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Abstract 

Background  Septic and aseptic nonunion require different therapeutic strategies. However, differential diagnosis is 
challenging, as low-grade infections and biofilm-bound bacteria often remain undetected. Therefore, the examination 
of biofilm on implants by sonication and the evaluation of its value for differentiating between femoral or tibial shaft 
septic and aseptic nonunion in comparison to tissue culture and histopathology was the focus of this study.

Materials and methods  Osteosynthesis material for sonication and tissue samples for long-term culture and histo-
pathologic examination from 53 patients with aseptic nonunion, 42 with septic nonunion and 32 with regular healed 
fractures were obtained during surgery. Sonication fluid was concentrated by membrane filtration and colony-form-
ing units (CFU) were quantified after aerobic and anaerobic incubation. CFU cut-off values for differentiating between 
septic and aseptic nonunion or regular healers were determined by receiver operating characteristic analysis. The 
performances of the different diagnostic methods were calculated using cross-tabulation.

Results  The cut-off value for differentiating between septic and aseptic nonunion was ≥ 13.6 CFU/10 ml sonication 
fluid. With a sensitivity of 52% and a specificity of 93%, the diagnostic performance of membrane filtration was lower 
than that of tissue culture (69%, 96%) but higher than that of histopathology (14%, 87%). Considering two criteria for 
infection diagnosis, the sensitivity was similar for one tissue culture with the same pathogen in broth-cultured sonica-
tion fluid and two positive tissue cultures (55%). The combination of tissue culture and membrane-filtrated sonication 
fluid had a sensitivity of 50%, which increased up to 62% when using a lower CFU cut-off determined from regular 
healers. Furthermore, membrane filtration demonstrated a significantly higher polymicrobial detection rate compared 
to tissue culture and sonication fluid broth culture.

Conclusions  Our findings support a multimodal approach for the differential diagnosis of nonunion, with sonication 
demonstrating substantial usefulness.
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Introduction
One essential criterion for the treatment of fracture non-
union is the presence or absence of bacterial infection. 
However, differentiating between septic and aseptic non-
union is challenging, especially when dealing with low-
grade infections which are difficult to distinguish from 
aseptic nonunion [1, 2]. Low-grade infections are often 
caused by biofilm-forming bacteria, which may remain 
undetected in tissue cultures (TCs) and erroneously lead 
to aseptic diagnoses [2–4].

Biofilm-embedded bacteria on implants can be dis-
lodged by sonication and detected by sonication fluid 
(SF) culture. This method has become an important ele-
ment in the diagnosis of prosthetic joint infection (PJI) 
due to its supposed higher sensitivity compared to TC 
[5], despite some recent contradictory findings [6–8]. 
There are few studies focusing on sonication for the diag-
nosis of fracture-related infection [9–13], with most of 
the studies including both fracture-related and prosthetic 
joint infections [9, 11–13]. Thus, the role of sonication in 
the diagnosis of fracture-related infection (FRI) remains 
tentative [14]. Based on the lack of scientific evidence 
for the role of sonication in FRI diagnostics [14], the FRI 
Consensus Group demanded further studies to establish 
the role of sonication in FRI [15].

The aim of this study was to evaluate the diagnostic 
performance of sonication in differentiating between 
diaphyseal femoral or tibial aseptic and septic nonunion. 
We hypothesized that differentiation would be possible 
by the quantification of colony forming units (CFU) in 
sonication fluid. Furthermore, we hypothesized that soni-
cation would detect a more diverse spectrum of microor-
ganisms compared with tissue culture.

Patients and methods
This prospective multicenter study investigated the 
microbiological colonization of femoral and tibial fixa-
tion material in nonunion and regular healed fractures. 
One hundred thirty patients were recruited at eight level 
I trauma centers in Germany between January 2019 and 
April 2022. Each study center received an ethics vote 
from its local responsible ethics committee. Patients with 
aseptic or septic femoral or tibial shaft nonunion admit-
ted to the hospitals for a revision surgery and patients 
with femoral or tibial regular healed fractures undergoing 

implant removal were included in this study. In the latter, 
the implant was routinely removed after complication-
free fracture consolidation, with no clinical or laboratory 
signs of infection or delayed healing during the fracture 
healing process. All patients gave their written consent 
before study inclusion.

Study population
Ninety-eight patients with nonunion and 32 patients 
with regular healed fractures aged ≥ 18  years were pro-
spectively identified at the participating study centers 
and included in the study. The diagnosis of nonunion was 
based on the patient´s complaints, clinical examination, 
and mandatory conventional radiographs. Hereby, radio-
logic signs of nonunion were defined as a lack of osseous 
bridging in at least three out of four cortices assessed 
on antero-posterior and lateral views of conventional 
radiographs [16]. Nonunion was defined as a fracture 
that does not heal without further surgical intervention 
[17]. The median time between definitive fracture sta-
bilization and revision surgery was 10.9  months (range: 
2.4–48.9). Exclusion criteria were administration of pre-
operative long-term antibiotics or current antimicrobial 
therapy and pregnancy. Only patients with complete 
implant removal or replacement were involved in this 
investigation.

Septic nonunion was defined according to Metsemak-
ers et al. [18] by confirmatory criteria: presence of a fis-
tula, two of the same pathogens identified in separate 
TCs, two of the same pathogens in TC and SF broth cul-
ture, or the detection of microorganisms in one TC con-
firmed by histopathological examination. For all patients, 
microbiological (long-term culture of tissue in broth and 
direct culture) and histopathological findings from index 
surgery or any follow-up surgeries within 12 months of 
study inclusion were considered for diagnosis. Especially 
in the case of a single culture-positive specimen or his-
topathology with infection signs only, suggestive criteria 
(redness, swelling, increased local temperature, increased 
preoperative CRP, clinical suspicion) were taken into 
account for the definitive diagnosis. Additionally, the 
administration of nonunion-related antibiotic therapy 
as well as the consolidation status of the nonunion 1 
year after revision surgery were recorded. Results of the 
study-related sonication fluid membrane filtration (MF) 
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were not considered as a diagnostic criterion, as the eval-
uation of this method was subject of the present study.

Sample collection and analysis
The purpose of this study was to evaluate the diagnos-
tic performance of sonication in differentiating between 
septic and aseptic nonunion in order to improve and 
expedite the diagnostic process for early initiation of 
appropriate treatment. Therefore, we assessed sonication 
as a diagnostic method in comparison to current conven-
tional diagnostics.

Nonunion revisions and metal removals were per-
formed according to clinical standards. Besides the 
clinical sampling for microbiology and histopathology 
(study-center-dependent sampling and analysis with local 
variations), two additional tissue samples were obtained 
from the transition zone between healthy bone and non-
union in nonunion patients and from the peri-implant 
site in regular healers. These samples were directly trans-
ferred into prepared vials, one in 9 ml sterile thioglyco-
late broth with resazurin (bioMérieux) for conventional 
microbiological examination and the other in 4%-phos-
phate-buffered formaldehyde solution (AppliChem) for 
histopathological examination. Osteosynthesis material 
was removed under sterile conditions according to clini-
cal standards and transferred dry into sterile stand-up 
bags (Whirl-Pak, Nasco Sampling). All study samples 
collected in the study surgeries were transported over-
night to the Institute for Biomechanics at the BG Unfallk-
linik Murnau, and were processed on the subsequent day.

Sonication was performed with the entire intramed-
ullary nail or locking plate; screws were included if 
provided. The removed osteosynthesis material was 
transferred into a steam-sterilized (121  °C, 20  min) 
custom-made screw-capped glass tube with space for a 
complete intramedullary nail. Implants that did not fit 
into the glass tubes were instead processed in hydrogen-
peroxide-sterilized lock’n’lock containers recommended 
by the ultrasonic bath manufacturer for sonication. The 
osteosynthesis material was covered with 150  ml ster-
ile Ringer’s solution (Ringer Fresenius, Fresenius Kabi 
Deutschland GmbH) and shaken by hand for 30 s. Soni-
cation was performed with a frequency of 40  kHz at 
100% power setting (corresponds to 200 Weff ultrasonic 
nominal output; BactoSonic ultrasonic bath, Bandelin 
electronic GmbH & Co. KG) for 1 min. For long implants 
that protruded out of the ultrasonic bath, the glass tubes 
were inverted and sonicated for an additional minute to 
include the whole implant surface. Sonication was fol-
lowed by further shaking for 30 s. Five ml of the SF was 
inoculated into 9  ml thioglycolate broth with resazurin 
(bioMérieux) and incubated at 37 °C, 5% CO2 for 10 days.

Membrane filtration (MF) was conducted with 80  ml 
SF in total. For this purpose, SF was pre-filtered through 
a 70 μm sterile cell strainer (Falcon, Corning, NY, USA) 
to remove larger particles and to avoid blocking the 
0.45-μm-pore-size sterile membrane filters (EZ-Fit, Milli-
pore, Merck KGaA). Four filtrations with 20 ml each were 
performed. Filter membranes were directly placed onto 
Columbia agar plates with 5% sheep blood (Oxoid Ger-
many GmbH, Thermo Fisher Scientific). Two agar plates 
were incubated under aerobic conditions for at least 2 
days [median (range): 3 (2–7)], and two under anaerobic 
conditions for at least 5 days [median (range): 5 (5–7)], 
with variations due to weekends and holidays. An Anoxo-
mat system (Advanced Instruments, Norwood, USA) was 
used to generate an anaerobic atmosphere. After incu-
bation, the CFU were quantified on either aerobically 
or anaerobically incubated filter membranes (whichever 
yielded higher counts according to Trampuz et al. [19]). 
For this purpose, photos of the filter membranes were 
taken (Fig.  1) and the CFU were visually enumerated 
using the multi-point tool of the ImageJ software (ver-
sion 1.52f ). Only colonies from which at least one other 
colony of the same pathogen had grown on the selected 
membrane filters were counted. Individual colonies were 
considered contaminants and were not assessed. Eight 
sterile intramedullary nails and plates were transferred 
into sterile stand-up bags (Whirl–Pak, Nasco Sampling) 
and tested as negative controls in the same manner.

The study TC samples were incubated at 37 °C, 5% CO2 
for 14 days and then streaked out on Columbia agar with 
5% sheep blood (Oxoid Germany GmbH, Thermo Fisher 
Scientific). Morphologically distinct colony types were 
identified by matrix-assisted laser desorption ionization 
time-of-flight (MALDI-TOF) mass spectrometry to spe-
cies level (Vitek MS, bioMérieux Vitek Inc.) and tested 
for antibiotic susceptibility (Vitek 2, bioMérieux Vitek 
Inc.). The 10-day culture of SF in thioglycolate broth was 
performed in the same manner. Morphologically distinct 
colony types grown on membrane filters of MF were iso-
lated on Columbia agar with 5% sheep blood (Oxoid Ger-
many GmbH, Thermo Fisher Scientific) and identified 
and tested for antibiotic susceptibility analogously to TC 
and SF broth culture samples.

For histopathology, tissue samples were fixated in for-
maldehyde and were examined for signs of osteomyeli-
tis after decalcification. Histopathological assessment 
and classification was performed via H&E staining, 
Berlin blue and the PAS reaction and with polariza-
tion-optical analysis and a semi-quantitative evaluation 
of osteomyelitis according to the Histopathological 
Osteomyelitis Evaluation Score (HOES [20]). In brief, 
patterns of acute and chronic osteomyelitis, which 
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include osseous changes, soft-tissue changes and an 
inflammatory infiltrate pattern (microabscesses: ≥ 5 
neutrophilic granulocytes; lymphocyte/macrophage/
plasma cell infiltrate), were assessed and semi-quantita-
tively graded depending on the size of the section area 
(non-existent = 0, one-third = 1, two-thirds = 2, entire 
section area = 3). Numerical evaluations of osteomy-
elitis criteria were summed and resulted in the written 
HOES, whereby scores of I to IV indicate the presence 
of osteomyelitis at different stages (acute, chronically 
florid, chronic, calmed osteomyelitis) and a score of V 
implies that there is no indication of osteomyelitis. For 
our analyses, we only used the HOES to differentiate 
whether signs of osteomyelitis were present or not.

Statistics
Intraoperative tissue specimens and explanted osteosyn-
thesis material of 130 patients that met the defined inclu-
sion criteria were sampled and analyzed in this study. 
Three initially aseptic nonunion patients were excluded 
from the statistical analyses as their signs of infection first 
appeared in follow-up surgeries, resulting in an unclear 
differential diagnosis. Thus, 127 patients were included in 
further analyses.

Statistical analyses were conducted in SPSS (ver. 26; 
IBM). Comparisons of mean values between study 
groups were performed using the Kruskal–Wallis or 
Mann–Whitney U test. To compare qualitative vari-
ables, Pearson’s chi-squared test or Fisher’s exact test 
was applied. A p value < 0.05 (two-sided) was consid-
ered statistically significant, and Bonferroni correction 

Fig. 1  Examples of aerobically (A, B) and anaerobically (C, D) incubated filter membranes with bacteria growth. A Staphylococcus capitis. B 
Corynebacterium spp. and Staphylococcus epidermidis. C Cutibacterium acnes. D Cutibacterium acnes and Staphylococcus epidermidis 
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was performed for multiple testing. CFU cut-off val-
ues and sensitivity and specificity for infection diag-
nosis based on the MF method were calculated with 
receiver operating characteristic (ROC) curves . Two 
by two tables were used for to test the performances of 
the different test methods. Analyses for the single-test 
methods were performed with the study-related micro-
biological and histopathological samples only, which 
were processed in a standardized manner. 95% confi-
dence intervals (CIs) for sensitivity, specificity, positive 
and negative predictive values (PPV and NPV) were 
generated via Clinical Calculator 1 (http://​vassa​rstats.​
net/).

Results
The study groups—42 patients with septic nonunion, 
53 with aseptic nonunion and 32 with regularly healed 
fractures—significantly differed in age (Table  1). In 
particular, the regular healer group was significantly 
younger than the aseptic nonunion group (p = 0.006), 
whereas there was no difference in age between sep-
tic and aseptic nonunion (p = 1.000) or septic nonun-
ion and regular healers (p = 0.072). The distribution 
of open and closed fractures differed significantly 
between the groups, as open fractures occurred more 
frequently in nonunion compared to regular heal-
ers (p = 0.005). The number of tissue cultures for 

Table 1  Comparison of patient characteristics between the study groups

a Pearson’s chi-square test
b Kruskal–Wallis test
c Fisher’s exact test

Characteristics of the patients Septic nonunion Aseptic nonunion Regular healers p  value

N % N % N %

Sex 0.092a

 Male 34 81 32 60 21 66

 Female 8 19 21 40 11 34

Age 0.007b

Mean ± SD [years] 45 ± 15 48 ± 15 38 ± 16

Fracture 0.003a

 Closed 20 48 28 53 27 84

 Open 22 52 25 47 5 16

Bone 0.358a

 Femur 13 31 24 45 12 38

 Tibia 29 69 29 55 20 63

Fracture localization 0.155c

 Proximal shaft third 4 10 4 8 6 19

 Medial shaft third 14 33 29 55 12 38

 Distal shaft third 22 52 17 32 14 44

 Two different shaft thirds 2 5 3 6

Table 2  Comparison of sample characteristics between the study groups

a Fisher’s exact test

Sample characteristics Septic nonunion Aseptic nonunion Regular healers p value

N % N % N %

Sonicated osteosynthesis material 0.086a

 Intramedullary nail (+ screws) 28 67 37 70 29 91

 Plate (+ screws) 12 29 15 28 3 9

 Intramedullary nail + plate (+ screws) 2 5 1 2

Sonication container 0.128a

 Glass tube 38 91 47 89 32 100

 Lock’n’lock box 4 10 6 11

http://vassarstats.net/
http://vassarstats.net/
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the clinical diagnosis of infection was larger for sep-
tic nonunion (4 ± 2) compared to aseptic nonunion 
(3 ± 2; p = 0.006). There were no significant between-
group differences regarding type of osteosynthesis or 
sonication conditions (Table 2). Revision surgery with 
implant removal occurred at a median of 11.7 months 
(range: 2.4–48.9) after definitive stabilization in the 
septic nonunion group and at a median of 10.1 months 
(range: 4.1–41.2) in the aseptic nonunion group. In the 
regular healer group, routine metal removal was per-
formed at a median of 15.1  months (range: 9.5–28.9) 
after internal fracture fixation.

Detection of septic nonunion by CFU quantification
ROC analyses for the MF method were performed for 
separation between septic and aseptic nonunion and 
between septic nonunion and regular healers, respec-
tively. Both ROC curves had an area under the curve of 
0.8. The ROC curve analysis for the best cut-off value 
revealed ≥ 13.6 CFU/10 ml SF for differentiation between 
aseptic and septic nonunion (high cut-off; Fig.  2A) 
and ≥ 0.6 CFU/10 ml SF for differentiation between regu-
lar healers and septic nonunion (low cut-off; Fig. 2B).

A large spectrum of different bacterial species were 
detected in all three study groups (Table  3). In septic 
nonunion, coagulase-negative staphylococci (CoNS) and 
Cutibacterium acnes were the most commonly detected 
pathogens. In aseptic nonunion and regular healers, the 
majority of samples were culture negative. Positive SF cul-
tures in aseptic nonunion or regular healers were mainly 
due to CoNS and C. acnes. MF demonstrated a higher 

detection rate of polymicrobial infections compared to 
TC and broth-cultured SF (p < 0.001). All negative con-
trols for sonication had no bacterial contamination.

The diagnostic value of sonication was assessed by 
comparing the diagnostic performances for the different 
methods to conventional diagnostics (Table 4). Fourteen-
day TC demonstrated high performance. The sensitivity 
of histopathology was extremely low. SF broth culture 
had a higher sensitivity than the MF high cut-off, whereas 
its specificity was lower. In comparison to broth-cultured 
SF, PPV was higher for the MF high cut-off. Upon using 
the lower cut-off, the PPV decreased but the NPV was 
highest of all the SF analysis methods. Regular heal-
ers with positive test results were represented across all 
methods. The MF low cut-off criterion demonstrated the 
highest positive-test rate in regular healers and the SF 
broth culture presented the second highest, followed by 
histopathology. TC and the MF high cut-off had the low-
est positive-test rates in regular healers compared to the 
other methods.

Sonication as a confirmatory diagnostic criterion increases 
sensitivity
To avoid a false-positive infection diagnosis, a con-
firmatory second criterion should be present. Thus, we 
analyzed the detection rate of septic nonunion by one 
positive TC in combination with another positive test 
method (Table  5). For these analyses, clinical findings 
were also considered. The same number of patients with 
septic nonunion could be detected by two TCs with the 
same pathogen and the combination of TC with SF broth 

Fig. 2  ROC curves for group discrimination based on CFU per ml sonication fluid (SF) determined by the membrane filtration method. A 
Discrimination of aseptic and septic nonunion; AUC = 0.77 (95% CI 0.67–0.87); optimal cut-off value that maximizes the Youden index (0.45) 
is ≥ 13.6 CFU/10 ml SF. B Discrimination of regular healed fractures and septic nonunion; AUC = 0.78 (95% CI 0.67–0.89); optimal cut-off value that 
maximizes the Youden index (0.47) is ≥ 0.6 CFU/10 ml SF
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culture. The MF low cut-off as a secondary diagnostic cri-
terion identified the largest number of septic nonunions 
compared with any other combination.

Discussion
Treatment decisions in disturbed fracture healing situa-
tions rely on a reliable diagnosis of presence or absence 

Table 3  Overview of detected microorganisms in the three study groups

TC tissue culture (14-day culture of study tissue sample), SF sonication fluid (10-day culture of sonication fluid in broth), MF membrane-filtrated sonication fluid (cut-
off value: ≥ 13.6 CFU/10 ml), CoNS coagulase-negative staphylococci, spp. species

Study group Culture results TC SF broth culture MF

N % N % N %

Septic nonunion (N = 42) Negative 13 31 13 31 20 48

1 species/sample 26 90 26 90 11 50

2 species/sample 3 10 3 10 7 32

3 species/sample – – – – 4 18

Cutibacterium acnes 10 31 3 9 6 16

CoNS 16 50 24 75 25 68

Staphylococcus aureus 4 13 1 3 1 3

Finegoldia magna 1 3 2 6 1 3

Serratia marcescens 1 3 1 3 1 3

Enterococcus faecalis – – 1 3 1 3

Corynebacterium spp. – – – – 2 5

Aseptic nonunion (N = 53) Negative 51 96 43 81 49 93

1 species/sample 2 100 10 100 – –

2 species/sample – – – – 3 75

3 species/sample – – – – 1 25

Cutibacterium acnes – – 4 40 3 33

CoNS 1 50 5 50 5 56

Kocuria varians 1 50 – – – –

Brevibacillus choshinensis – – 1 10 – –

Corynebacterium spp. – – – – 1 11

Regular healers (N = 32) Negative 29 91 23 72 29 91

1 species/sample 2 67 8 89 2 67

2 species/sample 1 33 1 11 1 33

Cutibacterium acnes 2 50 1 10 2 50

CoNS 1 25 5 50 1 25

Corynebacterium spp. 1 25 1 10 – –

Bacillus spp. – – 3 30 1 25

Table 4  Performances of different test methods when discriminating between aseptic and septic nonunion

PPV positive predictive value, NPV negative predictive value, CI confidence interval, TC tissue culture, SF sonication fluid, MF membrane-filtrated sonication fluid

Septic nonunion Aseptic 
nonunion

Sensitivity Specificity PPV NPV Regular healers

Test method No. of patients who tested 
positive

% (95% CI) No. of patients 
who tested 
positive

Long-term TC (study sample) 29/42 2/53 69 (53–82) 96 (86–99) 94 (77–99) 80 (67–88) 3/32

Histopathology (study sample) 6/42 7/53 14 (6–29) 87 (74–94) 46 (20–74) 56 (45–67) 5/32

SF broth culture 29/42 10/53 69 (53–82) 81 (68–90) 74 (58–86) 77 (63–87) 9/32

MF (≥ 0.6 CFU/10 ml) 33/42 20/53 79 (63–89) 62 (48–75) 62 (48–75) 79 (63–89) 10/32

MF (≥ 13.6 CFU/10 ml) 22/42 4/53 52 (37–68) 93 (81–98) 85 (64–95) 71 (59–81) 3/32
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of infection. Established diagnostic criteria for FRI that 
have been adapted from PJI have so far failed to consider 
the unique circumstances of fracture healing complica-
tions [15, 21]. The central issue in our investigation was 
to evaluate the diagnostic value of sonication in nonun-
ion differentiation. Our findings suggest that aseptic and 
septic nonunion can be differentiated by sonication, with 
sonication being superior to histopathology but inferior 
to tissue culture. Membrane filtration of sonication fluid 
in combination with tissue culture increases sensitivity 
compared to conventional diagnostics and also improves 
the capacity for detecting polymicrobial infections.

Our study evaluated quantitative CFU thresholds for 
the diagnosis of FRI, enabling existent infection to be dis-
tinguished from contaminated implants [19]. To define 
the contamination threshold of bacteria usually present 
on removed implants, we included the group of regular 
healers. Furthermore, the comparison between septic 
and aseptic nonunion enabled us to identify a cut-off 
value for the detection of infection in disturbed fracture 
healing situations. Both cut-off values demonstrated 
acceptable discriminatory power [22]. Detection of bac-
teria in regular healers was most likely due to contamina-
tion during surgery or the sampling procedure with skin 
or airborne microorganisms. Contamination during the 
laboratory process can be excluded, as negative controls 
presented no colony growth. Bacterial colonization was 
higher in aseptic nonunion compared to regular heal-
ers. This might be due to bacterial accumulation in non-
vital scar tissue in the nonunion zone and colonization of 
the implant surface. However, this small amount of bacte-
ria did not appear to have any clinical relevance in terms 
of invading surrounding tissue, as aseptic nonunion with 
small-scale biofilms on implants did not show further 
infection signs within 1 year. Bacterial colonization with-
out any clinical relevance was described in patients with 
aseptic total joint replacement, where 16% demonstrated 
a positive sonication [23]. Also, bacterial colonization 
on 40% of routinely removed osteosynthesis material 
has been reported [2], as it has on 27% of hip implants 
in patients without infection signs [24]. Such high bacte-
rial colonization rates underline the importance of a CFU 

cut-off value. Our calculated higher threshold resulted 
in higher specificity and PPV in comparison to SF broth 
culture and the lower cut-off. Low microbial loads with 
no clinical relevance are thus filtered out by the higher 
cut-off. In contrast, SF in broth leads to bacterial enrich-
ment. 28% of the healers had a positive SF broth culture; 
using membrane filtration (high cut-off), this number 
was reduced to 9%.

For sonication, there is no consensus on a uniform son-
ication protocol or uniform CFU thresholds for infection 
diagnosis—not even for PJI. Trampuz et  al. calculated 
a CFU cut-off and defined 5  CFU/plate (corresponds 
to  10  CFU/ml) as the ideal threshold to discriminate 
between PJI and aseptic failure [19]. However, the CFU 
cut-offs used in studies range between 1 and 50  CFU/
plate [8, 10, 21, 25–30]. Different sonication protocols 
with variations in the initial fluid volume affect the CFU/
ml concentration and prevent the definition of a univer-
sal cut-off value. The ROC curves in our study show a 
relationship between the extent of bacterial implant colo-
nization and the clinical relevance. Thus, we successfully 
identified SF membrane filtration with CFU quantifica-
tion as a helpful method to distinguish infected femoral 
or tibial nonunion from aseptic nonunion or contami-
nated implants.

However, the value of sonication has to be seen in the 
context of conventional diagnostics. Therefore, we con-
sidered the performances of the diagnostic methods in 
isolation from each other. With reference to our results, 
TC shows the highest PPV and NPV. Depending on the 
SF analysis method or CFU cut-off, sonication can par-
tially match or even exceed TC’s sensitivity, but the 
specificity of sonication is lower. Onsea et  al. reviewed 
five studies that investigated the accuracy of TC in com-
parison to sonication. In three studies, sonication dem-
onstrated significantly higher accuracy. However, none 
of these studies were sufficiently powered, and only one 
study assessed the diagnostic tests separately for frac-
ture-related infections. Thus, the authors could not con-
clude that sonication is superior to TC [14]. Our results 
cannot confirm this either, but they support the value 
of TC in FRI diagnosis. However, the disadvantages of 

Table 5  Septic nonunion detection rates when using one positive TC in combination with another confirmatory diagnostic criterion

TC tissue culture, CI confidence interval, SF sonication fluid, MF membrane-filtrated sonication fluid, CFU colony-forming units

Confirmatory criteria for the diagnosis of septic nonunion No. of detected septic nonunions Sensitivity % (95% CI)

 ≥ 2 Positive TCs with the same pathogen 23/42 55 (39–70)

 ≥ 1 Positive TC  + histopathology with infection signs 10/42 24 (13–40)

 ≥ 1 Positive TC + same pathogen in SF broth culture 23/42 55 (39–70)

 ≥ 1 Positive TC  + same pathogen in MF (≥ 0.6 CFU/10 ml) 26/42 62 (46–76)

 ≥ 1 Positive TC + same pathogen in MF (≥ 13.6 CFU/10 ml) 21/42 50 (34–66)
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long-term TC have to be considered. Depending on the 
clinical standard, long-term culture taking 10–14 days is 
necessary [1, 31]. In contrast, results from the membrane 
filtration of SF are available within a few days with rela-
tively high predictive values. This may be beneficial, espe-
cially in low-grade infections. These presumably aseptic 
patients have usually been discharged from the hospital 
by the time the long-term culture results are available, so 
antibiotic therapy may not be administered even when 
clinically indicated. Patients with septic nonunion may 
also benefit from rapid microbial findings, as their antibi-
otic therapy can be tailored to the actual bacteria present.

According to our analyses, the method with the poor-
est sensitivity in the diagnosis of septic nonunion was 
histopathology, which is in contrast to two previous stud-
ies [32, 33]. This may be due to the fact that our study 
included low-grade infections with osteomyelitis signs 
that are too weak to be identified with HOES. Egol et al., 
however, also reported poor sensitivity of frozen (0%) 
and permanent section histopathology (33%) to infected 
nonunion [34]. Furthermore, a low sensitivity has been 
reported in several investigations of the value of histology 
for differentiating septic and aseptic prosthesis loosen-
ing [35–39]. Recently, an international group of experts 
declared histopathology alone to be a confirmatory cri-
terion for the diagnosis of FRI [15]. With reference to our 
data, this cannot be confirmed for femur and tibia shaft 
nonunion. Eight patients with histopathological infec-
tion signs as a single criterion were diagnosed as “asep-
tic,” taking into account the healing course of 1 year. 
Seven of these patients healed without further infection-
specific treatment, while one had not consolidated after 
12 months but an underlying infection was excluded. In 
this context, the positive histopathology test rate of 16% 
in regular healers should also be mentioned. The value 
of histopathology in the differential diagnosis of femoral 
and tibial shaft nonunion should therefore be reconsid-
ered. In view of the good diagnostic performance of the 
TC shown in our study, more attention should be paid to 
a single positive long-term TC; for example, if only a few 
samples were taken in revision surgery because an asep-
tic nonunion was assumed.

In order to avoid a false-positive FRI diagnosis, the 
clinical diagnostic standard is based on two criteria, one 
suggestive and one confirmatory [18]. According to our 
data for the combination of a TC with the same patho-
gen in SF, the sensitivity varies depending on the culture 
method or CFU cut-off. Disagreements about the value 
of sonication for FRI diagnosis also exist in the current 
literature. Dudareva et  al. investigated the performance 
of paired TCs and sonication in the diagnosis of PJI and 
other orthopedic-device-related infections and found 
that TC was superior [8]. Ueda et al. demonstrated that 

a more accurate diagnosis of FRI was achieved using a 
combination of TC or joint aspirate culture with a posi-
tive SF culture rather than two positive TCs [21]. Onsea 
et al. concluded that there is limited evidence of SF being 
a useful adjunct to TC [14]. With the findings of our 
study, we have now provided evidence that sonication is 
a valuable addition to TC: We found that the highest sen-
sitivity for a septic nonunion diagnosis was achieved with 
a combination of one positive TC and the same pathogen 
in membrane filtration of SF (low cut-off). Including son-
ication increases the sensitivity to 62%. The low cut-off 
is superior to the higher one because five septic nonun-
ions exceed the low cut-off but do not reach the higher 
threshold. Therefore, we suggest that the lower cut-off 
should be taken into account to confirm a positive TC.

Nevertheless, based on our results, none of the com-
bined methods demonstrated a sufficient sensitivity. 
Thus, the diagnosis of septic nonunion should consider 
different methods to maximize the infection detection 
rate. For this purpose, sonication seems to be a good 
additive diagnostic tool that increases sensitivity in com-
bination with TC.

For treatment, it is also important to identify the 
infection-causing pathogens in order to initiate an 
appropriate antibiotic therapy. Therefore, we focused 
on the detected microorganisms. Although culture-
negative rates were high in aseptic nonunion and regu-
lar healers, the same species present in septic nonunion 
were still detected in these groups. Common microor-
ganisms in septic nonunion were coagulase-negative 
staphylococci and Cutibacterium acnes. These micro-
organisms were detected across all methods, which is 
consistent with other studies [33, 40]. However, the 
number of species detected in one specimen differed 
among the different methods. This may be due to the 
fact that it is more difficult to isolate bacterial strains 
from culture broth than from a solid culture medium 
[41]. Additionally, potential competition for nutrients 
and limited space must be considered in broth cultures 
[42]. The identification of polymicrobial infections is of 
clinical relevance due to antibiotic resistances requiring 
bacteria-specific antibiosis. However, in this context, it 
should be mentioned that five microorganisms in the 
SF broth culture could not be detected by membrane 
filtration of SF. This can be explained not only by differ-
ent culture media and incubation times but also by the 
coarse filtration step before membrane filtration which 
removes small tissue particles, whereas unfiltered SF 
was inoculated in broth. In two of these cases the same 
microorganism was identified by TC. Apart from addi-
tionally detected species and culture-negative results 
for individual methods, seven septic nonunions dem-
onstrated discrepant positive culture results between 
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the methods. However, these discrepancies were partly 
relativized by matching clinical results. Inconsisten-
cies like that and the similar bacteria spectrum across 
all groups underline that an approach which combines 
diagnostic methods can be used to avoid false-positive 
diagnosis.

The study had some limitations. First, SF concentra-
tion was achieved by membrane filtration instead of 
centrifugation. Because membrane filtration has previ-
ously shown disadvantages compared to centrifugation 
[26], we decided to use membrane filtration in a modi-
fied form due to the possibility of a higher SF concen-
tration, as we suspected small-scale biofilms of being 
clinically relevant and negatively affecting fracture 
healing. Compared to centrifugation, a larger amount 
of SF could be examined by membrane filtration, cor-
responding to a microbial examination of 53% of the 
total implant surface. Regardless, this present study is 
the first to examine CFU thresholds in FRI, and it was 
demonstrated that membrane filtration is of value for 
infection diagnosis.

Second, the incubation period for anaerobic-mem-
brane-filtrated SF cultures was 5 days to obtain count-
able, distinct colonies, which is short, especially for the 
detection of C. acnes. However, in our study, the anaer-
obic atmosphere was generated using an Anoxomat 
system, and evaluation studies of such systems demon-
strated that many anaerobic bacteria grow faster under 
anaerobic conditions created by an Anoxomat than 
by the conventional gas-pak method [43, 44]. Another 
study investigated the detection of C. acnes growth from 
orthopedic-implant-associated infections using differ-
ent culture methods, and detected a growth rate of 99% 
on sheep blood agar under anaerobic conditions created 
by an Anoxomat, with a mean and standard deviation of 
time to detection of 54 ± 10 h [45]. While we cannot rule 
out the possibility that the short incubation period may 
have led to an underestimated sensitivity of membrane 
filtration of sonication fluid with respect to the detection 
of C. acnes in our study, we still assume a high detection 
rate.

Third, the groups differed in age and fracture type. The 
regular healer group were younger than the aseptic non-
union group, as fewer healing complications occur in 
younger patients due to physiological processes and they 
have fewer open fractures. These differences should not 
affect the findings from our study, which was on nonun-
ion differential diagnosis.

Furthermore, due to the study design, the number of 
TC samples differed between septic and aseptic nonun-
ion. Apparently, when the patient demonstrated clini-
cal infection signs, surgeons collected more samples to 
identify the infection-causing bacteria. Despite this, we 

are confident that all septic and aseptic nonunions were 
accurately identified, as we were able to follow up the 
healing course for 1 year to get the definitive diagnosis.

Finally, it should be noted that TC is the gold stand-
ard in FRI diagnostics and was also decisive for septic 
nonunion identification in the present study. Therefore, 
evaluating the diagnostic performance of TC is difficult. 
Nevertheless, in order to compare TC with other meth-
ods, we only considered the additional study TC that was 
processed in a standardized manner for performance 
analyses.

These limitations are countered by significant strengths 
of the study. In contrast to other studies that processed 
samples from multiple sites [2, 8–13, 21, 25–27, 29] or 
included prosthetic infections [8, 9, 11–13, 21, 26], the 
present study included only osteosynthesis implants of 
femur and tibia shafts. Furthermore, in contrast to other 
studies [2, 8–10, 23, 25–29, 46], the entire implants were 
sonicated, which makes sonication results more com-
parable between patients and improves the reliability 
of CFU thresholds. Finally, a great strength is the inclu-
sion of a group of regular healers. Thus, it was possible 
to take bacterial contamination of removed implants into 
account.

In conclusion, the results of this present study support 
a multimodal approach for the differential diagnosis of 
infection in fracture nonunion, including clinical, micro-
biological and histopathological findings. Among these 
different methods, sonication was demonstrated to have 
substantial usefulness. Membrane filtration of sonication 
fluid improves the differential diagnosis in nonunion, 
reduces the time to culture positivity, and detects polymi-
crobial infections more frequently. These are important 
clinical aspects for an early initiation of bacteria-specific 
antibiosis.
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