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Abstract
Purpose: Tissue cultures are standard (std.) diagnostic procedures for identification of periprosthetic joint infections, but 
has some limitations. The use of Dithiothreitol (DTT) to detach the biofilm can improve the diagnostic security. The aim of 
this study was to compare std. diagnostic results with the microDTTect device by culturing and Next Generation Sequencing 
(NGS) from DTT treated endoprosthetic explants.

Methods: 66 patients (38 aseptic; 28 septic) with revision surgeries were included. We compared std. tissue cultures with 
microDTTect cultures and NGS of bacterial 16S rRNA isolated from DTT solution.

Results: 75% of the septic cases were in line with both culturing methods. In 8% of the aseptic cases, the microDTTect 
culture indicated a present pathogen. In 71% of the septic cases, the std. microbiology was concordant to NGS, while it was 
79% concordant in the aseptic cohort. Polymicrobial infections were detected less frequently by culturing techniques, but 
with a high sensitivity using NGS.

Conclusion: Our data indicate that tissue cultures show a similar reliability compared to the other techniques. The DTT 
culturing had a sensitivity of 75% and specificity of 92%. NGS had a sensitivity of 71% and specificity of 79%. So far, 
microDTTect analysis by DTT cultivation and NGS showed promising results, but they were not superior to the standard 
microbiological diagnostic using tissue cultures for the identification of bacteria and illustrate the high relevance of tissue 
cultivation.
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Introduction
The need for a revision of a total joint replacement can 

be caused by various complications. The most common reasons 
for revision surgery are aseptic loosening, malpositioning of the 
implant and Periprosthetic Joint Infections (PJI) [1]. The incidence 
of PJI is lower than the incidence of aseptic loosening [2], but 
the economic burden to treat PJI is higher including the costs for 
outpatient care [3]. The incidence of PJI varies depending e.g. 
on the joint, number of previous surgeries of the respective joint 
and comorbidities of the patient. While the risk for revision due 
to PJI in total hip arthroplasties (THA) within the first 2 years is 
approximately 1%, it is twice as high in total knee arthroplasties 
(TKA) [4], may increase up to 10% with multiple previous 
surgeries [5-7], and is even higher after a previous infection of the 
respective joint. The most common pathogens observed in PJI are 
Staphylococcus spp., in particular Staphylococcus epidermidis and 
Staphylococcus aureus [8,9]. Other bacteria like Streptococcus spp. 
(7 - 9%) [9,10], Enterococcus spp. (12%) [10] and gram-negative 
bacilli (6%) [9] occur less frequently. Proteobacteria such as 
Escherichia coli, Enterobacter spp., Proteus spp., Klebsiella spp. 
and Pseudomonas spp. are also associated with PJI [11]. These 
pathogens can either cause a monomicrobial or a polymicrobial 
infection accounting for up to 10% of all PJI cases [12].

A fast and reliable test to detect PJI is of utmost importance 
to prevent increased bone loss and further tissue infection. A 
culture-negative PJI (CN-PJI) represents a serious risk for the 
respective patient and ranges from 7% to 15% [10,13-15]. The risk 
of CN-PJIs in aseptic loosening ranges from 7-15%. CN-PJIs are 
characterized by typical inflammatory signs at the respective joint 
[16], and are often associated with a low-grade infections, caused 
by pathogens that are difficult to diagnose due to demanding 
cultivation conditions, such as anaerobic bacteria [16,17]. 
Therefore, tissue cultivation in some cases is not sensitive enough 
or slow growing pathogens are not detected during the cultivation 
time [18,19]. In such cases, aseptic loosening is usually assumed, 
and these patients suffer from recurrent prosthesis loosening and 
pain in the respective joint due to the persisting infection [16,17]. 
Low-grade infections and infections caused by bacterial biofilms 
that are difficult to diagnose are often associated with CN-PJIs 
[20]. A biofilm hinders the isolation and culture of bacteria, since 
routine diagnostic techniques do not efficiently detach the bacteria 
from the implant surfaces [21]. When the bacteria are of low 
virulence [19] or the screening method is not sensitive enough 
[18], the bacteria are not detected by the diagnostic tools [22,23]. 
Sonication is used to improve the detaching of bacteria as it is 
described to destabilize biofilms [24] and therefore results in a 
more valid diagnosis [25-28]. However, sonication poses a risk 
of contamination during the incubation in the water bath [25]. 
This can lead to incorrect results in the standard microbiology 

diagnostic [25]. Furthermore, sonication may harm sensitive 
bacteria resulting in false negative diagnoses [24,29,30].  

It was tested if the use of Dithiothreitol (DTT) solution can 
be an alternative to sonication [31]. DTT is a sulfhydryl compound 
that can reduce the disulfide bonds between polysaccharides 
and proteins [32]. In a previous study it was shown that DTT 
can destabilize biofilms. Drago et al. [31] showed that bacteria 
survived the DTT treatment and could be cultivated. The DTT 
treatment even showed a higher sensitivity for S. epidermidis 
detection in comparison to sonication. Because of the easy and 
cost-effective use of DTT in comparison to sonication it was 
suggested as a possible alternative method. A further study showed 
that DTT and sonication are approximately equally sensitive [14], 
however, a third study indicated that DTT is inferior to sonication 
and conventional tissue culturing methods [33]. Therefore, 
literature does not provide a clear indication of whether the use 
of DTT can improve the diagnostic security of PJI or not. Next-
Generation-Sequencing (NGS) can be a useful [34] and innovative 
[35] complementary methodology method in the diagnosis of PJI, 
as the entire microbial profile can be analyzed using the bacterial 
16S ribosomal RNA gene and might help identifying the correct 
antibiotic therapy by detecting specific antibiotic resistances of 
the causative pathogen [36,37]. Additional sonication of explants 
before applying NGS can further increase its sensitivity [38,39]. 
The utility of an alternative method that helps to detach bacteria 
from the surface of an implant that can subsequently still be 
sequenced would therefore be a great benefit. The present study 
compares the diagnostic security using the microDTTect device 
(NCS Lab Srl, Carpi, Italy) in comparison to standardized routine 
PJI diagnostic using periprosthetic tissue biopsies and NGS from 
microDTTect solution. The aim of this work is to determine 
whether DTT cultivation is equivalent to tissue cultivation and 
whether the use of NGS is superior to the other techniques. 

Materials and Methods
Patient Cohort

66 patients undergoing revision surgery of a Total Joint 
Arthroplasty of the hip (THA) or The Knee (TKA) were included 
in this study. Informed consent was obtained prior to inclusion 
in the study. IRB approval for this study was provided by the 
Institutional Review Board (No 207/17). Written informed 
consent was obtained from each patient prior to inclusion in the 
study. Surgeries were performed in the Department of Orthopaedic 
Surgery. The patient history was recorded, and the macroscopic 
presence of inflammatory indicators at the respective joint were 
assessed, to give a first hint for a possible infection. The cases were 
also classified as aseptic and septic based on the MSIS criteria 
defined by Parvizi et al. [40]. Three patients included in this 
study exhibited other infections. One patient had a urinary tract 
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infection, another patient had a psoas abscess and spondylodiscitis 
and another patient had an ulcus ventriculi and adrenalitis. These 
criteria are classified as minor and major criteria. For the definition 
of an infection a score over six points from the minor criteria or 
at least one of the major criteria should apply. The major criteria 
comprise: (i) an infection is present when in at least two tissue 
cultures the same pathogen was identified, or (ii) a sinus tract 
with an evidence of communication to the joint or visualization 
of the prosthesis is present. Important factors of the minor criteria 
are the preoperative examination of C-Reactive Protein (CRP), 
Erythrocyte Sedimentation Rate (ESR) and synovial fluid White 
Blood Cell Count (WBC). Infections may be present if the CRP 
is elevated above 5 mg/l, normal ESR values range up to 20 
mm/hr in men (<50) and up to 30 mm/hr in women (<50), while 
synovial fluid WBC count should be below 3000 cells/ microliter. 
Furthermore, histological sections were performed. The presence 
of an increased number of macrophages and neutrophils indicated 
the presence of an infection. Furthermore, histological sections 
were performed. 

Using this differentiation 38 aseptic THA or TKA revisions 
and 28 septic THA and TKA revisions were identified. Demographic 

data (sex, age, implantation time, number of previous surgeries) 
were recorded (Table 1). Prior to surgery, serum levels of C-reactive 
protein (CRP, mg/l) and white blood cells (WBC, Gpt/l) were 
determined. Std. routine diagnostics served as controls and are well 
established in the study hospital and based on MSIS criteria [40]. 
Therefore, the results of the microDTTect device (4i for infection, 
Monza, NCS Lab Srl, Carpi, Italy) and next-generation sequencing 
(NGS) were compared with std. routine diagnostics. In cases of a 
discrepancy between microbiologic diagnostic and microDTTect 
data, the CRP levels and the implantation time were determined, 
the implantation time describes the time between the implantation 
of the prosthesis until the revision surgery. If CRP is elevated (<5 
mg/l), this would indicate an infection; if implantation time is low, 
an infection could also be considered. The antibiotic therapy is 
carried out according to the in-house regime in weekly consultation 
with our microbiologists within the framework of Antibiotic 
Stewardship (ASS). For the prospective study, the treatment of the 
patients was based on the results of the standard microbiological 
examination. The results of the MicroDTTect culturing and next-
generation sequencing had no influence on the patient’s antibiotic 
therapy. However, in retrospect the selected therapeutic regime 
was sufficient to eradicate the pathogens causing the infection.

Cohort N Sex Age [yr] Implant type Implant. time [m]

Septic 28 ♂ 18 ♀ 10 73 ± 8 TKA: 13 THA: 15 57 ± 84

Aseptic 38 ♂ 17 ♀ 21 68 ± 12 TKA: 21 THA: 17 85 ± 76

Table 1: Biometric characteristics of the study population.

Micro DTTect

MicroDTTect was used according to the manufacturer’s 
instructions (4i for infection, Monza, NCS Lab Srl, Carpi, Italy). 
Briefly, explants were placed in the microDTTect bag under sterile 
conditions during surgery and 150 ml of the DTT solution supplied 
with the bags was added to the explants. The DTT solution was 
divided into 75 ml on each falcon tube and centrifuged according 

to the manufacturer’s protocol. The sediment was resuspended in 
two ml of the supernatant for each condition. Two ml from the first 
Falcon tube were sent to the routine microbiology for culture and 
identification of pathogens. Two ml from the second Falcon tube 
were used for DNA isolation followed by NGS sequencing. The 
time to process microDTTect samples was 1h. The flowchart of the 
analytical process is shown in Figure 1.
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Figure 1: The analytical process in a flow-chart. Explanation of 
the septic and aseptic TJA were performed and tissue samplings 
for cultural analysis were taken. Left arm: Tissue samples which 
were taken during the operation are homogenized and tissue 
culturing was taken for the identification of the germ. Right arm: 
After the revision of the prostheses the implant is packed in the 
microDTTect bag for the treatment with DTT reagent. One part of 
the solution is sent to the microbiological diagnostics for culturing 
while the other part of the solution is used for DNA isolation and 
next-generation sequencing.

Microbiological Routine Diagnostic Tests

Periprosthetic tissue samples were minced and mechanically 
homogenized by an Ultra-Turrax Drive control disperser (IKA®-
Werke GmbH & Co. KG, Germany). The homogenized samples 
were inoculated on agar plates: columbia agar with 5% sheep 
blood (Becton Dickinson, Heidelberg, Germany), chocolate agar 
and Schaedler agar (Oxoid, Munich, Germany) under aerobic 
conditions with 5% CO2 and anaerobically at 35°C ± 1°C. 
Additionally, the samples were inoculated in thioglycolate and 
Schaedler broth (bioMérieux, Marcy L’Etoile, France) at 35°C 
± 1°C for 14 days. Fluid samples from MicroDTTect devices 
were incubated using the same conditions. The identification of 
pathogens was performed by MALDI-TOF MS (VITEK® MS, 
bioMérieux, Marcy L’Etoile, France).

DNA Isolation and Preparation

The DTT solution was centrifuged at 3200 rpm for 10min 
to pellet the bacteria,. The DNA was purified from the pellet dis-
solved in Sodium phosphate buffer following the manufactures 
protocol from the FastDNA Spin Kit for Soil (MP BiomedicalsTM). 
A 3-step PCR-approach was used to amplify the V1V2 variable 
regions of the 16S rRNA gene. In a first PCR the primers 27FBIF 

(AGRGTTHGATYMTGGCTCAG) and 338R (TGCTGCCTCCC-
GTAGGAGT) were used for 20 cycles followed by a second PCR of 
15 cycles using the 16SFw_BK (3’ – ACGACGCTCTTCCGATC-
TAGRGTTHGATYMTGGCTCAG) and16SR_BK (GACGTGT-
GCTCTTCCGATCTTGCTGCCTCCCGTAGGAGT) primers. A 
third amplification step of 10 cycles added the two indices and Il-
lumina adapters to amplicons [41]. Samples that failed to give a 
PCR product were not further analysed and defined as “aseptic” ac-
cording to culture-independent analysis. MicroDTTect buffer alone 
was used as a negative control. Obtained products were pooled in 
equimolar ratios and sequenced on Illumina MiSeq (2X300 bases, 
San Diego, USA). 

Bioinformatic Analysis

Bioinformatic processing was performed basically as 
previously described [42]. The raw reads were merged with the 
Ribosomal Database project (RDP) assembler [43], aligned and 
clustered (diffs = 2) in Mothur [44] and filtered and annotated as 
previously described [45] Correlation networks were constructed 
based on pairwise Spearman correlations of phylotype abundance 
matrices and calculated using “psych” [46] The network was 
visualized and analyzed using Cytoscape (version 3.7.2) [47]. The 
network analysis revealed three independent subnets of phylotypes 
showing co-occurrences with more than five neighbours. Two 
subnets comprised either Ralstonia and Burkholderia phylotypes 
which are commonly isolated from various pharmaceutical 
reagents and equipment, including laboratory-based purified 
water systems [48-50] and other contaminants in DNA extraction 
kits (Supplementary Figure S1a) or different Mesorhizobium and 
Bradyrhizobium and phylotypes (Supplementary Figure S1b) which 
are also documented as contaminants [51]. All members of those 
two subnets were deleted from the total abundance matrix. Also 
phylotypes from the same taxa but not included in the correlation 
matrix due to their low abundance (see Table S1-4) were deleted. 
The sequence data can be found in the PubMed repository (http://
www.ncbi.nlm.nih.gov/bioproject/656723) under reference number 
PRJNA656723.

All samples where the read count after filtering exceeded 4000 
reads or those where a single phylotype comprised >700 sequence 
counts were further analysed (28 of 66 samples, see Supplementary 
Table S2 and S3). The further 32 samples were defined as “aseptic” 
according to NGS analysis. Simpsons diversity indices (1-L) were 
calculated using PRIMER (V.7.0.11, PRIMER-E, Plymouth Marine 
Laboratory, UK) on rarified read count data using species level taxa 
(Supplementary Table S4).
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Supplementary Figure 1: Co-occurrence network based on Spearman correlations. Positive correlations of ρ > 0.575 and p < 10-

7) were used as input. Only phylotypes present in >10% of samples and of a mean abundance > 0.01% were considered. The network 
was visualized and analyzed using Cytoscape (version 3.7.2). Two subnets comprising A) Ralstonia and Burkholderia phylotypes and 
B) Bradyrhizobium and Mesorhizobium phylotypes are shown. Co-occurrence networks with less than 3 neighbors are not visualized. 

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 7, GraphPad Software, San Diego, CA, USA). The plots in 
Figure 2 show the mean with standard deviations. Statistical significance was evaluated used the Mann-Whitney U test. P-values <0.05 
were considered significant. Sensitivity and specificity were calculated using a confusion matrix. The control std. microbiology tissue 
culture versus (vs.) DTT cultivation and std. microbiology tissue culture versus (vs.) NGS were compared.

Figure 2: Significant increase in CRP, but not WBC levels in septic patients. (A) C-reactive protein (CRP) values (mg/l) in septic 
(black) and aseptic (dark grey) cohort. The CRP value was significantly increased in the septic cohort in comparison to the group. 
The pathologic threshold of 5mg/l is indicated as a black dashed line. (B) The mean white blood cells count (Gpt/l) was below the 
pathological threshold of 10 Gpt/l (black dashed line) for all tested groups.
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Results
Demographic Data and Patient Characteristics

66 patients were included in this study and divided into 
two groups: aseptic and septic revisions. The average age of the 
patients of both cohorts was not statistically different (septic 73 
± 8 years and aseptic 68 ± 12 years). The septic group included 
15 cases of septic hip revisions and 13 septic knee revisions. 17 
hip revisions and 21 knee revisions were included in the aseptic 
group. The implantation time in the aseptic group was 85 ± 76 
months, while in the septic group the implantation time was 
shorter (57 ± 84 months) (Table 1). The normal CRP reference 
value was defined as < 5 mg/l, and the pathological threshold for 
WBC count was defined as < 10 Gpt/l (Figure 2). Both values are 
indicated as red dotted line in the graphs. As expected, the CRP 
levels within the septic group were significantly higher compared 
to those of the aseptic cohort (septic: 71.1 ± 86.3 mg/l, aseptic: 7.4 
± 10.3 mg/l, ****p < .0001). However, 13 patients in the aseptic 
cohort exhibited an increased CRP value, and two patients in the 
septic cohort did not exhibit an increased CRP value. Therefore, 
the predictive value of CRP alone as serum parameter for PJI is 
low. The use of the WBC count has been proposed as an additional 
marker for PJI in the MSIS criteria. In our cohort there was no 
significant difference between both cohorts (septic: 9.7 ± 4.3 Gpt/l, 
aseptic: 7.1 ± 2.1 Gpt/l). 10 patients in the septic and 4 patients in 
the aseptic cohort exhibited a pathological increased WBC count.  

Routine Microbiology and microDTTect Based Identification 
of Infection

To further investigate the pathogens causing PJI in the 
respective patients, we compared the standard microbiological 
diagnosis from tissue samples with microbiological diagnosis 
from microDTTect solution. In a first step we compared whether 
a pathogen was detected or not. The concordance of the results 
is shown in Tables 2 and 3. Routine microbiological diagnostic 
from tissue biopsies identified a PJI in 28 cases (Table 2). In 75% 
of these cases, a pathogen was also detected in bacteria culture 
of the microDTTect solution. Seven patients exhibited a pathogen 
in the standard microbiology diagnostic, but not in DTT cultures. 
In the aseptic cohort (Table 3), the results were concordant with 
both methods in 35 (92%) of all cases. However, three cases were 
diagnosed as aseptic in std. microbiological diagnostic, whereas 
bacteria were detected in the microDTTect solutions. To analyse 
the quality of the DTT culturing method the true positive rate 
(sensitivity) and the false positive rate (specificity) were calculated 
(Supplementary Table S5). The sensitivity of the DTT culture 
method compared with standard microbiological diagnostic was 
75% while the specificity was 92%.

  Std. diagnostic vs. DTT culture

Septic N = 28

Positive (+) in both methods 75% (21/28)

Negative (-) only in DTT 25% (7/28)
Table 2: Concordance of microbiology standard diagnostic 
vs DTT culturing for the septic cohort. The column shows the 
percentage of identified septic condition using std. microbiological 
diagnostic versus (vs.) the microDTTect culture analysed by the 
department of microbiology.

  Std. diagnostic vs. DTT culture

Aseptic N = 38
- in both methods 92% (35/38)
+ only in DTT  8% (3/38)

Table 3: Concordance of microbiology standard diagnostic vs 
DTT culturing for the aseptic cohort. The column shows the 
percentage of identified aseptic condition using std. microbiological 
diagnostic versus (vs.) the microDTTect culture analysed by the 
department of microbiology.
NGS-Based Detection of Bacterial DNA

DNA isolated from microDTTect solution was used for 
culture-independent analysis through sequencing of the V1V2 
variable region of the 16S rRNA gene, as this is thought to give 
insights into polymicrobial infections or the presence of bacteria 
difficult to culture (Tables 4 and 5). Analysis for the detection of 
bacteria revealed that 71% of the septic samples (Table 4) were 
classified as septic also by NGS. The remaining 29% were only 
positive in std. microbiological diagnostic, but did not show 
sufficient bacterial DNA that could be analysed through NGS. 
Interestingly, the culture-independent analysis via NGS identified 
a pathogen in 8 of the 38 aseptic cases (Table 5). These eight 
samples could indicate possible CN-PJIs or a previous infection at 
the respective joint with residual bacterial DNA in the tissue, but 
further research is needed. The sensitivity of NGS compared with 
standard microbiological diagnostic was 71% while the specificity 
was 79%. 

  Std. diagnostic vs. NGS from 
DTT

Septic N = 28
Positive (+) in both methods 71% (20/28)
Negative (-) only in DTT 29% (8/28)

Table 4: Concordance of microbiology standard diagnostic vs 
DTT treated samples examined by NGS for the septic cohort. 
The column of the table summarizes the percentage of septic 
identified by std. microbiological diagnostic vs. the NGS data 
from microDTTect solution.
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  Std. diagnostic vs. NGS from DTT

Aseptic N = 38

- in both methods 79% (30/38)

+ only in DTT 21% (8/38)

Table 5: Concordance of microbiology standard diagnostic vs 
DTT treated samples examined by NGS for the aseptic cohort. 
The column of the table summarizes the percentage of aseptic 
identified by std. microbiological diagnostic vs. the NGS data 
from microDTTect solution.

Detailed Analysis of Divergent Patient Samples

The following paragraph discusses in more detail the 
samples, which gave divergent results using different detection 
methods. Using the std. microbiological diagnostic with tissue 
cultures 28 samples were identified as septic (+). Ten of these cases 
were not identified as septic using DTT culturing or NGS (Figure 

3a). In three cases (#18, #71, #78) the DTT culturing indicated 
a bacterial infection, whereas no pathogenic DNA was detected 
using NGS from DTT solutions. These patients had an increased 
CRP value (<5 mg/ml) indicating an ongoing inflammatory 
process that might indicate an infection. In two samples (#70, #89) 
a bacterium was identified using the std. microbiological routine 
diagnostic, no bacteria were detectable using DTT culturing, 
whereas the NGS from DTT solutions could identify the presence 
of bacterial DNA. Both patients showed an increased CRP, which 
indicates an active inflammation process, suggesting that DTT 
culturing failed in these cases. However, two samples (#5, #44) 
were diagnosed as septic exclusively by the std. microbiological 
diagnostic. In these cases, the average CRP value of the cohort 
was under the pathological threshold (5 mg/l). The implantation 
time of 55 and 382 months was also relatively long, indicating that 
these samples were contaminated during the culturing process in 
the std. microbiological diagnostic resulting in a false diagnosis of 
infection.

Figure 3: Differences of diagnostic methods. Samples marked with a minus were diagnosed as aseptic and samples labelled with a 
plus are diagnosed as septic by the indicated method. Additionally, the respective serum CRP values, as well as the implantation time 
are indicated for each patient. (A) samples diagnosed as septic by classical diagnostics (B) samples diagnosed septic by culturing from 
microDTTect samples and (C) samples diagnosed septic by NGS.
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Three samples were classified as aseptic by the routine 
diagnostic, but a pathogen was identified using microDTTect 
cultures (Figure 3b). High CRP values in two cases (#48, #53) 
indicate an active infection in these patients. The culture-
independent NGS analysis, however, indicated a pathogen only in 
one case (#94), but the measurement of serum CRP levels for this 
patient was not performed. Figure 3c shows seven cases that were 
identified as aseptic in by both culture based techniques, but NGS 
indicated the presence of pathogens. In only one of these cases, 
the CRP level was elevated in the blood in the patients (#13). The 
implantation time was long, with a mean value of 103 ± 92 months. 

Pathogen Profiles from microDTTect Samples are Comparable 
To Routine Diagnostic

The identified pathogens for all septic cases are summarized 
in Figure 4a. As expected, Staphylococcus spp. dominated the 

septic samples. The detection for Staphylococcus spp. was 
reliable and in 14 cases Staphylococcus spp. could be isolated 
both from tissue as well as from microDTTect samples. However, 
in four patients Staphylococcus spp. were identified only by std. 
microbiological diagnostic, but not by the other applied techniques 
based on microDTTect and NGS. NGS indicated the presence of 
a monomicrobial infection in 15 out of 28 cases that have been 
classified as septic by this method, based on a low simpson diversity 
index of <0.25 (Supplementary Figure S2). Fourteen cases were 
of polymicrobial nature as indicated by a simpson diversity index 
of >0.8. Three cases showed a simpson diversity index 0.41 – 
0.73 and represented samples where typically one pathogen was 
dominating but accompanied by high amounts of other bacteria. 
Interestingly, in seven of the cases where Staphylococcus spp. 
had been identified as pathogen by both culturing methods, NGS 
confirmed a Staphylococcus spp. monoinfection. 

Figure 4: Pathogens identified from microDTTect samples are typically also identified by routine diagnostic. (A) The identified 
pathogen by the applied technique. The columns represent the results from std. microbiology tissue culturing, cultured DTT solution 
and DNA samples from NGS. The left column ID indicates the respective ID of the patient. The following four columns on the right 
hand indicate the identified pathogen. The identified pathogens are also labelled (Staphylococcus: black, Streptococcus: dark grey, 
Enterococcus: grey, Anaerobic: silvergrey, Multibacterial Infection: light grey, Enterobacteria: white). (B) The Pie chart of the identified 
pathogen spectrum. Staphylococcus spp. is the major pathogen and all other pathogens are less frequently detected.
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Supplementary Figure 2: Diversity of microbial communities in 
DTT samples as indicated by the Simpson index.

Pathogens other than Staphylococcus were detected only rarely 
by culturing, making it difficult to evaluate the reliability of the 
different techniques. Enterococcus spp. was detected once (#11) 
and this identification was supported by culturing microDTTect 
samples and NGS, whereas conflicting results were observed for 
two other cases (#71, #35). Further, the detection of Cutibacterium 
spp. was highly variable between the applied methods. As major 
constituent of the skin microbiota, C. acnes was indicated by 
NGS to be present in minor amounts in various samples, however 
it indicated Cutibacterium spp. as dominating pathogen in only 
two cases. To further investigate polymicrobial infections and 
to compare NGS results with the other techniques, we listed the 
specific bacteria for all detection methods (Figure 4a). Interestingly, 
typically one bacterium of the polymicrobial infections was 
also identified by the other culturing techniques (Supplementary 
Figure S2b). Figure 4b shows the percentage of different bacteria 
identified by the three applied techniques. It became obvious that 
the std. microbiology was comparable to DTT cultures. However, 
NGS potentially detected more polymicrobial infections.

Discussion
PJI is amongst the most deleterious diagnoses for patients 

with TJA. The correct diagnosis of the pathogen causing a PJI is 
of utmost importance to differentiate between aseptic loosening of 
TJA and PJI, as well as choosing the correct antibiotic treatment 
Patients with PJI often require two-stage revisions with extensive 
tissue debridement during revision surgery as well as antibiotic 
spacer treatment. The identification of PJI by MSIS criteria 

and routine microbiologic diagnostics may be insufficient for a 
secure diagnosis. Various factors may compromise the sensitivity 
and specificity of the results. Contamination of fluid or tissue 
biopsies during sampling, presence of a biofilm on the explant 
and pre-treatment of patients with antibiotics are only some 
reasons modulating the reliability of PJI detection [25,52-54]. 
Additionally, low-grade infections, polymicrobial infections, 
biofilms or persisting infections in two-stage revision procedures 
with antibiotic spacers are difficult to diagnose and are associated 
with higher failure rates of revision implants [55,56,57]. Currently, 
the routine diagnostic of PJI is based on a combination of clinical 
aspects (e.g. inflammation symptoms), bacterial culture (at least 
2 or more out of >5 tissue samples from different areas should be 
positive), blood lab test and histology, and is based on the MSIS 
criteria [40]. In particular for a better identification of biofilm-
associated PJI, implants can be sonicated. This method can break 
down the biofilm [25], but this technique poses a higher risk of 
contamination [25] and sensitive bacteria can be damaged, which 
makes the detection of specific pathogens by cultivation difficult 
[24,29,30]. 

Therefore, Drago et al. indicated that the use of DTT may be 
helpful to break down the extracellular matrix of biofilms and result 
in a similar outcome like sonication, but without the increased risk 
of contamination. The bacteria survive the DTT treatment and can 
be cultivated under the std. microbiology diagnostic conditions 
[31]. In the current study, we examined if the diagnostic of PJI 
using the microDTTect device and NGS from microDTTect may 
be superior to the std. microbiological diagnostic using tissue 
biopsies. We used the microDTTect system to destabilize biofilms 
from the explant surface and subsequent bacteria cultures or NGS 
from DNA isolated from microDTTect solution. Drago et al. 
described that sonication of septic implants and the use of DTT 
had an increased sensitivity and specificity of bacteria detection 
on septic explants in comparison to tissue cultures. Furthermore, 
DTT had an increased sensitivity compared to the sonication [31]. 
Another study described a similar sensitivity of microbiological 
diagnostic using either pre-treatment of explants with DTT or 
sonication [14]. 

We included 66 patients out of these 28 were diagnosed 
as septic and 38 as aseptic based on the MSIS criteria [40]. 
Interestingly, our results indicate that the std. microbiological 
diagnostic might even be superior in identifying bacteria in septic 
cases compared to the detection using the microDTTect solution 
bacteria culture. Thus, our data are similar to those of Randau et 
al. 2021, who described that pathogen identification based on DTT 
cultures was less sensitive than culturing from intra-operative 
tissue biopsies [33]. The comparison between microDTTect based 
bacteria cultures and standard diagnostic from tissue biopsy showed 
a sensitivity of 75% and a specificity of 92% for the microDTTect 
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system, when taking MSIS criteria based PJI identification as 
reference. The use of the microDTTect device might provide 
additional diagnostic security as an additional diagnostic tool in 
case of unclear standard microbiological PJI diagnosis, since the 
closed system reduces the probability of contamination during 
sampling. We decided to use the std. diagnostic microbiology and 
MSIS criteria as a reference for PJI diagnosis. Ten cases were 
septic according to the std. microbiology diagnostic but in six 
cases this could not be confirmed using DTT or NGS as diagnostic 
technique, four samples were positive at least in one other used 
methods (Figure 3A). Most septic cases exhibited a pathological 
serum CRP level. Those two patients with a low CRP level might 
have been classified as false positive and the samples may have 
been contaminated during the culturing process. Using DTT 
cultivation we were able to identify pathogens in three (#48, #94, 
#53) of the aseptic cases (Figure 3B). The use of DTT may have 
destabilized the biofilm, leading to a release of the bacteria adhered 
on the implant [31]. As the patients had a high CRP or at least a 
low implantation time a possible CN-PJI could be identified using 
the microDTTect device based bacteria cultures. The literature 
describes that CN-PJI can occur in up to 7% of cases [58]. We 
indicated a number of 8% (3/38) of CN-PJI, therefore, it would be 
consistent with the literature.

In seven samples, NGS from microDTTect solution 
identified bacterial DNA, while the other techniques based on 
bacteria cultures did not detect viable pathogens (Figure 3B). The 
CRP of six patients was under the pathological threshold of 5 mg/l 
and only two patients exhibited an increased CRP value of 10 mg/l. 
The implantation time before revision surgery ranged from 19 
month to 253 months. Again, we compared the diagnostic security 
of NGS from microDTTect solution with the std. microbiological 
diagnostic to calculate the sensitivity and specificity using 
a confusion matrix (Supplementary Table S5- S6). Here we 
indicated a sensitivity of 71% and a specificity of 79%, which is 
lower compared to the sensitivity and specificity of microDTTect 
based bacteria culture. However, NGS has been proposed to be 
a useful alternative method in the diagnosis of PJI [59,60]. NGS 
can identify bacteria that are difficult to culture, and polymicrobial 
infections can also be detected more precisely as no overgrowth of 
fast growing bacteria over slower growing bacteria can influence 
the pathogen identification [34,61]. Since no bacterium was 
identified in the culture based techniques, we would consider the 
eight identified samples containing residual bacterial DNA from 
the previous infections. Nevertheless, the additional information 
about the different pathogens in polymicrobial infections may be 
a useful information, when deciding the antibiotic therapy regime.

We further investigated whether NGS could provide 
more accurate taxonomic information about the pathogens in 

suspected polymicrobial infections. NGS has been proposed 
to be the technique of the future in the diagnosis of PJI and 
specific identification of pathogens [62]. The usefulness of NGS 
in microbiological diagnostic of PJI has already been described 
[31,32,63]. A meta-analysis of joint infections concluded that 
the sensitivity of 86% is lower than previously assumed [64]. 
However, it was possible to clearly identify pathogens in CN-PJI 
with the help of NGS, in cases where bacteria cultures from tissue 
failed to show a pathogen [65]. The high sensitivity of NGS is also 
a weakness, as it makes the method prone to contamination and 
false positive results [66-68]. Comparing the std. microbiological 
diagnostic with the DTT culturing the same bacteria was 
identified in 20 samples (20/30). The most common pathogen 
was Staphylococcus spp. which was identified in 14 samples by 
both methods (Figure 4A). The pathogen spectrum between std. 
microbiology and NGS was similar in 11 cases (11/38). NGS 
identified more polymicrobial infections (14/38) in comparison to 
the std. routine tissue culturing (1/38) or the DTT culture (0/38). 
Since we observed only rare cases of anaerobic or polymicrobial 
infections with tissue culturing, it is difficult to decide whether 
NGS or the microDTTect cultures could be of additional value to 
the routine diagnostic. There might be a need for both techniques, 
as NGS seems to be more sensitive in identifying polymicrobial 
infections than culturing based identification of pathogens.

Our data indicate that the routine microbiological diagnostic 
using 6 tissue samples for culture gives a very reliable result and 
the microDTTect based detection did not add further valuable 
information with respect to accuracy or specificity. However, 
since this study indicated 8% (3/38) possible CN-PJIs, the use of 
microDTTect as an additional test method for frequently recurring 
revision cases in which no pathogen is identified or identification 
of PJI using the MSIS criteria has failed, might be useful. In total, 
the present study shows that std. tissue culture using >2 samples 
is one of the best and a well-established method to diagnose 
PJI if sampling methods and microbiological infrastructure are 
well defined. Up to date, NGS and other technologies such as 
microDTTect show promising results but are not superior to std. 
microbiological diagnostic using tissue culturing. However, the 
cost-benefit factor of the Illumina NGS analysis almost doubling 
the costs should also be taken into account.

We are well aware that our study has some limitations. 
Most importantly, our cohort contained only few polymicrobial or 
anaerobic infections detected by tissue culturing, which makes it 
difficult to draw conclusions about a potential superiority of NGS 
compared to the routine diagnostic. Future studies that specify on 
polymicrobial infections might be able to address this question.
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Conclusion
Our data demonstrate that the std. microbiological diagnostic 

using periprosthetic tissue sampling is a secure method and accurate 
in a well-established process with well-established cooperation 
between clinical and microbiology departments. MicroDTTect and 
NGS showed comparable results but are not superior to the tissue 
culturing. However, there is no guarantee to diagnose an infection. 
All applied techniques have their advantages and disadvantages 
that need to be considered. 

Acknowledgments

The authors acknowledge the excellent technical assistance 
of Carolin Schneider, Anja Schröder, Mandy Könnecke, Iris 
Plumeier and Silke Kahl.

Disclaimer

The project was also funded by the federal state Saxony-
Anhalt and European Structural and Investment Funds (ESF, 
2014-2020; project No. ZS/2016/08/80645). MicroDTTect 
samples were provided by Heraeus Medical GmbH, Wehrheim, 
Germany. The research leading to these results has received 
funding from the European Union’s Seventh Framework 
Programme (FP7/2007–2013) under grant agreement no. 602398. 
The research leading to these results were also funded by the 
Deutsche Forschungsgemeinschaft (DFG BE4328/12-1). The 
authors, their immediate families, and any research foundations 
they are affiliated with have not received any financial payments 
or other benefits from any commercial entity related to the subject 
of this article.

Author Contributions

AKM carried out the microDTTect reconditioning, DNA 
isolation, preparing for NGS and wrote the manuscript. AN 
provided human samples and helped with the interpretation of data, 
SI provided human samples and helped with the interpretation of 
data, JF took over the processing of the tissue and microDTTect 
cultivation, RVV performed the analysis of the NGS data, EM 
helped writing the manuscript and planned the experiments, DHP 
performed the analysis of the NGS data and helped writing the 
manuscript, JB helped writing the manuscript, planned experiments 
and helped with the interpretation of the data, CHL designed the 
experiment, provided the human tissues, helped with interpretation 
of the data and writing of the manuscript.

Data Availability

Sequence data can be found under reference number PRJNA656723.

Competing Interests

Ms. Meinshausen has received a personal fees payment 
for an educational event from KCL Focus Group at EBJIS 2019. 

Prof. Lohmann has received a grant for travel support for the 
Consensus Conference on PJI 2018, Philadelphia, USA. He is also 
an unpaid board member of the German Society for Orthopaedics 
and Traumatology. All other authors have no potential conflict of 
interest.

Funding

Ms. Meinshausens work has been funded by federal state 
Saxony-Anhalt and the European Structural and Investment Funds 
(ESF, 2014-2020) Project number: ZS/2016/08/80645. Prof. 
Bertrand was funded by the institution of the Federal state Saxony-
Anhalt and the European Structural and Investment Funds (ESF, 
2014-2020), project number ZS/2016/08/80645 and the DFG BE 
4328/12-1.

References
1.	 Wetters NG (2013) Risk factors for dislocation after revision total hip 

arthroplasty. Clin Orthop Relat Res 471: 410-416.

2.	 Ulrich SD (2008) Total hip arthroplasties: what are the reasons for 
revision? Int Orthop 32: 597-604.

3.	 Sousa A (2018) Economic Impact of Prosthetic Joint Infection - an 
Evaluation Within the Portuguese National Health System. J Bone Jt 
Infect 3: 197-202.

4.	 Andrej Trampuz M, Werner Zimmerli MD (2008) Diagnosis 
and Treatment of Implant-Associated Septic Arthritis and 
Osteomyelitis. Current Infectious Disease Reports 10: 394-403.

5.	 Goldberg AL, Kettelhut IC, Furuno K, Fagan JM, Baracos V (1988) 
Activation of protein breakdown and prostaglandin E2 production in rat 
skeletal muscle in fever is signaled by a macrophage product distinct 
from interleukin 1 or other known monokines. J Clin Invest 81: 1378-
1383.

6.	 Smucny M, Menendez ME, Ring D, Feeley BT, Zhang AL (2015) 
Inpatient surgical site infection after shoulder arthroplasty. J Shoulder 
Elbow Surg 24: 747-753.

7.	 Fehring TK, Odum S, Calton TF, Mason JB (2000) Articulating versus 
static spacers in revision total knee arthroplasty for sepsis.  Clinical 
Orthopaedics and Related Research 2000: 9-16.

8.	 Barrett L, Atkins B (2014) The clinical presentation of prosthetic joint 
infection. Journal of Antimicrobial Chemotherapy 69: i25-i27.

9.	 Zimmerli W, Sendi P (2011) Pathogenesis of implant-associated 
infection: the role of the host. Seminars in Immunopathology 33: 295-
306.

10.	 Lamagni T (2014) Epidemiology and burden of prosthetic joint 
infections. Journal of Antimicrobial Chemotherapy 69: i5-i10.

11.	 Esposito S, Leone S (2008) Prosthetic joint infections: microbiology, 
diagnosis, management and prevention.  Int J Antimicrob Agents 32: 
287-293.

12.	 Peel TN, Buising KL,  Choong PFM (2012) Diagnosis and management 
of prosthetic joint infection. Curr Opin Infect Dis 25: 670-676.

13.	 Lee HD, Prashant K, Shon WY (2015) Management of Periprosthetic 
Hip Joint Infection. Hip Pelvis 27: 63-71.

https://pubmed.ncbi.nlm.nih.gov/22956236/
https://pubmed.ncbi.nlm.nih.gov/22956236/
https://pubmed.ncbi.nlm.nih.gov/17443324/
https://pubmed.ncbi.nlm.nih.gov/17443324/
https://pubmed.ncbi.nlm.nih.gov/30416943/
https://pubmed.ncbi.nlm.nih.gov/30416943/
https://pubmed.ncbi.nlm.nih.gov/30416943/
https://pubmed.ncbi.nlm.nih.gov/18687204/
https://pubmed.ncbi.nlm.nih.gov/18687204/
https://pubmed.ncbi.nlm.nih.gov/18687204/
https://pubmed.ncbi.nlm.nih.gov/3284911/
https://pubmed.ncbi.nlm.nih.gov/3284911/
https://pubmed.ncbi.nlm.nih.gov/3284911/
https://pubmed.ncbi.nlm.nih.gov/3284911/
https://pubmed.ncbi.nlm.nih.gov/3284911/
https://pubmed.ncbi.nlm.nih.gov/25704827/
https://pubmed.ncbi.nlm.nih.gov/25704827/
https://pubmed.ncbi.nlm.nih.gov/25704827/
https://pubmed.ncbi.nlm.nih.gov/11064968/
https://pubmed.ncbi.nlm.nih.gov/11064968/
https://pubmed.ncbi.nlm.nih.gov/11064968/
https://pubmed.ncbi.nlm.nih.gov/25135085/
https://pubmed.ncbi.nlm.nih.gov/25135085/
https://pubmed.ncbi.nlm.nih.gov/21603890/
https://pubmed.ncbi.nlm.nih.gov/21603890/
https://pubmed.ncbi.nlm.nih.gov/21603890/
https://pubmed.ncbi.nlm.nih.gov/25135091/
https://pubmed.ncbi.nlm.nih.gov/25135091/
https://pubmed.ncbi.nlm.nih.gov/18617373/
https://pubmed.ncbi.nlm.nih.gov/18617373/
https://pubmed.ncbi.nlm.nih.gov/18617373/
https://pubmed.ncbi.nlm.nih.gov/22964949/
https://pubmed.ncbi.nlm.nih.gov/22964949/
https://pubmed.ncbi.nlm.nih.gov/27536605/
https://pubmed.ncbi.nlm.nih.gov/27536605/


Citation: Meinshausen AK, Naser A, Illiger S, Färber J, Vargas RV, et al. (2023) Dithiotreitol and Next Generation Sequencing 
of Bacterial 16S rRNA Shows Similar Diagnostic Security as Periprosthetic Tissue Cultures to Diagnose PJI. J Surg 8: 1860 DOI: 
10.29011/2575-9760.001860

12 Volume 08; Issue 13

J Surg, an open access journal
ISSN: 2575-9760

14.	 Sambri A (2018) Is Treatment With Dithiothreitol More Effective Than 
Sonication for the Diagnosis of Prosthetic Joint Infection? Clin Orthop 
Relat Res 476: 137-145.

15.	 Stevens R, Stevens L, Price N (1959) The stabilities of various thiol 
compounds used in protein purification. Arch Biochem Biophys 82: 70-
77.

16.	 Ehrlich GD, DeMeo PJ, Costerton JW, Winkler H (2012)  Culture 
negative orthopedic biofilm infections 7. 

17.	 Jacovides CL (2012)  Successful identification of pathogens by 
polymerase chain reaction (PCR)-based electron spray ionization 
time-of-flight mass spectrometry (ESI-TOF-MS) in culture-negative 
periprosthetic joint infection. J Bone Joint Surg Am 94: 2247-2254.

18.	 Portillo ME (2013)  Prosthesis failure within 2 years of implantation 
is highly predictive of infection.  Clinical orthopaedics and related 
research 471: 3672-3678.

19.	 Zappe B, Graf S, Ochsner PE, Zimmerli W, Sendi P (2008) 
Propionibacterium spp. in prosthetic joint infections: a diagnostic 
challenge. Archives of Orthopaedic and Trauma Surgery 128: 1039-
1046.

20.	 Moojen DJ (2010) Incidence of low-grade infection in aseptic loosening 
of total hip arthroplasty. Acta Orthop 81: 667-673.

21.	 Nguyen LL, Nelson CL, Saccente M, Smeltzer MS, Wassell DL et 
al. (2002) Detecting bacterial colonization of implanted orthopaedic 
devices by ultrasonication.  Clinical Orthopaedics and related 
research 403: 29-37.

22.	 Million M (2014) Culture-negative prosthetic joint arthritis related to 
Coxiella burnetii. Am J Med 127: 786 e787-786 e710.

23.	 Parikh MS, Antony S (2016) A comprehensive review of the diagnosis 
and management of prosthetic joint infections in the absence of 
positive cultures. J Infect Public Health 9: 545-556.

24.	 Monsen T, Lövgren E, Widerström M, Wallinder L (2009) In vitro effect 
of ultrasound on bacteria and suggested protocol for sonication and 
diagnosis of prosthetic infections. J Clin Microbiol 47: 2496-250.

25.	 Trampuz A (2006) Sonication of explanted prosthetic components in 
bags for diagnosis of prosthetic joint infection is associated with risk of 
contamination. J Clin Microbiol 44: 628-631.

26.	 Trampuz A (2007) Sonication of Removed Hip and Knee Prostheses 
for Diagnosis of Infection. New England Journal of Medicine 357: 654-
663.

27.	 Tollefson DF, Bandyk DF, Kaebnick HW, Seabrook GR, Towne 
JB (1987) Surface Biofilm Disruption: Enhanced Recovery of 
Microorganisms From Vascular Prostheses. Archives of Surgery 122: 
38-43.

28.	 Esteban J (2008) Evaluation of quantitative analysis of cultures from 
sonicated retrieved orthopedic implants in diagnosis of orthopedic 
infection. J Clin Microbiol 46: 488-492.

29.	 Piyasena P, Mohareb E, McKellar RC (2003) Inactivation of 
microbes using ultrasound: a review.  International Journal of Food 
Microbiology 87: 207-216.

30.	 Stanley KD, Golden DA,Williams RC, Weiss J (2004) Inactivation 
of Escherichia coli O157:H7 by High-Intensity Ultrasonication in the 
Presence of Salts. Foodborne Pathogens and Disease 1: 267-280.

31.	 Drago L (2013) Use of dithiothreitol to improve the diagnosis of 
prosthetic joint infections. J Orthop Res 31: 1694-1699.

32.	 Wu X, Wang Y, Tao L (2011) Sulfhydryl compounds reduce 
Staphylococcus aureus biofilm formation by inhibiting PIA 
biosynthesis. FEMS Microbiol Lett 316: 44-50.

33.	 Randau TM (2021) The Performance of a Dithiothreitol-Based 
Diagnostic System in Diagnosing Periprosthetic Joint Infection 
Compared to Sonication Fluid Cultures and Tissue Biopsies. Zeitschrift 
fur Orthopadie und Unfallchirurgie 159: 447-453.

34.	 Tarabichi M (2018) Diagnosis of Periprosthetic Joint Infection: The 
Potential of Next-Generation Sequencing. J Bone Joint Surg Am 100: 
147-154.

35.	 Indelli PF, Ghirardelli S, Violante B, Amanatullah DF (2021) Next 
generation sequencing for pathogen detection in periprosthetic joint 
infections. EFORT Open Rev 6: 236-244.

36.	 Tamma PD (2019)  Applying Rapid Whole-Genome Sequencing 
To Predict Phenotypic Antimicrobial Susceptibility Testing Results 
among Carbapenem-Resistant Klebsiella pneumoniae Clinical 
Isolates. Antimicrob Agents Chemother 63: e01923-18.

37.	 Lepuschitz S (2020) Analytical Performance Validation of Next-
Generation Sequencing Based Clinical Microbiology Assays Using a 
K-mer Analysis Workflow 11: 1883.

38.	 Bereza PL (2013)  Identification of silent prosthetic joint infection: 
preliminary report of a prospective controlled study.  Int Orthop  37: 
2037-2043.

39.	 Bogut A (2014) Characterization of Staphylococcus epidermidis 
and Staphyloccocus warneri small-colony variants associated with 
prosthetic-joint infections.  Journal of medical microbiology  63: 176-
185. 

40.	 Parvizi J (2018) The 2018 definition of periprosthetic hip and knee 
infection: an evidence-based and validated criteria.  The Journal of 
arthroplasty 33, 1309-1314. e1302.

41.	 Rath S, Heidrich B, Pieper DH, Vital M (2017) Uncovering 
the trimethylamine-producing bacteria of the human gut 
microbiota. Microbiome 5: 54.

42.	 Camarinha-Silva A (2014) Comparing the anterior nare bacterial 
community of two discrete human populations using Illumina amplicon 
sequencing. Environmental microbiology 16: 2939-2952.

43.	 Cole JR (2014) Ribosomal Database Project: data and tools for high 
throughput rRNA analysis. Nucleic acids research 42: D633-642.

44.	 Schloss PD  (2009) Introducing mothur: open-source, platform-
independent, community-supported software for describing and 
comparing microbial communities.  Applied and environmental 
microbiology 75: 7537-7541.

45.	 Schulz C (2018) The active bacterial assemblages of the upper GI tract 
in individuals with and without Helicobacter infection. Gut 67: 216-225.

46.	 Revelle W (2021) psych: Procedures for Psychological, Psychometric, 
and Personality Research.

47.	 Shannon P (2003) Cytoscape: a software environment for integrated 
models of biomolecular interaction networks.  Genome research  13: 
2498-2504.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5919239/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5919239/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5919239/
https://iubmb.onlinelibrary.wiley.com/doi/pdf/10.1016/0307-4412%2883%2990048-1
https://iubmb.onlinelibrary.wiley.com/doi/pdf/10.1016/0307-4412%2883%2990048-1
https://iubmb.onlinelibrary.wiley.com/doi/pdf/10.1016/0307-4412%2883%2990048-1
https://microgendx.com/resources/biofilm-research/Culture-Negative-Infections.pdf
https://microgendx.com/resources/biofilm-research/Culture-Negative-Infections.pdf
https://pubmed.ncbi.nlm.nih.gov/23318615/
https://pubmed.ncbi.nlm.nih.gov/23318615/
https://pubmed.ncbi.nlm.nih.gov/23318615/
https://pubmed.ncbi.nlm.nih.gov/23318615/
https://pubmed.ncbi.nlm.nih.gov/23904245/
https://pubmed.ncbi.nlm.nih.gov/23904245/
https://pubmed.ncbi.nlm.nih.gov/23904245/
https://pubmed.ncbi.nlm.nih.gov/17874243/
https://pubmed.ncbi.nlm.nih.gov/17874243/
https://pubmed.ncbi.nlm.nih.gov/17874243/
https://pubmed.ncbi.nlm.nih.gov/17874243/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3216075/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3216075/
https://pubmed.ncbi.nlm.nih.gov/12360004/
https://pubmed.ncbi.nlm.nih.gov/12360004/
https://pubmed.ncbi.nlm.nih.gov/12360004/
https://pubmed.ncbi.nlm.nih.gov/12360004/
https://pubmed.ncbi.nlm.nih.gov/24662624/
https://pubmed.ncbi.nlm.nih.gov/24662624/
https://pubmed.ncbi.nlm.nih.gov/26829893/
https://pubmed.ncbi.nlm.nih.gov/26829893/
https://pubmed.ncbi.nlm.nih.gov/26829893/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2725697/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2725697/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2725697/
https://pubmed.ncbi.nlm.nih.gov/16455930/
https://pubmed.ncbi.nlm.nih.gov/16455930/
https://pubmed.ncbi.nlm.nih.gov/16455930/
https://pubmed.ncbi.nlm.nih.gov/17699815/
https://pubmed.ncbi.nlm.nih.gov/17699815/
https://pubmed.ncbi.nlm.nih.gov/17699815/
https://pubmed.ncbi.nlm.nih.gov/3541853/
https://pubmed.ncbi.nlm.nih.gov/3541853/
https://pubmed.ncbi.nlm.nih.gov/3541853/
https://pubmed.ncbi.nlm.nih.gov/3541853/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2238112/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2238112/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2238112/
https://pubmed.ncbi.nlm.nih.gov/14527793/
https://pubmed.ncbi.nlm.nih.gov/14527793/
https://pubmed.ncbi.nlm.nih.gov/14527793/
https://pubmed.ncbi.nlm.nih.gov/15992289/
https://pubmed.ncbi.nlm.nih.gov/15992289/
https://pubmed.ncbi.nlm.nih.gov/15992289/
https://pubmed.ncbi.nlm.nih.gov/23817975/
https://pubmed.ncbi.nlm.nih.gov/23817975/
https://academic.oup.com/femsle/article/316/1/44/515520
https://academic.oup.com/femsle/article/316/1/44/515520
https://academic.oup.com/femsle/article/316/1/44/515520
https://pubmed.ncbi.nlm.nih.gov/32392595/
https://pubmed.ncbi.nlm.nih.gov/32392595/
https://pubmed.ncbi.nlm.nih.gov/32392595/
https://pubmed.ncbi.nlm.nih.gov/32392595/
https://pubmed.ncbi.nlm.nih.gov/29342065/
https://pubmed.ncbi.nlm.nih.gov/29342065/
https://pubmed.ncbi.nlm.nih.gov/29342065/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8142595/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8142595/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8142595/
https://pubmed.ncbi.nlm.nih.gov/30373801/https:/pubmed.ncbi.nlm.nih.gov/30373801/
https://pubmed.ncbi.nlm.nih.gov/30373801/https:/pubmed.ncbi.nlm.nih.gov/30373801/
https://pubmed.ncbi.nlm.nih.gov/30373801/https:/pubmed.ncbi.nlm.nih.gov/30373801/
https://pubmed.ncbi.nlm.nih.gov/30373801/https:/pubmed.ncbi.nlm.nih.gov/30373801/
https://pubmed.ncbi.nlm.nih.gov/32849463/
https://pubmed.ncbi.nlm.nih.gov/32849463/
https://pubmed.ncbi.nlm.nih.gov/32849463/
file:///C:/Users/phani/Desktop/../../sandh/Downloads/V
file:///C:/Users/phani/Desktop/../../sandh/Downloads/V
file:///C:/Users/phani/Desktop/../../sandh/Downloads/V
https://pubmed.ncbi.nlm.nih.gov/24257683/
https://pubmed.ncbi.nlm.nih.gov/24257683/
https://pubmed.ncbi.nlm.nih.gov/24257683/
https://pubmed.ncbi.nlm.nih.gov/24257683/
https://pubmed.ncbi.nlm.nih.gov/29551303/
https://pubmed.ncbi.nlm.nih.gov/29551303/
https://pubmed.ncbi.nlm.nih.gov/29551303/
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-017-0271-9
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-017-0271-9
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-017-0271-9
https://pubmed.ncbi.nlm.nih.gov/24354520/
https://pubmed.ncbi.nlm.nih.gov/24354520/
https://pubmed.ncbi.nlm.nih.gov/24354520/
https://pubmed.ncbi.nlm.nih.gov/24288368/
https://pubmed.ncbi.nlm.nih.gov/24288368/
https://journals.asm.org/doi/10.1128/AEM.01541-09
https://journals.asm.org/doi/10.1128/AEM.01541-09
https://journals.asm.org/doi/10.1128/AEM.01541-09
https://journals.asm.org/doi/10.1128/AEM.01541-09
https://pubmed.ncbi.nlm.nih.gov/27920199/
https://pubmed.ncbi.nlm.nih.gov/27920199/
https://www.scholars.northwestern.edu/en/publications/psych-procedures-for-personality-and-psychological-research
https://www.scholars.northwestern.edu/en/publications/psych-procedures-for-personality-and-psychological-research
https://pubmed.ncbi.nlm.nih.gov/14597658/
https://pubmed.ncbi.nlm.nih.gov/14597658/
https://pubmed.ncbi.nlm.nih.gov/14597658/


Citation: Meinshausen AK, Naser A, Illiger S, Färber J, Vargas RV, et al. (2023) Dithiotreitol and Next Generation Sequencing 
of Bacterial 16S rRNA Shows Similar Diagnostic Security as Periprosthetic Tissue Cultures to Diagnose PJI. J Surg 8: 1860 DOI: 
10.29011/2575-9760.001860

13 Volume 08; Issue 13

J Surg, an open access journal
ISSN: 2575-9760

48.	 Kulakov LA, McAlister MB, Ogden KL, Larkin MJ, O’Hanlon JF 
(2002) Analysis of bacteria contaminating ultrapure water in industrial 
systems. Applied and environmental microbiology 68: 1548-1555.

49.	 Ryan MP, Pembroke JT, Adley CC (2007) Ralstonia pickettii in 
environmental biotechnology: potential and applications.  J Appl 
Microbiol 103: 754-764.

50.	 Pust MM (2020) The human respiratory tract microbial community 
structures in healthy and cystic fibrosis infants.  NPJ biofilms and 
microbiomes 6: 61.

51.	 Salter SJ (2014) Reagent and laboratory contamination can critically 
impact sequence-based microbiome analyses. BMC Biology 12: 87.

52.	 Holinka J (2011) Sonication cultures of explanted components as an 
add-on test to routinely conducted microbiological diagnostics improve 
pathogen detection. J Orthop Res 29: 617-622.

53.	 Trampuz A, Osmon DR, Hanssen AD, Steckelberg JM, Patel R (2003) 
Molecular and antibiofilm approaches to prosthetic joint infection. Clin 
Orthop Relat Res 2003: 69-88.

54.	 Cremniter J  (2010) Decreased susceptibility to teicoplanin and 
vancomycin in coagulase-negative Staphylococci isolated from 
orthopedic-device-associated infections.  J Clin Microbiol  48: 1428-
1431.

55.	 Zmistowski B, Karam JA, Durinka JB, Casper DS, Parvizi J (2013) 
Periprosthetic joint infection increases the risk of one-year mortality. J 
Bone Joint Surg Am 95: 2177-2184.

56.	 Schmalzried TP, Jackson WO (2000) Limited Role of Direct 
Exchange Arthroplasty in the Treatment of Infected Total Hip 
Replacements. Clinical Orthopaedics and related Research 381: 101-
105. 

57.	 Wimmer MD (2016) Polymicrobial infections reduce the cure rate in 
prosthetic joint infections: outcome analysis with two-stage exchange 
and follow-up ≥two years. Int Orthop 40: 1367-1373.

58.	 Berbari EF (2007) Culture-Negative Prosthetic Joint Infection. Clinical 
Infectious Diseases 45: 1113-1119.

59.	 Swearingen MC, DiBartola AC, Dusane D, Granger J, Stoodley P (2016) 
16S rRNA analysis provides evidence of biofilms on all components 
of three infected periprosthetic knees including permanent braided 
suture. Pathogens and disease 74: ftw083.

60.	 Ivy MI (2018)  Direct Detection and Identification of Prosthetic Joint 
Infection Pathogens in Synovial Fluid by Metagenomic Shotgun 
Sequencing. J Clin Microbiol 56: e00402-18.

61.	 Thoendel MJ (2018) Identification of Prosthetic Joint Infection 
Pathogens Using a Shotgun Metagenomics Approach.  Clin Infect 
Dis 67: 1333-1338.

62.	 Washington (DC): American Society for Microbiology (2015) 
Applications of Clinical Microbial Next-Generation Sequencing: 
Report on an American Academy of Microbiology Colloquium held in 
Washington, DC, in April 2015.

63.	 Tarabichi M, Alvand A, Shohat N, Goswami K, Parvizi J (2018) 
Diagnosis of Streptococcus canis periprosthetic joint infection: the 
utility of next-generation sequencing. Arthroplast Today 4: 20-23.

64.	 Jun Y, Jianghua L (2018) Diagnosis of Periprosthetic Joint Infection 
Using Polymerase Chain Reaction: An Updated Systematic Review 
and Meta-Analysis. Surgical Infections 19: 555-565.

65.	 Tarabichi M, Alvand A, Shohat N, Goswami K, Parvizi J (2017) 
Diagnosis of Streptococcus canis periprosthetic joint infection: the 
utility of next-generation sequencing. Arthroplast Today 4: 20-23.

66.	 Piper KE (2009)  Microbiologic diagnosis of prosthetic shoulder 
infection by use of implant sonication. J Clin Microbiol 47: 1878-1884.

67.	 Portillo ME (2012) Multiplex PCR of sonication fluid accurately 
differentiates between prosthetic joint infection and aseptic failure. J 
Infect 65: 541-548.

68.	 Hartley JC, Harris KA (2014) Molecular techniques for diagnosing 
prosthetic joint infections. Journal of Antimicrobial Chemotherapy 69: 
i21-i24.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC123900/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC123900/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC123900/
https://pubmed.ncbi.nlm.nih.gov/17897177/
https://pubmed.ncbi.nlm.nih.gov/17897177/
https://pubmed.ncbi.nlm.nih.gov/17897177/
https://pubmed.ncbi.nlm.nih.gov/33319812/
https://pubmed.ncbi.nlm.nih.gov/33319812/
https://pubmed.ncbi.nlm.nih.gov/33319812/
https://bmcbiol.biomedcentral.com/articles/10.1186/s12915-014-0087-z
https://bmcbiol.biomedcentral.com/articles/10.1186/s12915-014-0087-z
https://pubmed.ncbi.nlm.nih.gov/21337398/
https://pubmed.ncbi.nlm.nih.gov/21337398/
https://pubmed.ncbi.nlm.nih.gov/21337398/
https://pubmed.ncbi.nlm.nih.gov/12966280/
https://pubmed.ncbi.nlm.nih.gov/12966280/
https://pubmed.ncbi.nlm.nih.gov/12966280/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2849595/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2849595/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2849595/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2849595/
https://pubmed.ncbi.nlm.nih.gov/24352771/
https://pubmed.ncbi.nlm.nih.gov/24352771/
https://pubmed.ncbi.nlm.nih.gov/24352771/
https://pubmed.ncbi.nlm.nih.gov/11127645/
https://pubmed.ncbi.nlm.nih.gov/11127645/
https://pubmed.ncbi.nlm.nih.gov/11127645/
https://pubmed.ncbi.nlm.nih.gov/11127645/
https://link.springer.com/article/10.1007/s00264-015-2871-y
https://link.springer.com/article/10.1007/s00264-015-2871-y
https://link.springer.com/article/10.1007/s00264-015-2871-y
https://pubmed.ncbi.nlm.nih.gov/17918072/
https://pubmed.ncbi.nlm.nih.gov/17918072/
https://pubmed.ncbi.nlm.nih.gov/27549423/
https://pubmed.ncbi.nlm.nih.gov/27549423/
https://pubmed.ncbi.nlm.nih.gov/27549423/
https://pubmed.ncbi.nlm.nih.gov/27549423/
https://pubmed.ncbi.nlm.nih.gov/29848568/
https://pubmed.ncbi.nlm.nih.gov/29848568/
https://pubmed.ncbi.nlm.nih.gov/29848568/
https://pubmed.ncbi.nlm.nih.gov/29648630/
https://pubmed.ncbi.nlm.nih.gov/29648630/
https://pubmed.ncbi.nlm.nih.gov/29648630/
https://pubmed.ncbi.nlm.nih.gov/30063310/
https://pubmed.ncbi.nlm.nih.gov/30063310/
https://pubmed.ncbi.nlm.nih.gov/30063310/
https://pubmed.ncbi.nlm.nih.gov/30063310/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5859284/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5859284/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5859284/
https://pubmed.ncbi.nlm.nih.gov/29920159/
https://pubmed.ncbi.nlm.nih.gov/29920159/
https://pubmed.ncbi.nlm.nih.gov/29920159/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5859284/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5859284/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5859284/
https://pubmed.ncbi.nlm.nih.gov/19261785/
https://pubmed.ncbi.nlm.nih.gov/19261785/
https://pubmed.ncbi.nlm.nih.gov/22960370/
https://pubmed.ncbi.nlm.nih.gov/22960370/
https://pubmed.ncbi.nlm.nih.gov/22960370/
https://pubmed.ncbi.nlm.nih.gov/25135084/
https://pubmed.ncbi.nlm.nih.gov/25135084/
https://pubmed.ncbi.nlm.nih.gov/25135084/

