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Abstract 

Background: Fracture-Related Infections (FRIs) are among the most challenging complications in 

orthopaedics. The incidence of these infections is high, particularly in complex, open fractures. 

FRI management typically involves irrigation and debridement of the fracture site, implant 

exchange and prolonged antibiotic therapy. This regimen is often ineffective resulting in poor 

patient outcomes and inefficient use of healthcare resources. As such, improved diagnostic, 

preventative and therapeutic interventions are needed. To effectively address these gaps, valid 

preclinical animal models that accurately replicate clinical FRIs are required. The purpose of this 

systematic review was to synthesize the relevant peer-reviewed literature related to FRI animal 

models to analyze their translational rigor and potential. 

Methods: An online database search was conducted using PubMed in which 77 articles were 

eligible for inclusion in this review. 

Results: Data extraction revealed a wide spectrum of animal species, methods for bone defect 

creation and fixation, bacterial inoculum deliveries and doses and intervention time points among 

the studies. Further, clinical, radiographic, microbiologic and histologic outcomes of infected 

control groups were assessed to determine validity of each model. Importantly, FRI-defining 

features such as bacterial biofilms and delayed fracture union were only reported in 20.8% and 

29.9% of models, respectively. 

Conclusion: While it is challenging to incorporate and validate all clinically relevant components 

of FRIs into an animal model, many of the gaps identified in this systematic review can and should 

be addressed to improve the efficacy of preclinical evidence aimed at advancing FRI management. 

 

Keywords: Complex Open Fractures; Fracture-Related Infections; Fracture Management; Pre-Clinical Models; Animal Models 
 

Introduction 

Fracture-related Infections (FRIs) present a major challenge in orthopaedics based on the associated burdens and costs for 

patients, healthcare teams and the healthcare system. In the United States, the reported incidence of FRIs ranges from 1% in 

closed fractures to up to 30% in complex open fractures [1,2]. Of these, there is a subsequent treatment failure rate of up to 11% 

[3]. FRIs most frequently involve Staphylococcus aureus. However, many other organisms can be noted in mono- or polymicrobial 

infections, including Streptococci, Pseudomonas and Enterobacteriaceae species [4-6]. A defining feature of these pathogens in 

FRIs is their capability to produce biofilms on fracture fixation implants. Biofilms cause microbes to enter a stationary and 

nongrowing state, rendering them up to 1,000 times more resistant to antibiotic agents than in their planktonic form [7,8]. As 

such, biofilm production in FRIs is a key determinant for the likelihood of infection resolution and retention of fracture fixation 

implants. 

 

In characterizing FRIs, the time point of infection is classified as early (<2 weeks), delayed (2-10 weeks) or late (>10 weeks) [4]. 

Diagnostic criteria are categorized as confirmatory or suggestive by an international FRI consensus group (Table 1) [9]. Treatment 

of FRIs typically requires additional surgeries involving Irrigation and Debridement (I&D) along with fracture-fixation hardware 

removal and exchange accompanied by antibiotic therapy. Typically, fracture fixation implants are retained or exchanged during 
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acute management to maintain fracture stability for achieving bone union. Successful treatment of FRIs is most often defined by 

fracture union with control of symptomatic infection. Despite being the clinical standard-of-care, this treatment regimen is often 

ineffective, especially when biofilms are established. Current evidence suggests that successful union can be achieved in 68% to 

71% of infected fractures when implants are retained [10]. However, recurrence of infection after union occurs in 40% to 58% of 

these patients, requiring further treatment including late implant removal. Taken together, the data indicate that with standard-

of-care treatment approximately 30% of infected fractures fail to heal and only 34% of all acute FRIs can be expected to retain 

implants long-term. A recent systematic review focusing on chronic or late-onset FRIs reported a 6% to 9% rate of infection 

recurrence after initial resolution, which resulted in amputation of the respective limb in 3% to 5% of patients [11]. As such, 

associated healthcare costs per patient are six to seven times higher when compared to uninfected fractures, which is greatly 

exacerbated by the burden the patient feels by repeat hospitalizations and surgeries, as well as the indirect costs associated with 

lost productivity and wages, among other factors [12,13]. 

 

Due to the unique challenges and profound impacts associated with FRIs, it is vital to improve diagnostic, prophylactic and 

therapeutic strategies toward optimizing patient outcomes. To ethically and effectively address these gaps in evidence, valid 

preclinical animal model studies are needed. To assess animal models for effective translational application to clinical FRIs, a 

systematic review of the best current evidence is required. Therefore, the purpose of this review was to analyze and synthesize 

the relevant peer-reviewed literature related to animal models of FRI in addressing three important questions: 

1. Are the methods used to create the long-bone trauma biologically and biomechanically relevant for FRI? 

2. Are the pathogens and inoculation methods clinically relevant for FRI? 

3. Are the studies’ interventional time points clinically realistic? 

 

Confirmatory Criteria Suggestive Criteria 

Clinical: fistula, sinus tract, wound breakdown, purulent 

drainage, or presence of pus 

Clinical: local redness or fever, new onset wound drainage 

Microbiological: phenotypically identical pathogens 

identified from at least two separate deep tissue/implant 

specimens. 

Radiographic: imaging consistent with bone healing 

complications or implant failure 

Histological: presence of microorganisms in deep tissue 

specimens, presence of >5 PMNs/HPF in chronic/late-

onset cases 

Laboratory: markers consistent with infection (i.e., WBC, ESR, 

CRP) 

Table 1: Confirmatory and suggestive criteria for fracture-related infection diagnosis. 

 

Methodology 

Search Strategy 

Using Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, a PubMed search was performed to 

include peer-reviewed articles from inception (1977) to 2023 to identify eligible studies for systematic review of preclinical animal 

model studies that investigated FRI [14]. Using the advanced search feature, keywords of (1) “animal model OR “in-vivo”, (2) 
“infection OR osteomyelitis” and (3) “fracture” were combined for the search. All titles and abstracts were screened, eliminating 
articles irrelevant to this review. Following this, a full-text review of the remaining articles was performed based on inclusion 

and exclusion criteria. 

 

Inclusion and Exclusion Criteria 

Articles included in this review required the use of (1) a preclinical animal model, (2) a defect of a long bone, (3) the use of 

fracture fixation implants and (4) local bacterial inoculation. Articles excluded in this review included (1) review articles, (2) 

inaccessibility to full-text literature and (3) studies unavailable in English. Eligible articles were further analyzed and underwent 

data extraction. 

 

Data Extraction 

Self-identified study classifications were categorized based on the primary focus of the research, as follows:  

• Characterization - focused on advancing scientific understanding of the bacteriological, immunological, biomechanical, 

histological and/or pathomechanistic aspects of FRI 
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• Model development - described the development and/or validation of an animal model for FRI 

• Prevention - tested prophylactic interventions for FRI 

• Treatment - tested therapeutic interventions for FRI 

 

For each study, the following data were extracted and compiled: 

• Animal species 

• Bacteria species 

• Inoculation method 

• Inoculum dose [Colony-Forming Unit (CFU) count] 

• Anatomical location of the defect 

• Method of defect creation 

• Fixation method 

• Fixation implant 

• Fixation timepoint 

• Intervention details 

• Key findings regarding the clinical, radiographic, microbiological and histologic validations of FRI. (For studies 

incorporating therapeutic or preventative interventions, validations were based on infected control groups only) 

 
Refere

nces 

Animal 

Species 

Bacteria 

Species 

Inoculati

on 

Method 

Inoculum 

Dose 

Fract

ure 

Site 

Bone 

Defect 

Metho

d 

Fixation 

Method 

and 

Implant 

Fractu

re 

Fixati

on 

Time 

Point 

System

ic 

Antibi

otic 

Time 

Point 

Secon

dary 

Surge

ry 

Time 

Point 

Other 

Intervent

ions 

Model 

Validat

ion: 

Clinical 

Model 

Validat

ion: 

Radiog

raphic 

Model 

Validatio

n: 

Microbio

logic 

Model 

Validation: 

Histologic 

Characterization 

Curtis 
et al.15 

Goats  S. aureus The 
inoculum 
was 
placed at 
the 
fracture 
site on an 
absorbabl
e gelatin 
sponge. 

1x10^3 
CFU/mL 

Tibial 
diaph
ysis 

A 
chevron 
osteoto
my, 
simulati
ng an 
open 
tibial 
fracture
, was 
created 
with a 
power 
saw. 

External 
fixator 
device 
with two 5 
mm 
diameter 
cortical 
pins 
proximal 
and two 
distal to 
the 
fracture or 
intramedul
lary nails 

Immed
iately 
post-
trauma 

N/A N/A During 
primary 
surgery, 
the 
treatment 
group 
receiving 
intramedu
llary nail 
implants 
underwen
t reaming 
of the 
medullary 
cavity. 

For the 
first 2 
days, 
tempera
tures 
were 
elevated
. 
Animals 
were 
lame on 
fracture
d limb 
post-
operativ
ely. Soft 
tissue 
swelling 
at 
fracture 
sites 
was 
observe
d. 

At week 
2, 4/5 
animals 
in the 
nailing 
and 
reaming 
group 
had 
signs of 
infectio
n with 
perioste
al 
reaction 
and 
local 
soft 
tissue 
swelling
. 1/5 
fixed 
with 
nailing 
without 
reaming 
and 0/5 
of those 
fixed 
with the 
external 
fixator 
showed 
signs of 
infectio
n; all in 
these 
two 
groups 
showed 
early 
callus 
formati
on. 

At week 
2, light to 
heavy 
amounts 
of S. 
aureus 
could be 
cultured 
from all 
tibias in 
the 
nailing 
and 
reaming 
group. 
Light to 
heavy 
amounts 
of S. 
aureus 
could be 
cultured 
from 
10/15 
tibias in 
the 
nailing 
without 
reaming 
group. 
Light 
amounts 
of S. 
aureus 
could be 
cultured 
from 4/15 
tibias in 
the 
external 
fixator 
group. 

At week 2, 
animals 
treated by 
nailing and 
reaming 
showed 
cortical 
necrosis, 
loss of 
normal 
marrow 
contents, 
and a 
fibrous 
layer 
adjacent to 
the implant. 
In the other 
groups, 
partial 
necrosis, 
some 
cortical 
infection, 
and callus 
formation 
was 
observed.  

Khoda
parast 
et al.16 

Canines S. aureus 1 mL of 
bacterial 
suspensio
n was 
injected 
into the 
medullar
y canal 
proximal 
and distal 

1×10^6 
CFUs 

Tibial 
diaph
ysis 

To 
create 
the 
open 
fracture
, the 
captive 
bolt 
device 
was 

Interlocki
ng 
intramedul
lary nail 

Immed
iately 
post-
trauma 

N/A N/A At 
primary 
surgery, 
rotational 
gastrocne
mius 
muscle 
flaps were 
used for 
the 

Not 
specifie
d 

Not 
specifie
d 

Not 
specified 

Not 
specified 
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to the 
fracture 
and was 
allowed 
to flow 
freely 
into the 
surroundi
ng soft 
tissue. 

loaded 
with a 
no. 13 
cartridg
e and 
fired to 
deliver 
6800 N 
to the 
proxim
al tibia. 

treatment 
group. 

Brown 
et al.17 

Canines S. aureus 1 mL of 
bacterial 
suspensio
n was 
placed 
into the 
medullar
y canal 
proximal 
and distal 
to the 
fracture. 
Bacterial 
suspensio
n was 
also 
placed 
under the 
rotational 
myoplast
y and 
allowed 
to flow 
freely 
into the 
surroundi
ng soft 
tissue. 

1x10^6 
CFUs 

Tibial 
diaph
ysis 

The 
captive-
bolt 
device 
was 
loaded 
with a 
no. 13 
cartridg
e and 
fired, 
deliveri
ng 6800 
N to the 
proxim
al tibia, 
and 
creating 
an open 
fracture
. 

Intramedu
llary nail 
with distal 
interlockin
g cortical 
screws 

Immed
iately 
post-
trauma 

N/A N/A At 
primary 
surgery, 
rotational 
gastrocne
mius 
muscle 
flaps were 
used for 
the 
treatment 
group. 

Throug
hout the 
study, 
the 
injured 
limbs 
were 
edemato
us. 

Not 
specifie
d 

Not 
specified 

Not 
specified 

Shiels 
et al.18 

Sprague–
Dawley 
rats 

S. aureus Collagen 
was 
presoake
d with 
bacterial 
suspensio
n and 
placed 
into the 
fracture 
site. 

1x10^4 
CFUs 

Femor
al 
diaph
ysis 

A 6 mm 
section 
of bone 
was 
remove
d by 
reciproc
ating 
saw 
under 
copious 
saline. 

Polyacetyl 
plate 
affixed to 
the 
anterior 
surface 
with six 
stainless 
steel 
threaded 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

6 
hours 

After 
secondary 
surgery, 
FK506 
was 
administe
red 
intraperito
neally 
once daily 
for 
14 days 
for the 
treatment 
group. 

At week 
2, body 
weights 
had 
decreas
ed.  

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from 2/10 
femurs 
and 0/10 
implants. 

Not 
specified 

Bilgili 
et al.19 

Sprague–
Dawley 
rats 

S. aureus Not 
specified 

1×10^8 
CFU/mL 

Femor
al 
diaph
ysis 

One-
third of 
the 
diaphys
eal 
diamete
r was 
drilled, 
and the 
remaini
ng bone 
was 
broken 
manuall
y. 

Kirschner 
wires 
(0.71–1.25 
mm 
diameter) 

Immed
iately 
post-
trauma 

N/A N/A N/A Not 
specifie
d 

At week 
3, 
unbridg
ed 
callus 
formati
on was 
detected
. At 6 
weeks, 
the 
initial 
stages 
of the 
bony 
union 
were 
detected
. 

At weeks 
3 and 6, 
S. aureus 
could be 
cultured 
from the 
femur, 
implant, 
and soft 
tissue. 
The 
proportio
n of 
animals 
with 
positive 
cultures 
is not 
specified. 
At 6 
weeks, S. 
aureus 
could be 
cultured 
from 
blood 
samples. 

At week 6, 
there were 
concentrate
d areas of 
polymorpho
nuclear 
leukocytes 
and 
abscesses in 
bone.  

Hamza 
et al.20 

Sprague–
Dawley 
rats 

S. aureus 100 μL of 
treatment 
solution 
with 
bacterial 
suspensio
n was 
pipetted 
into the 
fracture 
site 
without 
contactin
g the 
surgical 

20 CFUs of 
extracellular 
bacteria, 100 
or 1x10^6 
CFUs of 
intracellular 
bacteria, or a 
combination  

Femor
al 
diaph
ysis 

A 
fracture 
was 
created 
using a 
custom 
compre
ssion 
device. 

Kirschner 
wires 

Immed
iately 
post-
trauma 

N/A N/A N/A At week 
3, a 
signific
ant loss 
in body 
weights 
were 
observe
d in 
groups 
receivin
g an 
inoculat
ion dose 
of 10^6 
CFUs. 
At day 

At week 
3, 
severe 
osteolys
is was 
observe
d in 
groups 
receivin
g an 
inoculat
ion 
greater 
than 
10^2 
CFU. 

At week 
3, S. 
aureus 
could be 
cultured 
from all 
animals 
inoculate
d with at 
least 10^2 
CFU of 
intra-
cellular S. 
aureus. 

Not 
specified 
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instrumen
ts. 

21, 
neutrop
hils 
were 
signific
antly 
elevated 
in 
groups 
receivin
g an 
inoculat
ion dose 
greater 
than 
10^2 
CFU. 

Büren 
et al.21 

BALB/c-
mice 

S. aureus 1 µL of 
PBS 
containin
g 
bacterial 
suspensio
n was 
placed in 
the 
osteotom
y gap. 

1x10^3 
CFUs 

Femor
al 
diaph
ysis 

An 
osteoto
my was 
created 
using a 
Gigli 
saw 
(diam. 
0.22 
mm). 

Four-hole 
plate 
(length 
7.75 mm, 
width 1.5 
mm, 
thickness 
0.7 mm) 
with two 
self-
cutting 
screws at 
the 
proximal 
and distal 
fragments. 

Immed
iately 
post-
trauma 

N/A N/A N/A Not 
specifie
d 

Not 
specifie
d 

Not 
specified 

Animals 
showed 
progressive 
destruction 
of the 
fracture gap 
and cortical 
bone with 
nonunion. 
>10 
bacterial 
colonies 
were 
quantified 
on 
histopatholo
gical slices. 

Oezel 
et al.22 

BALB/c-
mice 

S. aureus The 
fracture 
gap was 
injected 
with 1 μL 
of 
bacterial 
suspensio
n. 

1.35x10^5 
CFUs 

Femor
al 
diaph
ysis 

An 
osteoto
my was 
created 
using a 
Gigli 
saw 
(diam. 
0.22 
mm). 

Six-hole 
titanium 
locking 
plate with 
locking 
self-
tapping 
micro-
screws 

Pre-
trauma 

N/A 1 or 6 
weeks 

During 
primary 
surgery, 
CAS/HA 
was 
packed 
into the 
fracture 
gap of 
treatment 
groups. 

At 
weeks 1 
and 6, 
neutrop
hil 
counts 
were 
elevated
.  

At 
weeks 1 
and 6, 
fracture 
nonunio
n, bone 
lysis, 
and 
bone 
destruct
ion was 
detected
. 

At weeks 
1 and 6, 
S. aureus 
could be 
cultured 
from all 
lavages. 

Not 
specified 

Sabaté
-
Brescó 
et al.23 

C57BL/, 
BALB/c, 
C57BL/6 
IL-17A 
KO mice 

S. 
aureus, 
S. 
epidermi
dis 
(monomi
crobial) 

2.5 µL of 
bacteria 
suspensio
n was 
injected 
in the 
osteotom
y site. 

1×10^4 
CFUs 

Femor
al 
diaph
ysis 

Not 
specifie
d 

Titanium 
4-hole 
rigid and 
titanium 
4-hole 
flexible 
plate 
implants, 
and 
Titanium 
Aluminum 
Niobium 
alloy 
screws 

Pre-
trauma 

N/A N/A N/A Not 
specifie
d 

Not 
specifie
d 

At day 14 
and 30, S. 
epidermid
is could 
be 
cultured 
6/8 and 
5/8 
bones, 
soft 
tissues 
samples, 
or 
implants, 
respective
ly. 

At day 14 
and 30, the 
osteotomy 
gap was 
filled with 
new bone. 
Osteolytic 
regions 
around the 
screws and 
granulocyte 
infiltrate 
were 
observed.  

Rochf
ord et 
al.24 

C57BL/6 
and 
BALB/c 
mice 

S. aureus The 
inoculum 
was 
introduce
d to the 
mice on 
pre-
contamin
ated 
Mousefix 
plates. 

9×10^5 
CFUs per 
implant 

Femor
al 
diaph
ysis 

A 0.44 
mm 
defect 
osteoto
my was 
perform
ed 
using a 
jig and 
a Gigli 
wire. 

Titanium 
or PEEK 
plate 
implants 

Pre-
trauma 

N/A N/A N/A Not 
specifie
d 

Not 
specifie
d 

At days 3 
and 7, S. 
aureus 
could be 
cultured 
from all 
femurs, 
soft tissue 
samples, 
and 
implants. 
Bacterial 
loads 
were 
highest in 
the soft 
tissue for 
C57BL/6 
mice and 
on the 
implant 
for 
BALB/c 
mice. 

At day 3, 
soft tissue 
revealed 
inflammator
y cell 
invasion 
consisting 
of 
polymorpho
nuclear 
cells. At day 
7, the tissue 
overlying 
the plate 
was necrotic 
with cellular 
debris. 
Bacteria 
were 
observed at 
both time 
points. 

Baertl 
et al.25 

C57Bl/6N 
mice 

S. aureus An 
inoculum 
of 1 µL 
was 
pipetted 
into the 
fracture 
gap. 

1x10^4 
CFUs 

Femor
al 
diaph
ysis 

A 0.44 
mm 
osteoto
my was 
perform
ed 
using 
the 
MouseF
ix Drill-

Titanium 
four-hole 
locking 
plate 
fixated 
with four 
self-
cutting, 
angular 

Pre-
trauma 

N/A N/A N/A At day 
4 and 
14, 
body 
weights 
had 
decreas
ed.  

At day 
4, no 
signs of 
bone 
healing 
or 
infectio
n-
related 
changes 

At days 4 
and 14, S. 
aureus 
could be 
cultured 
from all 
soft tissue 
samples. 
24/36 
organs 

At day 4, no 
soft callus 
or woven 
bone 
formation 
was present 
in either 
group. At 
day 14, 
osteonecrosi

https://doi.org/10.46889/JOSR.2024/5313
https://athenaeumpub.com/journal-of-orthopaedic-science-and-research/


                        6 

https://doi.org/10.46889/JOSR.2024/5313                                                                                  https://athenaeumpub.com/journal-of-orthopaedic-science-and-research/ 

 

&Saw 
guide 
and a 
Gigli 
hand 
saw. 

stable 
screws 

were 
observe
d. At 
day 14, 
erodent 
fracture 
ends 
and 
osteolys
is 
adjacent 
to the 
screws 
and 
plates 
were 
detected 
in the 
high-
virulenc
e S. 
aureus 
group. 
Early 
signs of 
callus 
formati
on at 
the 
fracture 
site 
were 
visible 
in the 
low-
virulenc
e S. 
aureus 
group. 

(liver, 
kidney, 
and 
spleen) 
contained 
bacteria 
in the 
high-
virulence 
S. aureus 
group. 
5/36 
organs 
contained 
bacteria 
in the 
low-
virulence 
S. aureus 
group. 

s and 
fibrinous 
tissue were 
observed at 
the fracture 
gap in the 
high-
virulence S. 
aureus 
group, 
whereas 
bony callus 
formation 
was present 
in the low-
virulence S. 
aureus 
group. At 
days 4 and 
14, bacterial 
colonies 
were found 
below the 
plate and 
bone 
marrow in 
both groups. 

Hofste
e et 
al.26 

 

C57Bl/6N 
mice 

S. aureus 1 µL of 
bacterial 
suspensio
n was 
pipetted 
on top of 
the bone 
marrow 
of the 
segment. 

1×10^4 
CFUs 

Femor
al 
diaph
ysis 

The 2-
inner 
screw-
holes of 
the 
fixation 
plate 
were 
left 
empty 
and 
used to 
generat
e two 2 
mm 
osteoto
mies 
with the 
MouseF
ix 
Drill&S
aw 
guide 
and a 
Gigli 
hand 
saw. 

Titanium 
six-hole 
locking 
plates and 
four-
outermost 
screws 

Pre-
trauma 

N/A N/A N/A At week 
4, 
animals 
had lost 
an 
average 
of 6.5% 
of body 
weight. 

At week 
4, 
nonunio
n and 
osteolys
is at 
osteoto
my ends 
were 
detected
. 

At week 
3, S. 
aureus 
could be 
cultured 
from all 
femurs, 
bone 
marrow 
samples, 
soft tissue 
samples 
and 
implants. 
Some 
biofilm 
growth 
was 
detected 
on screws 
and 
implants. 

At week 1, 
lymphocyte
s and 
macrophage
s began 
infiltrating 
into the 
bone and 
soft tissue. 
At day 28, 
bacterial 
aggregates 
and 
osteonecrosi
s were 
observed in 
bone 
segment.  

Rochf
ord et 
al.27 

C57bl/6 
mice 

S. aureus The 
fixation 
plates 
were 
completel
y 
submerge
d in the 
bacterial 
suspensio
n and 
incubated 
statically 
at room 
temperatu
re for 
20 minut
es. The 
implants 
were then 
air dried 
sterilely 
for 
5 minutes
. 

9×10^5 (± 
standard 
deviation 2.6 
× 10^5) 
CFUs per 
implant 

Femor
al 
diaph
ysis 

A 0.44 
mm 
defect 
osteoto
my was 
perform
ed 
using a 
jig and 
a Gigli 
wire. 

Titanium 
4-hole 
rigid and 
titanium 
4-hole 
flexible 
plate 
implants, 
and 
Titanium 
Aluminum 
Niobium 
alloy 
screws 

Pre-
trauma 

N/A N/A N/A Not 
specifie
d 

At week 
5, 
nonunio
n and 
signific
ant 
osteolys
is was 
detected
. 

At each 
endpoint, 
S. aureus 
could be 
cultured 
from all 
femurs, 
soft 
tissue, 
and 
implants. 
Bacterial 
loads 
peaked at 
day 1 and 
3. 

At day 3, a 
moderate 
degree of 
inflammator
y cell 
infiltration 
was 
observed. 
At day 7, 
massive 
myocytic 
necrosis and 
fibroblast 
proliferation 
was 
observed. 
Bacterial 
colonies and 
thin 
biofilms 
were 
present.  

Model Development 

Hill et 
al.28 

SuKolk-
cross 
sheep 

S. aureus An 
inoculum 
was 
introduce
d to the 
fracture 

3x10^8 
CFUs 

Tibial 
diaph
ysis 

A 
chevron 
osteoto
my was 
created 
using a 

Intramedu
llary 
humeral 
nail (20 
cm in 
length and 

6 
hours 
post-
trauma 

Postope
rative 

6 
hours 

N/A At week 
1, 
surgical 
sites 
showed 
early 

At week 
6, 
diffuse 
perioste
al 
reaction 

At 
secondary 
surgery, 
S. aureus 
could be 
cultured 

At week 6, 
interlocking 
screws were 
loose and 
purulent 
material 

https://doi.org/10.46889/JOSR.2024/5313
https://athenaeumpub.com/journal-of-orthopaedic-science-and-research/


                        7 

https://doi.org/10.46889/JOSR.2024/5313                                                                                  https://athenaeumpub.com/journal-of-orthopaedic-science-and-research/ 

 

site on 
bovine 
type I 
collagen. 

Gigli 
saw 
under 
saline 
irrigatio
n. 

8 mm 
diameter) 
and 
interlockin
g screw 
holes 
placed 
both 
proximall
y and 
distally 

signs of 
infectio
n, with 
soft 
tissue 
swelling
. At 
week 2, 
wound 
breakdo
wn was 
observe
d. 

and 
osteolys
is 
around 
hardwar
e were 
detected
. An 
involucr
um had 
develop
ed in 3 
animals.  

from all 
reamers, 
all 
proximal 
screw 
holes, and 
5/6 distal 
screw 
holes. At 
week 6, 
S. aureus 
could be 
cultured 
from all 
proximal 
nails, 
proximal 
screws, 
osteotom
y sites, 
distal 
screws, 
and distal 
nails.  

was present 
throughout 
the 
medullary 
cavity. 

Zhang 
et al.29 

New 
Zealand 
White 
rabbits 

S. aureus 5 mL of 
bacterial 
suspensio
n and a 
steel 
plate 
were 
placed 
into a 15 
mL 
centrifug
e tube. 
The tube 
was 
incubated 
for 48 h 
at 37°C 
with 
constant 
shaking. 
The plate 
was taken 
out from 
the tube 
and 
washed 3 
times 
with PBS 
to 
remove 
bacteria 
on the 
surface of 
plate. 

 1x10^6 
CFU/ml 

Femor
al 
diaph
ysis 

A 
fracture 
was 
created 
with a 1 
mm 
diamete
r wire 
saw at 
the area 
betwee
n the 
second 
and 
third 
screws 
of 
fixation 
plate.  

316L 
stainless 
steel five-
hole plates 
(35 mm in 
length, 6.5 
mm in 
width and 
2.0 mm in 
thickness) 
with four 
screws (10 
mm in 
length and 
2.4 mm in 
diameter) 

Pre-
trauma 

N/A N/A N/A At week 
3, all 
animals 
showed 
signs of 
soft 
tissue 
and 
bone 
infectio
n with 
signific
ant 
swelling
, pus 
formati
on and 
local 
tissue 
destruct
ion. 

On 
week 2, 
perioste
al 
reaction 
was 
detected
. At 
week 3, 
signific
ant 
osteolys
is 
appeare
d 
around 
the 
implant
s with 
severe 
perioste
al 
reaction 
away 
from 
the 
fracture. 
Unbridg
ed 
callus 
formati
on was 
present.  

At week 
3, biofilm 
growth 
was 
detected 
on 
implants. 

At week 3, 
cell-free 
sequestrum, 
inflammator
y cell 
infiltration, 
and signs of 
‘moth 
eaten’ bone 
were 
observed.  

Arens 
et al.30 

New 
Zealand 
White 
rabbits 

S. aureus 34 µL of 
the 
bacterial 
suspensio
n was 
pipetted 
directly 
over the 
osteotom
y site. 

Plate study: 
6×10^3 
CFUs to 
6×10^6 
CFUs 

 

Nail study: 
6×10^2 
CFUs to 
6×10^6 
CFUs 

Hume
ral 
diaph
ysis 

A full 
osteoto
my was 
created 
using a 
0.45 
mm 
Gigli 

Plate 
study: 49 
mm, 
seven-
hole, 
locking 
compressi
on plates 
fixated 
with six 2 
mm steel 
locking 
screws. 

 

Nail 
study: 
stainless 
steel 
intramedul
lary nail 
(55 mm in 
length 
with four 
interlockin
g bolt 
holes) 

Pre-
trauma 

N/A N/A N/A At week 
4, all 
animals 
had lost 
weight. 
CRP 
levels 
were 
persiste
ntly 
elevated 
in the 
nail 
study. 

At week 
4, 
nonunio
n and 
perioste
al 
reaction 
is 
detected
. 

At 4 
weeks, S. 
aureus 
could be 
cultured 
from 
14/21 
animals 
in the nail 
study and 
11/17 
animals 
in the 
plate 
study. As 
inoculatio
n dose 
increased, 
the 
proportio
n of 
infected 
animals 
increased. 

At week 4, 
an absence 
of 
osteotomy 
closure, 
active 
inflammatio
n, 
necrotizing 
inflammatio
n were 
observed. 

Helbig 
et al.31 

Sprague–
Dawley 
rats 

S. aureus 10 μL of 
bacterial 
suspensio
n was 
injected 
into the 
medullar
y cavity. 

1x10^3 CFUs Femor
al 
diaph
ysis 

A 5 mm 
osteoto
my was 
perform
ed 
using a 
diamon
d disk. 

Primary 
surgery: 
Stainless 
steel 
Kirschner 
wires 
(1.2–
1.6 mm in 
diameter) 

 

Immed
iately 
post-
trauma 

N/A 5 
weeks 

N/A At day 
5, body 
weights 
had 
decreas
ed.  

At week 
13, 
nonunio
n, 
hypertro
phic 
callus 
formati
on, 
change 
of the 
trabecul
ar 

At week 
13, S. 
aureus 
could be 
cultured 
from all 
soft tissue 
samples 
and 
implants.  

At week 13, 
nonunion, 
hypertrophi
c callus 
formation, a 
reduction in 
bone 
density, and 
change of 
the 
trabecular 
structures 
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Second 
surgery: 
angle-
stable 
plate and 
six angle-
stable 
screws 

structur
es and 
peri-
implant 
loosenin
g were 
detected
. 

were 
visible.  

Helbig 
et al.32 

Sprague–
Dawley 
rats 

S. aureus 10 μL of 
bacterial 
suspensio
n was 
injected 
into the 
medullar
y cavity. 

1x10^3 
CFU/10 μL 

Tibial 
and 
fibula
r 
diaph
ysis 

A 
weight 
(650 g) 
was 
fixed 
on a 
bolt 
with a 
remova
ble pin 
at a 
height 
of 15 
cm. 
Using 
this, an 
impulse 
of 
p = 1.12 
Ns 
generat
ed a 
closed 
transver
se 
fracture
. 

Titanium 
Kirschner 
wires 
(0.8 mm 
in 
diameter)  

Immed
iately 
post-
trauma 

N/A N/A N/A At week 
2, the 
leucocyt
e counts 
were 
elevated
. Body 
weights 
decreas
ed 
initially 
followin
g 
primary 
surgery. 
Body 
tempera
tures 
remaine
d stable 
through
out the 
study. 

At week 
5, 
nonunio
n, 
osteolys
is, 
perioste
al new 
bone 
formati
on, and 
sequeste
red 
bone 
were 
detected
.  

At week 
5, S. 
aureus 
could be 
cultured 
from all 
implants. 

Not 
specified 

Penn-
Barwel
l et 
al.33 

Sprague–
Dawley 
rats 

S. aureus The 
defect 
was 
contamin
ated with 
30 mg of 
sterile 
bovine 
collagen 
soaked 
with 
bacterial 
suspensio
n in 0.5 
ml of 
saline. 

1×10^1 CFU
s to 
1×10^5 CFU
s, in order of 
single 
magnitudes. 

Femor
al 
diaph
ysis 

A 6-
mm 
defect 
was 
made 
using a 
reciproc
ating 
saw. 

Bespoke 
polyoxym
ethylene 
plates 
fixated 
with six 
threaded 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

6 
hours 

N/A Not 
specifie
d 

Not 
specifie
d 

At week 
2, S. 
aureus 
could not 
be 
cultured 
from 
femurs 
and 
implants 
at an 
inoculatio
n dose of 
10^1 CF
Us. S. 
aureus 
could be 
cultured 
from 4/10 
femurs 
and 7/10 
implants 
at an 
inoculatio
n dose of 
10^2 
CFUs. S. 
aureus 
could be 
cultured 
from all 
femurs 
and 
implants 
at an 
inoculatio
n dose of 
10^3 
CFUs or 
greater. 

Not 
specified 

Robins
on et 
al.34 

Sprague–
Dawley 
rats 

S. aureus 50 μL of 
bacterial 
suspensio
n was 
injected 
into the 
medullar
y cavity 
via an 18-
gauge 
polyprop
ylene 
catheter 
that was 
left in 
place for 
2-min 
following 
inoculatio
n. 

1x10^4 
CFUs 

Femor
al 
diaph
ysis 

A 
fracture 
was 
created 
by a 
blunt 
guilloti
ne 
device 
driven 
by a 
dropped 
weight. 

316L 
stainless 
steel 
intramedul
lary pins 
(1.4 mm 
in 
diameter 
and 
26 mm in 
length) 

Pre-
trauma 

Postope
rative 

N/A N/A Throug
hout the 
study, 
body 
weights 
had 
increase
d in all 
animals.  

At week 
3, 
nonunio
n, 
severe 
perioste
al 
reaction
, and 
osteolyt
ic areas 
extendi
ng from 
the 
fracture 
site 
were 
detected
. 

At week 
3, S. 
aureus 
could be 
cultured 
from all 
femurs. S. 
aureus 
could not 
be 
cultured 
from 8/10 
stifles. 
Blood 
cultures 
were 
negative 
for all 
animals. 

At week 3, 
inflammatio
n of the 
periosteum, 
extensive 
myelofibros
is, 
unbridged 
callus, loss 
of cortical 
bone, and 
necrotic 
fragments 
were 
observed.   
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Alt et 
al.35 

Sprague–
Dawley 
rats 

S. aureus The 
osteotom
y site was 
contamin
ated with 
20 μL of 
the 
bacteria 
suspensio
n applied 
in 
BHI/20% 
glycerol. 

1x10^4 
CFUs 

Tibial 
diaph
ysis 

An 
osteoto
my was 
created 
with an 
oscillati
ng saw. 

21 G 
intramedul
lary 
microlanc
e needle 

Immed
iately 
post-
trauma 

Postope
rative 

N/A N/A At week 
6, no 
systemi
c signs 
of 
infectio
n were 
observe
d. Clear 
signs of 
soft 
tissue 
and 
bone 
infectio
n were 
observe
d with 
pretibial 
swelling
, pus 
formati
on, and 
local 
tissue 
destruct
ion.  

At week 
6, 
nonunio
n, 
chronic 
bone 
inflamm
ation, 
sequeste
r 
formati
on, 
cortical 
lysis, 
and 
thickeni
ng of 
the 
perioste
um 
were 
detected 
in 10/11 
animals. 

At week 
6, S. 
aureus 
could be 
cultured 
from 
10/11 
implants. 
Biofilm 
growth 
was 
detected 
on 
implants.  

At week 6, 
bacterial 
colonies 
with 
extracellular 
matrix 
formation, 
inflammator
y cells, 
sequesters, 
cortical 
lysis were 
observed.  

Chen 
et al.36 

Sprague–
Dawley 
rats 

 

 

S. aureus Collagen 
moistene
d with the 
bacterial 
suspensio
n was 
packed 
into the 
defect. 

1x10^3, 
1x10^4, 

1x10^5, or 
1x10^6 
CFUs 

Femor
al 
diaph
ysis 

A 6 mm 
full-
thickne
ss 
defect 
was 
created 
with a 
mini- 
driver 
and 
small 
oscillati
ng saw 
blade. 

Polyacetyl 
plates 
(length 25 
mm, width 
4 mm and 
height 4 
mm) 
containing 
six 
predrilled 
holes for 
threaded 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

2 
weeks 

N/A Not 
specifie
d 

At 
weeks 
1, 2, 3, 
and 4, 
bone 
implant
s 
remaine
d intact. 
The 
median 
number 
of lysis 
sites 
increase
d over 
the 4 
weeks, 
reachin
g peak 
levels 
of 2-3.5 
sites at 
4 
weeks. 
The 
higher 
inoculat
ion 
dose, 
the 
greater 
number 
of lysis 
sites. 

At 1, 2, 3, 
and 4 
weeks, S. 
aureus 
could be 
cultured 
from all 
femurs. 
The mean 
CFUs of 
recovered 
bacteria 
for each 
inoculum 
peaked at 
week 1, 
then 
declined 
over the 
following 
3 weeks. 

Not 
specified 

Lovati 
et al.37 

Wistar rats S. 
epidermi
dis 

30 μL of 
the 
bacterial 
suspensio
n was 
injected 
into the 
femoral 
defect 
and 
allowed 
to spread 
througho
ut the 
medullar
y canal. 

1x10^3, 
1x10^5 or 
1x10^8 
CFUs 

Femor
al 
diaph
ysis 

A 1 mm 
non-
critical, 
full-
thickne
ss 
defect 
was 
created 
after a 
localize
d 
perioste
al 
elevatio
n with 
an 
electric 
circular 
saw 
under 
continu
ous 
sterile 
saline 
irrigatio
n. 

A 
compressi
on 
stainless 
steel four-
hole-mini-
plate 
(length 
20mm, 
width 
4mm, 
height 
1mm) 
fixed 
using four 
1.5mm 
bicortical 
screws 

Immed
iately 
post-
trauma 

Preoper
ative 

N/A N/A At week 
1, body 
weights 
had 
decreas
ed, but 
then 
increase
d 
steadily. 
At week 
2, all 
animals 
exhibite
d an 
increase 
in 
neutrop
hil 
counts 
above 
basal 
levels. 
Neutrop
hil 
counts 
returned 
to basal 
levels 
by week 
8. 

At week 
8, 67%, 
83%, 
and 
100% 
of the 
animals 
showed 
signs of 
altered 
bone 
healing 
in the 
10^3, 
10^5, 
and 
10^8 
CFU 
groups, 
respecti
vely. 
Altered 
bone 
healing 
include
d 
nonunio
n, 
osteolys
is, 
resorpti
on of 
the 
cortex, 
cortical 
bone 
thickeni
ng, 
and/or 

At week 
8, S. 
epidermid
is could 
be 
cultured 
from 3/5 
implants 
in the 
10^3 
CFU 
group and 
from all 
implants 
in the 
remaining 
groups. 
Biofilm 
growth 
was 
detected 
in greater 
amounts 
on 
implant 
surfaces 
as the 
inoculum 
increased.  

At week 8, 
animals 
with 
detectable 
infection in 
the 10^3 
CFU group 
had 
incomplete 
bone 
healing with 
fibrovascula
r tissue, 
inflammator
y cells, and 
gram-
positive 
cocci. The 
10^5 and 
10^8 CFU 
groups had 
nonunion, 
myeloid 
hyperplasia, 
bone 
sequestra, 
polymorpho
nuclear 
cells, and a 
massive 
presence of 
gram-
positive 
cocci.  
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perioste
al 
reaction
.   

Gilbert 
et al.38  

Brown 
Norway 
rats 

S. 
aureus, 
A. 
baumann
ii 
(polymicr
obial) 

10 µL of 
a saline 
dilution 
prepared 
from an 
actively 
growing 
overnight 
culture 
containin
g A. 
baumanni
i 
followed 
by a 
second 
10 µL 
saline 
dilution 
containin
g S. 
aureus 
was 
injected 
into the 
fracture 
site. 

A. 
baumannii: 
1×10^5 
CFUs 

 

S. aureus: 
1×10^4 
CFUs 

Femor
al 
diaph
ysis 

A drop-
weight 
apparat
us with 
a 
crushin
g arm 
was 
used to 
create a 
midshaf
t, 
commin
uted 
fracture 
by 
droppin
g a 500-
g 
weight 
from a 
height 
of 25 
cm. A 
rotary 
saw 
was 
used to 
create 
an 8-
mm 
gap. 

1.6-mm 
Kirschner 
wire 

Immed
iately 
post-
trauma 

N/A N/A N/A At 
weeks 
1, 2, 
and 4, 
muscle 
atrophy 
was 
observe
d.  

At 
weeks 2 
and 4, 
osteolys
is, 
reactive 
bone, 
loss of 
fixation, 
and 
increase
s in 
blood 
vessel 
volume 
was 
detected
.  

At weeks 
1, 2, and 
4, S. 
aureus 
could be 
cultured 
from all 
femurs. 
At weeks 
1 and 2, 
A. 
baumanni
i could 
only be 
cultured 
in less 
than half 
of the 
femurs. 
All 
animals 
had 
positive 
blood 
cultures 
for A. 
baumanni
i, but 
negative 
blood 
cultures 
for S. 
aureus.  

Not 
specified 

Inzana 
et al.39 

BALB/c 
mice 

S. aureus A 1 mm 
radius 
semi-
circle of 
fibrillar 
collagen 
sheet was 
soaked 
for at 
least 2 
hours in 
an 
overnight 
culture of 
bacteria 
then 
placed 
into the 
defect. 

8 ± 2.9×10^4 
CFUs 

Femor
al 
diaph
ysis 

A 0.7 
mm 
transver
se 
osteoto
my was 
made 
using a 
0.67 
mm 
wire 
Gigli 
saw and 
a 
cutting 
guide. 

Six-hole 
radiolucen
t PEEK 
plate with 
a 40 nm 
titanium 
coating 
fixed 
using four 
titanium 
screws 

Pre-
trauma 

Postope
rative 

1 
week 

At 
secondary 
surgery, a 
vancomyc
in-PMMA 
spacer 
was tied 
into the 
defects of 
the 
treatment 
group. 

At week 
4, 
substant
ial 
subcuta
neous 
and 
peri-
implant 
abscess
es had 
formed. 
None of 
the 
animals 
lost a 
signific
ant 
amount 
of 
weight.   

At week 
4, 
severe 
osteolys
is distal 
to the 
defect 
site, 
resorbe
d bone, 
and 
implant 
loosenin
g was 
detected
.  

At week 
4, S. 
aureus 
could be 
cultured 
from all 
femurs, 
soft tissue 
samples, 
PMMA 
spacers, 
and 
implants. 
Biofilm 
growth 
was 
detected 
on 
implants. 

At week 4, 
bacterial 
colonization 
within 
bones was 
observed in 
gram-
stained 
sections. 
Active 
osteoclast 
bone 
resorption 
in the 
vicinity of 
the screws 
was 
observed. 

Windo
lf et 
al.40 

BALB/c 
mice  

S. aureus 1 µL of 
bacterial 
suspensio
n in 
phosphat
e 
buffered 
BactoTry
ptic Soy 
Broth 
was 
injected 
with a 
micropip
ette into 
the 
fracture 
gap. 

2x10^3, 
5x10^4, 
1x10^6, or 
5x10^6 
CFUs 

Femor
al 
diaph
ysis 

An 
osteoto
my was 
created 
using a 
Gigli 
saw 
(diam. 
0.22 
mm). 

Titanium 
locking 
plates 

Pre-
trauma 

N/A 1 or 2 
weeks 

N/A At an 
inoculu
m of 
10^6 
CFU or 
greater, 
severe 
clinical 
signs of 
systemi
c 
infectio
n were 
observe
d. 

At week 
4, 
nonunio
n, 
osteolys
is, and 
an 
increase
d 
fracture 
gap was 
detected
.   

At weeks 
1, 2, and 
4, S. 
aureus 
could be 
cultured 
from 
surgical 
lavages. 
At week 
4, S. 
aureus 
could be 
cultured 
from all 
femurs. 
Blood 
cultures 
were 
negative. 
Biofilm 
growth 
was 
detected 
on 
implants. 

At week 4, 
bacteria 
were 
observed in 
the bone 
adjacent to 
drill holes. 

Prevention 

Tran et 
al.41 

Goats  S. aureus 1 mL of 
bacterial 
suspensio
n was 
injected 
into the 
medullar
y canal at 
the 
osteotom
y site. 

2×10^4 
CFU/mL 

Tibial 
diaph
ysis 

A 
simulat
ed open 
fracture 
was 
created 
with a 
sagittal 
saw 
cooled 
by 
saline 

Stainless 
steel alloy 
intramedul
lary nail 
with 
proximal 
and distal 
interlockin
g screws 

Immed
iately 
post-
trauma 

N/A N/A Treatment 
group’s 
implants 
were 
coated 
with 
titanium 
oxide and 
siloxane 
polymer 
doped 

At week 
5, 
animals 
had lost 
an 
average 
of 8.4% 
of body 
weight 
and 
were 
lame on 

At week 
5, 
perioste
al 
reaction
s, bone 
lysis, 
and 
necrosis 
were 
observe
d. 

At week 
5, S. 
aureus 
could be 
cultured 
from all 
distal 
screw 
sites, 
proximal 
screw 
sites, and 

At week 5, 
multifocal 
bacterial 
colonies, 
necrotic 
bone, 
disorganize
d periosteal 
callus, small 
sequestra, 
and 
nonunion 
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irrigatio
n. 

with 
silver. 

the 
injured 
limb. 
The 
neutrop
hil 
percenta
ges 
were 
elevated 
after 
primary 
surgery 
but 
decreas
ed by 
week 5. 

Implant 
loosenin
g and 
sequestr
um 
were 
not 
detected
. 

fracture 
sites. At 
weeks 0, 
1, 2, 4, 
and 5, 
blood 
cultures 
were 
negative 
for 
bacterial 
growth. 
Limited 
biofilm 
growth 
was 
detected 
heterogen
eously on 
implants. 

union with a 
large 
component 
of 
fibrovascula
r connective 
tissue were 
observed.  

Stewar
t et 
al.42  

Dorset 
sheep 

S. aureus The plate 
was 
inoculate
d with 
2.5 mL of 
saline 
solution 
containin
g 
bacterial 
suspensio
n via a 
indwellin
g 
catheter. 

1x10^6 
CFU/mL 

Tibial 
diaph
ysis 

The 
osteoto
my was 
created 
under 
constan
t 
copious 
irrigatio
n with 
use of a 
Synthes 
Large 
Battery 
Drive 
fitted 
with an 
oscillati
ng saw 
and 
blade 
(50 × 
27 × 
0.6 
mm) to 
yield an 
osteoto
my gap 
of 0.6 
mm. 

Titanium 
locking 
compressi
on plates 
and 
titanium 
alloy 
locking 
head 
screws 

Immed
iately 
post-
trauma 

Preoper
ative 

N/A Treatment 
group’s 
implants 
were 
coated 
with 
vancomyc
in. 

Followi
ng 
primary 
surgery, 
animals 
exhibite
d 
lamenes
s in the 
injured 
limb. 
The 
surgical 
wounds 
healed 
without 
visible 
signs of 
infectio
n or the 
formati
on of 
draining 
tracts. 

At week 
12, 
nonunio
n, 
cortical 
thinning
, 
widenin
g of the 
medulla
ry 
canal, 
perioste
al 
reaction
, and 
osteolys
is were 
detected
. 

At week 
12, S. 
aureus 
could be 
cultured 
from 3/4 
fracture-
site 
swabs. 
Biofilm 
growth 
on 60-
80% of 
implants 
was 
detected. 

At week 12, 
disorganizat
ion of 
callus, 
minimal 
remodeling, 
osteolysis, 
and necrotic 
bone was 
observed. 
Large 
clusters of 
bacteria 
within 
canaliculi 
and 
haversian 
canals were 
present. 

Schaer 
et al.43 

 

 

Dorset-
sheep 

S. aureus 2.5 mL of 
bacterial 
suspensio
n was 
injected 
via a 
silastic 
catheter 
directed 
onto the 
osteotom
y site.  

2.5x10^6 
CFUs 

Tibial 
diaph
ysis 

A 
unilater
al 
transver
se tibial 
osteoto
my was 
perform
ed 
using a 
0.6-mm 
oscillati
ng bone 
saw. 

Safety 
study: 4.5-
mm eight- 
or nine-
hole cpTi 
plates 

 

Efficacy 
study: 
stainless 
steel 
narrow 
locking 
compressi
on plates 

Immed
iately 
post-
trauma 

Preoper
ative  

N/A Treatment 
group’s 
implants 
were 
coated 
with N, 
N-
dodecyl, 
methyl-
PEI. 

Followi
ng 
primary 
surgery, 
limb 
lamenes
s, soft 
tissue 
swelling
, heat, 
and 
pain 
were 
observe
d. 

At day 
30, 
cortical 
thinning
, 
perioste
al 
reaction
, and 
osteolys
is were 
detected
. 

At day 
30, S. 
aureus 
could be 
cultured 
from all 
fracture-
site 
swabs. 
Biofilm 
growth 
was 
detected 
on 
implants. 

At day 30, 
lytic and 
disorganize
d callus 
architecture, 
large 
aggregates 
of necrotic 
neutrophils, 
and fibrous 
tissue was 
observed. 

Zhang 
et al.44 

New 
Zealand 
White 
rabbits 

S. aureus 50 μL of 
bacterial 
suspensio
n was 
injected 
into the 
proximal 
and distal 
stumps, 
respectiv
ely (total: 
100 μL) 

1x10^5 
CFU/mL 

Tibial 
diaph
ysis 

Not 
specifie
d 

Ti6Al4V 
Kirschner 
wires  

Pre-
trauma 

Postope
rative 

N/A Treatment 
group’s 
implants 
were 
coated 
with 
copper.  

 

At day 
7, rectal 
tempera
tures, 
WBCs, 
and 
CRPs 
were 
elevated
. 

At week 
4, 
nonunio
n and 
bone 
resorpti
on was 
observe
d.  

 

Not 
specified 

At week 4, 
the fracture 
gap was 
visible and 
infiltrated 
by fibrous 
tissues. 
Extra-
membranou
s 
osteogenesis 
was 
observed.  

Diaz et 
al.45 

New 
Zealand 
white 
rabbits 

S. aureus 100 µL 
of the 
bacterial 
suspensio
n was 
applied 
over a 2 
mm drill 
hole and 
througho
ut the 
wound 
margins. 

1-2×10^6 
CFU 

Hume
ral 
diaph
ysis 

A full 
osteoto
my was 
created 
using a 
0.45-
mm 
Gigli 
saw 
through 
the 
inoculat
ion drill 
hole 
created 
in the 

Seven-
hole 
stainless 
steel 
locking 
plate 

4 
hours 
post-
trauma 

Postope
rative 

4 
hours 

15 
minutes 
post-
trauma, a 
treatment 
group 
received 
gentamici
n-loaded 
hydrogel 
into the 
wound 
which 
was 
removed 
during 

Throug
hout the 
study, 
no 
animal 
presente
d with 
clinical 
signs of 
infectio
n. 

Not 
specifie
d 

At 
secondary 
surgery, 
S. aureus 
could be 
cultured 
from all 
lavages. 
At week 
1, S. 
aureus 
could be 
cultured 
from all 
humeri, 
soft tissue 
samples, 

Not 
specified 
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first 
surgery. 

secondary 
surgery. 

and 
implants. 

Puetzl
er et 
al.46 

New 
Zealand 
White 
rabbits 

S. aureus Three 34 
μL 
injections 
of a 
freshly 
prepared 
bacterial 
suspensio
n were 
pipetted 
onto the 
central 
screw 
hole 
overlying 
the 
osteotom
y and to 
the 
adjacent 
proximal 
and distal 
screw 
holes. 

2×10^6 
CFUs 

Hume
ral 
diaph
ysis 

An 
osteoto
my was 
created 
with a 
0.44-
mm 
Gigli 
saw. 

Seven-
hole 
locking 
compressi
on plates 
and 
locking 
screws 
made of 
electropoli
shed 
stainless 
steel 

Pre-
trauma 

Preoper
ative 
and 
postope
rative 

N/A N/A Throug
hout the 
study, 
CRP 
levels 
were 
elevated 
with 
peak 
levels at 
day 3. 
WBC 
counts 
were 
initially 
elevated
, then 
decreas
ed to 
normal 
levels. 
Body 
tempera
tures 
were 
within 
normal 
ranges. 
An 
average 
of 10% 
weight 
loss was 
observe
d. 2/6 
animals 
had 
abscess
es at 
fracture
-sites. 

At week 
2, no 
signs of 
healing 
were 
observe
d. 

At week 
2, S. 
aureus 
could be 
cultured 
from all 
humeri, 
soft 
tissue, 
and 
implants. 

Not 
specified 

Ter 
Boo et 
al.47 

New 
Zealand 
White 
rabbits 

S. aureus Three 34 
μL 
injections 
of a 
freshly 
prepared 
bacterial 
suspensio
n were 
pipetted 
onto the 
central 
screw 
hole 
overlying 
the 
osteotom
y and to 
the 
adjacent 
proximal 
and distal 
screw 
holes. 

2×10^6 
CFUs 

Hume
ral 
diaph
ysis 

An 
osteoto
my was 
created 
using a 
Gigli 
saw 
(diam. 
0.22 
mm). 

Seven-
hole 
locking 
plate and 
screws 

Not 
specifi
ed 

N/A N/A During 
primary 
surgery, 
800 μL of 
the 
gentamici
n loaded 
hydrogel 
or 
gentamici
n loaded 
collagen 
fleece 
was 
injected 
over the 
implant in 
treatment 
groups.  

After 
surgery, 
CRP 
levels 
were 
elevated 
and 
peaked 
at day 
2. WBC 
counts 
were 
elevated 
and 
increase
d 
steadily 
over the 
study 
period.  

Not 
specifie
d 

At week 
1, S. 
aureus 
could be 
cultured 
from all 
humeri, 
soft tissue 
samples, 
and 
implants. 

At 1 week, 
suppurative 
inflammatio
n 
surrounding 
the implant, 
coccoid 
bacterial 
microcoloni
es, and 
polymorpho
nuclear 
granulocyte
s were 
observed. 

Xie et 
al.48 

New 
Zealand 
White 
rabbits 

S. aureus A 1-mL 
tuberculi
n syringe 
was 
placed 
through 
the 
incision 
adjacent 
to the 
tibial 
tubercle 
and into 
the 
intramed
ullary 
canal. A 
0.1 mL 
inoculum 
was 
injected 
through 
the 
syringe 
into the 
site of the 
fracture. 
Another 
syringe 
containin
g 0.1 mL 
of a 0.9% 
solution 

1x10^7 
CFU/mL 

Tibial 
diaph
ysis 

The 
tibia 
was 
fracture
d 0.5 
cm 
distal to 
the 
tibial 
tubercle 
with a 
handset 
sagittal 
saw and 
a 0.5 
cm saw 
blade. 

Six-hole 
2.0-mm 
plates and 
six 2.0-
mm 
screws 

Immed
iately 
post-
trauma 

Preoper
ative 

N/A During 
primary 
surgery, 
300 mg of 
particulat
e bioglass 
was 
packed 
into the 
treatment 
group’s 
defects. 

Throug
hout the 
study, 3 
animals 
died 
from 
septic 
complic
ations. 
Swellin
g and 
redness 
on the 
injured 
limb 
was 
observe
d in all 
animals. 
Dehisce
nce of 
the 
wound 
was 
observe
d in 4 
animals. 

At week 
6, 
perioste
al 
reaction
, 
involucr
um 
formati
on, 
widenin
g of the 
bone 
shaft, 
architec
tural 
deforma
tion, 
sclerosi
s, and 
osteolys
is 
around 
the 
implant 
was 
observe
d in 
infected 
animals. 

At week 
6, S. 
aureus 
could be 
cultured 
from 6/10 
fracture-
site 
swabs. 

At day 30, 
infected 
animals had 
infiltrated 
polymorpho
nuclear 
leukocytes, 
fibrosis with 
proliferative 
lymphocyte
s, fat 
necrosis, 
and necrotic 
debris. 
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of saline 
was used 
to flush 
the 
inoculum 
into the 
site of the 
fracture. 

Daroui
che et 
al.49 

 

 

New 
Zealand 
White 
rabbits 

S. aureus 0.1 mL of 
bacterial 
suspensio
n was 
injected 
through 
the 
tuberculi
n syringe 
into the 
intramed
ullary 
canal 
adjacent 
to the 
fracture-
fixation 
device. 

1x10^7 
CFUs 

Tibial 
diaph
ysis 

The 
tibia 
was 
fracture
d 0.5 
cm 
distal to 
the 
tibial 
tubercle 
with a 
handset 
sagittal 
saw and 
a 0.5-
centime
ter saw 
blade. 

2.8-by-
100-mm 
stainless-
steel 
intramedul
lary nails 

Pre-
trauma 

Preoper
ative 

N/A Treatment 
group’s 
implants 
were 
coated 
with a 
combinati
on of 
chlorhexi
dine and 
chloroxyl
enol. 

Not 
specifie
d 

Not 
specifie
d 

At week 
6, S. 
aureus 
could be 
cultured 
from 
13/21 
tibias 
and/or 
implants. 
Blood 
cultures 
were 
negative 
for all 
animals. 

At week 6, 
foreign 
body cells 
and 
granulomas 
were 
observed. 
Bacteria 
was 
observed in 
bone sample 
in 1/15 
animals 
with 
infection. 

Chai et 
al.50 

Japanese 
White 
rabbits 

S. 
aureus, 
E. coli 
(polymicr
obial) 

The 
inoculum 
was 
incubated 
with 
metal 
fixation 
materials 
at 37°C 
for 6, 12, 
24, or 48 
h. 

2×10^6 
CFU/mL 

Femor
al 
diaph
ysis 

A 2.5-
mm 
hole 
was 
drilled 
into the 
femur 
using a 
hand-
held 
drill. 

Austenitic 
stainless 
steel or a 
titanium 
alloy 
implant 
screws (3 
mm in 
diameter 
by 10 mm 
in length) 

Immed
iately 
post-
trauma 

N/A N/A Treatment 
group’s 
implants 
contained 
4.5% 
copper.  

Not 
specifie
d 

Not 
specifie
d 

At day 5 
and 14, S. 
aureus 
and E. 
coli could 
be 
cultured 
from 9/10 
soft tissue 
samples. 
Biofilm 
growth 
on 
implants 
was 
observed.  

Not 
specified 

Wei et 
al.51 

Japanese 
White 
rabbits 

S. aureus Pieces of 
gelatin 
sponge 
were 
used to 
absorb 1 
mL of 
bacterial 
suspensio
n, which 
was 
introduce
d into the 
defects. 

1x10^8 
CFU/mL 

Femor
al 
diaph
ysis 

A wire 
saw 
used to 
cut out 
a 10 
mm 
section. 

External 
fixators 

Pre-
trauma 

Postope
rative 

N/A During 
primary 
surgery, 
resorbable 
polycapro
lactone 
electrospu
n fiber 
membran
es 
containin
g 
vancomyc
in were 
wrapped 
around 
both ends 
of 
treatment 
group’s 
fractured 
bones. 

By 
week 1, 
5 
animals 
died 
from 
severe 
infectio
n. 
Throug
hout the 
study, 
large 
amounts 
of pus 
and 
leakage 
from 
wounds 
was 
observe
d. By 
week 
12, 
wounds 
had 
healed. 

At week 
6, 8, 
and 12, 
a 
fracture 
healing 
rate of 
50%, 
83%, 
and 
100% 
was 
detected
, 
respecti
vely. 
Irregula
r and 
deforme
d 
healing 
was 
observe
d.  

At week 
12, S. 
aureus 
could be 
cultured 
from all 
soft tissue 
samples.   

At week 12, 
inflammator
y cell 
infiltration 
and new 
bone 
formation 
was 
observed.  

Li et 
al.52 

Sprague–
Dawley 
rats 

S. 
aureus, 
P. 
aerugino
sa 
(polymicr
obial) 

0.5 mL of 
bacterial 
suspensio
n was 
administe
red by 
dripping 
it onto 
the 
surface of 
the 
muscle 
and 
embrocati
ng with a 
sterile 
bacterial 
inoculatio
n needle. 

S. aureus: 
1x10^8 
CFUs 

P. 
aeruginosa: 
1x10^6 
CFUs 

Femor
al 
diaph
ysis 

A bone 
saw 
was 
used to 
create a 
femur 
shaft 
transver
se 
fracture
. 

Kirschner 
wires (1 
mm in 
length) 

Immed
iately 
post-
trauma 

N/A N/A During 
primary 
surgery, 
gentamici
n loaded 
sponges 
were 
placed 
into the 
treatment 
group’s 
defects. 

Wound 
suppura
tion was 
observe
d for all 
animals. 

Not 
specifie
d 

Not 
specified 

Not 
specified 

Li et 
al.53 

Sprague–
Dawley 
rats 

S. aureus Briefly, 
the plate 
head was 
soaked in 
overnight 
cultured 
bacteria 
in a 6-
well plate 

1.07x10^6 
CFU per 
plate 

Femor
al 
metap
hysis 

A 0.35 
mm 
wide 
osteoto
my was 
made 
with an 

Six-hole 
T-shaped 
mini-
plates 

Pre-
trauma 

N/A N/A During 
primary 
surgery, 
100 μL of 
DNase I 
and/or 
liposomal
-
Vancomy

Not 
specifie
d 

At 
weeks 2 
and 6, 
nonunio
n, bone 
lysis, 
and 
perioste
al 

At weeks 
2 and 6, 
S. aureus 
could be 
cultured 
from all 
bones and 
implants. 
Biofilm 

At week 2, 
inflammator
y cell 
infiltrations 
and 
disorganize
d marrow 
matrix was 
observed. 
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for 48 
hours 
then 
washed 
with 
sterilized 
PBS 3 
times to 
remove 
the 
unbounde
d 
bacteria. 
The 
implant 
was then 
sonicated
. 

oscillati
ng saw. 

cin loaded 
on a 
thermosen
sitive 
hydrogel 
were 
injected 
onto the 
treatment 
group’s 
fracture 
sites and 
implants. 

reaction 
was 
observe
d.  

growth 
was on 
implants 
was 
observed. 

At week 6, 
inflammator
y necrosis, 
fibrous 
tissue, 
nonunion 
was 
achieved.  

Hu et 
al.54 

Sprague–
Dawley 
rats 

 

 

S. 
aureus, 
E. coli 
(polymicr
obial) 

Not 
specified 

5×10^5 CFU
s 

Femor
al 
diaph
ysis 

A 
closed, 
transver
se 
fracture 
was 
generat
ed in 
the 
mid-
shaft by 
impact 
loading 
in a 
three-
point 
configu
ration. 

1-mm-
diameter 
Ti 
intramedul
lary 
needles 

Pre-
trauma 

N/A N/A Treatment 
group’s 
implants 
were 
coated 
with 
TaON-
Ag. 

Not 
specifie
d 

At week 
9, bone 
union 
was 
observe
d. 

At week 
2, biofilm 
growth 
was 
observed. 

At week 9, 
newly 
generated 
callus and 
bone was 
present and 
immune 
infiltration 
were 
observed. 

Gao et 
al.55 

Sprague–
Dawley 
rats 

S. aureus 50 μL of 
tryptic 
soy broth 
containin
g 
bacterial 
suspensio
n was 
injected 
into one 
medullar
y cavity 
of the 
femur. 

1×10^5 
CFUs/mL 

Femor
al 
diaph
ysis 

A hole 
with a 
diamete
r of 
2 mm 
was 
drilled 
along 
the 
ankle 
line and 
through 
the 
cortex. 

Kirschner 
wires 

Pre-
trauma 

N/A N/A Treatment 
group’s 
implants 
contained 
micro-
level 
concentrat
ions of Ga 
and or Sr. 

Not 
specifie
d 

Not 
specifie
d 

At day 5, 
S. aureus 
could be 
cultured 
from all 
implants. 

At day 5, 
implants 
were 
surrounded 
by many 
mature bone 
tissues with 
some 
fibrous 
tissue.  

Shiels 
et al.56 

Sprague–
Dawley 
rats 

S. aureus 10 μL of 
bacteria 
was 
delivered 
to the 
medullar
y canal 
and then 
incubated 
for 2 
minutes 
prior to 
placemen
t of the 
fixation 
hardware. 

1x10^2 
CFUs 

Tibial 
diaph
ysis 

A 1 mm 
osteoto
my was 
made 
using 
an 
ultrason
ic 
dental 
tool, 
fitted 
with a 
serrated 
bone 
cutting 
insert. 

Partially 
threaded 
titanium 
Kirschner 
wires 
(1.25 mm) 

Immed
iately 
post-
trauma 

Postope
rative 

N/A Treatment 
group’s 
implants 
were 
coated 
with 
chlorhexi
dine.  

Not 
specifie
d 

At week 
2, 
nonunio
n and 
osteolys
is were 
detected 
in 8/9 
and 7/9 
animals, 
respecti
vely.  

At week 
4, S. 
aureus 
could be 
cultured 
from all 
tibias and 
implants. 

At week 4, 
callus 
contained 
many 
spindle and 
inflammator
y cells. 
Bacteria 
was present 
throughout 
the 
medullary 
canal, 
cortical 
bone, and 
callus. 

Li et 
al.57 

Sprague–
Dawley 
rats 

S. aureus 100 µL 
of 
bacterial 
suspensio
n was 
pipetted 
with a 
sterile 
pipette 
directly 
onto the 
fracture 
site. 

1x10^2 
CFU/0.1mL 

Femor
al 
diaph
ysis 

A 
custom 
designe
d 
compre
ssion 
device. 

Kirschner 
wires 

1-hour 
post-
trauma 

N/A N/A Treatment 
group’s 
implants 
were 
coated 
with 
MCP-1 
and/or IL-
12 p70. 

At week 
3, mean 
body 
weights 
had 
decreas
ed. 

Not 
specifie
d 

At week 
3, S. 
aureus 
could be 
cultured 
from 9/10 
femurs.  

Not 
specified 

Bottag
isio et 
al.58 

Wistar rats S. 
epidermi
dis 

The 
femoral 
defect 
was 
injected 
with 30 
µL of 
bacterial 
suspensio
n. 

1x10^5 CFU/
30 µL 

Femor
al 
diaph
ysis 

Using 
the 
distal 
screw 
as a 
pivot, 
the 
plate 
was 
diverted 
from 
the 
femur 
and a 1 
mm 
non-
critical, 
full-

Stainless 
steel 
plates and 
bicortical 
screws 

Immed
iately 
post-
trauma 

N/A N/A During 
primary 
surgery, 6 
mg of 
peptide-
enriched 
silk 
fibroin 
sponges 
with 
vancomyc
in-loaded 
nanoparti
cles was 
placed 
into the 
treatment 

After 
surgery, 
2/8 
animals 
showed 
local 
swelling 
around 
the 
fracture 
site. At 
weeks 1 
and 2, 
neutrop
hil 
counts 
were 
elevated

Not 
specifie
d 

At week 
8, half of 
the 
animals 
were 
evaluated
. S. 
aureus 
could be 
cultured 
from 2/4 
femurs.  

At week 8, 
4/5 animals 
showed a 
complete 
disorganizat
ion of bone 
structure, 
nonunion, 
abundant 
fibrovascula
r tissue, 
chronic 
abscesses, 
necrotic 
tissue, 
periosteal 
inflammatio
n, and the 
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thickne
ss 
defect 
was 
created 
after a 
localize
d 
perioste
al 
elevatio
n. 

group’s 
defects. 

, but 
decreas
ed to 
normal 
levels 
by week 
6. At 
weeks 1 
and 3, 
complet
e load 
bearing 
was 
observe
d. Body 
weights 
increase
d 
steadily 
over the 
study 
period. 

presence of 
macrophage
s and 
granulocyte
s. 

Kobata 
et al.59 

Wistar rats S. aureus Not 
specified 

2.6x10^6 CF
Us 

Femor
al 
diaph
ysis 

A 
transver
se 
fracture 
was 
created 
using a 
guilloti
ne 
device. 

Titanium 
Kirschner 
wire 
implants 
(1.5 mm 
in 
diameter 
and 60 
mm in 
length) 

1-hour 
post-
trauma 

Postope
rative 

N/A Treatment 
groups’ 
implants 
were 
coated 
with 
chitosan 
and 
different 
concentrat
ions of 
ciprofloxa
cin.  

By 
week 4, 
suppura
tion was 
observe
d in 
3/11 
and 0/8 
animals 
in the 
untreate
d 
control 
and 
systemi
c 
antibioti
c 
control 
groups, 
respecti
vely.  

At week 
4, 
negligib
le callus 
formati
on was 
detected
.  

 

Not 
specified 

At week 4, 
inflammator
y cells, 
angiogenesi
s, 
fibroplasia 
were 
observed in 
all animals.  

Stewar
t et 
al.60 

Brown 
Norway 
rats 

S. 
aureus, 
E. coli  

(polymicr
obial) 

10 μL of 
bacterial 
suspensio
n was 
administe
red 
through a 
sterile 
pipette at 
the 
fracture 
site and 
into the 
medullar
y canals 
of the 
femur. 

S. aureus: 
1×10^6 
CFU/mL 

 

E. coli: 
1x10^4 
CFU/mL 

Femor
al 
diaph
ysis 

A 500-
g 
weight 
was 
dropped 
from a 
height 
of 35 
cm to 
create a 
commin
uted 
fracture 
5 mm 
in 
length. 

Threaded 
1.6-mm 
Kirschner 
wire 

Immed
iately 
post-
trauma 

N/A N/A During 
primary 
surgery, a 
scaffold 
loaded 
with 10 
μg BMP-
2 and 
either 10 
mg or 20 
mg of 
gentamici
n was 
placed 
into 
treatment 
groups’ 
defects. 

At day 
2, 1 
animal 
was 
found 
dead 
due to 
sepsis. 

At week 
12, 
nonunio
n was 
observe
d at 
most 
fracture 
sites. 
11% 
showed 
complet
e 
bridging 
of 
callus 
formati
on. 

At week 
12, E. 
coli could 
not be 
cultured. 
S. aureus 
could be 
cultured 
from all 
femurs. 

At week 12, 
fibrous 
tissue 
formation, a 
lack of 
osseous 
bridging, 
and gram-
positive 
bacteria at 
the fracture 
site and 
within 
medullary 
canals was 
observed. 

Johnso
n et 
al.61 

C57/B6 
mice 

S. aureus Not 
specified 

ATCC 
49230: 1.55 
± 0.51 × 
10^8 
CFU/mL 

 

ATCC BAA-
1556: 
3.43×10^8 
CFU/mL 

Femor
al 
diaph
ysis 

The 
femur 
was 
fracture
d with a 
custom-
made 
three-
point 
bender.  

25-gauge 
intramedul
lary 
needles  

Immed
iately 
post-
trauma 

Postope
rative 

N/A During 
primary 
surgery, 5 
µL of 
lysostaphi
n 
containin
g 
hydrogel 
was 
pipetted 
over 
treatment 
group’s 
defects. 

Not 
specifie
d 

At week 
5, no 
callus 
formati
on and 
active 
bone 
resorpti
on were 
detected
.  

At week 
1, S. 
aureus 
could be 
cultured 
from 
femurs, 
soft 
tissue, 
and 
implants. 
The 
proportio
n of 
animals 
with 
positive 
cultures 
is not 
specified. 

At week 1, 
leukocyte 
infiltration, 
poor 
collagen 
staining, 
and gram-
positive 
bacteria 
were 
observed. 

Guarc
h-
Pérez 
et al.62 

C57BL/6/J
RccHsd 
mice 

S. aureus 1 µL of 
bacterial 
suspensio
n was 
pipetted 
into the 
defect 
hole. 

1x10^4 
CFUs 

Femor
al 
diaph
ysis 

A hole 
was 
drilled 
in the 
center 
of the 
femur 
until 
the 
medulla
r cavity 
was 
reached
, using 
a drill 
bit of 

PCL-HA-
HNT 
fixation 
plates 

Pre-
trauma 

N/A N/A Treatment 
group’s 
implants 
were 
coated 
with a 
composite 
of poly-ε-
caprolacto
ne, 
hydroxya
patite and 
halloysite 
nanotubes 
loaded 
with 

At days 
1 and 3, 
body 
weights 
had 
decreas
ed.  

Not 
specifie
d 

At day 3, 
S. aureus 
could be 
cultured 
from all 
femurs, 
soft 
tissue, 
and 
implants.  

Not 
specified 
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0.5 
mm. 

gentamici
n 
sulphate. 

Stavra
kis et 
al.63 

C57BL/6 
mice 

S. aureus Bacterial 
suspensio
n in 2 μL 
of saline 
was 
injected 
into the 
fracture 
site. 

1×10^8 CFU
s 

Femor
al 
diaph
ysis 

Not 
specifie
d 

Titanium 
Kirschner-
wires 
(diameter 
0.6 mm) 

Pre-
trauma 

N/A N/A Treatment 
group’s 
implants 
were 
coated 
with a 
polymer 
containin
g 
vancomyc
in or 
tigecyclin
e. 

Not 
specifie
d 

At week 
6, 
osteolys
is, bony 
destruct
ion, 
involucr
um, and 
implant 
loosenin
g was 
observe
d.  

At week 
1, 
bacterial 
burden 
peaked as 
measured 
by 
biolumine
scence. 
At week 
6, S. 
aureus 
could be 
cultured 
from the 
femurs, 
soft 
tissue, 
and 
implants. 
The 
proportio
n of 
animals 
with 
positive 
cultures 
is not 
specified. 

Not 
specified 

Treatment 

South
wood 
et al.64 

New 
Zealand 
White 
rabbits 

S. aureus 0.5 mL of 
inoculum 
was 
injected 
percutane
ously 48 
hours 
after 
surgery. 

0.5x10^7 
CFU/0.5 mL 

Femor
al 
diaph
ysis 

A 10 
mm 
defect 
was 
surgical
ly 
created 
using a 
side-
cutting 
carbide 
burr. 

Two 
stacked 
2.0-mm 
cuttable 
bone 
plates and 
eight 2.0 
mm 
cortical 
screws 

Immed
iately 
post-
trauma 

Preoper
ative 

N/A During 
primary 
surgery, 
Ad-BMP-
2 was 
administe
red by 
percutane
ous 
injection 
into the 
treatment 
group’s 
defects. 

Not 
specifie
d 

At 4, 8, 
12, and 
16 
weeks, 
bridging 
callus 
formati
on, 
bone 
lysis, 
and 
defect 
ossificat
ion was 
observe
d. 7 
rabbits 
had 
fracture 
plates 
bent 
adjacent 
to the 
defects 
and did 
not 
have 
callus 
formati
on.  

Not 
specified 

At 16 
weeks, 
inflammatio
n, necrosis, 
and necrotic 
bone was 
observed. 

Onsea 
et al.65 

New 
Zealand 
White 
rabbits 

S. aureus 34 mL of 
bacterial 
suspensio
n was 
pipetted 
onto the 
central 
screw 
hole 
overlying 
the 
osteotom
y and 
onto the 
adjacent 
proximal 
and distal 
screw 
holes. 

 2x10^6 
CFUs 

Hume
ral 
diaph
ysis 

An 
osteoto
my was 
created 
using a 
Gigli 
saw 
(diam. 
0.22 
mm). 

Seven-
hole 
locking 
plate and 
six 2 mm 
locking 
screws 

Immed
iately 
post-
trauma 

Postope
rative  

2 
weeks 

Treatment 
groups 
either 
received 
phage-
loaded 
hydrogel 
during 
secondary 
surgery or 
1 mL 
injections 
of phage 
suspended 
in normal 
saline 
(108 PFU/
ml) 
through a 
subcutane
ous 
access 
tube for 7 
days. 

Throug
hout the 
study, 
WBC 
counts 
were 
within 
normal 
ranges. 
Body 
weights 
had 
decreas
ed. 

Not 
specifie
d 

At week 
4, S. 
aureus 
could be 
cultured 
from 1/7 
soft tissue 
samples 
and from 
all 
humeri 
and 
implants.  

Not 
specified 

Yan et 
al.66 

New 
Zealand 
White 
rabbits 

S. aureus Bacterial 
suspensio
n in 2 mL 
of saline 
was 
pipetted 
into the 
femoral 
space 
containin

1×10^5 CFU/
mL 

Hume
ral 
diaph
ysis 

Not 
specifie
d 

Intramedu
llary rod 

Immed
iately 
post-
trauma 

Postope
rative 

N/A During 
primary 
surgery, 
the 
medullary 
canal was 
reamed. 
After 
surgery, 
the 

At day 
2, CRP 
levels 
were 
elevated 
and 
peaked.  

Not 
specifie
d 

At week 
1, S. 
aureus 
could be 
cultured 
from 
implants. 
The 
proportio
n of 

Not 
specified 
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g the cut 
end of the 
implant. 

treatment 
group 
received 
injections 
of a 
cationic 
peptide, 
LL‐37. 

animals 
with 
positive 
cultures 
is not 
specified. 
Biofilm 
growth 
was 
detected 
on 
implants. 

Xu et 
al.67 

New 
Zealand 
White 
rabbits 

S. aureus Bacterial 
suspensio
n in 2 mL 
of saline 
was 
pipetted 
into the 
femoral 
space 
containin
g the cut 
end of the 
implant. 

3×10^5 
CFU/mL 

Femor
al 
diaph
ysis 

The 
bone 
fracture 
was 
made 
using a 
drill 
with a 
diamete
r of 1 
mm. 

Mini-
titanium 
plates (0.5 
mm in 
diameter) 

Immed
iately 
post-
trauma 

Postope
rative 

N/A After 
primary 
surgery, 
treatment 
groups 
received a 
local 
injection 
of tea 
polyphen
ols and 
bacterioci
ns, 
cefradine 
and 
bacterioci
ns, or 
cefradine 
and tea 
polyphen
ols.  

Not 
specifie
d 

Not 
specifie
d 

At day 2, 
biofilm 
growth 
was 
detected 
on 
implants. 

Not 
specified 

Capris
e et 
al.68 

New 
Zealand 

White 
rabbits 

S. aureus Dry clay 
mix was 
combined 
with 
bacterial 
suspensio
n to form 
a 3-mL 
slurry 
that was 
placed 
into a 
syringe 
for 
injection 
into the 
wound. 

5x10^6 
CFU/mL 

Femor
al 
metap
hysis 

The 
medial 
femoral 
condyle 
was 
osteoto
mized 
using a 
¼ inch 
osteoto
me 
placed 
on the 
distal 
end of 
the 
femoral 
condyle 
to 
create a 
sagittal 
plane 
fracture
. 

Singular 
2.7 mm 
screws 

Immed
iately 
post-
trauma 

N/A N/A During 
primary 
surgery, 
treatment 
groups 
received 
either 
unpressur
ed lavage 
or a high-
pressure 
pulsatile 
lavage.  

At week 
2, 
purulen
ce was 
observe
d in all 
knees.  

At week 
2, 
nonunio
n was 
detected 
in 77% 
of 
osteoto
mies. 
Calcifie
d new 
bone 
was 
detected
.  

At week 
2, S. 
aureus 
could be 
cultured 
from all 
fracture-
site 
swabs. 

Not 
specified 

Penn-
Barwel
l et 
al.69 

Sprague–
Dawley 
rats 

S. aureus The 
defect 
was 
contamin
ated with 
30 mg of 
bovine 
collagen 
soaked 
with 
bacterial 
suspensio
n in 0.5 
mL of 
saline. 

1×10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6-
mm 
defect 
was 
created 
with a 
reticulat
ing 
saw, 
cooled 
with 
saline. 

Bespoke 
polyoxym
ethylene 
plates 
fixated 
with six 
threaded 
Kirschner 
wires 

Pre-
trauma 

N/A 6 
hours 

During 
secondary 
surgery, 
either 
PMMA 
beads, 
PMMA 
beads and 
antibiotic 
gel, or 
antibiotic 
gel was 
placed 
into 
treatment 
groups’ 
defects. 

At week 
2, body 
weight 
had 
decreas
ed. 

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from all 
femurs 
and 
implants. 

Not 
specified 

Sanche
z et 
al.70 

 

Sprague–
Dawley 
rats 

S. aureus The 
defects 
were 
implanted 
with 
30 mg of 
type I 
bovine 
collagen 
wetted 
with one 
of the 
bacterial 
suspensio
ns. 

1x10^2 CFU Femor
al 
diaph
ysis 

A 6 mm 
segmen
tal 
defect 
was 
created 
using a 
small 
reciproc
ating 
saw 
blade. 

Polyacetyl 
plates 
(length 25 
mm, width 
4 mm and 
height 4 
mm) fixed 
using 
threaded 
Kirschner 
wires 

Immed
iately 
post-
trauma 

N/A 6 
hours 

During 
secondary 
surgery, 
polyureth
ane 
scaffolds 
with 1%, 
5%, or 
10% d-
amino 
acids 
were 
placed 
into 
treatment 
groups’ 
defects. 

Not 
specifie
d 

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from 5/10 
femurs. 
Extensive 
biofilm 
growth 
was 
detected 
on 
polyureth
ane 
scaffolds. 

Not 
specified 

Li et 
al.71 

Sprague–
Dawley 
rats 

 

S. aureus The 
defects 
were 
implanted 
with 30 
mg of 

1x10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6 mm 
full-
thickne
ss 
defect 
was 

Polyacetyl 
plate 
(length 25 
mm, width 
4 mm and 
height 4 

Immed
iately 
post-
trauma 

N/A 6 
hours 

During 
secondary 
surgery, 
vancomyc
in-
releasing 

Not 
specifie
d 

Not 
specifie
d 

At week 
4, S. 
aureus 
could be 
cultured 
from 

Not 
specified 
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 type I 
bovine 
collagen 
that was 
ethanol 
sterilized 
and 
subseque
ntly 
wetted 
with 
bacteria 
suspende
d in 0.1 
mL of 
saline. 

created 
with a 
small 
reciproc
ating 
saw 
blade 
under 
continu
ous 
irrigatio
n with 
sterile 
saline. 

mm) fixed 
to the 
surface of 
the femur 
using six 
threaded 
Kirschner 
wires 

polyureth
ane 
scaffolds 
were 
packed 
into 
treatment 
group’s 
defects.  

femurs. 
The 
proportio
n of 
animals 
with 
positive 
cultures 
is not 
specified. 

Brick 
et al.72 

Sprague–
Dawley 
rats 

 

 

S. aureus 0.1 mL of 
saline 
containin
g 
bacterial 
suspensio
n was 
added to 
a type I 
bovine 
collagen 
sponge, 
and the 
wetted 
sponge 
was 
packed 
into the 
defect. 

5×10^5 CFU
s 

Femor
al 
diaph
ysis 

A full-
thickne
ss 6-
mm 
defect 
was 
created 
with a 
small 
pneuma
tic-
powere
d 
oscillati
ng saw. 

Polyacetyl 
plates 
fixed with 
six 
Kirschner 
wires 

Pre-
trauma 

N/A N/A During 
primary 
surgery, 
type I 
bovine 
collagen 
sponge 
wetted 
with 
200 μg 
rhBMP-2 
was 
placed 
into the 
treatment 
group’s 
defects. 

Not 
specifie
d 

Not 
specifie
d 

At weeks, 
1, 2, and 
4, S. 
aureus 
could be 
cultured 
from all 
swab 
samples. 

Not 
specified 

Chen 
et al.73 

Sprague–
Dawley 
rats 

 

 

S. aureus Type 1 
bovine 
collagen 
sponge 
was 
wetted 
with 0.1 
mL of the 
bacterial 
suspensio
n in 
sterile 
saline 
and 
placed in 
the 
defect. 

1x10^4 
CFUs 

Femor
al 
diaph
ysis 

A 6 mm 
full-
thickne
ss 
defect 
was 
created 
with a 
mini- 
driver 
and 
small 
oscillati
ng saw 
blade. 

Polyacetyl 
plate and 
six 
Kirschner 
wires 

Immed
iately 
post-
trauma 

Postope
rative 

2 
weeks 

During 
secondary 
surgery, 
20 or 200 
μg of 
rhBMP-2 
in a type 
1 bovine 
collagen 
sponge 
was 
placed 
into 
treatment 
group’s 
defects. 

Throug
hout the 
study, 
none of 
the 
animals 
exhibite
d 
lamenes
s, a 
draining 
sinus, or 
clinical 
sympto
ms 
indicati
ve of 
systemi
c 
infectio
n. 

At 
weeks 4 
and 12, 
bone 
lysis 
was 
detected  

At weeks 
4 and 12, 
S. aureus 
could be 
cultured 
from all 
femurs. 

At weeks 4 
and 12, 
minimal 
new bone 
and fibrous 
tissue filled 
defects. A 
layer of 
periosteal 
bone 
appeared 
alongside 
the femoral 
cortex. 

Chen 
et al.74 

Sprague–
Dawley 
rats 

S. aureus All 
defects 
were 
contamin
ated with 
bacterial 
suspensio
n in 0.1 
mL of 
normal 
saline 
solution 
mixed 
with 60 
mg of 
lyophilize
d type-I 
bovine 
collagen. 

1x10^4 
CFUs 

Femor
al 
diaph
ysis 

A 6 mm 
full-
thickne
ss 
defect 
was 
created 
with a 
small 
pneuma
tic-
powere
d 
oscillati
ng saw 
blade. 

Polyacetyl 
plate and 
six 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

2 
weeks 

During 
secondary 
surgery, 
20 or 200 
μg of 
rhOP-1 
dissolved 
in buffer 
was 
placed 
into 
treatment 
group’s 
defects. 

After 
primary 
and 
seconda
ry 
surgerie
s, 
animals 
resumed 
a 
normal 
activity 
level 
and 
gained 
weight. 
None of 
the 
animals 
exhibite
d signs 
of 
lamenes
s, a 
draining 
sinus, or 
clinical 
sympto
ms 
indicati
ve of 
systemi
c 
infectio
n. 

Not 
specifie
d 

At week 
12, S. 
aureus 
could be 
cultured 
from all 
femurs. 

At week 12, 
there was 
minimal 
newly 
mineralized 
callus 
within or 
bridging 
around the 
defect. 

Helbig 
et al.75 

Sprague–
Dawley 
rats 

S. aureus 10 μL of 
bacterial 
suspensio
n was 
injected 
into the 

1x10^3 
CFUs 

Tibial 
and 
fibula
r 
diaph
ysis  

A 
weight 
of 600 
g was 
fixated 
15 cm 
above 

0.8 mm 
Kirschner 
wires 

Pre-
trauma 

N/A 5 
weeks 

During 
secondary 
surgery, 
30 μg, of 
rhBMP-7 
or 25 μg 
of 

Throug
hout the 
study, 
body 
weights 
had 
decreas

At week 
10, 
unbridg
ed 
callus 
formati
on and 

Not 
specified 

At week 10, 
fibroblasts 
and 
cartilage 
were 
observed in 
the fracture 
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medullar 
cavity. 

the leg 
with a 
remova
ble pin. 
Remov
al of the 
pin 
resulted 
in a 
sudden 
free fall 
of the 
weight 
and a 
transver
se 
fracture 
of tibia 
and 
fibula. 

rhBMP-2 
was 
injected 
into the 
treatment 
group’s 
intramedu
llary 
cavities. 

ed, then 
increase
d 
steadily. 
Body 
tempera
tures 
were 
normal. 

nonunio
n was 
detected
. 

region. 
Gram 
staining 
showed S. 
aureus in 
the cortex 
and 
cancellous 
bone. 

Caroo
m et 
al.76 

Sprague–
Dawley 
rats 

S. aureus The 
defect 
was then 
inoculate
d with 30 
mg of 
sterile 
bovine 
collagen 
soaked 
with 
bacterial 
suspensio
n in 0.5 
mL of 
saline. 

1×10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6-
mm 
defect 
was 
made 
using a 
reciproc
ating 
saw. 

Bespoke 
polyoxym
ethylene 
plates 
fixated 
with six 
threaded 
Kirschner 
wires 

Pre-
trauma 

N/A 6 
hours 

During 
secondary 
surgery, 
PMMA 
beads 
containin
g 
antibiotic 
powders 
or 10 mg 
of 
antibiotics 
powders 
were 
placed in 
the 
treatment 
group’s 
defects. 

Not 
specifie
d 

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from all 
femurs 
and 
implants. 

Not 
specified 

Penn-
Barwel
l et 
al.77 

Sprague–
Dawley 
rats 

S. aureus The 
defect 
was 
contamin
ated with 
30 mg of 
sterile 
bovine 
collagen 
soaked 
with 
bacterial 
suspensio
n in 0.5 
mL of 
saline. 

1×10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6-
mm 
defect 
was 
created 
with a 
reticulat
ing 
saw, 
cooled 
with 
saline. 

Bespoke 
polyoxym
ethylene 
plate 
secured 
with six 
threaded 
Kirschner-
wires 

Pre-
trauma 

Postope
rative 

6 
hours 

Immediat
ely after 
secondary 
surgery, a 
single 
dose of 
bismuth 
thiols 
suspended 
in 
hydrogel 
were 
administe
red to the 
treatment 
group’s 
wounds. 

Throug
hout the 
study, 
local 
toxicity 
with 
wound 
breakdo
wn was 
observe
d.  

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from 5/10 
femurs 
and 6/10 
implants. 

Not 
specified 

Rand 
et al.78 

Sprague–
Dawley 
rats 

S. aureus The 
defect 
was then 
packed 
with 30 
mg of 
rehydrate
d, 
sterilized 
bovine 
type I 
collagen 
mixed 
with the 
bacterial 
suspensio
n. 

1×10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6-
mm 
defect 
was 
created 
with a 
reticulat
ing 
saw, 
cooled 
with 
saline. 

A non-
absorbable 
polyoxym
ethylene 
plastic 
plate fixed 
using 
threaded 
0.9 mm 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

6 
hours 

During 
secondary 
surgery, 
antibiotic 
gel or 
PMMA 
beads 
were 
placed 
into the 
treatment 
group’s 
defects. 

Not 
specifie
d 

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from 
femurs 
and 
implants. 
The 
proportio
n of 
animals 
with 
positive 
cultures 
is not 
specified. 

Not 
specified 

Penn-
Barwel
l et 
al.79 

Sprague–
Dawley 
rats 

S. aureus The 
defect 
was 
contamin
ated with 
30 mg of 
sterile 
bovine 
collagen 
soaked 
with 
bacterial 
suspensio
n in 0.5 
mL of 
saline. 

1×10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6 mm 
defect 
was 
created 
by an 
oscillati
ng saw, 
cooled 
with 
saline. 

Bespoke 
polyoxym
ethylene 
plate, 
secured to 
the bone 
with six 
threaded 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

2, 6, 
or 24 
hours 

N/A Not 
specifie
d 

Not 
specifie
d 

At week 
2, S. 
aureus 
could not 
be 
cultured 
from 
animals 
receiving 
I&D and 
antibiotic
s at the 2-
hour time 
point. In 
animals 
receiving 
I&D and 
antibiotic
s at the 
24-hour 
time-
point, S. 
aureus 
could be 

Not 
specified 
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cultured 
from all 
femurs 
and 
implants.  

Lindse
y et 
al.80 

Sprague–
Dawley 
rats 

S. aureus 0.1 mL of 
bacterial 
suspensio
n was 
placed 
directly 
into the 
wound 
after both 
ends of 
the 
fracture 
were 
exposed 

1x10^2 
CFUs 

Femor
al 
diaph
ysis 

A 
defect 
was 
created 
by 
droppin
g a 
weight 
of 0.94 
kg from 
15.3 
cm, 
which 
impacte
d the 
blunted 
blade 
deliveri
ng a 
force of 
104.80 
N. 

Kirschner 
wires 

1-hour 
post-
trauma 

N/A N/A After 
primary 
surgery, 
daily 
intraperito
neal 
injections 
of 200 ng 
of IL-12 
for a total 
of 10 
doses 
were 
given to 
the 
treatment 
group. 

At week 
3, 
macrop
hage 
activati
on, 
WBC 
counts, 
neutrop
hil 
counts, 
and 
platelet 
counts 
were 
elevated
.  

At week 
3, 
sequestr
um 
formati
on and 
destruct
ion of 
bone 
was 
detected
.  

At week 
3, 
moderate 
amounts 
of S. 
aureus 
could not 
be 
cultured 
from 
femurs. 
The 
proportio
n of 
animals 
with 
positive 
cultures 
is not 
specified. 

At week 3, 
signs of 
infections 
and 
improper 
bone 
healing 
were 
observed.  

Whitel
y et 
al.81 

Lewis rats S. aureus The 
defect 
was 
packed 
with 100 
mg of 
sterile 
collagen 
wetted 
with 
bacterial 
suspensio
n. 

1x10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6-
mm 
defect 
was 
created 
with a 
reticulat
ing 
saw, 
cooled 
with 
saline. 

Radioluce
nt plates 
fixed 
using six 
0.9 mm 
diameter 
threaded 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

6 
hours 

During 
secondary 
surgery, 2 
mL 
Bactisure
™ Wound 
Lavage 
was used, 
and/or 50 
mg of 
vancomyc
in powder 
was 
placed in 
defects of 
treatment 
groups. 

Not 
specifie
d 

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from all 
femurs 
and 
implants. 

Not 
specified 

Shiels 
et al.82 

Lewis rats S. aureus A 30 mg 
collagen 
matrix 
was 
prewetted 
with 
bacterial 
suspensio
n then 
placed in 
the 
wound. 

7.62x10^5 ± 
1.23×10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6-
mm 
defect 
was 
created 
with a 
reticulat
ing 
saw, 
cooled 
with 
saline. 

Six 
0.9 mm 
threaded 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

1 day During 
secondary 
surgery, 
50 mg 
rifampin, 
vancomyc
in, and/or 
daptomyc
in powder 
was 
placed in 
defect of 
treatment 
groups. 

At week 
2, 
redness, 
swelling
, and 
purulen
ce were 
observe
d in all 
animals. 

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from all 
femurs 
and 
implants. 

Not 
specified 

Shiels 
et al.83 

Lewis rats S. aureus An 
absorbabl
e 
collagen 
matrix 
wetted 
with 
bacterial 
suspensio
n was 
placed in 
the 
fracture 
site. 

3.59×10^5 ± 
2.00×10^4 
CFUs 

Femor
al 
diaph
ysis 

A 6 mm 
segmen
t of 
bone 
was 
remove
d with a 
reciproc
ating 
saw 
under 
copious 
saline 
irrigatio
n. 

24-mm 
radiolucen
t 
polyacetyl 
plate 
affixed to 
the femur 
with six 
0.9 mm 
threaded 
stainless 
steel 
Kirschner-
wires 

Immed
iately 
post-
trauma 

N/A 6 or 
24 
hours 

During 
secondary 
surgery, 
either 
PMMA 
beads 
containin
g 
rifampin 
and 
vancomyc
in or only 
rifampin 
was 
placed in 
defects of 
treatment 
groups. 

Throug
hout the 
study, 
body 
weights 
decreas
ed 
steadily.  

Not 
specifie
d 

At week 
2, S. 
aureus 
could be 
cultured 
from 9/10 
femurs 
and all 
implants. 

Not 
specified 

Tenne
nt et 
al.84 

Lewis rats S. aureus A bovine 
collagen 
matrix 
wetted 
with 
bacterial 
suspensio
n was 
placed in 
the 
fracture 
site. 

1.2x10^6 ± 
1.9x10^5 
CFUs 

Femor
al 
diaph
ysis 

A 6 mm 
segmen
t of 
bone 
was 
remove
d with a 
saw 
under 
saline 
irrigatio
n. 

24 mm 
polyacetyl 
plates was 
fixed with 
six 0.9 
mm 
threaded 
Kirschner 
wires 

Pre-
trauma 

Postope
rative 

6 or 
24 
hours 

During 
secondary 
surgery, 
either 
PMMA 
beads 
containin
g 
vancomyc
in or 
vancomyc
in powder 
was 
placed 
into 
defects of 
treatment 
groups.  

Not 
specifie
d 

Not 
specifie
d 

At 6 and 
24 hours, 
S. aureus 
could be 
cultured 
from all 
femurs 
and 
implants. 

Not 
specified 
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Mills 
et al.85 

Wistar rats S. aureus An 
absorbabl
e 
collagen 
sponge 
was 
dosed 
with 
bacterial 
suspensio
n 
immediat
ely 
before 
implantat
ion. The 
sponge 
was 
wrapped 
circumfer
entially 
around 
the 
fracture. 

1x10^4 
CFUs 

Femor
al 
diaph
ysis 

An 
Einhorn 
drop-
weight 
apparat
us. 

1.1-mm 
Kirschner 
wires 

Pre-
trauma 

N/A 1 or 5 
days 

 

During 
secondary 
surgery, 
500 µg of 
CSA-90 
was 
placed 
into the 
fracture 
site of 
treatment 
groups.  

Not 
specifie
d 

At week 
3, 
nonunio
n was 
detected
.  

At week 
3, S. 
aureus 
could be 
cultured 
from 
most 
deep 
tissue 
swabs. 
The 
proportio
n of 
animals 
with 
positive 
cultures 
is not 
specified. 

At week 3, 
nonunion 
and 
inflammator
y debris was 
observed.  

Lovati 
et al.86 

Wistar rats S. 
epidermi
dis 

30 µL of 
bacterial 
suspensio
n was 
injected 
into the 
femoral 
defect. 

1×10^5 CFU Femor
al 
diaph
ysis 

Not 
specifie
d 

Stainless 
steel 
plates and 
bicortical 
screws 

Immed
iately 
post-
trauma 

Preoper
ative 
and 
postope
rative 

N/A Either 
immediat
ely after 
or 24 
hours 
following 
primary 
surgery, 
treatment 
groups 
received 
allogeneic 
rat bone 
marrow 
MSCs. 

From 
days 3 
to 7, 
animals 
showed 
a partial 
load 
bearing 
on the 
operate
d limb 
without 
any 
clinical 
evidenc
e of 
infectio
n. At 
week 2, 
a 
signific
ant 
neutrop
hil 
increase 
was 
observe
d 
compar
ed to 
basal 
levels.  

At week 
6, 5/6 
animals 
displaye
d 
nonunio
n with 
<75% 
bony 
bridging
. 

At week 
6, S. 
aureus 
could be 
cultured 
from all 
implants 
and 
femurs.   

At week 6, 
polymorpho
nucleated 
cells, 
disorganize
d bone 
architecture, 
fibrovascula
r tissues, 
and 
nonunion 
were 
observed. 
Gram-
staining 
depicted 
bacteria 
clustered in 
bone and 
periosteal 
tissue.  

Rouko
z et 
al.87 

Wistar rats S. aureus 0.5 mL of 
bacterial 
suspensio
n was 
injected 
over 
fracture 
site. 

1x10^8 
CFUs 

Femor
al 
diaph
ysis 

A 
fracture 
is made 
with 
Liston 
bone 
cutting 
forceps. 

Kirschner 
wires (5 
mm in 
length) 

Immed
iately 
post-
trauma 

N/A 6 
weeks 

During 
secondary 
surgery, 
bone 
cement 
with 3 g 
of 
vancomyc
in were 
used for 
the 
treatment 
group. 

Throug
hout the 
study, 
body 
weights 
increase
d 
steadily. 

At week 
6, 
nonunio
n was 
detected 
in all 
animals. 

At week 
12, S. 
aureus 
could be 
cultured 
from all 
femurs 
and 
induced 
membran
es. 

At week 12, 
granulomato
us reaction, 
abscess, and 
nonspecific 
inflammator
y reaction is 
observed. 

Şener 
et al.88 

Wistar rats S. aureus PBS 
containin
g 
bacterial 
suspensio
n was 
injected 
into the 
medullar
y cavity 
at the 
fracture 
site. 

1x10^3 
CFU/10 μL 

Tibial 
diaph
ysis 

A 
transver
se 
fracture 
was 
created 
via a 
mini 
osteoto
me. 

Kirschner 
wires (0.8 
mm in 
diameter) 

Immed
iately 
post-
trauma 

Postope
rative 

3 
weeks 

During 
secondary 
surgery, 
either 
teicoplani
n 
embedded 
PMMA 
beads or 
teicoplani
n 
embedded 
autogenou
s bone 
grafts 
were 
placed 
into 
defects of 
treatment 
groups. 

At week 
6, 
purulent 
drainag
e and 
abscess 
formati
on was 
observe
d in all 
animals. 

At week 
6, 
nonunio
n was 
observe
d in 6/8 
animals. 

At week 
6, S. 
aureus 
could be 
cultured 
from all 
tibias. 

Not 
specified 

 

Büren 
et al.89 

BALB/c-
mice 

S. aureus 1 μL of 
bacterial 
solution 
was 
injected 
into the 

1.94x10^3 C
FU/μL 

Femor
al 
diaph
ysis 

An 
osteoto
my was 
created 
using a 
Gigli 
saw 
(diam. 

Four-hole 
titanium 
locking 
plate with 
locking 
self-
tapping 

Pre-
trauma 

N/A 1, 2, 
4, and 
8 
weeks 

From day 
7 to 21, 
treatment 
groups 
received 
HBO 
therapy 

Not 
specifie
d 

At week 
1, 2, 4, 
and 8, 
nonunio
n was 
detected
. 

At week 
1, 2, 4, 
and 8, S. 
aureus 
could be 
cultured 
from 
lavages. 

Not 
specified 
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fracture 
gap. 

0.22 
mm). 

micro-
screws 

for 90 
minutes. 

The 
proportio
n of 
animals 
with 
positive 
cultures 
is not 
specified. 

Yu et 
al.90 

C57BL/6J 
mice 

S. aureus 5 μL of 
bacterial 
suspensio
n was 
applied to 
the 
fracture 
site. Ten 
minutes 
later, 
sterile 
gauze 
was used 
to absorb 
the fluid 
in the 
fracture 
site. 

1×10^6 
CFUs 

Femor
al 
diaph
ysis 

A 
femoral 
shaft 
transver
se 
fracture 
was 
perform
ed with 
a water-
port 
clamp. 

0.6 mm 
intramedul
lary 
needles 

Immed
iately 
post-
trauma 

N/A N/A After 
primary 
surgery, 
hyaluroni
c-acid-
based 
hydrogel 
loaded 
with 
antagomi
R-708-5p 
was 
administe
red to the 
treatment 
group 
once daily 
for 3 
days. 

Not 
specifie
d 

At week 
3, 
nonunio
n was 
detected
. 

Not 
specified 

Not 
specified 

Sumral
l et 
al.91 

C57BL/6 
mice 

S. aureus Not 
specified 

1x10^4 
CFUs 

Femor
al 
diaph
ysis 

Not 
specifie
d 

4-hole 
titanium 
plate 

Immed
iately 
post-
trauma 

Postope
rative 

5 days During 
secondary 
surgery, 
50 µL 
equimolar 
enzybiotic 
combinati
on 
(M23/GH
15/DA7 
at 1 
mg/mL) 
and/or 
local 
antibiotics
. 

Throug
hout the 
study, 
body 
weights 
decreas
ed 
steadily. 

Not 
specifie
d 

At day 
13, S. 
aureus 
could be 
cultured 
from all 
femurs, 
soft 
tissue, 
and 
implants. 

At day 13, 
soft tissue 
adjacent to 
the 
osteotomy 
contained 
positive 
staining for 
S. aureus. 

Table 2: Summary of study characteristics. Clinical, radiographic, bacteriologic, and histologic validations of the models are based on infected control groups. 

Information not provided is denoted by “Not specified”. Interventions not incorporated into the model are denoted by “N/A”. BHI: brain heart infusion broth, 
BMP: bone morphogenetic protein, CAS/HA: calcium sulfate/hydroxyapatite, CFU: colony-forming unit, CRP:  C-reactive protein, CSA: cationic steroid 

antibiotic, HBO: hyperbaric oxygen, I&D: irrigation & debridement, IL: interleukin, MCP: monocyte chemoattractant protein, MSCs: mesenchymal stem cells, 

OP: osteogenic protein, PBS: phosphate-buffered saline, PEEK: polyetheretherketone, PMMA: Poly(methyl methacrylate), PFU: plaque-forming units, WBCs: 

white blood cells. 

 

Results 

Search Results 

From the initial search, 615 articles were identified. Following screening for title and abstract relevance, 474 studies were 

excluded. The remaining 141 studies were assessed for eligibility; 77 met the criteria for inclusion and data extraction (Fig. 1). 

 

Study Classifications 

Among these 77 articles, 13 (16.9%) were classified as characterization studies, 13 (16.9%) as model development studies, 23 

(29.9%) as prevention studies and 28 (36.4%) as treatment studies. 

 

Model Animals 

Seven articles (9.1%) used a large animal model of FRI; 3 used sheep, 2 used goats and 2 used dogs. The remaining 70 articles 

(90.9%) used small animal models of FRI; 40 used rats, 15 used rabbits and 15 used mice. 

 

Bone Defects 

The most common anatomic location for bone defect creation was the femoral diaphysis with 54 (70.1%) studies using this site. 

Other sites included the tibial diaphysis (n=13, 16.9%) humeral diaphysis (n=6, 7.8%), femoral metaphysis (n=2, 2.6%) or both 

tibial and fibular diaphysis (n=2, 2.6%). 

For articles specifying a method of defect creation (n=71), 46 (64.8%) used oscillating or Gigli wire saws to create an osteotomy, 

while the remaining articles described fracture induction via drop-weight apparatus (n=8, 11.3%), drill (n=5, 7%), compression 

device (n=5, 7%), osteotome (n=2, 2.8%), captive bolt gun (n=2, 2.8%), manual force (n=2, 2.8%) or bone-cutting forceps (n=1, 

1.4%). 
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Long bone defects were predominantly stabilized by bone plates and screws. Among the included articles, 42 (54.5%) used plate-

and-screw fixation, 18 (23.4%) used Kirschner wires, 11 (14.3%) used an intramedullary device, 2 (2.6%) used screws alone and 

1 (1.3%) used external skeletal fixators. For the remaining articles, 1 (1.3%) study compared plate to intramedullary fixation, 1 

(1.3%) compared external to intramedullary fixation and 1 (1.3%) study exchanged Kirschner wires for bone plates at a secondary 

surgery. 

 

Defect fixation occurred before defect creation in 36 studies (47.4%) and immediately following defect creation in 35 studies 

(46.1%). In 5 studies (6.6%), fixation was delayed for 1 hour (n=3), 4 hours (n=1) or 6 hours (n=1) after defect creation. One study 

did not specify fixation timing. 

 

 
Figure 1: Outline of the literature search process for study inclusion and exclusion. 

 

Bacterial Inoculations 

For the 77 articles reviewed, 74 studies (96.1%) induced FRI using Staphylococcus aureus, including 5 studies (6.5%) that 

established a polymicrobial infection by also including Escherichia coli (n=3), Pseudomonas aeruginosa (n=1) or Acinetobacter 

baumannii (n=1). Four studies (5.2%) induced FRI using Staphylococcus epidermidis. Inoculum doses ranged from 20 CFUs to 3x108 

CFUs with the most common dose being 1x105 CFUs. Methods for bacterial inoculation included application of a planktonic 

bacterial suspension directly to the fracture site (i.e., via pipetting or indwelling catheter) (n=44, 61.1%), placement of a bacteria-

soaked carrier into the fracture site (i.e., via collagen sponge) (n=23, 31.9%) or fracture-fixation implant incubation in bacterial 

suspension prior to implantation (n=5, 6.9%). Five studies did not specify a method of bacterial inoculation. 

Interventions 

Systemic antibiotics were used in 34 studies (44.2%). Administration occurred preoperatively (n=6, 17.6%), postoperatively (n=26, 

76.5%) or both preoperatively and postoperatively (n=2, 5.9%). Secondary surgeries involving I&D were used in 29 studies 

(37.7%). These occurred within 6 hours of inoculation (n=11, 37.9%) or were delayed for 24 hours (n=2), 5 days (n=2), 1 week 

(n=3), 2 weeks (n=6), 3 weeks (n=1), 4 weeks (n=1), 5 weeks (n=2), 6 weeks (n=2) and/or 8 weeks (n=1). Three studies compared 
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early and delayed I&D time points. A variety of other interventions were incorporated into the included studies such as local 

antibiotic therapy (i.e., via hydrogel, implant coating or other) (n=25), bone regeneration therapies (i.e., via bone morphogenetic 

proteins, mesenchymal stem cells or other) (n=9) or metal ion implant coatings (n=5). 

 

Model Validations 

Forty-five articles (58.4%) reported clinical validation of FRI in their infected control groups with 17 (37.8%) specifying signs of 

local infection. Signs of local FRI included fracture site swelling, redness, edema, purulent drainage, abscess formation and/or 

wound breakdown. FRI was validated radiographically in 43 articles (55.8%). Of these, fracture nonunion or delayed union was 

reported in 23 studies (53.5%) at their respective endpoints. Other common radiographic signs of FRI included osteolysis (n=23, 

53.5%), periosteal reaction (n=12, 27.9%) and/or sequestrum formation (n=4, 9.3%). Local microbiological validation of FRI from 

culturing bone, soft tissue, implants, I&D lavage and/or fracture-site swabs was performed in 65 articles (84.4%). In infected 

control groups, a positive culture rate of 100% in at least one type of culture was reported in 44 studies (67.7%), whereas a rate 

of less than 100% was reported in 12 studies (18.5%). Nine studies (13.8%) did not specify the proportion of positive cultures. 

Using a variety of methods, bacterial biofilm growth was directly detected in 16 studies (20.8%). Lastly, histological validation 

of FRI was performed in 42 studies (54.5%). Common histological signs of FRI included the identification of necrotic bone and 

tissue, disorganized bone and callus architecture, inflammatory cell infiltration and/or bacteria aggregates. Overall, 76 of the 77 

included articles reported at least one clinical, radiographic, microbiologic or histologic outcome measure to validate at least one 

component of FRI in the model. 

 

Literature Synthesis 

Are the methods used to create the long-bone trauma biologically and biomechanically relevant for FRI? 

Only 17 articles (23.9%) described models that created fractures using environmental forces while the remaining articles 

described surgically created fractures. While the surgically induced fracture models allow for a more controlled, reproducible 

bone defect, they do not comprehensively recapitulate biologic and biomechanical contributors to FRI, including bone 

fragmentation, cancellous bone impaction or damage to soft tissue and vasculature. These factors exacerbate instability, necrosis 

and disruption of the host immune system, facilitating microbial proliferation and bone nonunion [92,93]. Ideally, FRI models 

should mimic the biomechanical and biological trauma of complex fractures while also maintaining a high level of 

reproducibility. Current best evidence suggests that traumatic fracture creation via captive bolt gun, drop-weight apparatus, 

compression device or manual force or surgically induced models via gap osteotomy with soft tissue disruption, provide the 

most clinically relevant methods for FRI. 

 

Are the pathogens and inoculation methods clinically relevant for FRI? 

An epidemiologic study on patients with trauma-related osteomyelitis reported that 45% of infections involved Staphylococcus 

aureus, 17% involved Staphylococcus epidermidis, 14% involved a Streptococcus species and 8% involved a Pseudomonas species with 

35% being polymicrobial infection [4]. Nearly all the FRI models included in the present systematic review used Staphylococcus 

aureus while only five (6.5%) incorporated a polymicrobial infection. Inoculation was performed predominantly by the direct 

application of planktonic bacteria to the fracture site following bone defect creation. Five (6.5%) articles pre-inoculated bone 

implants before fixation, effectively establishing a bacterial biofilm. While the former method is a more standardized approach 

for inoculating a consistent dose of bacteria, the latter establishes a defining component of FRI that accounts for a key clinical 

feature. A wide spectrum of inoculum doses, ranging from 20 to 3x108 CFU, were used and several models used multiple doses 

to represent different levels of infection severity. The most common dose used was 1x105 CFU while Arens, et al., reported that 

the minimum CFU dose needed to consistently induce infection in a rabbit humeral osteotomy model was 6x106 CFU [30]. While 

the optimal dose for each preclinical FRI model will vary depending on animal species, pathogen, purpose of the research and 

other variables, 105 to 107 CFU appears to be an appropriate range for consistent induction of fracture site infection. 

 

 

Are the studies’ intervention time points clinically realistic? 

A study evaluating 17,993 patients who underwent femur fracture fixation at trauma centers in the United States reported a 

median time to fixation of 15 hours. Delayed fixation (≥24 hours) was performed in 26% of patients [94]. Importantly, the timing 

of fracture fixation has been reported to influence the development of fracture-related infections, wherein delayed treatment is 

associated with a higher likelihood of FRI [95]. As such, animal models that include delayed fracture fixation provide a more 
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realistic representation of the clinical scenario. Only 5 (6.6%) articles described FRI animal models that incorporated fixation that 

was delayed for at least 1 hour after defect creation, whereas all others provided fixation prior to or immediately after defect 

creation. While ethical care and use of research animals, in conjunction with the study logistics and costs, must govern fixation 

type and timing, optimal FRI animal models should strive to incorporate a clinically relevant delay in definitive stabilization 

after defect creation. 

 

Currently, the clinical standard for FRI management includes antibiotics administered systemically and often locally. Antibiotics 

are typically initiated pre- or intra-operatively and then continued post-operatively with adjustments to type, dose and route of 

administration as needed based on sensitivity testing and response to treatment [10]. While the majority of articles in this 

systematic review followed clinically relevant protocols for timing, type, dose and route of antibiotic administration, 8 (23.5%) 

of the articles incorporated systemic antibiotic administration prior to defect creation and bacterial inoculation, which is clinically 

unrealistic. 

  

Secondary surgeries are another characteristic component of FRI management. These most commonly involve debridement of 

necrotic and grossly infected tissue, copious irrigation of infected tissues and implants and removal of grossly infected, loose or 

ineffective implants. In a study assessing open fractures, the mean time to I&D for fractures that did not become infected was 

10.2 hours from primary surgery while the mean time to I&D for fractures that did become FRIs was 13.6 hours [96]. However, 

other studies have not reported differences in FRI rate between early and delayed I&D [97]. Current clinical guidelines 

recommend I&D of open fractures within 6 hours of trauma [98]. Among the 29 studies incorporating secondary I&D in this 

systematic review, 11 (37.9%) performed this intervention within 6 hours and 15 (51.7%) did so greater than 24 hours after defect 

creation and bacterial inoculation. Three articles compared early and delayed I&D. While modeling an early I&D timepoint 

aligns with clinical recommendations, delayed I&D allows for further development of infection to model later-onset and more 

established FRI. 

 

Discussion 

This systematic review of the peer-reviewed articles focused on animal models for fracture-related infections; it revealed a wide 

spectrum of animal species, methods for “fracture” creation, fixation methods, bacterial inoculum delivery and dose and 

intervention time points, while the bacteria species and antibiotic interventions used were highly consistent among studies. 

Clinical, radiographic, microbiologic and histologic validation of the models were reported in most articles, particularly in those 

focused on model development. When considering the translational potential for direct clinical applicability to FRIs, remaining 

gaps for animal models include: 

• Fracture induction method that comprehensively recapitulates biologic and biomechanical contributors to FRI, while 

maintaining a high level of reproducibility 

• Delay in fixation after fracture induction that balances ethical care and use of research animals with clinical relevance 

• Bacterial inoculum species, dose, timing and delivery method that consistently result in FRIs with biofilm production 

• Inclusion of preventative and/or therapeutic intervention controls that conform to clinical standard-of-care 

• Use of large animal models for optimal clinical relevance 

 

The limitations of this systematic review should be considered when interpreting and applying the results. The heterogeneity 

among the articles in terms of objectives, experimental designs and methodologies limit the generalizability of the findings. In 

addition, many of the included articles did not provide direct and comprehensive outcomes of model validity. Further, there are 

not validated methods for scoring study quality or bias for experimental animal model studies. Together, these limitations 

emphasize the need for a cautious interpretation and application of this systematic review and underscore the necessity for 

further well-designed research in this field. 

 

 

Conclusion 

Incorporating clinically relevant components of FRIs into a single animal model that is ethically, pragmatically, logistically and 

financially feasible is challenging, however, many of the gaps identified in this systematic review can and should be addressed 

to determine and apply evidence-based advances to the management of FRIs. Relative advantages and disadvantages of animal 

models should be considered and prioritized for selection and experimental design with input from veterinarians and 
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orthopaedic surgeons who can optimize clinical relevance. Well-designed and executed preclinical animal model studies have 

strong potential to profoundly enhance the prevention and treatment of this common, devastating and costly fracture 

complication, improving patient outcomes and optimizing the use of healthcare resources. 
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