
334 www.ecmjournal.org

C Guarch-Pérez et al.                                                                                                          Osteomyelitis mouse models

Abstract

Osteomyelitis is an inflammatory bone disease caused by an infecting microorganism leading to a gradual 
bone loss. Due to the difficulty in studying osteomyelitis directly in patients, animal models allow researchers 
to investigate the pathogenesis of the infection and the development of novel prophylactic, anti-inflammatory 
and antimicrobial treatment strategies. This review is specifically focused on the in vivo mouse osteomyelitis 
studies available in literature. Thus, a systematic search on Web of Science and PubMed was conducted 
using the query “(infection) AND (mice OR mouse OR murine) AND (model OR models) AND (arthroplasty 
OR fracture OR (internal fixator) OR (internal fixation OR prosthesis OR implant OR osteomyelitis)”. After 
critical assessment of the studies according to the inclusion and exclusion criteria, 135 studies were included 
in the detailed analysis. Based on the model characteristics, the studies were classified into five subject 
groups: haematogenous osteomyelitis, post-traumatic osteomyelitis, bone-implant-related infection, peri-
prosthetic joint infection, fracture-related infection. In addition, the characteristics of the mice used, such as 
inbred strain, age or gender, the characteristics of the pathogens used, the inoculation methods, the type of 
anaesthesia and analgesia used during surgery and the procedures for evaluating the pathogenicity of the 
infecting micro-organism were described. Overall, the mouse is an excellent first step in vivo model to study 
the pathogenesis, inflammation and healing process of osteomyelitis and to evaluate novel prophylaxis and 
treatment strategies.
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A. baumannii Acinetobacter baumannii
AP   alkaline phosphatase
ATCC  American type culture collection
BLI  bioluminescence imaging
C. acnes  Cutibacterium acnes
C. albicans Candida albicans
CCR2  C-C chemokine receptor type 2
CFU  colony-forming unit
Cna  collagen-binding adhesin
CRP  C-reactive protein
E. coli  Escherichia coli
ELISA  enzyme-linked immunosorbent
   assay
FnbA/B  fibronectin-binding proteins A and
   B
FISH  fluorescence in situ hybridisation

FLI  fluorescence imaging
GM  genetically modified
Ig   immunoglobin
IL   interleukin
IL-1R  IL 1 receptor
IMHC  immunohistochemistry
IMF  immunofluorescence
IVIS  in vivo imaging system
K. pneumoniae Klebsiella pneumoniae
MCP  monocyte chemoattractant protein
MRI  magnetic resonance imaging
MRSA  methicillin-resistant S. aureus
NET  neutrophil extracellular trap
P. aeruginosa Pseudomonas aeruginosa
PET  positron emission tomography
PINP  procollagen type I propeptide
PJI   peri-prosthetic joint infection
PMMA  polymethylmethacrylate
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as P. aeruginosa and even by a mixture of pathogens 
(Bernthal et al., 2010; Horst et al., 2012; Inzana et al., 
2015b). Furthermore, bacterial infections can find 
other ways to persist despite treatment (Kavanagh 
et al., 2018). For example, staphylococci can survive 
intracellularly in human cells such as macrophages, 
osteoblasts or even osteocytes causing a chronic 
persistent osteomyelitis extremely difficult to treat 
(Boelens et al., 2000; Ellington et al., 2006; Valour et al., 
2015; Yang et al., 2018). S. aureus can also form SACs, 
small but highly persistent microcolonies in the bone 
and soft tissue (Guggenberger et al., 2012; Hofstee 
et al., 2020; Tuchscherr et al., 2017), and can hide in 
canaliculi within the bone, out of reach of phagocytic 
cells (de Mesy Bentley et al., 2017). In addition, 
the worldwide increase in antibiotic resistance 
leaves fewer treatment options available (O’Neill, 
2014). Consequently, patients require prolonged 
antibiotic treatment and longer hospitalisation and 
re-operation, resulting in longer disability and in a 
dramatic clinical and economic burden for the society. 
Therefore, it is crucial to develop new prevention, 
diagnosis and treatment strategies for osteomyelitis 
(Masters et al., 2019; Moriarty et al., 2016).

Clinical translation and the need for animal models
Novel strategies for prevention, diagnosis and 
treatment should be properly evaluated to ensure 
their effectiveness before use in patients. However, 
the diverse incidence rate of osteomyelitis ranging 
from 1 to 30 %, depending on the clinical situation 
and presence of a device (Metsemakers et al., 2015), 
the diversity in the anatomical locations affected 
and the wide range of patients age make it difficult 
to study the disease within the human population 
(Lazzarini et al., 2006). Moreover, osteomyelitis can be 
caused by a broad variety of microorganisms, which 
may necessitate specific treatment for each pathogen 
(Arciola et al., 2005b).
 To overcome these obstacles, animal models 
have been developed to study the pathology and 
pathogenesis of osteomyelitis and the efficacy of 
prophylactic and treatment regimes. These animal 

PMN  polymorphonuclear leukocytes
PNA-FISH peptide nucleic acid fluorescent in 
   situ hybridisation
PSM  phenol-soluble modulin
qRT-PCR real-time quantitative reverse
   transcription PCR
RNA-Seq RNA sequencing
S. agalacticae Streptococcus agalacticae
S. aureus Staphylococcus aureus
S. epidermidis Staphylococcus epidermidis
SACs  S. aureus abscess communities
SarA  staphylococcal accessory regulator A
SCV  small colony variant
SigB  staphylococcal sigma factor B
SPF  specified-pathogen free
SEM  scanning electron microscopy
T1D  type 1 diabetes
T2D  type 2 diabetes
TEM  transmission electron microscopy
Th1  T helper 1 cell
Th2  T helper 2 cell
TNF  tumour necrosis factor
TRAP  tartrate-resistant acid phosphatase
μCT  micro-computed tomography

Introduction

General introduction of osteomyelitis
Osteomyelitis is an inflammatory bone disease caused 
by an infecting microorganism leading to a gradual 
bone loss (Kavanagh et al., 2018). The disease can 
affect a localised bone section or several parts such 
as cortex, periosteum and even the surrounding 
soft tissue. These infections can be caused by a 
contamination through the bloodstream (known as 
haematogenous infections), by direct seeding of an 
open fracture related to trauma or surgery or by a 
contiguous spread from nearby tissue or a prosthetic 
device (Kavanagh et al., 2018; Lew and Waldvogel, 
2004; Zimmerli and Trampuz, 2011). In fact, the main 
risk factors associated with osteomyelitis are trauma, 
orthopaedic devices and diabetic foot infection 
(Berendt et al., 2008).

Pathophysiology of the disease
Osteomyelitis begins with the bacterial attachment 
and subsequent biofilm formation on the bone 
tissue and/or orthopaedic device. Biofilms consist 
of a community of bacteria attached to a biological 
or inert surface that are embedded in a matrix of 
exopolysaccharide, protein and extracellular DNA 
(Crabbé et al., 2019). The biofilm structure provides 
an increased tolerance to antibiotics and immune 
defences, for instance, due to the presence of bacterial 
phenotypes with low metabolic activity and SCV 
(Crabbé et al., 2019).
 Osteomyelitis is mainly caused by staphylococci, 
especially by S. aureus and S. epidermidis, but can also 
be caused by other Gram-positive pathogens such 
as streptococci, by Gram-negative pathogens such 

Fig. 1. Number of studies using mouse osteomyelitis 
models per year between 1991 and 2020. The number 
of mouse osteomyelitis models steadily increased 
from 2010 to 2020.
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models should meet specific features to most 
accurately model the clinical situation in patients, 
such as a similar bone anatomy, gender influence or 
susceptibility to infection (Wancket, 2015). Therefore, 
only research conducted with well-established animal 
models will contribute to a better understanding of 
the pathogenesis of the disease and will advance the 
progress of novel preventive and treatment strategies 
towards the clinic (Coenye et al., 2018). Although 
different animal species such as sheep, rabbit, dog 
and rats have been used for this purpose, the use 
of mouse models to study osteomyelitis has rapidly 
increased during the last decade (Fig. 1; Reizner et 
al., 2014).

Mouse models: advantages and limitations
Mouse models for osteomyelitis gained popularity 
particularly with the unravelling of the mouse genome 
by the Mouse Genome Sequencing Consortium in 
2002 (Mouse Genome Sequencing Consortium et al., 
2002). The general advantages of mice as models for 
osteomyelitis studies are their reproducibility (i.d. 
development of the infection within the mouse strain 
and availability of the mouse strains to reproduce 
and continue an experimental approach), their bone 
physiological and structural similarity to humans, the 
diversity of genetic and molecular tools available to 
study them and their relatively low costs. This enables 
extensive experimental designs, tailored to solve a 

wide variety of research questions. Furthermore, the 
mouse has a relatively short life cycle, providing the 
advantage of a rapid development of the pathological 
features of osteomyelitis.
 Mouse bone is similar in its physiology and 
structure to human bone, with the presence of 
trabecular and cortical bone and with similar cell 
types. However, mice lack a haversian system 
(osteon) but instead use resorption cavities for bone 
remodelling that have a similar function to the 
haversian system (Holstein et al., 2009). This results 
in a similar physiological control of bone remodelling 
(Holstein et al., 2009). Compared to larger animals, 
mice have much smaller bones, making surgical 
manipulation more challenging (Muschler et al., 
2010). This limitation has been successfully solved 
with high level technology for small rodents that 
allows the establishment of highly standardised 
bone surgical procedures. Even the techniques for the 
insertion of devices such as intramedullary nails or 
the placement of fixation plates on the bone have been 
properly standardised, allowing a closer translation 
to the clinical situation in human patients (Haffner-
Luntzer et al., 2016; Histing et al., 2011).
 Mice and humans share more than 90 % genetic 
homology (Mouse Genome Sequencing Consortium 
et al., 2002). A recent study has demonstrated that gene 
expression responses of mice and humans to trauma, 
burns and endotoxemia are significantly correlated 

Fig. 2. Schematic flow chart of the steps followed to obtain the collection of studies included in the 
present systematic review. 
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(Takao and Miyakawa, 2015). The immune response 
to osteomyelitis also shows resemblance between 
mice and humans. For example, pro-inflammatory 
cytokines involved in the immune response against 
bacterial infection such as TNF-α, IL-6, IL-1β and IL-
17A are upregulated in mouse as well as in human 
patients in the presence of osteomyelitis (Lüthje et al., 
2020; Yoshii et al., 2002b). There are also differences. 
For example, the chemokine CXCL8, which has a 
central role in the early defence against infection 
in humans, has not been identified in mice (Lüthje 
et al., 2020). On the other hand, anti-inflammatory 
cytokines such as IL-4 are upregulated in both mice 
and humans during bone repair after infection (Lüthje 
et al., 2020). Despite the differences, if the detailed 
course of the immune responses in mice is known, 
it is possible to compare the results to the human 
situation.
 Regarding osteomyelitis and pathogenesis, 
numerous studies have successfully established an 
infection in the bone, bone fractures and bone with 
an implant (Bernthal et al., 2010; Horst et al., 2012; 
Inzana et al., 2015b). The present review discusses 
the major models described in the literature and their 
most important characteristics.

Aim of the review
The aim of the present systematic review is to 
discuss the different types of mouse osteomyelitis 
models available, to study the pathophysiology and 
immune response of the disease and the evaluation 
of the efficacy of novel preventive and treatment 
strategies. Based on the model characteristics, 
the published papers were classified into five 
subject groups: haematogenous osteomyelitis, 
post-traumatic osteomyelitis, bone-implant-related 
infection, PJI and fracture-related infection. In 
addition, the characteristics of the mice used, such 
as inbred strain, age or gender, the characteristics of 
the pathogens used, the inoculation methods, the type 
of anaesthesia and analgesia used during surgery 
and the procedures for evaluating the infection are 
described.

Materials and Methods

Search strategy
Two databases, Web of Science (Web ref. 1) and 
PubMed (Web ref. 2), were used to systematically 
identify studies exploring osteomyelitis in mouse 
models. The two databases were strategically 
searched using the search strategy shown in Fig. 2. The 
search query used for PubMed was (infection[MESH] 
OR infection[TIAB]) AND (mice[MESH] OR 
mice[TIAB] OR mouse[TIAB] OR murine[TIAB]) 
AND (model[TIAB] OR models[TIAB]) AND 
(arthroplasty[MESH] OR arthroplasty[TIAB] OR 
fracture[MESH] OR fracture[TIAB] OR (internal 
fixator)[MESH] OR (internal fixator)[TIAB] OR 
(internal fixation)[TIAB] OR prosthesis[MESH] 

OR prosthesis[TIAB] OR implant[TIAB] OR 
osteomyelitis[MESH] OR osteomyelitis[TIAB]). A 
simpler query was used for Web of Science: (infection) 
AND (mice OR mouse OR murine) AND (model 
OR models) AND (arthroplasty OR fracture OR 
(internal fixator) OR (internal fixation OR prosthesis 
OR implant OR osteomyelitis). The final search was 
conducted on the 15th of March 2021. In addition, 
other relevant studies found through the reference 
lists that met the eligibility criteria were included 
(Fig. 2).

Inclusion and exclusion criteria
The inclusion criteria were: (1) in vivo mouse 
experimental study, (2) bacterial or fungal 
osteomyelitis studies, (3) long bones. The exclusion 
criteria were: (1) no osteomyelitis, (2) no bone 
infection vertebral osteomyelitis, (3) craniofacial 
or maxillofacial osteomyelitis, (4) non-infection 
osteomyelitis, (5) no mouse model, (6) no in vivo 
study, (7) no full-text literature, (8) not written in 
English language.

Summary of literature search
Fig. 2 shows the systematic search procedure. A total 
of 1,462 articles were identified (523 from PubMed 
and 939 from Web of Science). From those, 348 
duplicates were removed. 932 articles were excluded 
during the initial screening of titles and abstract and 
57 during the secondary screening by full reading. 
10 additional articles that met the eligibility criteria 
were retrieved from the reference lists of the papers 
collected. At the end, 135 studies were included in 
the present systematic review.

Model design characteristics
All the studies discovered following the systematic 
search have in common that they use the mouse as a 
model to evaluate different aspects of osteomyelitis 
infection including pathogenesis, prophylaxis and 
treatment strategies. S. aureus was the main bacterial 
species used in the experimental studies but also other 
species, such as A. baumannii and E. coli, were found 
and are described in the review. A section discussing 
the main model design characteristics in detail, such 
as mouse strain, bacterial species, inoculum methods, 
surgical procedures and evaluation methods, was 
also included.
 The experimental studies were organised into 
five different categories, each with corresponding 
tables listing the surgical procedure and bacterial 
inoculation method used. These categories were 
haematogenous osteomyelitis, post-traumatic 
osteomyelitis, bone-implant-related infection, PJI 
and fracture-related infection (Table 1-6). Each 
table provides the major details of the published 
procedure: (1) reference; (2) title; (3) microbiological 
status of the mice (e.g. SPF), gender and strain; (4) 
age; (5) time points; (6) bacterial strain, inoculum size 
and volume; (7) inoculation method; (8) evaluation 
methods. In Table 2, the size and location of the 
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unicortical defect are also included. Tables 3, 4 and 
5 also list the type of device and placement of the 
device. In Table 5, the type of diabetes induced is also 
included. Table 6 also includes the size of the fracture, 
type of device and placement of the device.

Analysis of the data

Characteristics of the mouse
The studies retrieved in the systematic search have 
used mice with different characteristics such as 
inbred strain, age and gender. Differences in mouse 
strain, age, gender, microbiome composition and the 
use of conventional or SPF animals could influence 
the osteomyelitis and fracture healing process. 
Therefore, it is important to take these characteristics 
into account to properly choose the animal model.
 Inbred mouse strains harbour differences in 
bone density and bone length. Bone composition 
differs among inbred mouse strains. For instance, 
the femur density of C57BL/6J mice (0.45 mg/
mm3) is significantly lower than that of C3H/HeJ 
mice (0.69 mg/mm3) and of BALB/c mice (0.55 mg/
mm3). Interestingly, the femur of C3H/HeJ mice is 
significantly shorter than that of BALB/c and C57BL/6J 

mice at all ages measured (Beamer et al., 1996; Kohler 
et al., 2005). Most researchers selected C57BL/6 (59 %) 
or BALB/c (28 %) mice for osteomyelitis studies (Fig. 
3a). Regarding infection development, in a fracture-
related infection study using S. epidermidis, BALB/c 
mice showed larger bacterial counts and formation 
of larger abscesses compared to C57BL/6 mice 
(Sabaté Brescó et al., 2017). In cases of infection with 
S. aureus, opposite results were observed regarding 
the ability of C57BL/6 and BALB/c mice to clear the 
infection in a bone-implant-related infection study 
(Nishitani et al., 2015b; Prabhakara et al., 2011b). 
The authors observed that 58 %, 50 % and 75 % of 
the BALB/c mice cleared the infection at 21, 28 and 
49 d post-infection, respectively; while 100 % of the 
C57BL/6 mice were unable to clear the infection 
even 49 d post-infection (Prabhakara et al., 2011b). 
Moreover, a study comparing S. aureus infection, 
using a bioluminescent S. aureus strain, in C57BL/6 
and BALB/c mice only showed a brief peak of high 
intensity bioluminescence at 3 d in the BALB/c strain, 
characterising active infection, while the C57BL/6 
showed high bioluminescence intensity that extended 
from day 3 through day 7 (Nishitani et al., 2015b). 
The immune system of C57BL/6 and BALB/c mice 
differs (Sellers et al., 2012), with C57BL/6 mice being 
more differentiated towards a Th1-like phenotype 

Fig. 3. Classification of the osteomyelitis mouse models by (a) mouse strain, (b) age, (c) gender and (d) 
SPF. 135 studies were included in the graphs. In panel a, some studies included more than one inbred 
strain. Therefore, there is a total number of 146 studies. 
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and BALB/c mice towards a Th2-like phenotype in 
the presence of an S. aureus infection (Prabhakara et 
al., 2011b). This needs to be further investigated to 
understand the response in each mouse strain and 
allow the researcher to choose the proper mouse 
strain for a study.
 The animal ages determines to the quality of their 
bones and the time required for complete healing of 
a fracture (Ferguson et al., 2003; Haffner-Luntzer et 
al., 2016). A faster healing process will reduce the 
risk and period of the infection. Mice are sexually 
mature at 6-8 weeks of age (Jilka, 2013). Therefore, 
mice of this age (34 %) or slightly older (9-12 weeks, 
52 %) are often selected for osteomyelitis studies 
because their bones are no longer growing (Fig. 3b).
Some authors emphasise the importance of using 
older mice, 16-30 weeks old, when the animals reach 
skeletal maturity (Rochford et al., 2016; Sabaté Brescó 
et al., 2017); however, those are less often used (7 %). 
The skeletal maturity is characterised by the larger 
size and greater strength of the bones but also by the 
degree of mineralisation (Ferguson et al., 2003). The 
peak of mineralisation is not achieved until an age of 
20 weeks in C57BL/6 mice (Brodt et al., 1999; Ferguson 
et al., 2003).
 The animal gender may also influence the healing 
of the bone and development of infection. For 
example, hormonal cycles in the females can have 
a significant influence on bone repair. On the other 
hand, males are more territorial and may require 
separate cages to avoid fighting, making them more 
labour-intensive and expensive to keep (Mills and 
Simpson, 2012). Of the osteomyelitis in vivo studies 
collected in the present review, 36 % used male mice, 
43 % used female mice, 5 % used both genders and 
16 % did not mention the gender (Fig. 3c).
 The gut microbiome is composed of a wide 
range of species of microorganisms, including 
bacteria, yeast and viruses, and provides essential 
health benefits to its host, particularly by regulating 
the immune homeostasis (Vlasova et al., 2019). A 
recent study has revealed that changes in the gut 
microbiome can influence the development of bone 
infections in mice (Hernandez et al., 2019). Mice with 
a disrupted microbiome are more likely to develop 
a bone infection than mice with a non-modified 
microbiome; moreover, mice with a disrupted 
microbiome also show a reduced immune response 
to the infection (Hernandez et al., 2019). However, 
more research is necessary to better understand 
how the gut microbiome influences the response to 
the infection and help researchers to decide on the 
optimal features of the mouse strain to select for an 
in vivo study (Hernandez et al., 2019). Moreover, to 
reduce the presence of unwanted infections affecting 
the experiments, some researchers prefer to use SPF 
animals. The use of SPF animals has the additional 
benefits of being cost-saving as it minimises the 
number of animals used for a study (Letson et al., 
2019). However, SPF animals may have undesired 

changes in their immune system that may be linked 
to modifications in their gut microbiome (Letson et 
al., 2019). 8 % of the studies analysed in the present 
review chose SPF mice for their in vivo osteomyelitis 
studies (Funao et al., 2016; Horst et al., 2012; Isogai 
et al., 2020; Rochford et al., 2016; Sabaté Brescó et al., 
2017; Szafranska et al., 2014) but in 92 % of studies 
conventional mice were used (Fig. 3d).

Bacterial species related to osteomyelitis
S. aureus has been the main bacterial species chosen 
(90 %) for in vivo experiments because it is the most 
common pathogen causing osteomyelitis (Kavanagh 
et al., 2018; Fig. 4a). Its ability to cause osteomyelitis 
is related to the presence of features, known as 
virulence factors, that allow the bacteria to attach to 
bones and foreign bodies and form biofilms, to evade 
the immune system and to cause harmful toxic effects. 
These virulence factors can be classified by their 
function as adherence factors, immunomodulatory 
factors, enzymes and toxins. In the present review, 
relevant virulence factors were identified and further 
described below.
 Adherence virulence factors such as bacterial 
adhesins or coagulase can be crucial for bacterial 
attachment and establishment of an infection. 
Bacterial adhesins are proteins present on the 
bacterial surface that can interact with and bind to 
eukaryotic extracellular (matrix) proteins. Among 
these adhesins, Cna, FnbA and FnbB are relevant 
for tissue colonisation and development of bone 
infections. FnbA and FnbB are present in 98 % 
and 99 % of clinical isolates from osteomyelitis, 
respectively (Arciola et al., 2005a). An in vivo mouse 
study has shown the essential role of Cna in the bone 
colonisation by comparing the infectivity of the S. 
aureus UAMS-1 (ATCC 49230) strain expressing Cna 
and FnbA and its isogenic Cna mutant known as 
S. aureus UAMS-237 (Elasri et al., 2002). The strain 
UAMS-1 is an isolate derived from the clinical strain 
USA200 and is one of the most widely used S. aureus 
strains in osteomyelitis research (Li et al., 2008). Only 
the Cna positive bacterial strain was able to colonise 
the murine tibia (Elasri et al., 2002). Thus, to be able 
to establish an infection in the bone it is necessary to 
use a Cna positive strain.
 Immune evasion is also an important virulence 
factor for bacteria to establish and maintain the 
infection in the bone. S. aureus has developed 
strategies to persist and evade clearance by the 
immune system and establish a chronic bone 
infection (Tuchscherr et al., 2017). For example, SigB 
is an important transcription factor contributing to 
the avoidance of bacterial clearance by the immune 
response (Tuchscherr et al., 2017). S. aureus lacking 
SigB induces large numbers of small abscesses, 
which contributes to the elimination of the bacteria 
in murine osteomyelitis (Tuchscherr et al., 2017). 
The study also showed that a deletion of sigB results 
in a reduced production of SarA (Tuchscherr et al., 
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2017). SarA plays a key role in the establishment 
of the osteomyelitis in a haematogenous murine 
model (Blevins et al., 2003). A deletion of sarA in S. 
aureus UAMS-1 and S. aureus RN6390 results in a 
significantly reduced number of CFU compared to 
the wild-type strains (Blevins et al., 2003).
 The extent of bone destruction caused by the 
infection is also related to virulence factors such as 
toxins, e.g. PSMs. PSMs are amphipathic peptides 
with functions as cytotoxins and pro-inflammatory 
inducers (Cassat et al., 2013). The role of PSMs was 
studied in an osteomyelitis mouse model indicating 
that PSMs cause osteoblast cell death and contribute 
to the destruction of the bone (Cassat et al., 2013; 
Loughran et al., 2016).
 Although antimicrobial resistance is not a 
virulence factor, in certain situations it is a key factor 
in the development of an infection and it may be 
considered to be a virulence-like factor. Antimicrobial 
resistance plays a key role in persistent osteomyelitis 
due to the fast development of resistance to multiple 
antibiotics and the difficulty in treating these 
infections, causing a persistent osteomyelitis. MRSA 
is responsible for 40-60 % of all S. aureus infections. 
Therefore, several authors chose MRSA strains for 
the osteomyelitis mouse model (Jørgensen et al., 2014; 
Loughran et al., 2016). In addition, it is important to 
consider the antimicrobial resistance profile of the 
bacterial strain when testing antimicrobial strategies. 
Nevertheless, the resistant strain needs to be virulent 

enough, with the presence of virulence factors such 
as adhesins, to establish an infection in the first place.
 90 % of the mouse osteomyelitis studies included 
in the present review were focused on S. aureus 
infections (Fig. 4a). However, other bacterial 
pathogens can cause osteomyelitis and can also be 
used to establish an infection and further understand 
the pathophysiology of the disease. For example, 
Sabaté Brescó et al. (2017) compared the development 
of fracture-related infection caused by S. aureus 
JAR 06.01.31 and S. epidermidis 103.1. Compared to 
S. aureus, S. epidermidis infection was less intense, 
leading to fewer bacteria, causing less bone damage 
and affecting less the animals’ weight. Tomizawa 
et al. (2020) compared the pathogenic potential of 
an S. epidermidis strain RP62a versus S. aureus strain 
USA300, both methicillin-resistant strains, in a bone-
implant-related infection mouse model. As expected, 
S. aureus caused a more aggressive and damaging 
osteomyelitis than S. epidermidis. Nevertheless, S. 
epidermidis formed a large biofilm on the implant and 
caused less inflammation than S. aureus.
 Shandley et al. (2012) aimed to establish a bone-
implant-related infection in mice with S. aureus, 
P. aeruginosa and K. pneumoniae to evaluate the 
antimicrobial activity of hyperbaric oxygen therapy. 
Their results showed that P. aeruginosa and S. aureus 
are equally capable of establishing the infection in 
the bone. However, K. pneumoniae was not able to 
infect the bone well and was cleared before infection 

Fig. 4. Classification of the osteomyelitis mouse models by (a) bacterial or fungal pathogen used to infect 
the animals, (b) image technique used to assess the infection, (c) anaesthesia used to perform the surgery 
and (d) analgesia used after the surgery. 135 studies were included in the graphs. 
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was established. Boles et al. (2018) established a 
polymicrobial infection with S. aureus UAMS-1 and E. 
coli ATCC 25922 in a mouse implant infection model. 
E. coli was not found either in bones or on implants 
after 7 d.
 Crane et al. (2009) studied the efficacy of colistin 
beads in an implant-related osteomyelitis mouse 
model infected with S. aureus or A. baumannii clinical 
isolates. In contrast to the osteolytic response in 
the presence of S. aureus, A. baumannii caused an 
osteoblastic bone formation response around the 
infected devices. S. aureus was also associated with 
the presence of biofilm in necrotic bone sections, 
whereas no biofilm was found in the necrotic tissue 
in the animals infected with A. baumannii (Crane et 
al., 2009). Shiono et al. (2016) studied the development 
of osteomyelitis by C. acnes with and without a 
titanium bone implant. C. acnes survived attached to 
the implant for 6 months, causing a delayed infection, 
while it only survived 28 d in the control group 
without an implant (Shiono et al., 2016). Masters a 
et al. (2021) studied the pathogenesis of S. agalacticae 
versus S. aureus in a bone implant infection model. 
Their results showed that S. agalacticae colonies were 
only retrieved from the soft tissue and bone but not 
from the implant after 14 d of infection. S. agalacticae 
caused less osteolysis and no loss of weight compared 
to S. aureus. Moreover, their TEM images revealed the 
vasculotropic pathogenesis of S. agalacticae compared 
to the osteotropic behaviour of S. aureus (Masters et 
al., 2021).
 To summarise, it is advisable to consider all 
of these bacterial features (e.g. bacterial species, 
virulence factors and antimicrobial resistance profile) 
when choosing the appropriate bacterial strain for 
the intended in vivo osteomyelitis mouse studies. In 
addition, the use is recommended of a strain with a 
well-documented origin, phenotypic and genotypic 
profile (and to ensure availability of the strain in 
view of repeatability and reproducibility of the 
experiments), proved pathogenicity of the strain 
and strain characteristics (e.g. biofilm formation, 
panel of adhesins, bacterial toxins and antimicrobial 
resistance) (Moriarty et al., 2019).

Inoculation method and dose
Depending on the research question, the bacterial 
inoculum can be administered in different ways. To 
mimic a contamination during trauma or surgery, the 
inoculum can be administered during implantation 
or defect/fracture formation by pipetting it onto the 
wound site or applying it using an injector along or 
in the vicinity of the implant, bone defect or fracture 
(Thompson et al., 2017). It is advisable to use a low 
volume for the inoculum to prevent dispersion of the 
inoculum to other tissues. Therefore, 56 of the studies 
analysed in the present review used a small inoculum 
between 1 and 5 μL (Tables 2-6).
 To mimic a device contamination, the devices are 
pre-inoculated with the bacterial strain overnight or 
briefly before surgery (de Mesy Bentley et al., 2017; 

Ishikawa et al., 2017; Li et al., 2008; 2017; Pribaz et 
al., 2012; Thompson et al., 2017). This method can 
be applied to evaluate the antimicrobial efficacy 
of contact-killing or antifouling surfaces (Ishikawa 
et al., 2017). Moreover, the pre-inoculation of the 
device can be used to create established biofilms 
to study an advanced stage of the infection and to 
evaluate more challenging antimicrobial treatment 
regimes. Nevertheless, it is advisable to not use a 
pre-inoculation method to evaluate the antimicrobial 
activity of a drug delivery system because the device 
may release the drug before the surgical implantation 
and the bacteria may be killed prior to implantation.
 The injury can also be contaminated from the 
insertion of a surgical material into the wound such 
as a pre-inoculated silk suture (Yoshii, 2002a; Yoshii 
et al., 2002b), pre-inoculated agarose beads (Marriott 
et al., 2004; Marriott et al., 2005) or a pre-inoculated 
collagen sheet (Inzana et al., 2015b).
 To mimic a late infection or haematogenous 
infection, the inoculum is injected into the bloodstream 
at a later point, for example, via the lateral tail vein 
(Blevins et al., 2003; Chadha et al., 1999; Elasri et 
al., 2002; Horst et al., 2012; Szafranska et al., 2014; 
Tuchscherr et al., 2017; Yoon et al., 1999) or the retro-
orbital sinus (Potter et al., 2020; Wang et al., 2017c). 
In these models, a larger inoculum volume, between 
100 and 1,000 μL, is used to allow the inoculum 
to distribute throughout the bloodstream thus 
mimicking the haematogenous model.
 In general, to create an osteomyelitis mouse 
model, it is advisable to perform dose-determining 
studies to establish the dose required to initiate a bone 
infection. The data collected in the present review 
show that a certain range of both injection volumes 
and numbers of CFU are used to establish a bone 
infection (Tables 1-6).

Anaesthesia and analgesia in osteomyelitis models
The discomfort of the animals must be maximally 
reduced for ethical reasons but also because of 
the potentially adverse influence on experimental 
outcomes  (Moriar ty  e t  a l . ,  2019) .  Mouse 
anaesthesia demands a thorough knowledge of 
the mouse physiology and of the pharmacology 
of the anaesthetics and analgesics in the animals. 
Depending on the objectives of the experimental 
procedure, anaesthetics and analgesics can be 
administered through injection or inhalation (Adams 
and Pacharinsak, 2015; Gargiulo et al., 2012). In this 
section, the anaesthetics and analgesics that have 
been used for these osteomyelitis mouse models will 
be discussed.
 In 40 % of the 135 studies considered in the present 
review, mice were anaesthetised by inhalation and 
in 60 % by injection. Inhaled anaesthetics, such as 
isoflurane, require the use of nose-cone ventilation 
during surgery, limiting the possibility of adjusting 
the mouse position, which usually is necessary 
to create a bone defect or fracture. Inhalation 
anaesthesia provides greater safety for prolonged 
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procedures than injectable anaesthetics to maintain 
the animals in an anaesthesia of sufficient depth. 
Moreover, inhaled anaesthetics provide more 
control on the dose administered to the animal and 
are associated with a quicker recovery compared 
to injectable anaesthetics (Buitrago et al., 2008). In 
the osteomyelitis mouse studies, 38 % of the studies 
used isoflurane and only 2 studies (2 %) used ether 
as inhaled anaesthetic (Yoshii et al., 2002a; 2002b, 
Fig. 4b). Injectable anaesthetics permit an easier 
manipulation of the animals during the surgical 
procedure, where the animals can undergo various 
positional changes during the process of creation 
of bone defect or fracture, which may be required 
for the placement of a fixation device (nail or plate). 
However, for longer surgical procedures, the use 
of inhaled anaesthetics is recommended to avoid 
the animals awakening during surgery. The most 
common injectable anaesthetics used within the 
osteomyelitis mouse models were the combination of 
xylazine and ketamine (33 %), which are inexpensive, 
easy to administer and pose no health risks to the 
researchers (Fig. 4b). Moreover, this combination 
provides good immobilisation with, additionally, 
a certain degree of analgesia. Unfortunately, the 
injectable anaesthetics may present a higher risk 
of overdose and cardiovascular and respiratory 
depression that may lead to an increased animal 
mortality (Buitrago et al., 2008).
 Regarding the analgesics, they are administered 
before and after the surgical procedure. 35 % of the 
studies injected between 0.01 and 0.05 mg/kg of 
buprenorphine (Pribaz et al., 2012; Shandley et al., 
2012). In several studies (7 %), a polymeric matrix 
with buprenorphine was inserted into the wound to 
provide a sustained release of the drug for 72 h to 
minimise any additional distress (Niska et al., 2012a; 
Stavrakis et al., 2016; Wang et al., 2017a; Fig. 4c). 
However, in most of the studies (58 %), the analgesic 
procedure used was not specified.

Osteomyelitis evaluation assays
The development of an infection in the bone and 
surrounding tissue and its effects on the tissue can be 
evaluated using different techniques. Most authors 
performed similar assays to analyse the development 
of infection in the osteomyelitis mouse models. These 
techniques were classified into three categories: (i) 
quantification of the infection development, (ii) image 
analysis and (iii) histomorphological analysis.

Quantification of the infection development
To evaluate how the infection develops over time, it 
is advisable to perform a quantification of the number 
of bacteria present at different time points. 80 of the 
studies (59 %) evaluated the infection development 
by euthanising the animals at different time points, 
collecting bones, implants, surrounding tissues 
and/or organs and performing microbial culture 
to quantify the numbers of CFU (Kaur et al., 2016; 

Nishitani et al., 2015b; Niska et al., 2012a; Tomizawa 
et al., 2020a; Young et al., 2015).
 The quantification of infection can also be 
performed by qRT-PCR (Crane et al., 2009; Li 
et al., 2008; Wagner et al., 2016). This method 
allows distinguishing and quantifying between 
different bacterial species and is even considered 
to discriminate metabolically active and dormant 
bacteria.
 Other authors used a non-invasive in vivo 
quantification method with BLI of bacteria to follow 
the infection development in single animals over 
time. The use of bioluminescent bacteria means that 
fewer animals are needed because the same animal 
can, in principle, be used to assess the degree of the 
infection at every time point over the course of the 
experiment (Bernthal et al., 2010; Li et al., 2008; Pribaz 
et al., 2012). One limitation of the bioluminescence 
technique is the loss of signal during the experiment 
due to the possible loss of the plasmid that carries 
the bioluminescence lux in the bacterial strain. 
Therefore, the use of a bacterial strain with lux 
inserted in the chromosome is advisable to not lose 
the bioluminescence signal over time. However, the 
bioluminescent signal can also disappear due to 
metabolic inactivity of the bacteria, which may be 
the consequence of biofilm formation. This will also 
happen with strains carrying lux in their chromosome. 
Therefore, this limitation should always be kept in 
mind when using bioluminescence monitoring of 
infections. The number of CFU, as derived from 
the bioluminescence readings at the last time point, 
should always be confirmed by comparison with the 
actual numbers of cultured CFU obtained from the 
specimens following animal sacrifice.
 The following examples illustrate the possible 
difficulty in interpreting bioluminescence signals. 
The S. aureus ALC 2906 strain, which carries the 
bioluminescence construct on a chloramphenicol-
resistance-gene-containing plasmid, had a detectable 
bioluminescence signal at 10 d in a PJI mouse model. 
Then, the plasmid was lost due to the lack of pressure 
for antibiotic selection by chloramphenicol (Pribaz 
et al., 2012). On the other hand, S. aureus Xen 36 
strain (ATCC 45925 as genetic background) had 
higher bioluminescence signals than Xen 40 strain 
(UAMS-1 as genetic background) but there were no 
differences in biofilm formation between the strains 
nor in numbers of CFUs cultured from the implant 
at 42 d post-infection (Pribaz et al., 2012). It is also 
important to consider that the bioluminescence 
signal intensity has been reported to be up to 10-fold 
higher in BALB/c mice than in C57BL/6 mice due to 
the differences in light absorption in the respective 
white versus black pigmented skin and hairs of these 
mouse strains (Nishitani et al., 2015b).
 A novel imaging modality based on ultrasound, 
known as photoacoustic imaging, was also used 
to follow the development of an infection (Wang 
et al., 2017a). In this technique, laser pulses are 
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directed into the body at a specific wavelength to 
excite a photoacoustic tracer molecule present in 
the target tissue. The authors conjugated the tracer 
molecule indocyanine green to beta-cyclodextrin, a 
polysaccharide taken up by bacteria but not by host 
cells. Photoacoustic imaging provided significantly 
deeper tissue penetration (30-50 mm) than BLI (10-
20 mm) (Wang et al., 2017a).

Image analysis
Advanced imaging techniques such as conventional 
radiography (Carli et al., 2018; Rochford et al., 2016), 
μCT (Niska et al., 2012a) and MRI (Horst et al., 2012) 
provide three-dimensional images of the bone 
structure. In most cases, these techniques were used 
to evaluate the structural effects of the infection in 
the bone (e.g. bone destruction and inflammation) 
and on the fracture healing process (Fig. 4d). These 
methods of visualisation were also used to check 
proper placement of the orthopaedic device upon 
implantation (Trombetta et al., 2019a). In addition, 
μCT scans can reveal detailed information about 
tissue mineral density, total callus volume and bone 
volume fraction of the callus, allowing for evaluation 
of the bone regeneration process after trauma or 
fracture. Although μCT scans can also be applied in 
vivo, ex vivo μCT scans provide a significantly higher 
resolution because ex vivo a higher dose of X-ray 
irradiation can be used (Bernthal et al., 2014; Laperre 
et al., 2011; Niska et al., 2012a).
 MRI is one of the imaging modalities of choice 
for osteomyelitis diagnosis in humans because it 
provides excellent anatomical detail and it is non-
invasive and highly sensitive for detecting an early 
infection. Horst et al. (2012) used MRI to monitor the 
development of the osteomyelitis during the acute 
phase of the infection in mice and its progression 
into a chronic infection. MRI allowed studying 
the presence of inflammation as well as the bone 
thickness and deformation in the mouse tibia (Horst 
et al., 2012).
 Other imaging techniques used on ex vivo samples 
are SEM (16 %), TEM (3 %) and confocal microscopy 
(1 %). Several authors have used SEM to evaluate 
the bacterial biofilm formation on the surface of the 
bone tissue or/and inserted devices (Carli et al., 2018; 
Sabaté Brescó et al., 2017; Trombetta et al., 2019a; 
Windolf et al., 2013). TEM can also be used to obtain 
bone tissue images with a higher magnification and 
resolution than SEM. For example, de Mesy Bentley et 
al. (2017) used TEM to assess and analyse the invasion 
of S. aureus into the bone and the remodelling of 
the bone tissue. Moreover, the use of TEM has 
shown the formation of S. aureus colonies within 
the non-mineralised collagen matrix and located 
intracellularly within neutrophils (Masters et al., 
2021).

Histomorphological analysis
Histological staining methods were developed to 
assess and analyse the progression of infection in 

the bone and the remodelling process of the bone 
fracture and surrounding tissues (Rochford et al., 
2016; Sabaté Brescó et al., 2017; Windolf et al., 2013; 
Yokogawa et al., 2018). This technique can identify 
bacteria and distinguish between different cell types 
such as osteoblasts, osteoclasts and neutrophils as 
well as between structural features of the infected 
tissue. These structural changes in the tissues are 
well-established for humans and are used to diagnose 
osteomyelitis in clinical practice.
 The histological examination of the osteomyelitis 
mouse model developed by Horst et al. (2012) was 
performed during the acute and chronic phase of 
the osteomyelitis and compared to histological tissue 
samples from a patient with acute osteomyelitis and 
a patient with chronic osteomyelitis. The histological 
sections revealed a massive influx of granulocytes, 
with an intense bacterial colonisation and necrosis, 
during acute infection at 7 d that was similar to that 
seen in the human acute osteomyelitis sections. At 
21 d, in the stage of chronic infection, the mouse 
sections revealed osteoclastic resorption with 
new bone formation similar to the human chronic 
osteomyelitis sections (Horst et al., 2012). Another 
osteomyelitis mouse study, that used histological 
staining, included a scoring system of the sections 
according to the level of cells infiltration, with scores 
of 0 for no osteomyelitis, 1 for minimal or rare (< 10 % 
tissue involvement), 2 for mild (10-20 %) and 3 for 
frequent (20-50 %) osteomyelitis (Lee et al., 2002). 
Haematoxylin and eosin straining was performed 
to stain tissue and cells, Gram staining for bacteria. 
Similarly, Büren et al. (2019) developed a standardised 
histological score system for a bone-fracture-related 
infection model to evaluate the severity of the 
infection in the mouse. Their score system evaluated 
4 independent histological parameters: (i) presence 
of callus, (ii) consolidation of the osteotomy, (iii) 
structural changes of the medullary cavity, (iv) 
number of bacteria. The presence of callus and the 
consolidation of the osteotomy were evaluated using 
haematoxylin-eosin staining and the quantification of 
bacteria was performed following Giemsa staining 
(Büren et al., 2019). These examples illustrate the 
usefulness of histological scoring systems for a 
semi-quantitative evaluation of histology in mouse 
osteomyelitis models.

Literature review of osteomyelitis mouse models
135 osteomyelitis infection mouse studies were 
collected, analysed and classified into the following 
5 categories: (i) haematogenous osteomyelitis 
(11 %), (ii) post-traumatic osteomyelitis (22 %), 
(iii) bone-implant-related infection (28 %), (iv) PJI 
(26 %), (v) fracture-related infection (13 %) (Fig. 
5a). The haematogenous osteomyelitis models are 
characterised by the bacterial or fungal colonisation 
of the bone through the bloodstream. The post-
traumatic osteomyelitis models represent the local 
infection of the bone following unicortical defect or 
trauma. The bone-implant-related infection models 
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mimic the development of an infection in the presence 
of a foreign body in the bone. The PJI models mimic 
the development of an infection in the presence of a 
device in the bone and synovial fluid. The fracture-
related infection models represent the development 
of an infection in a bone fracture. The authors studied 
the course of the infection either in the femur (58 %), 
tibia (37 %), femur and tibia (2 %), humerus (1 %) or 
radius (1 %) (Fig. 5b). The mouse femur was selected 
more often than the tibia, for several reasons. The 
femur is tubular, larger and thicker than the tibia, thus 
facilitating the insertion of large devices. Moreover, 
the curvature of the tibia may complicate the insertion 
of longer devices. Lastly, the proximity of the fibula 
to the tibia can influence the development of the 
infection and the healing of the bone.

Haematogenous osteomyelitis mouse models
Haematogenous osteomyelitis takes place following 
a symptomatic or asymptomatic bloodstream 
infection that allows the pathogen to reach the 
bone. Worldwide incidence of haematogenous 
osteomyelitis is 1:1,000-20,000 people, with half of 
the cases occurring in children younger than 5 years 
(Popescu et al., 2020).
 Generally, microorganisms will arrive at the 
metaphyses of long bones (i.e. femur or tibia), since 
these are highly vascularised. The lower fluid flow 
at the bone metaphysis allows the microorganism to 
establish an infection and cause local inflammation. In 
the haematogenous mouse infection models’ studies 
reviewed, the inoculum volume used to establish 
the infection was between 100 and 150 μL and a 
dose between 106 and 108 CFU, with the inoculum 
administered by injection via the retro-orbital venous 
sinus, intravenously or via the lateral tail vein 
(Table 1; Fig. 6a). 33 % of the bone haematogenous 
infection studies evaluated the presence of infection 
in the femur, 40 % in the tibia and 20 % in both tibia 
and femur (Fig. 7a). In most of the haematogenous 
studies, no trauma or fracture was caused nor was a 
device inserted into the bones of the animals before 
the inoculation. There were 2 studies where a fracture 
or a trauma was caused before the inoculation of the 
infection (Chadha et al., 1999; Yoon et al., 1999) and in 

1 study a haematogenous infection in a bone implant 
was studied (Wang et al., 2017c).
 A haematogenous osteomyelitis model was 
developed to study the contribution of S. aureus 
Cna to the capacity of the bacteria to reach the bone 
from the bloodstream and cause an osteomyelitis 
(Elasri et al., 2002). The authors infected NIH Swiss 
mice with a 100 μL inoculum containing 108 CFU of 
S. aureus UAMS-1 or its isogenic Cna mutant strain 
UAMS-237 injected via the lateral tail vein. Their 
results showed that the mutation of Cna limited the 
capacity of S. aureus to cause osteomyelitis through 
the haematogenous route. Another study with a 
similar set up (150 μL inoculum of 106 CFU of S. aureus 
ATCC 53657 injected in the lateral tail vein) described 
a biphasic development of the bacterial infection. 
There was an acute phase of infection in the tibiae 
during the first 2 weeks followed by a chronic phase 
until the termination at 60 d (Horst et al., 2012).
 Tuchscherr et al. (2017) studied the role of sigB in 
the development of a chronic osteomyelitis infection. 
They used a mouse model based on studies by Horst 
et al. (2012) and infected the animals with 150 μL of 
106 CFUs via the lateral tail vein. Mice were infected 
with S. aureus LS1, S. aureus LS1 with sigB deleted 
and S. aureus LS1 sigB-deleted strain complemented 
for this deletion. Their results demonstrated the 
importance of sigB to establish osteomyelitis through 
the haematogenous route (Tuchscherr et al., 2017).
 Wang et al. (2017c) developed a well-described 
model to mimic a haematogenous infection with an 
implanted device. They used male C57BL/6 mice and 
inoculated S. aureus SAP231 intravenously through 
the retro-orbital sinus 21 d after the implantation of 
a pin in the bone. All mice challenged with either 
106 CFU or 5 × 106 CFU inoculum survived the 
bacterial challenge. An inoculum of 107 CFU was 
too large and killed several animals. However, not 
all the inoculated mice developed the hematogenous 
implant infection because at 28 d post-inoculation 
there were no detectable CFU from the implants or 
surrounding tissues (Wang et al., 2017c).
 In general, bone haematogenous infection models 
were successfully developed in the mouse and 
allowed for studying the essential bacterial features 
to establish an acute or chronic bone infection.

Fig. 5. Classification of the osteomyelitis mouse models by (a) categories and by (b) type of bone infected. 
135 studies were included in the graphs. 
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Post-traumatic osteomyelitis mouse models
Osteomyelitis can occur after trauma even without 
the insertion of a fixation device (Table 2; Fig. 6b). The 
incidence of osteomyelitis following open fractures 
is reported to be 1-30 %, depending significantly 
on the grade of trauma and the type of treatment 
administered (Metsemakers et al., 2015).
 The post-traumatic osteomyelitis studies that 
have been included in this review have in common 
the creation of a unicortical bone defect and the local 
infection of the defect with 0.5 to 2 μL of bacterial 
inoculum containing 105 to 108 CFU as inoculum. 
Such a small volume of inoculum is recommended 
to prevent the diffusion of the inoculum to the 

Fig. 6. Schematic representation of mouse models to induce bone infections and osteomyelitis based on 
the results of the literature search. (a) Haematogenous osteomyelitis, (b) post-traumatic osteomyelitis, (c) 
bone-implant-related infection, (d) PJI, (e) fracture-related infection. Ø: diameter.

contiguous tissues and to better mimic the real 
situation occurring in patients. The unicortical defect 
was a perforation only affecting one lateral side of 
the bone, with a size that ranged from 0.5 to 1.5 mm 
of diameter (Table 2, Fig. 6b). In 57 % of the post-
traumatic osteomyelitis studies the defect was created 
in the mouse femur and in 43 % in the tibia (Fig. 7b).
 The post-traumatic osteomyelitis mouse models 
were used to study different virulence factors 
involved in the pathogenesis of the osteomyelitis 
as described previously (Cassat et al., 2013; Isogai 
et al., 2020; Loughran et al., 2016; Wilde et al., 2015; 
Xiao et al., 2017). The models were also used to 
study the effects of the immune response in clearing 
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Fig. 7. Type of bone infected (tibia, femur or both) in each category. (a) Haematogenous osteomyelitis, (b) 
post-traumatic osteomyelitis, (c) bone-implant-related infection, (d) PJI, (e) fracture-related infection. 135 
studies were included in the graphs. 

the infection and in the repair of the bone damage 
(Chen et al., 2017; Marriott et al., 2004; Putnam et 
al., 2019; Wagner et al., 2019; Yoshii et al., 2002b). 
For example, Marriot et al. (2004; 2005) developed a 
trauma-induced staphylococcal osteomyelitis model 
to study the inflammatory response of osteoblasts 
to infection. They created a bone defect in the bone 
cortex, inoculated with 103 CFU of S. aureus UAMS-
1 in agarose beads, and evaluated inflammatory 
mediators’ levels for 4 d. An increase in the level of 
the cytokines IL-6 and MCP1 by the osteoblasts was 
measured in the animals infected with S. aureus. The 
positive recruitment of macrophages by the MCP1 to 
clear the infection also had the negative consequence 

of an increased inflammation with bone damage 
(Marriott et al., 2004; 2005). An increase in the levels of 
IL-6 was also observed in a study where a silk suture, 
pre-inoculated with 105 CFU of a clinical isolate of S. 
aureus, was inserted into the tibia of ICR mice (Yoshii 
et al., 2002b). This resulted in a local elevated level 
of the cytokines IL-6 and IL-1β in the early phase of 
the infection related to the bone damage, which was 
followed by an increase in TNFα and IL-4 in a later 
phase of the infection (Yoshii et al., 2002b). Putnam 
et al. (2019) studied the host immune pathways that 
contribute to bacterial immunity but also to bone 
destruction during S. aureus osteomyelitis. They 
created a bone defect in C5BL/6J wild type and 
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in MyD88−/− and IL1r1−/− knock-out mice, infected 
them with a 2 μL inoculum containing 106 CFU of 
S. aureus AH1263 strain and measured cytokine 
levels after 14 d. They discovered an essential role 
of IL-1R to control the local bacterial replication 
during osteomyelitis and IL-1R contribution to bone 
destruction. Specifically, they demonstrated that 
there is an increase in the numbers of osteoclasts 
residing on the bone surface during the infection 
(Putnam et al., 2019).
 The post-traumatic osteomyelitis models were 
used to evaluate the efficacy of antimicrobial and 
anti-inflammatory strategies to prevent and treat both 
bone infection and inflammation (Funao et al., 2012; 
Lu et al., 2019; Takahashi et al., 2008; Wagner et al., 2016; 
Wu et al., 2018; Zhu et al., 2019). Funao et al. (2012) 
established a real-time, quantitative and reproducible 
osteomyelitis mouse model using the bioluminescent 
bacterial strain S. aureus Xen 29. They perforated 
the femur to simulate an osteotomy, injected a 1 μL 
inoculum containing 108 CFU in the medullar cavity 
and followed the infection in vivo (Funao et al., 2012). 
Wagner et al. (2016) created a mouse model to analyse 
bone loss and regeneration following S. aureus bone 
infection and treatment. They inoculated C57BL/6 
mice tibiae with 2 × 103 CFU of S. aureus Rosenbach 
1884 and, after 14 d, performed debridement and 
applied antibiotic therapy. The treatment group 
showed complete eradication of the bacteria, whereas 
the infection persisted in the control group (Wagner 
et al., 2016). Wu et al. (2018) used a post-traumatic 
osteomyelitis mouse model to evaluate the efficacy 
of the immune modulator baicalin to prevent bone 
destruction by regulating the toll-like receptor 2. They 
inoculated BALB/c male mice with 1 μL of 108 CFU 
of S. aureus ATCC 43300 with or without baicalin and 
showed that baicalin reduced the destruction of the 
bone (Wu et al., 2018). Lu et al. (2019) developed a 
bone defect infection mouse model in ICR/JCL with 
2 μL of 106 CFU of S. aureus ATCC 6538 to evaluate 
the efficacy of intravenous injection of the antibiotic 
gentamicin combined with a photodynamic therapy 
as a treatment for osteomyelitis (Lu et al., 2019).
 In conclusion, post-traumatic osteomyelitis mouse 
models can be used to elucidate the pathophysiology 
of the bone infection. They can be used to study the 
influence of the bacterial virulence factors or the 
influence of the infection in the immune system 
activation causing an increased bone damage.

Bone-implant-related infection mouse models
The presence of a foreign body, such as a bone 
implant, increases the risk of infection because the 
implant acts as a niche for bacterial colonisation and 
compromises the local immune response against 
the bacteria. An established bone-implant-related 
infection mouse model to study the pathophysiology 
of the bone implant infection is the intramedullary 
implant model (Table 3; Fig. 6c). This method 
basically consists of the implantation of a K-wire, 
a pin or a nail into the intramedullary canal of the 

femur or tibia, combined with a bacterial inoculum 
(Table 3, Fig. 6c). Other studies have described the 
transcortical insertion of a pin into the femur or 
tibia that in some cases was bent at both ends to 
increase  the device stability (Jørgensen et al., 2014; 
Li et al., 2008; Prabhakara et al., 2011a). The bacterial 
inoculum was applied directly into the femoral or 
tibial insertion site to mimic a contamination during 
surgery (Funao et al., 2016). Alternatively, the device 
was pre-inoculated before insertion into the bone to 
mimic the contamination of the device (Jørgensen 
et al., 2014). In 68 % of the studies, the implant was 
inserted in the tibia of the animals and in 32 % in 
the femur (Fig. 7c). These bone-implant-related 
infection mouse models were used to study different 
pathophysiological mechanisms of osteomyelitis 
related to bone implants. For example, a recent 
study revealed that S. aureus bacteria can colonise 
very small spaces in the bone such as canaliculi and 
osteocyte lacunae of cortical bone, sites in the bone 
which are difficult for immune cells to reach (de Mesy 
Bentley et al., 2017). These models were also applied to 
study different pathways and aspects of the immune 
response to the infection and the implant (Prabhakara 
et al., 2011a; Prabhakara et al., 2011b).
 The models were also extensively used to 
evaluate the efficacy of antimicrobial compounds 
administered either systemically (Jørgensen et al., 
2016; Li et al., 2008) or locally at the site of infection 
(Crane et al., 2009; Funao et al., 2016; Wells et al., 2018; 
Zhang et al., 2019a). Novel strategies for preventing 
or treating infection, such as passive immunisation 
(Varrone et al., 2014), hyperbaric oxygen therapy 
(Jørgensen et al., 2017; Shandley et al., 2012) and 
antimicrobial peptides (Choe et al., 2015), were also 
evaluated using these models.
 In conclusion, the bone implant infection models 
allow for the study of the different interactions 
that occur between implant, infection and immune 
response in the bone environment and can be used to 
evaluate the efficacy of antimicrobials administrated 
systemically or locally at the implant site. However, 
in these models there is no fracture nor device 
replacement to enable the study of the healing process 
in the presence of infection and implant. The fracture 
itself also influences the clearance of the infection. 
Hence, the model does not allow for studies on 
revision surgery with debridement and lavage or 
for evaluating antimicrobial devices used to treat 
infected bone tissue after removal of a contaminated 
device.

Bone-implant-related infections in diabetic mouse models
Diabetes is one of the most relevant risk factors 
in implant-related infection and its prevalence is 
growing worldwide (Berendt et al., 2008). Diabetes 
is a disease in which high blood glucose levels 
occur. It can be due to a loss of the insulin-producing 
β-cells in the pancreas islets, known as T1D, or to 
insulin resistance due to a glucose-enriched diet, 
known as T2D (Farnsworth et al., 2015). Both T1D 
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and T2D animal models are used to study diabetic 
complications, such as osteomyelitis, and their 
potential treatment.
 Lovati et al. (2013) were the first to describe a 
diabetic bone-implant-related infection mouse model 
(Table 4). They compared the development of bone 
implant infection in the T1D diabetic mouse strain 
diabetic NOD/ShiLtJ and in non-diabetic CD1 mice 
(Lovati et al., 2013). Their results showed that the 
same bacterial inoculum of 103 CFU of S. aureus ATCC 
25923 induced bone-implant infection in the diabetic 
mice but not in the wild type mice. This animal model 
may be a useful tool for in vivo testing of treatment 
strategies in diabetic and non-diabetic individuals. 
Moreover, the authors showed the synergistic effects 
of the vasodilator PGE1 with an antibiotic, as a co-
treatment for bone-implant infection in diabetic mice 
(Lovati et al., 2014).
 Farnsworth et al. (2015) studied the risk factors 
of orthopaedic infections for diabetic patients 
by comparing the development of bone implant 
infection and adaptative immunity in T1D and T2D 
male C57BL/6J mice. The T1D model was induced 
using a toxic agent that selectively destroys the beta 
pancreatic cells (i.e. streptozotozin) eliminating the 
insulin production. The T2D model consisted of 
5 week old mice that received a high-fat diet (60 % 
kcal). To confirm the hyperglycaemia, the glucose 
levels were measured at several time points. Then, 
the investigators inserted a surgical wire into the tibia 
of the animals that had already been inoculated with 
S. aureus Xen 36. Results showed that T2D mice had 
a more severe S. aureus osteomyelitis than T1D mice 
(Farnsworth et al., 2015).

PJI mouse models
PJI following total joint arthroplasty of the hip or 
knee, despite the low incidence of 1-2 %, is still 
associated with a large burden in orthopaedic 
surgery. The PJI mouse models’ studies considered in 
the present review principally describe the insertion 
of a pin into the intramedullary canal that protrudes 
0.5-1 mm into the joint (Table 5, Fig. 6d, Heim et al., 
2014; Heim et al., 2015a; Kaur et al., 2016; Thompson 
et al., 2017; Thompson et al., 2018). To better mimic 
the PJI, other studies have developed the tibial 
component of the knee prosthesis and press-fitted 
this into the tibia, exposed to the joint space (Carli et 
al., 2017; Carli et al., 2018; Hernandez et al., 2019). In 
all the studies, the bacterial inoculum was pipetted 
or injected into the joint tissue or space to reproduce 
the principal clinical aetiology through intraoperative 
contamination (Table 5). 86 % of the studies inserted 
the device into the femur of the animals, 11 % into the 
tibia and 3 % into the humerus (Fig. 6d, 7d).
 Bernthal et al. (2010) model provided real-time 
longitudinal tracking of the infection in a post-
surgical joint for 10 d by using a bioluminescent S. 
aureus strain and monitoring the inflammation with 
the use of a mouse line that possesses fluorescent 
neutrophils, the LysEGFP knock-in mice. They 

showed a more acute joint infection when the mice 
were inoculated with 5 × 103 or 5 × 104 CFU versus 
a mild infection, resembling a chronic infection, 
following challenge with a bacterial inoculum of 
5 × 102 CFU. Mice inoculated with 2 μL containing 
either 5 × 103 or 5 × 104 CFU developed an increased 
bacterial bioluminescent signal corresponding to 
increased bacterial numbers and marked swelling 
of the affected leg within 3 d, consistent with an 
acute joint infection. In contrast, mice inoculated 
with 5 × 102 CFU developed a low-grade infection, 
resembling more a chronic infection (Bernthal et 
al., 2010). This model was further used to compare 
infection development and biofilm formation with 
different S. aureus strains (Pribaz et al., 2012) or by 
extending the experiment to even 40-49 d to study 
a chronic infection (Niska et al., 2012a; Pribaz et al., 
2012). Interestingly, the studies described a peak in 
bioluminescence for bacteria as well as neutrophils at 
3 d, corresponding to the acute phase of the infection, 
and bioluminescence values decreasing over time, 
corresponding to the chronic phase of the infection. 
As previously mentioned, a decrease in luminescence 
does not necessarily correspond to a reduction in 
bacterial numbers but may well be associated with a 
lower metabolic activity of the bacteria in the later, 
chronic stages of infection (Pribaz et al., 2012). To 
provide deeper tissue penetration, a photoacoustic 
imaging system was applied to monitor the infection 
in this type of mouse model (Wang et al., 2017a). 
However, this method was only used to study a 4 d 
infection.
 Sheppard et al. (2020) developed a mouse model 
with an implant in the humerus that was also 
protruding into the joint. The mouse humerus and 
femur have a similar diameter. In this model, two 
inoculum doses where evaluated: a lower inoculum 
of 103 CFU that caused mild osteolysis and a higher 
inoculum of 104 CFU that caused severe osteolysis 
and failure of the shoulder.
 These models were also extensively used to 
evaluate the efficacy of antimicrobial compounds 
administered either systemically (Niska et al., 2013) 
or locally at the site of infection (Bernthal et al., 2010; 
Carli et al., 2017; Stavrakis et al., 2016; Stavrakis et al., 
2019; Thompson et al., 2017). In a comparative study, 
local antibiotic administration was shown to be more 
efficacious than systemic administration (Young et al., 
2015).
 In summary, the PJI mouse models described 
in this section can reproduce the environment of 
the clinical condition by either incorporating the 
prosthetic device into the joint or protruding into joint 
and inoculating the infection into the joint. However, 
the small size of the mouse hampers the development 
of all the parts of the prosthetic device that are used 
for PJI human patients.

Fracture-related infection mouse models
A bone fracture is usually fixed using an 
intramedullary nail or a fixation plate with bone 
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screws. The presence of an infection will compromise 
the immune response and the regeneration of the 
bone. The incidence of an infection after the fixation 
of a fracture ranges from 1 % in closed fractures to 
30 % in complex open tibial fractures (Metsemakers 
et al., 2015).
 To mimic this clinical situation, fracture-related 
infection mouse models fix a fracture using a fixation 
plate or an intramedullary nail. In the studies that 
fix the fracture using a fixation plate and screws, 
the fixation plate is applied to the long bone with 
screws, followed by fracture or removal of a part of 
the bone and challenge with a bacterial inoculum 
(Table 6, Fig. 6e). All the studies using fixation plates 
apply surgical devices such as the “MouseFix” plate 
with 4 or 6 screw holes and/or surgical tools such as 
a Gigli saw to create a fracture size diameter of 0.22, 
0.44 or 0.67 mm (RISystem, Davos, Switzerland). 
Alternatively, the studies that fix the fracture using 
an intramedullary nail, create the fracture first and 
then ream the bone pieces using a nail (Cahill et al., 
2021; Johnson et al., 2018). 88 % of the studies analysed 
created the bone fracture in the femur, 6 % in the tibia 
and 6 % in the radius (Fig. 6e, 7e).
 Rochford et al. (2016) used this type of model to 
study the immune response during healing in the 
presence of an infection. They pre-inoculated the 
fixation device, 20 min before surgery, with 105 CFU/
implant of S. aureus JAR 06.01.31. Sabaté-Bresco et al. 
(2017) used the same model and showed that stable 
fracture fixation led to better clearance of infection 
than unstable fixation. Moreover, the osteotomy gap 
had healed in the animals with the stable fixation by 
30 d post-surgery (Sabaté Brescó et al., 2017).
 In clinical practice, depending on the infection 
severity, there are different surgical approaches to 
treat an infection, such as one-stage or two-stage 
revision. A one-stage revision consists of one surgical 
intervention, with implant retraction, debridement 
and implantation of a new prosthesis. A two-stage 
revision consists of two surgical interventions: 
implant retraction, debridement and wound closure 
in the first stage surgery and, after several weeks, 
implantation of a new, cemented prosthesis during 
the second stage surgery. Moreover, a two-stage 
revision can also consist of implant removal with 
debridement and application of local antibiotics 
(spacers/beads) in the first stage and implant 
placement with antibiotic-loaded bone cement in the 
second stage.
 Different parts of these revision-surgery 
approaches were mimicked in osteomyelitis mouse 
studies. For instance, the stage of revision surgery 
due to infection in the bone fracture fixation infection 
mouse model was first introduced by Windolf et al. 
(2013; 2014). The authors created a bone fracture 
fixation mouse model, with lavage and debridement 
of the infection at 7 and 14 d post-implantation and 
infection (Windolf et al., 2013). In a later study, they 
used this model to evaluate the treatment efficacy of a 
PMMA plate coated with the metallo-endopeptidase 

lysostaphin to prevent S. aureus infection (Windolf 
et al., 2014). The model was also used by others to 
evaluate the efficacy of other antimicrobial materials 
such as a calcium sulphate withgentamicin bone filler 
(Oezel et al., 2019) or hyperbaric oxygen therapy 
(Büren et al., 2019).
 Other authors have developed models with 
hardware exchange to mimic one-stage revision 
surgery. For example, Inzana et al. (2015b) established 
a mid-diaphyseal femoral osteotomy repaired using 
a fixation device that was pre-inoculated with a 
collagen sheet containing S. aureus to initiate the 
infection. At 7 d post-infection, revision surgery with 
debridement and placement of an antibiotic-laden 
spacer was performed and, at 28 d post-infection, the 
efficacy of this procedure was evaluated. Yokogawa 
et al. (2018) established a similar model to investigate 
the synergy between systemic vancomycin treatment 
with immunotherapy. They pre-inoculated a bone 
screw with S. aureus and inserted it into the middle 
of the femur shaft to establish an infection.
 Trombetta et al. (2019a) compared one- and two-
stage revision surgery using a more complex in 
vivo model that more closely resembles the clinical 
situation. They pre-inoculated a bone screw with 
S. aureus Xen 36 and placed it in the middle of the 
femur for 7 d to establish an infection. Then, they 
removed the infected hardware and introduced a 
fixation device and a PMMA spacer with or without 
local antibiotic delivery. The delayed treatment of the 
infection, described in the studies above, is a relevant 
clinical feature that increases the challenge of efficient 
bacterial clearance.
 Regarding the healing of the fracture, several 
authors have shown – using X-ray or μCT – a 
complete bone regeneration in the non-infected 
group when compared to an infected group of 
animals (Sabaté Brescó et al., 2017; Windolf et al., 
2013; Windolf et al., 2014). Moreover, the bone healing 
was also observed after 28 d post-osteotomy in the 
treatment group infected (Windolf et al., 2014). Thus, 
the evaluation of bone healing indicates the progress 
in the eradication of the infection and osteomyelitis.
 To summarise, fracture-related infection models 
allow the creation of procedures to study a wide 
spectrum of clinical situations and can be used to 
study new strategies for the prevention and treatment 
of osteomyelitis related to orthopaedic bone fixation 
devices.

Advantages, limitations and conclusions

The advantages of the osteomyelitis mouse models 
are the similarity of their bone physiology to that 
of humans, their relatively low cost, the availability 
of well-defined inbred strains and molecular and 
immunological tools as well as the possibility of 
genetically modifying them.
 Mouse models have proven to be adaptable 
to specific desired model conditions, evolving 
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from simpler models, such as the post-traumatic 
osteomyelitis (Funao et al., 2012), through the 
bone-implant infections (Li et al., 2008), until more 
complex models such as the fracture-related infection 
with hardware exchange (Trombetta et al., 2019a; 
Yokogawa et al., 2018). Thus, these in vivo mouse 
models can be applied to study a variety of research 
questions related to osteomyelitis infection.
 Larger animal models such as rabbits, dogs or 
sheep show more similarities to humans than mouse 
in their bone microstructure, macrostructure and 
bone remodelling process (Muschler et al., 2010; 
Pearce et al., 2007; Wancket, 2015) and allow the use 
of implants of a size more closely resembling the 
actual implants used for humans. Moreover, larger 
animals such as dogs can tolerate multiple surgical 
procedures, allowing researchers to study some of 
the more complex procedures that are performed in 
humans (Patel et al., 2009). However, larger animals 
are more expensive, as is their maintenance, and they 
take longer to reach skeletal maturity than mice (Patel 
et al., 2009; Pearce et al., 2007).
 The use of GM mouse strains and molecular tools 
allows performing detailed studies on pathways 
and cells involved in the different mechanisms and 
processes of a disease, such as the inflammatory 
response to infections and fractures as well as the 
healing process. For example, Bernthal et al. (2014) 
used a GM mouse strain with fluorescent neutrophils 
to follow in vivo the inflammatory response to the 
infection and the presence of the implant. GM mice 
were also very useful for creating an osteomyelitis 
diabetic mouse model (Farnsworth et al., 2015). 
Compared to larger animals, a wide range of mice 
GM lines is available, permitting the study of different 
aspects of osteomyelitis (Pearce et al., 2007).
 Mouse models are also relevant to developing 
new preventive and treatment strategies to control 
infections. For example, antimicrobial devices might 
be a promising approach to reduce infections in 
orthopaedic surgery. Coatings of implants used for 
fracture stabilisation in rats or mice are less expensive 
than those used in large animals such as sheep or 
goats. In fact, many authors have well-described 
procedures to test the efficacy of antimicrobial 
coatings in osteomyelitis mouse models (Table 3-6). 
Such models can be used as a first step in the in vivo 
evaluation of in vitro results, to study the distribution 
of drugs in bones and other organs and to develop 
new antimicrobials for infection prevention. If the 
aim of using an antimicrobial device is to prevent 
an infection, it will be necessary to evaluate its 
in vivo antimicrobial efficacy for at least the first 
10 d. But, if the antimicrobial device is meant to 
be used as a treatment, a longer evaluation will 
be necessary (Moriarty et al., 2019). In any case, an 
antimicrobial orthopaedic device must prove its 
antimicrobial efficacy against relevant Gram-positive 
and Gram-negative pathogens (such as multidrug-
resistant bacteria), drug release, lack of inducing 
excessive inflammatory responses, prevention of 

bone tissue damage and support of bone healing. 
The antimicrobial efficacy should be determined 
by quantification of CFUs on the implant as well 
as in the bone tissue and surrounding soft tissue at 
relevant time points. Moreover, the inflammatory 
response to the device can be determined by 
measuring the cytokines in the tissue and performing 
immunohistology. Destruction of the bone tissue can 
be evaluated using imaging techniques such as μCT 
or MRI.
 Most of the studies analysed established an 
infection using S. aureus clinical strains because S. 
aureus is one of the major osteomyelitis pathogens 
(Fig. 3a). However, it is also relevant to study 
more in depth the pathophysiology of other 
devastating bacterial and fungal species related to 
those that cause osteomyelitis – such as coagulase-
negative staphylococcal and streptococcal species, 
P. aeruginosa, C. acnes, A. baumannii, C. albicans – or 
polymicrobial infections (Bemer et al., 2014; Kavanagh 
et al., 2018).
 The mortality rate related to these osteomyelitis 
mouse models varied between studies principally due 
to the differences in the infective dose, the virulence of 
the bacterial strain and the type of surgical procedure. 
Part of the information related to the mortality rates 
was retrieved from the publications and another part 
by consulting the authors of studies where no details 
on mortality were published.
 The type of inoculum administration and the 
infectious dose applied in the animals will directly 
affect the animal mortality rate. For example, the 
administration of a localised low inoculum is 
not expected to cause an invasive spread of the 
infection (Lloyd Miller, personal communication, 
2021). However, if a high infective dose is locally 
inoculated into the joint or bone, it could cause an 
invasive haematogenous spread leading to sepsis 
and, consequently, to the death of the animals (Lloyd 
Miller, personal communication, 2021). Therefore, it is 
important to include dose-determining studies to find 
the proper inoculum to administer to the animals, 
depending on the final aim of the study.
 The haematogenous models with associated 
sepsis had a high mortality rate of 20-50 % due to 
the highly infective doses administered that lead 
to the development of sepsis, infection of other 
organs or extreme weight loss that necessitated 
euthanasia (Horst et al., 2012; Lorena Tuchscherr, 
personal communication, 2021). The risk of sepsis 
development was also affected by the virulence of 
the bacterial strain used and the susceptibility of the 
mouse strain infected (Lorena Tuchscherr, personal 
communication, 2021). In the haematogenous implant 
study, 3 different bacterial inocula were used (105 to 
107 CFU), where only the largest bacterial inoculum 
caused a mortality rate of 10 % (Wang et al., 2017c).
 The post-traumatic infection model, the bone 
implant infection model and the PJI model in some 
studies had a mortality rate ranging from 1 to 10 % 
due to anaesthesia complications during the surgical 
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procedure (Ford et al., 2020, Hernandez et al., 2019; 
Elysia Masters, personal communication, 2021; 
Tammy Kielian, personal communication, 2021). 
Other studies did not report any loss of animals with 
these types of mouse models (Alexandra Stavrakis, 
personal communication, 2021). In some studies, 
there was a range of animals used per group “such 
as 5-8 animals per group” (Ashbaugh et al., 2016), 
which was related to the numbers of animals available 
to undergo the surgical procedure on different days 
and not to the mortality rate (Lloyd Miller, personal 
communication, 2021).
 The studies that used fracture-related infection 
models encountered more complications. In the 
models with a fracture and an intramedullary nail 
the mortality was ranging between 5 and 10 % and 
it was related to surgical complications (Cahill et al., 
2021; Andres García, personal communication, 2021). 
In the models with a fracture fixed using a fixation 
plate, the mortality was related to intraoperative 
complications (ranging between 2 and 29 %) such 
as implant misplacement (Sabaté Brescó et al., 2017), 
anaesthesia fatality (Oezel et al., 2019; Sabaté Brescó 
et al., 2017; Ceylan Windolf, personal communication, 
2021; Fintan Moriarty, personal communication, 2021) 
or cardiopulmonary instability (Oezel et al., 2019). 
The fatalities were also related to post-operative 
complications such as fixation device failure (Oezel 
et al., 2019; Sabaté Brescó et al., 2017; Ceylan Windolf, 
personal communication, 2021), fracture of the bone 
(Fintan Moriarty, personal communication, 2021), 
secondary infections (Sabaté Brescó et al., 2017) or 
device failure during revision surgery (Trombetta et 
al., 2019b). On the other hand, several other studies 
did not have any losses of animals (Büren et al., 2019; 
Inzana et al., 2015a; Inzana et al., 2015b).
 Several authors concurred that once the surgical 
procedure and the infective dose were well-
established and the personnel well trained, the 
mortality encountered was predominately related to 
the anaesthetics used during the procedure.
 Other important features to study in more detail 
are the bacterial virulence factors related to the disease 
including the bacterial immune evasion mechanisms 
to avoid the clearance of the pathogens. The role of 
the immune response in osteomyelitis is very relevant 
for future studies considering the importance of the 
macrophages and neutrophils in the clearance of the 
infection and in the regeneration of the bone tissue. 
Understanding the cellular and molecular pathways 
involved in the recruitment, differentiation and 
activation of monocytes seems to be a central axis of 
research in the osteo-immunomodulation response. 
The mouse models can also be used to investigate 
how antimicrobial and anti-inflammatory drugs 
should be applied to the bone to prevent or treat the 
infection and orchestrate the inflammatory response 
to enhance the regeneration of the bone tissue.
 Additional types of clinical osteomyelitis could 
also be mimicked using mouse models. For example, 
Röntgen et al. (2010) developed an external fracture 

fixation mouse model without infection. An infection 
could be established in this model to study its 
influence on bone healing with this type of fracture 
fixation device. Another clinical osteomyelitis 
model that could be established is the two-stages 
exchange of contaminated internal fixation hardware. 
However, the small size of the mouse makes it more 
challenging to perform multiple surgical procedures. 
Another interesting aspect for further study is the 
influence of the microbiome in the predisposition to 
osteomyelitis and how e.g. probiotics could help to 
reduce the effects of the disease (Hernandez et al., 
2019). A bone infection could also be merged with 
other clinical models to try to reproduce models 
closer to the patient situation. For instance, Zhang et 
al. (2019b) developed a mouse fracture model using 
20 to 28 months old mice presenting a P. aeruginosa 
infection in the endotracheal tube. This mimics a 
hospital-acquired infection due to the endotracheal 
tube, as occasionally present in patients with a 
fracture. The next step would be to inoculate the 
endotracheal tube to cause sepsis and study the 
ability of pathogens such as S. aureus to infect a bone 
fracture and how to prevent it using prophylaxis. 
However, it can be foreseen that establishing such a 
challenging model will be difficult.
 The standardisation of the models is highly 
relevant for study results to be reproducible and 
comparable between laboratories and to achieve a 
better translation to the clinic (Coenye et al., 2018; 
Muschler et al., 2010). Ideally, standardised models 
would need to be developed but the wide variety of 
conditions used in the different models (as described 
in the present review) indicate that standardisation 
may be difficult. To allow for full understanding of 
differences between studies, it is vital to provide very 
clear and detailed descriptions of the models. For 
instance, the mouse strain used, animal age, gender, 
and weight should always be reported. The use of 
a well-defined bacterial strain, inoculum volume 
and dose as well as method of administration is 
also important. In this respect, guidelines defining 
the minimum study information that needs to be 
reported would be very useful tools to achieve these 
goals (Allkja et al., 2020; Moriarty et al., 2019).
 In conclusion, the mouse is an excellent first step 
in vivo model to study the pathogenesis, inflammation 
and healing process of osteomyelitis with or without 
implanted medical devices and to evaluate novel 
prophylaxis and treatment strategies.
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Discussion with Reviewer

Reviewer: There is apparently a wide range of mouse 
models available. Would the field benefit from 
standardisation and a reduction to relatively fewer 
models allowing greater consistency? What may be 
the pros and cons of this approach?
Authors: This is a very good point to discuss. Indeed, 
in each osteomyelitis section, the infection has been 
performed differently and by using a different 
mouse line, age and gender, different bacterial strain, 
infectious dose and volume or different evaluation 
methods. All these variables need to be taken into 
consideration when the studies are compared. 
Standardisation could be applied both for in vitro and 
in vivo assays and would increase the reproducibility 
of studies between laboratories. Moreover, the 
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standardisation of the model and the evaluation 
methods could be used as a preclinical step to follow 
to evaluate the efficacy of antimicrobial preventive or 
treatment strategies (Coenye et al., 2018). However, 
since there simply is a vast number of relevant clinical 
parameters that vary from study to study, in many 
cases, models will need to be tailored to the specific 

clinical situation. Then, to assess comparability of the 
models and study outcomes, minimum information 
guidelines are advised.
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