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Abstract

:

The rising number of arthroplasties is combined with a rising number of periprosthetic joint infections, which leads to life-concerning consequences for the patients, including extended antibiotic treatment, further surgery and increased mortality. The heterogeneity of the symptoms and inflammatory response of the patients due to, e.g., age and comorbidities and the absence of a single diagnostic test with 100% accuracy make it very challenging to choose the right parameters to confirm or deny a periprosthetic joint infection and to establish a standardized definition. In recent years, additional diagnostic possibilities have emerged primarily through the increasing availability of new diagnostic methods, such as genetic techniques. The aim of the review is to provide an overview of the current state of knowledge about the various tests, including the latest developments. The combination of different tests increases the accuracy of the diagnosis. Each physician or clinical department must select the tests from the available methods that can be best implemented for them in organizational and technical terms. Serological parameters and the cultivation of the samples from aspiration or biopsy should be combined with additional synovial tests to create an accurate figure for the failure of the prosthesis, while imaging procedures are used to obtain additional information for the planned therapeutic procedure.
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1. Introduction


Arthroplasty is a standard procedure that has become an integral part of everyday clinical practice. By 2040, the number of operations for hip and knee joint replacements is expected to increase by up to 45% [1]. At the same time, the number of implant-associated complications will increase. In particular, periprosthetic infection is a dreaded complication with potentially life-threatening consequences and a 3.2–3.7-fold increase in mortality rate compared to patients who do not develop an infection following joint replacement [2].



As a result of the increasing number of arthroplasty procedures, revision surgery and the associated diagnostic procedures are becoming more and more important. The correct diagnosis of aseptic or septic revisions is crucial, because the treatment concept for each is fundamentally different.



Effective treatment of a periprosthetic infection therefore begins with an accurate diagnosis. The first attempts to create a classification system for periprosthetic infections began in 1975, when Coventry introduced the distinction between early and late infections [3].



A similar classification system based on the time interval between implantation and infection manifestation was established by Tsukayama in 1996, in which both contamination and hematogenous infection were integrated into the scheme [4].



There have been several attempts to revise this classification, but so far, no time interval has been established that is valid for a uniform differentiation between early and late infections. In particular, the degree of maturity of the biofilm has a therapeutic consequence, whereby the time until the formation of an intact, mature biofilm is approximately 3–4 weeks [5]. Therefore, it is not the distinction between early and late infection that is of decisive importance, but rather the distinction between acute and chronic infection. The interval between the onset of symptoms and the start of treatment plays a decisive role here. The reason for this distinction is that periprosthetic joint infections (PJI) with an immature biofilm (within 4 weeks) can often be successfully treated with debridement and retention of the prosthesis (so-called DAIR) [6,7].



While the diagnosis of early infection (up to 4 weeks after implantation) is clearly characterized by clinical symptoms and indicators of inflammation in the serum and joint aspirate, the diagnosis of late periprosthetic infection represents a considerable challenge. This is also reflected in the number of scientific publications concerning the diagnosis of late periprosthetic infection. From 1998 to 2018 alone, 3200 publications were published on this topic, and these were cited 12,000 times in 2018 alone [8].



The bottom line of all these publications is that there is no single diagnostic test with 100% accuracy that can confirm or rule out a late periprosthetic infection, but that, in contrast, there are many different tests that can be used to form an overall picture of whether a periprosthetic infection is present or not [9].



The reason for this is the heterogeneity of the underlying disease because, although periprosthetic infection always has an inflammatory component, patients differ in their inflammatory response, making it very challenging to use individual biomarkers to establish a standardized definition [10].



The Academy of Orthopaedic Surgeons (AAOS) developed an algorithm for diagnosing perprosthetic infections in 2010, utilizing C-reactive protein (CRP) with a threshold of 10 mg/L as a screening parameter. This approach can result in the PJI being overlooked in approximately 15% of the infected cases [10]. Consequently, a modification of this algorithm was implemented in 2013, and to this day, CRP remains as a part of current diagnostic algorithms for diagnosing periprosthetic infections [11].



The evolution of the definition of periprosthetic infection (Figure 1) took several years, the first definition was established by the Musculoskeletal Infection Society (MSIS) in 2011. Two main criteria and six secondary criteria were specified, whereby a periprosthetic infection was assumed if at least one of the main criteria or four of the six secondary criteria were met [12]. One year later, the Infectious Diseases Society of America (IDSA) published a simplified definition based on the presence of at least one of five criteria [13]. These definitions were revised in 2013 by the first International Conference on Musculoskeletal Infection (ICM) [14] and redefined again in 2018 (Figure 2) [15]. In addition to increasing specificity and sensitivity, the aim of these revisions was to integrate the minor criteria with the weighting of the individual parameters. In addition to improved decision-making for planning the therapeutic procedure, a basic structure was created for the continuation of specific scientific studies.



The following two issues in particular proved to be fundamentally difficult. Firstly, these definitions repeatedly highlighted the weakness in the detection of “low-grade” infections, as these are associated with a significantly less pronounced inflammatory reaction. And secondly, all definitions had in common that they sought to arrive at a binary clinical outcome (infected or not infected) using tests that have neither 100% specificity nor sensitivity.



In response to this problem, a new definition was published by the European Bone Joint Infection Society (EBJIS) in 2021 (Figure 3), in which three different groups were defined (infection unlikely, infection likely and infection confirmed) [9]. This definition is supported by the MSIS, the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) and the Study Group for Implant-Associated Infections (ESGIAI). Particular consideration was given to the fact that there are a number of tests that have a very high sensitivity with low specificity (C-reactive protein, scintigraphy) and make an infection probable but cannot prove an infection overall. On the other hand, highly specific markers (fistula formation, detection of two positive samples with the same pathogen) are not present in the majority of reported periprosthetic infections.



Subsequent to diagnosis, the management of periprosthetic joint infection poses the next challenge, with current treatment algorithms determining the type of surgery, single or staged approach, and perioperative antibiotic therapy [16].




2. Diagnostic Categories


2.1. Clinical Examination


The clinical presentation of periprosthetic infection plays a subordinate role in previous publications for diagnostic guidelines. In everyday clinical practice, however, it is of great importance as it is cost-neutral, non-invasive and easy to handle, and therefore provides the basic building blocks for extending the diagnostic process. Often, there are rather non-specific symptoms such as pain, limited mobility or functional deficits, which can also result from incorrect implantation, abrasion-related aseptic loosening or muscular insufficiency, for example, while fistula formation, local erythema and swelling have a very high specificity but a low sensitivity [17].



However, pain in particular is the clinically guiding symptom in more than 90% of cases and should always lead to further investigation [18].




2.2. Imaging Procedures


The first imaging study that is almost always used when a periprosthetic infection is suspected is the X-ray. It is mainly used to rule out mechanical complications such as periprosthetic fractures and dislocations, and it has low sensitivity and specificity. The observable changes are often not yet visible in the early phase of an infection and only manifest themselves during chronic processes. The visualization of a rapid migration of the prosthesis (at least 2 mm within 6–12 months), rapidly progressive or multifocal periprosthetic osteolysis or periosteal reactions and periarticular ossifications may indicate an infection. In addition, generalized bone resorption, excessive sclerosis, fracture of the bone cement and transcortical sinus tracts may occur [19,20]. It is particularly useful to compare the radiographs with previous images [21]. Unfortunately, there is a high degree of overlap in these signs between periprosthetic infections, aseptic loosening and loosening induced by abraded particles. Neither CT, MRI nor ultrasound are included in the current diagnostic catalogs of ICM, MSIS and EBJIS [9,12,15].



The above-mentioned changes to the bone can be further specified by CT, and the additional information on the bony status can be included in the planning of a surgical revision. In addition, fluid accumulations and sinus tracts can also be visualized by soft tissue imaging [22].



As well as improving the visualization of the soft tissue situation, MRI can also reveal changes in bone metabolism as markers for the onset of infection. In addition, well-communicating abscess formations (e.g., psoas abscesses) can be visualized. The artefacts caused by the prosthesis represent a particular problem with MRI. These can be reduced by new methods such as metal artifact reduction sequences (MARS), slice encoding for metal artifact correction (SEMAC), and multiacquisition with variable-resonance image combination (MAVRIC). This increases the benefit of a completed MRI [23,24].



In summary, it can be said that CT and MRI play a subordinate role in the diagnosis of periprosthetic infection and are mainly used to obtain additional information for the planned therapeutic procedure [20,25].




2.3. Nuclear Imaging Techniques


The importance of nuclear imaging in the diagnosis of periprosthetic infections is increasing, with the result that it was included in the diagnostic criteria for the first time by the EBJIS 2021 [9]. It is based on the accumulation of various agents (radiolabeled cells, peptides, antibodies or 18-fluorodeoxyglucose [FDG]) along the infected prosthesis. They primarily play a role as an exclusion criterion, as they have very high specificity. For example, a negative three-phase scintigraphy (2 years after THA or 5 years after TKA) can virtually rule out an infection [26]. In addition, newer methods, such as the enrichment of isotopes in leukocyte scintigraphy over a 20 h period, can make the diagnosis of an infection probable [27]. The existing references show that nuclear imaging is particularly beneficial in patients with a high pre-test probability of infection, while it has no clear additional value in patients with a low a priori probability [28]. Other methods, such as single photon emission CT (SPECT) and fluorodeoxyglucose positron emission tomography (FDG-PET), have not been shown to have superior outcomes either [29]. The fundamental problem is that physiological remodeling processes after prosthesis implantation as well as aseptic and abrasion-induced loosening are associated with increased periprosthetic metabolism, and the methodology is currently not widely available and extremely cost-intensive.



In the future, new methods such as gallium-68 (68Ga)-labeled fibroblast activation protein inhibitor positron emission tomography/computer tomography (68Ga-FAPI PET/CT) may offer a promising approach [30]. Fibroblast activation plays an important role in inflammation, infection and immune response, which is also found in chronic infections [31].



In this context, the visualization of periprosthetic infections differs significantly from that of aseptic loosening [32]. Pathogen-specific hybrid tracers (e.g., 99mTc-UBI29-41-Cy5 for Staph. aureus infections) also represent a new diagnostic option and can also detect metabolically less active bacteria in the biofilm [33].




2.4. Serum Biomarkers


Serum biomarkers such as CRP, erythrocyte sedimentation rate, leukocyte count, neutrophil granulocyte count, neutrophil granulocyte to lymphocyte ratio, fibrinogen, D-dimers, interleukin-6 and procalcitonin are inexpensive, diagnostic tools that are almost always available and give rapid results for the diagnosis of periprosthetic infections. These are systemic biomarkers and therefore not specific for the diagnosis of periprosthetic infection. Serum C-reactive protein (CRP) and fibrinogen are the most accurate markers [34,35]. CRP is an acute phase protein and is used as a general parameter for inflammatory reactions. Formed in the liver, it is independent of the cause of inflammation and is elevated in infections, but also in autoimmune diseases, cancer and renal failure [36]. There is no precise information on sensitivity and specificity because the data is heavily dependent on the nature of the definition of periprosthetic infection used and because most classifications have a bias. For example, the sensitivity described in the existing publications varies from 62–100% and the specificity from 64–96% [35,37], with the figures being even lower for low-grade infections with a sensitivity of 66–87% and a specificity of 68–81% [38,39]. Various studies have reported different reference values for serum CRP, with a wide range of values from 3.0–32.0 mg/L (Figure 4). The cut-off value currently used by the EBJIS and ICM is 10 mg/L [9].



Serum fibrinogen is well known for its role in the coagulation cascade and is also closely associated with inflammatory processes. It activates the synthesis of proinflammatory cytokines such as interleukin 6 and tumor necrosis factor alpha and stimulates various immune cells [40]. Various reference values between 432 mg/dL and 519 mg/dL were investigated for fibrinogen [41,42], whereby the optimal cut-off value was 457 mg/dL, which showed a sensitivity of 69% and a specificity of 89% [38].



A variety of cut-off values are also mentioned in various references for erythrocyte sedimentation rate (ICM criteria from 2018 with a cut-off of 30 mm/h), interleukin 6 and procalcitonin, although no optimal values are defined. The combination of different parameters increases the accuracy, but it can in no way prove or rule out a periprosthetic infection.



The different accuracies and threshold values for diagnostics can be explained by a variety of reasons, in particular the different definitions of infection in the individual studies, the heterogeneous group of microorganisms, patient-specific factors (autoimmune diseases, cancer, age, gender, underlying diseases, medication, etc.) and the influence of anti-infective and immunomodulating therapy (corticosteroids) and the length of time after implantation.



In summary, serum biomarkers are an important parameter for obtaining initial indications of a periprosthetic infection and should always be followed up with an extension of the diagnostic work-up in the event of positive findings [38].




2.5. Synovial Testing


Joint aspiration under sterile conditions is firmly anchored in the diagnostic algorithm for periprosthetic infection. Historically, in addition to the cell count, pathogen cultivation in particular was used as a diagnostic marker. In addition, synovial biomarkers (alpha-defensin, CRP, leukocyte esterase and interleukin 6) can now be determined, and the fluid can be studied using DNA sequencing (PCR). The accuracy of the individual parameters often depends on the amount of synovial fluid obtained. This can be a limiting factor in hip joint aspiration in particular, as punctio sicca (dry aspiration) often occurs here.



The leukocyte count and the determination of the proportion of polymorphonuclear leukocytes are widely used markers. The sensitivity of the leukocyte count is between 78% and 94%, and the specificity is between 81% and 96%. A sensitivity of 90–97% and a specificity of 84–90% are reported for the percentage of polymorphonuclear leukocytes [43,44,45]. The definition currently used by the EBJIS defines a value of <1500 leukocytes/µL and a fraction of ≤65% polymorphonuclear leukocytes as “infection unlikely” and over 3000 leukocytes/µL and >80% polymorphonuclear leukocytes as “infection confirmed”, while the range in between is defined as “infection likely” [9].



In addition to the quantitative determination of the synovial leukocyte count, some laboratory diagnostic devices (for example, the Yumizen H500, Horiba, Lyon, France) also have the option of creating a graphic cell distribution of existing leukocyte populations. Depending on their volume and light absorption capacity, the respective cell populations are arranged in a coordinate system, and thus a visual representation of their quantitative distribution is possible [46].



The cell volume is determined via an impedance measurement. For this purpose, two electrodes that generate a constant current are arranged around an aperture in a so-called flow cell. When cells flow through the aperture, they generate a certain resistance, the so-called impedance. The potential measured is proportional to the cell size and changes as soon as cells of different sizes flow through the opening. The resulting pulse changes are recorded and analyzed electronically. The cells are then sorted according to size and assigned to a cell population. This volume differentiation is later recorded graphically on the x-axis of a cell distribution diagram [46].



The arrangement of the cells along the Y-axis, on the other hand, is determined by the contrasting light absorption of the different populations. A so-called electro-optical measurement is carried out in the flow cell, where impedance changes are also measured. Here, non-absorbed scattered light passes through the free spaces in the cell nucleus and thus enables the measurement of optical reactions depending on the respective cell structure and light absorption [46].



After each cell has been categorized according to its cell volume and its ability to absorb light along the X and Y axes, the cell distribution diagram is created in the form of a dot plot (Figure 5, Figure 6 and Figure 7).



Based on the histological classification of periprosthetic tissue published by Morawietz and Krenn [47], the analysis of the aspirate also produces a specific plot that depends on the contents of the synovial fluid. If abraded particles are present in significant numbers, these would be found in the so-called NOISE area and classified as abraded type I (Figure 5). An infected prosthesis, on the other hand, would feature a significant neutrophil area (infection type II) (Figure 6). Both phenomena would be seen in the case of a combined type III of infection and abrasion, while an unclear distribution of cells and particles is found in the indifferent type IV [46].



This subdivision is extremely helpful if the final cell count is subject to the influence of abrasion particles. In the context of automated cell counting, the particles can be incorrectly identified as cells and thus have a false positive influence on the final cell count [48,49].



In contrast, leukocytes can be clearly differentiated from abrasion particles using the graphical representation (so-called LMNE matrix), as these are shown in different fields in each case. Particularly in the presence of metal abrasion particles, the joint aspirate can be macroscopically evaluated as purulent and therefore infected, or may even be accompanied by seemingly high cell counts and elevated CRP and alpha-defensin values. Without the aid of the cell distribution plot, these characteristics could be incorrectly interpreted as a periprosthetic infection [46].



A comparison of the evaluation of the so-called LMNE matrices with the associated histologically examined membrane types classified according to Morawietz and Krenn [47] shows a statistically significant correlation (p < 0.001) [46].



If just the two types of infection (type I and type II) are considered in the context of infection diagnostics, the cell count cut-off can also be significantly reduced (1400/μL) without losing sensitivity. As a result, the graphical representation of the cell distribution plot not only provides a reliable diagnostic method but also increases the diagnostic value of synovial cell count determination [46].



Another factor influencing the synovial cell count is the presence of blood in the aspirate. It was recently reported that when the cell distribution diagram (LMNE matrix) showed additional cells in the areas of lymphocytes, basophils and/or eosinophils, a large proportion of the cells shown in the neutrophil leukocyte field were ultimately attributable to the presence of a hematoma [50]. Cell count values in the borderline range can thus be corrected downward and therefore will not be interpreted as an infection. This finding thus helps to differentiate specifically between genuine early periprosthetic infections with elevated leukocyte counts and high cell counts that are due to hemarthrosis [50].



The alpha-defensin test and leukocyte esterase in particular have become established as newer biomarkers. Alpha-defensin is an antimicrobial peptide produced by neutrophil granulocytes. This can be detected using a lateral flow test (10 min) or an ELISA (1–2 days). The sensitivity is reported in the literature as 65–95% and the specificity as 82–100% [51,52,53]. This is comparable to the accuracy of the leukocyte count in combination with the percentage of polymorphonuclear leukocytes and does not necessarily offer any additional diagnostic value [54,55], so the benefits of an additional alpha-defensin test are constantly being questioned. The main advantages are the small amount of synovial fluid required (0.5 mL), the speed of the test result (especially in the lateral flow test) and the independence from prior antibiotic treatment [56]. One disadvantage of the alpha-defensin test is falsification in the case of abrasion-induced metallosis [57] and crystal arthropathies [48].



The detection of leukocyte esterase is a widely available diagnostic tool. It is an enzyme that is secreted by neutrophil granulocytes. As a rapid test, outcomes are available within 10 min, making it suitable for time-limited diagnosis, for example, in the treatment of a periprosthetic fracture. However, the disadvantage is that both abraded particles in metallosis and blood contamination of the aspirate contribute to the falsification of the values [58]. This can be improved by centrifuging the sample beforehand. The sensitivity is given in the literature as 49–95% and the specificity as 82–100% [59,60]. Similar to the alpha-defensin test, prior treatment with antibiotics does not appear to have any influence on the values of leukocyte esterase [61], and the simultaneous determination of alpha-defensin and leukocyte esterase can also lead to an improvement in diagnostic accuracy [62].



As a further diagnostic approach, only systemically available biomarkers such as CRP and interleukin-6 have been determined directly from synovial fluid to date. The intention was that biomarkers from synovial fluid should have a higher specificity. However, the studies carried out on this showed contradictory results; while higher specificity and sensitivity were reported in some cases [63,64], this could not be confirmed in others [65].



In particular, the combination of CRP, synovial CRP and alpha-defensin appears to increase sensitivity by up to 97% and specificity by up to 100% [66,67,68].



Interleukin 6 is an inflammatory cytokine and is currently one of the most interesting areas of research, as it has shown a high degree of accuracy in terms of diagnostics even under active antibiotic treatment. Further studies are currently being conducted, but initial results have shown promising approaches with sensitivity and specificity of up to 100% [69,70,71].



Neutrophil gelatinase-associated lipocalin (NGAL) [72,73] and lactoferrin [74] also show promising values for sensitivity and specificity as new biomarkers used in PJI diagnostics, so it will be important for future research to establish precise cut-off values for these markers in cases of PJI.



Synovial contamination with blood or saline has an important influence on cytological findings. The risk of blood contamination is particularly increased if the examiner misses the joint capsule and thus aspirates blood from the surrounding tissue or if there is a hemarthrosis. In the case of a punctio sicca (dry aspiration), some examiners use an injection of saline solution to flush the joint and thus obtain sufficient fluid. However, these admixtures can reduce the concentration of biomarkers and cells, rendering established limits invalid. Compared to aspirates without admixtures, this demonstrably leads to a reduction in sensitivity. This loss of sensitivity was illustrated using the examples of cell count (93% to 69%), PMN% (95% to 88%), CRP (88% to 65%) and α-defensin (93% to 70%) [75]. This considerably relativizes the diagnostic significance of the individual values, so results from diluted aspirates should be excluded and not used for diagnosis [76].




2.6. Multiplex Polymerase Chain Reaction (mPCR)


mPCR is a method that offers promising approaches for improving the diagnosis of periprosthetic infection. The genotypes of the bacteria are determined by detecting DNA. In addition to the small amount of liquid required (180 µL, e.g., aspirate or sonication medium) [77], the advantages of the method are the rapid acquisition of results (approximately 5–7 h) and the potential availability of data relating to pathogens and even resistance. However, PCR does not provide any information as to whether it is a past infection that has led to the presence of bacterial DNA or whether there is an active periprosthetic infection. This results in a higher proportion of false-positive test results and explains the sometimes low sensitivity (75–85%) and high specificity (94–98%) [52,78]. This is precisely why the combination of PCR with “classical diagnostic criteria” makes sense, as significantly higher accuracies can be achieved with this approach [77,79].



In particular, the amount of microbial DNA per tissue sample plays a decisive role in making precise statements about the pathogens and the antibiotic resistance of the pathogens. Because of the often small amounts of DNA, this is not always possible, so there is no added diagnostic value [80]. Furthermore, pathogens for which no specific primer is yet available within the mPCR starter cassette cannot be detected.




2.7. Next-Generation Sequencing


Next-generation sequencing (NGS) offers another option for studying DNA. In contrast to PCR, no primers are used to obtain information by amplifying an existing gene. Instead, existing DNA fragments are “broken down”, amplified en masse and later assembled in so-called “reads” and compared with a database. Due to the massive improvement in data throughput, the accuracy of the method has continued to increase in recent years [81]. A sensitivity of approx. 90% is reported [82], while the specificity is somewhat lower in some cases. However, this may be due to the high risk of contamination and the corresponding rate of false-positive outcomes [83,84].



In summary, it can be said that NGS is currently not yet superior to classical cultivation in terms of accuracy [85]. However, it offers a promising option for the future, especially for the detection of previously culture-negative infections [86], whereby it should be used above all when the biomarkers indicate a very high probability of an infection and no pathogen has yet been detected [87].




2.8. Microbiology


The microbial cultivation of pathogens is an important tool in the diagnosis of periprosthetic infections and is particularly essential for treatment planning and perioperative antibiotic administration. It should therefore be part of every PJI diagnosis [88]. However, as a single test, direct pathogen detection is of lesser importance because of its sometimes suboptimal sensitivity [89,90,91].



The influence of previous antibiotic therapy, the difficulty of cultivating slow-growing microorganisms and the risk of contamination are of particular importance [92]. In addition to synovial fluid, periprosthetic tissue and prosthesis components, which are removed during revision surgery and then processed using sonication, are used as sample material. During sonication, biofilms are gently removed from the surface of the prosthesis into liquid using ultrasound. Sonication appears to be particularly important in culture-negative cases and with prior administration of antibiotics, while overall it is inferior to the accuracy of culturing periprosthetic tissue in terms of sensitivity and specificity [93]. An infection must be assumed whenever bacteria are recovered from the sonication material, and an infection is considered confirmed for unenriched samples that result in a density of >50 colony-forming units/mL [92,94].



The diagnostic collection of tissue samples using biopsy forceps represents a valuable additional diagnostic procedure, especially in the case of punctio sicca (dry aspiration). When obtaining tissue samples, at least 3–5 samples should be obtained, which should be transferred, together with the aspirates, to the microbiology laboratory as soon as possible [95] and incubated there for 14 days (like the aspirate) [9,96]. The incubation media must be able to support bacteria with low metabolic activity, polymicrobial infections and almost non-viable bacteria (e.g., due to antibiosis); chocolate agar, MacConkey agar, thioglycolate broth, etc. are used for this purpose [97].



Samples should be obtained from periarticular membranes and synovia, while accuracy is highest at the bone/prosthesis interface [98,99,100].



If possible, a 14-day antibiotic-free interval is desirable before obtaining samples [101,102], although preoperative antibiotic prophylaxis does not appear to have any influence on the identification of pathogens and should therefore be administered if deemed necessary [103,104].



Two phenotypically identical pathogens obtained from two different samples are considered to be evidence of infection [95]. One positive sample can only be evaluated in the overall context of the other findings. Virulent pathogens and pathogens unusual for contamination (e.g., Staph. aureus or Gram-negative rods) are more likely to indicate an infection than typical pathogens of the skin flora (e.g., coagulase-negative staphylococci or Cutibacterium acnes), but in both cases, further diagnostics should always be carried out promptly.




2.9. Histology


Histology can detect cytological changes caused by inflammatory reactions. This involves the infiltration of leukocytes into the surrounding tissue, and this can be detected under the microscope. Morawietz and Krenn have developed a histological classification that distinguishes between four types of periprosthetic membrane and synovium: abrasion type I, infection type II, mixed type (infection and abrasion) III and indifferent type IV [47].



Furthermore, microorganisms can sometimes be detected directly; although this is rare, it has a very high specificity [97,105]. Tissue samples from at least three (or better, five) different locations should be studied, preferably obtained from the prosthesis/bone interface, the synovium/pseudocapsule and from abnormally altered tissue. A value of >5 neutrophil granulocytes (PMN) in at least five High Power Fields (HPF with ×400 magnification) is the current reference value [9,98], which corresponds to the value already recommended in 1976 [106]. The sensitivity and specificity depend on the defined cut-off value. For a cut-off value of 5 PMN, for example, a sensitivity of approx. 93% and a specificity of 84% were reported; while the specificity increases with higher cut-off values, the sensitivity decreases [107,108].



False positive values can occur in the context of fractures, for example, because in such cases, inflammatory cells also infiltrate the damaged tissue. In some cases, lower leukocyte counts/HPF have also been reported, so immunohistochemical studies can probably contribute to a more accurate diagnosis in the future [109].



Histopathological examination also represents an important diagnostic tool prior to revision surgery and can be used as part of the diagnostic process when the outcome of serological and synovial diagnostics is unclear [110]. Biopsy therefore represents an important diagnostic method, especially in the case of punctio sicca (dry aspiration), as it has the advantage that the periprosthetic tissue obtained can be used for cultivation as well as for histological assessment. In addition, during this diagnostic procedure under anesthesia, synovia can usually be obtained for diagnostic synovial analysis. The concurrent use of different diagnostic methods involving periprosthetic tissue and synovia increases the accuracy of the diagnostic biopsy procedure to 98% in the knee joint and 93% in the hip joint [110,111].





3. Summary


The diagnostic methods and tests listed above show that a combination of different tests increases the accuracy of the diagnosis. The specificity and sensitivity for the diagnostic tests are listed in Figure 8. Each physician or clinical department must select the tests from the available methods that can be best implemented for them in organizational and technical terms.



Simple serological parameters such as CRP (because of its technical simplicity) and the aspiration of the joint with the cultivation of the aspirate (because of the importance of pathogen isolation) should always be included. Which additional synovial tests are carried out certainly also depends on the amount of aspirate that is obtained. In the case of ambiguous findings or punctio sicca (dry aspiration), diagnostic tissue biopsy is recommended, as it offers the possibility of culturing several tissue samples and performing additional histological studies [88,112].



As a result, our clinic has developed a treatment algorithm closely aligned with the definition of ICM, as depicted in Figure 9. Following the preceding clinical examination and serum diagnostics, the synovial examination is particularly crucial, with biopsy being the central component in cases with unclear findings. Further diagnostic procedures involving imaging and genetic techniques are especially valuable in specific cases (e.g., during ongoing antibiotic therapy) for determining pathogens and antibiotic resistance.
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Figure 1. The evolution of the definitions of periprosthetic joint infection classification with criteria. Reproduced from McNally et al. [12]. 
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Figure 2. The criteria from the 2018 International Consensus Meeting for the diagnosis of PJI, there are two major criteria and the differentiation between intraoperative and preoperative diagnostic tools. CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; LE, leukocyte esterase; PMN, polymorphonuclear; WBC, white blood cell. Reproduced from Parvizi et al. [15]. 
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Figure 3. The three groups from the EBJIS diagnosis of the periprosthetic joint infection. Reproduced from McNally et al. [9]. 
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Figure 4. Sensitivity and specificity of the different serum parameters with cut-off levels. Reproduced from Sigmund et al. [35]. 






Figure 4. Sensitivity and specificity of the different serum parameters with cut-off levels. Reproduced from Sigmund et al. [35].



[image: Antibiotics 13 00351 g004]







[image: Antibiotics 13 00351 g005] 





Figure 5. Distribution of the different areas of the LMNE-Matrix. 
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Figure 6. LMNE-Matrix Abraded Type I. 77-year-old woman with aseptic loosening after total hip arthroplasty. Serum CRP 3.1 mg/L; blood white cell count 9300/µL; synovial aspiration cell count 1970/µL, corrected (manual counting) 210/µL, percentage of neutrophils 28.6%; Alpha-Defensin < 0.1. 
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Figure 7. LMNE-Matrix Infection Type II. 58-year-old man with late periprosthetic infection after total hip arthroplasty. Serum CRP 22.2 mg/L; white blood cell count 10,940/µL; synovial aspiration cell count 33,420/µL, corrected (manual counting) 34,460/µL, percentage of neutrophils 93.2%; Alpha-Defensin 3.3. 
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Figure 8. Overview of the different diagnostic tools with sensitivity and specificity. 
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Figure 9. Preoperative diagnostic algorithm aligned with the definition of ICM. 
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