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Introduction: One of the biggest obstacles in diagnosing Implant-Associated Infections is the lack of infection criteria and standardized diagnostic methods. These infections present a wide range of symptoms, and their diagnosis can be hampered by the formation of microbial biofilms on the surface of implants. This study aimed to provide insight into the performance of sonication in the diagnosis of infections associated with Cardiac Implantable Electronic Devices, to help define a consensus on the algorithm for the microbial diagnosis of these infections.

Methods: We carried out a systematic review with meta-analysis. The PRISMA methodology guidelines were followed, and an advanced search was carried out in PubMed and Web of Science, which enabled 8 articles to be included in the review, in which a meta-analysis was also carried out. QUADAS-2 was used to assess the risk of bias and effect measures were calculated to assess publication bias.

Results: The overall sensitivity of the method was 0.823 (95% CI: 0.682–0.910) and the specificity was 0.632 (95% CI: 0.506–0.743).

Discussion: These results suggest that sonication may offer advantages in diagnosing these infections. However, it is essential to approach these findings carefully and take into account the recommendations provided in the EHRA 2019 guidelines. This study highlights the importance of more effective diagnostic approaches for implantable medical device-associated infections to improve the quality of treatment and minimize the risks associated with these challenging medical conditions.
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1 Introduction

Despite the advances in sterilization and aseptic techniques, Implant-Associated Infections (IAIs) remain a serious problem with significant morbidity and economic burden (Kurtz et al., 2012; Kamath et al., 2015). IAIs can lead to chronic pain, systemic infections, or revision surgeries for implant replacement and removal of infected tissues (Oliva et al., 2021).

The mortality rate of IAIs depends on the type of implant, with intravascular implants posing the highest risk. In the coming years, due to the aging of the population and the rise of underlying comorbidities, it is expected that the incidence of these infections to increase (Darouiche, 2001; VanEpps and Younger, 2016).

The infections associated with Cardiac Implantable Electronic Devices (CIED) are included in IAIs. CIED are medical devices implanted to regulate and/or monitor the heart rhythm. This category includes Pacemakers, Implantable Cardioverter-Defibrillators (ICDs), Cardiac Resynchronization Therapy devices (CRTs), and Implantable Loop Recorders (ILRs) (Haghjoo, 2017).

Typically, CIED consist of an electric pulse generator and one or more leads that connect the generator to the interior of the cardiac cavities (Haghjoo, 2017). Thus, CIED infections can be local, such as localized infection of the generator pocket, or develop into a systemic infection or infective endocarditis (IE) (Blomström-Lundqvist et al., 2020).

Pocket Infection (PI) is defined as a local infection of the generator pocket. A low-grade or indolent infection may include erythema, increased local temperature, and deformations of the pocket. These signs can evolve into skin adhesion to the device and dehiscence of the surgical wound with purulent discharge. PI may be associated with lead infections, systemic infections associated with CIED, and IE. However, these manifestations can also occur without PI association. The diagnosis of these cases is challenging since symptoms are very nonspecific (fever, chills, night sweats) and may only manifest after long periods following CIED implantation (Blomström-Lundqvist et al., 2020).

Currently, there are no standard criteria for diagnosing endocarditis associated with CIED. Modified Duke criteria and the 2015 ESC criteria have been accepted; however, these do not represent standard tools and are not validated for these specific cases. To update the state of the art regarding CIEDIs, the European Society of Cardiology (ESC) created an international consensus document in 2019 (Blomström-Lundqvist et al., 2020). This document reflects the joint effort of several organizations to upgrade the management of these infections. It is a combination of modified Duke criteria and ESC criteria, along with some additional criteria (Blomström-Lundqvist et al., 2020).

It describes the current knowledge about the risk of infections associated with CIED and aims to assist healthcare professionals in decision-making regarding their prevention, diagnosis, and management, providing updated information on the most recent and effective strategies (Blomström-Lundqvist et al., 2020).

The EHRA 2019 guidelines establish an algorithm to reach a definitive or possible diagnosis of Infection Associated with CIED or IE, or its rejection, through the satisfaction of Major and Minor Criteria. The Major criteria include the results of Microbiology and Imaging techniques. Minor criteria include other clinical signs such as fever or predisposing health conditions (Blomström-Lundqvist et al., 2020).

The hypothesis of biofilm formation on the surface of implants may explain the difficulties in diagnosing and treating IAIs, including those associated with CIED (Darouiche, 2001; Drago and De Vecchi, 2017). The diagnosis of these infections is challenging, as microorganisms become attached to the surfaces of implants, organs, bones, or tissues, and is hard to detect them circulating in the bloodstream. Therefore, their detection is difficult in samples such as blood cultures, drainage from the infection site, or synovial fluid samples, which are considered to be less invasive (Esteban et al., 2008; Drago and De Vecchi, 2017). Administration of antibiotics also reduces sensitivity in isolating the etiological microorganisms of the infection (Xu et al., 2017).

In recent years, several studies have been conducted to find diagnostic methods that offer a faster response and higher sensitivity, allowing effective treatments for these patients. One prominent technique in the study of IAIs is the sonication of the implant (Costerton et al., 2011; Drago and De Vecchi, 2017; Xu et al., 2017).

The sonication technique uses low-frequency ultrasound to detach bacterial cells from the biofilm, improving bacterial growth before culture (Apostolakis, 2020; Oliva et al., 2021). The principle of sonication is based on acoustic cavitation. When sound waves propagate in a liquid medium, they create areas of low and high pressure. In low-pressure zones, microscopic bubbles form, which collapse in high-pressure zones, releasing a large amount of energy (Joyce et al., 2003). When an implant is immersed in a liquid solution and subjected to sonication, the agitation caused by the sound waves and the energy released on its surface causes a vacuum cleaning-like action, making it possible to release adhered bacterial cells (Oliva et al., 2016).

In Clinical Microbiology, sonication is applied mostly in the study of Prosthetic Joint Infections (PJIs) (Esteban et al., 2008; Peng et al., 2023). However, there are several studies describing its application to other devices, namely CIED.

Several meta-analyses assessing the performance of sonication have been published (Apostolakis, 2020; Tsikopoulos et al., 2022; Peng et al., 2023). One meta-analysis study aimed to evaluate the accuracy of sonication in studying PJIs (including hip, knee, shoulder, and elbow joint prostheses) (Peng et al., 2023). However, neither of them has evaluated the performance of the sonication technique in the diagnosis CIED infections. Thus, this work aims to perform a systematic review and meta-analysis on this subject, to provide information that might be useful to establish future criteria for the diagnosis and treatment of these infections.



2 Methods

This review adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) criteria. The proposed methodology for the systematic review was registered in the International Prospective Register of Systematic Reviews PROSPERO [CRD42023444537].


2.1 Search strategy and eligibility criteria

An electronic search was conducted to identify all relevant studies. The literature search was performed in MEDLINE (via PubMed) and Web of Science. The last search date was July 2023. The detailed search strategy is available in the register on PROSPERO. Only studies written in English, Spanish, and Portuguese were included to avoid any bias related to a mistranslation.

The included studies verified the following inclusion criteria:

• Studies describing the results of sonication by the analysis of CIED implants (including Pacemakers, ICDs, CRTs, and ILRs), removed for any reason;

• Reports that had sufficient information to compute the number of true positives (TP), true negatives (TN), false positives (FP) and false negatives (FN);

• Reports that describe the procedures adopted in the microbiology laboratory, including the sonication protocol used; incubation conditions; methods used to identify the microorganisms, and criteria used to interpret the results (only studies using traditional methods for culture (plate) and identification of microorganisms were included);

• Articles published in English, Spanish, and Portuguese.

Studies that verified any of the following criteria were excluded:

• Animal studies;

• Case studies;

• Review articles, books, opinion articles;

• In vitro studies;

• Results obtained by molecular methods (e.g., PCR).



2.2 Interventions

The intervention of interest was the sonication of the CIED implant, removed surgically from patients with CIEDIs or patients who got their device removed for reasons other than infection. The sonication was performed to detect infection or colonization of the device, including the generator and leads.



2.3 Outcome measures

The outcome measures of interest were sensitivity and specificity of sonication for the diagnosis of CIED infection. The results of the sterile controls were not used to calculate the overall outcome measures, however, its effect on the overall sensitivity and specificity was assessed. Additional outcomes of interest were collected for subgroup analysis.



2.4 Data collection

Two authors of this review independently assessed the study eligibility by inspecting the title and abstract. All articles selected from the title/abstract reading were inspected for inclusion with a full-text review by both authors. The information of all selected papers was independently extracted to a form that included study design, participants, sample size, description of intervention, outcomes, and quality assessment indicators. Discrepancies in study selection were resolved through consensus.



2.5 Quality assessment

Two authors independently assessed the risk of bias and the applicability of the included studies according to the QUADAS-2 tool (Whiting et al., 2011). All inconsistencies were resolved by consensus. The QUADAS-2 tool comprises several questions regarding 4 domains: Patient Selection, Index Test, Reference Standard, and Patient Flow and Timing. Applicability was evaluated for the first three domains. The overall risk of bias for each study was given by the highest score in any singular domain. When a study was at a high risk of bias in two or more domains, it was classified as being at a very high risk of bias.

A sensitivity analysis was produced to control the effect of the sample size and risk of bias in the included studies.



2.6 Statistical methods

After the systematic review, a meta-analysis was performed using R software (R Core Team, 2021). When the true positives (TP), true negatives (TN), false positives (FP), or false negatives (FN) were zero, the value of 0.5 was added.

Forest plots were obtained to present a graphical overview of the outcome measures. The associated confidence intervals (CIs) for the sensitivity and specificity are based on the arcsine transformation, which is a variance stabilizing transformation. Thus, the sine transformation was applied to the pooled results to re-express them as sensitivities or specificities. All estimates were computed under a random model setting obtained using the restricted maximum likelihood (REML) methodology. Between-study heterogeneity [image: image] and the [image: image] statistic was obtained via REML (Viechtbauer, 2010). All of these procedures were performed in the R package metafor (Viechtbauer, 2010). CIs were computed using the Knapp and Hartung adjustment (Hartung et al., 2008), due to the low sample size. Subgroup analysis was performed when at least 3 studies were available through a mixed-effects model.

Funnel plots, the trim and fill method (Duval and Tweedie, 2000), and Egger’s test were applied to screen for the publication bias (Hartung et al., 2008).

To jointly model the sensitivity and the false positive rate, a bivariate model which is equivalent to the hierarchical summary receiver operator characteristic model was fitted. The model was obtained using the R package mada (Doebler et al., 2010). Estimation was performed through the REML methodology with the Knapp and Hartung adjustment. The [image: image] statistic of this model was computed using the Zhou and Dendukuri approach (Zhou and Dendukuri, 2014).

Two-tailed p-value <0.05 was considered statistically significant.




3 Results


3.1 Study selection

Through the searches in PubMed and Web of Science databases, we identified 169 records. The queries used are in Supplementary Table S1. All records were downloaded to Mendeley Reference Manager. Using this tool 16 duplicates were removed. The article screening process was performed by two authors, independently. The screening of titles and abstracts of 135 records were excluded. A full-text screening was conducted on 18 articles, resulting in the exclusion of 10 articles. Thus, the systematic literature review and meta-analysis covered 8 articles. The selection process is detailed in the PRISMA flow diagram (see Figure 1).

[image: Figure 1]

FIGURE 1
 PRISMA study search flow diagram.




3.2 Characterization of the included studies

The main characteristics of the 8 included studies can be found in Table 1. The studies comprised 535 patients. The sample size ranged from 17 to 121. Patients were identified as patients with Pocket Infection (PI), patients with Infective Endocarditis (IE), and patients without signs of infection (NI), according to the EHRA 2019 consensus document. In Rohacek et al.’s (2014) study, 2 pacemakers from the same patient were analyzed, and removed at different times due to reinfection, leading to the study of 17 devices in 16 patients (Rohacek et al., 2014).



TABLE 1 Description of the included studies.
[image: Table1]



3.3 Conditions for sample collection and transport

All the studied devices were surgically removed and placed in sterilized, airtight containers and covered in a solution of NaCl at 0.9% or Ringer’s solution, to prevent drying, maintaining aseptic conditions.

Only two studies (Inacio et al., 2015; El-Ashry et al., 2021) indicated that samples were sonicated within a maximum of 6 h after removal (Inacio et al., 2015; El-Ashry et al., 2021). The remaining studies only mentioned the time of transportation to the laboratory (between 3 and 24 h), except for Olsen et al. (2022), in this study samples were stored at 5°C and processed within 48 to 72 h (Olsen et al., 2022).



3.4 Sonication protocol

The containers with the removed devices were processed using the VSV method (Vortex-Sonication-Vortex). In this method, there are steps of vortex agitation before and after sonication. Mason et al. (2010), did not mention vortex agitation in their procedure. Some studies added an extra step, and centrifugated the sonicated fluid to concentrate it, inoculating only the sediment obtained from centrifugation (Mason et al., 2010). The duration of the sonication step ranged between 1 and 5 min, yet, one of the studies did not describe the duration of this step (Rohacek et al., 2014). All protocols used a sound wave frequency of 40 kHz, except for the study of Oliva et al. (2013) which described a frequency > 20 kHz.

Two studies did not describe the quantity of sonication fluid inoculated in the culture media (Mason et al., 2010; Oliva et al., 2018). In the remaining studies, the inoculated quantity ranged between 0.1 mL and 0.5 mL.

All studies described the inoculation of sonicated fluid into solid culture media, incubated aerobically and anaerobically. Only some authors specified the temperature and incubation time used (Rohacek et al., 2010; Oliva et al., 2013; Rohacek et al., 2014; Inacio et al., 2015; Oliva et al., 2018).

Half of the studies further described inoculation of the sonicated fluid for 10–14 days in Thioglycolate broth (Rohacek et al., 2010, 2014; Inacio et al., 2015; Olsen et al., 2022).

The frequencies of the identified microorganisms in each study can be found in Table 2. We can observe that coagulase-negative Staphylococcus spp. (CNS) and Staphylococcus aureus were the most isolated microorganisms.



TABLE 2 Frequencies of the identified microorganisms on each study.
[image: Table2]



3.5 Performance of sonication

Sensitivity values ranged from 0.52 (95% CI: 0.43–0.61) to 0.95 (95% CI: 0.75–0.99). Specificity values ranged from 0.49 (95% CI: 0.37–0.60) to 0.83 (95% CI: 0.73–0.90). Details can be found in the forest plots (Figure 2).

[image: Figure 2]

FIGURE 2
 Forest plots for sensitivity (top) and specificity (bottom). The squares represent the values of sensitivity and specificity, and the lines represent the confidence intervals at 95%.


A Summary Receiver Operating Characteristic Curve (SROC) was plotted for the bivariate model (see Figure 3). The partial area under the SROC curve for the sonication method is 0.754.

[image: Figure 3]

FIGURE 3
 SROC curve for the sonication method. The circle represents the overall estimate, and the ellipsis represents the 95% confidence region.


The overall sensitivity and specificity of the sonication method was 0.823 (95% CI: 0.682–0.910), with an I2 of 14.3%. The overall specificity was 0.632 (95% CI: 0.506–0.743).



3.6 Subgroup analysis

A subgroup analysis was performed to identify which factors can influence sensitivity and/or specificity. Hence, a mixed effects model was fitted for each of the following factors: Ethnicity; Diabetes Mellitus; Hearth failure; Chronic renal failure; History of infection; History of previous surgeries; Mean age; Antibiotic use before removal; Centrifugation; Quantity inoculated; Transport solution. The results are displayed in Table 3.



TABLE 3 Subgroup analysis according to several factors (95% confidence intervals are presented in brackets).
[image: Table3]

We observed substantial heterogeneity in some situations when considering sensitivity and specificity in separate models. For the specificity models the I2 is higher than 80%.

For the sensitivity mixed effects models, only the history of infection showed a significant effect with sensitivity increasing about 15% when the history of infection doubles from 3 to 6% (p = 0.01).

For the specificity mixed effects models, no significant factor was found.



3.7 Risk of bias assessment

The included studies were scored by the Quality Assessment of Diagnosis Accuracy Studies (QUADAS 2) tool (Whiting et al., 2011) to assess the risk of bias and the applicability of the diagnostic studies.

As for the Index Test, all studies were rated as having a high risk of bias because it was not performed blindly. The sonication process was conducted with the knowledge of the patient’s infection characteristics.

In the Index Test domain, all articles were considered as at a high risk of bias. Thus, evaluating the QUADAS-2 domains for risk of bias and applicability, three of the included articles were also considered high-risk studies in other domains, therefore we considered them as being at a very high risk of bias.

To assess the impact of high-risk studies, we removed studies considered to have a higher risk based on the QUADAS-2 analysis and calculated sensitivity and specificity estimates without including these studies. As all studies were at a high risk of bias in at least one domain, the 5 studies at a high risk of bias for only one domain were compared to the other 3 studies. No significant differences were found in the pooled sensitivity (p = 0.504) and pooled specificity (p = 0.641).



3.8 Publication bias assessment

Funnel plots for the random models for sensitivity and specificity were generated for publication bias assessment (cf. Supplementary Figures S1A,B). Egger’s test p-values were 0.582 and 0.543 for the sensitivity and specificity models. The trimm and fill method did not find any missing study in either model. Thus, the results suggest that publication bias was not present.




4 Discussion

The lack of standard diagnostic methods and well-defined infection criteria is a major difficulty in diagnosing IAIs (VanEpps and Younger, 2016).

The formation of biofilm and the prevalence of low virulent microorganisms in these types of infections are also a difficulty (Oliva et al., 2021). Sonication emerges as a response to improve the detection of these pathogens (Spindler et al., 2022). We found that Gram-positive cocci were the most identified species across studies. S. aureus was predominant in three studies, while CNS, particularly S. epidermidis, was frequent in four studies. Other species like Staphylococcus hominis, Staphylococcus haemolyticus, and Staphylococcus capitis were also noted. These species are widely recognized as biofilm producers. Also, in Rohacek et al. (2010), Cutibacterium acnes was the most common, followed by CNS. C. acnes is also recognized as fastidious microorganism, that can cause latent infections without manifestations.

In the present study, patients were divided into three groups (patients with IBS, patients with IE, and patients without signs of infection) according to these criteria. However, none of the 8 studies included in this review reference the EHRA 2019, and 6 of these articles were published before the consensus document.

The patients in these studies were considered as having IE using the modified Duke criteria (Li et al., 2000), and as having PI, through the presence of characteristics that were found to be well described in the studies, thus allowing these patients to be covered in the EHRA 2019 criteria (Bongiorni et al., 2018). Only one study by Oliva et al. (2018), did not describe the manifestations of patients with PI and only referenced the Duke criteria (Oliva et al., 2018).

In the present study, sonication demonstrated a sensitivity of 0.823 (95% CI: 0.682–0.910) and specificity of 0.632 (95% CI: 0.506–0.743) in the diagnosis of infections associated with CIED. Due to this low specificity, sonication only shows an acceptable performance (PAUC is 0.754) as a diagnostic method. The ability to identify infected individuals is good, however, the specificity is not, corroborating the recommendations of the EHRA 2019, which states that the results obtained through sonication must be carefully interpreted. These results are also in agreement with previous studies on the use of sonication in the field of orthopedics and neurosurgery (Apostolakis, 2020; Peng et al., 2023). In the study by Peng et al. (2023), regarding the diagnosis of OI, a high value for specificity was obtained: 0.96 (95% CI: 0.95–0.96) (Peng et al., 2023). This can be explained by the definition of lower cut-off values in the diagnosis of these infections. In the present study, cut-off values were not evaluated, and culture results were interpreted qualitatively. Still, in the diagnosis of PJIs, a high level of heterogeneity between studies has been described, due to some inconsistent results (Peng et al., 2023). In the study by Apostolakis (2020), the specificity of sonication in diagnosing external ventricular shunt drain infections was 0.571 (95% CI: 0.230–0.856), leading the authors to consider that this method should not be applied alone in the evaluation of these infections.

The sensitivity calculated for this method, for which the value was 0.823 (95% CI: 0.682–0.910), demonstrates that its use offers advantages in the diagnosis of infections associated with CIED.

By performing a subgroup analysis, we observed that only the history of infection had an impact on the sensitivity values. A higher rate of patients with a history of infection resulted in a 15% higher sensitivity. In implant-associated infections, a history of previous infection leads to a higher risk of reinfection (Oliva et al., 2021) which is probably associated with a higher prevalence of infection in these patients. The role of the prevalence rate has already been discussed in several other contexts (Kurtz et al., 2012). These results are not aligned with findings from other studies on the question of previous antimicrobial therapy. In studies about sonication of hip and knee prostheses, the use of antibiotics before the removal of the prosthesis reduced the sensitivity of the sonicated fluid cultures (Trampuz et al., 2007).

For specificity, no factor had a significant effect. However, age, antibiotic use, concentration by centrifugation, and transport solution would have an impact on specificity at a 10% significance level. Some authors advise researchers to use a higher significance level when the number of studies is low to balance the test power with the significance level (Hartung et al., 2008). Thus, specificity may increase with the age of the individuals (p = 0.081) and with the use of antibiotics (p = 0.096). Not using centrifugation (p = 0.064) and using a 0.9% NaCl transport solution (p = 0.089) may be associated with a higher specificity. However, these conclusions need further investigation as they rely on a low number of studies.

Previous studies showed that the use of sonication together with a large spectrum of culture media increases the sensitivity of the diagnosis, due to the prevalence of low virulent pathogens in IAIs (Esteban et al., 2008). In the present study, we found insufficient information for a subgroup analysis on the culture media used. This variable needs to be assessed in future studies. The combination of sonication with other methods of microbial detection and identification also needs more research. Multiplex-PCR has been useful in the diagnosis of PJIs in samples such as synovial fluid or blood cultures, and some studies already described its application to sonicated fluid. Yet, applying these techniques to IAIs still needs more research since they can lead to false-positive results (Esteban et al., 2008; Corvec et al., 2012).

This review’s limitation is the number of studies included. Although, the results are “robust” as the sensitivity analysis did not show a relation between the quality of the studies and the results. Moreover, no evidence of publication bias was found. Our findings suggest that sonication may offer advantages in diagnosing these infections.

Further studies are needed to improve diagnostic methods and reach a consensus on the standard laboratory algorithm for this type of infection, as well as a better understanding of the characteristics of infections associated with CIED, leading to a more accurate diagnosis and effective treatment of these conditions. In this context, this work provides some insight into the performance of sonication, which is a method that could be useful to define this algorithm.

In 2023 the ESC created new guidelines for the management of Endocarditis. This document provides some new insights into the management of CIED, such as recommendations related to pre-procedural aseptic measures of the site of implantation, to the device extraction if there is a definite diagnosis of CIED-related IE, and to the management of antimicrobial therapy (Delgado et al., 2023). These new ESC guidelines were published after the present study was conducted; therefore, we followed the EHRA 2019 guidelines when including patients with IE. In future studies, authors should consider these new guidelines, as they offer standardized and updated procedures for these scenarios.
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