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Sonication of explants enhances the diagnostic accuracy of synovial 
fluid and tissue cultures and can help determine the appropriate 
antibiotic therapy for prosthetic joint infections
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Abstract
Purposes  This study aimed to evaluate the sensitivity and specificity of the sonication cultures according to the International 
Consensus Meeting 2018 criteria and to evaluate the effect of sonication on the antibiotic treatment of patients.
Methods  Sixty-four patients who were scheduled for revision hip or knee arthroplasties were included in the study. Aspira-
tion fluid, tissue, and sonication cultures were performed from all patients and compared in terms of sensitivity, specificity, 
positive predictive value (PPV), negative predictive value (NPV), and overall accuracy. Other targets of the study were to 
investigate the rate of change in the antibiotic treatment.
Results  The sensitivity, specificity, PPV, NPV, and overall accuracy of the fluid culture obtained by the sonication method 
were 71.4%, 96.6%, 96.2%, 73.7%, and 82.8%, respectively. The sensitivity, specificity, PPV, NPV, and overall accuracy of 
the fluid culture obtained after tissue sampling were 68.6%, 100%, 100.0%, 72.5%, and 82.8%, respectively. There was no 
statistically significant difference between the sonication method and tissue culture in terms of sensitivity and specificity 
(p = 1.0). The sensitivity, specificity, PPV, NPV, and overall accuracy of the fluid culture obtained by the aspiration method 
were 28.6%, 93.1%, 83.3%, 51.9%, and 57.8%, respectively. Treatment change was applied in 10 (15.6%) patients.
Conclusion  Our prospectively collected data revealed that sonication of the explants alone did not increase the sensitivity, 
and we found that sonicate culture sometimes changed the antibiotic therapy strategy in patients with periprosthetic joint 
infection because different microorganisms were detected.
Trial registration: This study was prospectively registered in a public trials registry (https://​clini​caltr​ials.​gov/, 
NCT04304885)
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Introduction

Periprosthetic joint infection (PJI) is a serious complica-
tion that compromises patient outcomes and satisfaction 
and increases morbidity and mortality after total joint 
replacement (TJR) [1–4]. Using data from the National 
(Nationwide) Inpatient Sample (NIS) of the USA, Kurtz 
et al. reported that the incidence of PJI ranged from 2.0 
to 2.4% after both total hip arthroplasty (THA) and total 
knee arthroplasty (TKA) [1, 3, 4]. A prior infection is 
the most important cause of revision arthroplasty failure 
[5]. Although recent studies have shown that the annual 
frequency of PJI is not rising, classical microbiological 
methods continue to be used to isolate causative micro-
organisms and to suggest antibiotic treatments. Although 
the Musculoskeletal Infection Society (MSIS) and/or the 
International Consensus Meeting (ICM) criteria ensure 
very accurate PJI diagnosis, some responsible microbes 
are not cultured (culture-negative PJI) [6]. This may sug-
gest that the joint is aseptic; antibiotic therapy (if pre-
scribed) may be ineffective. Recently, polymerase chain 
reaction (PCR) and next-generation sequencing (NGS) 
have been used to detect possibly causative microorgan-
isms. However, such tests are not always available and may 
be costly, susceptible to irrelevant factors, and may falsely 
detect microbes in sterile joints [7].

It is essential to improve culture sensitivity. We have 
used sonication to expose microbes in implant biofilms [8]. 
This process is controversial: some studies have reported 
improved diagnostic sensitivities [8, 9], while others have 
not [10]. Additionally, to date no standard sonication 
method is available [11]. Any effect of sonicate culture 
data on the choice of antibiotic therapy remains unclear. 
In this prospective study, we hypothesized that the diag-
nostic accuracy afforded by sonication fluid culture would 
be higher than those of synovial fluid or periprosthetic 
tissue cultures and that the findings would significantly 
influence the choice of antibiotic therapy in patients with 
hip or knee PJI. We explored the sensitivity, specificity, 
positive predictive value (PPV), negative predictive value 
(NPV), and overall accuracy afforded by sonicate culture 
and whether such culture affected PJI treatment strategies.

Methods

Study design

This prospective study was approved by our insti-
tu t ion’s  Cl in ica l  Research Ethics  Commit tee 
(54,022,451–050.05.04). The protocol of the study was 

designed to conform to the principles of the Declaration 
of Helsinki [12] and has been prospectively registered to 
the international registry system (NCT04304885, https://​
clini​caltr​ials.​gov/). Informed consent form was obtained 
from all patients.

Participants

Subjects included patients who were scheduled for revi-
sion hip or knee arthroplasties for septic or aseptic reasons 
and those with periprosthetic fractures or instability. Any 
patients with early or acute infections exhibiting symptoms 
within four weeks of the index procedure were excluded. All 
participants scheduled for revision TJR for any reason were 
pre-operatively evaluated in terms of possible PJI using the 
ICM 2018 criteria [13, 14].

Sample size

Based on previous research, the sensitivity of conven-
tional culture is 45–94% and that of sonicate fluid culture is 
58–97% [15–18]. We assumed that the 20% difference was 
important; to prove this, the minimum number of partici-
pants was set at 59 (affording an 80% power at a significance 
level of 0.05).

Specimens

We determined the leukocyte and granulocyte proportions 
in synovial fluid aspirates, the leukocyte esterase levels, 
and culture status. Synovial fluid was inoculated (0.1-mL 
aliquots) onto 5% (w/v) sheep blood and EMB agar plates 
and chocolate medium (Standard Media, Turkey) for aerobic 
bacteria cultivation. Schaedler sheep blood (5% w/v) agar 
(Standard Media) and thioglycolate broth were used to cul-
ture anaerobic bacteria (for 14 days) with the aid of an Anox-
omat anaerobic system. Synovial fluid volumes > 0.5 mL 
were added to BACTEC Peds Plus/F bottles and incubated 
for five days in the BACTEC FX incubator (BD Diagnostic 
Systems) [19].

Intra-operative periprosthetic tissue samples were col-
lected from three to five different areas exhibiting the most 
prominent inflammatory changes, homogenized in 3-mL 
quantities of brain–heart infusion broth for one minute, and 
the homogenates were inoculated (0.5-mL aliquots) in the 
same manner as synovial fluid. All plates were incubated at 
35 °C aerobically or anaerobically for 14 days in a 5% (v/v) 
CO2 incubator. Subcultures were performed if any cloudi-
ness was observed in thioglycollate cultures after 24 h.

Explanted prosthetic components were placed in straight-
sided, wide-mouthed polypropylene containers previously 
autoclaved for 15 minutes at 132 °C and 27 psi under sterile 
conditions. The explants were processed within one hour 
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by our microbiology laboratory. One hundred milliliters of 
Ringer’s solution were added to each container. The con-
tainer was then vortexed for 30 s using a Vortex-Genie and 
sonicated (40 ± 2 kHz; power density 0.22 ± 0.04 W/cm2, 
delivered by a calibrated hydrophone; J.P. Selectra, Spain) 
in an ultrasound bath for five minutes, followed by additional 
vortexing for 30 s. This sonication method is known to pre-
serve microbial viability [20]. The sonicate fluid was plated 
onto aerobic and anaerobic sheep blood agar plates (0.5-mL 
aliquots) and incubated in the same manner as the tissue 
cultures. Microorganisms were counted and identified using 
routine microbiological techniques. A total of 80 mL of soni-
cation fluid was centrifuged at 2600 rpm for 15 minutes, and 
the residue was Gram-stained. If at least five colony-forming 
units of the same organism were evident on both plates, we 
assumed that culture sensitivity and specificity were optimal.

The material of the explanted prosthesis components 
was recorded and evaluated in terms of aseptic and septic 
groups. All cultures proceeded for at least 14 days to detect 
slow-growing bacteria. The culture results of the three dif-
ferent methods were recorded separately for each patient. 
The culture reports of the conventional methods were given 
to a blinded infectious disease specialist who was asked 
to prescribe antibiotic therapy for all patients. The culture 
results of sonicate fluid was then added to the initial culture 
reports of the patients, and the same blinded infectious dis-
ease specialist was asked to redetermine antibiotic therapy 
for all patients using the combined culture reports. Changes 
in antibiotic therapy was noted for each patient. The final 
decisions were put into practice.

Outcomes

Primary outcome

The pre-specified primary outcome was a comparison of 
the culture results of sonication fluid to the conventional 
methods in terms of sensitivity, specificity, PPV, NPV, and 
overall accuracy according to the ICM 2018 criteria [13].

Secondary outcome measures

One secondary outcome measure was the extent of changes 
in antibiotic treatment determined according to the conven-
tional cultures and the combined cultures for the aseptic 
and septic groups. Another secondary outcome measures 
were the sensitivity and specificity of the combined culture 
results. We also compared the sensitivity and specificity of 
sonicate fluid culture and tissue culture for patients who 
received pre-operative antibiotic therapy.

Results

In total, 64 patients were included in the study (Table 1). 
Patients were excluded if the prosthetic components became 
contaminated in the operating room (n = 4) or did not fit into 
the component containers (n = 6). The groups were equally 
distributed in terms of the implant material removed from 
the patients (p = 0.9). The mean age of the patients was 
65.9 ± 11.6 (range 42–90) years, and 53.1% were women. 
Among them, 27 (42.2%) underwent TKA and 37 (57.8%) 
THA. According to the ICM 2018 criteria, 35 (54.7%) joints 
were diagnosed as septic and the remaining 29 (45.3%) as 
aseptic. The mean body mass index was 31.3 ± 7.5 (range 
18.5–45.3) kg/m2, and the interquartile range (IRQ) of the 

Table 1   Demographic data of patients

BMI, body mass index; ASA, American Society of Anesthesiologists; IQR, interquartile range

Variables Aseptic cases (n = 29) Septic cases (n = 35) Total (n = 64)

Mean age, years 64.9 ± 13.4 67.9 ± 7.6 65.9 ± 11.6
Sex, n % female 15 (51.7%) 19 (54.3%) 34 (53.1%)
Mean BMI, kg/m2 31.6 ± 8.2 30.9 ± 7.0 31.3 ± 7.5
ASA, IQR 2 (1–3) 2 (1–3) 2 (1–3)
Materials

  Cobalt chrome and titanium alloys 12 15 27
  Polyethylene 9 10 19
  Ceramic 8 10 18

Time between first and last surgeries, years 2.0 ± 2.2 9.9 ± 8.8 7.2 ± 8.1
History of antibiotic use before surgery within 2 weeks 1 (3.5%) 10 (28.6%) 11 (17.2%)
Previous number of surgeries, IQR 2 (1–3) 2 (1–3) 2 (1–3)
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American Society of Anesthesiologists (ASA) score was 2 
(1–3). The IQR of previous surgeries was 2 (1–3). The time 
between the first and the index surgery was 7.2 ± 8.1 years 
(range 0.4–26 years). Ten (28.6%) of the patients who under-
went surgery to treat PJI and 1 (3.5%) patient who underwent 
surgery to treat aseptic failure were using antibiotics within 
two weeks before surgery.

Table 2 lists the patients who yielded positive cultures; 
patients are listed separately by septic and aseptic groups. 
The sensitivity of the sonicate fluid culture was 71.4% and 
the specificity was 96.6%. The sensitivity of tissue culture 
was 68.6% and the specificity was 100%. There was no sta-
tistically significant difference between these two culture 
methods. (p = 1.0) The method with the lowest sensitivity 
was the joint aspiration fluid culture; the sensitivity was 
28.6% and the specificity was 93.1%. The sensitivity was 
significantly less for culture of synovial fluid aspirate than 
culture of sonication fluid (p = 0.01) and tissue (p = 0.03). 

The highest culture sensitivity (94.3%) and high specificity 
(89.7%) were obtained when the three methods were com-
bined. Table 3 lists all diagnostic results.

In patients receiving pre-operative antimicrobial ther-
apy, the sensitivities and specificities were 70.0% and 
100% for tissue culture and 80.0% and 100% for sonicate 
fluid (Table 3). No differences were observed between the 
two methods in terms of sensitivity (p = 0.5). Although 
tissue cultures and sonication fluid cultures were posi-
tive in three of 35 patients in the septic group, the cul-
ture results differed. In one of these patients, a fungus 
(Candida albicans) was isolated from tissue culture, and 
an additional bacterium (Acinetobacter baumannii) was 
isolated from sonicate fluid. Eight cases were positive on 
sonicate fluid culture but negative on periprosthetic tissue 
and aspiration fluid cultures. In total, 11 PJI patients were 
sonicate fluid culture-positive for microbes not isolated 
on periprosthetic tissue or aspiration fluid culture. Thus, 

Table 2   Results of different cultures

MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus aureus; MRCNS, methicillin-resistant coagu-
lase-negative Staphylococcus; MSCNS, methicillin-sensitive coagulase-negative Staphylococcus

Case classification according to ICM 2018 No. of patients Organism (no. of patients)

Prosthetic joint infection 35
  Concordant positive sonicate fluid and periprosthetic tissue cultures 14 MRSA (2)

MSSA (3)
MRCS (2)
MSCNS (3)
Enterococcus faecalis (1)
Morganella morganii + Escherichia coli (1)
Klebsiella pneumoniae (2)

  Discordant positive sonicate fluid and periprosthetic tissue cultures 3 Candida albicans + Acinetobacter baumannii (1)
Cutibacterium acnes + MSCNS (1)
Cutibacterium acnes + group B Streptococcus sp. (1)

  Positive sonicate fluid and negative periprosthetic tissue cultures 8 MSCNS (2)
MRCNS (1)
Group B Streptococcus sp. (1)
Ralstonia pickettii (1)
Cutibacterium acnes (2)
Cronobacter sakazakii (1)

  Negative sonicate fluid and positive periprosthetic tissue cultures 7 Cutibacterium acnes (2)
MSCNS (2)
MRCNS (2)
Bacillus cereus (1)

  Positive aspiration fluid and negative periprosthetic tissue and soni-
cate fluid cultures

1 MRCNS (1)

Culture-negative PJI 2
Aseptic failure 29

  Positive sonicate fluid and negative periprosthetic tissue cultures 1 Escherichia coli (1)
  Negative sonicate fluid and positive periprosthetic tissue cultures 0
  Negative sonicate fluid and periprosthetic tissue cultures 28
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the antibiotic therapies were changed or supplemented in 
nine of the 11 PJI patients on the basis of the microbio-
logical culture antibiogram sensitivities (Table 4). Among 
patients who underwent aseptic revision, antibiotic treat-
ment was offered to only one (3.5%) patient with a posi-
tive sonicate fluid culture. The proportions of treatment 
changes differed statistically between aseptic and septic 
cases (p = 0.001). The planned treatments of 10 (15.6%) 
patients were changed on the basis of the sonicate fluid 
culture results.

Discussion

The most important strength of this study is its prospective 
design. We also used a new PJI diagnostic algorithm [13] 
of high sensitivity and specificity, and we evaluated cul-
tures from synovial fluid, intra-articular tissue, and sonicate 
fluid when evaluating sensitivity and specificity. We found 
no statistically significant differences between tissue and 
sonicate fluid cultures, although the sensitivity of the soni-
cate culture method was somewhat higher than that of the 
tissue method. Another important finding of this study was 

Table 3   Microbiologic tests for the diagnosis of prosthetic joint infection

* Periprosthetic tissue and sonication fluid culture of patients receiving preoperative antimicrobial therapy

Test Sensitivity Specificity Positive predictive 
value

Negative predictive 
value

Accuracy

% (95% confidence interval)

Synovial fluid culture 28.6% (14.7%–46.3%) 93.1% (77.2%–99.2%) 83.3% (54.3%–95.5%) 51.9% (46.2%–57.7%) 57.8% (44.8%–70.1%)
Periprosthetic tissue 

culture
68.6% (50.7%–83.2%) 100% (88.1%–100%) 100% 72.5% (61.8%–81.1%) 82.8% ( 71.3%–91.1%)

Sonication fluid 
culture

71.4% (53.7%–89.3%) 96.6% (82.3%–99.9%) 96.2% (78.27%–
99.4%)

73.7% (62.3%–82.6%) 82.8% ( 71.3%–91.1%)

Combined culture 94.3% (80.9%–99.3%) 89.7% (72.7%–97.8%) 91.7% (79.0%–97.0%) 92.9% (77.1%–98.1%) 92.2% (82.7%–97.4%)
Periprosthetic tissue 

culture*
70.0% (34.8%–93.3%) 100.00% (2.5%–

100%)
100% 25.0% (11.5%–46.2%) 72.7% (39.0%–93.9%)

Sonication fluid 
culture*

80.0% (44.4%–97.5%) 100.00% (2.5%–
100%)

100% 33.3% (12.7%–63.3%) 81.8% (48.2%–97.7%)

Table 4   Patients with changed treatment

a Same treatment, if the same antibiotics were suggested to the patient for different microorganisms; bdifferent treatment, if different antibiotics 
for different microorganisms were suggested to the patient or patients who will receive antibiotic therapy based on sonication culture results only
MRCNS, methicillin-resistant coagulase-negative Staphylococcus; MSCNS, methicillin-sensitive coagulase-negative Staphylococcus

Case classification according to ICM 
2018

Organism (no. of patients)

Same treatmenta (n) Different treatmentb (n) Antibiotics

Prosthetic joint infection
  Discordant positive sonicate fluid and 

periprosthetic tissue cultures
Candida albicans + Acine-

tobacter baumannii (1)
Flukonazol + ceftazidime/avibactam

Cutibacterium acnes + MSCNS (1) Ampicillin/sulbactam
Cutibacterium acnes + Group B 

Streptococcus sp. (1)
Ampicillin/ulbactam

  Positive sonicate fluid and negative 
periprosthetic tissue cultures

MSCNS (2) Ampicillin/sulbactam

MRCNS (2) Teicoplanin or vancomycin
Ralstonia pickettii (1) Ciprofloxacin
Cutibacterium acnes (2) Ampicillin/sulbactam
Cronobacter sakazakii (1) Trimethoprim/sulfamethoxazole

Aseptic failure
  Positive sonicate fluid and negative 

periprosthetic tissue cultures
Escherichia coli (1) Ampicillin/sulbactam
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that the accuracies of two diagnostic methods were similar. 
After sonicate fluid culture, 15.6% of the antibiotic treat-
ment regimens were changed and thereby may increase the 
therapeutic success rate.

In a recently published retrospective study, Hoekstra et al. 
found that the sensitivities of periprosthetic tissue and soni-
cate cultures were 94.3% and 80.5%, respectively. Although 
the sensitivity and specificity of sonicate cultures were lower 
than those of tissue cultures, 9% of the patients were treated 
to eliminate microbes isolated from only sonicate cultures. 
Such culture was considered to be a useful diagnostic tool in 
clinical practice because it resulted in significant changes in 
treatment [15]. Another important result of the present study 
is that the combined use of sonicate, synovial fluid, and tis-
sue cultures afforded 94.3% sensitivity and 89.7% specificity.

The consensus is that isolation of phenotypically identi-
cal microorganisms from more than one culture is the gold 
standard for the diagnosis of PJI: the antibiograms of such 
cultures are used to choose effective antibiotics [13]. How-
ever, isolation of all infecting microorganisms may not be 
always possible, and the results of the present study demon-
strate that sonicate culture may play effective roles in both 
PJI diagnosis and treatment in such situations.

The sonication method is technically simple and can be 
performed in most microbiology laboratories. As intra-
operative tissue cultures alone may exhibit high rates of 
contamination and false positives [21], alternative meth-
ods such as sonication of explants have been proposed to 
confirm that only PJI organisms are isolated [22, 23]. Tani 
et al. prospectively compared the sensitivities and spe-
cificities of cultures obtained from sonicated explants and 
conventional periprosthetic tissue cultures in patients with 
PJI and aseptic loosening undergoing hip and knee revi-
sions [24]. The sensitivity of sonicate culture was higher 
than that of conventional culture (77.0% vs. 55.7%). Some 
studies have suggested that sonication of the prosthesis 
may increase the diagnostic capacity of the PCR test in 
patients with culture-negative PJI [25–27]. However, the 
statistical significance afforded by this method remains 
controversial. A recent meta-analysis of nine studies that 
used PCR to evaluate sonicate fluid revealed that the PJI 
diagnostic values were clinically acceptable, with a sen-
sitivity of 75% [28]. However, no statistically significant 
difference was apparent compared to conventional culture. 
The culture sensitivity of fluids obtained by sonication 
was similar to that of PCR. Qu et al. conducted a meta-
analysis of studies comparing tissue, synovial fluid, and 
sonicate fluid cultures and concluded that tissue sam-
ples afforded the maximum sensitivity but sonicate fluid 
afforded the highest specificity [29]. Other reports have 
claimed that tissue PCR is less sensitive than tissue cul-
ture [26, 30]. Sebastian et al. found that implant sonicate 
cultures increased the diagnostic sensitivity for PJI from 

66.7% to 92.5% [9]. Trampuz et al. published a remarkable 
prospective case series using sonicate cultures to diagnose 
PJI [8]. The sensitivity of sonicate fluid culture was 78.5%, 
which was significantly higher than those of synovial fluid 
culture (56.3%) and tissue culture (60.8%). Thus, although 
some studies have supported the idea that sonicate cul-
ture is superior to tissue culture, other studies have not. 
The discrepancies may be attributable to several factors. It 
appears that no standardized definition of PJI was used in 
many studies; the application of different criteria may have 
led to underestimation of septic case numbers.

Because the diagnosis of periprosthetic joint requires a 
complex approach, sometimes orthopedic implant infec-
tion is controversial even after bacterial isolation [7, 13, 
29, 31]. So, germ on an implant is not necessarily cor-
related with clinical infection. Although this study was 
prospective in design, it had certain limitations, and our 
findings should be interpreted accordingly. First, we could 
not send all removed implants to the laboratory for sonica-
tion because some were longer than the sterile containers, 
especially certain revision stems. One of other potential 
contamination problems of sonicated implants is their 
handling. Second, the sonicated implants were not made 
of the same materials. We did not investigate the biofilm-
forming properties of polyethylene, ceramics, titanium, or 
cobalt–chromium. This remains a subject for future work. 
Finally, because our study focused on the culture results 
of different methods, we did not explore whether sonicate 
culture influenced infection-free survival after the revised 
TJR, treatment success, or patient satisfaction.

Conclusion

Our prospectively collected data revealed that sonication 
of the explants alone did not increase the sensitivity or 
specificity of infectious microbe isolation from prosthetic 
joints. Rather, culture sensitivity was increased when all of 
the synovial fluid, periprosthetic tissue, and explant soni-
cate were cultured and the results were combined. Most 
importantly, we found that sonicate culture sometimes 
changed the antibiotic therapy strategy in patients with 
PJI because different microorganisms were detected.
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