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�� Fracture-related infection (FRI) is common and often 
diagnosed late.

�� Accurate diagnosis is the beginning of effective treatment.

�� Diagnosis can be difficult, particularly when there are no 
outward signs of infection.

�� The new FRI definition, together with clear protocols for 
nuclear imaging, microbiological culture and histologi-
cal analysis, should allow much better study design and a 
clearer understanding of infected fractures.

�� In recent years, there has been a new focus on defining 
FRI and avoiding non-specific, poorly targeted treatment. 
Previous studies on FRI have often failed to define infection 
precisely and so are of limited value. This review highlights 
the essential principles of making the diagnosis and how 
clinical signs, serum tests, imaging, microbiology, molec-
ular biology and histology all contribute to the diagnostic 
pathway.
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Introduction
Successful treatment of a fracture is aimed at promoting 
bone healing and good functional recovery with the 
avoidance of complications which may impair function 
or prolong treatment. When an infection occurs, this can 
be a devastating event, with the need for unexpected 
surgery, increased hospital stay and much higher health-
care costs.1,2 The effects on the patient extend far beyond 

the initial treatment of the infection or fracture. Patients 
may require support from healthcare providers and 
social services over a prolonged period.2,3 It is even more 
stressful for patients if the diagnosis of an infection is 
delayed or missed. Failure to begin treatment promptly 
may convert a simple early fracture infection into a chronic 
persistent infected non-union which may be very difficult 
to eradicate.4,5

Considering the importance of diagnosing and treating 
an infected fracture, it is surprising that it is only very recently 
that an accepted definition of fracture-related infection (FRI) 
has been published. In 1996, Arens et al reported that in 
all studies they had reviewed, the term ‘infection’ was not 
defined.6 This situation remained unchanged for 22 years 
when, in 2018, Metsemakers et al found that only 2% of 
randomized trials of fracture fixation used any definition of 
infection when reporting this complication.7

By contrast to prosthetic joint infection, the lack of a 
definition or diagnostic strategy for infection has ham-
pered the development of treatment protocols with com-
parable studies and outcomes. This deficit has prompted 
many surgeons to use diagnostic criteria developed for 
prosthetic joint infection. However, this is not appro
priate, as the patient populations are different (elective 
arthroplasty versus traumatized patients) and pre-operative 
diagnostic tests from joint puncture or biopsy are often 
not feasible.

This review aims to summarize the significant advances 
which have been made in recent years towards establish-
ing good diagnostic pathways with validated investiga-
tions. These have been developed by several groups 
around Europe and have been brought together through 
the FRI Consensus Group,8 the European Bone and Joint 
Infection Society (EBJIS), the AO Foundation, Pro-Implant 
and the Orthopaedic Trauma Association (OTA).
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Terminology and definition of infection
Many terms have been used to describe the onset of infec-
tion after fracture. The use of words like osteomyelitis, 
osteitis or deep surgical site infection can be confusing 
and do not give specific indication of the relationship with 
a fracture. The FRI Consensus Group published the initial 
definition criteria in 20188 and the term ‘fracture-related 
infection’ was adopted to encompass all infections which 
occur in the presence of a fracture. This includes early 
infection around fracture implants, infected non-unions, 
haematogenous infections arising after fracture healing 
and infections in fractures with no internal fixation.

Review of the literature showed that there are some 
diagnostic tests which are highly specific for the presence 
of infection (confirmatory criteria). These included sinus 
tracks communicating with the fracture, microbiological 
culture of organisms and histological features of infection. 
Conversely, there were features which suggested the 
presence of infection but could not be diagnostic alone 

(suggestive criteria). These included some clinical signs, 
blood biomarkers and imaging tests. The FRI definition 
has recently been updated to include new data and is 
summarized in Fig. 1.

Blood biomarkers
Common serum inflammatory markers such as leukocyte 
count, C-reactive protein and erythrocyte sedimentation 
rate have been evaluated in the diagnosis of FRI. All are 
non-specific and can be raised after trauma without infec-
tion and in many other inflammatory conditions. Also, they 
can be normal in many chronic or late infections. C-reactive 
protein (CRP) levels rise after injury to a maximum at day 2 
and then reduce to normal over 1–2 weeks.9 Systematic 
review of the literature reveals that CRP is perhaps the most 
useful marker, but with only moderate sensitivity and speci-
ficity.10 In recent studies of infected fractures and non-
unions, blood markers had very limited predictive value.11,12 
They cannot be used to confirm or exclude an infection.

Suspected FRI

Clinical Assessment

Confirmatory Criteria1

• Sinus Tract
• Wound Breakdown to
 bone or implant
• Pus in Fracture

Suggestive Criteria2

• Clinical signs (Local & Systemic)
• Radiological and/or nuclear imaging signs
• New onset joint effusion
• Elevated serum inflammatory markers
• Persistent wound drainage

Confirmatory Criteria1

• Phenotypically
 indistinguishable
 organisms identified
 from 2 or more separate
 deep tissue specimens
• Visible microorganisms
 on histological analysis
• Presence of >5 NP/HPF4

 on histology

Suggestive Criteria
• Pathogen identified form
 a single deep tissue
 specimen3

Diagnosis of FRI

Surgery

Fig. 1  The diagnostic algorithm for a suspected fracture-related infection (FRI), using the updated definition criteria of the FRI 
Consensus Group.28

Note. NP/HPF, neutrophils per high-power field (x 400 magnification).
1.	 Any of these criteria will diagnose the presence of an infection independently. For instance, the presence of a draining sinus communicating with the fracture 

does not need microbiological culture for confirmation of infection.
2.	 Suggestive criteria should prompt the surgeon to consider further investigations which may lead to identifying possible confirmatory criteria.
3.	 A single positive culture from sonication fluid at >50 colony-forming units per ml, particularly from a virulent organism, such as Staph. aureus, is highly suggestive 

of infection and may be taken as confirmatory on an intention-to-treat basis.
4.	 >5NP/HPF is regarded as confirmatory of infection in cases more than 8 weeks after fracture.
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Imaging for FRI
Imaging is inextricably linked to fracture surgery. When a 
post-operative FRI is considered, there are three main indi-
cations to (re)image the affected limb:

1.	 To evaluate fracture consolidation and implant 
stability.

2.	 To determine if an infection is present.
3.	 To assess the extent of that infection with specific 

anatomical details (such as sinuses, sequestra and 
cloacae) for surgical planning.

The most commonly used imaging modalities are plain 
X-ray, computed tomography (CT), magnetic resonance 
imaging (MRI) and the nuclear imaging techniques of 
white blood cell (WBC) scintigraphy and fluorodeoxyglu-
cose positron emission tomography (18FDG-PET). Three-
phase bone scintigraphy (BS) is highly sensitive for 
detecting FRI (89–100%) but unfortunately has a very low 
specificity (0–10%).13 BS is therefore almost obsolete for 
this indication.

In established FRI, for example in the presence of a drain
ing sinus,8 imaging should focus on determining fracture 
consolidation and implant stability. For this purpose, plain 
X-ray, possibly combined with a CT scan, is usually suffi-
cient. If the presence of an infection or the extent of the 
infection is the issue, more advanced imaging techniques 
such as MRI or nuclear imaging are required. MRI has many 
advantages: it is familiar, relatively cheap and widely avail-
able. Also it can distinguish anatomical details in the bone 
and adjacent soft tissues and has excellent sensitivity for 
detecting FRI (82–100%).13 With artifact reduction tech-
niques the interference of metal implants can be reduced 
to a minimum.14 The downside of MRI is that, probably 
due to its inability to differentiate between sterile inflam-
mation, normal bone healing and infected tissue, its speci-
ficity is reduced (43–60%).13

Nuclear imaging is far more accurate in cases where it 
is important to distinguish infected from non-infected tis-
sues. It has been shown that both WBC scintigraphy and 
18FDG-PET are highly accurate for diagnosing FRI shortly 
after surgery.15,16 More recently, the use of hybrid camera 
systems which combine nuclear imaging with CT (single 
photon emission computed tomography (SPECT) (SPECT/
CT, PET/CT or PET/MRI) has led to increased accuracy and 
better anatomical details.13,17–19 Large retrospective stud-
ies show a sensitivity and specificity of WBC scintigraphy 
with SPECT/CT for diagnosing FRI, of 79–100% and 97% 
respectively.15,20 For 18FDG-PET, sensitivity is 88–89% and 
specificity is 76–80%.16,21 This means that WBC scintigra-
phy + SPECT/CT is slightly more accurate than 18FDG-PET/
CT, but one has to bear in mind that all these studies were 

hampered by their retrospective study designs. Secondly, 
although less accurate, 18FDG-PET has major advantages 
over WBC scintigraphy in terms of lower complexity of the 
labelling procedure, the requirement for just one scan, 
rather than early and late phase scans (over 20 hours), and 
its higher spatial resolution (3–4 mm vs. 8 mm).19

For the diagnosis of FRI, every imaging modality has its 
advantages and disadvantages and most studies have 
methodical limitations. A prospective clinical trial has 
recently been launched that will hopefully provide more 
clarity about the optimal imaging strategy for FRI in terms 
of diagnostic accuracy, cost-effectiveness and how to 
solve logistic challenges.22 While awaiting these results, 
the imaging modality of choice therefore mostly depends 
on the clinical question to be answered and local availabil-
ity and experience with the imaging technique of choice.

Microbiological diagnosis of FRI
Published evidence relating to the microbiological diag-
nosis of FRI should be considered with the caveat that the 
consensus definition of FRI is recent, and that many previ-
ous studies excluded patients on the basis of the duration, 
site, and other clinical features of infection.

The aims of microbiological diagnosis of FRI are two-fold:

1.	 To confirm fracture-related infection when it is 
suspected.

2.	 To identify the infecting pathogen(s) and assess 
antimicrobial susceptibility patterns, and to select a 
targeted and tolerable, preferably oral, antimicro-
bial treatment for the patient.

Confirmation of infection

Accurate microbiological diagnosis requires the analysis of 
representative, uncontaminated samples of tissue or fluid 
from the fracture. Pre-operative diagnosis from superficial 
swabs, biopsies or aspirations is usually unhelpful as there 
is often poor concordance between biopsies and intra-
operative sampling. A high proportion of FRIs are caused 
by bacteria that may be considered skin commensals. 
Detection of organisms such as coagulase-negative Staph-
ylococci, Corynebacteria, and Cutibacterium acnes on a 
single biopsy specimen is thus very difficult to interpret. 
Also, up to one third of patients with FRI have polymicro-
bial infection, which is often missed in pre-operative biop-
sies.23,24 If antimicrobial therapy is based on limited 
pre-operative cultures alone, it has been shown that poor 
outcomes will be achieved.25

Reliable microbiological information is obtained by 
culture of at least five uncontaminated samples, collected 
during surgery. Samples should be collected in a struc-
tured process, with separate instruments for each sample 
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and without touching the patient’s skin with the sample 
or instrument.24,26,27 A study of the implementation of a 
structured sampling protocol following the recommen-
dations for the diagnosis of FRI, found a greater pro
portion of polymicrobial infections diagnosed after the 
implementation, compared with unstructured microbio-
logical sampling prior to the implementation, despite no 
increase in the proportion of positive samples or sus-
pected culture contamination.24 Specimens should be 
transferred rapidly to the laboratory and handled in a 
standardized protocol.28 Five operative specimens can be 
processed under aerobic and anaerobic conditions with 
selective and non-selective media for less than 55 Euros 
per patient.29 Automated liquid culture may be even 
more cost-effective.30,31

Infections around implants or dead bone will fre-
quently occur in the presence of biofilm. Methods which 
disrupt biofilm may enhance the isolation of organisms 
and improve diagnostic yield.28 Sonication is a useful 
adjunct in the diagnosis of FRI where implants or cortical 
bone fragments are removed during operative debride-
ment. The sensitivity of sonication alone in a series of 158 
fractures, assessed against a clinical diagnosis of infection 
(sinus, purulence or histopathology findings consistent 
with infection) was 68%.32 Prior studies reported sonica-
tion fluid sensitivity for FRI at between 65% and 95%, with 
specificity between 50% and 97%.33 Sonication should be 
used together with deep tissue sampling for optimum 
diagnostic accuracy.28,32

Microbiological confirmation of FRI is obtained when 
phenotypically indistinguishable organisms are cultured 
from at least two separate deep tissue/implant specimens 
(including sonication fluid), collected and processed as 
above. A single positive culture is not confirmatory but is 
suggestive of infection and should be confirmed with 
other tests.8,28

Identification of pathogens and antimicrobial susceptibilities

FRI is caused by a very wide variety of bacteria and fungi. 
Additionally, polymicrobial infection is common and often 
includes Gram-negative organisms.23,34 Clinical character-
istics (open fracture, presence of metalwork, draining 
sinus, compromised host) do not discriminate sufficiently 
to anticipate who may be affected with polymicrobial or 
non-staphylococcal FRI.23 The microbiological diagnosis 
of FRI must involve methods which determine antimicro-
bial susceptibility in individual microbial species, as anti-
microbial sensitivity cannot be reliably predicted. Up to 
one third of classifiable organisms causing FRI may be 
multi-drug-resistant (MDR), even in countries with a low 
incidence of MDR infection.23 The presence of these resist-
ant bacteria adversely affects outcome.35 Therefore, there 
is no place for empirical broad-spectrum therapy, particu-
larly aimed at Gram-positive bacteria.

Antibiotic side-effects are frequent in the context of FRI 
treatment for at least six weeks, with around one in six 
patients affected, so the careful choice of antimicrobials 
for FRI must be justified by microbiological diagnosis.36 
The use of non-targeted, broad-spectrum agents is associ-
ated with subsequent multi-resistant infection for indi-
vidual patients37,38 and cannot be justified. Intravenous 
empirical therapy should only be used immediately after 
surgery, while microbiological diagnosis is awaited. Thus, 
antimicrobial susceptibility assessment must form an inte-
gral part of the microbiological diagnosis of FRI.

Molecular methods have now been investigated in the 
diagnosis of FRI. Whole genome sequencing39 and multi-
plex polymerase chain reaction methods (PCR)40 have 
shown initial encouraging results. PCR-based identifica-
tion panels and 16s-PCR have low sensitivity for the detec-
tion of all infecting organisms and may not be able to 
detect fungal or unusual bacterial infection. An evaluation 
of sonication fluid PCR for the microbiological diagnosis of 
FRI found that Candida spp. and Enterococcus spp., patho-
gens with particularly poor treatment outcomes in the 
context of orthopaedic infection, were especially likely to 
be missed.40 Currently, molecular techniques cannot give 
useful information on antimicrobial susceptibility.

Histopathology
The presence of visible microorganisms in deep tissue, as 
confirmed by histopathological examination using spe-
cific staining techniques for bacteria (e.g. Gram stain, 
Ziehl-Neelsen stain for tuberculosis or Grocott methena-
mine silver stain for fungi), is regarded as a confirmatory 
sign of FRI.8 In prosthetic joint infection (PJI), the presence 
of ≥ 5 polymorphonuclear neutrophils per high-power 
field (PMN/HPF) in five high-power fields observed in his-
tological sections, at x 400 magnification, is considered to 
be an important intra-operative criterion for PJI.41 In con-
trast to the definition for PJI, the FRI Consensus Group did 
not include the presence of an acute inflammatory cell 
infiltrate on histopathological examination (i.e. PMN 
count) in the first version of the FRI definition.8 The reason 
for this was the lack of clear scientific evidence and, more 
specifically, agreement on a cut-off value above which FRI 
can be reliably diagnosed.8,33

However, a large study on the value of quantitative his-
topathology for the diagnosis of chronic/late-onset FRI (at 
least two months after fracture) has now been pub-
lished.42 Morgenstern et al. proposed a novel bimodal 
approach to confirm or exclude infection in unhealed frac-
tures. The complete absence of PMNs had a very high cor-
relation with aseptic non-union (specificity 98%, positive 
predictive value (PPV) 98%). Conversely, the presence of 
>5 PMN/HPF only occurred with infection (specificity 
100%; PPV 100%). The combination of clinical signs, ≥ 2 



618

microbiological cultures and bimodal histopathological 
analysis (absent NPs vs. >5 PMN/HPF) improved diagnos-
tic accuracy in up to 96.8% of cases. Due to increasing 
evidence, the presence of >5 PMN/HPF in fractures more 
than 8 weeks after injury (e.g. fracture non-union) was 
added by the expert panel in the second consensus meet-
ing as the fifth confirmatory sign of FRI.28 (Fig. 1).

Conclusions
Interest in the definition and diagnosis of FRI is a recent 
development. There are now good studies which give 
clear definition criteria and some evidence around the 
effectiveness of diagnostic methods. Pre-operative diag-
nosis with serum markers, superficial swabs or percutane-
ous biopsies is not accurate. Diagnosis depends on the 
interpretation of deep tissue specimens for microbiologi-
cal culture and histological analysis. The improvements in 
imaging, particularly with nuclear medicine combined 
with localizing scans (18FDG-PET/CT or SPECT/CT), offer 
new possibilities for the diagnosis of infection and for 
planning of surgical procedures.

There is now no place for empirical treatment of sus-
pected infection, in the hope of a miraculous cure. Careful 
attention to establishing the diagnosis allows better surgi-
cal planning and pathogen-specific antimicrobial therapy, 
designed to improve outcomes in FRI.

ICMJE Conflict of interest statement
MM reports textbook royalties from Oxford University Press; expenses paid for travel 
and accommodation to attend symposia or expert panels from Bonesupport AB, out-
side the submitted work.
GG reports being a board member of the Dutch Trauma Society, and a research grant 
for prospective imaging trial (the IFI trial) from DePuy-Synthes, outside the submit-
ted work.
The other authors declare no conflict of interest relevant to this work.

Funding statement
No benefits in any form have been received or will be received from a commercial 
party related directly or indirectly to the subject of this article.

Licence
© 2020 The author(s)
This article is distributed under the terms of the Creative Commons Attribution-Non 
Commercial 4.0 International (CC BY-NC 4.0) licence (https://creativecommons.org/
licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribu-
tion of the work without further permission provided the original work is attributed.

References

1. O lesen UK, Pedersen NJ, Eckardt H, et al. The cost of infection in severe open 
tibial fractures treated with a free flap. Int Orthop 2017;41:1049–1055.

2.  Parker B, Petrou S, Masters JPM, Achana F, Costa ML. Economic outcomes 
associated with deep surgical site infection in patients with an open fracture of the lower 
limb. Bone Joint J 2018;100-B:1506–1510.

3. T utton E, Achten J, Lamb SE, Willett K, Costa ML. A qualitative study of patient 
experience of an open fracture of the lower limb during acute care. Bone Joint J 2018;100-
B:522–526.

4.  McNally M, Ferguson J, Kugan R, Stubbs D. Ilizarov treatment protocols in the 
management of infected nonunion of the tibia. J Orthop Trauma 2017;31:S47–S54.

5.  Bose D, Kugan R, Stubbs D, McNally M. Management of infected nonunion of the 
long bones by a multidisciplinary team. Bone Joint J 2015;97-B:814–817.

6. A rens S, Hansis M, Schlegel U, et al. Infection after open reduction and 
internal fixation with dynamic compression plates: clinical and experimental data. Injury 
1996;27:SC27–SC33.

7.  Metsemakers WJ, Kortram K, Morgenstern M, et al. Definition of infection 
after fracture fixation: a systematic review of randomized controlled trials to evaluate current 
practice. Injury 2018;49:497–504.

8.  Metsemakers WJ, Morgenstern M, McNally MA, et al. Fracture-related 
infection: a consensus on definition from an international expert group. Injury 2018;49:505–510.

9. N eumaier M, Scherer MA. C-reactive protein levels for early detection of 
postoperative infection after fracture surgery in 787 patients. Acta Orthop 2008;79:428–432.

10.  van den Kieboom J, Bosch P, Plate JDJ, et al. Diagnostic accuracy of serum 
inflammatory markers in late fracture-related infection: a systematic review and meta-
analysis. Bone Joint J 2018;100-B:1542–1550.

11.  Bosch P, van den Kieboom J, Plate JDJ, et al. Limited predictive value of 
serum inflammatory markers for diagnosing fracture-related infections: results of a large 
retrospective multicenter cohort study. J Bone Jt Infect 2018;3:130–137.

12. S igmund IK, Morgenstern M, Dudareva M, Athanasou N, McNally MA. 
Limited diagnostic value of serum inflammatory biomarkers in the diagnosis of fracture-
related infections. Bone Joint J in press.

13. G ovaert GA, IJpma FFA, McNally M, McNally E, Reininga IH, Glaudemans 
AW. Accuracy of diagnostic imaging modalities for peripheral post-traumatic osteomyelitis: 
a systematic review of the recent literature. Eur J Nucl Med Mol Imaging 2017;44:1393–1407.

14. G upta A, Subhas N, Primak AN, Nittka M, Liu K. Metal artifact reduction: 
standard and advanced magnetic resonance and computed tomography techniques. Radiol 
Clin North Am 2015;53:531–547.

15. G ovaert GAM, Bosch P, IJpma FFA, et al. High diagnostic accuracy of white 
blood cell scintigraphy for fracture related infections: results of a large retrospective single-
center study. Injury 2018;49:1085–1090.

16. L emans JVC, Hobbelink MGG, IJpma FFA, et al. The diagnostic accuracy 
of 18F-FDG PET/CT in diagnosing fracture-related infections. Eur J Nucl Med Mol Imaging 
2019;46:999–1008.

Author Information
1The Oxford Bone Infection Unit, Nuffield Orthopaedic Centre, Oxford University 
Hospitals, Oxford, UK.
2Department of Trauma Surgery, University of Utrecht, University Medical Center 
Utrecht, Utrecht, The Netherlands.
3Department of Orthopaedic and Trauma Surgery, University Hospital Basel, 
Switzerland.
4Department of Trauma Surgery, University Hospitals Leuven, Leuven, Belgium.

Correspondence should be sent to:  Martin McNally, Oxford Bone Infection Unit, 
Nuffield Orthopaedic Centre, Windmill Road, Oxford, OX3 7HE, UK. 
Email: martin.mcnally@ouh.nhs.uk



619

Definition and diagnosis of fracture-related infection

17. G laudemans AWJM, Bosch P, Slart RHJA, IJpma FFA, Govaert GAM. 
Diagnosing fracture-related infections: can we optimize our nuclear imaging techniques? 
Eur J Nucl Med Mol Imaging 2019;46:1583–1587.

18. G laudemans AW, Prandini N, DI Girolamo M, et al. Hybrid imaging of 
musculoskeletal infections. Q J Nucl Med Mol Imaging 2018;62:3–13.

19. G ovaert GAM, Glaudemans AWJM. Nuclear medicine imaging of posttraumatic 
osteomyelitis. Eur J Trauma Emerg Surg 2016;42:397–410.

20. G laudemans AW, de Vries EF, Vermeulen LE, Slart RH, Dierckx RA, 
Signore A. A large retrospective single-centre study to define the best image acquisition 
protocols and interpretation criteria for white blood cell scintigraphy with ⁹⁹mTc-HMPAO-
labelled leucocytes in musculoskeletal infections. Eur J Nucl Med Mol Imaging 2013;40:1760–1769.

21.  Wenter V, Müller JP, Albert NL, et al. The diagnostic value of [(18)F]FDG PET for 
the detection of chronic osteomyelitis and implant-associated infection. Eur J Nucl Med Mol 
Imaging 2016;43:749–761.

22. G ovaert G, Hobbelink M, Reininga I, et al. The accuracy of diagnostic imaging 
techniques in patients with a suspected fracture-related infection (IFI) trial: study protocol 
for a prospective multicenter cohort study. BMJ Open 2019;9:e027772.

23. D udareva M, Hotchen AJ, Ferguson J, et al. The microbiology of chronic 
osteomyelitis: changes over ten years. J Infect 2019;79:189–198.

24.  Hellebrekers P, Rentenaar RJ, McNally MA, et al. Getting it right first time: 
the importance of a structured tissue sampling protocol for diagnosing fracture-related 
infections. Injury 2019;50:1649–1655.

25. T aormina DP, Shulman BS, Lee JH, Karia RJ, Marcano AI, Egol KA. The 
outcome of patients with cultured pathogens at time of nonunion surgery. Acta Orthop Belg 
2018;84:1–10.

26. D udareva M, Barrett L, Morgenstern M, et al. An evidence base for tissue 
sampling and culture interpretation in fracture-related infection. Bone Joint J Orthopaedic 
Proceedings 2018;100-B.

27. S igmund IK, McNally MA. Diagnosis of bone and joint infections. Orthop Trauma 
2019;33:144–152.

28. G ovaert GAM, Kuhl R, Atkins BL, et al. Diagnosing fracture-related infections: 
current concepts and recomendations (FRI Consensus Group). J Orthop Trauma 2020;34:8–17.

29.  Bémer P, Léger J, Tandé D, et al; Centre de Référence des Infections 
Ostéo-articulaires du Grand Ouest (CRIOGO) Study Team. How many samples 
and how many culture media to diagnose a prosthetic joint infection: a clinical and 
microbiological prospective multicenter study. J Clin Microbiol 2016;54:385–391.

30.  Minassian AM, Newnham R, Kalimeris E, Bejon P, Atkins BL, Bowler 
ICJW. Use of an automated blood culture system (BD BACTEC™) for diagnosis of prosthetic 
joint infections: easy and fast. BMC Infect Dis 2014;14:233.

31.  Peel TN, Sedarski JA, Dylla BL, et al. Laboratory workflow analysis of culture of 
periprosthetic tissues in blood culture bottles. J Clin Microbiol 2017;55:2817–2826.

32. D udareva M, Barrett L, Figtree M, et al. Sonication versus tissue sampling for 
diagnosis of prosthetic joint and other orthopaedic device-related infections. J Clin Microbiol 
2018;56:e00688-18.

33. O nsea J, Depypere M, Govaert G, et al. Accuracy of tissue and sonication fluid 
sampling for the diagnosis of fracture-related infection: a systematic review and critical 
appraisal. J Bone Jt Infect 2018;3:173–181.

34. O tchwemah R, Moczko T, Marche B, Mattner F, Probst C, Tjardes T. High 
prevalence of bacteria in clinically aseptic non-unions of the tibia and the femur in tissue 
biopsies. Eur J Trauma Emerg Surg 2018. [Epub ahead of print].

35.  Hotchen A, Dudareva M, Ferguson J, Rombach I, Scarborough M, 
McNally M. Does the BACH Classification of long bone osteomyelitis correlate with patient 
reported outcome measures following surgery? Bone Joint Res 2019;8:459–468.

36.  Conterno LO, Turchi MD. Antibiotics for treating chronic osteomyelitis in adults. 
Cochrane Database Syst Rev 2013;9:CD004439.

37. D efez C, Fabbro-Peray P, Bouziges N, et al. Risk factors for multidrug-resistant 
Pseudomonas aeruginosa nosocomial infection. J Hosp Infect 2004;57:209–216.

38. D oi Y, Park YS, Rivera JI, et al. Community-associated extended-spectrum 
β-lactamase-producing Escherichia coli infection in the United States. Clin Infect Dis 
2013;56:641–648.

39. S treet TL, Sanderson ND, Atkins BL, et al. Molecular diagnosis of orthopaedic-
device-related infection directly from sonication fluid by metagenomic sequencing. J Clin 
Microbiol 2017;55:2334–2347.

40. R enz N, Cabric S, Morgenstern C, Schuetz MA, Trampuz A. Value of PCR 
in sonication fluid for the diagnosis of orthopedic hardware-associated infections: has the 
molecular era arrived? Injury 2018;49:806–811.

41.  Parvizi J, Tan TL, Goswami K, et al. The 2018 definition of periprosthetic 
hip and knee infection: an evidence-based and validated criteria. J Arthroplasty 2018;33: 
1309-14 e2.

42.  Morgenstern M, Athanasou NA, Ferguson JY, Metsemakers WJ, Atkins 
BL, McNally MA. The value of quantitative histology in the diagnosis of fracture-related 
infection. Bone Joint J 2018;100-B:966–972.


