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Background
Fracture- related infection (FRI) carries a 
substantial burden of disease and socio- 
economic costs.1-3 The incidence of FRI is 
1% to 2% in closed fractures and can reach 
30% in open fractures.1 Until recently, 
amputation and recurrence rates remained 
high.2,4 With the publication of international 
consensus documents,4,5 an evidence- based 
overview of diagnosis and management 
has been provided, which should improve 
treatment outcomes.

Pathology
The pathology of FRI is multifactorial; 
bacterial infection and fracture instability 
are interdependent and fundamental in 
FRI.6,7 Biofilm formation, canalicular inva-
sion,8 intracellular infection,9 and formation 
of staphylococcal abscess communities10 
are the key niches occupied by bacteria. 
A vicious cycle between instability with 
ongoing soft- tissue trauma, compromised 
neovascularity, and osteolysis creates 
a supportive environment for bacteria, 
promoting the development of FRI or 
hindering its eradication.6

Diagnosis
Confirmatory criteria include fistula or sinus 
tract, purulent drainage or pus, microbial 
growth in two or more deep tissue samples, 
and histological evidence of pathogens 
and inflammation in peri- implant tissue.4,5 
Suggestive criteria include clinical signs 
such as: erythema; swelling; persistent, 
increasing, or new- onset wound drainage; 
radiological or nuclear imaging signs; 
increased serum inflammatory markers; 
and microbial growth in a single deep 
tissue sample.5,7

Management
A consensus- derived management algo-
rithm has been developed and should be 
led by a multidisciplinary team.5,7 Based 
on three basic principles, consisting of 
exchange, retention, or removal of the 
indwelling implant, the preferred strategy 
depends on host physiology, time interval 
between fracture fixation and FRI manifes-
tation, anatomical localization, and caus-
ative pathogen. For implant retention, the 
stability of the construct and the ability to 
perform proper debridement are critical, 
considering the implant type and soft- 
tissue conditions.7

Prevention
Appropriate use of prophylactic antibiotics 
is crucial to prevent FRI. In closed inju-
ries, perioperative antibiotic prophylaxis 
limited to a single dose is recommended. 
In open fractures, prophylactic antibi-
otic administration should not exceed 24 
hours for Gustilo- Anderson types I and II 
and 72 hours for Gustilo- Anderson type III 
fractures.5,7 Early debridement, soft- tissue 
management, and stable fracture fixation 
are cornerstones of management.5

Follow- up of FRI should be planned in 
collaboration with a multidisciplinary team, 
for a minimum of 12 months after the cessa-
tion of surgical and antibiotic therapy.11

Future perspectives for prevention and 
management of FRI include: antimicrobial 
coated implants; osteoinductive antibiotic- 
loaded biomaterials; and bacteriophage 
and enzybiotic therapy. All these therapies 
consider the global threat of antibiotic resis-
tance and target mechanisms of antimicro-
bial tolerance such as biofilm formation.
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decalcified with 14% EDTA for 10 days before embedding into
LR White resin. The blocks were sectioned at 1-mm for
Toluidine blue staining to identify by light microscopy cortical
bone infection sites (Fig. 2A). Thin sections at 80 nm were
placed onto carbon/formvar 150 mesh grids and incubated in
5N HCl for 15 min to denature double stranded DNA into
single strands. The grids were rinsed in distilled water, PBS,
incubated in blocking solution containing 2% normal donkey
serum in PBS, then overnight at 4°C in sheep anti-BrdU
(Fitzgerald) primary antibody at 1/100, rinsed in PBS and
incubated at room temperature for 1.5 hours in donkey anti-
sheep 12-nm gold-tagged secondary (Jackson ImmunoRe-
search). For a negative control, the primary antibody was
substituted with 2% normal serum in PBS. The grids were
stained with uranyl acetate and lead citrate and examined

using the same Hitachi 7650 TEM and the same digital camera
system.
In vitro experiment
To validateS. aureusmigration through submicron pores,
we utilized an in vitro transwell system (Fig. 2E). Briefly,
0.4-mm-thick silicon nitride membrane chips containing pores
0.5 mm in diameter were fabricated by SiMPore Inc. (West
Henrietta, NY, USA) as described.(14)Individual chips were housed
within a circular culture well system made of afirm silicon gel. A
silicon gasket was used to form a tight seal maintaining 150mL of
GFPþ UAMS-1 in TSB exclusively on the topside of the chip
(covered with a sterile coverslip). Real-timefluorescent imaging
of the bacteria at 37°C was performed using an Olympus FV 1000
microscope, in which z-stack images, starting at the topside of
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Bacterial infection 
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Fig. 1. TEM evidence of submicron-elongatedS. aureusin the osteocytic lacunar-canaliculi network of infected live bone tissue. Long bones from mice
(n¼5) infected with a UAMS-1–contaminated tibial pin (A–F,H, I), or a USA300-infected femoral osteotomy (G), were harvested on day 14 postinfection
for TEM. (A) Low magnification TEM image (4000) of UAMS-1 invasion of live bone tissue (note osteocyte OC) in a canaliculus (green arrow)
communicating with the marrow cavity (MC). Also note the proximal neutrophils (yellow arrow) within the marrow. (B) Low magnification TEM image
( 4000) of UAMS-1 invasion of an osteocytic lacunar-canaliculus adjacent to a channel infected withS. aureus(arrows) containing necrotic cells ().
Higher magnification TEM images (C: 8000;D: 10,000) of UAMS-1 colonization of osteocytic lacunae. (E) Low magnification TEM image of three
parallel canaliculi in various states of colonization (1: severely infected; 2: moderately infected; and 3: uninfected) by the invading UAMS-1 within the live
cortical bone (3500). (F) Higher magnification TEM image measuring submicron-elongated UAMS-1 (15,000). (G) Similar bacterial invasion of
canaliculi adjacent to the osteotomy (red arrow), and neutrophils in the marrow cavity () were observed in USA300-infected femurs (4000), but not in
long bones that received sterile implants (data not shown). (H) Low magnification TEM image (4000) documenting cortical bone damage adjacent to
the infected tibia pin (red arrows), and a cavityfilled with UAMS-1 (yellow bracket) that leads to a canaliculus (black arrow). (I) High magnification TEM of
the infected cavity inHdemonstrating mitoticS. aureusin the live cortical bone (25,000). Note that only the bacterium entering the canaliculus has an
asymmetric septal plane (red arrows), which is aligned perpendicularly with the canaliculus orifice, perhaps to anchor and propel the emerging daughter
cell into the submicron channel in the cortical bone during binaryfission.
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