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a b s t r a c t 

Background: The recently developed fracture-related infection (FRI) consensus definition, which is based 

on specific diagnostic criteria, has not been fully validated in clinical studies. We aimed to determine 

the diagnostic performance of the criteria of the FRI consensus definition and evaluated the effect of the 

combination of certain suggestive and confirmatory criteria on the diagnostic performance. 

Methods: A multicenter, multi-national, retrospective cohort study was performed. Patients were subdi- 

vided into an FRI or a control group, according to the treatment they received and the recommendations 

from a multidisciplinary team (‘intention to treat’). Exclusion criteria were patients with an FRI diagnosed 

outside the study period, patients younger than 18 years of age, patients with pathological fractures or 

patients with fractures of the skull, cervical, thoracic and lumbar spine. Minimum follow up for all pa- 

tients was 18 months. 

Results: Overall, 637 patients underwent revision surgery for suspicion of FRI. Of these, 480 patients 

were diagnosed with FRI, treated accordingly, and included in the FRI group. The other 157 patients were 

included in the control group. The presence of at least one confirmatory sign was associated with a 

sensitivity of 97.5%, a specificity of 100% and a high discriminatory value (AUROC 0.99, p < 0.001). The 

presence of a clinical confirmatory criterion or, if not present, at least one positive culture was associated 

with the highest diagnostic performance (sensitivity: 98.6%, specificity: 100%, AUROC: 0.99 ( p < 0.001)). 

In the subgroup of patients without clinical confirmatory signs at presentation, specificities of at least 

95% were found for the clinical suggestive signs of fever, wound drainage, local warmth and redness. 

Conclusions: The presence of at least one confirmatory criterion identifies the vast majority of patients 

with an FRI and was associated with an excellent diagnostic discriminatory value. Therefore, our study 

validates the confirmatory criteria of the FRI consensus definition. Infection is highly likely in case of the 

presence of a single positive culture with a virulent pathogen. When certain clinical suggestive signs (e.g., 

wound drainage) are observed (individually or in combination and even without a confirmatory criterion), 

it is more likely than not, that an infection is present. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fracture-related infection (FRI) remains an important complica- 

ion after musculoskeletal trauma, with an enormous impact on 

atients and healthcare systems [ 1 , 2 ]. An early and accurate di- 
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gnosis is the first, vital step towards a successful treatment out- 

ome. Similar to periprosthetic joint infection (PJI), FRI can present 

ith a variety of clinical signs. However, there are also significant 

ifferences from PJI, such as the accompanying soft tissue or vas- 

ular injury, and the presence of a fracture. Furthermore, the di- 

gnostic algorithm for PJI is different with certain criteria that are 

ot available in FRI cases (e.g., synovial fluid). Although many stud- 

es and guidelines have been published on PJI, scientific evidence 

egarding the diagnosis of FRI has lagged behind [ 3 , 4 ]. Previous

tudies focusing on FRI either did not define diagnostic criteria or 

sed self-designed definitions or the more generic Centers for Dis- 

ase Control and Prevention (CDC) criteria for surgical site infec- 

ion (SSI) [5] . Using an inadequate definition for FRI risks underes- 

imating or overestimating the actual number of infections. More- 

ver, such poor diagnostics may make the interventions studied 

ppear better than they really are, thereby resulting in misleading 

onclusions. 

For the above-mentioned reasons, a consensus definition for FRI 

as created based on expert opinion, with the support of the AO 

Arbeitsgemeinschaft für Osteosynthesefragen) Foundation and the 

uropean Bone and Joint Infection Society (EBJIS) [3] . An updated 

ersion of this definition was published more recently [6] . The FRI 

onsensus definition utilizes two levels of certainty regarding the 

iagnosis of FRI in the form of confirmatory and suggestive cri- 

eria. FRI is only definitively confirmed, if one or more confirma- 

ory criteria are present [ 3 , 6 ]. Although recent studies endorse the

RI consensus definition [ 7 , 8 ], its diagnostic criteria have not been

ully validated. Because the clinical presentation of FRI is variable, 

nsight in the diagnostic performance of these criteria is relevant. 

We performed a multicenter, multi-national, retrospective co- 

ort study to: (a) determine the diagnostic performance of the in- 

ividual diagnostic criteria of the FRI consensus definition and (b) 

valuate the effect of the combination of certain suggestive and/or 

onfirmatory criteria, especially the ones available upon initial pa- 

ient presentation, on the diagnostic performance of this definition. 

ethods 

tudy design 

This was a multicenter, multi-national, retrospective cohort 

tudy. Fracture patients who were suspected of having an FRI be- 

ween January 2015 and November 2019 from the University Hos- 

itals Leuven (Belgium), the University Medical Center Gronin- 

en (the Netherlands), the University Medical Center Utrecht (the 

etherlands) and the Oxford University Hospitals (United King- 

om) were included. 

atients and study population 

All patients who underwent revision surgery for suspicion of 

RI within the study period were included in this study. Exclusion 

riteria were patients with an FRI diagnosed outside the study pe- 

iod, patients younger than 18 years of age, patients with patho- 

ogical fractures or patients with fractures of the hand, skull, cervi- 

al, thoracic and lumbar spine. Pathological fractures due to malig- 

ancy were excluded as these may cause similar clinical and labo- 

atory findings as infection, which may confound the study results. 

racture patients considered to have an infection and treated ac- 

ordingly (‘ intention to treat ’), based on best practice recommen- 

ations from a multidisciplinary team, were included in the FRI 

roup. This way of patient allocation was chosen due to the lack 

f a gold standard to define FRI patients. A multidisciplinary team 

as present in all participating centers and consisted of surgeons, 

nfectious disease specialists, microbiologists, radiologists and clin- 

cal pharmacists [4] . Patients who initially had a clinical suspi- 
1868 
ion of FRI, but eventually were not diagnosed and treated as such 

again based on best practice recommendations from the multidis- 

iplinary team), were included in the control group. All patients 

ere followed up for a minimum of 18 months. Recurrence of 

nfection after cessation of (surgical and antimicrobial) treatment 

as defined in a similar fashion as the primary infection, using 

ntention-to-treat, based on the recommendations of the multidis- 

iplinary team [4] . 

ariables and outcome measures 

Patient medical records were reviewed and patient demograph- 

cs including age, sex, body mass index (BMI) and American Society 

f Anesthesiologists (ASA) score recorded. Data related to the frac- 

ure were collected including localization, Gustilo-Anderson (GA) 

ype and time from primary fracture fixation to onset of symp- 

oms. All confirmatory and suggestive diagnostic criteria of the FRI 

onsensus definition ( Table 1 ) were scored as present or absent by 

ifferent reviewers (JO, JS, JF, FIJ, GG, MMcN, WJM). Serum inflam- 

atory markers were considered elevated in case of a white blood 

ell (WBC) count > 10 × 10 9 /L, a C-reactive protein level (CRP) > 5 

g/L or an erythrocyte sedimentation rate (ESR) > 20 mm/h. Single 

ositive culture tests were recorded only when a virulent pathogen 

as isolated. Virulent pathogens were defined a priori as Gram- 

egative bacilli, Staphylococcus aureus, Staphylococcus lugdunensis , 

nterococci, beta-hemolytic streptococci, milleri group streptococci, 

treptococcus pneumonia and Candida species [9] . The term ‘viru- 

ent’ refers to pathogens of high clinical importance (i.e., pathogens 

apable of producing disease and very often causing FRIs). The in- 

lusion of pathogens in the virulent category was based on the 

linical experience and consensus opinion of our infectious disease 

hysicians, as these pathogens have a high likelihood of causing 

isease. Sampling methods used in this study followed standard- 

zed protocols [ 6 , 10-12 ]. Single positive cultures with non-virulent 

athogens were not further evaluated as they were seen as con- 

aminants. 

tatistical analysis 

Descriptive and univariate analysis was performed using SPSS 

or Windows, version 25 (SPSS, Chicago, Illinois, USA). Normality 

f continuous data was tested with the Shapiro-Wilk test, which 

howed that all continuous data were nonparametric. Continuous 

ariables were compared using the Mann-Whitney U-test. Cate- 

orical variables were compared using the Fisher’s exact test or 

hi-square test, as appropriate. P-values less than 0.05 (2-sided 

est) were considered statistically significant. Diagnostic properties 

nd discrimination of the consensus criteria were calculated us- 

ng MedCalc Statistical Software version 18.2.1. (MedCalc Software 

vba, Ostend, Belgium; http://www.medcalc.org ; 2018). Sensitivity 

or true positive rate, which is the ability of a test to correctly 

dentify patients with FRI), specificity (or true negative rate, which 

s the ability of a test to correctly identify people without FRI), and 

rea under the receiver operating curve (AUROC) are reported with 

5% confidence interval (95% CI). 

election of suggestive diagnostic criteria for secondary analysis 

To investigate the diagnostic performance (i.e., sensitivity and 

pecificity) of sets of suggestive criteria in the entire study pop- 

lation, in the subgroup of patients who did not present with 

linical confirmatory criteria or in the subgroup of patients who 

resented with phenotypically indistinguishable pathogens isolated 

rom at least two separate deep tissue specimens (microbiological 

onfirmatory criterion), suggestive diagnostic criteria were selected 

http://www.medcalc.org
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Table 1 

Diagnostic criteria based on the consensus definition for fracture-related infection. 

Confirmatory criteria 

Clinical signs 

Fistula, sinus or wound breakdown (with communication with the bone or implant) 

Purulent drainage from the wound or presence of pus during surgery 

Microbiology signs 

Phenotypically indistinguishable microorganisms isolated from at least two separate deep tissue or implant specimens 

Histopathological signs 

Presence of microorganisms in deep tissue specimens, confirmed by histopathology 

For chronic or late-onset cases: the presence of at least five polymorphonuclear neutrophils per high-power field 

Suggestive criteria 

Local clinical signs of inflammation 

Local redness 

Pain (without weight bearing, increasing over time, new-onset) 

Local swelling 

Local warmth 

Systemic clinical signs 

Fever (single oral temperature measurement of ≥38.3 °C (101 °F) 

Other clinical signs 

New-onset joint effusion 

Persistent, increasing or new-onset wound drainage, beyond the first few days postoperatively, without solid alternative explanation 

Radiological (conventional radiography, CT, MRI) signs 

Nuclear imaging (WBC scan, 18 F FDG-PET) signs 

Laboratory signs 

Elevated serum inflammatory markers (WBC, CRP and/or ESR) 

Microbiology signs 

Pathogenic organism identified by culture from a single deep tissue or implant specimen 

WBC: white blood cell count; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate. 
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ased on the following conditions: [1] the test had to be avail- 

ble for the majority of patients ( > 50%) in both the FRI and con-

rol group; [2] the test should be associated with a high specificity 

defined as ≥80%) and a significant discriminatory value (AUROC 

 50%, p < 0.05). 

thics approval 

The study protocol was conducted following good clinical prac- 

ice guidelines and was approved by the Ethics Committee of the 

niversity Hospitals Leuven, Belgium (Ethics Committee Research 

Z/KU Leuven; S62394). A data sharing agreement was signed be- 

ween participating centers. 

esults 

atient demographics, fracture characteristics and outcome 

During the study period, 637 patients underwent revision 

urgery for suspicion of FRI. Of these, 480 patients were diag- 

osed with FRI, treated accordingly, and included in the FRI group. 

our of these patients were diagnosed with two FRIs, at different 

natomical localizations and at different moments in time. There- 

ore, the FRI group consisted of 480 patients with 484 FRIs. The 

ther 157 patients were included in the control group ( Fig. 1 ). 

atient characteristics are presented in Table 2 . Patients in both 

roups were similar in age, BMI and ASA score distribution. The 

RI group consisted of more men ( n = 329, 68.5%) compared to 

he control group ( n = 72, 45.9%) ( p < 0.001). 

The distribution of fracture locations differed between both 

roups ( p < 0.001). In the FRI group, most fractures involved the 

ibia and/or fibula, followed by the femur and humerus. In the con- 

rol group, most fractures involved the femur, followed by the tibia 

nd/or fibula, and the humerus. The percentage of open fractures 

nd their severity (GA type) was similar in both groups (29% vs 

2%; p = 0.100), as was the percentage of unhealed fractures (82% 

s 81%; p = 0.810). The median time between primary fracture fix- 

tion and onset of symptoms was significantly longer in the control 
1869 
roup (284 days, P 25 - P 75 132-447) compared to the FRI group (42 

ays, P 25 - P 75 15 - 191) ( p < 0.001). 

As mentioned earlier, all patients were followed up for a min- 

mum of 18 months with evaluation of the outcome. During the 

ollow-up period, none of the patients in the control group devel- 

ped an infection (0/157). The overall recurrence rate in the FRI 

roup was 11.6% (56/480) ( p < 0.001). 

iagnostic performance of individual criteria 

The prevalence and diagnostic performance for each individ- 

al diagnostic criterion in the entire study population is shown in 

able 3 . 

onfirmatory criteria ( Table 3 ) 

Confirmatory signs were only present in the FRI group ( Fig. 1 ), 

hich corresponds to a specificity of 100% for each separate confir- 

atory criterion. A fistula, sinus, or wound breakdown was present 

n 241 (49.8%) FRI patients. Purulent drainage from the wound or 

us during surgery was present in 237 (49.0%) patients. In 426 

88.0%) FRI patients, infection was confirmed by phenotypically in- 

istinguishable microorganisms isolated from at least two separate 

eep tissue cultures. Negative cultures were found in 41 (8.5%) FRI 

atients and in all (100%) control patients. In the FRI group, 97 pa- 

ients (20.0%) were treated with antibiotics within 14 days prior 

o tissue sampling, compared to none of the patients in the con- 

rol group ( p < 0.001) ( Table 2 ). The histopathological presence of 

isible pathogens using different staining techniques for bacteria 

nd fungi ( n = 90) was found in 13 (14.4%) FRI patients. In the

RI group for whom a polymorphonuclear neutrophil (PMN) count 

histopathology) was performed ( n = 90), at least 5 PMNs per 

igh-power field (PMNs/HPF) were present in 56 (62.2%) patients. 

ecause histopathology was only performed in a small number of 

atients in both the FRI ( n = 90, 18.6%) and control ( n = 24,

5.3%) group, this diagnostic modality was excluded from the sec- 

ndary analyses. Any confirmatory sign (excluding histopathology) 

as present in 97.5% of the FRI cases and was associated with a 
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Fig 1. Study flowchart describing the prevalence of confirmatory and suggestive signs in the control group and within the FRI group. Percentages are shown between 

brackets. Frequencies and percentages in bold are calculated using the FRI group as the denominator, regardless of the presence or absence of confirmatory signs. MDT: 

multidisciplinary team; FRI: fracture-related infection; ESR: erythrocyte sedimentation rate; WBC: white blood cell count; CRP: C-reactive protein. 
∗These tests were not performed in all patients, the reported percentages are relative to the total number of patients for whom the test was available. 
∗∗Single positive culture caused by virulent pathogens. Virulent pathogens were defined a priori as Gram-negative bacilli, Staphylococcus aureus, Staphylococcus lugdunensis , 

enterococci, beta-hemolytic streptococci, milleri group streptococci, Streptococcus pneumonia and Candida species. 

1870 
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Table 2 

Patient and fracture characteristics for patients with (FRI group) versus without FRI (control group). 

Parameter Overall( N = 637) FRI group( N = 480) Control group ( N = 157) p-value 

N 

∗ N 

∗ N 

∗

Age (years) 637 52 (39-65) 480 52 (39-64) 157 53 (40-66) 0.570 

Male sex 637 401 (63.0) 480 329 (68.5) 157 72 (45.9) < 0.001 

BMI (kg/m 

2 ) 632 26.3 (23.2-29.9) 475 26.4 (23.4-30.0) 157 25.6 (22.9-29.6) 0.249 

ASA score 1 637 170 (26.7) 480 123 (25.6) 157 47 (29.9) 0.261 

2 327 (51.3) 250 (52.1) 77 (49.0) 

3 131 (20.6) 98 (20.4) 33 (21.0) 

4 9 (1.4) 9 (1.9) 0 (0.0) 

Fracture localization 1 Humerus 641 75 (11.7) 484 38 (7.9) 157 37 (23.6) < 0.001 

Clavicle 23 (3.6) 18 (3.7) 5 (3.2) 

Radius or ulna 49 (7.6) 36 (7.4) 13 (8.3) 

Femur 141 (22.0) 87 (18.0) 54 (34.4) 

Tibia and/or fibula 297 (46.3) 252 (52.1) 45 (28.7) 

Foot 21 (3.3) 19 (3.9) 2 (1.3) 

Pelvic ring or acetabulum 25 (3.9) 24 (5.0) 1 (0.6) 

Patella 5 (0.8) 5 (0.4) 0 (0.0) 

Rib or sternum 4 (0.6) 4 (0.8) 0 (0.0) 

Scapula 1 (0.2) 1 (0.2) 0 (0.0) 

Open fracture 1 641 177 (27.6) 484 142 (29.3) 157 35 (22.3) 0.100 

GA type I 177 41 (23.2) 142 29 (20.4) 35 12 (34.3) 0.104 

II 58 (32.8) 51 (35.9) 7 (20.0) 

III 78 (44.1) 62 (43.7) 16 (45.7) 

Healing status 1 Healed 641 113 (17.6) 484 84 (17.4) 157 29 (18.5) 0.810 

Unhealed 528 (82.4) 400 (82.6) 128 (81.5) 

Time from primary fixation until onset of symptoms (days) 1 641 73 (18-316) 484 42 (15-191) 157 284 (132-447) < 0.001 

Antibiotic therapy less than two weeks prior to revision surgery (tissue sampling) 641 97 (15.1) 484 97 (20.0) 157 0 (0.0) < 0.001 

Data are shown as median (P 25 - P 75 ) or as N (%). N 

∗ , number of patients or FRIs for whom data were available. FRI: fracture-related infection; BMI: body mass index; 

ASA: American Society for Anaesthesiologists; GA: Gustilo-Anderson; FDA: Food and Drug Administration. 
1 The number of fractures adds up to a total of 641 because four patients suffered from two FRIs at different anatomical localizations. 

Fig 2. Receiver operating curve for the presence of any confirmatory sign excluding 

histopathology. The AUC (AUROC) for this parameter is 0.99 ( p < 0.001). AUC: area 

under the curve. 
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pecificity of 100% and a high discriminatory value (AUROC 0.99, 

 < 0.001) ( Fig. 2 ). 

Twelve FRI patients did not have any clinical or microbiological 

onfirmatory criteria. In five of these 12 patients, histopathological 

nalysis showed the presence of at least 5 PMNs/HPF. The diag- 

ostic profile of the remaining seven patients who did not have 

ny confirmatory criterion is summarized in Table 4 . Five of these 
1871 
atients had a single positive culture with a virulent pathogen 

cultures were taken under antibiotic treatment in three of them). 

hese five patients also all had clinical suggestive signs. Further- 

ore, one of these patients had a positive FDG-PET scan. The re- 

aining two patients had negative cultures, which were taken un- 

er antibiotic therapy. These two patients both had clinical sug- 

estive signs (i.e., fever, redness, swelling, local warmth) and an 

levated CRP level. For the above-mentioned reasons, the multi- 

isciplinary team considered these seven patients as infected and 

reated them as such. 

linical signs 

Regarding local clinical suggestive signs, pain was more preva- 

ent in the control ( n = 107, 68.2%) than in the FRI group 

 n = 233, 48.1%) ( p < 0.001). The sensitivity and specificity of pain

ere 48.1% and 31.8%, respectively. The presence of any local clin- 

cal sign of inflammation (i.e., local redness, swelling, or warmth), 

xcluding pain, was associated with a sensitivity of 69.4%, a speci- 

city of 84.1% and an AUROC of 0.77 ( p < 0.001). Fever was more

ften present in the FRI group (11.4% vs 1.3%, p < 0.001) and had 

 sensitivity of 11.4%, a specificity of 98.7% and an AUROC of 0.55 

 p < 0.001). Persisting, increasing or new-onset wound drainage 

ad a sensitivity of 38.6%, a specificity of 97.5% and an AUROC of 

.68 ( p < 0.001). New-onset joint effusion had a sensitivity of 7.6% 

nd a specificity of 90.4%. 

adiological and nuclear imaging signs 

Radiological signs [ 3 , 4 ] – as evaluated by conventional radiog- 

aphy (x-ray) in 390 (80.6%) FRI and 138 (87.9%) control patients –

ere more prevalent in the control ( n = 80, 58.0%) than in the FRI

roup ( n = 171, 43.8%) ( p = 0.005). The presence of any radiolog-

cal sign (on conventional radiography, CT or MRI) had no signifi- 

ant discriminatory value to diagnose FRI (AUROC 0.54, p = 0.076). 

egarding nuclear imaging, the presence of any nuclear imaging 

ign was associated with a sensitivity of 58.7%, a specificity of 

8.5% and an AUROC of 0.74 ( p < 0.001). Furthermore, the 18 F- 
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Table 3 

Prevalence, diagnostic performance and area under the receiver operating curve of individual confirmatory and suggestive signs. 

Sign present Prevalence Diagnostic performance Discrimination 

FRI ( N = 484) Control ( N = 157) p-value N 

∗
Sensitivity 

(95% CI) 

Specificity 

(95% CI) 

AUROC 

(95% CI) p-value 

N 

∗ N 

∗

CONFIRMATORY CRITERIA 

Clinical signs 

Fistula, sinus, or 

wound breakdown 

484 241 (49.8) 157 0 (0.0) < 0.001 641 49.8 (45.2-54.3) 100.0 (97.7-100.0) 0.75 (0.73-0.77) < 0.001 

Purulent drainage or 

pus 

484 237 (49.0) 157 0 (0.0) < 0.001 641 49.0 (44.4-53.5) 100.0 (97.7-100.0) 0.75 (0.72-0.77) < 0.001 

Microbiological signs 

Phenotypically 

indistinguishable 

microorganisms 

isolated from at least 

two separate deep 

cultures 

484 426 (88.0) 157 0 (0.0) < 0.001 641 88.0 (84.8-90.8) 100.0 (97.7-100.0) 0.94 (0.93-0.96) < 0.001 

Histopathological signs 

Histological presence 

of microorganisms 

90 13 (14.4) 24 0 (0.0) 0.067 114 14.4 (7.9-23.4) 100.0 (85.8-100.0) 0.57 (0.54-0.61) < 0.001 

Histological presence 

of ≥ 5 PMNs/HPF 

90 56 (62.2) 24 0 (0.0) < 0.001 114 62.2 (51.4-72.2) 100.0 (85.8-100.0) 0.81 (0.76-0.86) < 0.001 

Any confirmatory sign 

excl. histopathology 1 
484 472 (97.5) 157 0 (0.0) < 0.001 641 97.5 (95.7-98.7) 100.0 (97.7-100.0) 0.99 (0.98-1.00) < 0.001 

Any confirmatory sign 

incl. histopathology 1 
90 88 (97.8) 24 0 (0.0) < 0.001 114 97.8 (92.2-99.7) 100.0 (85.8-100.0) 0.99 (0.97-1.00) < 0.001 

SUGGESTIVE CRITERIA 

Local clinical signs of inflammation 

Redness/rubor 484 274 (56.6) 157 8 (5.1) < 0.001 641 56.6 (52.1-61.1) 94.9 (90.2-97.8) 0.76 (0.73-0.79) < 0.001 

Local warmth/calor 484 109 (22.5) 157 4 (2.5) < 0.001 641 22.5 (18.9-26.5) 97.5 (93.6-99.3) 0.60 (0.58-0.62) < 0.001 

Swelling/tumor 484 227 (46.9) 157 18 (11.5) < 0.001 641 46.9 (42.4-51.5) 88.5 (82.5-93.1) 0.68 (0.64-0.71) < 0.001 

Pain/dolor 484 233 (48.1) 157 107 (68.2) < 0.001 641 48.1 (46.6-52.7) 31.8 (24.6-39.7) 0.60 (0.56-0.64) < 0.001 

Any local clinical sign 

of inflammation 1 
484 388 (80.2) 157 115 (73.2) < 0.001 641 80.2 (76.3-83.6) 26.8(20.0-34.4) 0.54 (0.50-0.57) 0.082 

Any local clinical sign 

of inflammation (excl. 

pain) 1 

484 336 (69.4) 157 25 (15.9) < 0.001 641 69.4 (65.1-73.5) 84.1 (77.4-89.4) 0.77 (0.73-0.80) < 0.001 

Systemic clinical signs 

Fever ≥ 38.3 °C 484 55 (11.4) 157 2 (1.3) < 0.001 641 11.4 (8.7-14.5) 98.7 (95.5-99.8) 0.55 (0.53-0.57) < 0.001 

Other clinical signs 

New-onset joint 

effusion 

484 37 (7.6) 157 15 (9.6) 0.501 641 7.6 (5.4-10.4%) 90.4 (84.7-94.6) 0.51 (0.48-0.54) 0.471 

Wound drainage 484 187 (38.6) 157 4 (2.5) < 0.001 641 38.6 (34.3-43.1) 97.5 (93.6-99.3) 0.68 (0.66-0.71) < 0.001 

Radiological signs 

Any radiological sign 1 414 194 (46.9) 152 84 (55.3) 0.088 566 46.9 (42.0-51.8) 44.7 (36.7-53.0) 0.54 (0.50-0.59) 0.076 

Conventional 

radiography 

390 171 (43.8) 138 80 (58.0) 0.005 528 43.8 (38.9-48.9) 42.0 (33.7-50.7) 0.57 (0.52-0.62) 0.004 

CT-scan 156 75 (48.1) 91 49 (53.8) 0.429 247 48.1 (40.0-56.2) 46.2 (35.6-56.9) 0.53 (0.46-0.59) 0.383 

MRI-scan 7 4 (57.1) 1 0 (0.0) 1.000 8 57.1 (18.4-90.1) 100.0 (2.5-100.0) N.A. N.A. 

Nuclear imaging signs 

Any nuclear imaging 

sign 1 
46 27 (58.7) 26 3 (11.5) < 0.001 72 58.7 (43.2-73.0) 88.5 (69.8-97.6) 0.74 (0.64-0.83) < 0.001 

WBC scan 24 12 (50.0) 20 3 (15.0) 0.025 44 50.0 (29.1-70.9) 85.0 (62.1-96.8) 0.68 (0.55-0.81) 0.008 
18 F-FDG-PET scan 23 15 (65.2) 8 0 (0.0) 0.002 31 65.2 (42.7-83.6) 100.0 (63.1-100.0) 0.83 (0.73-0.93) < 0.001 

Laboratory signs 

ESR > 20 mm/h 37 23 (62.2) 8 1 (12.5) 0.017 45 62.2 (44.8-77.5) 87.5 (47.3-99.7) 0.75 (0.60-0.89) 0.001 

WBC count > 

10 × 10 9 /L 

427 169 (39.6) 92 10 (10.9) < 0.001 519 39.6 (34.9-44.4) 89.1 (80.9-94.7) 0.64 (0.60-0.68) < 0.001 

CRP level > 5 mg/L 425 332 (78.4) 78 37 (47.4) < 0.001 503 78.4 (74.1-82.2) 52.6 (40.9-64.0) 0.66 (0.60-0.71) < 0.001 

Microbiological signs 

Single positive culture 2 58 17 (29.3) 157 0 (0.0) < 0.001 215 29.3 (18.1-42.7) 100.0 (97.7-100.0) 0.65 (0.59-0.71) < 0.001 

Prevalence data are shown as N (%) for patients with versus without FRI. Significance of difference is tested using the Chi-square or Fisher’s exact test, as applicable. 

Diagnostic performance parameters sensitivity and specificity are shown as percentages with 95% CI. The area under the receiver operating curve (AUROC) is shown 

with 95% CI and associated p-value. N 

∗ , number of patients for whom data are available. FRI: fracture-related infection; PMN: polymorphonuclear neutrophil; HPF: high- 

power field; CT: computed tomography; MRI: magnetic resonance imaging; N.A.: not applicable; WBC: white blood cell; FDG-PET: fluorodeoxyglucose positron emission 

tomography; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein. 
1 The criterion was scored as ‘present’ if any one of the mentioned signs was present, while it was scored as ‘absent’ if none of the mentioned signs were present. 
2 The percentage and diagnostic performance of a single positive culture was calculated relative to the patients who had no confirmatory microbiological signs (i.e., 

either single positive cultures or negative culture results). 

1872 
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Table 4 

Characteristics of seven FRI patients who did not present with any confirmatory signs. 

Prevalence 

Patient demographics (n = 7) 

Age 63 (52.0 – 74.0) 

Male sex 6 (85.7) 

BMI (kg/m ²) 29.7 (27.1 – 33.1) 

ASA score 

1 3 (42.9) 

2 3 (42.9) 

3 1 (14.2) 

4 0 (0.0) 

Fracture localization 

Humerus 1 (14.2) 

Femur 2 (28.7) 

Tibia 3 (42.9) 

Tibia and fibula 1 (14.2) 

Open fracture 1 (14.2) 

GA type I 0 (0.0) 

II 0 (0.0) 

III 1 (100.0) 

Healing status 

Healed 1 (14.2) 

Unhealed 6 (85.8) 

Time from primary fixation until onset of symptoms 398.4 (29.0 – 882.0) 

Suggestive signs 

Local clinical signs (n = 7) 

Any local clinical sign 7 (100.0) 

Any local clinical sign (excl. pain) 6 (85.7) 

Redness 4 (57.1) 

Pain 5 (71.4) 

Swelling 5 (71.4) 

Local warmth 2 (28.6) 

Systemic clinical signs (n = 7) 

Fever ≥ 38.3 °C 3 (42.9) 

Other clinical signs (n = 7) 

New-onset joint effusion 2 (28.6) 

Wound drainage 1 (14.2) 

Radiological signs (n = 7) 

Any radiological sign 4 (57.1) 

Standard radiography(n = 7) 3 (42.9) 

CT scan (n = 3) 3 (100.0) 

Nuclear imaging signs 
18 F-FDG-PET (n = 1) 1 (100) 

Laboratory signs 

WBC count > 10 × 10 9 /L (n = 7) 3 (42.9) 

CRP level > 5 mg/L (n = 6) 6 (100.0) 

Microbiological signs (n = 7) 

Single positive culture 2 , 3 5 (71.4) 

Negative cultures 4 2 (28.6) 

Combination of clinical and microbiological signs (n = 7) 

Any clinical sign (redness/swelling/warmth or fever or wound drainage) and if not present, a single positive culture 1 , 2 7 (100.0) 

Prevalence is shown as N (%) or as median (P 25 – P 75 ) for patients with FRI who did not have any confirmatory signs (excluding histopathology). In five 

out of these patients (41.7%), histopathological analysis showed the presence of ≥ 5 PMNs/HPF. FRI: fracture-related infection; BMI: body mass index; ASA: 

American Society for Anaesthesiologists; GA: Gustilo-Anderson; CT: computed tomography; MRI: magnetic resonance imaging; N.A.: not applicable; WBC: 

white blood cell; FDG-PET: fluorodeoxyglucose positron emission tomography; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein. 
1 The criterion was scored as ‘present’ if any one of the mentioned signs was present, while it was scored as ‘absent’ if none of the mentioned signs 

were present. 
2 Single positive culture caused by virulent pathogens. Virulent pathogens were defined a priori as Gram-negative bacilli, Staphylococcus aureus, Staphylo- 

coccus lugdunensis , enterococci, beta-hemolytic streptococci, milleri group streptococci, Streptococcus pneumonia and Candida species. The isolated pathogens 

in this group consisted of S. aureus, S. lugdunensis, Burkholderia cepacia and Citrobacter koseri . 
3 In three patients, cultures were taken during antibiotic treatment or antibiotic treatment was given within two weeks prior to sampling. 
4 In both patients, cultures were taken during antibiotic treatment or antibiotic treatment was given within two weeks prior to sampling. 
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DG-PET scan was associated with a specificity of 100% and an AU- 

OC of 0.83 ( p < 0.001). However, nuclear imaging (WBC scan or 
8 F-FDG-PET scan) was performed in a low sample size of 46 FRI 

nd 26 control patients. 

aboratory signs 

WBC count and CRP level were elevated more often in the FRI 

roup compared to the control group ( p < 0.001). WBC count was 

ssociated with a sensitivity of 39.6%, a specificity of 89.1% and an 

UROC of 0.64 ( p < 0.001). CRP was associated with a sensitivity 

f 78.3%, a specificity of 52.6% and an AUROC of 0.65 ( p < 0.001).
1873 
he sensitivity and specificity of ESR was 62.2% and 87.5%, respec- 

ively, with an AUROC of 0.75 ( p < 0.001). However, ESR was only 

etermined in 37 (7.6%) FRI patients and eight (5.1%) control pa- 

ients. 

icrobiology signs 

The diagnostic performance of a single positive culture with a 

irulent pathogen was determined in the FRI subgroup that did not 

ulfill the confirmatory criterion of phenotypically indistinguish- 

ble microorganisms isolated from at least two separate deep tis- 

ue cultures ( n = 58). Overall, in 17 of these patients a single 
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ositive culture with a virulent pathogen was retrieved. Four were 

nder antibiotic therapy at time of surgery. In the group with a 

ingle positive culture, the recurrence rate was 17.6% ( n = 3). The 

ensitivity of a single positive culture with a virulent pathogen 

n the selected population was 29.3% and the AUROC was 0.65 

 p < 0.001). In the control group, all cultures were negative, which 

orresponds to a specificity of 100%. As mentioned above, nega- 

ive cultures were found in 41 FRI patients. Twenty-one were un- 

er antibiotic therapy at time of surgery. The recurrence rate in the 

ulture-negative group was 17.1% ( n = 7). 

iagnostic performance of a selection of confirmatory and suggestive 

riteria 

To simulate our daily clinical practice, where a patient often 

resents for the first time with a suspicion of FRI, a secondary 

nalysis was performed using combinations of signs. This analy- 

is was performed to assess the performance of the presence of 

a) clinical confirmatory criteria, (b) clinical confirmatory signs or, 

f not present, of select suggestive signs in the entire study popu- 

ation, (c) select suggestive signs in the subgroup of patients who 

id not present with any clinical confirmatory signs, and (d) select 

uggestive signs in the subgroup of patients who presented with 

henotypically indistinguishable pathogens isolated from at least 

wo separate deep tissue specimens. Herewith we not only evalu- 

te if certain combinations of signs improve the diagnostic perfor- 

ance of the definition but also try to simulate the first patient 

ontact at the outpatient clinic or emergency department. 

iagnostic performance of clinical confirmatory criteria ( Table 5 ) 

The presence of clinical confirmatory signs that are evident 

t presentation, i.e., purulent drainage or the presence of a fis- 

ula/sinus/wound breakdown, was determined in the FRI and con- 

rol groups as a first step. Any one of these clinical confirmatory 

igns were present in 359 (74.2%) FRI patients and in none of the 

ontrol patients, corresponding to a sensitivity of 74.2%, a speci- 

city of 100%, and an AUROC of 0.87 ( p < 0.001) ( Table 5 ). 

iagnostic performance of selected suggestive clinical signs in the 

hole study population ( Table 5 ) 

We evaluated the presence of selected suggestive signs 

see Methods sections) ( Table 5 ) in the entire patient popula- 

ion. The following signs were included in the analysis: red- 

ess/swelling/local warmth, fever, wound drainage, WBC count ele- 

ation, and a single positive culture caused by a virulent pathogen. 

ll individual diagnostic alternatives to the clinical confirmatory 

igns had an AUROC exceeding 0.80 ( p < 0.001), regardless of the 

uggestive clinical criterion that was evaluated. The presence (a) of 

 clinical confirmatory criterion or (b) if not present, of any of the 

elected clinical suggestive signs corresponded to a sensitivity of 

1.3%, a specificity of 80.9% and an AUROC of 0.86 ( p < 0.001). This

roves the importance of any clinical (inflammatory) sign (exclud- 

ng pain) in the diagnostic pathway for FRI. When this analysis was 

epeated with an elevated WBC count as an additional suggestive 

riterion (i.e., the presence (a) of a clinical confirmatory criterion 

r (b) if not present, of any of the selected clinical suggestive signs 

ith an elevated WBC count), sensitivity increased to 95.5%, but 

pecificity decreased to 58.5%. The AUROC for this set of criteria 

as 0.77 ( p < 0.001). The presence of (a) a clinical confirmatory 

riterion or (b) if not present, at least one positive culture was as- 

ociated with a sensitivity of 98.6%, a specificity of 100% and an 

UROC of 0.99 ( p < 0.001). 
1874 
iagnostic performance of selected suggestive signs in the subgroup 

f patients who did not present with any clinical confirmatory signs 

 Table 6 ) 

Table 5 includes the whole patient population. In order to gain 

dditional insight into the added value of clinical suggestive signs 

n the absence of clinical confirmatory signs, a subgroup analysis 

as done. The 359 patients in the FRI group who presented with 

ny of the clinical confirmatory signs were excluded. This subgroup 

nalysis, as detailed in Table 6 , therefore only included patients 

ho did not present with clinical confirmatory signs ( n = 125, 

6% for the FRI group, n = 157, 100% for the control group). 

he presence of any clinical suggestive sign was associated with 

 sensitivity of 66.4%, a specificity of 80.9% and an AUROC of 0.74 

 p < 0.001). When WBC count elevation was added to this analy- 

is, sensitivity increased to 80.0% but specificity decreased to 65.0% 

ith an AUROC of 0.73 ( p < 0.001). Finally, the presence of wound 

rainage as an individual factor seems to be important as well with 

 sensitivity of 28.8%, a specificity of 97.5% and an AUROC of 0.63 

 p < 0.001). 

iagnostic performance of selected suggestive signs in the subgroup 

f patients who presented with phenotypically indistinguishable 

icroorganisms isolated from at least two separate deep tissue 

pecimens ( Table 7 ) 

To further support our findings, a subanalysis ( Table 7 ) was per- 

ormed in which we used the presence of the microbiological con- 

rmatory criterion, which was recently validated [10] , as the ref- 

rence standard. A similar diagnostic performance for all selected 

uggestive signs was found for this subpopulation of FRI cases 

 n = 426), compared to the entire study population of FRI cases 

sing intention to treat as a reference standard ( n = 484). 

iscussion 

This multicenter, multi-national study validated the diagnostic 

riteria of the FRI consensus definition in a population of patients 

ith suspected FRI who underwent revision surgery. Our results 

how that the presence of any confirmatory criterion had a high 

iagnostic discriminatory value and a sensitivity and specificity of 

7.5% and 100%, respectively. Below we will discuss the results 

ased on the two main study aims. 

1) Determine the diagnostic performance of the individual con- 

rmatory and suggestive criteria of the FRI consensus definition 

• Confirmatory criteria 

Confirmatory criteria, which are considered as pathognomonic 

or FRI [3] , were only present in the FRI group. We demonstrated 

hat the presence of any clinical or microbiological confirmatory 

riterion has a sensitivity of 97.5% and 100%, respectively. There- 

ore, our study validates the confirmatory criteria of the FRI con- 

ensus definition. 

The microbiological confirmatory criterion (phenotypically in- 

istinguishable pathogens isolated from at least two deep tissue 

pecimens) had a high sensitivity of 88.0% and a specificity of 

00%. This diagnostic performance is higher than reported in a re- 

ent study that aimed to validate the microbiological criteria for 

he diagnosis of FRI [10] . In that study, a sensitivity and specificity 

f 68% and 87%, respectively, was reported when at least two out 

f five cultures were positive with the same pathogen [10] . The au- 

hors used only the clinical confirmatory criteria and histopathol- 

gy to allocate patients either to an infected or a control group. 

icrobiological criteria were omitted to avoid incorporation bias, 

hich could result in an underestimation of their diagnostic per- 

ormance [10] . In nonunions thought to be aseptic before surgery, 
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Table 5 

Subanalyses using sets of confirmatory or suggestive signs in the entire study population. 

FRI ( N = 484) Control ( N = 157) p-value N 

∗ Sensitivity (95% CI) Specificity (95% CI) AUROC (95% CI) p-value 

N 

∗ N 

∗

Evaluation of clinical confirmatory signs 

Purulent drainage/pus 

or fistula/sinus/wound 

breakdown 1 

484 359 (74.2) 157 0 (0.0) < 0.001 641 74.2 (70.0-78.0) 100.0 (97.7-100.0) 0.87 (0.85-0.89) < 0.001 

Evaluation of clinical confirmatory signs with suggestive clinical and/or laboratory signs 

Purulent drainage/pus 

or fistula/sinus/wound 

breakdown, and if not 

present, red- 

ness/swelling/warmth 1 

484 425 (87.8) 157 25 (15.9) < 0.001 641 87.8 (84.6-90.6) 84.1 (77.4-89.4) 0.86 (0.83-0.89) < 0.001 

Purulent drainage/pus 

or fistula/sinus/wound 

breakdown, and if not 

present, fever 1 

484 371 (76.7) 157 2 (1.3) < 0.001 641 76.7 (72.6-80.4) 98.7 (95.5-99.8) 0.88 (0.86-0.90) < 0.001 

Purulent drainage/pus 

or fistula/sinus/wound 

breakdown, and if not 

present, wound 

drainage 1 

484 395 (81.6) 157 4 (2.5) < 0.001 641 81.6 (77.9-85.0) 97.5 (93.6-99.3) 0.90 (0.87-0.92) < 0.001 

Purulent drainage/pus 

or fistula/sinus/wound 

breakdown, and if not 

present, any clinical 

sign (redness/swelling/ 

warmth or fever or 

wound drainage) 1 

484 442 (91.3) 157 30 (19.1) < 0.001 641 91.3 (88.5-93.7) 80.9 (73.9-86.7) 0.86 (0.83-0.89) < 0.001 

Purulent drainage/pus 

or fistula/sinus/wound 

breakdown, and if not 

present, any clinical 

sign (redness/swelling/ 

warmth or fever or 

wound drainage) or 

WBC count 

elevation 1 , 2 

469 448 (95.5) 106 44 (41.5) < 0.001 575 95.5 (93.2-97.2) 58.5 (48.5-68.0) 0.77 (0.72-0.82) < 0.001 

Evaluation of clinical confirmatory signs with microbiological signs (confirmatory and suggestive) 

Purulent drainage/pus 

or fistula/sinus/wound 

breakdown and if not 

present, at least one 

positive culture 1 , 3 

484 477 (98.6) 157 0 (0.0) < 0.001 641 98.6 (97.0-99.4) 100.0 (97.7-100.0) 0.99 (0.99-1.00) < 0.001 

Prevalence data are shown as N (%) for patients with versus without FRI. Significance of difference is tested using the Chi-square or Fisher’s exact test, as applicable. 

Diagnostic performance parameters sensitivity and specificity are shown as percentages with 95% CI. The area under the receiver operating curve (AUROC) is shown with 

95% CI and associated p-value. N 

∗ , number of patients for whom data are available. FRI: fracture-related infection; WBC: white blood cell. 
1 The criterion was scored as ‘present’ if any of the mentioned signs was present, while it was scored as ‘absent’ if none of the mentioned signs were present. 
2 Because WBC count was not performed in all patients, the percentage and diagnostic performance was calculated relative to the patients for whom WBC count was 

available. 
3 A single positive culture was only included in this study when a virulent pathogen was isolated. Virulent pathogens were defined a priori as Gram-negative bacilli, 

Staphylococcus aureus, Staphylococcus lugdunensis , enterococci, beta-hemolytic streptococci, milleri group streptococci, Streptococcus pneumonia and Candida species. 
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ositive culture rates of up to 40% have been described [ 13 , 14 ].

owever, in our study cohort, none of the patients in the con- 

rol group had positive cultures, corresponding to a specificity of 

00%. This can be explained by the fact that patient inclusion in 

he FRI or control group was done after surgery, taking into ac- 

ount the culture results. Furthermore, of the 400 fractures in the 

RI group that were unhealed, 35 (8.8%) were culture negative. 

even of these patients presented without confirmatory signs and 

re described in Table 4 . Sixteen patients (4.0%) had a single pos- 

tive culture caused by a virulent pathogen, while the vast major- 

ty of patients with unhealed fractures (349 patients, 87.3%) had at 

east two deep tissue cultures with phenotypically indistinguish- 

ble pathogens. This, compared to no double or single positive cul- 

ure results in the control group, and, considering the fact that all 

atients were followed up for at least 18 months, indicates that our 

esults are reliable. Although there is no ‘gold standard’ to diag- 

ose FRI, we believe that our approach using the multidisciplinary 

eam recommendation was optimal because this recommendation 

as based on all available data for each patient. Finally, in our pa- 
c

1875 
ient cohort the specificity of both histopathological criteria was 

00%. Although histopathology was only performed in a relatively 

mall subset of patients (and only in chronic cases) and therefore 

ot further evaluated, these results are consistent with recent lit- 

rature which highlights the importance of histopathology in the 

iagnostic pathway of orthopedic device-related infections (i.e., PJI, 

RI) [15–19] . 

• Suggestive criteria 

linical signs 

To our knowledge, this is the first study that investigates the 

iagnostic performance of clinical signs for the diagnosis of FRI. 

oteworthy is that pain was not specific for FRI and therefore had 

 low diagnostic performance. Indeed, pain can be caused by mul- 

iple conditions and in the trauma patient pain may be related to 

he fracture or soft tissue injury. On the other hand, local redness, 

armth and swelling, which typically occur simultaneously as lo- 

al signs of inflammation, were associated with high specificities in 
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Table 6 

Subanalyses using sets of suggestive signs in patients who presented without clinical confirmatory signs. 

FRI ( N = 125) Control ( N = 157) p-value N 

∗ Sensitivity (95% CI) Specificity (95% CI) AUROC (95% CI) p-value 

N 

∗ N 

∗

Evaluation of suggestive clinical signs and/or laboratory signs 

Redness 125 49 (39.2) 157 8 (5.1) < 0.001 282 39.2 (30.6-48.3) 94.9 (90.2-97.8) 0.67 (0.62-0.72) < 0.001 

Swelling 125 49 (39.2) 157 18 (11.5) < 0.001 282 39.2 (30.6-48.3) 88.5 (82.5-93.1) 0.64 (0.59-0.69) < 0.001 

Local warmth 125 20 (16.0) 157 4 (2.5) < 0.001 282 16.0 (10.1-23.6) 97.5 (93.6-99.3) 0.57 (0.53-0.60) < 0.001 

Redness/swelling/warmth 1 
125 66 (52.8) 157 25 (15.9) < 0.001 282 52.8 (43.7-61.8) 84.1 (77.4-89.4) 0.68 (0.63-0.74) < 0.001 

Fever 125 12 (9.6) 157 2 (1.3) 0.002 282 9.6 (5.1-16.2) 98.7 (95.5-99.8) 0.54 (0.51-0.57) 0.003 

Wound drainage 125 36 (28.8) 157 4 (2.5) < 0.001 282 28.8 (21.1-37.6) 97.5 (93.6-99.3) 0.63 (0.59-0.67) < 0.001 

Any clinical sign (red- 

ness/swelling/warmth 

or fever or wound 

drainage) 1 

125 83 (66.4) 157 30 (19.1) < 0.001 282 66.4 (57.4-74.6) 80.9 (73.9-86.7) 0.74 (0.69-0.79) < 0.001 

WBC count elevation 2 103 43 (41.7) 92 10 (10.9) < 0.001 195 41.7 (32.1-51.0) 89.1 (80.9-94.7) 0.65 (0.60-0.71) < 0.001 

Any clinical sign (red- 

ness/swelling/warmth 

or fever or wound 

drainage) or WBC 

count elevation 1 , 2 

110 88 (80.0) 103 36 (35.0) < 0.001 213 80.0 (71.3-87.0) 65.0 (55.0-74.2) 0.73 (0.66-0.78) < 0.001 

Prevalence data are shown as N (%) for patients with versus without FRI. Significance of difference is tested using the Chi-square or Fisher’s exact test, as applicable. 

Diagnostic performance parameters sensitivity and specificity are shown as percentages with 95% CI. The area under the receiver operating curve (AUROC) is shown with 

95% CI and associated p-value. N 

∗ , number of patients for whom data are available. FRI: fracture-related infection; WBC: white blood cell. 
1 The criterion was scored as ‘present’ if any one of the mentioned signs was present, while it was scored as ‘absent’ if none of the mentioned signs were present. 
2 Because WBC count was not performed in all patients, the percentage and diagnostic performance was calculated relative to the patients for whom WBC count was 

available. 

Table 7 

Subanalyses using sets of suggestive signs in patients who presented with phenotypically indistinguishable microorganisms isolated from at least two separate deep tissue 

specimens. 

FRI ( N = 426) Control ( N = 157) p-value N 

∗ Sensitivity (95% CI) Specificity (95% CI) AUROC (95% CI) p-value 

N 

∗ N 

∗

Evaluation of suggestive clinical signs and/or laboratory signs 

Redness 426 241 (56.6) 157 8 (5.1) < 0.001 583 56.6 (51.7-61.3) 94.9 (90.2-97.8) 0.76 (0.73-0.79) < 0.001 

Swelling 426 194 (45.5) 157 18 (11.5) < 0.001 583 45.4 (40.7-50.4) 88.5 (82.5-93.1) 0.67 (0.64-0.71) < 0.001 

Local warmth 426 97 (22.8) 157 4 (2.5) < 0.001 583 22.8 (18.9-27.1) 97.5 (93.6-99.3) 0.60 (0.58-0.63) < 0.001 

Redness/swelling/warmth 1 
426 294 (69.0) 157 25 (15.9) < 0.001 583 69.1 (64.4-73.4) 84.1 (77.4-89.4) 0.77 (0.73-0.80) < 0.001 

Fever 426 47 (11.0) 157 2 (1.3) < 0.001 583 11.0 (8.2-14.4) 98.7 (95.5-99.8) 0.55 (0.53-0.57) < 0.001 

Wound drainage 426 169 (39.7) 157 4 (2.5) < 0.001 583 39.7 (35.0-44.5) 97.5 (93.6-99.3) 0.69 (0.66-0.71) < 0.001 

Any clinical sign (red- 

ness/swelling/warmth 

or fever or wound 

drainage) 1 

426 350 (82.2) 157 30 (19.1) < 0.001 583 82.2 (78.2-85.7) 80.9 (73.9-86.7) 0.82 (0.78-0.85) < 0.001 

WBC count elevation 2 375 157 (41.9) 92 10 (10.9) < 0.001 467 41.9 (36.8-47.0) 89.1 (80.9-94.7) 0.66 (0.61-0.70) < 0.001 

Any clinical sign (red- 

ness/swelling/warmth 

or fever or wound 

drainage) or WBC 

count elevation 1 , 2 

401 366 (91.3) 103 36 (35.0) < 0.001 504 91.3 (88.1-93.8) 65.0 (55.0-74.2) 0.78 (0.73-0.84) < 0.001 

Prevalence data are shown as N (%) for patients with versus without FRI. Significance of difference is tested using the Chi-square or Fisher’s exact test, as applicable. 

Diagnostic performance parameters sensitivity and specificity are shown as percentages with 95% CI. The area under the receiver operating curve (AUROC) is shown with 

95% CI and associated p-value. N 

∗ , number of patients for whom data are available. FRI: fracture-related infection; WBC: white blood cell. 
1 The criterion was scored as ‘present’ if any one of the mentioned signs was present, while it was scored as ‘absent’ if none of the mentioned signs were present. 
2 Because WBC count was not performed in all patients, the percentage and diagnostic performance was calculated relative to the patients for whom WBC count was 

available. 
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his study. The presence of at least one of the clinical signs of red-

ess, warmth or swelling was associated with a sensitivity of 69.4% 

nd a specificity of 84.1%, indicating that if any of these signs are 

resent, there should be a high index of suspicion for an FRI. More- 

ver, attributing these signs to a ‘superficial’ infection (i.e., celluli- 

is) should be done with caution. 

Interestingly, although only a small number of patients pre- 

ented with fever or wound drainage, resulting in low sensitivi- 

ies, the individual specificities of these signs exceeded 95%. The 

igh specificity (low false positive rate) indicates that these signs 

ay be very helpful if present during the initial patient presenta- 

ion (e.g., at the outpatient clinic). If one of these signs is present 

in a patient were an FRI is already suspected), the presence of 

n FRI should be strongly considered. However, absence of these 
f

1876 
igns does not rule out infection and further investigations and 

lose follow-up may still be required. 

adiological and nuclear imaging signs 

Standard radiological techniques such as conventional radiog- 

aphy and CT can detect secondary signs of infection, such as 

onunion, bone lysis and implant failure. However, because these 

igns can also occur in aseptic cases, conventional radiography and 

T have a low diagnostic performance for FRI [ 20 , 21 ]. This is sup-

orted by our results, as signs on conventional radiography were 

ore common in the control group than in the FRI group. There- 

ore, these radiological methods (i.e., x-ray, CT) seem more suited 

or assessing fracture healing and for surgical planning. 
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MRI generally has a better resolution to detect presence of in- 

ammation in the soft tissues. However, MRI does not differenti- 

te between infection and aseptic inflammation and the presence 

f fracture fixation devices may cause artefacts [ 20 , 22 ]. In the cur-

ent study, MRI was only performed in eight cases, which prevents 

rawing reliable conclusions on its diagnostic value for FRI. 

Nuclear imaging was available at all participating centers and 

ll centers used the same imaging protocols [6] . WBC scan had a 

ensitivity of 50% and a specificity of 85%, which are lower than 

he pooled sensitivity and specificity rates described in a recent 

ystematic review (86% and 96%, respectively) [21] . In the same 

ystematic review 

18 F-FDG-PET was associated with a pooled sen- 

itivity and specificity of 93% and 79% [21] . In our study, the sensi-

ivity and specificity of 18 F-FDG-PET were 65.2% and 100%, respec- 

ively. However, only a small number of our patients underwent 

uclear imaging (FDG-PET: n = 31, WBC scan: n = 44), which 

esulted in wide confidence intervals, making it difficult to draw 

onclusions. Prospective studies are therefore required to gain in- 

ight in the diagnostic value of imaging modalities for FRI and their 

otential added value when combined with certain clinical signs 

23] . 

aboratory signs 

Suggestive laboratory signs include the elevation of serum in- 

ammatory markers, such as ESR, WBC count, and CRP. In our 

tudy population, an elevated WBC count was associated with a 

ensitivity of 38.4% and a specificity of 89.1%. These results are in 

ine with previous publications reporting sensitivities and specifici- 

ies ranging from 22.9% to 72.6% and from 73.5 to 85.7%, respec- 

ively [24] . In a recent study by Sigmund et al., a lower sensitivity 

f 17% and a similar specificity of 95% was reported for WBC count 

25] . Therefore, WBC count elevation strongly suggests an FRI, but 

hen the WBC count is not elevated, FRI cannot be ruled out. 

In our study, an elevated CRP had a sensitivity of 78.3% and a 

pecificity of 52.6%. This corresponds to values described in the lit- 

rature (reporting sensitivities between 60% and 100% and speci- 

cities between 34.3% and 85.7%) [24] . Sigmund et al. reported a 

lightly lower sensitivity (67%) and slightly higher specificity (61%) 

or CRP elevation compared to our study [25] . The relatively low 

pecificity highlights the high false positive rate of CRP, since ele- 

ated CRP levels in FRI cases can also be caused by inflammation 

ue to soft tissue injury, the fracture itself, recent surgical proce- 

ures as well as infections in other locations, rheumatologic dis- 

ase, acute coronary syndrome and allergies [6] . In previous stud- 

es only patients with chronic/late-onset FRI were included, which 

akes it difficult to compare their results with ours [ 24 , 25 ]. Fur-

hermore, our results should be interpreted with caution as serum 

nflammatory markers were not determined in all patients, espe- 

ially in the control group. This was particular the case for ESR. 

ur study indicates that serum inflammatory markers should re- 

ain suggestive signs for the diagnosis of FRI [6] . 

icrobiology 

The diagnostic performance of a single positive culture with a 

irulent pathogen was evaluated in patients who did not meet the 

icrobiological confirmatory criteria. A sensitivity of 29.3% and a 

pecificity of 100% was found for this criterion. Therefore, if a sin- 

le culture is positive with a virulent pathogen, this should raise 

 very high suspicion that infection is present. The clinical impor- 

ance of a single positive culture with a virulent pathogen has al- 

eady been highlighted in the diagnostic criteria for PJI [16] and 

ur study demonstrates, for the first time to our knowledge, the 

iagnostic importance of this criterion in FRI. 
1877 
2) Evaluate the effect of the combination of certain suggestive 

nd/or confirmatory criteria on the diagnostic performance of the 

onsensus definition 

A secondary analysis was performed using combinations of sug- 

estive and/or confirmatory criteria. It was hypothesized that com- 

ining confirmatory signs with other, suggestive signs could fur- 

her increase sensitivity, without reducing specificity. 

The highest diagnostic performance was present when clinical 

onfirmatory criteria were evaluated in combination with microbi- 

logical criteria, (i.e., confirmatory and suggestive microbiological 

riteria), in which a sensitivity of 98.6% and a specificity of 100% 

as found. 

Inclusion of one positive culture, with a virulent pathogen, im- 

roved the overall performance of the definition (AUROC of 0.99), 

aking this criterion close to confirmatory. However, our sample 

ize for single positive cultures was small ( n = 17) so this finding 

ust be interpreted with caution. Furthermore, negative cultures 

ere found in 41 (8.5%) patients in the FRI group. The number 

f culture-negative infections in our cohort is comparable to the 

rthopedic device-related (i.e., PJI, FRI) literature, where the rate 

anges between 6% and 15% [26–30] . Bacteria are not uniformly 

istributed in FRI tissue, so it is possible to harvest several speci- 

ens with very few or even no bacteria. Therefore, the recommen- 

ation to harvest at least five separate samples should be empha- 

ized [ 6 , 9 , 10 , 12 ]. 

To simulate our daily clinical practice, where a patient often 

resents for the first time with a suspicion of FRI, we specifically 

valuated sets of criteria that can readily be assessed upon patient 

resentation. Finding any of the clinical confirmatory criteria or, 

n the absence of such criteria, finding any of the suggestive clini- 

al criteria of redness, warmth, swelling, wound drainage or fever 

esulted in a high diagnostic performance ( Table 5 ). In the sub- 

roup of patients without clinical confirmatory signs at presenta- 

ion, the diagnostic value of these select clinical suggestive signs 

as again evaluated. The highest discriminatory value was found 

n this subgroup of patients when the presence of any clinical sign 

redness/swelling/local warmth or fever or wound drainage) was 

pplied as a diagnostic criterion ( Table 6 ). Our study highlights the 

mportance of these suggestive signs and additional research with 

arger patient cohorts is needed to further clarify the role of these 

igns. It is possible that a set of suggestive criteria proven to have 

xtremely high specificity may serve as a new confirmatory crite- 

ion in the future. 

imitations 

This study has several limitations. First, there was a lack of a 

old standard to classify patients as FRI or control patients. In this 

tudy, we used ‘intention to treat’ recommended by an experienced 

ultidisciplinary team as a reference standard. Such an approach 

ay have led to over- or under-diagnosing of FRI. However, 97.5% 

f patients fulfilled confirmatory FRI criteria, therefore the poten- 

ial for overdiagnosis is extremely small. Furthermore, all control 

atients were followed up for a minimum of 18 months and none 

eveloped an FRI of the affected limb during the follow-up period, 

herefore the potential for underdiagnosis is extremely small as 

ell. Furthermore, to further support our findings, we performed a 

ubanalysis using the presence of the microbiological confirmatory 

riterion as the reference standard. The presence of phenotypically 

ndistinguishable microorganisms isolated from at least two sepa- 

ate deep tissue specimens has been validated in an earlier study 

10] . The diagnostic performance of the selected suggestive signs 

as similar compared to the diagnostic performance of these signs 

alculated when using intention-to-treat as a reference standard 

 Table 7 ). Also, the risk of bias due to a possible difference in al-

ocating patients to the FRI or control group based on the absence 
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prior to 2018) or presence (from 2018 onwards) of the consensus 

efinition is minimized due to the fact that the majority of cases 

n our study were diagnosed and treated prior to the development 

f the FRI consensus definition. 

Second, it is a retrospective study that is subject to information 

ias due to missing data or misclassification of data in the patients’ 

edical files. However, to avoid errors and bias during data collec- 

ion, medical data were scored by multiple reviewers. 

Third, this multicenter, multi-national study is subject to local 

references regarding the diagnostic modalities used and collected 

ata dating back to January 2015. Because the consensus defini- 

ion was published in 2018 [3] and histopathological analysis was 

nly included as a confirmatory criterion in the updated version 

which was published in 2019)(6), histopathology was not consid- 

red confirmatory for infection before that time. As a result, during 

he study period histopathological analysis was only performed in 

 small sample (90 FRI patients, 24 control patients), and therefore 

xcluded from secondary analyses. Furthermore, other tests, such 

s certain inflammatory markers (e.g., ESR), radiological imaging 

echniques (e.g., MRI) and nuclear imaging were not performed in 

ll patients, which resulted in limited sample sizes and wide confi- 

ence intervals for the diagnostic performance of some modalities. 

owever, we had an adequate sample size to confidently assess the 

iagnostic role of most criteria and especially of the clinical criteria 

hat would be the first to be assessed upon patient presentation. 

Finally, we did not take the timing of the infection into consid- 

ration to evaluate whether the diagnostic performance of crite- 

ia varied between acute/early-onset and chronic/late-onset cases. 

uch an evaluation was not the primary aim of this validation 

tudy and our sample size would not have been large enough to 

tratify our FRI and control groups to subgroups based on time of 

nset. However, to our knowledge, this study is the largest study 

ssessing the overall performance of the diagnostic consensus cri- 

eria for FRI, at all time-points and can serve as a baseline for fu- 

ure investigations to assess the impact of the timing of onset of 

ymptoms. 

onclusions 

The presence of any confirmatory criterion identified the vast 

ajority of patients with an FRI and was associated with an excel- 

ent diagnostic discriminatory value. Therefore, our study validates 

he confirmatory criteria of the FRI consensus definition. Infection 

s highly likely in case of a single positive culture with a virulent 

athogen. Specificities of at least 95% were found for the clinical 

uggestive signs of fever, wound drainage, local warmth and red- 

ess. In case these signs (individually or in combination) are ob- 

erved, it is highly likely that – even in the absence of clinical 

onfirmatory signs – an FRI is present and the treating physician 

hould be careful to avoid misdiagnosing the infection as a super- 

cial one. 
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