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INTRODUCTION
Implant-associated surgical site infections are a major 

challenge and show a frequency of up to more than 20%.1–3 
The increasing age of patients, the associated risk-increasing 

comorbidities, and the considerable increase in technically 
demanding operations4 observed in recent decades con-
tribute to a steadily rising number of septic soft tissue and 
bone infections, and make them one of the most relevant 
complications in modern surgery. This situation becomes 
further complicated, not only by the increasing multire-
sistance of the pathogens causing the infection, but also 
the ability of the pathogens to form a biofilm, especially 
around any implant surface.5,6 A Biofilm is a physiological 
state of existence of bacteria in which special forms of com-
munication, a greatly reduced metabolism, and the forma-
tion of a protective mucopolysaccharide layer embedding 
entire bacterial colonies lead to a pronounced resistance 
to the attacks of the human host immune system and to 
antibiotic therapies.7–12 In implant-associated infections, 
biofilm formation very often forces implant removal.
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Background: Implant-associated infections are a devastating complication in sur-
gery. Especially in infections with biofilm-forming microorganisms, the identifica-
tion of the causing microorganism remains a challenge. However, the classification 
as biofilm is not possible with conventional polymerase chain reaction or culture-
based diagnostics. The aim of this study was to evaluate the additional value of 
fluorescence in situ hybridization (FISH) and nucleic acid amplification technique 
(FISHseq) to discuss a diagnostic benefit of the culture-independent methods and 
to map spatial organization of pathogens and microbial biofilms in wounds.
Methods: In total, 118 tissue samples from 60 patients with clinically suspected 
implant-associated infections (n = 32 joint replacements, n = 24 open reduction 
and internal fixation, n = 4 projectiles) were analyzed using classic microbiologi-
cal culture and culture-independent FISH in combination with polymerase chain 
reaction and sequencing (FISHseq).
Results: In 56 of 60 wounds, FISHseq achieved an added value. FISHseq confirmed 
the result of cultural microbiological examinations in 41 of the 60 wounds. In 12 
wounds, one or more additional pathogens were detected by FISHseq. FISHseq 
could show that the bacteria initially detected by culture corresponded to a contam-
ination in three wounds and could exclude that the identified commensal patho-
gens were a contamination in four other wounds. In five wounds, a nonplanktonic 
bacterial life form was detected.
Conclusions: The study revealed that FISHseq gives additional diagnostic informa-
tion, including therapy-relevant findings that were missed by culture. In addition, 
nonplanktonic bacterial life forms could also be detected with FISHseq, albeit less 
frequently than previously indicated. (Plast Reconstr Surg Glob Open 2023; 11:e4994; 
doi: 10.1097/GOX.0000000000004994; Published online 22 May 2023.)
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Therapeutic options are already hampered by the fact 
that conventional microbiological diagnostic techniques 
such as culture or PCR-based methods do not detect whether 
biofilms are present.13,14 Culture technique only allows the 
detection of metabolically active and multiplying microor-
ganisms. PCR-based techniques can detect minute compo-
nents of bacterial DNA, but cannot distinguish between the 
DNA of vital and dead microorganisms.1,15 In contrast, with 
modern molecular microscopic methods such as fluores-
cence in situ hybridization (FISH), it is possible to detect 
the growth form of the bacteria (planktonic, microcolonies 
or biofilms), to localize the biofilm in the tissue sample and 
even to identify the leading bacterial pathogen in the case 
of mixed infections.16–20 Indeed, the FISH technique has 
been able to detect microorganisms that could not be iden-
tified by the conventional culture technique.21–24

However, despite the great importance of biofilm for 
implant-associated infections, there are no studies with pre-
cise information on the frequency of nonplanktonic growth 
forms. Similarly, no study has investigated whether molecu-
lar biology testing methods, including FISH techniques 
in combination with molecular nucleic acid amplification 
techniques (FISHseq), can provide additional information 
in the diagnosis of implant-associated infections. Therefore, 
in this study, we aimed to investigate the frequency of plank-
tonic and nonplanktonic microbial burden in implant-
associated infections, as well as a possible added value of 
molecular diagnostic techniques. For this purpose, the 
bacterial load of the infected wounds was investigated using 
both FISHseq and conventional microbiological methods.

METHODS

Study Design and Patient Population
The cohort study was conducted in a centre for septic 

and reconstructive surgery. We prospectively included 60 
consecutively hospitalised patients (age ≥18 years) with 
suspected early- or late-onset implant- or foreign body-
associated infection, similar to the classification of Li et 
al.25 Inclusion conditions were clinical high-grade suspi-
cion of infection according to the diagnostic criteria of 
McNally et al26 and Zimmerli and Sendi.27 Patients were 
excluded if they had not signed a written informed con-
sent, if they were younger than 18 years, or if they had an 
additional septic focus at a different location. The study 
was approved by the local ethics committee (EA1/362/13) 
of the Charité University Medical Centre Berlin, Germany.

Sample Collection
Representative tissue samples were taken intraopera-

tively from patients with early- or late-onset periprosthetic, 
implant- or foreign body-associated infection. Tissue sam-
ples included, for example, the peri-implant membrane, 
the tissue at the implant-bone interface, or the cancellous 
bone in intramedullary implants such as intramedullary 
nails or endoprostheses. Cortical samples were not taken 
as they cause artifacts in the FISH images. The tissue sam-
ples were sent for routine microbiological diagnosis in 
transport medium or native form within less than 2 hours. 

A matched tissue sample was cooled down to 4°C and 
transported to a specialized laboratory for FISH diagnosis.

Microbiological Analysis
Standard Culture Methods

The processing of cultural diagnostics was carried 
out under the standard conditions used in microbiology 
(Schaedler agar, Columbia boiled blood agar, Columbia 
sheep blood agar, MacConkey agar, Candida selective agar) 
and various liquid enrichment media (brain-heart dextrose 
broth, thioglycolate broth) with incubation times of 2–14 
days. A semiquantitative algorithm was used to assess growth 
on the solid media. Simple manual procedures as well as 
the BioMerieux Vitek 2 system, which was also used for anti-
biotic susceptibility testing (determination of Minimum 
Inhibitory Concentration; MIC), were available to identify 
the cultured microorganisms. Alternatively, the inhibition 
zone diameter was determined in the agar diffusion test, 
originally according to Kirby-Bauer28, which was performed 
according to the standards of the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST).

Molecular Analysis Using FISHseq
FISHseq describes the combination of molecular imag-

ing of microorganisms using FISH with 16S rRNA-gene 
PCR and subsequent sequencing, both from consecutive 
methacrylate embedded tissue sections.

Sample Embedding and FISH
Tissue samples were fixed in FISHopt® fixation solution 

(MoKi Analytics, Berlin, Germany), embedded using cold 
polymerizing resin (Technovit 8100; Kulzer, Wehrheim, 
Germany), and sectioned as previously described.22 FISH 
analysis was performed as follows29: Briefly, sections were 
hybridized with pan-bacterial probe EUB338Cy3

30 to visu-
alize the entire active, ribosome-containing bacterial 
population. A nonsense probe NON EUB338Cy5

31 was 
used to exclude unspecific probe binding. For visual-
ization of nucleic acids in host cell nuclei and bacteria, 
DAPI (4ʹ,6-Diamidine-2ʹ-phenylindole dihydrochloride) 
was included. In cases where a positive EUB338Cy3 signal 

Takeaways
Question: Implant-associated infections are a devastating 
complication. Especially in biofilms, the identification 
of causing microorganisms is a challenge. This study was 
created to evaluate the additional value of fluorescence 
in situ hybridization (FISH) as a diagnostic benefit com-
pared to standard culture-independent methods.

Findings: Tissue samples were collected intraoperatively 
from patients with clinically suspected implant-associated 
infections and analyzed using microbiological culture 
and culture-independent FISH. In 56 of 60 wounds, FISH 
achieved an added value. In 41 of the 60 wounds, FISH 
confirmed the result of the standard microbiological tests.

Meaning: FISH gives additional diagnostic information 
and detects non-planktonic bacterial life forms, that were 
otherwise missed by routine culture methods.



 Scheuermann-Poley et al • Biofilm Growth in Implant-associated Infections

3

was detected, specific probes corresponding to culture or 
sequencing results were used to confirm microbial find-
ings by FISH. An epifluorescence microscope (Axioplan 2 
and AxioImager Z2; Carl Zeiss, Jena, Germany) equipped 
with narrow band filter sets (AHF Analysentechnik, 
Tuebingen, Germany) was used for microscopy. Digital 
images were generated using the ZEN and the AxioVision 
software from Zeiss, Jena, Germany. Detected microor-
ganisms were empirically classified as planktonic (single 
bacteria), microcolonies (clusters of up to 30 microorgan-
isms) or biofilms (communities of more than three layers 
of adjacent bacteria over a length of more than 20 µm).

DNA Extraction, 16S rRNA-gene PCR Amplification, and 
Sequencing

DNA was extracted from consecutive sections of the 
embedded samples and PCR was performed using the 
pan-bacterial primer set TPU1 and RTU332 for the ampli-
fication of the 16S rRNA gene as described.22 Subsequent 
sequencing of amplicons was performed using a com-
mercial sequencing service (LGC Genomics, Berlin, 
Germany) and analyzed using the SmartGene commercial 
analysis pipeline (SmartGene, Lausanne, Switzerland) as 
previously described.33

Statistics
The data obtained were analyzed and compiled in 

tables and graphs (Microsoft Excel 2010, Microsoft Corp, 
Redmond, Wash.).

RESULTS

Demographics
Tissue samples were collected from 60 patients (n = 

45, 75% men; n = 15, 25%, woman; median age 69 years) 
suspected of early- or late-onset infection of an arthro-
plasty (n = 32, 55.3%), fracture-fixating internal osteo-
synthesis (n = 24, 40%), or septic wound situation with 
a foreign body (metal ballistic projectile, n = 4, 6.7%) 
(Table 1). The time between primary implantation and 
the start of clinical treatment varied greatly (8 days to 12 
years). Suspicion of infection was based on the presence 
of clinical signs in 47 patients (78.3%) and of radiologi-
cal signs (eg, loosening, pseudarthrosis, callus deformity) 
in 34 patients (56.7%). Thirteen (21.7%) patients had 
positive findings on scintigraphy. Joint puncture was per-
formed in 11 patients (17.3%), three of whom were posi-
tive, and the evaluation showed an increased cell count.

Specimen Collection and Bacterial Load
For microbiological diagnosis, 118 tissue samples 

were obtained from the 60 wounds for standard cul-
ture analysis and for FISHseq (median two samples per 
wound, halved for both methods). In all 60 wounds, 
22 different pathogen species were detected (Table 2). 
Seven of 60 patients did not have microorganisms 
detected by culture or molecular techniques, and infec-
tion was also ruled out by FISHseq, although initial clini-
cal suspicion of infection was evident. Sixteen of the 53 

remaining patients (30.2%) had early-onset infection, 
and 37 patients (69.8%) had late-onset infection. In 46 of 
the 53 (86.8%) infected wounds, the responsible patho-
gens could be identified. In the other seven wounds, a 
bacterial pathogen was detected but could not be clearly 
identified by PCR and sequencing due to unfavorable 
host DNA to pathogen DNA ration, or DNA degrada-
tion. The most numerous and identifiable pathogens 
were Staphylococcus aureus (16 of 46 wounds, 34.8%), 
Staphylococcus epidermidis (nine of 46, 19.6%), Enterobacter 
cloacae (five of 46, 10.9%), Cutibacterium acnes (four of 
46, 8.7%). Pathogens from the Enterobacteriaceae family 
(eg, Escherichia coli, Klebsiella spp., Enterobacter spp.) were 
detected in 14 of 46 wounds (30.4%). Wound infection 
was monobacterial in 34 (73.9%) and polymicrobial in 12 
of these 46 wounds (26.1%, with two to four pathogens).

Added Value of FISHseq
Overall, in 56 of the 60 (93.3%) wounds, a diagnostic 

added value could be achieved by the additional exami-
nation using molecular biological methods. [See table, 
Supplemental Digital Content 1, which displays P: patient 
number, G/A: gender/age, THA: total hip replacement, 
TKA: total knee replacement, POS: plate osteosynthe-
sis, IMN: intramedullary nail, HAP: hip arthroplasty. 

Table 1.  Demographics

Age (n = 60)*  
69 years  

(41/78; 21–93) 

Gender Female 15 (25.0%)
Male 45 (75.0%)

Implants TKA 11 (18.3%)
(n = 60) THR 17 (28.3%)

Hemiarthroplasty  4 (6.7%)
Intramedullary nail  9 (15.0%)
Plate osteosynthesis 15 (25.0%)
Foreign body (3 projectiles,  

1 shrapnel)
 4 (6.7%)

Signs of  
infection  
(n = 60)

Clincal findings (pain, wound  
redness, swelling, secretion, 
abscess, wound healing  
disorder)

47 (78.3%)

Labaratory signs (elevated  
WBC, CRP)

39 (65.0%)

WBC in early infection*  8.7 (6.0/10.8; 
3.4–27.7)

WBC in late infection* 6.9 (5.6/9.2; 
3.4–17.7)

CRP in early infection* 45.6 (11.8/133.9; 
0.4–390)

CRP in late infection* 14.2 (3.3/ 56.9; 
0.4–387)

Radiological signs 34 (56.7%)
Nuclearmedical signs 13 (21.7%)
Culture positive [≥2 positive 

probes]
46 (76.7%) [29 

(48.3%)]
Acuity of 

infection**
(n = 53)

Early infection 16 (30.2%)
Late infection 38 (69.8%)

*Data are presented as median, quartiles and range, otherwise as absolute fre-
quency (in brackets: relative frequency).
TKA, total knee arthroplasty; THA, total hip arthroplasty; WBC, white blood 
cell count; CRP, c-reactive protein.
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Positive diagnostic findings: LAB: increased infection 
markers (WBC, CRP), RAD: sign of infection (plane 
radiographs, CT-scan), NUC: sign of infection (3-phase-
bone-scintigraphy, granulocyte scintigraphy, CUL: posi-
tive culture, CUL≥2: positive culture in ≥ two or more 

samples (same microorganism). http://links.lww.com/
PRSGO/C551.] Thus, FISHseq confirmed the result of 
the cultural microbiological examination in 41 of the 60 
wounds (CON, 68.3%). In four patients, the negative cul-
ture result was confirmed (in Table  3, the term “NEG” 

Table 2. Spectrum and Frequency of Bacterial Microorganisms Detected by Standard Culture Technique and FISHseq
Pathogen Species No. Tissue Specimen (118 Specimens  

from 60 Wounds*)
No. Infected Wounds (53 Infected 

Wounds of 60 Patients*)
Staphylococcus aureus 27 22.9% 16  26.2% 
Staphylococcus epidermidis 20 17.0% 9  14.8%
Enterobacter cloacae complex 13 11.0% 5  8.2%
Escherichia coli 8 6.8% 4  6.6%
Staphylococcus capitis 6 5.1% 3  4.9%
Cutibacterium acnes 6 5.1% 4  6.6%
Micrococcus sp 3 2.5% 1  1.6%
Enterococcus faecalis 3  “ 2  3.3%
Klebsiella pneumoniae 3  “ 2  “
Finegoldia magna 2 1.7% 2  “
Klebsiella oxytoca 2  “ 2  “
Proteus mirabilis 2  “ 1  1.6%
Pseudomonas aeruginosa 2  “ 1  “
Enterobacteriaceae** (not further specified) 2 1.7% 1  “
Staphylococcus caprae 1  “ 1  “
Acinetobacter baumannii 1 0.85% 1  “
Corynebacterium glucoronolyticum 1  “ 1  “
Corynebacterium striatum 1  “ 1  “
Enterococcus faecium 1  “ 1  “
Methylobacterium sp 1  “ 1  “
Paracoccus sp 1  “ 1  “
Streptococcus agalactiae 1  “ 1  “
Cutibacterium avidum 1  “   
Not identifiable*** 21 17.8%   
Negative 10 8.5%   
*The percentage calculation refers to pathogens detected 139 times in 118 specimens (left column; right column: 61 identified pathogens in 53 wounds, in which 
the pathogen could not be identified in 7 wounds).
**According to the rules of the Bacteriological Code (ICBN), Enterobacteriaceae is a family of bacteria from the order Enterobacterales, officially established in 
2016. They mostly reside in the digestive tract and partly belong to the normal intestinal flora. Examples are Enterobacter cloacae, Escherichia coli, Klebsiella pneumoniae.
***Pathogens could not be clearly identified by PCR and sequencing due to unfavorable host DNA/pathogen DNA ration, or DNA degradation.
An estimated 108 of 118 specimens were positive; 53 of 60 wounds were infected. The “ symbol indicates that the number is the same as the number in the row above.

Table 3. Patients with Nonplanktonic Bacterial Growth

Patient (Age, Gender/ 
Comorbidity) 

Type of 
Implant, Dura-
tion of Implant 

Placement Acuity of Infection Sample Type 
Nonplanktonic 
Growth Form Bacterial Species 

71, female/allergic bronchial 
asthma

Hip endoproth-
esis, 4 y

Late infection Near hip cup Biofilm Culture: Staphylococcus epider-
midis FISHseq: “coccoid 
biofilms”

33, male/no comorbidities Knee endopros-
thesis,1 year

Late infection 
(symptoms since 
about 8 wk)

Tibial marrow space 
with remnants of 
bone cement

Biofilm Culture and FISHseq: Staph-
ylococcus aureus (MRSA), 
Pseudomonas aeruginosa 
(MDR)

28, male/no comorbidities Clavicular plate, 
ORIF 9 d

Early infection Soft tissue near 
osteosynthesis 
plate

Biofilm Culture and FISHseq: 
Staphylococcus aureus/
argenteus

46, male/HIV+, benign bone 
cysts in affected lower leg 
with multiple conversion 
osteotomies

Tibial plate, 
ORIF 10 d

Early infection Soft tissue near 
osteosynthesis 
plate

Microcolonies Culture: Klebsiella oxytoca, 
Staphylococcus aureus FISH-
seq: Staphylococcus aureus

73, male/hypertension, 
hypothyroidism, history 
of laryngeal carcinoma, 
coxarthrosis

Knee endopros-
thesis, 4 weeks

Early infection Peri-implant capsu-
lar tissue

Microcolonies Culture: negative FISHseq: 
Candida, unspecified bac-
terial microorganisms

http://links.lww.com/PRSGO/C551
http://links.lww.com/PRSGO/C551
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refers to the patients numbered 1, 3, 7, 11), and in three 
patients, FISHseq ultimately identified the pathogen as 
noncausative wound contamination, thus ruling out bac-
terial wound infection (contamination in the sense of 
iatrogenic application error during sampling or process-
ing) (NCC, patients 2, 13, 17). In another four wounds, 
FISHseq confirmed the culture result, and it could 
be excluded (EXC, 8, 15, 44, 52) that the commensal 

pathogen detected by culture was a noncausative wound 
contamination. In 12 other wounds (12/53, 22.6%), one 
or more additional pathogens were detected by FISHseq 
(ADP, 16, 20, 22, 24, 31, 37, 38, 41, 48, 49, 50, 59). In 
five wounds, it was also recognized that the pathogen 
detected was a nonplanktonic bacterial life form (NPF, 
10, 34, 42, 50, 60). Standard culture diagnostics cor-
rectly indicated the presence and respective absence of 

Fig. 1. FISH of wound tissue from a patient, where culture was positive for Acinetobacter sp., 
Corynebacterium sp., and Enterococcus sp. A, Overview shows host cell nuclei, stained with DAPI (blue); 
the tissue background appears in green. At higher magnification (B), FISH-positive bacteria are visible 
within a biofilm, which are detected by the Enterococcus genus-specific FISH probe EFAEC (orange).

Fig. 2. FISH of wound tissue culture positive for Staphylococcus aureus. A, Overview shows host cell 
nuclei, stained with DAPI (blue); the tissue background appears in green. At higher magnification (B and 
C), FISH-positive bacteria are visible in microcolonies, which are detected by the Staphylococcus genus-
specific FISH probe STAPHY (green, B). Another microscopic field of the same sample shows Finegoldia 
magna with the species-specific FISH probe FMAG (orange, C).
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bacteria in 46 of the 60 wounds (76.7%). According to 
the FISHseq results, culture-based pathogen detection 
was likely to be false positive in two cases, and false nega-
tive in 12 patients. Applying the criterion formulated by 
McNally34 of at least two positive tissue samples for a defi-
nite diagnosis of infection would have been possible with 
conventional microbiological diagnostics (CUL ≥ 2, posi-
tive culture in two or more samples with the same micro-
organism) in only 29 cases (48.3%).

Detection of Biofilm and Microcolonies
Of the 53 infected wounds, nonplanktonic bacterial 

life forms were detected in five (9.4%) wounds (Table 3). 
Biofilm was identified in three wounds and microcolonies in 
two wounds (Figs. 1 and 2). The causative bacterial species 
were Staphylococcus epidermidis in one case and Staphylococcus 
aureus in three cases, with Klebsiella oxytoca also detected 
in the wounds in one case and Pseudomonas aeruginosa in 
another. In one wound, the bacterial pathogen could not be 
identified with certainty by FISHseq, but the spatial arrange-
ment could be characterized as a microcolony. In this case, 
Candida (Fig. 3) was also involved in the microcolony—the 
only case of fungal detection in all 118 samples.

DISCUSSION
In this study, we used FISH and FISHseq as an adjunct 

to routine microbiological and molecular biological diag-
nostics and for the detection of biofilms in implant-asso-
ciated infections. Despite an extensive literature research, 
we could not find any other study that analyzed the fre-
quency of biofilms in septic wounds using both cultural 
microbiology and FISHseq. The most important finding 
is that nonplanktonic growth forms occur only in a small 

proportion of early- or late-onset implant-associated infec-
tions. Moreover, the additional use of molecular biology 
assay techniques (FISHseq) showed additional value, so 
that a considerably higher proportion of bacterial species 
could be identified.

The diagnosis of early- or late-onset peri-implant infec-
tions is still a challenge in modern surgery.34–38 Here, rou-
tine culture tests are still considered the gold standard 
for microbiological diagnostics. However, the sensitivity 
of routine microbiological culture for the detection of 
implant-associated infections reported in the literature 
varies between 60.8% and 73.6%,39,40 our results are slightly 
above this range at 81.1% (n = 43/53). Overall, this shows 
that in approximately 20%–40% of infections, the bacte-
rial pathogens cannot be detected at all. It is now obvious 
that, to increase the detectability of bacterial pathogens, it 
seems necessary to use all available diagnostic techniques 
of microbiology,41 especially if noncultivable, nonplank-
tonic bacteria are expected in the wounds.42

Molecular biological methods such as polymerase chain 
reaction (PCR) can further improve microbiological diag-
nostics by detecting bacterial DNA. The sensitivity of PCR 
in the diagnosis of peri-implant infections is reported to be 
50%–100%.43–47 However, PCR cannot answer the question 
of the extent to which the DNA detected by PCR belongs 
to the respective vital microorganism causing the infection, 
as it also detects DNA from dead microorganisms.15 Thus, 
the rate of false-positive results due to contamination by 
noncausative pathogens or DNA detection of avital bacte-
ria can be up to more than 50%.48 In this study, tissue sam-
ples were therefore additionally examined with FISHseq, 
which can be used to microscopically identify bacteria in 
both their planktonic and sessile forms in the biofilm via 
specific microbial rRNA-targeted probes. In addition to the 

Fig. 3.  FISH of negative wound tissue culture. A, Overview shows host cell nuclei, stained with DAPI 
(blue); the tissue background appears in green. At higher magnification (B), a FISH-positive microcolony 
is visible, which is detected by the Candida genus-specific FISH probe CAND10 (orange).
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standard culture method, FISHseq improved the detection 
of implant-associated infections. Thus, in almost a quarter 
of all infected wounds, a pathogen or colonization with 
additional bacteria could only be detected at all by means 
of FISHseq. Standard culture and FISHseq were finally able 
to detect bacterial pathogens in every infection situation 
(100%). Furthermore, in 5% of all wounds, the bacterial 
pathogen detected by culture was not detected in the tis-
sue by FISHseq and thus “unmasked” as a highly probable 
pathogen contamination that did not cause the infection. It 
should be emphasized that FISHseq is unsuitable as a sole 
diagnostic tool due to the existing false-negative FISHseq 
results (n = 4) and the necessary determination of the anti-
biogram as well as the extent of bacterial resistance status, 
which so far can only be elaborated by cultural evaluation.49

Another meaningful advantage of FISHSeq is the ability 
to detect the microorganisms causing the infection in their 
biofilm environment without destroying the biofilm by 
manipulation. In the present work, we were able to detect 
the presence of an intact, mature biofilm in only three 
cases and nonplanktonic growth with a smaller number of 
colonies (microcolonies) in two other cases in the tissue 
samples. The ratio was greater in the early infected wounds 
(three of 16) than in the late infected wounds (two of 37). 
Overall, nonplanktonic growth was observed in just under 
10% of implant-associated infections. This frequency is 
much lower than in studies of chronic open wounds (eg, 
diabetic foot syndrome, leg ulcers, pressure ulcers; pooled 
n = 101/143; 70.6%, range: 59.1%–100%).50–54 However, a 
similar frequency to our own study was found in the inves-
tigation of 16 early infected wounds by the research group 
of James et al [one of 16 (6.3%)].52 However, none of the 
aforementioned studies originally had closed implant-asso-
ciated infections; so the results cannot be related to our 
own patient population. To our knowledge, there is only 
one article that actually shows the occurrence of biofilm 
on osteosynthesis implants. However, it only examined the 
implant and analyzed any colonies on the implant surface 
in terms of their spatial structure using scanning electron 
microscopy. The study group showed a biofilm frequency 
of 50% (three of six implants) in the context of uncompli-
cated (noninfected) metal removals.55 In the present study, 
however, mainly soft tissue samples were examined in clini-
cally clear infections, so that completely different examina-
tion conditions were present and the data on frequency 
of occurrence do not seem comparable. The overall pic-
ture shows that there is hardly any information available 
so far on the frequency of biofilms in early- or late-onset 
implant-associated infections. In addition, the informa-
tion provided in previous studies on biofilm frequency in 
wounds generally varies greatly, which is certainly also due 
to the very heterogeneous distribution of pathogens in the 
wound, which holds the scientific basis for the require-
ment to take at least two tissue samples.14,56

The study results are limited by several factors. First, the 
patient and implant groups as well as the clinical expression 
of implant-associated infections are highly heterogeneous. 
Differences between different implants were not examined. 
Although several surgeons were involved in the diagnostic 
procedures, all patients were treated uniformly according 

to established military wound center standards for septic 
defects. The administration of antibiotics, which in some 
cases was started preoperatively, certainly had an impact on 
the detection of bacteria in tissue samples taken intraopera-
tively. On the other hand, the fact that antibiotic administra-
tion was often started before surgery in our study is more in 
line with the reality of care, as unsuccessfully treated cases 
or patients with complications are usually transferred to our 
treatment center with antibiotic therapy already in progress.

CONCLUSIONS
In summary, this study may have been the first to use a 

larger patient population with implant-associated infections 
to investigate the presence of nonplanktonic growth micro-
scopically and molecularly and to test the added value of 
FISHseq. FISHseq demonstrated important added diagnos-
tic value, was able to exclude infection in individual cases 
despite a high clinical suspicion of wound infection, and in 
other cases detected commonly commensal pathogens as 
causative pathogens for infection and identified additional 
pathogens in a large proportion of wounds. However, the 
FISHseq method used was only able to detect a nonplank-
tonic bacterial life form in one tenth of the wounds, which 
is very rare compared with the reported frequency in open 
chronic wounds. Despite the additional diagnostic benefit, 
it must be kept in mind that FISHseq is expensive and cer-
tainly not needed for routine microbiological assessment of 
every wound. However, it can be recommended and should 
be considered as an additional investigation method for 
special indications such as refractory, therapy-resistant and 
difficult-to-treat infection situations and in cases of uncer-
tainty about the causative pathogen. Furthermore, FISH is 
not limited to a specific surgical specialty. It can be used in 
all questionable occurrences of biofilms, in soft tissue, bra-
dytrophic tissue, implants, or foreign materials.

Christian Willy, MD, PhD
Trauma & Orthopedic Surgery,  

Septic & Reconstructive Surgery
Research and Treatment Centre Septic Defect Wounds

Federal Armed Forces of Germany
Military Academic Hospital Berlin

Scharnhorststr. 13, 10115 Berlin
Germany

E-mail: christianwilly@bundeswehr.org

DISCLOSURES
The authors have no financial interest to declare in relation to 

the content of this article. This study was funded by the German 
Armed Forces as a special research project (SoFo 08K4-S-121415) 
of the Department of Defence Medical Research and Development. 
The funders had no role in study design, data collection and 
analysis, decision to publish, or preparation of the article.

REFERENCES
	 1.	 Costerton JW, Post JC, Ehrlich GD, et al. New methods for the 

detection of orthopedic and other biofilm infections. FEMS 
Immunol Med Microbiol. 2011;61:133–140. 

	 2.	 Lingaraj R, Santoshi JA, Devi S, et al. Predebridement wound 
culture in open fractures does not predict postoperative wound 
infection: a pilot study. J Nat Sci Biol Med. 2015;6:S63–S68. 

mailto:christianwilly@bundeswehr.org
https://doi.org/10.1111/j.1574-695X.2010.00766.x
https://doi.org/10.1111/j.1574-695X.2010.00766.x
https://doi.org/10.1111/j.1574-695X.2010.00766.x
https://doi.org/10.4103/0976-9668.166088
https://doi.org/10.4103/0976-9668.166088
https://doi.org/10.4103/0976-9668.166088


PRS Global Open • 2023

8

	 3.	 Matos MA, Lima LG, de Oliveira LA. Predisposing factors for 
early infection in patients with open fractures and proposal for a 
risk score. J Orthop Traumatol. 2015;16:195–201. 

	 4.	 Wengler A, Nimptsch U, Mansky T. Hip and knee replacement in 
Germany and the USA: analysis of individual inpatient data from 
German and US hospitals for the years 2005 to 2011. Dtsch Arztebl 
Int. 2014;111:407–416. 

	 5.	 Metsemakers WJ, Kuehl R, Moriarty TF, et al. Infection after 
fracture fixation: current surgical and microbiological concepts. 
Injury. 2018;49:511–522. 

	 6.	 Trampuz A, Zimmerli W. Diagnosis and treatment of infections 
associated with fracture-fixation devices. Injury. 2006;37:S59–S66. 

	 7.	 Al-Ahmad A, Wiedmann-Al-Ahmad M, Faust J, et al. Biofilm for-
mation and composition on different implant materials in vivo. J 
Biomed Mater Res B Appl Biomater. 2010;95:101–109. 

	 8.	 Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a com-
mon cause of persistent infections. Science. 1999;284:1318–1322. 

	 9.	 Edmiston CE, Jr, McBain AJ, Roberts C, et al. Clinical and micro-
biological aspects of biofilm-associated surgical site infections. 
Adv Exp Med Biol. 2015;830:47–67. 

	10.	 Gasik M, Van Mellaert L, Pierron D, et al. Reduction of biofilm 
infection risks and promotion of osteointegration for optimized 
surfaces of titanium implants. Adv Healthc Mater. 2012;1:117–127. 

	11.	 Gharamti A, Kanafani ZA. Vascular graft infections: an update. 
Infect Dis Clin North Am. 2018;32:789–809. 

	12.	 Perez-Kohler B, Bayon Y, Bellon JM. Mesh infection and hernia 
repair: a review. Surg Infect (Larchmt). 2016;17:124–137. 

	13.	 Trampuz A, Widmer AF. Infections associated with orthopedic 
implants. Curr Opin Infect Dis. 2006;19:349–356. 

	14.	 Xu Y, Rudkjobing VB, Simonsen O, et al. Bacterial diversity 
in suspected prosthetic joint infections: an exploratory study 
using 16S rRNA gene analysis. FEMS Immunol Med Microbiol. 
2012;65:291–304. 

	15.	 Zegaer BH, Ioannidis A, Babis GC, et al. Detection of bacteria 
bearing resistant biofilm forms, by using the universal and spe-
cific pcr is still unhelpful in the diagnosis of periprosthetic joint 
infections. Front Med (Lausanne). 2014;1:30. 

	16.	 Frickmann H, Zautner AE, Moter A, et al. Fluorescence in situ 
hybridization (FISH) in the microbiological diagnostic routine 
laboratory: a review. Crit Rev Microbiol. 2017;43:263–293. 

	17.	 Kikhney J, Moter A. Quality control in diagnostic fluorescence 
in situ hybridization (FISH) in microbiology. Methods Mol Biol. 
2021;2246:301–316. 

	18.	 Nistico L, Hall-Stoodley L, Stoodley P. Imaging bacteria and bio-
films on hardware and periprosthetic tissue in orthopedic infec-
tions. Methods Mol Biol. 2014;1147:105–126. 

	19.	 Petrich A, Rojas P, Schulze J, et al. Fluorescence in situ hybridiza-
tion for the identification of Treponema pallidum in tissue sec-
tions. Int J Med Microbiol. 2015;305:709–718. 

	20.	 Sutrave S, Kikhney J, Schmidt J, et al. Effect of daptomycin and 
vancomycin on staphylococcus epidermidis biofilms: an in vitro 
assessment using fluorescence in situ hybridization. PLoS One. 
2019;14:e0221786. 

	21.	 Da Silva RM, Jr., Da Silva Neto JR, Santos CS, Frickmann H, 
Poppert S, Cruz KS, et al. Evaluation of fluorescence in situ 
hybridisation (FISH) for the detection of fungi directly from 
blood cultures and cerebrospinal fluid from patients with sus-
pected invasive mycoses. Ann Clin Microbiol Antimicrob. 2015;14:6. 

	22.	 Moter A, Leist G, Rudolph R, et al. Fluorescence in situ hybridiza-
tion shows spatial distribution of as yet uncultured treponemes 
in biopsies from digital dermatitis lesions. Microbiology (Reading). 
1998;144:2459–2467. 

	23.	 Moter A, Riep B, Haban V, et al. Molecular epidemiology of oral 
treponemes in patients with periodontitis and in periodontitis-
resistant subjects. J Clin Microbiol. 2006;44:3078–3085. 

	24.	 Palmer M, Costerton W, Sewecke J, et al. Molecular techniques 
to detect biofilm bacteria in long bone nonunion: a case report. 
Clin Orthop Relat Res. 2011;469:3037–3042. 

	25.	 Li C, Renz N, Trampuz A. Management of periprosthetic joint 
infection. Hip Pelvis. 2018;30:138–146. 

	26.	 McNally M, Sousa R, Wouthuyzen-Bakker M, et al. The EBJIS 
definition of periprosthetic joint infection. Bone Joint J. 
2021;103-B:18–25. 

	27.	 Zimmerli W, Sendi P. Orthopaedic biofilm infections. APMIS. 
2017;125:353–364. 

	28.	 Bauer AW, Kirby WM, Sherris JC, et al. Antibiotic susceptibility 
testing by a standardized single disk method. Am J Clin Pathol. 
1966;45:493–496.

	29.	 Schoenrath F, Kursawe L, Nersesian G, et al. Fluorescence in 
situ hybridization and polymerase chain reaction to detect infec-
tions in patients with left ventricular assist devices. ASAIO J. 
2021;67:536–545. 

	30.	 Amann RI, Binder BJ, Olson RJ, et al. Combination of 16S 
rRNA-targeted oligonucleotide probes with flow cytometry for 
analyzing mixed microbial populations. Appl Environ Microbiol. 
1990;56:1919–1925. 

	31.	 Wallner G, Amann R, Beisker W. Optimizing fluorescent in 
situ hybridization with rRNA-targeted oligonucleotide probes 
for flow cytometric identification of microorganisms. Cytometry. 
1993;14:136–143. 

	32.	 Brosius J, Palmer ML, Kennedy PJ, et al. Complete nucleotide 
sequence of a 16S ribosomal RNA gene from escherichia coli. 
Proc Natl Acad Sci U S A. 1978;75:4801–4805. 

	33.	 Rojas P, Petrich A, Schulze J, et al. Distribution and phylogeny 
of brachyspira spp. in human intestinal spirochetosis revealed 
by FISH and 16S rRNA-gene analysis. Anaerobe. 2017;47: 
25–32. 

	34.	 McNally M, Govaert G, Dudareva M, et al. Definition and 
diagnosis of fracture-related infection. EFORT Open Rev. 
2020;5:614–619. 

	35.	 Govaert GAM, Kuehl R, Atkins BL, et al; Fracture-Related 
Infection (FRI) Consensus Group. Diagnosing fracture-related 
infection: current concepts and recommendations. J Orthop 
Trauma. 2020;34:8–17. 

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

	37.	 Morgenstern M, Kuhl R, Eckardt H, et al. Diagnostic challenges 
and future perspectives in fracture-related infection. Injury. 
2018;49:S83–S90. 

	38.	 Villa JM, Pannu TS, Piuzzi N, et al. Evolution of diagnostic defi-
nitions for periprosthetic joint infection in total hip and knee 
arthroplasty. J Arthroplasty. 2020;35:S9–S13. 

	39.	 Schafer P, Fink B, Sandow D, et al. Prolonged bacterial culture to 
identify late periprosthetic joint infection: a promising strategy. 
Clin Infect Dis. 2008;47:1403–1409. 

	40.	 Trampuz A, Piper KE, Jacobson MJ, et al. Sonication of removed 
hip and knee prostheses for diagnosis of infection. N Engl J Med. 
2007;357:654–663. 

	41.	 Gosiewski T, Flis A, Sroka A, et al. Comparison of nested, mul-
tiplex, qPCR; FISH; SeptiFast and blood culture methods in 
detection and identification of bacteria and fungi in blood of 
patients with sepsis. BMC Microbiol. 2014;14:313. 

	42.	 Neut D, van der Mei HC, Bulstra SK, et al. The role of small-
colony variants in failure to diagnose and treat biofilm infections 
in orthopedics. Acta Orthop. 2007;78:299–308. 

	43.	 Fenollar F, Roux V, Stein A, et al. Analysis of 525 samples to 
determine the usefulness of PCR amplification and sequencing 
of the 16S rRNA gene for diagnosis of bone and joint infections. 
J Clin Microbiol. 2006;44:1018–1028. 

https://doi.org/10.1007/s10195-015-0345-z
https://doi.org/10.1007/s10195-015-0345-z
https://doi.org/10.1007/s10195-015-0345-z
https://doi.org/10.3238/arztebl.2014.0407
https://doi.org/10.3238/arztebl.2014.0407
https://doi.org/10.3238/arztebl.2014.0407
https://doi.org/10.3238/arztebl.2014.0407
https://doi.org/10.1016/j.injury.2016.09.019
https://doi.org/10.1016/j.injury.2016.09.019
https://doi.org/10.1016/j.injury.2016.09.019
https://doi.org/10.1016/j.injury.2006.04.010
https://doi.org/10.1016/j.injury.2006.04.010
https://doi.org/10.1002/jbm.b.31688
https://doi.org/10.1002/jbm.b.31688
https://doi.org/10.1002/jbm.b.31688
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1007/978-3-319-11038-7_3
https://doi.org/10.1007/978-3-319-11038-7_3
https://doi.org/10.1007/978-3-319-11038-7_3
https://doi.org/10.1002/adhm.201100006
https://doi.org/10.1002/adhm.201100006
https://doi.org/10.1002/adhm.201100006
https://doi.org/10.1016/j.idc.2018.06.003
https://doi.org/10.1016/j.idc.2018.06.003
https://doi.org/10.1089/sur.2015.078
https://doi.org/10.1089/sur.2015.078
https://doi.org/10.1097/01.qco.0000235161.85925.e8
https://doi.org/10.1097/01.qco.0000235161.85925.e8
https://doi.org/10.1111/j.1574-695X.2012.00949.x
https://doi.org/10.1111/j.1574-695X.2012.00949.x
https://doi.org/10.1111/j.1574-695X.2012.00949.x
https://doi.org/10.1111/j.1574-695X.2012.00949.x
https://doi.org/10.3389/fmed.2014.00030
https://doi.org/10.3389/fmed.2014.00030
https://doi.org/10.3389/fmed.2014.00030
https://doi.org/10.3389/fmed.2014.00030
https://doi.org/10.3109/1040841X.2016.1169990
https://doi.org/10.3109/1040841X.2016.1169990
https://doi.org/10.3109/1040841X.2016.1169990
https://doi.org/10.1007/978-1-0716-1115-9_20
https://doi.org/10.1007/978-1-0716-1115-9_20
https://doi.org/10.1007/978-1-0716-1115-9_20
https://doi.org/10.1007/978-1-4939-0467-9_8
https://doi.org/10.1007/978-1-4939-0467-9_8
https://doi.org/10.1007/978-1-4939-0467-9_8
https://doi.org/10.1016/j.ijmm.2015.08.022
https://doi.org/10.1016/j.ijmm.2015.08.022
https://doi.org/10.1016/j.ijmm.2015.08.022
https://doi.org/10.1371/journal.pone.0221786
https://doi.org/10.1371/journal.pone.0221786
https://doi.org/10.1371/journal.pone.0221786
https://doi.org/10.1371/journal.pone.0221786
https://doi.org/10.1186/s12941-015-0065-5
https://doi.org/10.1186/s12941-015-0065-5
https://doi.org/10.1186/s12941-015-0065-5
https://doi.org/10.1186/s12941-015-0065-5
https://doi.org/10.1186/s12941-015-0065-5
https://doi.org/10.1099/00221287-144-9-2459
https://doi.org/10.1099/00221287-144-9-2459
https://doi.org/10.1099/00221287-144-9-2459
https://doi.org/10.1099/00221287-144-9-2459
https://doi.org/10.1128/JCM.00322-06
https://doi.org/10.1128/JCM.00322-06
https://doi.org/10.1128/JCM.00322-06
https://doi.org/10.1007/s11999-011-1843-9
https://doi.org/10.1007/s11999-011-1843-9
https://doi.org/10.1007/s11999-011-1843-9
https://doi.org/10.5371/hp.2018.30.3.138
https://doi.org/10.5371/hp.2018.30.3.138
https://doi.org/10.1302/0301-620X.103B1.BJJ-2020-1381.R1
https://doi.org/10.1302/0301-620X.103B1.BJJ-2020-1381.R1
https://doi.org/10.1302/0301-620X.103B1.BJJ-2020-1381.R1
https://doi.org/10.1111/apm.12687
https://doi.org/10.1111/apm.12687
https://doi.org/10.1097/MAT.0000000000001260
https://doi.org/10.1097/MAT.0000000000001260
https://doi.org/10.1097/MAT.0000000000001260
https://doi.org/10.1097/MAT.0000000000001260
https://doi.org/10.1128/aem.56.6.1919-1925.1990
https://doi.org/10.1128/aem.56.6.1919-1925.1990
https://doi.org/10.1128/aem.56.6.1919-1925.1990
https://doi.org/10.1128/aem.56.6.1919-1925.1990
https://doi.org/10.1002/cyto.990140205
https://doi.org/10.1002/cyto.990140205
https://doi.org/10.1002/cyto.990140205
https://doi.org/10.1002/cyto.990140205
https://doi.org/10.1073/pnas.75.10.4801
https://doi.org/10.1073/pnas.75.10.4801
https://doi.org/10.1073/pnas.75.10.4801
https://doi.org/10.1016/j.anaerobe.2017.03.012
https://doi.org/10.1016/j.anaerobe.2017.03.012
https://doi.org/10.1016/j.anaerobe.2017.03.012
https://doi.org/10.1016/j.anaerobe.2017.03.012
https://doi.org/10.1302/2058-5241.5.190072
https://doi.org/10.1302/2058-5241.5.190072
https://doi.org/10.1302/2058-5241.5.190072
https://doi.org/10.1097/BOT.0000000000001614
https://doi.org/10.1097/BOT.0000000000001614
https://doi.org/10.1097/BOT.0000000000001614
https://doi.org/10.1097/BOT.0000000000001614
https://doi.org/10.1016/j.injury.2017.08.040
https://doi.org/10.1016/j.injury.2017.08.040
https://doi.org/10.1016/j.injury.2017.08.040
https://doi.org/10.1016/S0020-1383(18)30310-3
https://doi.org/10.1016/S0020-1383(18)30310-3
https://doi.org/10.1016/S0020-1383(18)30310-3
https://doi.org/10.1016/j.arth.2019.10.032
https://doi.org/10.1016/j.arth.2019.10.032
https://doi.org/10.1016/j.arth.2019.10.032
https://doi.org/10.1086/592973
https://doi.org/10.1086/592973
https://doi.org/10.1086/592973
https://doi.org/10.1056/NEJMoa061588
https://doi.org/10.1056/NEJMoa061588
https://doi.org/10.1056/NEJMoa061588
https://doi.org/10.1186/s12866-014-0313-4
https://doi.org/10.1186/s12866-014-0313-4
https://doi.org/10.1186/s12866-014-0313-4
https://doi.org/10.1186/s12866-014-0313-4
https://doi.org/10.1080/17453670710013843
https://doi.org/10.1080/17453670710013843
https://doi.org/10.1080/17453670710013843
https://doi.org/10.1128/JCM.44.3.1018-1028.2006
https://doi.org/10.1128/JCM.44.3.1018-1028.2006
https://doi.org/10.1128/JCM.44.3.1018-1028.2006
https://doi.org/10.1128/JCM.44.3.1018-1028.2006


 Scheuermann-Poley et al • Biofilm Growth in Implant-associated Infections

9

	44.	 Fihman V, Hannouche D, Bousson V, et al. Improved diagnosis 
specificity in bone and joint infections using molecular tech-
niques. J Infect. 2007;55:510–517. 

	45.	 Levy PY, Fenollar F. The role of molecular diagnostics in 
implant-associated bone and joint infection. Clin Microbiol Infect. 
2012;18:1168–1175. 

	46.	 Mariani BD, Martin DS, Levine MJ, et al. The coventry award. 
polymerase chain reaction detection of bacterial infection in 
total knee arthroplasty. Clin Orthop Relat Res. 1996;331:11–22. 

	47.	 Moojen DJ, Spijkers SN, Schot CS, et al. Identification of ortho-
paedic infections using broad-range polymerase chain reac-
tion and reverse line blot hybridization. J Bone Joint Surg Am. 
2007;89:1298–1305. 

	48.	 Borst A, Box AT, Fluit AC. False-positive results and contami-
nation in nucleic acid amplification assays: suggestions for 
a prevent and destroy strategy. Eur J Clin Microbiol Infect Dis. 
2004;23:289–299. 

	49.	 Spindler N, Moter A, Wiessner A, et al. Fluorescence in situ hybrid-
ization (FISH) in the microbiological diagnostic of deep sternal 
wound infection (DSWI). Infect Drug Resist. 2021;14:2309–2319. 

	50.	 Han A, Zenilman JM, Melendez JH, et al. The importance of a 
multifaceted approach to characterizing the microbial flora of 
chronic wounds. Wound Repair Regen. 2011;19:532–541. 

	51.	 Hurlow J, Blanz E, Gaddy JA. Clinical investigation of biofilm in 
non-healing wounds by high resolution microscopy techniques. J 
Wound Care. 2016;25:S11–S22. 

	52.	 James GA, Swogger E, Wolcott R, et al. Biofilms in chronic 
wounds. Wound Repair Regen. 2008;16:37–44. 

	53.	 Kirketerp-Moller K, Jensen PO, Fazli M, et al. Distribution, 
organization, and ecology of bacteria in chronic wounds. J Clin 
Microbiol. 2008;46:2717–2722. 

	54.	 Martinez-Velasco M, Toussaint-Caire S, Hernández-Castro R, 
et al. Biofilm identification and quantification utilizing simple 
stains and spectrophotometry in chronic wound biopsy samples. 
Wound Repair Regen. 2014;22:A53.

	55.	 Knabl L, Kuppelwieser B, Mayr A, et al. High percentage of 
microbial colonization of osteosynthesis material in clinically 
unremarkable patients. Microbiologyopen. 2019;8:e00658. 

	56.	 Jakobsen TH, Xu Y, Bay L, et al. Sampling challenges in diagnosis 
of chronic bacterial infections. J Med Microbiol. 2021;70. 

https://doi.org/10.1016/j.jinf.2007.09.001
https://doi.org/10.1016/j.jinf.2007.09.001
https://doi.org/10.1016/j.jinf.2007.09.001
https://doi.org/10.1111/1469-0691.12020
https://doi.org/10.1111/1469-0691.12020
https://doi.org/10.1111/1469-0691.12020
https://doi.org/10.1097/00003086-199610000-00003
https://doi.org/10.1097/00003086-199610000-00003
https://doi.org/10.1097/00003086-199610000-00003
https://doi.org/10.2106/JBJS.F.00822
https://doi.org/10.2106/JBJS.F.00822
https://doi.org/10.2106/JBJS.F.00822
https://doi.org/10.2106/JBJS.F.00822
https://doi.org/10.1007/s10096-004-1100-1
https://doi.org/10.1007/s10096-004-1100-1
https://doi.org/10.1007/s10096-004-1100-1
https://doi.org/10.1007/s10096-004-1100-1
https://doi.org/10.2147/IDR.S310139
https://doi.org/10.2147/IDR.S310139
https://doi.org/10.2147/IDR.S310139
https://doi.org/10.1111/j.1524-475X.2011.00720.x
https://doi.org/10.1111/j.1524-475X.2011.00720.x
https://doi.org/10.1111/j.1524-475X.2011.00720.x
https://doi.org/10.12968/jowc.2016.25.Sup9.S11
https://doi.org/10.12968/jowc.2016.25.Sup9.S11
https://doi.org/10.12968/jowc.2016.25.Sup9.S11
https://doi.org/10.1111/j.1524-475X.2007.00321.x
https://doi.org/10.1111/j.1524-475X.2007.00321.x
https://doi.org/10.1128/JCM.00501-08
https://doi.org/10.1128/JCM.00501-08
https://doi.org/10.1128/JCM.00501-08
https://doi.org/10.1002/mbo3.658
https://doi.org/10.1002/mbo3.658
https://doi.org/10.1002/mbo3.658
https://doi.org/10.1099/jmm.0.001302
https://doi.org/10.1099/jmm.0.001302

