine and porcine mod-
els is an alternative to previously preferred
models developed in dogs, the increasing use
of rabbit models reflects a demand for easy

handling, easy housing and low cost in vivo
studies in a larger animal than a rodent [31].
Only a few differences were observed in the
study design parameters among the five differ-
ent animal species (e.g. sex, age, inoculation
dose or time from inoculation to euthanasia;
IX). However, porcine models, including the
model described in this dissertation, were dis-
tinctive regarding a number of specific points.
In particular, the mean bacterial inoculation
dose was lower and the infection period (from
inoculation to euthanasia) was shorter in pigs
than in all other species (I–III, VII, VIII).
Regardless of the animal species used or the
type of bone infection modelled, the bacteria
used most frequently for inoculation was S.
aureus, although most of the studies did not
report a specific identification code for the
inoculated strain (IX). In general, studies on
models that were based on traumatic inocula-
tion directly into a specific bone reported using
a significantly lower inoculation dose if an
implant was inserted at the same time as the
inoculum. Therefore, results from preclinical
bone infection studies are consistent with those
obtained in 1957 by Elek et al., who demon-
strated that a foreign body can reduce the
number of bacteria needed to establish an
infection [32]. Elek et al. injected 7.5 9 106

colony forming units (CFU) of S. aureus into
the skin of human volunteers, resulting in only
50% of the volunteers becoming infected and
100% of the cases being resolved. However,
when Elek et al. inserted an implant and
injected 100 CFU of S. aureus, all participants
became infected and none of the infections
were resolved.

Pathological remarks: The discriminative nat-
ure of animal models of bone infections can
only be assessed by comprehensive pathologi-
cal descriptions, that is aetiology, pathogene-
sis, development and characterization of bone
lesions (Fig. 5). Therefore, it is necessary to
perform appropriate pathological analyses,
including macroscopic and histological descrip-
tions and assessments of morphology, when
using animal models of bone infections (IX).
The major advantage of non-rodent bone
infection models is the larger bone size, which
facilitates a comprehensive pathological analy-
sis of the infected bone. However, our

Fig. 3. Biofilm on bone implants. (A) Exposed
osteosynthetic material on the ankle, surrounded by
suppuration. A bacterial biofilm may grow on this
foreign material, resulting in treatment failure. (B)
Bacteria (shown in pink and orange) bind to plasma
proteins covering the implant. These bacteria
become embedded in the extracellular matrix
(shown in blue), which comprises components
derived from the host and bacteria. The matrix con-
tains polysaccharides, DNA and proteins, and ham-
per antibiotic penetration. Some of the bacteria in
the biofilm (shown in pink) grow normally, whereas
others (shown in orange) grow more slowly; this
also reduces the effect of some antibiotics. Host cells
from the immune system will surround the biofilm,
but the bacterial aggregates are too big to be
ingested effectively by phagocytosis (IV).
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systematic review (IX) found that post-mortem
macroscopic bone examinations were reported
in fewer than 50% of the studies on dog, goat
and rabbit models (IX). In general, histological
results were reported more frequently (dog,
73%; sheep, 67%; goat, 36%; pig, 56%; and
rabbit, 39 %), although these histological find-
ings were seldom scored semi-quantitatively
(dog, 23%; sheep, 62%; goat, 50%; pig, 27%;
and rabbit, 33%; IX). The preferred pathologi-
cal macroscopic registrations for the animal
species were ‘sinus’ and ‘purulent’ drainage,
which are confirmatory diagnostic criteria for
bone infections in humans [16,33]. In contrast,
the registration of histological parameters var-
ied significantly among the five different ani-
mal species (IX).

Microbiological remarks: Our review demon-
strated that post-mortem microbiological
examinations of bone tissue and implants were
performed in approximately 80% of the stud-
ies, regardless of the animal species (IX). How-
ever, a quantitative assessment of the bacterial
load was only reported in approximately 50%
of the times. Many of the models were used to
examine different antimicrobial interventions,
and the lack of quantitative microbiology
makes it difficult to reproduce reported effects
objectively. Our review also found that only
30% of the studies investigating an antimicro-
bial intervention reported complete sterility;
that is, all animals given the highest dose
showed sterility of tissue and/or implants post-

mortem (IX). This failure to report sterile out-
comes means that valuable information
regarding osseous-effective antibiotic doses for
in vivo use has been lost. In many studies, a
significant reduction in bacterial load was

Fig. 4. Reports of non-rodent animal models of bone infections in humans (all types of bacterial bone infec-
tions) from 1935 to 2017. The number of publications reporting models developed in sheep, pigs and rabbits
has increased, whereas models based on dogs have become less common. The broken line for rabbits is due to
the interrupted y-axis (IX).

Fig. 5. Disclosure of discriminative value in animal
models of infectious diseases. All animal models of
bacterial infections are generated in the same way:
an aetiology is introduced and lesions develop via a
specific pathogenesis. To evaluate the different ani-
mal models of bone infections in terms of their
capacity to reproduce the disease of interest, bone
pathology must be assessed (i.e. aetiology, patho-
genesis and development and appearance of lesions)
using comprehensive macroscopic and microscopic
examinations.
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reported post-mortem (IX), but what is the
difference between a 1000-fold reduction from
107 CFU (inoculation dose) and a 100-fold
reduction from 104 CFU in terms of clinical
significance? [34] A study design should always
aim to completely eradicate infection. An
intervention which almost eliminates the bacte-
rial load may have an impact, but a re-estab-
lished biofilm infection is likely. A recent
review of animal models of bone infection by
Moriarty et al. suggested that the clinically rel-
evant efficacy of anti-infective interventions
should be assessed in terms of the complete
eradication of infection [34].

Methodological quality: In general, the
methodological quality of studies on non-ro-
dent animal models of bone infections was low
because randomization, power calculations and
blinding were seldom reported (IX). However,
previous research has shown that the absence of
blinding can lead to the effect size of an inter-
vention being overestimated [35,36]. Therefore,
blinded quantification of pathological and
microbiological findings may improve the appli-
cability of test results obtained from animal
models of bone infections (IX). Furthermore,
we found that study design data (e.g. age, sex,
bacterial strain and inoculation dose) were often
omitted, making it difficult to compare and
reproduce findings among studies (IX). Our
review of non-rodent models supports some of
the criticisms regarding methodological quality
and lack of assessments that were raised
recently by Moriarty et al. [34] The degree of
overlap between these two reviews highlights
the current need for improvements in preclinical
bone infection studies (IX) [34].

Standard study template guidelines: In conclu-
sion, poor reporting of study design and low
methodological quality were common prob-
lems in many studies on non-rodent animal
models of bone infections (IX). Furthermore,
histopathological, standard registration and
infection quantification procedures varied sig-
nificantly among these studies. Consequently,
we generated guidelines for standard reporting
of animal models of bone infections (Table 1;
IX). These guidelines are designed to improve
the reproducibility of findings among studies
based on similar models and models in

different species. Thus, the guidelines may be
used to help authors to write clear, accurate,
concise manuscripts that describe bone infec-
tion models (IX).

Modelling of bone infections in pigs – The ideal
animal species for modelling of human bone
infections should have molecular, cellular and
structural features that are similar to those of
patients, a well-characterized immunological
profile, and large robust bones to ensure that
medical and surgical interventions applied in
the model will reflect clinical practice [31].
However, these features vary significantly
among different animal species. Because our
systematic review of non-rodent bone infection
models (IX) identified very few differences
among study design parameters, the selection
of an appropriate animal species is extremely
important. Therefore, the next section focuses
on the advantages of using pigs to model
human bacterial bone infections. Previously,
pigs were primarily used as experimental ani-
mals to study toxicology, metabolism, cancer
and xenotransplantation [37]. However, during
the last 10 years there has been an increase in
the number of porcine models used to study
bacterial infections in patients, primarily focus-
ing on systemic, gastrointestinal, respiratory,
heart and bone infections [37].

The pig as an experimental animal: Pigs are
often used as experimental animals because
some of their key characteristics are similar to
those of humans, including their size, anatomy
and physiology [38,39]. The complete genome
of the domesticated pig has been sequenced,
and many laboratory reagents specific for por-
cine tissue have become available [38,40]. Por-
cine models of human bacterial infections have
mainly been developed in conventional pigs
raised for slaughter or, less frequently, in
minipigs [37]. The major difference between
farm pigs and minipigs is growth rate. The
grow rate of a conventional pig is rapid (1 kg
at birth, 100 kg at 4 months and adult body
weight >200 kg) compared to that of a minipig
(0.5 kg at birth, 12–14 kg at 4 months and
adult body weight of 40–80 kg) [37]. There-
fore, minipigs are more favourable for mod-
elling of adult patients. However, the majority
of pigs used to model adult human bacterial
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infections, including bone infections, were
reportedly less than 12 weeks old [37]. More
than one-third of all studies describing porcine
models of infectious diseases in humans have
been based on specific pathogen-free (SPF)
pigs [37]. SPF is a term used in swine manage-
ment to describe animals that are guaranteed
free of particular infectious diseases, although
they may have been exposed to many different
pathogens [41].

Osteological advantages: Pigs are considered
comparable to humans with respect to bone
anatomy and morphology. One study of the
microstructure of a porcine femur reported
that the basic structure of compact bone con-
sisted primarily of vascular plexiform bone
with dense haversian systems in the middle

[42]. The quantity of osteonal bone increases
with age and the structure of porcine bone is
more similar to that of human bone than is
the structure of bones from other species such
as sheep or goats [43–45]. The cancellous bone
structure of pigs is similar to that of humans,
although the trabecular network of porcine
bone is denser [46]. In addition, the density
and mineral composition of porcine and
human bones are similar [43,45,46]. Aerssens
et al. compared femoral cortical and lumbar
trabecular bone samples from dogs, pigs,
chickens and rats with those from humans and
found that the mineral content of canine and
porcine femora was similar to that of the
human femur, whereas the mineral content of
rat bones was the most dissimilar [47]. Fur-
thermore, bone remodelling and cortical bone

Table 1. Overall principles that are of crucial importance when bone infection models are developed,
validated and reported (IX)

Guideline for standard reporting of animal models of bone infections

General aspects Type of bone infection modelled;

Definition of infection in the model

Animal Species, age, sex, breed, producer

Pathogen Bacterial strain, including identification number, inoculation

dose, and volume

Implant or prosthesis Type, material, size, producer

Pathogen (+implant) into the animal:

inoculation procedure

Haematogenous inoculation route

• Vessel

• Bone trauma prior to inoculation

• Insertion of bone implant prior to inoculation

Traumatic inoculation route (directly into a bone)

• Description of bone surgery

• Description of insertion of implants

• Description of inoculation procedure

Pathogen (+implant) within the animal:

infected animal

Monitoring development of bone infection;

Monitoring systemic disease;

Disease management (e.g. analgesic treatment);

Time frame (from inoculation to euthanasia)

Post-mortem evaluation of infection Local pathology of the inoculated bone, including quantification

Local microbiology of the inoculated bone and implant,

including quantification

Systemic pathology and microbiology (e.g. embolic spread

of local infection)

Intervention Aim

Time of intervention in relation to inoculation

Description of intervention

Methodological quality Randomization of animals into study groups

Blinding when quantifying pathology and microbiology

Power analysis
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mineralization rates in pigs and humans are
similar [43,44,46]. Finally, a recent study on
the porcine IAO model inoculated with saline
demonstrated that the local expression pattern
of inflammatory and bone regulatory genes in
bone tissue exposed to surgery was similar to
that reported in human studies [10].

Immunological advantages: The porcine
immune response to bacterial infection is also
very similar to that of humans; that is, many
key proteins of the human and porcine
immune systems are structurally and function-
ally similar [38,48]. The animals most fre-
quently used to investigate the immune
response to bacterial infections in patients,
including bone infections, are mice [49,50].
However, recent research has demonstrated
that several aspects of the immune response to
bacterial infections differ substantially between
mice and humans [38,49,51]. For example, the
human inflammatory genes interleukin (IL)-26,
chemokine ligand type 8 (CXCL8) and chemo-
kine receptor type 1 (CXCR1) have no homo-
logues in mice and neutrophils are the
predominant leucocytes in human peripheral
blood, whereas lymphocytes are predominant
in mice [38,52,53]. Pigs can also express IL-26,
CXCL8 and CXCR1 in response to bacterial
infections and neutrophils are the predominant
blood leucocytes [38]. A recent review reported
that all in vivo studies of cytokine expression
in IAO and PJI have been carried out in mice
or rats, so apart from studies using human
samples, all current data regarding cytokine
production and the molecular pathways
involved in bone infections depend on rodent
models [54]. However, the porcine IAO model
has now been used to study the expression of
inflammatory cytokines and mediators within
5, 10 and 15 days of bone infection [11]. More
precisely, expression analysis of infected bone
tissue revealed local upregulation of several
positive acute phase proteins (APPs) such as
serum amyloid A3 (SAA3) and complement
component 3 (C3) [11]. This is the first descrip-
tion of local osseous APP regulation in
response to bacterial bone infection. However,
only small changes in APP expression were
observed in the liver, and serum APP levels
decreased over time [11]. Thus, the osseous

upregulation of APPs in CO appears to be
part of a local response [11].
All the text books on bone pathophysiology

describe how bone loss due to infectious
osteomyelitis is caused by an inflammatory
response that increases osteoblastic RANKL
expression [55]. Binding of RANKL to the
RANK receptor on osteoclastic precursors and
mature osteoclasts induces both osteoclastoge-
nesis and osteoclastic bone resorption [55].
The connection between increased RANKL
expression and infectious bone loss was estab-
lished by in vivo studies using murine bone
infection models and in vitro studies investigat-
ing murine osteoblastic cell lines grown
together with S. aureus [56–58]. However, it
has not been possible to confirm the murine-
based results using biopsies from patients with
CO [59,60]. Surprisingly, in the porcine IAO
model, the expression of RANKL [with refer-
ences to text books and scientific literature]
was reduced in 5-, 10- and 15-day-old oste-
olytic bone infections [13]. This demonstrates
that the classic RANK/RANKL pathway
probably not is upregulated in humans or pigs
with bone infections. Thus, the value of mur-
ine models for investigating infectious bone
pathophysiology is questionable. A significant
upregulation of IL-26 was observed in the por-
cine IAO model and IL-26 reportedly inhibits
RANKL-induced osteoclastogenesis. As
described previously, IL-26 has no homologue
in mice. The gene expression results suggest
that enzymatic bone destruction may occur as
an alternative to RANKL-induced bone loss
because significant levels of, for example,
matrix metalloproteinase 1 (MMP1) expression
were observed [13,60,61].
In the future, in vitro immune biology obser-

vations considered relevant for human bone
infections must be reproduced in reliable ani-
mal models. This is important because new
treatments for bone infections will include not
only antimicrobial therapy but also modula-
tion of the pathophysiology (e.g. stimulation
of bone formation or inhibition of bone loss).
Based on the results from the gene expression
studies in the porcine IAO model, IHC proce-
dures are being developed to target SAA, C3,
IL-26 and MMP1, and these procedures are
being tested on biopsy samples from patients
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with CO. Hopefully, these studies will reveal
new diagnostic and prognostic biomarkers.

Spontaneous infections: As in humans, bone
infections also occur spontaneously in pigs. In
Denmark, more than 100,000 pigs are annually
diagnosed at slaughter with purulent lesions
within their bones [62]. Lesions are most fre-
quently haematogenous, and a common portal
of entry is tail lesions due to tail biting [63,64].
These bone lesions are located in the metaphy-
seal area of long bones, vertebra and in the
costochondral junctions of the ribs (Fig. 6)
[63,64]. Common aetiologies of osteomyelitis
in pigs include S. aureus and Trueperella pyo-
genes [63,64]. Haematogenous osteomyelitis is
also observed infrequently in other species
used for modelling of human bone infections
such as small ruminants, pet dogs and rabbits
[65]. However, the most common aetiology in
rabbits, where the lesion is often within the
jaw, is Pseudomonas aeruginosa [66]. There are
no data regarding spontaneous naturally
occurring bone infections in rodents. Recently,
spontaneous infection disease models have
been embraced because they demonstrate
robust superiority over experimental models
[67]. Naturally occurring bacterial osteomyeli-
tis in slaughter pigs displays patho-morpholog-
ical similarities to bone infections in patients
(IV). Furthermore, recent research has identi-
fied several inflammatory biomarkers that were
expressed in both the porcine IAO model and
in lesions from slaughter pigs with sponta-
neous osteomyelitis [11]. In addition, the

biomarker expression pattern in both experi-
mental and naturally infected pigs was similar
to that observed in biopsy samples from
humans with CO [11]. Thus, slaughter pigs
with CO represent an untapped source that
may be used to investigate the host immune
response to human bone infections.

CHAPTER 3

A porcine model of implant-associated osteomyelitis

(IAO)

Animals and inoculum – A novel porcine model
of IAO was developed (II, III) and applied in
different experimental studies (I, V–VIII). The
model was based on female pigs (Danish Lan-
drace) obtained from SPF herds. The animals
were group-housed and were allowed to accli-
matize for 7 days before the surgical proce-
dures. Pigs weighing 30–40 kg were used to
develop the model, whereas pigs weighing 80–
90 kg were used in the antimicrobial pharma-
cokinetic studies (I, VII). The porcine IAO
model replicated exogenous pathogenesis asso-
ciated with IAO in humans [16] and was there-
fore based on direct inoculation of S. aureus
bacteria into the right tibia during a minor
surgical procedure. The S. aureus strain used
was S45F9, originally isolated from an embolic
porcine lung abscess [68]. This strain was cho-
sen because it had previously been effective in
inducing various bacterial infections in pigs,
including haematogenous osteomyelitis, and
showed higher virulence in pigs than two other
human S. aureus strains (NCTC8325-4 and
UAMS1) in previous studies on haematoge-
nous osteomyelitis and endocarditis [69,70].
Pathogenic bacterial strains may have evolved
separately with different immune defences
found in different species [71]. Therefore,
human pathogens do not necessarily cause pre-
dictable infections in animals [72]. A well-char-
acterized inoculum is essential for obtaining
reproducible results in animal models of
human infectious diseases. Therefore, the
whole genome of S45F9 was sequenced, and
the strain identified as belonging to S. aureus
Protein A spa-type t1333 and multilocus
sequence type (MLST) ST433 [73]. The strain
has genes encoding several toxins, including
phage-associated enterotoxin, exotoxins and

Fig. 6. Chronic osteomyelitis with secondary arthri-
tis in the front leg of a Danish slaughter pig.
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superantigen [73]. Biofilm production by S.
aureus S54F9 was evaluated using a crystal
violet in vitro microtiter biofilm assay and
compared to that of biofilm-producing strain
RN4220 (VI). The production of biofilm was
identical for the two strains (VI). An inoculum
of 104 CFU of S45F9 in 10 lL sterile saline
was the minimum 100% effective dose for
inducing IAO in the porcine model (III).

Surgical inoculation procedure and perioperative
period – Anaesthetized pigs were placed in
right lateral recumbency exposing the medial
side of the right tibia. The porcine IAO model
was based on an implant cavity of
4 mm 9 20 mm drilled using a K-wire and

located parallel and distal (10 mm) to the
proximal tibial growth plate (II, III). Anatomi-
cal guidelines were created to standardize the
point of drilling into the tibia (Fig. 7). These
guidelines ensured that the location of the
implant cavity was precisely defined.
The inoculum, or sterile saline for control

animals, was injected into the implant cavity
and then a small steel implant (2 9 15 mm)
was inserted (Fig. 8; II, III, V–VIII). Once the
implant was inserted, the periosteum, subcuta-
neous tissue and skin were sutured (Fig. 8; II,
III, V–VIII).
Following bone surgery, the pigs were

inspected several times each day throughout
the study period. All animals were provided

Fig. 7. Position of the drill cavity in the porcine IAO model. The pig is positioned in right lateral recum-
bency. (A) A distance of 1.5 cm is measured on the investigator’s thumb and marked with a pen (arrow). The
thumb is placed over the knee joint with the mark beginning at the cranial border of the knee and a line is
drawn around it. (B) A line is drawn (b) from the top of the arch (arrow) towards the tuber calcanei. (C) A
total of 2 cm is measured from the top of the arch (a) along line b. At this point, a short perpendicular line is
drawn (c). (D) An incision is made through the skin, subcutaneous tissue and periosteum along line b, at the
level of line c. (E) A 2-cm hole is then drilled where lines b and c cross. The drill should be perpendicular to
the bone and angled slightly distally to the growth plate. (F) The result is a drill cavity located parallel to the
growth plate (GP) in the metaphyseal area of the proximal tibia.
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with daily oral non-steroidal anti-inflammatory
drugs (NSAIDs) for analgesia, whether they
had been inoculated with bacteria or saline
(III). Some pigs were lame after recovery from
anaesthesia; however, these pigs could still use
the inoculated leg and walk freely around the
pen (II, III). A few pigs developed persistent
lameness with no weight bearing at all, and
intramuscular opioid injections were adminis-
tered until these pigs were euthanized. Impaired
ability to stand, anorexia and systemic signs of

sepsis, for example depressed respiration and
fever, were set as human endpoints.

Time frame: Optimally, animal models of
bone infections should have a time frame (time
from inoculation to euthanasia), which reflects
the disease stage of interest, for example acute
or chronic [34]. However, developing animal
models of chronic infectious diseases is prob-
lematic due to ethical issues related to housing
animals with experimentally induced chronic

Fig. 8. Inoculation procedure in a porcine model of IAO. (A) Equipment used for inoculation. (B) An inci-
sion is made through the skin, subcutaneous tissue and periosteum of the proximal tibia (see Fig. 7). (C) The
periosteum is loosened a few mm along the incision line. (D) A 4-mm K-wire is drilled 20 mm into the trabec-
ular bone tissue. E: Following haemostasis of the drill cavity, the inoculum (Staphylococcus aureus) is injected.
(F) Next, a steel implant (2 9 15 mm) is inserted. (G) The periosteum is closed over the implant. H: Finally,
the soft tissue and skin are closed.
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infections, for example the long periods of suf-
fering associated with the development of
chronic symptoms. Furthermore, it may be dif-
ficult to maintain an infection induced in
healthy animals, which may otherwise resolve
spontaneously [72]. In the first study of the
new porcine IAO model, animals were eutha-
nized 2, 4 or 6 days after inoculation (II). Due
to the high virulence of the porcine S. aureus
strain [73], bone lesions comparable to those
observed in human osteomyelitis developed,
and pus, sequestra and granulation tissue were
all observed [16,17] (II). Therefore, a time
frame of 5 days was used in subsequent studies
(I, III, V–VIII).

Post-mortem quantification of bone infection –
The porcine IAO model successfully replicated
pathogenesis associated with bacterial infec-
tions during bone surgery, that is by the inser-
tion of contaminated implants or prostheses in
patients. We developed an objective protocol
to quantify lesions and infections so that the
model could be used in intervention studies to
identify infections and differences between
study groups (I, II, III, V–VIII). This quantifi-
cation protocol was based on computed
tomography (CT) scanning, pathological
examinations and microbiological analyses.

CT-scanning: After the pigs were euthanized
and the bone implants were removed, each
right hind leg was CT scanned (slide thick-
ness = 2 mm) and reconstructed using a soft
tissue algorithm (III). OsiriX Lite software
(ver. 10.0.3; Pixmeo, Geneva, Switzerland) and
CT volumetry were used to calculate the 3-di-
mensional volume of each implant cavity plus
surrounding bone lesions [74]. In all animals
inoculated with saline, the estimated volume
included only the implant cavity (Fig. 9),
whereas inoculation with bacteria resulted in
osteolysis around the implant cavity and sig-
nificantly increased volumes (Table 2, Fig. 9;
III, VIII). In some of the infected pigs, both
trabecular and cortical bone sequestra were
present.

Macroscopic pathology: Pigs inoculated with
saline showed slight subcutaneous, non-puru-
lent inflammation at the surgical sites
(Fig. 10A,B; II, III, VIII). Furthermore, the

periosteal sutures in all control animals
remained intact (Fig. 10A,B; II, III, VIII).
However, in infected animals, swelling was
observed around the surgical sites (Fig. 11A,B;
I–III, VII, VIII), and when the sutures were
opened and the subcutis was peeled back,
purulent soft tissue inflammation connected to
the bone implant cavities was observed
(Fig. 11C; I–III, VII, VIII). The right tibia
was sectioned sagittally, through the implant
cavity. The implant cavities of animals inocu-
lated with saline had a regular outline with no
signs of infection (Fig. 10C,D; II, III, VIII). In
contrast, macroscopic signs of osteomyelitis
(e.g. pus and pale dead bone tissue) were
observed around the implant cavities of ani-
mals inoculated with bacteria (Fig. 11D,E; I–
III, VII, VIII). Additionally, infected animals
had enlarged implant cavities with irregular
outlines (Fig. 11E).

Histopathology: Pathological changes around
the implant cavity were described as occurring
within the peri-implant pathological bone area
(PIBA; Fig. 12; I–III, V–VIII). The PIBA size
was estimated based on the largest observed
distance extending from the edge of the
implant cavity to normal bone tissue (Fig. 12).
In saline-inoculated animals, the surgical inoc-
ulation procedure per se resulted in thermal
bone necrosis and debris around the implant
cavity (Fig. 12B; II, III) [10]. In addition, a
small amount of inflammatory cellular infiltra-
tion occurred. These changes resulted in PIBA
of less than 1.5 mm for saline-inoculated ani-
mals (II, III). This finding is consistent with
previous studies, which showed that changes in
bone structure (primarily osteonecrosis)
occurred up to 1.2 mm from inserted K-wires
[75]. A very different PIBA pattern was
observed in animals infected with bacteria
(Fig. 12A; I–III, V–VIII). In these animals, a
layer of cells that included fibroblasts, neu-
trophils (sometimes arranged as micro-ab-
scesses), macrophages, giant cells and bone
debris was observed around the implant cavity
(Fig. 12A). This layer was surrounded by
osteonecrotic trabecular bone intermixed with
the same cell types and active osteoclasts
observed in resorptive lacunae of the necrotic
bone trabecula (Fig. 13A). At the periphery of
PIBA, osteoblast and fibroblast proliferation
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and the associated production of osteoid and
collagen were observed (Fig. 13B). All of these
pathological changes resulted in a mean PIBA
of 3 mm in the porcine IAO model (I–III, V–
VIII). As described in Chapter 1, suppurative
inflammation can lead to osteoclast activation,
secretion of proteolytic enzymes from inflam-
matory cells and activation of matrix metallo-
proteinases, which together result in the
breakdown and collapse of bone matrix [20].
This explains why osteolysis occurs in the
PIBAs of infected animals, together with
implant cavity enlargement and the irregularity
of cavity contours (I–III, V–VIII).
An evaluation of NG infiltration is included

in the diagnostic guidelines for several types of
human bone infections. [16,33,76,77] There-
fore, this was also included in the histological
evaluation of the porcine IAO model (II, III,

V, VIII). The number of NGs inside each
PIBA was estimated using the method devel-
oped by Morawietz et al. (III) [78]. First,
potential hot spots rich in NGs were identified
at low magnification. These areas were then
evaluated at high magnification (4009), and
all clearly identifiable NGs were counted. In
each HPF, a maximum of 10 NGs were
counted. Ten HPFs were examined in this
way, resulting in a maximum count per pig of
100 NGs [78]. The threshold for a histopatho-
logical differentiation between infected and
sham (saline) inoculated animals was 40 NGs
in 10 HPFs (sensitivity = 92%, speci-
ficity = 90%; III). In the first study of the por-
cine IAO model (II) and the study of
histological changes associated with reduced
antimicrobial penetration into infected bone
tissue (V), the histological criteria developed

Fig. 9. Computed tomography (CT) scans of a porcine model of IAO inoculated with S. aureus (left panel:
A, C, E) or saline (right panel: B, D, F). (A) The implant cavity (ic) is enlarged and the outline is irregular.
(B) In contrast, the implant cavity (ic) of control animals is regular and sclerotic. (C and D) The outlines of
the implant cavity and surrounding bone lesions, if present, were defined as regions of interests (ROIs: green
line) on each image using a series of consecutive 1-mm scans. The blue line is 10 mm long. (E and F) The
total volume of the implant cavity plus the lesion was estimated using the defined ROIs.
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by Pandey et al. [79] and Feldman et al. [80]
were used, respectively, to determine whether
an infection was established. These criteria are

more similar to the newly developed diagnostic
criteria for fracture-related bone infections
[77]. However, the scoring system developed

Table 2. A porcine model of IAO. The table provides details of the host, pathogen and the infection, based
on clinical definitions and classification systems

Overview of a novel porcine model of implant-associated osteomyelitis (I–IX)

Animal Pigs, Landrace (SPF), female, 35 kg BW

Pathogen S. aureus (S54F9)

Bone Tibia

Implant 2 9 15 mm steel

Inoculation dose with 100% success rate 104 CFU in 10 lL
Embolic spread from infected bone No

Pathogenesis [16] Exogenous

Time frame 5 days

Classification IAO [2,16] Early

Inflammation stage [20] Subacute

Peri-prosthetic membrane oft type [88] II

Clinic infection stage [16] Acute

Cierny-Mader stage [18] 3A

Fulfilling the definitions of IAO in humans: [16]

Pus surrounding the implant Yes

Sinus tract communicating with the implant Yes

Identical microorganism in at least two samples

(biopsies, exudate, sonication fluid)

Yes

Presence of > 5 neutrophil granulocytes per 10 high-power fields in a biopsy Yes

Quantification of inflammation and infection

PIBA size (mean � SD) 3 � 1,29 mm

Neutrophil count (mean � SD) 85 � 26

3D volume of implant cavity + surrounding lesion(mean � SD) 0.9 � 0.6 cm [3]

CFU on implants (mean � SD) in mL sonication fluid 106 � 104 CFU

Fig. 10. Macroscopic pathology in a porcine model of IAO inoculated with saline. (A) The operation wound
sutures are intact and no exudate is visible. (B) Opening of the wound shows some inflammation is present
with hyperaemia in the subcutaneous tissue. The sutures in the periosteum are intact. (C) The implant has
been removed and sagittal sectioning of the bone exposes the implant cavity. (D) Close-up of the implant cav-
ity (ic) distal to the growth plate (gp). No signs of bone inflammation are present.
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by Morawietz et al. was better for distinguish-
ing among interventions because this estimated
the number of infiltrated NGs [78]. Finally, we
recorded whether bacteria were present within
the PIBA and, in selected cases, IHC staining
for S. aureus was performed (Fig. 14; II, III,
V, VI, VIII). The sizes (diameter) of bacterial
aggregates within bone tissue from patients
with different types of bone infections were
recently estimated as ranging from 5–50 µM

[7]. In general, the maximal biofilm size has
been estimated as 200 µM [7]. In the porcine
model, all S. aureus aggregates within PIBAs
were less than 84 µM; therefore, these are
comparable with those observed in patients
(III). Massive accumulation of neutrophils and
macrophages occurred around bacterial aggre-
gates localized within PIBAs (I–III, V–VIII).
However, bacterial clearance was significantly
impaired, indicating deficient granulocyte

Fig. 11. Macroscopic pathology in a porcine model of IAO inoculated with Staphylococcus aureus. (A) The
operation wound sutures are intact, but the wound is swollen and hyperaemic. (B) Opening of the wound
results in leakage of pus. (C) Completely opening the wound down to the periosteum shows purulent soft tis-
sue inflammation connected to the bone implant cavity. The periosteum sutures are not completely intact. (D)
The implant has been removed and sagittal sectioning of the bone exposes the implant cavity. (E) Close-up of
the implant cavity (ic) distal to the growth plate (gp). The implant cavity is filled with pus and the surround-
ing bone tissue shows necrotic and purulent inflammation.
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function or bacterial resistance to phagocytosis
[81]. Previous research has shown that the
interaction of macrophages and neutrophils
with a non-phagocytosable surface, such as an

orthopaedic implant or a large biofilm, impairs
phagocytosis [81]. Therefore, the IAO model
also elucidates the clinical paradox of micro-
bial persistence despite the presence of numer-
ous granulocytes around an orthopaedic
implant [81].

Microbiology: Following euthanasia, swabs
were taken from the soft tissue associated with
the surgical sites and from the implant cavities
of all animals. Inoculation with 104 CFU
resulted in positive cultures of S. aureus with
the same spa-type as that used for the inocula-
tions (I–III, VII, VIII). Only rarely was

Fig. 12. Histopathology in a porcine model of IAO
inoculated in the right tibia with Staphylococcus aur-
eus (A) or saline (B). (A) The insert shows the entire
bone lesion and the associated soft tissue abscess.
The asterisk (*) indicates the location magnified in
the large image. The peri-implant pathological bone
area (PIBA) was defined as the perpendicular dis-
tance between the implant cavity (ic) and the
appearance of normal bone architecture. Bone deb-
ris (d) created by drilling the implant cavity was
located nearby. Neutrophil (ne) accumulation,
necrotic bone tissue (n) and osteoclast proliferation
occur within the PIBA. Haematoxylin and eosin
(HE). (B) Here, the PIBA was significantly smaller
compared to the PIBA created by bacterial inocula-
tion. HE. (VIII).

Fig. 13. Histopathology in a porcine model of IAO
inoculated in the right tibia with Staphylococcus aur-
eus. (A) Close-up of a necrotic bone trabeculum sur-
rounded by bone resorbing osteoclasts. HE. (B)
Fibroblast proliferation (arrow) and pink osteoid
(o) production by active cubic osteoblasts were
observed at the edges of the PIBA. Van Gieson.
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contamination with porcine streptococci or
non-pathogenic porcine S. aureus strains of
another spa-type present in both control and
infected animals (II). Cultivation based on cot-
ton swabs is not recommended for making
microbiological bone infection diagnoses in
patients [82]. However, in the porcine model,
this method reliably confirmed the presence of
infections and the results could be correlated
with those from other tests, for example histol-
ogy and sonication of implants. Recent
research showed that sonication (i.e. implants
are sonicated in an ultrasonic bath and the
resulting fluid is cultured) improves the detec-
tion of microorganisms attached to an implant
[83]. Therefore, sonication was used to esti-
mate the number of bacteria attached to
implants in the porcine model and the mean
number of attached bacteria was approxi-
mately 106 CFU/mL sonication fluid (IX).

Embolic spread from the local bone infection –
Following euthanasia, necropsies were per-
formed (I–III, VII, VIII). The pigs were placed
in dorsal recumbency, the abdomen and tho-
rax were cut open across the midline, and all
organs were inspected and palpated in situ.
Tissue samples were taken from the lungs,
liver, right kidney and spleen, and these were
used for histological examinations. However,

no macroscopic or histological lesions indicat-
ing embolic spread of the inoculum were
observed in any animals (I–III, VII, VIII). In
addition, a lung sample was taken for microbi-
ological examination because porcine lungs
trap blood-borne pathogens due to the pres-
ence of specialized pulmonary intravascular
macrophages [84]. All samples were sterile,
indicating no haematogenous bacterial spread
in any of the animals.

Comparison with previous porcine bone infection
models – Previously, pigs have only been used
three times for modelling traumatic bone infec-
tions using bacterial inoculation directly into a
specific bone: in 1975, 1993 and 2001 [85–87].
The first model, developed by Koschmieder
et al., established bone infection by intrame-
dullary inoculation of S. aureus
(2 9 108 CFU) into a femoral cortical window
[85]. This model was used to test the effects of
a gentamicin-impregnated bone cement over a
16-day infection period. The second model was
developed in minipigs by Patterson et al. [86]
In this model, three strains of S. aureus
(109 CFU) and a bone sclerosing agent, which
was used to induce bone necrosis, were intro-
duced into the right mandible by intramedul-
lary inoculation [86]. The infection time in this
model was 12 weeks. The final model was
established by inoculating 2 9 103 CFU of S.
aureus into a diaphysis fracture line using an
18 G needle [87]. The animals were euthanized
after 28 days, and the cellular immune
response was evaluated [87]. Consequently, the
present porcine IAO model involves a signifi-
cant reduction in the number of injected bacte-
ria, compared to the former models.
Furthermore, only the present porcine IAO
model (inoculated with 104 CFU) and the
model developed by Patterson et al. reported a
100% success rate; that is, all inoculated ani-
mals developed an infection that was positively
identified by microbiological tests (I, III, VII,
VIII).

Comparison with IAO in humans – Our novel
porcine IAO model replicates exogenous patho-
genesis via surgical contamination with a highly
virulent S. aureus strain (Table 2) [16]. The time
frame of 5 days resulted in subacute suppura-
tive bone inflammation (I–III, V–VIII). The

Fig. 14. Immunohistochemical (IHC) staining of a
porcine model of IAO inoculated in the right tibia
with Staphylococcus aureus. Red coccoid S. aureus
bacteria surrounded by inflammatory cells near tra-
becular bone. IHC staining with a primary antibody
against S. aureus (IV).
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term subacute implies an inflammatory condi-
tion with cell infiltration predominantly involv-
ing neutrophils, together with initiation of
tissue repair/healing (VIII). Histologically, the
PIBA is comparable with the peri-prosthetic
type II membrane (i.e. the infectious type),
which develops between bone tissue and an
infected prosthesis in patients [88]. All animals
inoculated with bacteria developed infections in
accordance with the diagnostic criteria defined
for IAO (see Chapter 1) [16] and PJIs (I–III, V–
VIII) [76]. Clinically, the 5-day-old lesions
observed in our model would be defined as
resulting from early or acute infections [16].
Recent research has shown that the model can
be used in studies involving a time frame of
19 days (Fig. 15) [12].

The porcine IAO model corresponds to
stage 3A on the Cierny–Mader classification
system, that is localized osteomyelitis, usually
involving both cortical and medullary bone in
a patient without systemic or local compromis-
ing factors [18]. In patients, bone infections
are very adversely affected by comorbidities
such as obesity, diabetes, immune suppression
and coagulopathy [4,5,16]. These comorbidities
are extremely common in orthopaedic patients,
and understanding the impact of these factors
is critical. To date, no studies have reported
any of these comorbidities in a large animal
bone infection model [89]. The relatively minor
and limited lesions observed in our porcine
model (mean PIBA = 3 mm; I–III, V–VIII)
are similar to those reported in patients but

Fig. 15. Porcine model of IAO 19 days after inoculation (left panel). (A, C, E) A skin draining sinus tract
surrounded by subcutaneous fibrosis was connected to chronic, purulent, sequestrating osteomyelitis. The
right panel shows a porcine model of IAO with revision surgery 7 days after inoculation (B, D) and at
necropsy 10 days after the revision surgery (F). (B) Bone debridement exposes pinpoint bleeding from vital
bone tissue. (D) The bone void created during debridement was filled with a gentamicin eluting degradable
biocomposite (as described in Fig. 1). (F) The local administration of gentamicin could not prevent infection,
and the biocomposite was surrounded by pus and fibrosis post-mortem.
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very different from the lesions observed in
many rabbit- and rodent-based IAO models,
where the entire inoculated bone is often
affected.
Moriarty et al. describe the implant that was

used in the porcine IAO model as one of low
complexity, which corresponds to a non-func-
tional implant or a biomaterial serving as a for-
eign body (II, III) [34]. However, highly
complex models, with biomaterials that corre-
spond to completely functional devices such as
hip prostheses, may be unnecessary at the proof
of concept stage or in preliminary studies [34].
Experimental implant-associated bone infec-
tions involving complex implants may only be
required as a technology reaches the late pre-
clinical phase (e.g. a new antimicrobial surface
coating) [34]. These considerations regarding
low and high implant complexity are commen-
surate with the current application of the por-
cine IAO model. During the previous 4 years,
the model has been used very effectively to
develop a novel anti-biofilm compound and a
novel antimicrobial surface-coating technique.
Moreover, these new successful approaches are
to be applied in a more complex and refined ver-
sion of the IAO model based on insertion of full
joint prostheses in mature minipigs.

CHAPTER 4

Application of the porcine IAO model – tissue biofilm

In vivo biofilm – Most of our current informa-
tion regarding biofilm formation is based on
research from in vitro models [7]. However,
recently several studies have demonstrated that
biofilms grown in vitro are different from those
formed in vivo; that is, in vitro models are not
representative of infection sites (VIII) [7,90]. In
vitro biofilms consist solely of bacteria and
bacterial-derived components, whereas in vivo
biofilms contain a mixture of bacterial and
host-derived elements [7]. Furthermore, in vivo
biofilms are not continuously provided with
fresh media and they are not necessarily
attached to an artificial surface, but instead
are embedded in tissues [7]. As an example of
the impact of the local environment, the maxi-
mum diameter of an in vivo biofilm is 200 lm
(probably due to local oxygen depletion),

whereas an in vitro biofilm can reach several
centimetres [7]. Bacteria growing in biofilms
have low metabolic activity; however, they
stimulate an inflammatory reaction, which is
hard to replicate in a laboratory setting [91].

Porcine models of biofilm infections in humans
– Recently, porcine models of bacterial biofilm
infections in humans were reviewed and the
patho-morphology in the models was compared
with patho-morphology of the same sponta-
neous chronic infections in pigs at slaughter
(IV). Furthermore, descriptions of lesions in the
pigs were compared to those described in
patients. In addition to the present IAO model,
pigs have also been used to model chronic bac-
terial diseases that are associated with biofilm
formation in humans, such as endocarditis,
pyelonephritis and haematogenous osteomyeli-
tis (Fig. 16) [69,70,92]. The primary databases
used as information sources for the review were
Google Scholar, REX, Web of Science and
PubMed (IV). Regardless of the type of infec-
tion, the macroscopic patho-morphology of the
experimental lesions and lesions from slaughter
pigs with spontaneous infections were similar
(Fig. 16; IV). In addition, the pathogenesis and
pathological descriptions of lesions associated
with endocarditis [93,94], pyelonephritis [95,96]
and osteomyelitis [1,64] in humans and slaugh-
ter pigs were identical. Bacterial aggregates were
identified in all the experimental models
included in the review; however, only 6 of the
30 studies that were included comment on the
formation of biofilm (IV). This is probably
because most of the models were established
decades ago, and biofilm is a relatively new area
of interest in studies of chronic infectious dis-
eases [6]. Biofilm formation is rarely included in
descriptions of chronic spontaneous porcine
bacterial infections. A study by Costertorn et al.
in 2003 observed that all chronic bacterial dis-
eases in humans examined over a 12-year period
involved biofilms [97]. In addition, it has been
recommended that all refractory chronic bacte-
rial infections in humans should be analysed for
the presence of biofilm [98]. Thus, chronic por-
cine bacterial infections are probably caused by
biofilms similar to those described in studies on
patients. Therefore, the examination of biofilms
associated with chronic infections in farm

© 2021 APMIS. Published by John Wiley & Sons Ltd 27

IMPLANT ASSOCIATED OSTEOMYELITIS



animals represents a good opportunity to study
natural tissue biofilms in general (IV).

Tissue biofilm – For orthopaedic infections,
bacteria are usually considered in the context
of biofilm formation on an implant surface
[99]. However, biofilm formation can also
occur within peri-implant tissue when bacteria
attach to other bacteria and bone matrix com-
ponents (II, III, VI) [19,99]. Clinically, the
phenomenon of tissue-based biofilms is well
documented in case reports describing IAO
and other types of chronic infections such as
chronic wounds and pneumonia in cystic fibro-
sis patients [99–101]. Experimentally, tissue-
based biofilms have been studied in models of
catheter-based infections established in rabbits
and mice and the new porcine IAO model (II,
III, VI) [102,103]. Studies on the new porcine
IAO model showed that after 1 week, the

inoculated bacteria were localized in aggre-
gates that penetrated up to 0.5 cm into the
peri-implant tissue from the implant–tissue
interface (Fig. 17; II). Furthermore, in the por-
cine model, no bacterial growth was observed
on the tissue surface at the interface (Fig. 17;
II). Clearly, drilling the implant cavity and
injecting bacteria into the porcine IAO model
created a peri-implanted bacterial reservoir (II,
III, VI) [99]. As staphylococci are immotile
bacteria, bacteria induced tissue destruction
such as osteolysis is assumed to contribute to
the peri-implant tissue spread. Once located in
the peri-implant bone tissue, the infecting bac-
teria can form biofilms, small colony variants
or they can be internalized by osteoblasts, all
of which favours persistence of the infection
[104–106]. Biofilm formation will lead to
increased antimicrobial tolerance, which ren-
ders antibiotic treatment less effective [28].

Fig. 16. Comparative patho-morphology of chronic spontaneous bacterial infections in slaughter pigs (left
column) and experimental porcine models of the same human infections (middle column). Right column:
microscopy of the lesions that are shown in the middle column. Row A: Endocarditis. A1: Left side, throm-
botic valvular endocarditis (arrow). A2: A permanent catheter (arrow) is inserted into the left ventricle prior
to inoculation of Staphylococcus aureus bacteria. A3: IHC staining of S. aureus (arrow) on the mitral valve.
Row B: Pyelonephritis. B1, B2: Polar lesions resulting from pyelonephritis (arrows) caused by Escherichia coli.
B3: IHC staining of E. coli (arrows) in the proximal tubule. Row C: Haematogenous osteomyelitis. C1, C2:
Purulent osteomyelitis (O) in the femur. C3: IHC staining of S. aureus (arrow) located in metaphyseal capil-
lary loops (V). [69,70,92]
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Therefore, surgical debridement to remove the
peri-implant bacterial reservoir is often neces-
sary to eradicate the infection [16].

New staining technique for S. aureus tissue
biofilm – Pathologists are often unaware of
the presence of tissue biofilms when they
examine slides to diagnose bacterial infections
in histology laboratories. Commonly, bacteria
can be visualized in standard haematoxylin
and eosin (HE)- or Gram-stained tissue sec-
tions, although one disadvantage of HE stain-
ing is that haematoxylin stains all nucleic
acids, making it difficult to differentiate bacte-
ria from host cells [107,108]. The extracellular
matrix of a biofilm is composed of molecules
produced both by the bacteria and the host
and includes polysaccharides, proteins,

enzymes, nucleic acids and lipids (Fig. 3) [109].
All of these different molecules have specific
roles related to survival and growth of the
embedded bacteria [109]. In routine histology
laboratories, different HC stains are frequently
used to identify the same particular types of
molecules, for example Masson staining col-
ours collagen blue [108]. Therefore, a reason-
able approach to visualizing the extracellular
matrix of tissue biofilms could involve using
different HC stains (V). However, although the
extracellular matrix is an important element of
biofilms, it is unclear which HC stains could
be used to identify the matrix components.
Therefore, different HC stains, used separately
or in combination with IHC techniques to
detect S. aureus, were applied to tissue sections
exhibiting staphylococcal osteomyelitis and the

Fig. 17. Porcine model of IAO. (A) An implant cavity (ic) is drilled into the tibial bone, bacteria are injected
into the cavity and a steel implant is inserted. The pigs were euthanized after 5 days, and samples were col-
lected to analyse the tissue and assess the colonization of the implant. (B) Red Staphylococcus aureus bacteria
localized on the implant. Peptide nucleic acid fluorescence in situ hybridization using a specific probe for
S. aureus. (C) Red S. aureus bacteria were localized within the peri-implant tissue at different distances from
the implant–tissue interface. Bacterial colonization of the interface (white arrow) was not observed. IHC stain-
ing using an antibody specific for S. aureus (II).
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biofilm matrix was examined using light micro-
scopy (VI).

Sampling of tissue: A block of paraffin-em-
bedded infected bone tissue was obtained from
the new porcine IAO model. In addition, a
block of infected bone tissue was obtained
from the distal femur of a pig inoculated with
104 CFU/kg body weight of S. aureus (S54F9)
into the right femoral artery and euthanized
15 days afterwards [69]. Finally, a block of
infected bone tissue was obtained from a 5-
year-old boy with chronic haematogenous
osteomyelitis of the right femur (Fig. 18; VI)
[110]. According to Bjarnsholt et al., this case

fulfilled all the criteria for a chronic biofilm
infection, including tissue-adherent bacteria
found in clusters (5–200 µM), infection local-
ized to a specific anatomical site, and infection
persistence despite exposure to antibiotics [7].

Histochemistry and immunohistochemistry: In
total, 25 consecutive tissue sections (4–5 µM)
were cut from both blocks of porcine tissue
and stained using the HC stains listed in
Table 3 (VI). For each stain, the colour of the
bacteria and the clarity of the extracellular
biofilm matrix were recorded (VI). Further-
more, the level of contrast between the colour
of the bacteria and the surrounding tissue was

Fig. 18. Bone tissue used to develop a new biofilm staining protocol. (A) Porcine model of IAO (5 days). CT
scan showing the tibial implant cavity (ic) used for injection of S. aureus and insertion of a small steel
implant. (B) Histology of image A showing bacteria (arrow) in the peri-implant tissue adjacent to the implant
cavity (ic). HE. (C) Porcine model of haematogenous osteomyelitis euthanized 15 days after inoculation of
S. aureus into the femoral artery. A lesion found in the right femoral metaphysis is shown. (D) Histology of
image C showing bacteria (arrow) in the centre of the lesion. HE. (E) X-ray of a child with chronic
haematogenous osteomyelitis and a pathologic fracture of the right femur. (F) Histology of image E showing
bacteria (arrow) in a cortical sequestrum. HE (VI).
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scored: poor contrast (+), fair contrast (++) or
good contrast (+++). Six of the 26 HC stains
tested displayed the extracellular matrix and
showed good contrast (Table 3). Among these
six stains, Alcian Blue pH3, Luna and Methyl
green-pyronin could be optimally combined
with an IHC protocol based on an antibody
against S. aureus (Fig. 19; VI). This resulted in
red to light-brown bacterial cells and a visible
extracellular matrix. The three stains were also
applied to the human tissue (VI). The light-
blue colour of the biofilm matrix visible with
Alcian blue pH3 was due to staining of
polysaccharides, and the blue and orange col-
ours of the biofilm matrix visible with Luna
and Methyl green-pyronin, respectively, were
due to staining of nucleic acid (VI). Double
staining of S. aureus and biofilm matrix was
visible in approximately 10% and 80% of the
bacterial aggregates in the porcine and human
tissue sections, respectively (VI). The double-

stained tissue sections (HC plus IHC stained)
were scanned to create digital slides, and
image analyses were performed to estimate the
proportions of bacterial cells and extracellular
matrix in representative aggregates (Fig. 20).
This revealed a higher ratio of matrix com-
pared with bacterial cells in the human tissue
than in the two porcine models (VI).
According to the European Society for Clin-

ical Microbiology and Infectious Diseases’
guidelines for diagnosing biofilm infections, to
confirm the presence of a biofilm, tissue micro-
scopy must show evidence of an infective pro-
cess, such as the presence of leucocytes, and
the microorganisms present must form aggre-
gates that are embedded in a matrix which is
separate from the surrounding tissue [111].
These requirements were met using the new
combination of HC and IHC techniques for
visualizing S. aureus biofilm under light micro-
scopy (VI).

Table 3. Results of using 25 histochemical stains to visualize bone tissue from porcine models of
haematogenous and implant-associated osteomyelitis induced by Staphylococcus aureus S45F9. Contrast
between bacteria and the matrix: poor (+), fair (++), good (+++). Modified from VI

The colour of biofilm

Stain Bacteria colour Biofilm matrix colour Contrast

Alkaline congo red Purple No ++
Crystal violet Purple Yes, Purple ++
Gomori’s reticular fibres Brown/purple No +
Luna Blue Yes, Blue +++
Martius scarlet blue Purple No +
Masson trichome Brown/purple No ++
Picro-sirius red Orange Yes, Orange ++
PTAH Brown/purple No +
Van Gieson Brown No +
Verh€oeff’s Purple No +
Alcian blue ph1 Blue Yes, Blue +
Alcian blue ph3 Blue Yes, Blue +++
PAS Purple Yes, Purple ++
Safranin O Purple Yes, Purple +++
Toluidine blue-acetone Blue Yes, Blue ++
Oil red O Purple Yes, Purple ++
Perls’ Prussian blue Red No ++
Von kossa Brown No +
Alizarin red S Yellow/brown No +/++
Giemsa Blue Yes, Blue +++
Grocott methenamine silver Black No ++
Levaditis Black No ++
Gram Purple/blue Yes, Purple/blue +++
Feulgen nuclear reaction for DNA Turquoise No +
Methyl green-pyronin Red/pink Yes, Red/pink +++
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CHAPTER 5

Application of the porcine IAO model – antimicrobial

agents

Treatment of IAO – Surgery is required to
treat almost all IAO cases [16]. Sequestra and
tissue biofilms compromise the effect of antibi-
otic therapy; therefore, drainage, debridement
and implant removal are required. After
debridement, approximately 2 weeks of intra-
venous antibiotic therapy is administered to
eradicate any biofilm remaining at the infec-
tion site [2]. Thereafter, prolonged oral

antibiotic therapy for 6–12 weeks is recom-
mended, depending on the stage of the infec-
tion, for example acute, late or delayed [2,16].
However, there is no scientific evidence recom-
mending, nor comparative clinical studies
defining, an optimal duration of antimicrobial
treatment [16]. Animal models of bone infec-
tions are valuable because they can be used to
test prophylactic and therapeutic strategies for
managing IAO in humans [31]. However,
treatment studies using animal models of IAO
are complex. If the treatment involves surgical
debridement or application of local antibiotics,

Fig. 19. IHC (A), histochemical (B–L) and combined IHC and histochemical (M–O) staining of Staphylococ-
cus aureus-infected porcine bone tissue. (A) S. aureus IHC staining, (B) Alcian blue pH3, (C) Luna, (D)
Methyl green-pyronin, (E) Safranin O, (F) Gram, (G) Crystal Violet, (H) Oil red, (I) Feulgen, (J) Verhoeff,
(K) Alizarin Red, (L) Masson trichome, (M) Alcian blue pH 3 + S. aureus IHC staining, (N) Luna + S. au-
reus IHC staining, (O) Methyl green-pyronin + S. aureus IHC staining. All images are the same scale (VI).
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then at least two surgical procedures are
required (I, VII) [31]. One procedure is
required to inoculate the animals and after the
infection has developed, a second surgical
treatment procedure is necessary [31]. Simi-
larly, preclinical treatment studies based on
the administration of systemic antibiotics also
require infections to develop before treatment
can be initiated (I, VII). In contrast, a shorter

infection period is used for animals in prophy-
laxis studies because anti-infective approaches
are applied before or together with bacterial
inoculation and only one surgical procedure is
needed (VIII).

Antimicrobial pharmacokinetics in infected bone
tissue – Successful systemic antimicrobial treat-
ment of IAO depends on using drugs that can

Fig. 20. Proportions of bacteria and extracellular matrix in Staphylococcus aureus biofilm infections. Left col-
umn: combined IHC staining (for S. aureus) and Alcian blue pH3 staining of representative bacterial biofilms
(red outline) displaying both bacteria (red/brown) and extracellular matrix (blue). Right column shows the
colours used for image analyses: yellow = bacterial cells; purple = extracellular matrix. (A and B) Bone tissue
from a porcine model of S. aureus IAO infected for 5 days. Scale bar = 40 lm. (C and D) Bone tissue from a
porcine model of S. aureus haematogenous osteomyelitis infected for 15 days. Scale bar = 78 lm. (E and F)
Bone tissue from a patient who had S. aureus haematogenous osteomyelitis for more than 1 year. Scale
bar = 72 lm (IV).
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penetrate the target site and have proven effec-
tiveness against the invading pathogen. Ade-
quate bone penetration is important because
antibiotics need to reach a particular concen-
tration at the infection site to kill pathogens
and prevent the development of antibiotic
resistance. Bone infection treatment failure
may be partly due to lack of knowledge
regarding target-site penetration of systemi-
cally administered antimicrobial agents (I, VII)
[112,113]. For many antimicrobial agents,
plasma pharmacokinetic targets have been
identified, whereas tissue targets have not
[114]. Bone is less vascularized than other tis-
sues, and recent studies involving animals and
humans have revealed reduced bone penetra-
tion of intravenously administered antibiotics
that are frequently used to treat orthopaedic
conditions [115,116]. Therefore, antimicrobial
treatment regimens that are based on pharma-
cokinetic studies of plasma may be more

susceptible to therapeutic failure. Patients with
IAO may have impaired blood circulation at
the infection site, and certain aspects of
pathology (e.g. fibrosis, sequestra and suppu-
ration) may further reduce the penetration of
antibiotics (I, VII) [1]. Thus, the pharmacoki-
netic characteristics of antimicrobial agents
applied to normal healthy bone tissue may not
be the same as those of the same agents
applied to infected bone tissue. Recently, the
impact of bone infection and inflammation on
tissue penetration was investigated in the por-
cine model of IAO (I, VII). In these studies,
pigs with IAO for 5 days were anaesthetized
and microdialysis (MD) catheters were placed
in the infected implant cavities, in the infected
bone tissue 1 cm from the implant cavities,
and in the associated infected soft tissue (I,
VII). In addition, MD catheters were placed in
the bone and overlying soft tissue of the con-
tralateral healthy leg (Fig. 21A–C). In two

Fig. 21. Penetration of antimicrobial agents into infected bone tissue following intravenous administration in
a porcine model of IAO. (A) Microdialysis (MD) catheters (*) were placed in healthy and infected subcuta-
neous tissue, healthy and infected trabecular bone, and within the infected implant cavity (ic). The antimicro-
bial agents were administrated intravenously and samples were subsequently collected from plasma and the
five MD catheters every 30 min for 8 h. (B and C) CT scans showing the implant cavity and the drilled cavi-
ties for the MD catheters (*) in healthy and infected bone tissue (VII).
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separate studies, a single dose of either
cefuroxime or vancomycin was administered
intravenously and samples were taken from
plasma and the five MD catheters regularly
over an 8-h period (I, VII). Previously, antimi-
crobial penetration into bone tissue has been
investigated using surgically collected bone
specimens, from which the administered
antimicrobial agents were subsequently
extracted and quantified [117]. However, MD
offers an attractive alternative to using bone
samples because it can be used to selectively
measure the unbound extracellular fraction of
antibiotics over time [118]. Briefly, MD is a
minimally invasive technique based on small
catheters with semipermeable membranes at
the tip [118]. The semipermeable membranes
allow diffusion (dialysis) of solutes between the
extracellular fluid and the perfusate in the
catheter [118]. Because the catheter is continu-
ously perfused with isotonic saline, an equilib-
rium is never reached [118].
The measured concentration profiles of

cefuroxime and vancomycin showed that pene-
tration of these antibiotics into the infected
implant cavity (AUC0-last and Cmax) was signif-
icantly impaired (I, VII). For cefuroxime, pen-
etration into infected trabecular bone was also
impaired, but impairment of penetration into
the implant cavity was more marked (I). Van-
comycin penetration into infected trabecular
bone was impaired compared to its penetration
into healthy bone (VII). In general, cefuroxime
penetration of various tissues was better than
that of vancomycin. Therefore, both the sensi-
tivity of the infecting pathogen to a particular
drug and the drug’s specific bone tissue phar-
macokinetic profile should be considered when
selecting appropriate antimicrobial agents to
treat IAO (I, VII). Consequently, more aggres-
sive antimicrobial treatment regimes for bone
infections should be developed and tested to
secure sufficient target-site exposure.

Histopathology associated with reduced
antimicrobial penetration – Because of the
results of the pharmacokinetic studies in the
porcine IAO model, it was decided to charac-
terize the histological changes associated with
reduced antimicrobial penetration (V). Paraf-
fin-embedded tissue blocks containing

longitudinal sections of the implant cavity,
which showed pathological changes sur-
rounded by healthy tissue, were sampled from
all animals (V). HE-stained sections were used
to confirm that all animals were infected, in
accordance with the Feldman criteria (i.e.
more than five neutrophils per HPF, after
evaluating five HPFs) [80]. The thickness of
the pathological tissue (i.e. the PIBA) was
measured as previously described in Chapter 3.
The PIBA measurements ranged from 1.2 to
3.8 mm, and greater PIBA thickness was sig-
nificantly correlated with reduced antimicro-
bial penetration, that is low AUC0-last and
Cmax (V). Thus, reduced penetration of system-
ically administered antimicrobial agents into
tissue surrounding infected implants was corre-
lated with the progression of bone pathology
(V). In particular, PIBAs that were >3 mm
thick showed significant reductions in antimi-
crobial agent penetration (Fig. 22; V). The
three largest foci within a PIBA that had no
obvious vessels were identified and outlined
(V). The areas of these three vessel-free foci
were calculated (range, 5.2–17.6 mm2), and the
foci comprised osteonecrotic tissue, inflamma-
tory cells, bacteria and bands of collagen (V).
Morphological examinations and IHC analyses
targeting von Willebrand factor were used to
identify small arterioles and veins, blood-filled
capillaries and regions undergoing angiogene-
sis. The PIBAs contained all of these vessel
types and morphological characteristics (V).
Premature granulation tissue with blood-filled
capillaries was primarily observed at the
periphery of implant cavities but was occasion-
ally contiguous with a cavity. In general,
thrombosis was not observed within or outside
PIBAs. In order to collect systemically admin-
istered cefuroxime from the MD catheters (i.e.
from the extracellular fluid) the drug must
have spread and crossed the capillary endothe-
lia inside the PIBAs [119]. However, despite
the presence of capillaries close to the implant
cavities, decreased penetration was observed
(V). Therefore, either the capillaries were
unable to compensate for the vessel-free foci
or blood flow within the capillaries had
decreased. Increased intramedullary pressure
and stasis could have decreased the local blood
flow. After escaping from the capillaries,
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cefuroxime could only enter the MD catheter
in the implant cavity by diffusion through the
interstitial fluid [119]. Therefore, diffusion may
have been impaired by the suppurative inflam-
matory response, increasing the viscosity of
the interstitial fluid (V) [120]. Furthermore,
bone destruction may have enlarged the

implant cavity, increasing the distance that
had to be covered by diffusion (V) [119].

Local antibiotic treatment of bone infections –
Because mature biofilms can develop antimi-
crobial tolerance of more than 1000 times the
minimum inhibitory concentration (MIC)
value and antimicrobial agents have difficulty
penetrating infected bone tissue, surgical eradi-
cation of dead bone tissue and biofilm is
mandatory for successful treatment of CO [16].
However, after debridement the bone should
be considered contaminated with disseminated
bacteria released during surgery [121]. The
bone surface will be covered in haematomas,
and the local environment will be low in oxy-
gen and will have a low pH, providing an ideal
environment for new biofilms to form from
the disseminated bacteria [121]. Systemic
antibiotics should be administered to target
these remaining bacteria [2,16,121]. Another
option is to use a local antibiotic carrier that
can fill the bone void and deliver high concen-
trations of local antibiotics to the surrounding
tissue [2,121]. One of the clear advantages of
using local antibiotics is that this can achieve
high local antibiotic concentrations, avoiding
the risk of systemic toxicity [2,121]. Research
has demonstrated that local antibiotic carriers
can elute 10–100 9 the MIC value of the most
common organism involved in IAO [122,123].
However, the extent to which locally applied
antibiotics can penetrate into the surrounding
bone tissue remains unclear. Recently, the por-
cine IAO model was use to investigate the
microbiological impact of a gentamicin-loaded
bone void filler, without simultaneous systemic
antibiotic treatment, following limited or
extensive debridement of osteomyelitis lesions
[12]. Regardless of the type of debridement
used, the bone void filler was contaminated
with biofilm 10 days after revision surgery.
However, significantly less surrounding bone
inflammation was present in cases of extensive
debridement [12]. Consequently, the bone tis-
sue concentrations of gentamicin obtained
from the bone void filler may have been too
low to eradicate the remnants of the mature
biofilms left behind after debridement, allow-
ing the carrier product to be colonized [12].
The study measured only low concentrations

Fig. 22. Results of antimicrobial (vancomycin and
cefuroxime) penetration into healthy bone tissue
and the infected implant cavity in a porcine model
of IAO (study set up, see Fig. 21). (A) A PIBA sur-
rounds the implant cavity (ic). (B) The y-axis shows
the maximal measured antimicrobial concentration
(C-max). Data from the infected implant cavity were
separated into two categories based on PIBA size
(PIBA < 3 mm and PIBA > 3 mm). If the PIBA
extended more than 3 mm into the bone tissue, a
dramatic reduction in antimicrobial penetration was
observed (V).
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of gentamicin in the surrounding bone tissue,
which supports this interpretation [12].
The most frequently used local antibiotics

are gentamicin, tobramycin, vancomycin and
cephalosporins [124]. The antibiotic bone void
filler or carrier may be resorbable or non-re-
sorbable [121]. Positive treatment outcomes
have recently been reported in different retro-
spective clinical studies of resorbable antibiotic
carriers [125]. Regardless of the local antimi-
crobial carrier used, investigators must under-
stand the partitioning of antibiotics within the
bone void and the surrounding debrided/in-
fected bone tissue once released from the car-
rier. The effect of local antibiotics will depend
on the antibiotic release profile from the car-
rier, tissue penetration and the impact of host-
specific factors such as bleeding and inflamma-
tion. These factors may influence antimicrobial
agent concentrations and diffusion characteris-
tics, thereby having an effect on the suscepti-
bility of pathogens to the treatment (VIII).

In vivo susceptibility to gentamicin – The
impact of particular in vivo factors was
recently investigated using the novel porcine
IAO model (VIII). The aim of the study was
to set up an in vivo single-dose antimicrobial
susceptibility test for biofilm prevention by
adding different concentrations of gentamicin
to the inoculum introduced into the porcine
IAO model.
Prior to in vivo testing, an in vitro time-kill

curve was generated using different gentamicin
concentrations (16, 160, 1600, 16,000 and
160,000 9 MIC) and the S. aureus strain used
for inoculation (MIC = 0.25). After 24 h, only
the positive control (no gentamicin) and the
sample containing 16 9 MIC had a viable
bacterial count. For the high MIC values
(16,000 and 160,000), the detection limit was
reached within 2 h, and for the low MIC val-
ues (160 and 1600), the detection limit was
reached within 4 h (VIII). Mixing the bacteria
and gentamicin concentrations described above
for 60 s, as was performed before inoculation
of the porcine IAO model, did not neutralize
the inoculum. A total of 25 pigs were included
in the study. Pigs inoculated with saline
(Group A) or bacteria (Group B) were historic
controls from previous experiments (II, III).
An additional four groups (Groups C–F) were

included to test different doses of gentamicin
(VIII). The implant cavity in the model was
created as previously described (III); however,
1 min before inoculation, different doses of
gentamicin were added to the inoculum. The
final gentamicin concentrations in the inocu-
lum were 160, 1,600, 16,000 and
160,000 9 MIC (VIII). All pigs were eutha-
nized 5 days after inoculation and analysed
using the methods described in Chapter 3. The
bactericidal effect of gentamicin was evaluated
using microbiological swabs of the implant
cavity, sonication of implants and IHC stain-
ing of S. aureus within the PIBAs. No bacteri-
cidal effect was observed for gentamicin
concentrations of 160 and 1600 9 MIC (VIII).
In contrast, bactericidal effects were observed
for gentamicin doses of 16,000 and
160,000 9 MIC (the high MIC value group;
VIII). A significant reduction in the number of
bacteria attached to the implant surface was
only observed when sonication results from
the high MIC value group and Group B (bac-
teria only) were compared. The microbiologi-
cal results were consistent with the
pathological findings. Macroscopic signs of
infection were not observed in saline-inocu-
lated animals or in the high MIC value group
(except for one animal with pus in the implant
cavity). Pus was found in the implant cavities
of all Group B animals and in the implant
cavities of low MIC value groups (160 and
1600 9 MIC). Histologically, PIBA measure-
ments and NG counts from the high MIC
value group and the group receiving
1600 9 MIC were comparable to those of ani-
mals inoculated with saline (VIII). In conclu-
sion, 1600 9 the MIC value of gentamicin
must be included in the inoculum of the por-
cine IAO model to prevent bacterial attach-
ment to the implant (VII). However, when
only the bone tissue was considered, all con-
centrations > 1609 MIC resulted in a tissue
response comparable to saline inoculation
(VIII). All the gentamicin doses tested were
100% effective in vitro against the planktonic
form of the S. aureus strain. However, after
inoculation, only high doses (>1000 9 MIC)
retained sufficient bactericidal effects, regard-
less of the inflammatory reaction and the onset
of biofilm formation on the implants (VIII).
Pre-inoculation mixing of the inoculum
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ensured optimal, equal, and reproducible con-
tact between bacteria and gentamicin within
the tissue (i.e. bactericidal effects were based
on exposure to a single antibiotic dose and the
influence of specific in vivo factors).
Drilling the implant cavity resulted in an

acute inflammatory response within the sur-
rounding bone tissue. In addition, bacterial
inoculation induced further acute inflammation
within hours. Acute inflammation leads to
vasodilatation and increased vascular perme-
ability, allowing fluid and plasma proteins to
enter the cavity [126]. These events may have
diluted the gentamicin and coated the implant
and surrounding dead bone tissue (produced
by drilling the implant cavity) with plasma
proteins (Fig. 23). S. aureus biofilms start to
form on artificial surfaces when bacterial sur-
face molecules bind to plasma proteins
attached to the artificial surface [23]. There-
fore, biofilms begin to form immediately after
inoculation due to bacterial attachment to
plasma proteins covering implants and necrotic
bone tissue (Fig. 23). Thus, the initiation of
biofilm formation may have increased the tol-
erance of inoculated S. aureus bacteria shortly
after inoculation (VIII). In addition, tolerance
would be enhanced by the acidic inflammatory
environment because low pH values increase

the MICs of aminoglycosides for gram-positive
cocci [127]. The particular doses used in the
susceptibility study are clinically arbitrary;
however, they demonstrate that the effective
doses of locally administered antimicrobial
agents must be higher than assumed due to
the influence of the local inflammatory envi-
ronment. Thus, infectious disease specialists
and orthopaedic surgeons need to be aware of
the fact that the in vivo effectiveness and phar-
macokinetics of locally administered antimi-
crobial agents currently is limited.

CHAPTER 6

Conclusions and perspectives

Orthopaedic implants are associated with a
high risk of bone infections, which involve bio-
film development. For this reason, and due to
the increasing prevalence of antimicrobial
resistance, there is a clear need for improved
diagnostic, preventive and therapeutic tech-
nologies to manage bone infections. The path-
way to clinical implementation of any anti-
infective technology begins with preclinical
testing in animal models. This dissertation
describes the development, characterization
and application of a porcine IAO model, and
based on the main results of publications I–
IX, the following conclusions were reached:

• An effective and reproducible porcine model
of IAO in humans was developed. Insertion
of a steel implant and inoculation with
104 CFU of S. aureus (S54F9) into a pre-
drilled tibial bone cavity resulted in an infec-
tion rate of 100%.

• Bone infections in the porcine IAO model
can be objectively quantified using CT-vol-
ume calculations and by assessing neutrophil
infiltration, observing histological changes
and estimating the number of bacteria
attached to the bone implant.

• In many previous studies that used non-ro-
dent large animal models of bone infections,
experimental design was poorly reported,
methods were of poor quality and the patho-
logical and microbiological parameters used
varied significantly.

• Osteomyelitis in slaughter pigs displays simi-
larities to bone infections in patients and

Fig. 23. Porcine model of IAO. An implant cavity
(ic) is drilled into the tibial bone, a bacterial inocu-
lum is delivered into the cavity and a steel implant
is inserted. A histological image was recorded 8 h
after drilling the implant cavity. The implant cavity
was filled with blue fibrin threads, which favour
bacterial attachment and biofilm formation. Phos-
photungstic acid haematoxylin stain.
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represents an unexplored resource for inves-
tigating biofilm infections.

• Bacterial aggregates occur up to 6 mm deep
within the surrounding bone tissue less than
1 week after inoculation. Therefore, peri-im-
planted bone tissue can serve as a bacterial
reservoir shortly after surgery.

• A combination of HC and IHC techniques
can simultaneously stain both the extracellular
matrix and the bacteria within a biofilm, using
two different colours. Furthermore, there was
a positive correlation between the quantity of
extracellular matrix in a tissue biofilm and the
duration of the infection period.

• Systemically administered antimicrobial
agents showed significantly less penetration
into the tissue surrounding infected bone
implants than into healthy bone tissue. Dif-
ferent types of antimicrobial agents had dif-
ferent penetration profiles. Therefore, to
select an appropriate treatment regime, tar-
get-site penetration of an antimicrobial agent
must be considered alongside its effectiveness
against the infecting pathogen.

• The quantity of infected bone tissue was
negatively correlated with the penetration of
systemically administered antimicrobial
agents. A PIBA of more than 3 mm results
in significantly less penetration of antimicro-
bial agents.

• The in vivo susceptibility of bacteria to
locally administered intraosseous gentamicin
is significantly affected by the extent of both
inflammation and biofilm development.

Progress in medicine has been accomplished
using experimental animals. In total, 90% of
the Nobel prizes in ‘Physiology or Medicine’
have been awarded to investigations based on
research with animal models, for example the
transmission and treatment of tuberculosis by
R. Koch (1905; using guinea pigs, mice and
rats), the discovery of insulin by F. Banting
and J. MacLeod (1923; using cattle, dogs, fish,
pigs and rabbits) and the invention of CT by
G. Hounsfield and A. Cormack (1979; using
pigs) [30]. Currently, our understanding of the
diagnosis, pathology and treatment of many
complex diseases may benefit from research on
living organisms [30]. One such disease is bone
infections. This dissertation describes a reliable
and effective porcine IAO model for bone

infection research and demonstrates its almost
unlimited applicability for future studies. This
porcine IAO model is being used in several
ongoing and upcoming national and interna-
tional projects. The large bone size and poten-
tial for comprehensive characterization of
bone tissue means that the model may be
implemented in studies that could herald a
new bone implant era. This may include the
development of implants with bio-sensing, self-
awareness and self-repair capabilities, for
example autonomous implants which may
detect developing infections by monitoring the
surrounding pH value, oxygen level, tempera-
ture or the presence of specific cytokines and
respond by releasing antimicrobial agents. Fur-
thermore, studies targeting the development of
personalized and multifunctional 3-dimen-
sional printed scaffolds that may be used as
bone implants are also in progress. Such
implants may be inserted into bone defects
caused by infections, in accordance with the
needs of individual patients. These implants
will be designed to resist infection and enhance
osseointegration, promoting rapid recovery
and restoring a patient’s quality of life.
One approach to treating bone infections

could involve preventing bacteria from becom-
ing established within biofilms by developing
anti-biofilm compounds. In theory, anti-bio-
film compounds could be combined with
antimicrobial agents to kill planktonic bacteria
before they become embedded in a protective
biofilm. This strategy has already benefitted
patients with lung infections caused by cystic
fibrosis. The porcine IAO model has previ-
ously been used to screen novel anti-biofilm
compounds isolated from micro-algae
(NoMorFilm no. 634588). In addition, large
international and multidisciplinary studies
have been planned, which will focus on isolat-
ing new anti-biofilm compounds from collec-
tions of arctic algae and bacteria.
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