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Abstract

:

The advent of rapid molecular microbiology testing has revolutionized infectious disease diagnostics and is now impacting pneumonia diagnosis and management. Molecular platforms offer highly multiplexed assays for diverse viral and bacterial detection, alongside antimicrobial resistance markers, providing the potential to significantly shape patient care. Despite the superiority in sensitivity and speed, debates continue regarding the clinical role of multiplex molecular testing, notably in comparison to standard methods and distinguishing colonization from infection. Recent guidelines endorse molecular pneumonia panels for enhanced sensitivity and rapidity, but implementation requires addressing methodological differences and ensuring clinical relevance. Diagnostic stewardship should be leveraged to optimize pneumonia testing, emphasizing pre- and post-analytical strategies. Collaboration between clinical microbiologists and bedside providers is essential in developing implementation strategies to maximize the clinical utility of multiplex molecular diagnostics in pneumonia. This narrative review explores these multifaceted issues, examining the current evidence on the clinical performance of multiplex molecular assays in pneumonia, and reflects on lessons learned from previous microbiological advances. Additionally, given the complexity of pneumonia and the sensitivity of molecular diagnostics, diagnostic stewardship is discussed within the context of current literature, including implementation strategies that consider pre-analytical and post-analytical modifications to optimize the clinical utility of advanced technologies like multiplex PCR.
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1. Introduction


Rapid molecular microbiology testing has become a cornerstone in infectious diseases, developing a significant presence in microbiology laboratories and shaping public health and guideline recommendations for antimicrobial stewardship (AMS), particularly in bloodstream infections [1,2]. This trend extends to pneumonia, where molecular platforms now offer sample-to-answer highly multiplexed PCR (mPCR) for comprehensive viral and bacterial etiologies, as well as antimicrobial resistance (AMR) markers and semi-quantitative assessments. The developing role of molecular testing in pneumonia diagnostics has been highlighted in recent literature establishing increased sensitivity and faster time to results compared to culture-based methods [3]. Despite the technical superiority of molecular testing, debates continue regarding the role of molecular testing in clinical practice. Important challenges and areas for future research include cost-effectiveness, differentiating between colonization and true infection, utility of semi-quantitative values from mPCR, and clinical impact. The evolving landscape of pneumonia testing yields substantial opportunities for clinical microbiologists and bedside providers to collaborate in developing implementation strategies to maximize the clinical utility of these advanced diagnostics in driving outcomes [4,5] (Figure 1). In this comprehensive review, we explore these complex and multifaceted issues, delving into the current evidence on clinical performance of mPCR pneumonia testing, guideline recommendations, lessons from previous advances in microbiology, and future directions for this advanced testing with diagnostic stewardship. The utility of alternate specimen types (outside of respiratory samples) will not be covered in this paper. Additionally, molecular technologies other than mPCR are out of scope for this review and will not be discussed.




2. Performance of mPCR vs. Culture


2.1. mPCR Discordance with Respiratory Culture


Pneumonia mPCR panels have demonstrated a significant advancement in their ability to detect pathogens not recovered by standard culture methods [6,7]. A landmark study in this space by Rand et al. evaluated the efficacy of a semi-quantitative mPCR panel compared to standard microbiology in hospitalized patients who underwent bronchoalveolar lavage (BAL) or endotracheal aspiration (ETA) as part of routine care, demonstrating high sensitivity (98.55%) but lower specificity (69%) for the mPCR compared to conventional microbiology [8]. The authors attributed the discrepancy in test specificity to the molecular panel’s ability to detect additional organisms not identified by culture-based methods. Notably, bacterial detections by the pneumonia (PN)panel showed a strong positive correlation with the white blood cell (WBC) count observed in the initial Gram stain, suggesting a reaction from the host, possibly in response to the identified bacteria.



In a study designed to understand the attributes of specimens with discordant mPCR detections, Rabin et al. examined the cellular characteristics of 65 culture-negative, PCR-positive BAL samples in mechanically ventilated patients with suspected pneumonia. They found that these samples exhibited markers indicative of infection with significantly higher BAL WBC count, neutrophil percentage, and amylase levels compared to culture-negative, PCR-negative samples [9]. To further explore the discrepancy between mPCR positivity and negative cultures, the investigators assessed how often repeat cultures became positive with the original organism identified by mPCR. An analysis of 17 culture-negative, PCR-positive samples revealed that upon repeat BAL, 35% were culture-positive for the organism identified by PCR in the original BAL sample. The authors suggested that these discordant cases (i.e., initial mPCR positivity and negative culture, followed by subsequent positive culture) may represent early infection. This study highlights the complexity of respiratory specimen timing, collection, and analysis in the critically ill patient population, factors that may significantly impact result interpretation for both mPCR and culture.



mPCR assays enable the reliable and simultaneous identification of various organisms that may not have been included in the differential diagnosis as well as those that are challenging to isolate via conventional methods. In particular, existing standard of care methods for virus detection rely on singleplex molecular assays limited to select viral pathogens [10,11], and viral culture is rarely performed due to slow turnaround time and the need for significant technical expertise and resources. A recent performance study of residual specimens reflected that only about one in four patients with a positive viral detection by mPCR had a clinician-ordered test for viral pathogens [10]. Moreover, detecting bacteria that require laborious methods or special growth media including elusive Legionella serotypes is simplified with molecular pneumonia assays [12]. The use of mPCR provides the opportunity to overcome many challenges with improved sensitivity and turnaround time, combined with comprehensive detection abilities that support clinicians in identifying a causative agent without relying on a hypothesis-driven approach [12].




2.2. Impact of Antimicrobial Exposure on Diagnostic Yield


A factor that must be considered in the evaluation of diagnostic test performance is the administration of antibiotics prior to specimen collection. The impact of antibiotics on organism growth has been demonstrated as early as one hour after IV antibiotic administration [13] and has been associated with a 50% decrease in culture yield [14]. Despite the known impact of antibiotic use on culture yield, studies comparing the performance of mPCR to standard culture demonstrated that 50–76% of patients with a positive mPCR test and negative culture received antibiotics before sample collection [8,10].



Fratoni et al. explored the hypothesis that molecular approaches might be less influenced by antibiotic exposure, leading to additional bacterial detections not identified by culture [15]. Their in vitro study compared an mPCR pneumonia panel with conventional culture methods using remnant BAL fluid exposed to clinically relevant antibiotic concentrations. Antibiotics were added to BAL samples containing standardized inoculums of various bacterial strains to simulate peak and trough pulmonary concentrations. The mPCR panel accurately identified all bacterial isolates at concentrations ≥ 106 genetic copies/mL, regardless of antibiotic exposure. Conventional culture methods, however, showed decreased yields under antibiotic exposure, particularly for wild-type gram-negative bacteria. Of these gram-negative bacteria identified by mPCR, 86.3% did not grow or demonstrated insignificant growth in culture [15]. Alternatively, discordance between testing modalities was not observed for methicillin-sensitive and methicillin-resistant Staphylococcus aureus exposed to vancomycin. While this study used simulated conditions that may not fully replicate clinical complexities, it provides robust additional evidence that empiric antibiotic therapy may contribute to the differences in detections observed between molecular and conventional culture methods. These findings underscore the importance of considering antibiotic exposure when interpreting results from mPCR panels compared to cultures in clinical settings.




2.3. Quantification of Culture and mPCR Results


A significant challenge in clinical microbiology is the detection of oropharyngeal flora due to sample contamination introduced during collection from the respiratory tract. While this risk exists with traditional culture, it is increased with molecular testing due to improved sensitivity. The interpretation of microbiology test results from nonsterile sites is further complicated by the fact that bacterial burden and the presence of infection are not solely determined by a pathogen’s ability to cause harm but are also influenced by the effectiveness of the host’s immune system in mounting a defense [16]. Virulence, viewed as a dynamic outcome shaped by the interaction between the pathogen’s characteristics and the host’s immune response, underscores the complex nature of host–pathogen relationships. Evidence demonstrating associations between the inflammatory host response and bacterial load measured by molecular methods suggests that there is value in quantified pathogen detection [17,18,19]. Quantifying pathogens in respiratory samples is a technique some clinical laboratories may use to help discern whether contamination, colonization, or infection is present. For ventilator-associated pneumonia (VAP), major guidelines recommend quantitative or semi-quantitative culture methods, including thresholds for different sample types and with decreased quantities as sample volume increases [20,21].



While conventional culture-based methods remain fundamental in clinical microbiology, there is growing interest in exploring situations where molecular semi-quantification could offer advantages in clinical practice. However, before molecular semi-quantification can be fully embraced clinically, comparisons with semi-quantitative culture methods are necessary. A study by Murphy et al. highlighted the inherent differences between molecular and culture semi-quantification methods, indicating that the comparisons between CFU/mL and DNA copies/mL show no strict correlation [22]. Additionally, a comprehensive study by Ginocchio et al. reported higher DNA copies/mL in molecular semi-quantification compared to CFU/mL obtained from conventional culture methods [23]. In the study by Ginocchio et al., the molecular method demonstrated that values in sputum/ETA samples were, on average, 1 log higher, with 72% showing the same log or a 1 log increase. In BAL samples tested using the molecular method, values were approximately 1.5 log higher, with 62% showing a 1–2 log increase. Notably, 70% of molecular values were higher than culture values, 25% were similar, and 5% were lower. Buchan et al. found that all bacterial targets reported as ≥105 CFU/mL in culture were reported as ≥105 copies/mL by the molecular method [10]. Gastli et al. demonstrated that 90.1% of bacteria detected with ≥106 DNA copies/mL grew at a significant level in culture [24]. Ferrer et al. established that 107 copies/mL were clinically significant, correlating with ≥105 CFU/mL in culture [25]. Posteraro et al. explored quantitative result agreement for 202 bacterial organisms identified in BAL and ETA samples, finding semi-quantitative agreement in 35.1% of cases [26]. In 56% of cases, culture values exceeded molecular values by less than 1 log10, while in 8.9% of cases, culture values exceeded the molecular method by more than 1 log10. Studies also suggest that the predominant pathogen detected by both methods is often the same, with an overall concordance of 93.2% [10]. These findings underscore the complexity of comparing semi-quantification of mPCR to culture.



The application of semi-quantitative results in clinical practice lacks consensus, partly due to challenges associated with establishing a threshold for distinguishing between colonization and infection. While some studies show promising correlations between semi-quantification of molecular and culture methods, discrepancies exist, emphasizing the need for further research to establish standardized protocols and guidelines for the clinical application of semi-quantification techniques. Additionally, the literature underscores the need for systematic reviews and meta-analyses to comprehensively assess the comparison between the two methods.




2.4. The Challenge of a Sub-Optimal Gold Standard


Respiratory culture has long been the standard of care test for diagnosing pneumonia, but its clinical utility is widely debated. Respiratory bacterial culture, particularly in patients receiving mechanical ventilation, suffers from poor specificity and sensitivity, slow turnaround time, and significant variability in processing and reporting [27,28]. Many causative agents of pneumonia, including atypical bacteria and viruses, may require specific growth conditions not met in routine cultures. As a result, potential pathogens may go undetected. These limitations make respiratory culture a poor gold standard for evaluating molecular diagnostic performance, as sensitivity and specificity assume a perfect reference method.



To evaluate the performance of a diagnostic test when the reference method is suboptimal, a statistical method known as Bayesian latent class analysis (BLCA) can be utilized [29]. BLCA overcomes sensitivity limitations by considering the imperfect nature of reference standards. It allows for the incorporation of multiple imperfect tests into an analysis. The term “latent class” refers to the unobservable or hidden classes, such as the true disease status of an individual. The BLCA approach does not require knowledge of the true disease status of a patient. It takes prior disease prevalence information and combines this with the diagnostic performance (e.g., sensitivity and specificity) of each test to estimate the probability of infection.



A study which incorporated BLCA to better understand outcomes in the context of an imperfect comparator method was INHALE WP1, which evaluated the performance of two syndromic mPCR platforms in adult and pediatric patients with nosocomial pneumonia across 15 ICUs in the United Kingdom [7]. The initial performance analysis for each PCR target used routine microbiology and virology as the gold standard, which revealed that approximately half of the samples were fully concordant, and most of the remaining samples were partially concordant or had minor discordance due to additional detections by the mPCR panels. Notably, both mPCR assays frequently identified organisms that routine microbiology missed. The authors state that a subsequent BLCA was carried out due to concerns with culture being a substandard comparator and potentially leading to biased estimates of mPCR performance. The BLCA utilized models that did not assume which diagnostic method was ‘correct’ and revealed that routine microbiology was the least sensitive technique (27.1–68.7%) while sensitivity remained high for mPCR (83.9–99.3%). This study demonstrated via BLCA that molecular-based diagnostics outperform conventional microbiology in providing an etiologic diagnosis for patients with suspected hospital acquired pneumonia (HAP) and VAP. These findings suggest that culture is not an appropriate gold standard indicating a need for a new benchmark to measure the performance of molecular diagnostics in pneumonia.





3. Clinical Utility of mPCR


3.1. Clinical Relevance of Additional mPCR Detections


The significance and clinical interpretation of additional mPCR detections not detected in culture has, until recently, remained unclear. Rand et al. conducted an investigation to examine the link between molecular pneumonia panel results and clinical characteristics of patients with suspected HAP and VAP [30]. To identify potential correlations between mPCR detections and various health indicators, the mPCR pneumonia panel and routine microbiology results were considered against various clinical parameters including but not limited to BAL leukocyte percentage, clinical pulmonary infection score (CPIS), radiologic findings, ICU length of stay, maximum FiO2, maximum temperature, procalcitonin, serum white blood cell count, and minimum pO2, all on the day of culture, as well as discharge coding for pneumonia. Statistically significant associations were found between mPCR bacterial copy number and peak temperature, discharge coding for pneumonia, and BAL polymorphonuclear cell (PMN) percentage. Statistically significant associations were not found between clinical variables and culture results. As demonstrated in their previous study, these results also identified a significant linear correlation between Gram stain WBC and mPCR panel positivity, whether there was culture growth or not. Additionally, when no pathogens were detected by mPCR, there was no significant relationship with Gram stain WBC. Furthermore, patients with CPIS scores ≥ 6 were more likely to have specimens with a pathogen detected by mPCR than those without, irrespective of culture positivity. These findings indicate that molecular detections and copy numbers correlate with clinical indicators of host response to infection, regardless of culture growth [30]. Taken together, findings from this and other studies [9] support the notion that positive respiratory PCR testing, in the absence of positive cultures, may hold clinical significance in hospitalized patients suspected of pneumonia, proposing clinical utility of molecular testing in appropriate patient populations. Most existing studies concentrate on the application of mPCR for pneumonia in ICU patients, while its utilization in other areas, such as general wards and surgical units, remains relatively underexplored. Research to evaluate its clinical effectiveness in alternate settings could be of interest for future studies.




3.2. Potential Impact on Prescribing Behavior and AMS


The rapid turnaround time of pneumonia mPCR assays paired with the detection of AMR resistance genes provides the opportunity for faster and more appropriate therapy [7]. Several studies have evaluated the potential impact of mPCR on AMS in patients with suspected pneumonia, revealing that the majority (70–80%) of patients would be eligible for an antimicrobial change [10,31], including the opportunity to de-escalate in 48% [10] and escalate in 13% whose empirical regimen did not cover the identified pathogen [31]. Studies assessing pneumonia mPCR’s impact on actual changes to antimicrobial therapy are limited and have not consistently demonstrated the changes seen in studies focused on theoretical outcomes, illustrating the difference between practice and potential. In a retrospective study of adult ICU patients with clinically diagnosed pneumonia, Miller et al. did not find a statistically significant impact on antimicrobial use but did report a numerical reduction in the time to discontinuation of anti-MRSA (methicillin-resistant Staphylococcus aureus) agents and anti-pseudomonal therapy [32]. The authors noted that due to the onset of the pandemic, implementation and education for the pneumonia panel did not occur, and notably, the AMS intervention rate was low (~27%) [32].



Comparatively, in a study of ICU patients with pneumonia whose test results were paired with active AMS guidance, Poole et al. demonstrated that 80% of patients with mPCR testing received results-directed therapy compared to 29% of patients in the control group, and the time to results-directed therapy was significantly shorter in the mPCR group (2.1 h vs. 46.1 h) [33]. Additionally, there was a significant difference between groups concerning antibiotic de-escalation; 42% of patients in the mPCR group had antibiotics de-escalated compared to only 8% in the standard of care group, with de-escalation taking 41 h less in patients with samples tested using mPCR [33]. The authors concluded that mPCR testing improved antimicrobial use and appeared safe in their cohort of patients with pneumonia.




3.3. Molecular Diagnostics for Pneumonia in Special Populations


The advantages of using molecular diagnostics for pneumonia may be uniquely demonstrated within special populations, such as those with hematologic malignancies, solid organ transplants, or immunosuppressive diseases such as HIV. Often, patients with compromised immune systems are at increased risk of developing infections with atypical organisms that are difficult to grow in culture or identify using conventional test methods. A recent summary of findings from a consensus conference sponsored by the American Society of Transplantation notes that lower respiratory tract molecular assays may be useful in patients with focal consolidations, nodules, or cavities on chest imaging and when conventional microbiology testing is negative [34]. Additionally, the report states that molecular respiratory assays may be advantageous for solid organ transplant patients who have diffuse infiltrates on chest imaging since multiplex panels can detect many of the viruses associated with this chest-imaging pattern and for which there is treatment [34].



In recent years, research has demonstrated the improved performance of molecular testing compared to conventional methods for the diagnosis of Pneumocystis pneumonia [35,36,37]. While cases of Pneumocystis pneumonia in patients living with HIV/AIDS have decreased in recent years, rates of infection in transplant patients have increased. Patients with immunocompromising conditions, particularly those with hematologic malignancies, are at increased risk of severe disease and often have lower fungal loads than those with normal immune status [38]. In patients with reduced fungal loads, the performance of microscopy for detecting Pneumocystis may be significantly reduced [37]. Due to the increased sensitivity and high negative predictive value (NPV) of molecular testing for detecting Pneumocystis in respiratory samples, the European Conference on Infections in Leukemia (ECIL) recommends real-time PCR for the routine diagnosis of Pneumocystis jiroveci pneumonia (PJP) [38].



Additionally, positive Pneumocystis quantitative PCR (q-PCR) is included in the European Organization for Research and Treatment of Cancer–Mycoses Study Group Education and Research Consortium (EORTC-MSGERC) as evidence of probable disease [39]. The use of PCR to diagnose PJP has been contentious due to the challenges associated with differentiating between true disease and colonization, as well as uncertainty regarding the ubiquitous nature of Pneumocystis. However, studies have demonstrated the improved sensitivity of PCR in diagnosing Pneumocystis pneumonia and that immunocompromised patients with lower q-PCR values are usually associated with true infection and that colonization may be rare [36]. Furthermore, the Fungal PCR Initiative, a working group of the International Society for Human and Animal Mycology, continues to publish data that may support Pneumocystis test standardization and clinical adoption in the future [40]. Regardless, it is important to differentiate between colonization and infection across all patient groups, and molecular assays for pathogens like Pneumocystis should be paired with the pre-test probability, clinical data, guideline consultation, and other diagnostic test results to make an accurate diagnosis [35].




3.4. Cost Considerations


To date, a comprehensive evaluation on the cost-effectiveness of mPCR tests for pneumonia as a primary outcome has not been performed. However, a recent publication by Gilbert et al. estimated the costs associated with using an mPCR pneumonia test bundle compared to a standard-of-care test bundle, using historical cost data from their medical center [19]. Findings from that study demonstrated potential cost-savings with the mPCR test bundle, primarily due to no longer needing to perform certain standard of care tests, such as singleplex nasal PCRs or urinary antigen testing. Furthermore, in a prospective study of VAP patients that received mPCR, Guillotin et al. demonstrated that the cost to prevent one day of non-optimized antibiotics with mPCR was more expensive but more effective than relying on antimicrobial therapy recommendations alone [41]. This evidence points toward the value of mPCR in enhancing patient care while potentially streamlining healthcare expenditures.





4. Guideline Changes, Lessons, and Future Research


Recent research demonstrating increased insensitivity of mPCR pneumonia assays has resulted in several practice guidelines and society documents updating recommendations to endorse their use [42,43,44,45]. The 2023 ERS/ESICM/ESCMID/ALAT Guidelines for the Management of Severe community-acquired pneumonia (sCAP; severe CAP requiring admission to the ICU) indicate that a sputum or ETA sample should be collected for mPCR testing if it is available, whenever non-standard sCAP antibiotics are prescribed or considered. However, it is worth noting that empiric therapy selection using systematic risk assessment from validated risk scores is limited to two studies. Therefore, based on these recommendations, panel utilization may not be optimal [42], as the guideline authors suggest that a major benefit of mPCR testing would be an escalation of therapy for antibiotic-resistant pathogens [42]. Regarding the assessment of outcomes, the authors perceptively indicate that given the limitations of culture comparisons, only clinical data on outcomes can determine the true impact of management based on PCR results. Further, they highlight that optimal implementation will require rapid notification of results to prescribing physicians, and research around post-analytical clinical decision-making should be explored. Similarly to the ERS/ESICM/ESCMID/ALAT recommendations, the CHEST Sepsis Resources Steering Committee developed considerations on “Rapid Diagnostics for Infectious Diseases in the ICU”, noting that while traditional culture is the gold standard, it has limited sensitivity and can take days to return results, specifically indicating that mPCR panels are associated with 60–75% detection rates vs. 44% for standard culture [45].



Specific to COVID-19 patients, two guidelines have endorsed mPCR testing citing improved sensitivity [43,44]. In 2022, the Guidelines for COVID-19 Laboratory Testing for Emergency Departments from the New Diagnostic Technology Team of the Taiwan Society of Emergency Medicine were published and recommended that for severely ill patients, physicians should consider mPCR testing due to its ability to improve early and precise antibiotic treatment for improving the outcome [43]. In the same year, the 7th Guidelines Recommendations for Evidence-based Antimicrobial agents use in Taiwan (GREAT) working group published the “Recommendations and guidelines for the diagnosis and management of Coronavirus Disease-19 (COVID-19) associated bacterial and fungal infections in Taiwan” [44]. They indicated if syndromic mPCR testing is accessible, it may be considered for critically ill COVID-19 patients due to its excellent sensitivity, high NPV, and significantly decreased turnaround time along with the ability to improve, streamline, discontinue, or avoid antimicrobial use. The authors indicate that BAL and ETAs should be specimen types used for mPCR (over nasopharyngeal swabs). Overall, while some pre-analytical and post-analytical considerations are given within the guideline and society documents, how to best implement and use these tests remains an unanswered question. Though thoughtful proposals on approaches for implementation have been described elsewhere, much research is needed to validate these proposed and other implementation considerations [46].



Given the increasing momentum of society recommendations on routine use of molecular mPCR testing for ICU patients related to its increased sensitivity and decreased turnaround time as compared to culture, how does one resolve issues with discordance to the gold standard of culture, particularly when not all detections are consistent with clinical disease? Analogous to the current paradigm shift in respiratory testing to a highly sensitive molecular test, Clostridiodes difficile testing has experienced a similar trajectory in advances in testing over the years which may offer critical insights into paths forward in implementing improved respiratory testing (Figure 2) [47].



Testing for toxin via tissue culture in suspected C. difficile infection (CDI) has been in practice since the 1980s, subsequently replaced by enzyme immunoassay (EIA) testing which while streamlining testing, has a low sensitivity. This led to the development of nucleic acid amplification tests (NAATs) which established highly sensitive testing. However, these highly sensitive tests are prone to detecting colonization as well, which occurs in 7–18% of hospitalized patients [48] and contributes to subsequent overdiagnosis [49]. Two landmark studies by Polage et al. and Planche et al. were conducted to address the issue of overdiagnosis by NAAT, which evaluated the natural history of this disease and the need for treatment in the setting of various toxin EIA and NAAT results [49,50]. These studies identified a correlation between cytotoxin production and clinical outcomes, indicating that this method best defines true cases of CDI. The data from these studies suggested that despite increased analytical diagnostic performance, NAAT is not always correlated to clinical disease. With this development, the question became: what guidance should be given on how to best use molecular C. difficile testing? Following the studies of Polage et al. and Planche et al., both the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) and the Infectious Diseases Society of America (IDSA) updated their guideline recommendations on C. difficile testing [51,52]. In 2016, ESCMID released a multi-step algorithm within the C. difficile guideline update that combined a highly sensitive screening test (either NAAT or glutamate dehydrogenase [GDH] EIA) that could be reflexed to a highly specific test (toxin A/B EIA), thereby improving the clinical utility of testing. The following year, the IDSA released similar recommendations conditional on the use of a multistep algorithm. However, the IDSA guideline stipulated that NAAT alone could be used if facility-wide stewardship of testing was implemented. The shift in C. difficile testing recommendations provides a lesson for molecular testing in pneumonia. Implementation strategies (e.g., pre-analytical restrictions to clearly defined pneumonia criteria or the use of multi-step algorithms with biomarkers) may facilitate optimized clinical utility of pneumonia testing.



Beyond the lessons gleaned from the C. difficile guidelines on pre-analytical approaches to improve the clinical utility of molecular testing, pneumonia guidelines offer additional insights into furthering mPCR implementation strategies [21]. In the IDSA 2016 clinical practice guidelines for the management of HAP and VAP in adults, the authors recommend holding rather than administering antibiotics for BAL results of <104 CFU/mL growth. This recommendation is based on research from a retrospective study by Raman et al. evaluating the early (day of culture report) vs. late (any day after culture report) discontinuation of antibiotics in patients with culture-negative (<10 colony forming units/mL) quantitative bronchoscopy culture in VAP [53]. In an adjusted multivariable regression analysis, mortality was not statistically different between the two groups of early vs. late discontinuation (25.0% vs. 30.6%). Similar research with mPCR testing into the semi-quantitative results (copies/mL), therapy management, and other testing results’ correlations to clinical outcomes may better inform practice.



In summary, the application of mPCR testing in clinical practice and guideline recommendations is rapidly evolving for the management of pneumonia. This pivotal paradigm shift has been driven by improved diagnostic performance (i.e., sensitivity) and decreased turnaround time of mPCR testing as compared to culture. This advancement in testing capability comes with the challenge of potentially over-diagnosing pneumonia, an issue that has occurred with other disease states using molecular testing. The lessons learned from the evolution of C. difficle testing offer invaluable insights for molecular testing in pneumonia, including the correlation of highly sensitive test results with clinical disease and the implementation of multi-step testing algorithms to enhance clinical utility. Future guidelines could benefit from incorporating these insights, potentially advocating for more refined criteria for test use, or integrating multi-step algorithms with biomarkers to balance the increased sensitivity of molecular tests against the risk of overdiagnosis. What lies ahead for pneumonia advanced diagnostic technologies hinges on the adoption of pre-analytical implementation strategies (i.e., diagnostic stewardship) as history has dictated its requirement to ensure the clinical utility of testing is optimized.




5. Current State of Diagnostic Stewardship and Future Directions


Diagnostic stewardship in infectious diseases, defined as modifying the ordering, testing, or reporting of results to improve patient care, has long been a cornerstone of medical laboratory testing and is now increasingly applied to most stages of clinical practice [54,55]. Furthermore, the relationship between diagnostic and AMS continues to be described, with both disciplines essential for optimal impact on the other [56]. Diagnostic decision-making and associated clinical behavior (e.g., antibiotic prescribing) are deeply rooted in behavioral determinants [57]. The decision to order a test is associated with the clinician’s baseline understanding of the pre-test probability of the disease of interest, and increasingly, with severe diseases such as VAP, the fear of missing something important [58,59,60,61].



However, studies assessing the accuracy of clinician estimates of disease probability before testing demonstrate that they cannot often perform appropriate Bayesian reasoning. For example, in a study of 553 clinicians across US outpatient clinics, the pre-test probability of disease was significantly overestimated for common infectious conditions, including urinary tract infections (UTIs) and pneumonia [59]. In a study of over 100 ICU clinical faculty and house staff, Soper and Albin demonstrated that provider estimates of VAP in ICU patients were consistently higher than evidence-based probabilities [58]. Consequently, overestimating the disease burden may lead to excessive diagnostic test use. The overuse of diagnostic tests is not benign. The suspected diagnosis of VAP is one of the primary indications for antibiotic use in the ICU, and increased use of respiratory culture has been associated with increased antibiotic use in ventilated patients [62]. A recent study by Vaughn et al. assessing the impact of AMS and diagnostic stewardship for urine cultures demonstrated that while restricted testing (i.e., diagnostic stewardship) was directly associated with decreased asymptomatic bacteriuria (ASB)-related antibiotic use, AMS was not [63]. These findings highlight the importance of diagnostic stewardship on clinical and AMS-focused outcomes and suggest that reducing testing in the pre-analytic period is impactful above and beyond AMS strategies.



Respiratory bacterial culture, although the standard of care, is significantly flawed and has become a target of stewardship interventions. Patients with pneumonia, particularly those in the ICU, are often complex and require care from a multidisciplinary team of clinicians who must make decisions rapidly [64]. While neither conventional culture nor rapid mPCR can fully differentiate between colonization and infection, diagnostic stewardship interventions in the pre-analytic period can help optimize testing without negatively impacting clinical outcomes. Using C. difficile as an example, pre-analytic interventions limiting unnecessary stool testing and subsequent false positives improved CDI diagnosis. Diagnostic stewardship algorithms for pneumonia testing could effectively be modeled after these protocols [65,66,67,68]. For example, Sick-Samuels et al. implemented a clinical decision support system (CDSS) for ETA culture testing on ventilated patients in the pediatric ICU. They noted a 41% monthly decrease in testing without changes in mortality, readmissions, or length of stay [64]. Albin et al. used a framework for developing complex health interventions, combined with an intervention design modeled after validated diagnostic stewardship intervention approaches for ASB, to create a diagnostic stewardship intervention for VAP [69]. This bundle included pre-analytic CDSS post-analytic result suppression and was associated with a 20% relative reduction in positive cultures with no negative impact on clinical outcomes. These pre-analytic considerations are particularly important in special populations like pediatrics, where the primary respiratory specimen collected is ETA due to children’s inability to produce sputum. Several studies have noted that repeat ETA specimens and specimens from patients with chronic tracheostomies rarely yield new information and may not be appropriate for mPCR or culture, highlighting the need for limiting unnecessary testing [70,71,72,73]. Respiratory testing is fundamental to the management of pneumonia, especially VAP, and these studies demonstrate opportunities for the use of diagnostic testing algorithms that may be extended to molecular testing and potentially support probabilistic decision-making in the pre-analytic period.



While less frequently explored, the opportunities for optimizing test use and antibiotic prescribing in the post-analytic period are abundant. As pre-test probabilities for pneumonia are grossly overestimated, so are likelihood estimates of disease after a “positive” respiratory culture [58]. Positive respiratory cultures, frequently contaminated with commensal microbiota, are often seen as synonymous with infection by treating clinicians. In patients receiving mechanical ventilation, reporting organisms from culture, regardless of significance (i.e., organism quantity, predominance in culture, or identification), is associated with increased and often unnecessary antibiotic use [62]. To help support judicious antimicrobial use and appropriate implementation of complex microbiological tests, “nudging” has been proposed as a promising post-analytic intervention strategy. Nudging may involve adding templated comments to microbiology reports that help with test interpretation, cascade reporting, or potentially result suppression. The nudging strategy supports optimal clinical decision-making while retaining clinician autonomy [74]. In addition to specimen screening in the pre-analytic and analytic periods, microbiologists and infectious diseases clinicians have a significant role to play in the post-analytic period. Involvement in building reporting algorithms, “nudges”, or providing clinical consultation and support of result interpretation are all effective post-analytic strategies that may help optimize the implementation and use of pneumonia mPCR.



In 2018, Musgrove et al. demonstrated the significant impact of a microbiology comment nudge for respiratory cultures [75]. By adding a comment to respiratory culture reports specifying whether or not MRSA or Pseudomonas aeruginosa were detected, the odds of antibiotic de-escalation increased nearly six-fold. Importantly, there were no differences in all-cause mortality between pre- and post-intervention groups. Alternatively, analytic results (e.g., Gram stain, cell counts, biomarkers) may be combined with guidelines or other available evidence to direct post-analytic reporting in a bundled approach [46]. In a pre-post study assessing the impact of a best practice alert for respiratory testing, Moradi et al. demonstrated a 2.2-day decrease in antibiotic days of therapy by using the electronic health record (EHR) to alert clinicians that their patient was positive for a virus by mPCR testing, and had a procalcitonin (PCT) result, suggesting the patient did not have a bacterial infection. This alert also notified the clinician that an antibiotic was prescribed, which was likely unnecessary based on the PCR and PCT test results [76]. As a part of the same VAP diagnostic stewardship bundle mentioned previously [58], the negative predictive value of the absence of neutrophils in BAL samples from patients with suspected VAP was harnessed. Culture results from BAL specimens with PMN cell percentages less than 50% were suppressed. Although the investigators noted a positive impact of the bundle on outcomes of interest, there was limited adoption of cell count testing and subsequent suppression of culture results. More research on barriers to post-analytic diagnostic stewardship adoption and the impact of bundled approaches should be explored.



The evidence on implementing rapid diagnostics shows that mPCR testing is most effective when combined with active AMS interventions rather than passive strategies [55,77,78]. The post-analytic period lends itself to strategies that focus on improving the communication of results, thereby improving clinical decision-making. Centers should consider using AMS-driven result review, communication with the treating team, and education framing of results to guide therapeutic interventions [46]. While advanced rapid diagnostic tests and stewardship interventions are crucial to improving patient care and demonstrating value, they often fall short of their full potential without using implementation frameworks or understanding barriers to adoption or drivers of behavior [55,57]. Adoption of molecular diagnostics for complex conditions like pneumonia may be initially limited due to increased sensitivity and the concern that it will lead to excessive antimicrobial use. This concern may be realized if consideration is not given to practice setting characteristics, education, barriers, facilitators, and other drivers of behavior change [79]. Variability in practice is immense concerning respiratory testing [27,28]. The importance of fully understanding the context of clinical settings that hope to implement rapid diagnostic testing cannot be overstated. This understanding can be further leveraged to develop context-specific stewardship interventions that optimize the use of more accurate and rapid tests by ensuring they are used in the right patient at the right time [80].




6. Conclusions


In conclusion, mPCR presents numerous advantages over traditional culture methods in diagnosing pneumonia. However, to fully harness its potential, a thoughtful approach to diagnostic stewardship across all testing periods and consideration of clinical and local practice contexts is imperative. Drawing insights from the evolution of testing for other infectious diseases, such as C. difficile, can inform our strategies moving forward.



The ideal future of pneumonia diagnostics involves the integration of advanced technologies with great performance and rapid turnaround times. Bundled testing algorithms, complemented by stewardship-focused implementation approaches and robust follow-up protocols, may help achieve optimal use of this technology. By embracing these principles, it may be possible to improve patient care, streamline clinical decision-making, and mitigate the burden of pneumonia with greater efficacy and precision.







Author Contributions


All authors were responsible for contributing to and reviewing this final work. Conceptualization, T.T.T., A.M.W. and A.M.P., writing—original draft preparation, A.M.W., A.M.P., T.T.T. and B.H.; writing—review and editing, A.M.W., A.M.P., T.T.T. and B.H.; visualization, A.M.W., A.M.P. and T.T.T.; supervision, A.M.P.; project administration, A.M.W. and A.M.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Medical illustrations by Justin A. Klein, CMI/Emily Cheng for Mito Pop.




Conflicts of Interest


A.M.W., B.H., T.T.T. and A.M.P. declare that they are employees of bioMerieux.




References


	



Hill, B.; Narayanan, N.; Palavecino, E.; Perez, K.K.; Premraj, S.; Streifel, A.; Wrenn, R.H.; Zeitler, K. The Role of an Antimicrobial Stewardship Team in the Use of Rapid Diagnostic Testing in Acute Care: An Official Position Statement of the Society of Infectious Diseases Pharmacists. Infect. Control Hosp. Epidemiol. 2018, 39, 473–475. [Google Scholar] [CrossRef] [PubMed]

	



CDC. Core Elements of Hospital Antibiotic Stewardship Programs. US Department of Health and Human Services, CDC. Available online: http://www.cdc.gov/getsmart/healthcare/implementation/core-elements.html (accessed on 2 February 2024).

	



Moy, A.C.; Kimmoun, A.; Merkling, T.; Berçot, B.; Caméléna, F.; Poncin, T.; Deniau, B.; Mebazaa, A.; Dudoignon, E.; Dépret, F. Performance Evaluation of a Pcr Panel (Filmarray® Pneumonia Plus) for Detection of Respiratory Bacterial Pathogens in Respiratory Specimens: A Systematic Review and Meta-Analysis. Anaesth. Crit. Care Pain. Med. 2023, 42, 101300. [Google Scholar] [CrossRef] [PubMed]

	



Hanson, K.E.; Azar, M.M.; Banerjee, R.; Chou, A.; Colgrove, R.C.; Ginocchio, C.C.; Hayden, M.K.; Holodiny, M.; Jain, S.; Koo, S.; et al. Molecular Testing for Acute Respiratory Tract Infections: Clinical and Diagnostic Recommendations from the Idsa’s Diagnostics Committee. Clin. Infect. Dis. 2020, 71, 2744–2751. [Google Scholar] [CrossRef] [PubMed]

	



Fryback, D.G.; Thornbury, J.R. The Efficacy of Diagnostic Imaging. Med. Decis. Mak. 1991, 11, 88–94. [Google Scholar] [CrossRef] [PubMed]

	



Buchan, B.W.; Armand-Lefevre, L.; Anderson, N. Molecular Diagnosis of Pneumonia (Including Multiplex Panels). Clin. Chem. 2021, 68, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Enne, V.I.; Aydin, A.; Baldan, R.; Owen, D.R.; Richardson, H.; Ricciardi, F.; Russell, C.; Nomamiukor-Ikeji, B.O.; Swart, A.M.; High, J.; et al. Multicentre Evaluation of Two Multiplex Pcr Platforms for the Rapid Microbiological Investigation of Nosocomial Pneumonia in Uk Icus: The Inhale Wp1 Study. Thorax 2022, 77, 1220–1228. [Google Scholar] [CrossRef] [PubMed]

	



Rand, K.H.; Beal, S.G.; Cherabuddi, K.; Couturier, B.; Lingenfelter, B.; Rindlisbacher, C.; Jones, J.; Houck, H.J.; Lessard, K.J.; Tremblay, E.E. Performance of a Semiquantitative Multiplex Bacterial and Viral Pcr Panel Compared with Standard Microbiological Laboratory Results: 396 Patients Studied with the Biofire Pneumonia Panel. Open Forum Infect. Dis. 2021, 8, ofaa560. [Google Scholar] [CrossRef] [PubMed]

	



Rabin, E.E.; Walter, J.M.; Wunderink, R.G.; Qi, C.; Pickens, C.I. Clinical Significance of Culture-Negative, Pcr-Positive Bronchoalveolar Lavage Results in Severe Pneumonia. ERJ Open Res. 2023, 9, 00343-2023. [Google Scholar] [CrossRef] [PubMed]

	



Buchan, B.W.; Windham, S.; Balada-Llasat, J.M.; Leber, A.; Harrington, A.; Relich, R.; Murphy, C.; Dien Bard, J.; Naccache, S.; Ronen, S.; et al. Practical Comparison of the Biofire Filmarray Pneumonia Panel to Routine Diagnostic Methods and Potential Impact on Antimicrobial Stewardship in Adult Hospitalized Patients with Lower Respiratory Tract Infections. J. Clin. Microbiol. 2020, 58, 10–1128. [Google Scholar] [CrossRef] [PubMed]

	



Webber, D.M.; Wallace, M.A.; Burnham, C.A.; Anderson, N.W. Evaluation of the BioFire FilmArray Pneumonia Panel for Detection of Viral and Bacterial Pathogens in Lower Respiratory Tract Specimens in the Setting of a Tertiary Care Academic Medical Center. J. Clin. Microbiol. 2020, 58, 10–1128. [Google Scholar] [CrossRef] [PubMed]

	



Courboules, C.; Dournon, N.; Lawrence, C.; Noussair, L.; Descours, G.; Sivadon-Tardy, V.; Jarraud, S.; Herrmann, J.-L.; Gaillard, J.-L.; Espinasse, F.; et al. Non-Legionella Pneumophila Serogroup 1 Pneumonia: Diagnosis of a Nosocomial Legionellosis with the Biofire Pneumonia Plus Panel. IDCases 2022, 28, e01487. [Google Scholar] [CrossRef] [PubMed]

	



Rand, K.H.; Beal, S.G.; Rivera, K.; Allen, B.; Payton, T.; Lipori, G.P. Hourly Effect of Pretreatment with IV Antibiotics on Blood Culture Positivity Rate in Emergency Department Patients. Open Forum Infect. Dis. 2019, 6, ofz179. [Google Scholar] [CrossRef]

	



Harris, A.M.; Bramley, A.M.; Jain, S.; Arnold, S.R.; Ampofo, K.; Self, W.H.; Williams, D.J.; Anderson, E.J.; Grijalva, C.G.; McCullers, J.A.; et al. Influence of Antibiotics on the Detection of Bacteria by Culture-Based and Culture-Independent Diagnostic Tests in Patients Hospitalized with Community-Acquired Pneumonia. Open Forum Infect. Dis. 2017, 4, ofx014. [Google Scholar] [CrossRef] [PubMed]

	



Fratoni, A.J.; Roberts, A.L.; Nicolau, D.P.; Kuti, J.L. Effects of Clinically Achievable Pulmonary Antibiotic Concentrations on the Recovery of Bacteria: In Vitro Comparison of the Biofire Filmarray Pneumonia Panel Versus Conventional Culture Methods in Bronchoalveolar Lavage Fluid. J. Clin. Microbiol. 2024, 62, e0113323. [Google Scholar] [CrossRef] [PubMed]

	



Casadevall, A.; Pirofski, L.A. The Damage-Response Framework of Microbial Pathogenesis. Nat. Rev. Microbiol. 2003, 1, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Falsey, A.R.; Branche, A.R.; Croft, D.P.; Formica, M.A.; Peasley, M.R.; Walsh, E.E. Real-Life Assessment of Biofire Filmarray Pneumonia Panel in Adults Hospitalized with Respiratory Illness. J. Infect. Dis. 2024, 229, 214–222. [Google Scholar] [CrossRef] [PubMed]

	



Kyriazopoulou, E.; Karageorgos, A.; Liaskou-Antoniou, L.; Koufargyris, P.; Safarika, A.; Damoraki, G.; Lekakis, V.; Saridaki, M.; Adamis, G.; Giamarellos-Bourboulis, E.J. Biofire® Filmarray® Pneumonia Panel for Severe Lower Respiratory Tract Infections: Subgroup Analysis of a Randomized Clinical Tria. Infect. Dis. Ther. 2021, 10, 1437–1449. [Google Scholar] [CrossRef] [PubMed]

	



Gilbert, D.N.; Leggett, J.E.; Wang, L.; Ferdosian, S.; Gelfer, G.D.; Johnston, M.L.; Footer, B.W.; Hendrickson, K.W.; Park, H.S.; White, E.E.; et al. Enhanced Detection of Community-Acquired Pneumonia Pathogens with the Biofire® Pneumonia Filmarray® Panel. Diagn. Microbiol. Infect. Dis. 2021, 99, 115246. [Google Scholar] [CrossRef] [PubMed]

	



Torres, A.; Niederman, M.S.; Chastre, J.; Ewig, S.; Fernandez-Vandellos, P.; Hanberger, H.; Kollef, M.; Li Bassi, G.; Luna, C.M.; Martin-Loeches, I.; et al. International Ers/Esicm/Escmid/Alat Guidelines for the Management of Hospital-Acquired Pneumonia and Ventilator-Associated Pneumonia: Guidelines for the Management of Hospital-Acquired Pneumonia (Hap)/Ventilator-Associated Pneumonia (Vap) of the European Respiratory Society (Ers), European Society of Intensive Care Medicine (Esicm), European Society of Clinical Microbiology and Infectious Diseases (Escmid) and Asociación Latinoamericana Del Tórax (Alat). Eur. Respir. J. 2017, 50, 1700582. [Google Scholar] [CrossRef] [PubMed]

	



Kalil, A.C.; Metersky, M.L.; Klompas, M.; Muscedere, J.; Sweeney, D.A.; Palmer, L.B.; Napolitano, L.M.; O’Grady, N.P.; Bartlett, J.G.; Carratalà, J.; et al. Management of Adults with Hospital-Acquired and Ventilator-Associated Pneumonia: 2016 Clinical Practice Guidelines by the Infectious Diseases Society of America and the American Thoracic Society. Clin. Infect. Dis. 2016, 63, e61–e111. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, C.N.; Fowler, R.; Balada-Llasat, J.M.; Carroll, A.; Stone, H.; Akerele, O.; Buchan, B.; Windham, S.; Hopp, A.; Ronen, S.; et al. Multicenter Evaluation of the BioFire FilmArray Pneumonia/Pneumonia Plus Panel for Detection and Quantification of Agents of Lower Respiratory Tract Infection. J. Clin. Microbiol. 2020, 58. [Google Scholar] [CrossRef] [PubMed]

	



Ginocchio, C.C.; Garcia-Mondragon, C.; Mauerhofer, B.; Rindlisbacher, C. Multinational Evaluation of the Biofire® Filmarray® Pneumonia Plus Panel as Compared to Standard of Care Testing. Eur. J. Clin. Microbiol. Infect. Dis. 2021, 40, 1609–1622. [Google Scholar] [CrossRef] [PubMed]

	



Gastli, N.; Loubinoux, J.; Daragon, M.; Lavigne, J.P.; Saint-Sardos, P.; Pailhoriès, H.; Lemarié, C.; Benmansour, H.; d’Humières, C.; Broutin, L.; et al. Multicentric Evaluation of Biofire Filmarray Pneumonia Panel for Rapid Bacteriological Documentation of Pneumonia. Clin. Microbiol. Infect. 2021, 27, 1308–1314. [Google Scholar] [CrossRef]

	



Ferrer, J.; Clari, M.; Giménez, E.; Carbonell, N.; Torres, I.; Blasco, M.L.; Albert, E.; Navarro, D. The Biofire® Filmarray® Pneumonia Plus Panel for Management of Lower Respiratory Tract Infection in Mechanically-Ventilated Patients in the COVID-19 Era: A Diagnostic and Cost-Benefit Evaluation. Diagn. Microbiol. Infect. Dis. 2023, 105, 115847. [Google Scholar] [CrossRef] [PubMed]

	



Posteraro, B.; Cortazzo, V.; Liotti, F.M.; Menchinelli, G.; Ippoliti, C.; De Angelis, G.; La Sorda, M.; Capalbo, G.; Vargas, J.; Antonelli, M.; et al. Diagnosis and Treatment of Bacterial Pneumonia in Critically Ill Patients with COVID-19 Using a Multiplex Pcr Assay: A Large Italian Hospital’s Five-Month Experience. Microbiol. Spectr. 2021, 9, e0069521. [Google Scholar] [CrossRef]

	



Prinzi, A.; Parker, S.K.; Thurm, C.; Birkholz, M.; Sick-Samuels, A. Association of Endotracheal Aspirate Culture Variability and Antibiotic Use in Mechanically Ventilated Pediatric Patients. JAMA Netw. Open 2021, 4, e2140378. [Google Scholar] [CrossRef] [PubMed]

	



Prinzi, A.M.; Parker, S.K.; Curtis, D.J.; Ziniel, S.I. The Pediatric Endotracheal Aspirate Culture Survey (Petacs): Examining Practice Variation across Pediatric Microbiology Laboratories in the United States. J. Clin. Microbiol. 2021, 59, 10–1128. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, A.; Dufour, S.; Jones, G.; Kostoulas, P.; Stevenson, M.A.; Singanallur, N.B.; Firestone, S.M. Bayesian Latent Class Analysis When the Reference Test Is Imperfect. Rev. Sci. Tech. 2021, 40, 271–286. [Google Scholar] [CrossRef] [PubMed]

	



Rand, K.H.; Beal, S.G.; Cherabuddi, K.; Houck, H.; Lessard, K.; Tremblay, E.E.; Couturier, B.; Lingenfelter, B.; Rindlisbacher, C.; Jones, J. Relationship of Multiplex Molecular Pneumonia Panel Results with Hospital Outcomes and Clinical Variables. Open Forum Infect. Dis. 2021, 8, ofab368. [Google Scholar] [CrossRef] [PubMed]

	



Zacharioudakis, I.M.; Zervou, F.N.; Dubrovskaya, Y.; Inglima, K.; See, B.; Aguero-Rosenfeld, M. Evaluation of a Multiplex PCR Panel for the Microbiological Diagnosis of Pneumonia in Hospitalized Patients: Experience from an Academic Medical Center. Int. J. Infect. Dis. 2021, 104, 354–360. [Google Scholar] [CrossRef] [PubMed]

	



Miller, M.M.; Van Schooneveld, T.C.; Stohs, E.J.; Marcelin, J.R.; Alexander, B.T.; Watkins, A.B.; Creager, H.M.; Bergman, S.J. Implementation of a Rapid Multiplex Polymerase Chain Reaction Pneumonia Panel and Subsequent Antibiotic De-Escalation. Open Forum Infect. Dis. 2023, 10, ofad382. [Google Scholar] [CrossRef] [PubMed]

	



Poole, S.; Tanner, A.R.; Naidu, V.V.; Borca, F.; Phan, H.; Saeed, K.; Grocott, M.P.W.; Dushianthan, A.; Moyses, H.; Clark, T.W. Molecular point-of-care testing for lower respiratory tract pathogens improves safe antibiotic de-escalation in patients with pneumonia in the ICU: Results of a randomised controlled trial. J Infect. 2022, 85, 625–633. [Google Scholar] [CrossRef] [PubMed]

	



Azar, M.M.; Turbett, S.; Gaston, D.; Gitman, M.; Razonable, R.; Koo, S.; Hanson, K.; Kotton, C.; Silveira, F.; Banach, D.B.; et al. A Consensus Conference to Define the Utility of Advanced Infectious Disease Diagnostics in Solid Organ Transplant Recipients. Am. J. Transplant. 2022, 22, 3150–3169. [Google Scholar] [CrossRef] [PubMed]

	



Fan, L.C.; Lu, H.W.; Cheng, K.B.; Li, H.P.; Xu, J.F. Evaluation of Pcr in Bronchoalveolar Lavage Fluid for Diagnosis of Pneumocystis Jirovecii Pneumonia: A Bivariate Meta-Analysis and Systematic Review. PLoS ONE 2013, 8, e73099. [Google Scholar] [CrossRef] [PubMed]

	



Doyle, L.; Vogel, S.; Procop, G.W. Pneumocystis PCR: It Is Time to Make Pcr the Test of Choice. Open Forum Infect. Dis. 2017, 4, ofx193. [Google Scholar] [CrossRef]

	



Goterris, L.; Mancebo Fernández, M.A.; Aguilar-Company, J.; Falcó, V.; Ruiz-Camps, I.; Martín-Gómez, M.T. Molecular Diagnosis of Pneumocystis Jirovecii Pneumonia by Use of Oral Wash Samples in Immunocompromised Patients: Usefulness and Importance of the DNA Target. J. Clin. Microbiol. 2019, 57, 10–1128. [Google Scholar] [CrossRef] [PubMed]

	



Alanio, A.; Hauser, P.M.; Lagrou, K.; Melchers, W.J.; Helweg-Larsen, J.; Matos, O.; Cesaro, S.; Maschmeyer, G.; Einsele, H.; Donnelly, J.P.; et al. ECIL Guidelines for the Diagnosis of Pneumocystis Jirovecii Pneumonia in Patients with Haematological Malignancies and Stem Cell Transplant Recipients. J. Antimicrob. Chemother. 2016, 71, 2386–2396. [Google Scholar] [CrossRef] [PubMed]

	



Donnelly, J.P.; Chen, S.C.; Kauffman, C.A.; Steinbach, W.J.; Baddley, J.W.; Verweij, P.E.; Clancy, C.J.; Wingard, J.R.; Lockhart, S.R.; Groll, A.H.; et al. Revision and Update of the Consensus Definitions of Invasive Fungal Disease from the European Organization for Research and Treatment of Cancer and the Mycoses Study Group Education and Research Consortium. Clin. Infect. Dis. 2020, 71, 1367–1376. [Google Scholar] [CrossRef] [PubMed]

	



Gits-Muselli, M.; White, P.L.; Mengoli, C.; Chen, S.; Crowley, B.; Dingemans, G.; Fréalle, E.; Gorton, R.L.; Guiver, M.; Hagen, F.; et al. The Fungal Pcr Initiative’s Evaluation of in-House and Commercial Pneumocystis Jirovecii Qpcr Assays: Toward a Standard for a Diagnostics Assay. Med. Mycol. 2020, 58, 779–788. [Google Scholar] [CrossRef] [PubMed]

	



Guillotin, F.; Poulain, C.; Gaborit, B.; Bouras, M.; Cinotti, R.; Lakhal, K.; Vourc’h, M.; Rozec, B.; Asehnoune, K.; Vibet, M.A.; et al. Potential Impact of Rapid Multiplex PCR on Antimicrobial Therapy Guidance for Ventilated Hospital-Acquired Pneumonia in Critically Ill Patients, A Prospective Observational Clinical and Economic Study. Front. Cell Infect. Microbiol. 2022, 12, 804611. [Google Scholar] [CrossRef] [PubMed]

	



Martin-Loeches, I.; Torres, A.; Nagavci, B.; Aliberti, S.; Antonelli, M.; Bassetti, M.; Bos, L.D.; Chalmers, J.D.; Derde, L.; de Waele, J.; et al. Ers/Esicm/Escmid/Alat Guidelines for the Management of Severe Community-Acquired Pneumonia. Intensive Care Med. 2023, 49, 615–632. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.C.; Lee, Y.T.; Wang, C.H.; Chiu, I.M.; Tsai, W.; Lin, Y.R.; Li, C.H.; Hsu, C.W.; Lai, P.F.; Chen, J.H.; et al. Guidelines for COVID-19 Laboratory Testing for Emergency Departments from the New Diagnostic Technology Team of the Taiwan Society of Emergency Medicine. J. Acute Med. 2022, 12, 45–52. [Google Scholar] [CrossRef]

	



Wu, H.Y.; Chang, P.H.; Huang, Y.S.; Tsai, C.S.; Chen, K.Y.; Lin, I.F.; Hsih, W.H.; Tsai, W.L.; Chen, J.A.; Yang, T.L.; et al. Recommendations and Guidelines for the Diagnosis and Management of Coronavirus Disease-19 (COVID-19) Associated Bacterial and Fungal Infections in Taiwanv. J. Microbiol. Immunol. Infect. 2023, 56, 207–235. [Google Scholar] [CrossRef] [PubMed]

	



CHEST. Rapid Diagnostics for Infectious Diseases in the ICU. Available online: https://www.chestnet.org/guidelines-and-topic-collections/topic-collections/sepsis/rapid-diagnostics-for-infectious-diseases-in-the-icu (accessed on 25 February 2024).

	



Hitchcock, M.M.; Gomez, C.A.; Pozdol, J.; Banaei, N. Effective Approaches to Diagnostic Stewardship of Syndromic Molecular Panels. J. Appl. Lab. Med. 2024, 9, 104–115. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, S. The Rise and Fall and Rise Again of Toxin Testing for the Diagnosis of Clostridioides difficile Infection. Clin. Infect. Dis. 2019, 69, 1675–1677. [Google Scholar] [CrossRef] [PubMed]

	



Curry, S.R.; Hecker, M.T.; O’Hagan, J.; Kutty, P.K.; Alhmidi, H.; Ng-Wong, Y.K.; Cadnum, J.L.; Jencson, A.L.; Gonzalez-Orta, M.; Saldana, C.; et al. Natural History of Clostridioides difficile Colonization and Infection Following New Acquisition of Carriage in Healthcare Settings: A Prospective Cohort Study. Clin. Infect. Dis. 2023, 77, 77–83. [Google Scholar] [CrossRef] [PubMed]

	



Polage, C.R.; Gyorke, C.E.; Kennedy, M.A.; Leslie, J.L.; Chin, D.L.; Wang, S.; Nguyen, H.H.; Huang, B.; Tang, Y.W.; Lee, L.W.; et al. Overdiagnosis of Clostridium difficile Infection in the Molecular Test Era. JAMA Intern. Med. 2015, 175, 1792–1801. [Google Scholar] [CrossRef] [PubMed]

	



Planche, T.D.; Davies, K.A.; Coen, P.G.; Finney, J.M.; Monahan, I.M.; Morris, K.A.; O’Connor, L.; Oakley, S.J.; Pope, C.F.; Wren, M.W.; et al. Differences in Outcome According to Clostridium Difficile Testing Method: A Prospective Multicentre Diagnostic Validation Study of C. difficile Infection. Lancet Infect. Dis. 2013, 13, 936–945. [Google Scholar] [CrossRef] [PubMed]

	



Crobach, M.J.; Planche, T.; Eckert, C.; Barbut, F.; Terveer, E.M.; Dekkers, O.M.; Wilcox, M.H.; Kuijper, E.J. European Society of Clinical Microbiology and Infectious Diseases: Update of the diagnostic guidance document for Clostridium difficile infection. Clin. Microbiol. Infect. 2016, 22 (Suppl. S4), S63–S81. [Google Scholar] [CrossRef] [PubMed]

	



McDonald, L.C.; Gerding, D.N.; Johnson, S.; Bakken, J.S.; Carroll, K.C.; Coffin, S.E.; Dubberke, E.R.; Garey, K.W.; Gould, C.V.; Kelly, C.; et al. Clinical Practice Guidelines for Clostridium difficile Infection in Adults and Children: 2017 Update by the Infectious Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA). Clin. Infect. Dis. 2018, 66, e1–e48. [Google Scholar] [CrossRef]

	



Raman, K.; Nailor, M.D.; Nicolau, D.P.; Aslanzadeh, J.; Nadeau, M.; Kuti, J.L. Early Antibiotic Discontinuation in Patients with Clinically Suspected Ventilator-Associated Pneumonia and Negative Quantitative Bronchoscopy Cultures. Crit. Care Med. 2013, 41, 1656–1663. [Google Scholar] [CrossRef] [PubMed]

	



Fabre, V.; Davis, A.; Diekema, D.J.; Granwehr, B.; Hayden, M.K.; Lowe, C.F.; Pfeiffer, C.D.; Sick-Samuels, A.C.; Sullivan, K.V.; Van Schooneveld, T.C.; et al. Principles of Diagnostic Stewardship: A Practical Guide from the Society for Healthcare Epidemiology of America Diagnostic Stewardship Task Force. Infect. Control Hosp. Epidemiol. 2023, 44, 178–185. [Google Scholar] [CrossRef] [PubMed]

	



Hueth, K.D.; Prinzi, A.M.; Timbrook, T.T. Diagnostic Stewardship as a Team Sport: Interdisciplinary Perspectives on Improved Implementation of Interventions and Effect Measurement. Antibiotics 2022, 11, 250. [Google Scholar] [CrossRef] [PubMed]

	



Ku, T.S.N.; Al Mohajer, M.; Newton, J.A.; Wilson, M.H.; Monsees, E.; Hayden, M.K.; Messacar, K.; Kisgen, J.J.; Diekema, D.J.; Morgan, D.J.; et al. Improving Antimicrobial Use through Better Diagnosis: The Relationship between Diagnostic Stewardship and Antimicrobial Stewardship. Infect. Control Hosp. Epidemiol. 2023, 44, 1901–1908. [Google Scholar] [CrossRef] [PubMed]

	



Advani, S.D.; Claeys, K. Behavioral Strategies in Diagnostic Stewardship. Infect. Dis. Clin. N. Am. 2023, 37, 729–747. [Google Scholar] [CrossRef] [PubMed]

	



Albin, O.R.; Soper, N.S. Healthcare providers consistently overestimate the diagnostic probability of ventilator-associated pneumonia. Infect. Control Hosp. Epidemiol. 2023, 44, 1927–1931. [Google Scholar] [CrossRef]

	



Morgan, D.J.; Pineles, L.; Owczarzak, J.; Magder, L.; Scherer, L.; Brown, J.P.; Pfeiffer, C.; Terndrup, C.; Leykum, L.; Feldstein, D.; et al. Accuracy of Practitioner Estimates of Probability of Diagnosis before and after Testing. JAMA Intern. Med. 2021, 181, 747–755. [Google Scholar] [CrossRef] [PubMed]

	



Chiotos, K.; Marshall, D.; Kellom, K.; Whittaker, J.; Wolfe, H.; Woods-Hill, C.; Stinson, H.; Keim, G.; Blumenthal, J.; Piccione, J.; et al. Mixed-Methods Process Evaluation of a Respiratory-Culture Diagnostic Stewardship Intervention. Infect. Control Hosp. Epidemiol. 2023, 44, 191–199. [Google Scholar] [CrossRef]

	



Sick-Samuels, A.C.; Koontz, D.W.; Xie, A.; Kelly, D.; Woods-Hill, C.Z.; Aneja, A.; Xiao, S.; Colantuoni, E.A.; Marsteller, J.; Milstone, A.M.; et al. A Survey of PICU Clinician Practices and Perceptions regarding Respiratory Cultures in the Evaluation of Ventilator-Associated Infections in the BrighT STAR Collaborative. Pediatr. Crit. Care Med. 2024, 25, e20–e30. [Google Scholar] [CrossRef] [PubMed]

	



Prinzi, A.M.; Wattier, R.L.; Curtis, D.J.; Ziniel, S.I.; Fitzgerald, A.; Pearce, K.; Parker, S.K. Impact of Organism Reporting from Endotracheal Aspirate Cultures on Antimicrobial Prescribing Practices in Mechanically Ventilated Pediatric Patients. J. Clin. Microbiol. 2022, 60, e0093022. [Google Scholar] [CrossRef] [PubMed]

	



Vaughn, V.M.; Gupta, A.; Petty, L.A.; Malani, A.N.; Osterholzer, D.; Patel, P.K.; Younas, M.; Bernstein, S.J.; Burdick, S.; Ratz, D.; et al. A Statewide Quality Initiative to Reduce Unnecessary Antibiotic Treatment of Asymptomatic Bacteriuria. JAMA Intern. Med. 2023, 183, 933–941. [Google Scholar] [CrossRef] [PubMed]

	



Sick-Samuels, A.C.; Linz, M.; Bergmann, J.; Fackler, J.C.; Berenholtz, S.M.; Ralston, S.L.; Hoops, K.; Dwyer, J.; Colantuoni, E.; Milstone, A.M. Diagnostic Stewardship of Endotracheal Aspirate Cultures in a PICU. Pediatrics 2021, 147, e20201634. [Google Scholar] [CrossRef] [PubMed]

	



McCormick, W.L.; Jackson, G.; Andrea, S.B.; Whitehead, V.; Chargualaf, T.L.; Touzard-Romo, F. Impact of Mandatory Nucleic Acid Amplification Test (Naat) Testing Approval on Hospital-Onset Clostridioides difficile Infection (Ho-Cdi) Rates: A Diagnostic Stewardship Intervention. Infect. Control Hosp. Epidemiol. 2024, 45, 106–109. [Google Scholar] [CrossRef] [PubMed]

	



Bussell, C.; Vincent, J.; Brust, K. Implementation of a Multidisciplinary Process to Improve Diagnostic Stewardship of Hospital-Onset Clostridioides difficile Infections. Am. J. Infect. Control 2023, 51, 1329–1333. [Google Scholar] [CrossRef] [PubMed]

	



Halabi, K.C.; Ross, B.; Acker, K.P.; Cannon, J.M.; Messina, M.; Mangino, D.; Balzer, K.; Hill-Ricciuti, A.; Green, D.A.; Westblade, L.F.; et al. Successful diagnostic stewardship for Clostridioides difficile testing in Pediatrics. Infect. Control Hosp. Epidemiol. 2023, 44, 186–190. [Google Scholar] [CrossRef] [PubMed]

	



Berg, M.L.; Ayres, A.M.; Weber, D.R.; McCullough, M.; Crall, V.D.; Lewis, C.L.; Valek, A.L.; Vincent, L.A.; Penzelik, J.; Sasinoski, C.A.; et al. Diagnostic Stewardship for Clostridioides difficile Testing in an Acute Care Hospital: A Quality Improvement Intervention. Antimicrob. Steward. Heal. Epidemiol. 2023, 3, e67. [Google Scholar] [CrossRef] [PubMed]

	



Albin, O.R.; Troost, J.P.; Saravolatz, L., 2nd; Thomas, M.P.; Hyzy, R.C.; Konkle, M.A.; Weirauch, A.J.; Dickson, R.P.; Rao, K.; Kaye, K.S. A Quasi-Experimental Study of a Bundled Diagnostic Stewardship Intervention for Ventilator-Associated Pneumonia. Clin. Microbiol. Infect. 2023, 30, 499–506. [Google Scholar] [CrossRef] [PubMed]

	



Plattner, A.S.; Lockowitz, C.R.; Dumm, R.; Banerjee, R.; Newland, J.G.; Same, R.G. Practice vs. Potential: The Impact of the Biofire Filmarray Pneumonia Panel on Antibiotic Use in Children. J. Pediatr. Infect. Dis. Soc. 2024, 13, 196–202. [Google Scholar] [CrossRef] [PubMed]

	



Feldman, E. Low Diagnostic Utility of Frequent Serial Tracheal Aspirate Cultures (TACs) in the Pediatric Intensive Care Unit. Pediatr. Crit. Care Med. 2023, 24, 681–689. [Google Scholar] [CrossRef] [PubMed]

	



Prinzi, A.M.; Baker, C.D. So Tell Me… Does This Tracheal Aspirate Culture Indicate “Infection” or “Colonization”? Pediatr. Pulmonol. 2023, 58, 2439–2441. [Google Scholar] [CrossRef] [PubMed]

	



Prinzi, A.M.; Chiotos, K. Repeat Tracheal Aspirate Cultures: A Port in the Storm or a Sinking Ship? Pediatr. Crit. Care Med. 2023, 24, 708–710. [Google Scholar] [CrossRef] [PubMed]

	



Langford, B.J.; Leung, E.; Haj, R.; McIntyre, M.; Taggart, L.R.; Brown, K.A.; Downing, M.; Matukas, L.M. Nudging in Microbiology Laboratory Evaluation (Nimble): A Scoping Review. Infect. Control Hosp. Epidemiol. 2019, 40, 1400–1406. [Google Scholar] [CrossRef] [PubMed]

	



Musgrove, M.A.; Kenney, R.M.; Kendall, R.E.; Peters, M.; Tibbetts, R.; 