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Abstract

Background

In the absence of a gold standard criterion for diagnosing prosthetic joint infections (PJI),

sonication of the removed implant may provide superior microbiological identification to

synovial fluid and peri-implant tissue cultures. The aim of this retrospective study was to

assess the role of sonication culture compared to tissue cultures for diagnosing PJI, using

different consensus and international guidelines for PJI definition.

Methods

Data of 146 patients undergoing removal of hip or knee arthroplasties between 2010 and

2018 were retrospectively reviewed. The International Consensus Meeting (ICM-2018),

Musculoskeletal Infection Society (MSIS), Infectious Diseases Society of America (IDSA),

the European Bone and Joint Infection Society (EBJIS), and a modified clinical criterion,

were used to compare the performance of microbiological tests. McNemar´s test and pro-

portion comparison were employed to calculate p-value.

Results

Overall, 56% (82/146) were diagnosed with PJI using the clinical criteria. Out of these

cases, 57% (47/82) tested positive on tissue culture and 93% (76/82) on sonication culture.

Applying this clinical criterion, the sensitivity of sonication fluid and tissue cultures was

92.7% (95% CI: 87.1%- 98.3%) and 57.3% (95% CI: 46.6%-68.0%) (p<0.001), respectively.

When both methods were combined for diagnosis (sonication and tissue cultures) sensitivity

reached 96.3% (95% CI: 91.5%-100%). Sonication culture and the combination of sonica-

tion with tissue cultures, showed higher sensitivity rates than tissue cultures alone for all

diagnostic criteria (ICM-18, MSIS, IDSA and EBJIS) applied. Conversely, tissue culture pro-

vided greater specificity than sonication culture for all the criteria assessed, except for the

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0252322 July 13, 2021 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Ribeiro TC, Honda EK, Daniachi D, Cury

RdPL, da Silva CB, Klautau GB, et al. (2021) The

impact of sonication cultures when the diagnosis

of prosthetic joint infection is inconclusive. PLoS

ONE 16(7): e0252322. https://doi.org/10.1371/

journal.pone.0252322

Editor: Noreen J. Hickok, Thomas Jefferson

University, UNITED STATES

Received: February 13, 2021

Accepted: May 13, 2021

Published: July 13, 2021

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0252322

Copyright: © 2021 Ribeiro et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

information files.

https://orcid.org/0000-0002-5443-6024
https://doi.org/10.1371/journal.pone.0252322
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252322&domain=pdf&date_stamp=2021-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252322&domain=pdf&date_stamp=2021-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252322&domain=pdf&date_stamp=2021-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252322&domain=pdf&date_stamp=2021-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252322&domain=pdf&date_stamp=2021-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252322&domain=pdf&date_stamp=2021-07-13
https://doi.org/10.1371/journal.pone.0252322
https://doi.org/10.1371/journal.pone.0252322
https://doi.org/10.1371/journal.pone.0252322
http://creativecommons.org/licenses/by/4.0/


EBJIS criteria, in which sonication and tissue cultures specificity was 100% and 95.3%

(95% CI: 87.8–100%), respectively (p = 0.024).

Conclusions

In a context where diagnostic criteria available have shortcomings and tissue cultures

remain the gold standard, sonication cultures can aid PJI diagnosis, especially when

diagnostic criteria are inconclusive due to some important missing data (joint puncture,

histology).

Introduction

Early accurate diagnosis of prosthetic joint infection (PJI) is made even more challenging in

clinical practice by the lack of a gold standard test. In contrast, there have been several PJI

diagnostic criteria suggested by consensus and international guidelines based on a composite

of clinical signs and symptoms, blood and synovial fluid inflammatory biomarkers, histopath-

ological abnormalities, and microbiological identification. The presence of sinus tract involv-

ing both prosthesis and skin or the identification of the same pathogen in two or more culture

samples defines PJI for all of the currently proposed criteria (IDSA-Infectious Diseases Society

of America, MSIS- Musculoskeletal Infection Society, ICM 2018-International Consensus

Meeting and EBJIS-European Bone and Joint Infection Society) [1–5].

Traditionally, the first step in the diagnostic workup of a patient suspected of having an

infected arthroplasty is testing for C-reactive protein (CRP), and erythrocyte sedimentation

rate (ESR), but many clinical and microbiological aspects may impact the results and validity

of these serum biomarkers [6]. The second step usually relies on the quantification of white-

blood cells, percentage of granulocytes, and microbiological analysis of the synovial fluid

through joint puncture [7]. Indeed, joint aspiration for synovial fluid inflammatory biomark-

ers and microbiological analysis has been regarded as one of the crucial pre-operative tests for

the diagnosis of PJI [2, 8]. Unfortunately, this important diagnostic pre-operative step may not

be carried out due to the low volume of joint fluid to be aspirated [9]. Furthermore, in the clin-

ical practice the orthopaedic surgeon may be reluctant to performing joint aspiration due to

the concern of joint and prosthesis contamination during the procedure [10]. Nevertheless,

upon a clinical suspicion of PJI, synovial fluid analysis should always be attempted pre-opera-

tively through joint aspiration [2].

Microbiological identification is vital for aiding conclusive diagnosis of PJI, particularly in

cases where some of the assessments included in the criteria have not been carried out, in addi-

tion to ensure successful treatment outcomes [11–14]. However, some authors have shown

that tissue and joint fluid cultures provide low sensitivity and high rates of false-negative

results [15–18]. This poor performance might be related to the presence of low virulence

microorganisms, previous antibiotic use, failure in the use of enriched culture media or insuffi-

cient sample incubation time [13, 19].

In this context, the sonication technique applied as an adjuvant method seems to optimize

microbiological identification in cases of low-virulent biofilm-related microorganisms, thereby

improving the diagnosis of chronic PJI [17, 20]. Both ICM 2018 and EBJIS endorsed sonica-

tion culture as an adjunct to tissue and synovial fluid cultures for diagnosing PJI [4, 5, 21]. In

recent years, a number of authors have demonstrated that sonication fluid culture provides

greater sensitivity than both tissue and synovial fluid cultures, reporting levels of 78–97% [17,
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18, 22, 23]. In contrast, others published their results showing a stand-in against culturing son-

ication fluid of retrieved implants [24, 25]. Whether the role of sonication culture on the arma-

mentarium of PJI diagnosis remains under debate, many previous publications did not back-

up their findings on the recent consensus statements and international guidelines for PJI diag-

nosis, which may bias their results. On the other hand, the increment of sonication within the

methodological options for identifying the etiologic agent may allow PJI diagnosis to be estab-

lished even when some important variables are missing, such as those measuring pre-operative

synovial fluid biomarkers abnormalities.

Against this backdrop, the present study sought to assess the performance of sonication

fluid culture compared to periprosthetic tissue cultures for diagnosing PJI among patients

undergoing prosthetic hip or knee joint revision, using different consensus and international

guidelines for PJI definition (IDSA, ICM 2018, and EBJIS). Additionally, sonication was also

evaluated as an adds-on upon a subset of patients with incomplete (synovial fluid biomarkers

have not been assessed) diagnosis of PJI.

Materials and methods

Study design and setting

A retrospective observational study was carried out according to the Standards for Reporting

Diagnostic Accuracy (STARD) guideline, to assess the accuracy of sonication culture com-

pared to tissue cultures for diagnosing PJI, using different consensus and international guide-

lines for PJI definition [26]. Patients undergoing total or partial hip or knee prosthetic joint

revision due to any reason, whose removed implants were sent for sonication between Septem-

ber 2010 and December 2018 were analyzed. The study was carried out at the Department of

Orthopedics and Traumatology of a large tertiary academic hospital, comprising more than

1,000 beds, in São Paulo, Brazil. During the study period 2,216 primary hip and knee prosthe-

ses and 487 revisions were performed for any reason, at our institution. The clinical and surgi-

cal treatment decisions for PJI have traditionally been based upon the validated Zimmerli‘s

criteria, and involve a daily multidisciplinary musculoskeletal infection group analysis that

includes orthopaedic surgeons, infectious disease physicians, and microbiologists [27].

Patients with fewer than 2 tissues samples sent for culture, whose implant was not sent for

sonication in an appropriate sterile plastic container, or subject to contamination during

implant removal, transportation, or laboratory culture processing, were excluded from the

study. The present study was approved by the Research Ethics Committee of the institution,

with permission granted prior to commencement (permit 2.195.577, 01/08/2017).

Patient demographics and comorbidities, arthroplasty site, previous orthopedic surgical

procedures, reported clinical signs and symptoms, number of tissue samples collected per

patient, histological abnormalities, time elapsed between prosthesis implantation and removal,

previous use of antibiotics in the 14 days leading up to arthroplasty removal and microbiolog-

ical identification in cultures were recorded.

Diagnosis of prosthetic joint infection (PJI)

Our Institutional musculoskeletal infection team employed, up to July 2018 the MSIS diagnos-

tic criteria for PJI and switched to the ICM-2018 thereafter. For the purposes of this study, in

the absence of a gold standard criterion for diagnosing PJI, the following diagnostic criteria

were used to compare the performance of sonication fluid culture versus periprosthetic tissues

cultures: ICM-2018, IDSA, and the EBJIS [1–5]. For the remaining assessments, definitive

diagnosis of PJI was established using the modified clinical criteria published in previous stud-

ies [1, 15, 18]. This criterion includes presence of sinus tract, visualization of periprosthetic
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purulent secretion, and histology disclosing acute inflammatory process (at least five neutro-

phils in each of five high-power fields, at ×400 magnification), thereby precluding the need for

microbiological results. The IDSA, ICM-2018 and EBJIS comprises a combination of clinical,

histological and microbiological results and consider the presence of either sinus tract or two

positive cultures with the same pathogen as conclusive diagnosis of PJI [1–5]. Both ICM-2018

and EBJIS criteria recommend synovial fluid aspiration, and microbiological identification by

sonication is provided only by EBJIS (S1 Fig) [2, 4, 5].

Specimen collection and microbiological methods

During the surgical procedure, at least 4 samples of periprosthetic and bone tissue were col-

lected aseptically, placed in duly labelled sterile containers, and sent to the microbiology and

histopathology laboratory. The flow protocols for synovial fluid and tissue sample collection,

transportation and processing were well established in the study institution and validated by

previous publications [23, 28]. At the laboratory, tissue samples were homogenized in 3 ml of

brain heart infusion (BHI) agar for 1 minute and inoculated onto aerobic blood agar, chocolate

agar and anaerobic blood agar plates jar at 35˚C, and also in thioglycollate medium (BD Diag-

nostic Systems, Sparks, MD). The blood agar and chocolate agar plates were then incubated at

35–37˚ C for 6 days for aerobic and 14 days for anaerobic cultures. The thioglycollate broth

was incubated for 14 days and in the event of bacterial growth (turbidity), the liquid was

seeded onto blood agar plates (aerobic and anaerobic cultures). Microbiological methods for

synovial fluids were similar, inoculating 0.1 mL onto agar plates and liquid broth and assessing

aerobically and anaerobically. Colonies of isolated bacteria were subjected to Gram staining

and phenotypic identification, including motility tests and manual biochemical tests such as

those for catalase and coagulase (using rabbit plasma) for Gram-positive bacteria and fermen-

tation of sugars and amino acids by Gram-negative bacteria, among others. The sensitivity

profile was determined for all strains identified according to the prevailing CLSI (Clinical Lab-
oratory Standards Institute) standards (Standardization of Antimicrobial Disk Diffusion Sus-

ceptibility Testing: Approved Standard– 8th Edition, 2010, Vol. 23 No 1).

Arthroplasty sonication

The surgically removed arthroplasties were ideally submitted to sonication within 2 hours. The

protocol for implant removal, transportation to the microbiology laboratory and carrying out

of sonication and cultures of the sonicated fluid was standardized and validated as per previous

publications [23, 28]. The removed prostheses were placed in hermetically sealed sterile poly-

ethylene containers together with 50 to 250 mL of Ringer Lactate (depending upon the implant

width) and then transported in plastic bags to prevent leakage contamination. Upon arrival at

the laboratory, the containers holding implants were agitated vigorously by vortex for 30 sec-

onds using a Vortex-Genie 2 device (Scientific Industries, Inc., Bohemia, NY, USA). The con-

tainers were then sonicated in an ultrasound bath (BactoSonic; Bandelin GmbH, Berlin,

Germany) for 5 minutes at a low frequency (40 ± 2 kHz) and high density of 0.22 ± 0.04 W/

cm2, followed by agitation for a further 30 seconds in a vortex [23]. The sonicated fluid (50 to

250 ml) was divided into sterile tubes and centrifuged for 5 minutes. The supernatant was aspi-

rated, leaving 0.5 ml (100-fold concentration), and aliquots of 0.1 ml of concentrated sonicate

fluid were then plated onto aerobic sheep blood, chocolate, and anaerobic sheep blood agar,

and incubated aerobically at 37˚C for 7 days and anaerobically at 37˚C for 14 days and

inspected daily for bacterial growth. Additionally, 4 ml of the remaining concentrated sonica-

tion fluid was also inoculated in 10 ml of thioglycolate broth, plated as described above, and

incubated aerobically at 35˚C to 37˚C in 5% CO2 for 2 days, and anaerobically at 37˚C for 14
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days. In the event growth was detected, the number of colonies forming units (CFU) for each

morphology was recorded. Due to the addition of a concentrating step to the sonication fluid

culture, a density� 50 CFU/plate of sonicated fluid is considered significant and used for ideal

sensitivity and specificity analyses [23, 28]. All plates exhibiting positive growth were quanti-

fied and identified according to the routine established by the laboratory, based on the mor-

phology and staining property visualized on Gram staining. Low virulence microorganisms

(Staphylococci epidermidis, Corynebacterium spp., Chryseobacterium spp., Bacillus spp. and

Micrococcus spp.) were considered pathogenic when the organism was found in at least 2 dif-

ferent culture samples [1–3].

Retrieved implant cases due to aseptic loosening were used for negative controls and equally

processed as described for the retrieved infected arthroplasties.

Statistical analysis

The demographic characteristics of patients were expressed in frequencies and percentages or

means and standard deviations (SD). Sonication culture, tissue culture and the combined

methods were evaluated with sensitivity, specificity, positive predictive value, negative predic-

tive value, and accuracy, for all diagnostic criteria used. In order to identify the impact of the

total number of tissue samples collected per patient in the sensitivity rates, three subgroups

were created and analyzed: 1: between 2 to 4 tissue samples; 2: between 5 to 7 tissue samples; 3:

at least 8 tissue samples collected. Culture sensitivity were also explored among patients with

the modified clinical criteria according to time span between index surgery and the explan-

tation; clinical and pathological abnormalities (sinus tract, visible purulence during surgery,

positive histology); previous use of antibiotics; and virulence of microorganism identified. Sen-

sitivity and specificity of tissue and sonicated fluid cultures were compared using McNemar’s

test and comparison of proportions was employed to calculate p-value. Differences with a p-

value� 0.05 for a 95% Confidence Interval (95% CI) were considered statistically significant.

All data were analyzed using the SPSS statistical software package for Windows, version 13.0

(IBM Corporation, Chicago, IL).

Results

Study population and devices

Overall, 146 patients undergoing revision of prosthetic hip or knee joints for any reason and

whose removed implant was submitted to sonication and tissue cultures, were included in

the study. In the overall sample, median age was 66 years (range 17–96 years) and 58.2% of

patients were female. Of the total prostheses revised, 71% were hip joints, whereas only 29%

were knee joints. Most of the arthroplasties revised (76%) were primary prostheses. Demo-

graphics, clinical characteristics, and number of patients diagnosed with PJI according to

different criteria (clinical, IDSA, ICM and EBJIS) of the study population are shown on

Table 1. Of total patients assessed, 56% (82/146) were diagnosed with PJI using the clinical

criteria, 57% (83/146) the IDSA, 53% (77/146) the ICM and 71% (103/146) by the EBJIS

criteria.

Accuracy of sonication fluid and tissue cultures according to different

definitions of PJI

The assessment of all patients revealed that 39% (57/146) tested positive on tissue samples for

at least one microorganism whereas 67% (98/146) had microbiological detection using sonica-

tion fluid. Only 29% (43/146) of patients had negative cultures when both methods were used.
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Table 1. Demographics, clinical characteristics and number of patients diagnosed with PJI according to different

criteria (clinical, IDSA, ICM and EBJIS) among 146 patients undergoing prosthetic joint revision.

Demographicsa Number of Patients N (%) Total = 146

• Age (median [range]) (years) 66 (17–96)

• Female sex (no. [%]) 85 (58%)

Clinical characteristics (no. [%])

• Diabetes mellitus 40 (27%)

• Rheumatoid arthritis 27 (18%)

• Tobacco use 20 (14%)

• Coronary heart disease 11 (8%)

• Solid organ neoplasm 10 (8%)

• Steroid use 10 (8%)

• Heart failure 10 (8%)

• Chronic kidney disease 5 (4%)

• Alcohol abuse 5 (4%)

Arthroplasty Site (no. [%])

• Hip 103 (71%)

• Knee 43 (29%)

Arthroplasty Type (no. [%])

• Primary 111 (76%)

• Revision 35 (24%)

Time since prosthetic implantation (no. [%])

• < 3 months 21 (14%)

• 3–24 months 33 (23%)

• > 24 months 92 (63%)

Signs and symptoms of PJI (no. [%])

• Pain 145 (99%)

• Purulent secretion around prosthesis 66 (45%)

• Hyperemia 43 (29%)

• Presence of sinus tract 21 (14%)

• Prosthesis dislocation 18 (12%)

• Fever 5 (3%)

ESR

• No. of patients with the data (%) 125 (86%)

• MEAN 44.09 mm/h

CRP

• No. of patients with the data 142 (97%)

• MEAN 6.67 mg/dL

Patients diagnosed with PJI (no. [%])

• Clinical Criteria 82 (56%)

• IDSA Criteria 83 (57%)

• ICM Criteria 77 (53%)

• EBJIS Criteria 103 (71%)

a All percentages are in relation to the number of subjects with osteosynthesis-associated infection (OAI) or

noninfected osteosynthesis (NIO), unless otherwise indicated. PJI: Prosthetic Joint Infection; ESR: erythrocyte

sedimentation rate; CRP: C-reactive protein; ICM: International Consensus Meeting; IDSA: Infectious Diseases Society
of America; EBJIS: European Bone and Joint Infection Society.

https://doi.org/10.1371/journal.pone.0252322.t001
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When assessing only PJI cases, the percentage of patients with positive cultures increased, with

rates varying depending on the PJI criterion employed. Interestingly, positivity was higher in

sonication fluid cultures than in tissue cultures for all of the diagnostic criteria applied in the

present study. Data for number of patients diagnosed with PJI by the different criteria, together

with sensitivity and specificity of the tissue and sonication cultures, are shown in Table 3.

Using the ICM-2018 definition, sensitivity of sonication and tissue cultures were 94.8% (73/

77) (95% CI: 89–100%) and 68.8% (53/77) (95% CI: 58.5–79.1%), (p<0.001) respectively.

Using IDSA guidelines, sensitivity of sonication and tissue cultures were 94% (78/83) (95% CI:

88–100%) and 65.1% (54/83) (95% CI: 54.8–75.4%), (p<0.001) respectively. Sonication culture

also showed greater sensitivity than tissue cultures for all the other diagnostic criteria applied,

with the highest rate of 95.1% (98/103) (95% CI: 90.9%- 99.3%) being found for the EBJIS cri-

teria (p<0.001; Table 2).

Sensitivity using the clinical modified criteria (presence of sinus tract, or visible purulent

secretion, or positive histology for infection) was higher for sonication fluid cultures—92.7%

(95% CI: 87.1–98.3%) than for tissue cultures—57.3% (95% CI: 46.6–68.0%), (p<0.001).

Assessment of the test’s specificity using the clinical modified criteria revealed that tissue cul-

ture had higher specificity than sonication culture—84.4% (95% CI: 75.5%- 93.3%) versus

65.5% (95% CI: 54.0%-77.2%), respectively (p = 0.024).

Specificity was significantly higher for tissue culture than sonication when using ICM and

IDSA definitions. Conversely, only the EBJIS criterion had higher specificity for sonication

than tissue cultures—100% and 95.3% (95% CI: 87.8–100%), respectively (p = 0.024; Table 2).

Sensitivity, specificity, positive predictive value, negative predictive value and accuracy of tis-

sue and sonication cultures used alone and in conjunction, for each diagnostic criterion pro-

posed are shown in Table 3. Combining the two methods, tissue culture plus sonication

culture provided greater sensitivity than tissue or sonication culture alone, irrespective of the

criterion used (Table 3).

When modelling the effect of diverse numbers of tissue samples collected per patient, the

sensitivity of tissue cultures varied according to the number of samples obtained intra-opera-

tively. Fig 1 shows that collection of 5 or more tissue samples considerably improved test sensi-

tivity. When sonication culture is used in conjunction with tissue cultures, sensitivity is also

increased and remains unchanged irrespective of the number of samples collected during the

surgical procedure (Fig 1).

Table 2. Description of PJI cases according to different criteria, sensitivity and specificity of tissue and sonication cultures in 146 patients undergoing prosthetic

joint revision.

PJI

criteria

Total number of PJI n

(%)

Sensitivity, % (95% CI) p-value tissue vs.

sonication

Specificity, % (95% CI) p-value tissue vs.

sonicationTissue Sonication Tissue Sonication

Clinical 82 (56%) 57.3 (46.6–

68.0)

92.7 (87.1–98.3) < 0.001 84.4 (75.5–93.3) 65.5 (54.0–

77.2)

0.024

ICM 77 (53%) 68.8 (58.5–

79.1)

94.8 (89.0–

100.0)

< 0.001 94.2 (87.8–

100.0)

63.8 (52.5–

75.1)

< 0.001

IDSA 83 (57%) 65.1 (54.8–

75.4)

94.0 (88.0–

100.0)

< 0.001 95.2 (89.0–

100.0)

68.3 (56.7–

79.7)

< 0.001

EBJIS 103 (71%) 53.4 (43.8–

63.0)

95.1 (90.9–99.3) < 0.001 95.3 (87.8–

100.0)

100 (100–100) 0.024

PJI: prosthetic joint infection; ICM: International Consensus Meeting; IDSA: Infectious Diseases Society of America; EBJIS: European Bone and Joint Infection Society.

CI: 95% confidence interval, p< 0.05, McNemar’s Test.

https://doi.org/10.1371/journal.pone.0252322.t002
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Subgroup analyses

The sensitivity of the tissue and sonication fluid samples according to clinical and microbio-

logical characteristics, applying the PJI clinical criteria, are shown in Table 4. In the subgroup

analysis, the smaller numbers may limit power, but the sensitivity of sonication was higher

than tissue culture and showed statistical significance for most subgroup studied (late PJI,

patients with visible purulence, positive histology, previous antibiotic use, and for virulent and

low-virulent microorganisms). However, for patients with early and delayed PJI and the pres-

ence of sinus tract, no statistical significance was observed (Table 4).

Microbiological assessment

The culture of most patients revealed only one etiological agent. Between 23–29% of cultures

exhibited polymicrobial flora in tissue samples compared to 21–26% in sonication fluid sam-

ples, depending on the diagnostic criteria used.

The pathogen most commonly found in prosthetic infections was Staphylococcus epidermi-
dis, being isolated in 22% of tissue cultures, but in 30% of sonication cultures, followed by

Staphylococcus aureus, found in 13% and 17% of tissue and sonication cultures, respectively.

Gram-negative bacilli were detected in 23% of tissue cultures and 36% of sonication cultures in

patients diagnosed with PJI using the clinical criteria (S1 Table). Low-virulence microorganisms

Table 3. Sensitivity, specificity, positive predictive value, negative predictive value and accuracy of tissue and sonication cultures isolated and of tissue and sonica-

tion combined, according to proposed diagnostic criteria in 146 patients undergoing prosthetic joint revision.

Clinical Criterion Tissue 95% CI Sonication 95% CI Tissue and Sonication 95% CI

Sensitivity 57.3% (46.6–68.0) 92.7% (87.1–98.3) 96.3% (91.5–100)

Specificity 84.4% (75.5–93.3) 65.6% (54.0–77.2) 62.5% (50.6–74.4)

PPV 82.5% (75.0–90.0) 77.6% (69.3–85.9) 76.7% (68.5–84.9)

NPV 60.7% (46.9–74.5) 87.5% (78.1–96.9) 93.0% (84.0–100)

Accuracy 69.2% (61.7–76.7) 80.8% (74.4–87.2) 81.5% (75.2–87.8)

ICM Criterion Tissue 95% CI Sonication 95% CI Tissue and Sonication 95% CI

Sensitivity 68.8% (58.5–79.1) 94.8% (89.0–100.0) 98.7% (95.7–100)

Specificity 94.2% (87.8–100.0) 63.8% (52.5–75.1) 60.9% (49.4–72.4)

PPV 93.0% (85.2–100.0) 74.5% (65.9–83.1) 73.8% (65.3–82.3)

NPV 73.0% (63.8–82.2) 91.7% (82.5–100.0) 97.7% (92.4–100)

Accuracy 80.8% (74.4–87.2) 80.1% (73.6–86.6) 80.8% (74.4–87.2)

IDSA Criterion Tissue 95% CI Sonication 95% CI Tissue and Sonication 95% CI

Sensitivity 65.1% (54.8–75.4) 94.0% (88.0–100.0) 97.6% (93.8–100)

Specificity 95.2% (89.0–100.0) 68.3% (56.7–79.7) 65.1% (53.3–76.9)

PPV 94.7% (87.9–100.0) 79.6% (71.6–87.6) 78.6% (70.7–86.5)

NPV 67.4% (57.7–77.1) 89.6% (79.4–99.8) 95.3% (87.8–100)

Accuracy 78.1% (71.4–84.8) 82.9% (76.8–89.0) 83.6% (77.6–89.6)

EBJIS Criterion Tissue 95% CI Sonication 95% CI Tissue and Sonication 95% CI

Sensitivity 53.4% (43.8–63.0) 95.1% (90.9–99.3) 98.1% (95.0–100)

Specificity 95.3% (87.8–100.0) 100.0% (100.0–100.0) 95.3% (87.8–100)

PPV 96.5% (90.9–100.0) 100.0% (100.0–100.0) 98.1% (95.0–100)

NPV 46.1% (35.7–56.5) 89.6% (79.4–99.8) 95.3% (87.8–100)

Accuracy 65.8% (58.1–73.5) 96.6% (93.2–100.0) 97.3% (94.3–100)

PPV: positive predictive value, NPV: negative predictive value; ICM: International Consensus Meeting; IDSA: Infectious Diseases Society of America; EBJIS: European

Bone and Joint Infection Society. CI: confidence interval.

https://doi.org/10.1371/journal.pone.0252322.t003

PLOS ONE Sonication cultures for inconclusive PJI

PLOS ONE | https://doi.org/10.1371/journal.pone.0252322 July 13, 2021 8 / 15

https://doi.org/10.1371/journal.pone.0252322.t003
https://doi.org/10.1371/journal.pone.0252322


(Staphylococcus epidermidis, Stenotrophomonas maltophilia, Corynebacterium spp, Cryseobac-
terium indologenes, Peptostreptococcus spp and Micrococcus) were detected in 24% of tissue cul-

tures and 38% of sonication cultures in PJI using the clinical criteria. Discordant and discrepant

cultures are shown in S2 and S3 Tables, respectively, of the Supporting information section.

Fig 1. Sensitivity of sonication (S), tissue cultures (T) and tissue plus sonication (TS) for the following diagnostic criteria and

according to number of tissue samples collected. Diagnostic criteria: clinical modified (A), IDSA (B), ICM (C) and EBJIS (D).

Number of tissue samples collected: 1: 2–4 tissue samples; 2: 5–7 tissue samples; 3:�8 tissue samples. PJI: prosthetic joint infection;

ICM: International Consensus Meeting; IDSA: Infectious Diseases Society of America; EBJIS: European Bone and Joint Infection

Society.

https://doi.org/10.1371/journal.pone.0252322.g001

Table 4. Assessment of clinical and microbiological characteristics and sensitivity of tissue and sonication fluid cultures in patients clinically diagnosed with PJI.

Subgroups of 82 patients with PJI according to clinical criteria No. (%) of patients Sensitivity, % (95% CI) p-value
Tissue Sonication

Time since prosthetic placement

< 3 months 15 (18%) 60.0 (35.2–84.8) 93.3 (77.1–100.0) 0.085

3–24 months 28 (34%) 64.3 (46.6–82.0) 89.3 (75.4–100.0) 0.058

> 24 months 39 (48%) 51.3 (35.6–67.0) 94.9 (86.7–100.0) < 0.001

Clinical abnormalities

Sinus tract 21 (26%) 66.7 (46.5–86.9) 90.5 (75.0–100.0) 0.133

Visible purulent secretion 66 (80%) 59.1 (47.2–71.0) 92.4 (86.0–98.8) < 0.001

Positive histology 60 (73%) 50.0 (37.3–62.7) 95.0 (88.5–100.0) < 0.001

Previous antimicrobial usea

Yes 19 (23%) 42.1 (19.9–64.3) 84.2 (63.7–100.0) 0.019

Virulence of microorganism identified

Virulent microorganisms 53 (65%) 64.2 (51.3–77.1) 100.0 (97.1–100.0) < 0.001

Low-virulence microorganisms 26 (32%) 50.0 (30.8–69.2) 88.5 (73.6–100.0) 0.007

a Previous antimicrobial use in the fifteen days prior to prosthesis revision surgery. CI: 95% confidence interval, p< 0.05.

https://doi.org/10.1371/journal.pone.0252322.t004
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Discussion

In routine clinical practice, it is well known that all adjunctive laboratory tests recommended

by consensus and guidelines to fulfill the diagnostic criteria of PJI may not be always carried

out. For instance, quantitative analysis of total leukocytes and percentage neutrophils in syno-

vial fluid, although included in most PJI diagnostic criteria (ICM, EBJIS), are often skipped.

Therefore, a “clinical criterion” independent of microbiological factors was also adopted.

Interestingly, irrespective of the type of criteria elected for diagnosing PJI (clinical modified,

ICM, IDSA or EBJIS), the use of the sonication fluid culture proved superior to traditional tis-

sue culture methods in our studied patients. Moreover, the diagnosis of PJI was improved by

using sonication fluid cultures for all the criteria used in clinical practice. Despite these find-

ings, periprosthetic tissue cultures remain highly specific and the gold standard for microbio-

logical diagnosis [24, 25, 29].

Our study has limitations, including the inherent drawbacks of retrospective single-center

studies, where data were collected from databases often with incomplete records. Not all ele-

ments of the diagnostic criteria for JPI were available. Data on CRP and ESR tests were avail-

able for a high percentage of patients, while only five patients underwent preoperative synovial

fluid collection. Furthermore, tissue specimens were not sent for histological analysis in 23%

(34/146) of patients. Thus, for most patients with confirmed PJI, diagnosis was reached post-

operatively based on culture results, significantly delaying the appropriate antimicrobial

treatment.

The present study meant to aid readers to answer questions regarding the accuracy of soni-

cation versus tissue cultures and the combination of both methods against currently diagnostic

criteria (ICM-2018, MSIS, EBJIS), and when clinical suspicious is supported by few signs or

tests (sinus tract or visible purulent or positive histology), which we named “modified clinical

criterion”. Some authors hold that tissue cultures offer better performance than sonication

fluid culture, with sensitivity of 68–96% for tissue cultures versus 47–70% for sonication cul-

tures reported [24, 25, 30]. They claim that sonication technique offers little benefit in the diag-

nosis of PJI when tissue cultures are performed using adequate standard methods. However,

empirical antibiotic therapy is commonly used for early acute PJIs (postoperative and haema-

togenous) in clinical practice, a factor known to reduce the positivity of tissue cultures relative

to sonication techniques. This reduction is likely due to the greater susceptibility of planktonic

bacteria to antimicrobials compared to the bacteria found in biofilm [18, 25].

By contrast, other authors have demonstrated that sonication fluid culture provides greater

sensitivity than both tissue and synovial fluid cultures [17, 18, 22, 23], possibly enhancing

microbiological detection in biofilm-related orthopedic infections. Trampuz et al., were the

first authors back in 2007 to found greater sensitivity for sonication cultures than for tissue

cultures, and a non-statistically significant difference compared with synovial fluid cultures.

The study also showed that collecting a higher number of tissue samples raised sensitivity of

these cultures, with values ranging from 50% for only 2 tissues samples to 72.7% for�5 sam-

ples [18]. The findings of the present study corroborated these results, showing greater sensi-

tivity for sonication fluid cultures than for tissue cultures, irrespective of the diagnostic criteria

employed. Besides, tissue culture sensitivity was found to increase when�5 periprosthetic tis-

sue samples were collected. The low sensitivity of tissue cultures found might be due to the

inoculation of samples into thioglycollate medium or onto agar plates, since the use of blood

bottle cultures for this purpose is not a standard procedure in our laboratory. The collection of

at least five periprosthetic tissue specimens, the immediate dispatch of samples to the labora-

tory, sample processing in sterile pearl glass flasks for maceration and subsequent inoculation

in automated blood culture bottles (BACTEC) have been shown to favor greater accuracy of
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tissue cultures, as reported by numerous authors [15, 31–33]. However, we argue that these

techniques of processing tissue samples are not routinely carried out at the hospital where the

study was conducted, which may have negatively impacted the accuracy of these cultures.

Use of sonication technique together with tissue culturing in the investigation of PJI pro-

moted better microbiological identification, with greater culture sensitivity even when few tis-

sue samples were collected. These data confirm that sonication aids microbiological diagnosis

of PJIs, when only a small amount of viable tissue is available for microbiological analysis.

In addition, sonication cultures yield better results in patients with previous antibiotic

intake and in late infections (i.e. those occurring 24 months after implant placement) com-

pared to early infections, as shown by more recent studies [20, 29]. This likely occurs because

there is a greater number of bacteria at the bone-implant interface early in the infectious pro-

cess, favoring periprosthetic tissue cultures. In later infections, however, the greatest bacterial

inoculation is found within biofilm. Thus, the use of sonication promotes detachment of bio-

film from the implant, thereby facilitating microbiological detection and improving culture

sensitivity [25, 34]. The effects of sonication applied at low frequency and high intensity on

biofilms have been proved to increase the accuracy of bacterial counts within cultures by the

mechanical destruction of the biofilm extracellular matrix due to the effect of ultrasonic cavita-

tion [35, 37]. Most importantly, the natural process of biofilm passive dispersion in which cell

escape from the inner biofilm structure to return to its previous single-cell planktonic mode of

growth is increased by sonication. The process of boosting biofilm dispersion by sonication is

most likely responsible for improving microbiological diagnostic yield [35–37].

The assessment of the different diagnostic criteria proposed as a gold standard for diagnos-

ing JPI revealed greater accuracy when using sonication culture. However, the IDSA, ICM and

EBJIS criteria stipulate tissue cultures in their definition, while the EBJIS criterion also includes

sonication culture. This limitation represents a major bias in accurate analysis of these cul-

tures. Hence, only the clinical criterion, which encompasses the presence of sinus tract, visible

purulent secretion, and consistent histopathological abnormality, provides optimal assessment

of these microbiological methodologies.

Despite the high sensitivity of sonicated fluid cultures for all the criteria investigated, this

method has low specificity, suggesting the technique may overestimate PJI diagnoses given the

greater likelihood of false positives. In a recent publication, Dudareva et al. [24] (2018) ques-

tioned whether the microorganism isolated in sonication indeed causes an inflammatory or

infectious process at the site or is merely inert within the biofilm, and emphasized that tissue

sample culture is more sensitive and specific than sonication for the microbiological diagnosis

of PJI. Additionally, the study by Grosso et al. [30] (2018) points out other limitations in the

use of the sonication technique, such as having the necessary infrastructure for transporting

the removed implant to the microbiology laboratory, the need for sterile containers, which

should be relatively large to accommodate the implant, and exercising the required care in

shipping and handling the prosthesis so as to minimize contamination [30].

With regard to the microbiology, the rates of pathogens found in the present study were

consistent with data reported in the literature. Previous studies have shown greater involve-

ment of Gram-positive bacteria in the hip and knee PJI, with Staphylococcus epidermidis and

Staphylococcus aureus being the main pathogens [17, 38–40]. Chronic infections are associated

with greater involvement of low virulence organisms, such as S. epidermidis, whereas early and

acute infections are more commonly associated with Staphylococcus aureus and Gram-nega-

tive bacteria [39, 41]. Given that the present study included predominantly cases of PJI more

than 3 months after implantation, there was a greater prevalence of S. epidermidis detected in

tissue and sonication cultures.
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In summary, the present study results suggest that, in a context where the diagnostic criteria

available have shortcomings and tissue cultures remain the gold standard, the sonication tech-

nique can aid PJI diagnosis. The technique is especially useful when preoperative joint punc-

ture has not been done, the periprosthetic tissue specimen available for collection is small, and

the sample processing method is not ideal.

Supporting information

S1 Fig. Diagnostic criteria for Prosthetic Joint Infection (PJI) according to different guide-

lines, consensus and by a clinical criterion. ICM: International Consensus Meeting; IDSA:

Infectious Diseases Society of America; EBJIS: European Bone and Joint Infection Society.

CRP: C-reactive protein; ESR: erythrocyte sedimentation rate.

(TIF)

S1 Table. Distribution of microorganisms detected by sonication fluid and tissue cultures

among 103 patients with microbiological identification and in 82 patients with clinically

PJI. a Percentages calculated based upon total number of patients with positive cultures (103);
b Percentages calculated based upon total number of positive cultures (82) of patients diag-

nosed with clinical criteria for PJI.

(TIF)

S2 Table. Cases of PJI diagnosed by the clinical modified criteria with discordant results

between tissue culture and sonication fluid culture. PJI: diagnosis of prosthetic joint infec-

tion according to clinical modified criteria; ATB: antimicrobial use in the 15 days leading up

to prosthetic joint revision surgery.

(TIF)

S3 Table. Cases of PJI diagnosed by the clinical modified criteria with discrepant results

between tissue culture and sonication fluid culture. PJI: diagnosis of prosthetic joint infec-

tion according to clinical criteria; ATB: antimicrobial use in the 15 days leading up to pros-

thetic joint revision surgery.

(TIF)

S1 Dataset. Fully anonymized dataset. Direct and indirect participant identifiers have been

withdrawn from the dataset according to the instructions on preparing raw clinical data for

publication provided by PLOS.

(XLSX)

S1 Data. Metadata with values underlying reported findings.

(XLSX)

S2 Data. Metadata with values used to build tables and graphs.

(XLSX)
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ogy- Irmandade Santa Casa de Misericórdia de São Paulo, São Paulo, Brazil) for providing key

support in the sonication technique at the microbiology laboratory, and to Erika Tiemi Fuku-

naga (Research support center of the Faculdade de Ciências Médicas da Santa Casa de São

Paulo; São Paulo, Brazil) who contributed in the statistical analysis of our study.

PLOS ONE Sonication cultures for inconclusive PJI

PLOS ONE | https://doi.org/10.1371/journal.pone.0252322 July 13, 2021 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252322.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252322.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252322.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252322.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252322.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252322.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252322.s007
https://doi.org/10.1371/journal.pone.0252322


Author Contributions

Conceptualization: Giselle Burlamaqui Klautau, Mauro Jose Salles.

Data curation: Taiana Cunha Ribeiro, Emerson Kiyoshi Honda, Daniel Daniachi, Ricardo de

Paula Leite Cury.

Formal analysis: Taiana Cunha Ribeiro, Cely Barreto da Silva.

Investigation: Taiana Cunha Ribeiro, Cely Barreto da Silva, Giselle Burlamaqui Klautau.

Methodology: Mauro Jose Salles.

Project administration: Cely Barreto da Silva, Mauro Jose Salles.

Resources: Emerson Kiyoshi Honda, Daniel Daniachi, Ricardo de Paula Leite Cury, Giselle

Burlamaqui Klautau.

Supervision: Mauro Jose Salles.

Validation: Taiana Cunha Ribeiro.

Visualization: Taiana Cunha Ribeiro.

Writing – original draft: Taiana Cunha Ribeiro.

Writing – review & editing: Mauro Jose Salles.

References
1. Osmon DR, Berbari EF, Berendt AR, Lew D, Zimmerli W, Steckelberg JM, et al. Diagnosis and manage-

ment of prosthetic joint infection: Clinical practice guidelines by the infectious diseases Society of Amer-

ica. Clin Infect Dis. 2013; 56(1):1–25. https://doi.org/10.1093/cid/cis966 PMID: 23230301

2. Parvizi J, Tan TL, Goswami K, Higuera C, Della Valle C, Chen AF, et al. The 2018 Definition of Peripros-

thetic Hip and Knee Infection: An Evidence-Based and Validated Criteria. J Arthroplasty [Internet].

2018; 33(5):1309–1314.e2. https://doi.org/10.1016/j.arth.2018.02.078 PMID: 29551303

3. Parvizi J, Gehrke T. Definition of periprosthetic joint infection. J Arthroplasty. 2014; 29(7):1331. https://

doi.org/10.1016/j.arth.2014.03.009 PMID: 24768547

4. McNally M, Sousa R, Wouthuyzen-Bakker M, Chen AF, Soriano A, Vogely HC, et al. The EBJIS defini-

tion of periprosthetic joint infection. Bone Joint J. 2021; 103-B(1):18–25. https://doi.org/10.1302/0301-

620X.103B1.BJJ-2020-1381.R1 PMID: 33380199

5. Ochsner P., Borens O., Bodler P., Broger I., Maurer T. and HN. Infections of the musculoskeletal sys-

tem. Basic principles, prevention, diagnosis and treatment. Swiss Orthop Swiss Soc Infect Dis Expert

Gr. 2014.

6. Chisari E, Parvizi J. Accuracy of blood-tests and synovial fluid-tests in the diagnosis of periprosthetic

joint infections. Expert Rev Anti Infect Ther [Internet]. 2020 Nov 1; 18(11):1135–42. https://www.

tandfonline.com/doi/full/10.1080/14787210.2020.1792771 PMID: 32715785

7. Bauer TW, Bedair H, Creech JD, Deirmengian C, Eriksson H, Fillingham Y, et al. Hip and Knee Section,

Diagnosis, Laboratory Tests: Proceedings of International Consensus on Orthopedic Infections. J

Arthroplasty [Internet]. 2019; 34(2):S351–9. https://doi.org/10.1016/j.arth.2018.09.019 PMID:

30343973

8. De Vecchi E, Romanò CL, De Grandi R, Cappelletti L, Villa F, Drago L. Alpha defensin, leukocyte ester-

ase, C-reactive protein, and leukocyte count in synovial fluid for pre-operative diagnosis of peripros-

thetic infection. Int J Immunopathol Pharmacol. 2018; 32. https://doi.org/10.1177/2058738418806072

PMID: 30376742

9. Abdelbary H, Cheng W, Ahmadzai N, Carli A V., Shea BJ, Hutton B, et al. Combination Tests in the

Diagnosis of Chronic Periprosthetic Joint Infection. J Bone Jt Surg [Internet]. 2020 Jun 26;Publish Ah.

https://journals.lww.com/10.2106/JBJS.20.00097

10. Ali F, Wilkinson JM, Cooper JR, Kerry RM, Hamer AJ, Norman P, et al. Accuracy of joint aspiration for

the preoperative diagnosis of infection in total hip arthroplasty. J Arthroplasty. 2006; 21(2):221–6.

https://doi.org/10.1016/j.arth.2005.05.027 PMID: 16520210

PLOS ONE Sonication cultures for inconclusive PJI

PLOS ONE | https://doi.org/10.1371/journal.pone.0252322 July 13, 2021 13 / 15

https://doi.org/10.1093/cid/cis966
http://www.ncbi.nlm.nih.gov/pubmed/23230301
https://doi.org/10.1016/j.arth.2018.02.078
http://www.ncbi.nlm.nih.gov/pubmed/29551303
https://doi.org/10.1016/j.arth.2014.03.009
https://doi.org/10.1016/j.arth.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24768547
https://doi.org/10.1302/0301-620X.103B1.BJJ-2020-1381.R1
https://doi.org/10.1302/0301-620X.103B1.BJJ-2020-1381.R1
http://www.ncbi.nlm.nih.gov/pubmed/33380199
https://www.tandfonline.com/doi/full/10.1080/14787210.2020.1792771
https://www.tandfonline.com/doi/full/10.1080/14787210.2020.1792771
http://www.ncbi.nlm.nih.gov/pubmed/32715785
https://doi.org/10.1016/j.arth.2018.09.019
http://www.ncbi.nlm.nih.gov/pubmed/30343973
https://doi.org/10.1177/2058738418806072
http://www.ncbi.nlm.nih.gov/pubmed/30376742
https://journals.lww.com/10.2106/JBJS.20.00097
https://doi.org/10.1016/j.arth.2005.05.027
http://www.ncbi.nlm.nih.gov/pubmed/16520210
https://doi.org/10.1371/journal.pone.0252322


11. Benito N, Franco M, Ribera A, Soriano A, Rodriguez-Pardo D, Sorlı́ L, et al. Time trends in the aetiology

of prosthetic joint infections: a multicentre cohort study. Clin Microbiol Infect [Internet]. 2016; 22(8):732.

e1–732.e8. http://dx.doi.org/10.1016/j.cmi.2016.05.004 PMID: 27181408

12. Berbari EF, Marculescu C, Sia I, Lahr BD, Hanssen AD, Steckelberg JM, et al. Culture-Negative Prosthetic

Joint Infection. Clin Infect Dis. 2007; 45(9):1113–9. https://doi.org/10.1086/522184 PMID: 17918072

13. Tan TL, Kheir MM, Shohat N, Tan DD, Kheir M, Chen C, et al. Culture-Negative Periprosthetic Joint

Infection. JBJS Open Access. 2018 Sep; 3(3):e0060. https://doi.org/10.2106/JBJS.OA.17.00060

PMID: 30533595

14. Yoon H-K, Cho S-H, Lee D-Y, Kang B-H, Lee S-H, Moon D-G, et al. A Review of the Literature on Cul-

ture-Negative Periprosthetic Joint Infection: Epidemiology, Diagnosis and Treatment. Knee Surg Relat

Res. 2017; 29(3):155–64. https://doi.org/10.5792/ksrr.16.034 PMID: 28854760

15. Atkins BL, Athanasou N, Deeks J, Crook DWM, Simpson H, Peto TEA, et al. Prospective evaluation of

criteria for microbiological diagnosis of prosthetic-joint infection at revision arthroplasty. J Clin Microbiol.

1998; 36(10):2932–9. https://doi.org/10.1128/JCM.36.10.2932-2939.1998 PMID: 9738046

16. Bejon P, Berendt A, Atkins BL, Green N, Parry H, Masters S, et al. Two-stage revision for prosthetic

joint infection: predictors of outcome and the role of reimplantation microbiology. J Antimicrob Che-

mother. 2010; 65(3):569–75. https://doi.org/10.1093/jac/dkp469 PMID: 20053693

17. Rothenberg AC, Wilson AE, Hayes JP, O’Malley MJ, Klatt BA. Sonication of Arthroplasty Implants

Improves Accuracy of Periprosthetic Joint Infection Cultures. Clin Orthop Relat Res. 2017; 475

(7):1827–36. https://doi.org/10.1007/s11999-017-5315-8 PMID: 28290115

18. Trampuz A, Piper KE, Jacobson MJ, Hanssen AD, Unni KK, Osmon DR, et al. Sonication of removed

hip and knee prostheses for diagnosis of infection. N Engl J Med. 2007; 357(7):654–63. https://doi.org/

10.1056/NEJMoa061588 PMID: 17699815

19. Blevins KM, Goswami K, Parvizi J. The Journey of Cultures Taken During Revision Joint Arthroplasty:

Preanalytical Phase. J Bone Jt Infect. 2019; 4(3):120–5. https://doi.org/10.7150/jbji.32975 PMID:

31192111
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