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Abstract: Antimicrobial resistance (AMR) is a pressing global concern, posing significant challenges to the effective treatment of infections, including pneumonia. This bibliometric analysis aims to investigate the research output on AMR among pneumonia pathogens from 2013 to 2023. Data were extracted from the Web of Science Core Collection (WOS-CC) using an inclusive search strategy. The analysis included 152 relevant studies published in 99 different sources, involving 988 authors and yielding an average of 16.33 citations per document over the past decade. The findings reveal a notable increase in research on AMR among pneumonia pathogens, indicating a growing awareness of this critical issue. Collaborative studies were prevalent, with the majority of authors engaging in joint research efforts. Bradford’s Law identified twelve core journals that were instrumental in disseminating research in this field, with “Medicine” emerging as the most prolific journal. The USA and China emerged as the leading contributors, while Germany displayed a strong inclination towards collaborative research. Intermountain Medical Center, Saitama Medical University, and Udice-French Research Universities were the most productive institutions, and Yayan J. and Rasche K. were the top authors. Furthermore, the analysis identified commonly encountered microorganisms such as Acinetobacter baumanii and Klebsiella pneumoniae in the context of AMR. Time-based analysis of keywords highlighted the significance of terms like “community-acquired pneumonia” and “ventilator-associated pneumonia”. Overall, this comprehensive study sheds light on the global research landscape of AMR among pneumonia pathogens. The insights gained from this analysis are essential for guiding future research priorities and collaborative efforts to combat AMR effectively and improve treatment outcomes for pneumonia and related infections. As the frequency of reports concerning resistance among pneumonia pathogens, notably A. baumannii and K. pneumoniae, continues to rise, there is an immediate requirement for pharmaceutical manufacturers and healthcare providers to respond proactively and ready themselves for the forthcoming implications of this matter. It also underscores the importance of knowledge dissemination and evidence-based interventions to address this growing public health challenge. However, the study acknowledges the limitations associated with using a single publication database and encourages the inclusion of data from other sources in future research.
Keywords: antimicrobial resistance; pneumonia; pathogens; antibiotics; bibliometrics; drug resistance; microbial; community-acquired infections; ventilator-associated pneumonia; global health
Introduction
 	Antimicrobial resistance (AMR) is a global challenge that poses a significant risk to the effectiveness of treating a wide range of infections [1]. Furthermore, AMR also has economic implications, as it requires longer treatment durations, additional laboratory tests, and the use of costly medications [2,3]. Addressing the issue of AMR requires collective efforts from governments, healthcare providers, researchers, and the general public. Conducting research, raising awareness, enhancing knowledge, and staying updated on AMR are crucial in minimizing its impact and revising treatment guidelines for different infection types [4–7].
 	Lower respiratory tract infections (LRTIs) stand as the primary contributor to mortality from infectious diseases globally and hold the fifth position among all causes of death [8]. They also contribute significantly to disability-adjusted life years despite being largely preventable [9]. Over the past decade, there have been changes in the epidemiology of LRTIs, with a decrease in the burden among children under 5 years of age and an increase among individuals over 70 years old [9]. Notably, pneumococcal pneumonia accounts for 55.4% of LRTI-related deaths across all age groups [9].
 	The economic burden of pneumonia is substantial, as it leads to substantial healthcare costs, prolonged hospitalizations, and increased utilization of medical resources [10,11]. Moreover, pneumonia often serves as a precipitating factor for more severe conditions like sepsis, placing an immense strain on healthcare systems [12]. Understanding the role of resistant pathogens of pneumonia is crucial for both public health management and effective patient care.
 	Amongst the range of infections affected, pneumonia stands out as a critical area of focus, as it remains a leading cause of morbidity and mortality worldwide [13,14]. Pneumonia pathogens have increasingly developed resistance to commonly used antibiotics [15–17]. The misuse and overuse of antibiotics, both in healthcare and community settings, have contributed to the development of resistant strains of bacteria, rendering traditional treatment approaches less effective [18,19]. This phenomenon not only complicates the management of pneumonia cases but also diminishes the success of other medical interventions that rely on antibiotics. This alarming trend has limited treatment options and heightened the risk of severe complications [20], making it imperative to understand the evolving landscape of antibiotic resistance in pneumonia pathogens. The most significant challenges for clinicians arise when treating pneumonia caused by multidrug-resistant (MDR) pathogens [21,22].
 	In 2014, the World Health Organization (WHO) released the first global surveillance report on AMR to highlight the clinical consequences of resistant bacteria across WHO regions worldwide [23]. Notably, a considerable amount of time has elapsed since the publication of this initial report, and it is important to acknowledge the transformative impact of the COVID-19 (Coronavirus disease 2019) pandemic, during which there has been an elevated utilization of antibiotics, especially for the patients with pneumonia [24]. Therefore, analyzing the published literature on AMR is crucial for the development of new empirical and therapeutic guidelines for the treatment of pneumonia. Additionally, examining the published literature is essential for understanding the global and regional changes in AMR. While several review articles have discussed AMR among pathogens in the context of LRTIs [25–28], none have specifically analyzed the global research output and trends in this area. Bibliometric analysis proves to be a powerful approach in quantitatively evaluating academic papers, enabling researchers to explore the progression of specific fields; it is a valuable tool that employs mathematical and statistical methods to assess the growth, productivity, and overall patterns of publications related to a specific topic [29,30]. In the medical field, such analyses play a crucial role in illustrating research trends and developments, motivating researchers to identify leading countries and institutions, as well as areas that require improvement. This study will serve as a foundational source of information for future comparisons and assessments. It aims to identify trends and advancements in this area of research and shed light on potential areas for further focus and improvement.
Results
[bookmark: Summary_of_the_Papers_]Summary of the Papers
 	This study aimed to comprehensively examine the global research output on AMR among pathogens associated with pneumonia, covering articles published from 2013 to 2023. A total of 152 relevant studies were carefully reviewed, originating from 99 different sources. The analysis involved the contributions of 988 authors, collectively producing an impressive average of 16.33 citations per document over the past decade. The key findings related to antimicrobial resistance in pneumonia pathogens are presented based on the highest-cited documents over the past decade in Table 1. In addition, the Annual Growth Rate for this research field was calculated to be 2.03%, indicating a steady increase in publications over the study period. The vast volume of research output is further highlighted by the inclusion of 4351 references and 394 unique author keywords. The overwhelming majority of authors participated in collaborative studies (98%).

Table 1. The top 10 most cited documents on antimicrobial resistance among pneumonia pathogens (2013–2023).
	Rank
	Study ID [references]
	Title of the Document
	Journal Name
	Total Citations
	DOI

	1
	Shields RK, 2018 [31]
	Pneumonia and renal replacement therapy are risk factors for ceftazidime-avibactam treatment failures and resistance among patients with carbapenem-resistant Enterobacteriaceae infections
	Antimicrobial Agents and Chemotherapy
	174
	10.1128/AAC.02497-17

	2
	Micek ST, 2015 [32]
	An international multicenter retrospective study of Pseudomonas aeruginosa nosocomial pneumonia: impact of multidrug resistance
	Critical Care
	154
	10.1186/s13054-015-0926-5

	3
	Zilberberg MD, 2017 [33]
	Carbapenem resistance, inappropriate empiric treatment and outcomes among patients hospitalized with Enterobacteriaceae urinary tract infection, pneumonia and sepsis
	BMC Infectious Diseases
	131
	10.1186/s12879-017-2383-z

	4
	Gauguet S, 2015 [34]
	Intestinal Microbiota of Mice Influences Resistance to Staphylococcus aureus Pneumonia
	Infection and Immunity
	127
	10.1128/IAI.00037-15

	5
	Yayan J, 2015 [35]
	Antibiotic resistance of Pseudomonas aeruginosa in pneumonia at a single university hospital center in Germany over a 10-year period
	Plos one
	105
	10.1371/journal.pone.0139836

	6
	Martin-Loeches I, 2015 [36]
	Resistance patterns and outcomes in intensive care unit (ICU)-acquired pneumonia. Validation of European Centre for Disease Prevention and Control (ECDC) and the Centers for Disease Control and Prevention (CDC) classification of multidrug resistant organisms
	Journal of Infection
	105
	10.1016/j.jinf.2014.10.004

	7
	Lee SH, 2019 [37]
	Performance of a multiplex PCR pneumonia panel for the identification of respiratory pathogens and the main determinants of resistance from the lower respiratory tract specimens of adult patients in intensive care units
	Journal of Microbiology, Immunology and Infection
	87
	10.1016/j.jmii.2019.10.009

	8
	Zilberberg MD, 2016 [38]
	Multidrug resistance, inappropriate empiric therapy, and hospital mortality in Acinetobacter baumannii pneumonia and sepsis
	Critical Care
	76
	10.1186/s13054-016-1392-4

	9
	Fernandez-Barat L, 2017 [39]
	Intensive care unit-acquired pneumonia due to Pseudomonas aeruginosa with and without multidrug resistance
	Journal of Infection
	65
	10.1016/j.jinf.2016.11.008

	10
	Jamal W, 2014 [40]
	Evaluation of Curetis Unyvero, a multiplex PCR-based testing system, for rapid detection of bacteria and antibiotic resistance and impact of the assay on management of severe nosocomial pneumonia
	Journal of Clinical Microbiology
	59
	10.1128/JCM.00325-14



Trend of Publication and Citation
 	The data indicate fluctuations in the mean total citations per article across the years. In 2015, there was a substantial increase in the mean total citations per article, reaching 37.83, while 2023 recorded the lowest value of 0.36. Furthermore, the number of publications (N) varied from year to year, with the highest number of articles published in 2022 (N = 22) and the lowest in 2013 (N = 9). Figure 1 illustrates the publication trend over the years (Figure 1A).
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Figure 1. Global annual trend of (A) publication and (B) citation on the antimicrobial resistance among pneumonia pathogens (2013–2023). Dotted lines show the trendlines for better demonstration of trend of increase of articles number and trend of decrease of citations during the period of time.

 	Utilizing Bradford’s Law, which describes the distribution of scientific articles among different journals, we identified twelve core journals that were deemed to be the top choices for researchers (Figure 2). According to Bradford’s Law, these core journals collectively accounted for a significant portion of the total number of articles published on AMR among pneumonia pathogens. Upon analyzing the publication data from these core journals, we observed that the journal “Medicine” emerged as the most prolific one, contributing a substantial seven articles, which represents approximately 4.6% of the total articles within the study period. Furthermore, we investigated the local citations received by these core journals from other articles within our dataset. Remarkably, “Clinical Infectious Diseases” stood out with the highest number of local citations, amassing an impressive total of 238 citations (Table 2).
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Figure 2. The plot of Broadford’s Law identified twelve core journals on the antimicrobial resistance among pneumonia pathogens (2013–2023).

[bookmark: _bookmark3]Table 2. The top 10 most cited journals on antimicrobial resistance among pneumonia pathogens (2013–2023).

	Sources
	Articles

	Clinical Infectious Diseases
	238

	Antimicrobial Agents and Chemotherapy
	227

	Journal of Clinical Microbiology
	114

	American Journal of Respiratory and Critical Care Medicine
	110

	Journal of Antimicrobial Chemotherapy
	110

	Clinical Microbiology and Infection
	100

	PLOS ONE
	92

	Chest
	90

	Critical Care Medicine
	81













Most Productive Authors, Institutions, Countries and Their Collaboration Network
 	Intermountain Medical Center (Murray, UT, USA), Saitama Medical University (Moroyama, Japan), Udice-French Research Universities (Paris, French), University of Zagreb (Zagreb, Croatia), Witten Herdecke University (Witten, Germany) emerged as the most productive institutions, contributing the highest number of articles (7, 4.6%) (Figure 3A). Among the authors, Yayan J. stood out with the highest number of articles (9, 5.9%), followed by Rasche K., who produced eight articles (Figure 3B). The Three-Fields Plot vividly illustrates the intricate web of connections among cited references, authors, and author keywords, providing invaluable insights into the complex landscape of antibiotic resistance among pneumonia pathogens during the decade spanning from 2013 to 2023. (Figure 4).



Figure 3. Most productive authors, institutions, countries and their collaboration network (A). (B) Ten most-contributing authors and their production over time on the antimicrobial resistance among pneumonia pathogens (2013–2023).
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Figure 4. Three-Fields Plot representing the incoming and outgoing flows among cited references, authors and author keywords contributing to antibiotic resistance among pneumonia pathogens (2013–2023). Abbreviations: CR, cited references; AU, authors; and DE; keywords. Explanations of the right columns (DE) from top to bottom: hospital acquired-pneumonia; pneumonia; resistance; antibiotics; mortality; Mycoplasma pneumoniae; ventilator-associated pneumonia; antibiotics; antimicrobial resistance; Klebsiella pneumoniae; drug resistance; Streptococcus pneumoniae.

 	Over the course of one decade, China and the USA led the scientific production among countries with 104 and 101 publications, respectively, followed by Japan with 50 publications, Spain with 32, and Vietnam with 30 (Table 3). Regarding publication patterns, China exhibited a significant tendency for single-country productions, with 83.7% of its publications. Similarly, the United States demonstrated a high rate of single-country publications at 82.2%. In contrast, Germany engaged in collaborative research, with 65.4% of German authors’ publications being co-authored with researchers from other countries. Collaboration strength was mostly derived from the United States and European countries (Figure 5).













Table 3. Leading publishing countries on antimicrobial resistance among pneumonia pathogens (2013–2023).
	Country
	Number of Articles

	China
	104

	USA
	101

	Japan
	50

	Spain
	32

	Vietnam
	30

	Iran
	27

	Germany
	26

	UK
	24

	South Korea
	19

	India
	13
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Figure 5. World collaboration map on the antimicrobial resistance among pneumonia pathogens (2013–2023). The intensity of color saturation corresponds to the increasing number of articles within each country. The collaboration between countries is depicted through the thickness of the connecting arrows.

Co-Occurrence, Hotspots and Emerging Keywords
 	The most commonly found author keywords were examined using Biblioshiny. The analysis covered commonly encountered antimicrobial agents, microorganisms, types of pneumonia and terms related to AMR. Keywords related to antibiotic resistance (“antibiotic resistance”) and antimicrobial resistance (“antimicrobial resistance”) both exhibited an upward trend, with 16 and 14 occurrences in 2023, respectively. The frequency of the keyword “ventilator-associated pneumonia” remained relatively stable over the years, with 14 occurrences in 2023. Research on Acinetobacter baumannii showed a notable increase, with 11 occurrences in 2023, indicating growing attention to this MDR pathogen. Keywords related to Klebsiella pneumoniae demonstrated steady research interest over the years, with eight occurrences in 2023, reflecting continued efforts to address this problematic pathogen (Figure 6).
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Figure 6. TreeMap (A) and scatter plot (B) representing top ten author’s keywords in the research on the antimicrobial resistance among pneumonia pathogens (2013–2023).

 	The timeline analysis of important keywords reveals that “community-acquired pneumonia” received peak citations in 2016, with “ventilator associated pneumonia” remaining relevant during the pandemic. Topics such as Epidemiology (19%), Diagnosis (17%), and Risk Factors (17%) also have considerable frequencies, demonstrating the sustained interest in understanding the epidemiology, diagnosis, and risk factors of bacterial pneumonia infections (Figure 7).
 	In summary, this study comprehensively reviewed global research output on AMR among pneumonia pathogens over the past decade, identifying top journals, impactful articles, collaborations between institutions, authors, and countries, as well as important and emerging keywords. The findings provide valuable insights into the research landscape and highlight potential areas for future studies.

[image: ]

Figure 7. The timeline of the trend topics. Each bubble indicates the peak of frequency used for each, while the line indicates the years it was used.

Discussion
 	In recent years, bibliometric analysis and scientific mapping have been rapidly advancing because the scientific community has shown a growing interest in the outcomes of various bibliometric analyses [41]. Bibliometric analysis allows for exploring the impact of research fields, the influence of researchers, the significance of individual papers, and can help identify particularly influential papers, thereby enhancing our understanding of the overall intellectual landscape within specific research fields [42].
 	The analysis revealed a notable increase in research output on AMR among pneumonia pathogens over the past decade [22,43]. This growth indicates a growing awareness of the critical issue of AMR and its impact on the effective treatment of pneumonia. According to Cillinoz et al., the incidence of MDR Gram-negative bacteria is rising among cases of nosocomial pneumonia, such that it is now becoming a significant challenge for clinicians [43]. The increasing number of publications reflects the urgency and importance of addressing this global health challenge, particularly in the context of utilizing reserve antibiotics and exploring novel combinations to combat it effectively [22,44,45].
 	The analysis of global research output on AMR among pneumonia pathogens over the past decade reveals interesting trends and insights. One noticeable shift in research focus is the transition from community-acquired pneumonia (CAP) to hospital ventilator-associated pneumonia (VAP). VAP has gained prominence as a critical concern due to its association with prolonged hospital stays [46], increased morbidity and mortality rates [47], and the higher likelihood of drug-resistant pathogens [45]. Researchers and healthcare professionals have directed their attention to understanding the underlying mechanisms of AMR in VAP to develop effective treatment strategies and infection control measures. The high interest in VAP may be associated with COVID-19 because nearly half of patients with COVID-19 admitted to ICU may develop VAP, with a pooled estimate of mortality of 42.7% for COVID-19 patients who developed VAP [48]. The high 30-day case fatality of VAP likely represents the sum of the prognostic effects of the underlying viral and superimposed bacterial diseases [49]. This shift may be attributed to the increasing recognition of nosocomial infections and the significance of AMR in healthcare settings.
 	One of the most frequently cited studies addresses the issue of Staphylococcus aureus resistance, and the research was conducted using an animal model [34]. This underscores the significance of such studies in exploring diseases caused by resistant pathogens. Gaugaet et al. emphasized that further studies are needed to examine the link between the gut microbiota and the production of certain antimicrobial proteins in the lung. The potential use of gut microbiota as an alternative to antibiotics is an emerging area of research and interest in the medical field [50,51]. The concept revolves around harnessing the natural antimicrobial properties of the gut microbiota to combat infections without resorting to traditional antibiotic treatments. This approach has gained attention due to concerns about antibiotic resistance.
 	Aguilar et al. [52] estimated that in 2019, AMR was linked to approximately 569,000 deaths (95% UI 406,000–771,000) and about 141,000 deaths (99,900–196,000) were connected to bacterial AMR in the 35 countries within the World Health Organization’s Region of the Americas. The six leading pathogens (by order of number of deaths associated with resistance) are S. aureus, Escherichia coli, K. pneumoniae, Streptococcus pneumoniae, Pseudomonas aeruginosa, and A. baumannii. Together, these pathogens were responsible for 452,000 deaths (326,000–608,000) associated with AMR.
 	Our bibliometric study incorporated research related to all the aforementioned pathogens. Between 2017 and 2019, S. pneumoniae was identified as one of the trending topics. Reports of multidrug-resistant strains of S. pneumoniae have been published since the late 1970s [53]. The global rise in antibacterial resistance within pneumococci continues, particularly affecting β-lactams and macrolides [54,55]. In nations like France and Spain in Europe, up to 40% of pneumococcal strains exhibit resistance to multiple drugs [56].
 	However, the analysis of author keywords highlights the prominence of A. baumannii and K. pneumoniae among commonly encountered microorganisms in the context of AMR and pneumonia. Both of these pathogens belong to the ESKAPE group, which includes bacteria known for their high resistance to multiple antimicrobial agents [57,58].
 	Researchers observed a wide variation in the prevalence of MDR among A. baumannii causing HAP and VAP (ranging from 55% to 100%) and mortality rates (ranging from 28% to 68%) between regions and countries [15]. Based on previous research, the primary risk factors for VAP caused by A. baumannii include antibiotic therapy, especially broad-spectrum antibiotics, mechanical ventilation, prolonged hospital stay, invasive procedures, disease severity, and the presence of chronic diseases [59,60]. In a study by Inchai et al. [61], carbapenem treatment was associated with the risk of VAP caused by all three types of A. baumannii drug-resistant profiles, particularly pandrug-resistant (PDR), with odds ratios of 5.2, 6.3, and 12.84 for MDR, extensively drug-resistant (XDR), and PDR A. baumannii VAP, respectively. The use of carbapenems was also identified as a risk factor for XDR A. baumannii VAP in the study by Li et al. [60]. Additionally, previous colistin treatment was found to increase the likelihood of VAP caused by PDR A. baumannii [61].
 	The current mechanism of resistance of K. pneumoniae involves the production of enzymes called beta-lactamases, which include extended-spectrum ß-lactamases, cephalosporinases, and carbapenemases [62–64]. The presence of carbapenemases and extended-spectrum beta-lactamases in nosocomial K. pneumoniae has resulted in a MDR phenotype, significantly limiting available treatment options [62].
 	The higher prevalence of AMR in A. baumannii and K. pneumoniae underscores the urgency of targeted research efforts to combat drug resistance in these pathogens. These findings align with the global concern over the rapid spread of drug-resistant infections, emphasizing the need for effective surveillance, infection prevention measures, and novel antimicrobial therapies.
 	Our study is the first study to access AMR among pneumonia pathogens in a bibliometric way. However, it is essential to acknowledge the limitations of this study, which are associated with the use of a single publication database. WOS has covered many publications; however, some publications from databases, such as Scopus and PubMed, may not be included in this study. Due to our bibliometric analysis approach using empirical data from original articles, we focused on article metadata rather than content, extracting author details, institutions, and countries for productivity, collaboration, and impact assessment. Textual content analysis was not included. Furthermore, it should be noted that only English-language full-text articles were analyzed. Even if abstracts were available in English, such publications were excluded. As a result, certain articles from journals published in national languages might not have been included in the analysis.
Materials and Methods
[bookmark: Search_Results_]Search Results
 	In July 2023, data were collected from the Web of Science Core Collection (WOS-CC) to comprehensively analyze research on AMR among pneumonia pathogens. The search strategy used in this study aimed to be inclusive and covered various aspects of the topic. The search strategy employed was as follows: “resistance” AND “pneumonia” (Title) and “resistance” AND “pneumonia” (Abstract).
 	To ensure the accuracy and relevance of the data, specific inclusion criteria were applied. These criteria included: (1) articles published between 2013 and 2023, (2) articles written in English, and (3) exclusion of review articles, proceeding papers, book chapters and editorial material. To provide a visual representation of the data extraction process, a PRISMA flowchart outlining the selection process is presented in Figure 8.

[image: ]
Figure 8. The flow chart of the screening process using PRISMA.

Performance Analysis
 	In this study, performance analysis and science mapping were conducted using specific software tools. Rstudio v.4.3.1 with the bibliometric R-package (http://www.bibliometrix.org; access date: 19 July 2023), was utilized for these analyses [65]. Biblioshiny, with its web features, was employed for data analysis. This software has the capability to function with a single database only. WOS was chosen due to its provision of comprehensive and detailed citation information. This feature is particularly valuable for conducting thorough bibliometric analysis and assessing the impact of research outputs.
 	The local publication trends and average total citations per article were measured for each year. To identify the most productive journals, the number of publications was considered, and Bradford’s Law was applied to identify core journals, which are a few journals contributing significantly to citations in the field [66].
[bookmark: Identification_of_Leading_Institutions,_]Identification of Leading Institutions, Sources, Authors, and Collaborating Countries
 	The top 10 most productive institutions and authors were ranked based on the percentage of papers they produced. Relationships between institutions and authors were visualized to understand their collaboration patterns. For country analysis, the percentage of articles from each country was used to rank the most productive country, and the percentage of multiple-country production was measured for the top 10 countries. The country collaboration network was mapped based on the number of publications produced by each country.
[bookmark: Keywords_Frequencies_Analysis_]Keywords Frequencies Analysis
 	Timeline analysis was performed to observe how frequently specific keywords appeared over the years. TreeMap was created to illustrate the distribution and prominence of the top 10 most frequently occurring keywords. Thematic analysis was conducted to identify the main trends and topics within the selected articles.
Conclusions
 	Over the past decade, research on AMR among pneumonia pathogens has shown a significant increase. China and the USA have made significant contributions to this field, as evidenced by their representation among the authors of 104 and 101 articles, respectively. Antibiotic-resistant bacterial infections in Africa are still of great concern as they remain poorly understood. It is crucial to update and share research findings from different countries regarding AMR with clinicians to develop appropriate empirical therapy for pneumonia. Addressing this growing health challenge requires converting global data on AMR among pneumonia pathogens into a comprehensive action plan. With an escalating number of reports on resistance among pneumonia pathogens, especially A. baumannii and K. pneumoniae, there is an urgent need for pharmaceutical companies and healthcare providers to take action and prepare for the future consequences of this issue.
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Abstract
Purpose This systematic review and meta-analysis evaluate the effectiveness of ASPs in managing community-acquired pneumonia (CAP), focusing on antibiotic optimization and resistance mitigation. Methods Comprehensive literature searches were conducted in PubMed, Scopus, and Web of Science using PICOS criteria. Studies involving adults with CAP exposed to ASPs were included. Data on clinical, economic, diagnostic, and treatment outcomes were extracted. Random-effects meta-analysis using R software pooled effect sizes. Outcomes reported in at least three studies were analyzed for robustness. Results ASPs did not significantly impact in-hospital mortality, length of stay, 30-day readmissions, sample collection rates, or intravenous antibiotic duration. However, notable improvements included shorter time to clinical stability and a 31% reduction in 30-day mortality. Legionella urinary antigen testing frequency increased nearly threefold, and the time from admission to antibiotic initiation was reduced. Enhanced adherence to timely antibiotic administration and recommended regimens was observed, though outcome variability persisted. Conclusion ASPs significantly improve CAP management by enhancing clinical stability and accelerating antibiotic initiation. Multifaceted strategies, including rapid diagnostics and clinician education, yield clinical benefits. However, outcome variability suggests a need for tailored interventions. Future research should isolate specific ASP components influencing prescriber behavior. Ongoing investment in education, diagnostics, and interdisciplinary collaboration is vital to optimize CAP treatment and combat antibiotic resistance.
Keywords: Pneumonia, Community-acquired infections, Disease management, Health knowledge, Attitudes, Practice
Introduction
 	Bacterial pneumonia, encompassing various forms such as community-acquired pneumonia (CAP), hospital-acquired pneumonia (HAP), and ventilator-associated pneumonia (VAP), represents a substantial global burden of infectious disease and are a leading cause of morbidity and mortality worldwide [1-3]. However, the persistent emergence of antibiotic-resistant bacterial strains poses a grave threat to the effectiveness of antimicrobial therapy, patient outcomes, and healthcare systems [4-6].
 	The escalation of antibiotic resistance in bacterial pneumonia not only hinders successful treatment but also intensifies the economic and healthcare challenges associated with pneumonia care [7]. Addressing this critical issue demands a multifaceted approach, with a particular emphasis on curbing the inappropriate use of antibiotics. Antimicrobial stewardship programs (ASPs) and interventions have arisen as a promising strategy to bolster antibiotic stewardship practices across various pneumonia types.
 	ASPs and interventions aimed at healthcare providers, including physicians, nurses, and pharmacists, can deliver vital knowledge and insights into rational antibiotic use, adherence to clinical guidelines, and the potential consequences of antibiotic resistance [8, 9]. These interventions encompass a spectrum of educational methods, including didactic training, workshops, dissemination of clinical guidelines, feedback mechanisms, and the implementation of decision support tools. Additionally, strides are being made in the realm of pneumonia diagnostics through the integration of innovative methods. The implementation of advanced diagnostic techniques, such as molecular assays, imaging technologies, and point-of-care testing, plays a pivotal role in enhancing early detection and accurate diagnosis. The right and quick detection of agents responsible for bacterial pneumonia are crucial as they facilitate the prompt selection of appropriate antibiotics. This targeted approach to antibiotic therapy not only improves patient outcomes but also helps in preventing the development of antibiotic resistance.
 	In general, the fundamental objectives of antimicrobial stewardship programs include: (1) ensuring the appropriate selection of empiric antibiotics at suitable doses based on organ function; (2) de-escalating antibiotic treatment upon receiving culture and sensitivity results; (3) transitioning from intravenous infusion to oral dosage forms; and (4) maintaining an appropriate duration of therapy. Previous research has explored various interventions aimed at enhancing antimicrobial stewardship [10]. Educational measures are recognized as a potent and essential element of antimicrobial stewardship [11]. A global systematic review in 2014, covering 78 educational interventions, revealed enhanced adherence to guidelines in 46% of the studies and a reduction in antibiotic prescribing in 41% of cases [12]. A more recent worldwide systematic review and meta-analysis demonstrated that digital education proved to be more effective and cost-efficient compared to traditional educational methods in improving rational prescribing [3].
 	The efficacy of stewardship programs and interventions in the context of CAP holds great promise in ameliorating the overuse and misuse of antibiotics, consequently mitigating the development and dissemination of antibiotic resistance. However, the comprehensive assessment of existing evidence regarding the impact of stewardship interventions on antibiotic resistance prevention in pneumonia patients is paramount.
This systematic review and meta-analysis endeavor to critically evaluate the available literature on antimicrobial stewardship programs and interventions in the management of CAP and their effectiveness in preventing antibiotic resistance. By synthesizing the findings of relevant studies, we seek to offer insights into the outcomes and implications of antimicrobial stewardship programs and interventions across the spectrum of CAP.
Materials and methods
 	This systematic review and meta-analysis strictly adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [13] (Supplementary Table S1). The meta-analysis protocol was preregistered in the international prospective register of systematic reviews, PROSPERO, with the registration ID CRD42023492494 [14].
Search strategy
 	We conducted a comprehensive search of Web of Science, Scopus and PubMed databases, covering the period from January 2000 to January 2024. Only studies published in English were considered, and various search strategies were employed, as outlined in Table S2, which were designed according to the PICOS criteria. Detailed search strategies comprised terms related to pneumonia, stewardship and antimicrobial therapy. We employed Boolean operators (OR and AND) to combine terms within sets. Additionally, we performed manual searches on Google Scholar using specific terms and cross-referenced studies found in the search. However, no new articles were identified that had not already been retrieved through our initial search strategy.
Inclusion and exclusion criteria
 	Selection of relevant studies involved the use of the PICOS framework, as defined by the Centre for Evidence-Based Medicine at Oxford University, Oxford, UK [15]. Our research question and eligibility criteria were explicitly outlined within this framework, ensuring a systematic and comprehensive approach to the identification of eligible studies. We excluded studies conducted in outpatient settings and papers published as reviews, protocols, or conference abstracts.
 	Participants: the study focused on adults aged 18 years and older who were diagnosed with CAP. The diagnostic criteria for inclusion required participants to have a confirmed diagnosis of pneumonia, established through clinical, radiological, or laboratory criteria.
 	Intervention: In this study, the intervention variable under investigation was the utilization of ASPs in the context of CAP management. The inclusion criteria encompassed diverse structured strategies aimed at optimizing the use of antimicrobial agents, specifically antibiotics. These strategies included but were not limited to antibiotic protocols, guidelines, and various interventions implemented to enhance the appropriateness and effectiveness of antimicrobial therapy for pneumonia.
 	The intervention variable was systematically classified based on the administration modality of ASPs, rather than the specific type of antimicrobial agent used. This approach aimed to explore potential variations in the impact of these programs on pneumonia management, considering factors such as antibiotic selection and de-escalation, duration of antibiotic treatment, and route of administration. It is noteworthy that the classification was not based on the specific type of antibiotic used, as many studies do not consistently report the detailed pharmaceutical formulations. Furthermore, the study considered exposure of any duration or frequency, ensuring a comprehensive evaluation of the effectiveness of ASPs in pneumonia treatment across a diverse range of implementation approaches.
 	Outcome: This study meticulously examined a diverse range of outcomes to comprehensively evaluate the effectiveness of ASPs in the management of CAP. The primary outcomes focused on key clinical measures, including the timely administration of antibiotics within 8 h, adherence to first-line therapy recommendations, and the overall concordance with guideline-based antibiotic prescribing. Additionally, critical clinical indicators such as 30-day mortality, length of hospital stay (LOS), door-to-drug delivery (DDD), and hospital mortality were evaluated. The study also assessed secondary outcomes like blood culture collection before antibiotics, ICU stay, days to clinical stability, and the use of diagnostic tools like urine antigen tests for Legionella spp. and Streprococcus pneumoniae (S. pneumoniae). Other important outcomes included the duration of antibiotic therapy, and compliance with antibiotic measures. Furthermore, economic outcome like the frequency of readmissions within 30 days was included to provide a comprehensive analysis of the impact of ASPs on CAP management. The study also consolidated outcomes such as sputum culture procurement and other respiratory sample collections into a unified category. Moreover, outcomes related to “first-line initial therapy”, “patients receiving recommended antibiotic therapy”, and “overall concordant antibiotic prescribing” were collectively termed as “adherence to recommended antibiotic therapy”.
 	Study type: Following the guidelines of the Cochrane Effective Practice and Organization of Care (EPOC) [16], the study included the following designs: randomized clinical trials (RCTs), cluster-randomized clinical trials (C-RCTs), non-randomized clinical trials (NRCTs), controlled before-after studies (CBA), interrupted time series (ITS) studies, and quasi-experimental studies.
Data selection and extraction
	All retrieved articles from databases and manual searches were managed using EndNote 20.5 (Clarivate Analytics, Philadelphia, USA) and Zotero version 6 (Corporation for Digital Scholarship, George Mason University, Virginia, USA). Articles were organized into separate folders for each database or manual search, followed by the removal of duplicates. In some studies, the interventions were not solely for CAP, but also targeted other diseases; however, only studies where data specific to CAP could be extracted separately were included in the systematic review. For the meta-analysis, only outcomes reported in three or more studies were used. NA and HRS independently screened the titles and abstracts of the identified studies. In cases of disagreement, a third researcher (SR) was consulted, or the issue was resolved through discussions involving all authors.
Quality assessment
	The quality of the studies included in this systematic review was assessed using appropriate tools tailored to the specific designs of the studies. Given the diversity of study designs, we employed different risk of bias assessment tools as follows:
 	For studies employing a before-and-after design, we utilized the ROBINS-I (Risk Of Bias In Non-Randomized Studies of Interventions) tool. This tool allows for the systematic evaluation of bias across multiple domains, including selection bias, performance bias, detection bias, attrition bias, and confounding. Each domain was rated as having low, moderate, serious, or critical risk of bias based on the information reported in the studies.
 	The quality of ITS studies was evaluated using the EPOC tool. This tool is designed to assess the risk of bias in studies that analyze the effects of interventions over time, focusing on factors such as timing of the intervention, temporal trends, regression to the mean, autocorrelation, and the presence of concurrent interventions.
 	For RCTs, we employed the Cochrane Risk of Bias Tool (ROB2). This tool assesses several key domains, including randomization process, allocation concealment, blinding, attrition, and selective reporting. Each domain was assessed to determine the overall risk of bias, contributing to the reliability of the findings.
 	The Cochrane Risk of Bias Tool for Cluster-RCTs was used for studies that involved cluster randomization. This tool addresses specific issues related to cluster-level allocation, contamination, intra-cluster correlation, blinding, and adjustments for cluster size. Each domain was evaluated to ensure the robustness of the evidence derived from these trials.
 	Similar to the before-and-after studies, the ROBINS-I Tool was employed to assess the risk of bias in quasi-experimental studies. This tool focuses on evaluating selection bias, confounding, temporal bias, consistency in measurement, and the comparability of groups.
 	Each study was independently assessed by two reviewers (NA and HRS), and any discrepancies in the risk of bias ratings were resolved through discussion or consultation with a third reviewer (SR). The findings from these quality assessments were synthesized to inform the interpretation of the overall evidence and to provide context for the conclusions drawn in this systematic review.
Statistical analysis
 	The statistical analysis was conducted using the R environment (version 3.6, GNU GPL2 license). Data analysis was performed using the meta package, which provides tools for conducting meta-analysis and assessing heterogeneity between studies [17]. To ensure data comparability, median values were converted to means [18]. If, for a specific outcome, one or more studies provided only the ES (with a 95% CI) without presenting the raw data, the analysis was conducted in two ways: (1) Excluding such studies and performing the analysis according to the standard protocol; (2) Estimating the ES based on the raw data, followed by pooling all calculated and reported ESs using the metagen function, which implements the DerSimonian and Laird procedure [19]. For studies with more than four outcomes, a Leave-One-Out analysis was performed, where each outcome was sequentially excluded to assess the robustness and the impact of each outcome on the overall results.
Results
Study selection
	A total of 1002 relevant studies were identified in the databases (Fig. 1). After reviewing the titles, abstracts, and full-texts, 25 studies were included in the qualitative synthesis, and 22 were included in the quantitative synthesis.
Study characteristics
	Of the included studies, 12 were single-center and 13 were multicenter. According to the study design, 16 were before- and-after studies, 1 - a C-RCT, 2 - ITS studies, 3 - QES, and 3 - RCTs (Table 1).
Interventions
	Across the 25 studies included in this review, various interventions aimed at improving CAP management were implemented (Table 1). In total 5 studies [20-24] incorporated feedback mechanisms. 6 studies [25-30] disseminated evidence-based CAP treatment guidelines and critical pathways. These interventions involved the distribution of clinical pathways, standardized orders, algorithm-based antibiotic selections, and bilingual patient education materials to support consistent treatment practices. Educational sessions were conducted in 7 studies [20, 21, 25, 31-34]. These sessions often involved team-based education, monthly in-service training, academic detailing, or hands-on sample collection training. Education was frequently supplemented by feedback on antibiotic selection and duration, ensuring real-time guidance for healthcare providers. Pharmacists played a key role in 4 studies [35-38]. In these studies, pharmacists initiated modifications to antimicrobial therapy, audited guideline compliance, and provided feedback. Some studies also utilized clinical decision-support tools, such as CAP bundles or the inpatient antibiotic stewardship tool, to optimize antibiotic stewardship. Only 3 studies [39-41] employed technological tools, including electronic decision-support systems, mobile apps with decision trees, and automated dispensing systems, to aid CAP management. These systems integrated guideline recommendations and reminders, facilitating adherence to best practices in antibiotic treatment and duration. Altogether 5 studies [25-27, 31, 33] implemented multifaceted strategies combining guideline dissemination, education, electronic tools, and real-time feedback. These approaches aimed to enhance guideline adherence through a comprehensive, multidisciplinary strategy involving clinicians, pharmacists, and nurses.
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Fig. 1 PRISMA flow chart

Table 1 Characteristics of included studies

	First Author, Year 
	Country
	Setting and district
	Study design
	Intervention details
	Target illness
	Duration of intervention
	Outcomes

	Meehan, 2001 [20]
	USA
	31 acute care hospitals in Connecticut
	Before-and-after study
	feedback of
performance data,
dissemination of an evidence-based pneumonia
critical pathway, and sharing of
pathway implementation experiences.
	CAP
	from June 1996 – to January 1997
	Blood culture collection within 24 hours, blood culture collection before antibiotics, oxygenation assessment within 24 hours, 30-day mortality, 30-day readmissions, LOS

	Lawrence, 2002 [21]
 
	USA
	Barnes-Jewish Hospital in St. Louis, Missouri
	Before-and-after study


	team-based educational project (monthly in-service education and feedback on DDD and rates of preantibiotic expectorated sputum procurement)
	CAP
	December 1, 1996 – March 31, 1997
	Administration of antibiotics within 8 hours, DDD, LOS, LRT sample procurement, inpatient mortality, DDD less than 4 hours

	Halm, 2004 [25]
	USA
	4 academic health centers in New York City metropolitan area
	Before-and-after study



	implementation of evidence-based treatment guidelines, critical pathways, educational sessions for physicians, pocket reminder card distribution, standardized order promotion, and bilingual patient education materials by a multidisciplinary team of opinion leaders
	CAP
	April 30, 2000 – November 1, 2000
	Administration of antibiotics within 8 hours, blood culture collection before antibiotics, LOS, inpatient mortality, DDD less than 4 hours, blood culture procurement, days to clinical stability, ICU stay, switch to oral antibiotics, adherence to recommended antibiotic therapy 	

	Schouten, 2006 [26]
	Netherlands
	6 medium-to-large Dutch hospitals
	C-RCT
	multifaceted guideline-implementation strategy 
	CAP, COPD 
	March 1, 2003 – September 1, 2004
	DDD less than 4 hours, blood culture procurement, Legionella urinary antigen detection

	Buising, 2008 [27]
	Australia
	Royal Melbourne Hospital
	ITS



	provision of electronic and paper guidelines, the training of senior clinicians, a pharmacist, and a nurse for academic detailing, the promotion of posters and laminated cards with CAP recommendations, and the integration of these guidelines into a web-based decision support system
	CAP
	April 2003 – September 2006
	DDD, adherence to recommended antibiotic therapy

	Weiner, 2009 [22]
	USA
	1 hospital, Boston, MA
	Before-and-after study


	weekly e-mail reminders indicating the percentage of patients with antibiotics timing less than 4 hours from arrival.
	CAP
	November 30, 2005 – February 1, 2006
	DDD, DDD less than 4 hours, arrival to X-ray order time, from X-ray order to antibiotic time, PSI score use

	McIntosh, 2010 [23]
	Australia
	37 hospitals, including public, private, rural and metropolitan institutions
	Before-and-after study

	educational interventions included academic detailing, group feedback presentations
and prescribing prompts
	CAP
	August 2004 – December 2004
	PSI score use, adherence to recommended antibiotic therapy

	Avdic, 2012 [31]
	USA
	The John Hopkins Hospital, Baltimore, Maryland
	Before-and-after study
	education and prospective feedback to teams regarding antibiotic choice and duration




	CAP
	March 31, 2008, February 1, 2010
	30-day readmissions, LOS, duration of antibiotic treatment 

	Julian-Jimenez 2013 [32]
	Spain
	Toledo University Hospital
	Before-and-after study


	implementation of CAP management guideline, training sessions
	CAP
	September 30, 2008 – October 4, 2008
	30-day readmissions, LOS, DDD less than 4 hours, days to clinical stability, 
adherence to recommended antibiotic therapy, Legionella urinary antigen detection, duration of antibiotic treatment, duration of intravenous antibiotics

	Ostrowsky, 2013 [28]
	USA
	Montefiore Medical Center, Bronx, NY
	Before-and-after study 
	an algorithm for ED providers identifying appropriate antibiotic selections, development of a
CAP kit consisting of appropriate antibiotics and dosing regimens bundled with the treatment algorithm, and preloading an automated
ED medication dispensing and management system
	CAP
	Q 2-3 2009 – Q1 2011
	adherence to recommended antibiotic therapy

	Murray, 2013 [24]
	Scotland
	Ninewells Hospital, Dundee
	Before-and-after study


	an antibiotic duration based on the CURB65 score, automatic stop dates and pharmacist feedback to prescribers
	CAP, COPD,  BA, and other LRTIs
	May 12, 2012 – June 2012
	duration of antibiotic treatment

	Dean, 2015 [39]
	USA
	7 Intermountain Healthcare hospitals, Utah
	QES
	application of real-time electronic clinical decision support
	CAP, HAP
	November 2010 – December 2011
	30-day mortality, 30-day readmissions, LOS, DDD, inpatient mortality, administration antibiotics against atypical pathogens

	Uranga, 2016 [29]
	Spain
	4 teaching hospitals in the Basque Country 
	RCT
	implementing recommendations for duration of antibiotic treatment based on clinical
stability criteria
	CAP
	January 1, 2012 – August 31, 2013
	30-day mortality, 30-day readmissions, inpatient mortality, LOS, days to clinical stability, duration of antibiotic treatment, duration of intravenous antibiotics, clinical success rate

	Levine, 2018 [42]
	USA
	Saint Francis Hospital and Medical Center, Hartford, Connecticut
	Before-and-after study


	use of PCT to discontinue antibiotics
	AB, AP, CAP, HAP
	March 2016 – December 2016
	LOS

	
Kulwicki, 2019 [36]
 
	USA
	Teaching hospital, Michigan

	Before-and-after study
	involvement of emergency medicine pharmacist in patient care
	CAP, IAI
	December 31, 2014 -  January 1, 2016
	adherence to recommended antibiotic therapy

	Yoon, 2019 [40]


	New Zealand
	Auckland City Hospital, Middlemore Hospital
	Before-and-after study

	mobile phone application with decision tree
	CAP, UTI
	3 months
	adherence to recommended antibiotic therapy

	
Bianchini, 2019 [35]

	USA
	Urban medical center, Detroit, Michigan
	QES



	pharmacy-driven pneumonia diagnostic stewardship bundle
	CAP
	November 2017 – March 2018
	LOS, duration of antibiotic treatment

	O'Kelly, 2020 [41]
	Ireland
	Sligo University Hospital
	Before-and-after study 
	mobile audience response system, promotion of the antimicrobial app, development of a
physical card with local guidelines, and incorporating CURB-65 into the unscheduled admission
proforma
	CAP
	September 2018 – May 2019
	LOS, DDD, LRTI sample procurement, inpatient mortality, blood culture procurement, adherence to recommended antibiotic therapy, Legionella urinary antigen detection, S. pneumonia urinary antigen detection, duration of antibiotic treatment, CURB-65 use, SIRS use

	Fally, 2020 [33]
	Netherlands
	4 regional hospitals in Denmark: Nordsjaellands Hospital, Gentofte Hospital, Silkeborg Regional Hospital and Hvidovre Hospital
	QES
	hands-on training for sample collection, educational sessions with feedback, streamlined diagnostic processes, and enhanced electronic health record tools.
	CAP
	8 months
	administration of ABT within 8 hours, 
LRTI sample procurement, CURB-65 use, 
X-ray order

	van den Bergh, 2020 [43]
	South Africa
	39 hospitals
	Before-and-after study



	a CAP bundle of seven process measures (diagnostic and AS) that pharmacists used to audit compliance and provide feedback. CAP bundle compliance rates and change in
outcome measures [mortality, length of stay (LOS) and infection-related (IR)-LOS] during pre- and post-implementation periods were compared.
	CAP
	4 weeks
	mortality, length of stay (LOS) and infection-related (IR)-LOS

	Kyriazopoulou, 2021 [44]
	 Greece
	6 departments of Internal Medicine in Athens, 1 department in Piraeus
	RCT
	procalcitonin-guided discontinuation of antimicrobials
	CAP, HAP, VAP
	6 months
	Duration of antibiotic treatment

	Ridgway, 2021 [37]
	USA
	4 North Shore hospitals
	RCT 
	inpatient antibiotic stewardship
tool called the weighted incidence syndromic combination
antibiogram (WISCA)
	UTI, 
ABI, NPC, CAP, AP, and NHAP
	3 years
	LOS, 30-day mortality

	Colmerauer, 2022 [30]
	USA
	5 Hartford HealthCare hospitals
	Before-and-after study



	implementation of an updated CAP order-set with accompanying provider education
	CAP
	October 31 , 2019 – September 1, 2020
	30-day readmissions, LOS, inpatient mortality, adherence to recommended antibiotic therapy, duration of antibiotic treatment

	Hu, 2022 [34]
	China
	3 county-level hospitals, Sanming
	ITS


	Sanming healthcare reform on the appropriate use of antibiotics in public hospitals
	AURI, AB, CAP
	7 years
	adherence to recommended antibiotic therapy

	Iovino, 2023 [38]

	Canada
	Windsor Regional Hospital, Ontario
	Before-and-after study
	pharmacist-initiated modification of antimicrobial therapy
	COPD, CAP
	October 2020 – March 2021
	duration of antibiotic treatment



Abbreviations: USA, United States of America; C-RCT, cluster-randomized clinical trial; RCT, randomized clinical trial; ITS, interrupted time series; QES, quasi-experimental study; CAP, community-acquired pneumonia; COPD, chronic obstructive pulmonary disease; BA, bronchial asthma; LRTI, lower respiratory tract infection; HAP, hospital-acquired pneumonia; AB, acute bronchitis; AP, aspiration pneumonia; IAI, intraabdominal infection; UTI, urinary tract infection; VAP, ventilator-associated pneumonia; ABI, abdominal-biliary infection; NPC, nonpu- rulent cellulitis; NHAP, nursing home-associated pneumonia; AURI, acute upper respiratory infection; LOS, length of stay; DDD, door-to-drug delivery; LRT, lower respiratory tract; ICU, intensive care unit; PSI, pneumonia severity index; ABT, antibiotic treatment; SIRS, systemic inflammatory response syndrome

Outcomes of interest
Clinical outcomes
· Days to clinical stability were assessed by 3 authors [25, 29, 32] as measures of intervention impact on recovery speed.
· 30-Day mortality was frequently reported, serving as a benchmark for short-term survival post-intervention. 5 studies [20, 29, 37, 39, 40] reported this outcome, emphasizing its importance in assessing CAP treatment impacts.
· Hospital mortality, indicating death occurring during the hospital stay, was also a key outcome in 7 studies [21, 25, 27, 29, 30, 39, 41].
· Clinical success rate, indicating overall treatment effectiveness, was highlighted in one research [29].
Economical outcomes
· LOS was one of the most widely assessed outcomes, featured in 13 studies [20, 21, 25, 27, 30–32, 35, 37, 40–43]. These studies highlight LOS as a primary con- sideration in optimizing CAP care pathways and intervention strategies.
· 30-Day readmissions were highlighted in 7 studies [20, 29–32, 39, 42], indicating the frequency of recurrence or complications and underscoring the need for improved initial treatment adherence. 
· ICU stay was reported in one study [25], reflecting the severity of cases and resources required when CAP management did not achieve desired early outcomes.
Diagnostic outcomes
· Blood culture collection before antibiotics was measured in 2 studies [20, 25] as a means of ensuring that diagnostic accuracy is not compromised by premature antibiotic use.
· Blood culture and lower respiratory tract (LRT) sample procurement were also significant measures, highlighting the role of diagnostic precision. Blood culture pro- curement was evaluated in 3 studies [25, 26, 41], meanwhile, three studies [21, 33, 41] focused on LRT sample collection.
· Urinary antigen testing for pathogens provides a rapid diagnostic tool that can guide targeted antibiotic therapy. This testing was reported by three authors and their teams [26, 32, 41], with three studies focusing on Legionella pneumophila and two on S. pneumoniae.
· Arrival to X-ray order time and from X-ray order to antibiotic time were evaluated in one study [22], X-ray order compliance was also reported in one study [33]. These outcomes underline the importance of radiological support in CAP management.
· Severity and prognosis assessment was carried out using various scales. PSI (Pneumonia Severity Index) score use was recorded in 2 studies [22, 23] as a guideline- supported measure for assessing CAP severity. CURB- 65 and SIRS score use was also examined, with CURB- 65 use reported by 2 authors [33, 41], and SIRS by one author [41].
Treatment and antibiotic therapy
· Administration of antibiotics within 8 h was a commonly studied outcome, reported in 4 studies [20, 21, 25, 33]. Timely antibiotic administration is critical to ensuring early pathogen control, especially in severe cases.
· Door-to-Drug Delivery (DDD), the time from patient arrival to antibiotic administration, was assessed in 4 studies [21, 22, 26, 27]. These studies highlight DDD as an operational metric in CAP management and an area for potential intervention improvements. Additionally, the outcome of DDD being less than 4 h was evaluated in 5 studies [21, 22, 25, 26, 32], further emphasizing the importance of timely antibiotic administration in improving patient outcomes.
· Adherence to recommended antibiotic therapy was reported across 11 studies [23, 25, 27, 28, 30, 32, 34, 36, 40, 41, 43]. This outcome underscores the emphasis on guideline-based therapy for optimal patient outcomes.
· Duration of antibiotic treatment was commonly recorded, with multiple studies tracking this outcome to assess optimal therapy length [24, 29–32, 35, 38, 41, 44].
· Duration of intravenous antibiotics was highlighted in 3 studies [29, 32, 41], where early transition to oral antibiotics, when feasible, is encouraged to reduce IV-related complications and hospital stays.
· Switch to oral antibiotics was another key focus in one study [25], underscoring the push for timely step-down therapy to expedite patient discharge.
· Administration of antibiotics against atypical pathogens was noted in one study [39], reflecting the need to address diverse microbial profiles in CAP cases.
Protocol adherence
· Compliance with diagnostic and treatment protocols was consistently emphasized, particularly in 3 studies [30, 32, 41], highlighting the role of adherence in achieving standardized, high-quality care.
Risk of bias assessment
 	The assessment of the risk of bias for the included studies is detailed in Supplementary Material (Figure S1-5). These figures provide visual representations of the risk of bias across studies, including domain-level evaluations and overall judgments. 
Effects of the interventions
	The impact of ASP interventions on clinical outcomes in patients with CAP was analyzed across several key measures.
	The first outcome evaluated was the time to clinical stability, defined as the duration required for patients to achieve resolution of vital signs and symptoms, facilitating a transition to oral therapy or discharge. The pooled analysis of three studies (Fig. 2A) showed a standardized mean difference (SMD) of -0.16 (95% CI: -0.24 to -0.07), indicating a small but statistically significant reduction in the time to clinical stability among patients receiving ASP interventions compared to standard care. The heterogeneity across studies was negligible, highlighting the consistency of this finding.
 	The second outcome, 30-day mortality, was assessed using two statistical approaches. The standard method (Fig. 2B) excluded one study and yielded an odds ratio (OR) of 0.72 (95% CI: 0.55 to 0.92), demonstrating a significant reduction in mortality with ASP interventions. Using the method, which included all studies (Fig. 2C), the pooled OR was 0.69 (95% CI: 0.56 to 0.85), confirming a consistent and significant mortality benefit. Both methods revealed low heterogeneity, further supporting the robustness of these results.
 	The analysis of hospital mortality (Fig. 2D) showed an OR of 1.16 (95% CI: 0.80 to 1.67), with moderate heterogeneity. This outcome did not demonstrate a statistically significant difference between ASP interventions and standard care, suggesting that while ASPs can improve some clinical outcomes, their effect on hospital mortality remains unclear. For a more detailed analysis, the forest and funnel plots for these two outcomes are presented in the supplementary materials (Supplementary Figures S6-S11).
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Fig. 2 Effect of ASP interventions on clinical outcomes. Abbreviations: ACH, Auckland City Hospital; MMH, Middlemore Hospital; SD, standard deviation; SMD, standardized mean difference; OR, odds ratio; CI, confidence interval. Notes: (a) Effect of ASP interventions on time to clinical stability; (b) Effect of ASP interventions on 30-day mortality using standard method; (c) Effect of ASP interventions on 30-day mortality using inverse variance method; (d) Effect of ASP interventions on hospital mortality [20, 21, 25, 27, 29, 30, 32, 37, 39–41]

 	The economic impact of ASPs on the management of CAP was assessed through key. The LOS was evaluated using two approaches. The standard method (Fig. 3A), which excluded one study, showed a pooled SMD of -0.15 (95% CI: -0.34 to 0.04) using a random-effects model. Although the estimate suggested a slight reduction in LOS with ASP interventions, the result was not statistically significant. High heterogeneity was observed in this analysis.
 	Similarly, the method, which included all studies (Fig. 3B), yielded a comparable pooled SMD of -0.14 (95% CI: -0.31 to 0.03), also indicating no statistically significant reduction in LOS. The heterogeneity remained high, suggesting variability among the included studies.
	These findings indicate that while ASPs may influence clinical workflows, their impact on reducing the length of hospital stay is not conclusive and varies across different settings.
 	Our sensitivity analysis demonstrated that the pooled effect size (ES) remained small and consistent, even when individual studies were excluded. This is illustrated in the supplementary materials, where four figures are provided: the forest plot and funnel plot for the standard method, and the same plots for the inverse approach, based on the Der-Simonian-Laird method (Figures S12–S15). The ESs are clustered near zero, suggesting that the intervention being studied has a minimal or negligible impact on the outcome. The high heterogeneity across analyses indicates variability among the included studies, which may reflect differences in study populations or methodologies. Despite this variability, the results appear robust, as no single study disproportionately influenced the overall findings.
 	The overall OR for 30-day readmissions in patients exposed to ASP interventions was 0.62 (95% CI: 0.34 to 1.15), suggesting a 38% reduction in the odds of readmission. However, the confidence interval includes 1, indicating that this effect is not statistically significant.
 	Substantial heterogeneity was observed, with an I² value of 71.4% and a tau-squared (τ²) of 0.43, indicating variability in the effect across studies. The p-value of 0.002 suggests that the reduction in readmissions is unlikely to be due to chance. Sensitivity analysis using a leave-one-out approach did not significantly alter the overall findings. Forest and funnel plots of ES are shown in Figure S16-17.
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Fig. 3 Effect of ASP interventions on economical outcomes. Abbreviations: SD, standard deviation; SMD, standardized mean difference; OR, odds ratio; CI, confidence interval. Notes: (a) Effect of ASP interventions on duration of hospital stay using standard method; (b) Effect of ASP interventions on duration of hospital stay using inverse variance method; (c) Effect of ASP interventions on 30-day readmissions [20, 21, 25, 27, 29–32, 35, 37, 39, 41, 42]

 	The meta-analysis assessed the impact of ASP interventions on diagnostic outcomes, with Legionella urinary antigen testing being one of the measures evaluated. The combined OR for this outcome was 2.91 (95% CI: 1.56 to 5.42), suggesting a significant association between ASP interventions and improved diagnostic performance in Legionella testing (Fig. 4A).
	Heterogeneity across the three studies included in the analysis was low, with an I² statistic of 19.3%, indicating moderate consistency in the ESs observed. The between-study variance was 0.11 (95% CI: 0.00 to 10.87), reflecting minimal variability across the studies. Given that only three studies were included, these results may be influenced by the limited sample size, which could explain the moderate heterogeneity observed.
 	For blood culture procurement, the combined OR was 1.09 (95% CI: 0.84 to 1.43), suggesting no significant association between ASP interventions and improved rates of blood culture procurement (Fig. 4B).
	For LRT sample procurement, the combined OR was 1.48 (95% CI: 0.86 to 2.56), indicating a modest, but not statistically significant, improvement in sample procurement with ASP interventions (Fig. 4C).
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Fig. 4 Effect of ASP interventions on diagnostic outcomes. Abbreviations: OR, odds ratio; CI, confidence interval. Notes: (a) Effect of ASP interventions on the frequency of determination of Legionella antigenuria (b) Effect of ASP interventions on blood sampling frequency (c) Effect of ASP interventions on LRT sample collection frequency [21, 25, 26, 32, 33, 41]

 	The OR for the administration of antibiotics within 8 h was 1.32 (95% CI [1.02; 1.72]), indicating a positive effect of ASP interventions on timely antibiotic administration. The heterogeneity was moderate, with an I² of 74.2% (τ² = 0.05 [0.00; 1.83]), and the result was statistically significant (Fig. 5A).
 	The odds ratio (OR) for antibiotics administered within 4 h was 2.05 (95% CI [0.98; 4.29]), indicating a higher likelihood of timely antibiotic administration with ASP interventions (Fig. 5B). However, this result did not reach statistical significance, as the confidence interval includes 1 (the null value). The leave-one-out sensitivity analysis demonstrated that the overall results were robust, with no single study significantly altering the pooled ES or the direction of the results (Figure S18-19).
 	For the outcome of DDD time, the SMD was − 0.23 (95% CI [-0.41; -0.04]), indicating a modest but statistically significant reduction in DDD time following ASP interventions. The heterogeneity was moderate, with an I² of 51.2% (τ² = 0.01 [0.00; 1.89]), suggesting some variability among the included studies. However, the p-value for heterogeneity was not statistically significant, indicating that the observed differences could be due to random variation rather than true heterogeneity among studies (Fig. 5C).
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Fig. 5 Effect of ASP Interventions on timeliness of antibiotic administration. Abbreviations: SD, standard deviation; SMD, standardized mean difference; OR, odds ratio; CI, confidence interval. Notes: (a) Effect of ASP interventions on administration of antibiotics within 8 h after hospitalization (b) Effect of ASP interventions on administration of antibiotics within 4 h after hospitalization (c) Effect of ASP interventions on time of first antibiotic dose administration [20–22, 25–27, 32, 33]

 	For the duration of intravenous antibiotic administration, the mean and standard deviation were estimated from the reported median and interquartile range (IQR). The SMD was 0.05 (95% CI [-0.34; 0.44]), indicating no significant effect of ASP interventions on the duration of intravenous antibiotic therapy (Fig. 6A).
	For the duration of antibiotic treatment, the SMD was − 1.05 (95% CI [-2.03; -0.06]), indicating a reduction in treatment duration following ASP interventions. However, the heterogeneity was extremely high, with an I² of 97.9% (τ² = 2.23 [1.00; 8.42]), and the p-value for heterogeneity was statistically significant (p < 0.001), suggesting considerable variability among the studies (Fig. 6B). The leave-one-out sensitivity analysis identified one study as a potential outlier [29]. Despite its exclusion, the pooled effect remained within the confidence interval (Figure S20-21), supporting the robustness of the results. The funnel plot analysis indicated some asymmetry, which was further supported by Egger’s test (p = 0.07), suggesting potential publication bias in the included studies.
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Fig. 6 Effect of ASP Interventions on antibiotic treatment duration. Abbreviations: SD, standard deviation; SMD, standardized mean difference; CI, confidence interval. Notes: (a) Effect of ASP interventions on duration of intravenous antibiotic administration (b) Effect of ASP interventions on duration of antibiotic treatment [24, 29–32, 35, 41, 42, 44]

 	The effect of the ASP interventions on adherence to recommended antibiotic treatment was assessed using a standard methodology. The meta-analysis revealed a pooled OR of 3.01 (95% CI: 1.56–5.81), indicating that the intervention significantly increased adherence compared to the control group (Fig. 7). But a high degree of heterogeneity was observed among the studies, with I² = 97.1%, suggesting substantial variability in the results. The between-study variance was estimated at τ² = 0.94 (95% CI: 0.39–3.63). The p-value for heterogeneity was < 0.001, indicating that the variation between studies was statistically significant (Figure S22-23).
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Fig. 7 Effect of ASP Interventions on adherence to recommended antibiotic treatment. Abbreviations: OR, odds ratio; CI, confidence interval [23, 25, 27, 32, 34, 40, 41, 43]

Discussion
 	This systematic review and meta-analysis evaluated the influence of key interventions in the management of CAP and their impact on clinical and process-related outcomes in hospital settings. The findings provide important insights into current practices and highlight areas for improvement to optimize patient care.
 	The effectiveness of ASPs was evaluated based on their impact on diagnostic accuracy, clinical outcomes, and economic efficiency. However, due to the significant variability of ASP interventions, establishing specific targets and performance criteria requires synthesizing data from diverse settings across different diseases and conditions, making this topic particularly suitable and interesting for a meta-analysis study.
 	In 2021, the WHO released practical guidelines on interventions for the rational use of antimicrobial agents, highlighting ten key strategies. These interventions are divided into pre-prescription or during-prescription actions and post-prescription actions. Pre-prescription strategies include educating clinicians to increase knowledge about appropriate antibiotic use, educating patients and the public about the risks and importance of proper antibiotic use, developing institution-specific guidelines for managing common infections, using cumulative antibiograms to guide antibiotic selection, requiring pre-authorization for restricted antimicrobial use, correcting erroneous antibiotic allergy labels, and optimizing antibiotic dosing based on patient characteristics. Post-prescription actions involve conducting prospective audits with feedback to improve antibiotic use, encouraging antibiotic time-outs for clinicians to reassess the need for continued therapy, and ensuring the appropriate duration of antibiotic therapy to avoid unnecessary prolonged use [45]. Despite earlier studies included in our review, most of these key interventions were implemented in a comprehensive manner.
 	We found that the outcomes where no significant effect from interventions was observed include in hospital mortality, LOS, 30-day readmissions, blood and respiratory sample collection frequencies, and the duration of intravenous antibiotic therapy.
 	However, significant positive effects were observed for specific outcomes. The time to clinical stability was shorter in the intervention group, showing improved recovery rates. There was a 31% reduction in the risk of 30-day mortality, and the frequency of orders for Legionella urinary antigen testing increased nearly threefold. Point-of-care tests (POC), such as rapid urinary antigen tests, are crucial in the management of severe CAP. In 2019, a large, monocenter observational study showed that S. pneumoniae, Staphylococcus aureus, viruses, and Legionella spp. are among the most frequent causative pathogens of severe CAP [46]. In the studies included in this systematic review, rapid urinary tests for two of these main pathogens were reported, emphasizing the role of POC in improving diagnosis and treatment of severe pneumonia.
 	Additionally, the time from admission to antibiotic initiation was reduced, reflecting earlier treatment in the intervention group. Outcomes such as antibiotic administration within 8 h, within 4 h, duration of antibiotic therapy, and adherence to recommended regimens also showed effects but were characterized by high heterogeneity across studies. The timely initiation of antibiotics is a critical component of managing infections, particularly in settings where sepsis or septic shock is a concern. Measuring the time from admission to antibiotic administration allows healthcare providers to assess the adequacy of their response to bacterial infections and is often used as a performance metric for quality care. However, the optimal timing of antibiotic therapy can vary depending on the severity of the infection. Recent meta- analysis suggests that while early broad-spectrum antibiotic therapy (within 1–3 h) is essential in patients with severe sepsis or septic shock, this urgency is not always necessary for patients with mild to moderate infections [47]. In fact, for these patients, delays of up to 4-8 h in the emergency department have not consistently been linked to worse clinical outcomes [47]. This indicates that a more nuanced approach, which involves waiting for diagnostic results and conducting a thorough clinical reassessment, may offer several advantages. Not only can this approach help optimize the diagnosis, but it can also facilitate the use of more targeted antibiotic therapy. Such a strategy may improve patient outcomes while reducing unnecessary antibiotic use, which is crucial in combating antibiotic resistance.
	While our meta-analysis focused on outcomes reported in 3 or more studies, several important clinical variables, including ICU stay, clinical success rate, blood culture collection before antibiotics, time from X-ray order to antibiotics administration, timely switch from intravenous to oral antibiotics, prescription of antibiotics covering atypical pathogens and the use of risk stratification tools like PSI, CURB-65, and SIRS, were not included into meta-analysis due to insufficient data. However, these outcomes remain crucial in evaluating the effectiveness of ASP interventions. The duration of ICU stay is a key indicator of CAP severity and effective treatment, with shorter stays suggesting better management [48]. Halm et al. reported that the average ICU stay decreased from 14.3 days preintervention to 11.7 days postintervention, although this difference was not statistically significant [25]. However, since this result is based on only one study, it is insufficient to draw definitive conclusions or evaluate the overall impact of ASPs on ICU stay. Clinical success, defined by clinical cure or improvement, is crucial for assessing the benefits of ASPs, especially in cases with multidrug-resistant pathogens [49]. In one study, the clinical success rate at day 10 increased from 50.4% in the control group to 59.7% in the intervention group, and at day 30, it was 92.7% in the control group and 94.4% in the intervention group (p = 0.54), though neither difference was statistically significant. Blood culture collection before antibiotic administration is crucial for guiding targeted therapy. In one study, the rate of blood culture collection before antibiotics increased from 78.2% preintervention to 80.6% postintervention, though the difference was not statistically significant (p = 0.18) [25]. Another study showed a significant increase in the rate from 62.5% at baseline to 69.3% at follow-up (p < 0.01), although the difference was not statistically significant (p = 0.09) [20]. There was no statistically significant difference in the time from X-ray order to antibiotic administration, in the rate of X-ray orders within 8 h, or in the switch to oral antibiotics. However, these outcomes remain important today in cases of appropriate diagnosis and treatment. Dean et al. observed that more dual antibiotics with atypical pathogen activity were administered post-deployment in the intervention group, increasing from 90 to 94% [39]. This is important as atypical pathogens are often implicated in etiology of CAP, and appropriately targeting them with dual antibiotics can improve treatment outcomes and help prevent the development of antimicrobial resistance [39].
 	In four studies, the use of scales to assess patients was considered an indicator of the quality of the interventions performed [22, 23, 33, 41]. The American Thoracic Society recommends that clinicians, in addition to clinical judgment, should use a validated clinical prediction rule for prognosis, with preference for the PSI over CURB-65 to determine the need for hospitalization in adults diagnosed with CAP [50]. Both PSI and CURB-65 were developed to predict 30-day mortality in immunocompetent pneumonia patients, with PSI demonstrating higher discriminative power and identifying more low-risk patients compared to CURB-65 [51, 52]. All quality indicators for CAP care mentioned in this review, including those selected as outcomes by a small number of authors like this one, are essential and are included in most international protocols and clinical guidelines [16, 53, 54].
 	To our knowledge, this is the first review evaluating the efficacy of ASPs and interventions for CAP management. Our findings provide an evidence base for future studies in this domain. Nevertheless, there are limitations. Firstly, unpublished studies were not included in our search and analysis. Secondly, the limited number of articles reviewed restricts our ability to determine which specific ASP interventions are most effective, because interventions were often implemented as bundled measures, we could not isolate the effect of individual strategies, such as rapid diagnostic testing combined with educational components in one program. Future studies should address this gap. Thirdly, the included studies exhibited significant heterogeneity in terms of study design, intervention components, and outcome measures, which limits the comparability of findings and the ability to draw definitive conclusions. Finally, as outcomes were primarily reported at the facility level rather than at the individual level, the results may have been influenced by factors such as staff turnover or inclusion of healthcare providers not exposed to the interventions. Future studies should aim to evaluate changes in individual prescribing behaviors rather than overall facility-level prescribing trends.

Conclusion
 	This systematic review and meta-analysis provide a comprehensive evaluation of the impact of key interventions in the management of CAP, particularly ASPs. While no significant effects were observed for hospital mortality, LOS, or 30-day readmissions, several positive outcomes highlight the benefits of ASPs in clinical practice. Notably, interventions led to a shorter time to clinical stability, a 31% reduction in 30-day mortality risk, increased use of rapid diagnostic tests, and a reduction in the time from admission to antibiotic initiation.
 	Despite the observed benefits, the high heterogeneity among ASP interventions and study designs limits the ability to identify the most effective strategies. The inclusion of bundled interventions also prevents the isolation of individual intervention effects. Furthermore, several clinically relevant outcomes, such as ICU stay, clinical success rate, and appropriate antibiotic de-escalation, lacked sufficient data for meta-analysis, underscoring the need for further research.
 	Moving forward, future studies should aim to standardize ASP interventions, assess their impact on individual prescribing behaviors, and explore the role of rapid diagnostic testing and targeted educational programs in optimizing CAP treatment. Addressing these gaps will help refine antimicrobial stewardship efforts and improve patient outcomes while mitigating the risk of antibiotic resistance.
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	2
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	Anti biotic[Title/Abstract] OR Antibiotic[Title/Abstract] OR Antimicrobial[Title/Abstract] OR Anti microbial[Title/Abstract] OR anti bacterial[Title/Abstract] OR antibacterial[Title/Abstract]
	523,676

	3
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	The study focuses on respiratory diseases, but it does not provide specific data on CAP 

	6
	Layios N, Lambermont B, Canivet JL, Morimont P, Preiser JC, Garweg C, Ledoux D, Frippiat F, Piret S, Giot JB, Wiesen P. Procalcitonin usefulness for the initiation of antibiotic treatment in intensive care unit patients. Critical care medicine. 2012 Aug 1;40(8):2304-9.
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	16
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	21
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	22
	Van Der Westhuyzen M, Samodien N, Brink AJ, Moodley C. Utility of the BioFire® FilmArray® Pneumonia Panel plus assay for syndromic testing of lower respiratory tract infections in a low/middle-income setting. JAC-Antimicrobial Resistance. 2023 Feb 1;5(1):dlac139.
	There is no intervention in the study.

	23
	Mauro J, Kannangara S, Peterson J, Livert D, Tuma RA. Rigorous antibiotic stewardship in the hospitalized elderly population: saving lives and decreasíng cost of inpatient care. JAC-Antimicrobial Resístance. 2021 Sep 1;3(3):dlab118.
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	24
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	28
	Enne, V. I., Aydin, A., Baldan, R., Owen, D. R., Richardson, H., Ricciardi, F., ... & O’Grady, J. (2022). Multicentre evaluation of two multiplex PCR platforms for the rapid microbiological investigation of nosocomial pneumonia in UK ICUs: the INHALE WP1 study. Thorax, 77(12), 1220-1228.
	There is no intervention in the study.

	29
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	30
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	31
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	Cantudo-Cuenca, M. R., Jimenez-Morales, A., & la Plata, J. E. M. D. (2022). Pharmacist-driven antimicrobial stewardship program in a long-term care facility by assessment of appropriateness. European Geriatric Medicine, 13(6), 1357-1364.
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	Chaloernpoj, K., Wangchinda, W., Koomanachai, P., Thamlikitkul, V., & Rattanaumpawan, P. (2023). Development and Implementation of a Mobile Application for Choosing Empirical Antimicrobial Therapy for Bacteremia, Pneumonia, Urinary Tract Infection, and Skin and Soft Tissue Infection among Hospitalized Patients. Antibiotics, 12(1), 113.
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	36
	DeSear, K. E., Thompson-Leduc, P., Kirson, N., Chritton, J. J., Ie, S., Van Schooneveld, T. C., ... & Schuetz, P. (2020). ProCommunity: Procalcitonin use in real-world US community hospital settings. Current medical research and opinion, 36(9), 1529-1532.
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	There is no intervention in the study.
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Supplementary Figure S1. Risk of Bias Assessment Using ROBINS-I for Non-Randomized Studies
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Supplementary Figure S2. Risk of Bias Assessment Using the Cochrane Risk of Bias Tool for Cluster-Randomized Controlled Trials
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Supplementary Figure S3. Risk of Bias Assessment Using the Cochrane Risk of Bias Tool for Randomized Controlled Trials 
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Supplementary Figure S4. Risk of Bias Assessment Using ROBINS-I for Quasi-Experimental Studies
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Supplementary Figure S5. Risk of Bias Assessment Using the Cochrane EPOC Tool for Interrupted Time Series Studies
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Supplementary Figure S6. Sensitivity analysis for 30-day mortality: effect sizes after exclusion of individual studies (standard method).
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Supplementary Figure S7. Funnel plot for sensitivity analysis: effect sizes after exclusion of individual studies 30-day mortality (standard method). Test result: t = -0.60, df = 3, p-value = 0.5893.
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Supplementary Figure S8. Sensitivity analysis for 30-day mortality: effect sizes of individual studies (inverse variance method).
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Supplementary Figure S9. Funnel plot for sensitivity analysis: effect sizes of individual studies for 30-day mortality (inverse variance method). Test result: t = -0.73, df = 4, p-value = 0.5063
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Supplementary Figure S10. Sensitivity analysis for hospital mortality: effect sizes of individual studies


[image: ]Supplementary Figure S11. Funnel plot for sensitivity analysis: effect sizes of individual studies for 30-day mortality. Test result: t = 1.00, df = 5, p-value = 0.3625
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Supplementary Figure S12. Sensitivity analysis for length of stay: effect sizes after exclusion of individual studies (standard method).
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Supplementary Figure S13. Funnel plot for sensitivity analysis: effect sizes after exclusion of individual studies for length of stay (standard method). Test Result: t = -0.45, df = 8, p-value = 0.6666
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Supplementary Figure 14. Sensitivity analysis for length of stay: effect sizes of individual studies (inverse variance method).
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Supplementary Figure S15. Funnel plot for sensitivity analysis: effect sizes of individual studies for length of stay (inverse variance method). Test result: t = -0.88, df = 9, p-value = 0.4043

[image: ]
Supplementary Figure S16. Sensitivity analysis for 30-day readmissions: effect sizes of individual studies
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Supplementary Figure S17. Funnel plot for sensitivity analysis: effect sizes of individual studies for 30-day readmissions. Test result: t = -1.89, df = 5, p-value = 0.1169
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Supplementary [image: ]Figure S18. Sensitivity analysis for DDD less than 4 hours: forest plot of effect sizes of individual studies


















Supplementary Figure S19. Funnel plot for sensitivity analysis: effect sizes of individual studies for DDD less than 4 hours. Test result: t = 1.08, df = 3, p-value = 0.3587
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Supplementary Figure S20. Sensitivity analysis for duration of antibiotic treatment: forest plot of effect sizes of individual studies
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Supplementary Figure S21. Funnel plot for sensitivity analysis: effect sizes of individual studies for duration of antibiotic treatment. Test result: t = 1.08, df = 3, p-value = 0.3587
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Supplementary Figure S22. Sensitivity analysis for adherence to recommended antibiotic treatment: forest plot of effect sizes of individual studies
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Supplementary Figure S23. Funnel plot for sensitivity analysis: effect sizes of individual studies for duration of antibiotic treatment. Test result: t = 0.95, df = 7, p-value = 0.3748
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Abstract: This cross-sectional study investigated the microbial landscape and antibiotic-resistance patterns in patients with bacterial pneumonia, with a focus on the impact of COVID-19. Sputum samples from individuals with bacterial pneumonia, including coronavirus disease 2019-positive polymerase chain reaction (COVID-19-PCR+), COVID-19-PCR− and non-COVID-19 patients, were analyzed. Surprisingly, the classic etiological factor of bacterial pneumonia, Streptococcus pneumoniae, was rarely isolated from the sputum samples. Furthermore, the frequency of multidrug-resistant pathogens was found to be higher in non-COVID-19 patients, highlighting the potential impact of the pandemic on antimicrobial resistance. Strains obtained from COVID-19-PCR+ patients exhibited significant resistance to commonly used antibiotics, including fluoroquinolones and cephalosporins. Notably, the ESKAPE pathogens, Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterobacter cloacae, and Enterobacter aerogenes, were identified among the isolated microorganisms. Our findings underscore the urgent need for infection control measures and responsible antibiotic use in healthcare settings, as well as the importance of enhancing pneumonia diagnostics and implementing standardized laboratory protocols.
Keywords: pneumonia; bacterial; etiology; sputum; pathogens; COVID-19; antibiotics; antimicrobial resistance
Introduction
 	Pneumonia, a respratory infection associated with significant morbidity and mortality [1], poses a global health challenge, despite progress in the field of antimicrobial treatments, diagnostic techniques for  microbiological identification, and preventive strategies. It is one of the leading causes of sepsis [2] and is responsible for a significant number of calls to emergency departments worldwide, especially during the coronavirus disease 2019 (COVID-19) pandemic [3]. According to Dagenais et al. [4], respiratory tract diseases account for 8.5% of all hospital admissions, with 0.5% resulting in mortality. A study of the global burden of diseases, injuries, and risk factors conducted in 2017 revealed that lower respiratory tract infections, including bacterial pneumonia, result in nearly 2.56 million deaths across various age groups [5]. Additionally, hospital-acquired pneumonia (HAP) is one of the most common healthcare-associated infections contributing to death and is estimated to increase hospital stays by up to 12 days and durations of mechanical ventilation by up to 10 days [6].
 	Different pathogens have been identified as causes of pneumonia, including bacteria, viruses, and fungi. However, only a small number of these pathogens are responsible for the majority of cases in individuals with a healthy immune system [7]. Among the viral pathogens, influenza and rhinovirus have been identified as causes in approximately one- third of community-acquired pneumonia (CAP) cases [8]. However, confirming the viral etiology has been challenging in the past due to the frequent co-occurrence of bacterial and viral infections [9] and the possibility that viruses may sometimes be present as colonizers rather than true pathogens. Numerous studies have reported that typical pneumonia is primarily caused by Streptococcus pneumoniae, Staphylococcus aureus, Klebsiella pneumoniae, Haemophilus influenzae, Pseudomonas aeruginosa, Moraxella catarrhalis, and Escherichia coli [2] while atypical pneumonia is predominantly caused by Legionella pneumophila, Chlamydia pneumoniae, and Mycoplasma pneumoniae [10]. Although S. pneumoniae is the most prevalent pathogen causing CAP worldwide across all age groups, gram-negative bacteria, such as K. pneumoniae, Acinetobacter baumannii, P. aeruginosa, and E. coli, are commonly associated with HAP [11].
 	The rapidly escalated COVID-19 pandemic has focused attention on the diagnosis and treatment of patients with acute respiratory infections. Furthermore, it is reported that many ‘suspected’ cases displaying typical clinical characteristics of COVID-19 and identical, specific computed tomography images were not diagnosed by using the polymerase chain reaction (PCR) method, considered the ‘gold standard’ [12]. Moreover, identifying coinfecting pathogens is crucial in the treatment of COVID-19 patients as coinfection with bacterial pathogens has been associated with increased disease severity and mortality [13,14]. Therefore, the accurate detection and management of bacterial coinfections are of great significance in the overall treatment approach for COVID-19-infected individuals. The efficacy of antibiotics used in the treatment of bacterial pneumonia has been compromised due to the increasing prevalence of resistant pathogens [15]. As the microbial landscape and antibiotic susceptibility of pathogens involved in bacterial pneumonia continue to evolve, it is crucial to investigate and understand these changes.
 	The most reliable method for identifying the cause of pneumonia is detecting respiratory pathogens in samples collected directly from the affected area, specifically the lungs [16]. This can be accomplished through procedures such as bronchoalveolar lavage, obtaining samples of pleural fluid, or performing a lung biopsy [17]. Despite this, sputum testing remains the most commonly used method for detecting the etiology of pneumonia in Kazakhstan, given its origin from the LRT and the non-invasive nature of the sample collection. Therefore, this study aims to compare the characteristics of pathogens isolated from the sputum samples of patients with COVID-19 with positive for PCR (PCR+) or negative for PCR (PCR−) and those with bacterial pneumonia without COVID-19 (non-COVID-19). Additionally, we assessed the level of pathogen resistance to antimicrobial drugs.
Results
[bookmark: Population_Characteristics_and_Frequency]Population Characteristics and Frequency of Multidrug Resistance
 	This research investigated the findings of a sputum analysis performed on individuals receiving treatment for bacterial pneumonia at hospitals in the city of Aktobe between 2021 and 2022. The analysis involved patients who had bacterial pneumonia as their primary ailment, as well as those who had bacterial pneumonia as a comorbidity. The study population was categorized into three groups: COVID-19 patients who had typical clinical characteristics of COVID-19 and radiological data and tested PCR+, COVID-19 patients who also had typical clinical characteristics and radiological data but tested PCR−, and non-COVID-19 patients with bacterial pneumonia without signs of COVID-19 infection and negative results for the PCR. The analysis revealed that non-COVID-19 patients with bacterial pneumonia had a higher frequency of isolating multidrug-resistant (MDR) microorganisms from their sputum samples compared to patients with COVID-19 (Table 1).









Table 1. Characteristics of the studied COVID-19-PCR+, COVID-19-PCR−, and non-COVID-19 patients with bacterial pneumonia in two hospitals in Aktobe, Kazakhstan, 2021-2022.

Factors
COVID-19-PCR+
COVID-19-PCR−
Non-COVID-19
Population, n
133
133
74
Age, year; mean ± SE
59.8 ± 1.3
55.9 ± 1.5
55.2 ± 1.8
Gender
Male, n (%)

58 (17.1)

62 (18.3)

42 (12.4)
Female, n (%)
75 (22.1)
71 (20.9)
31 (9.1)
Intensive care unit (ICU)	31 (9.1)
13 (3.8)
31 (9.1)
Multidrug resistance	66 (19.4)
31 (9.1)
45 (13.2)










Most of the Microorganisms Which Were Identified Were Not the Main Etiological Factors of Pneumonia
 	Out of the 340 samples analyzed, all showed positive cultures. The samples were obtained from adult patients. Mixed cultures were detected in 6.18% (21) of the samples, all of which were collected from non-COVID-19 patients (25% of the total). A total of 35 distinct microorganisms were identified, with gram-negative bacteria accounting for 46.8%, gram-positive bacteria for 37.6%, and fungi for 15.6% of the cases. The distribution of each identified pathogen is illustrated in Figure 1.
[bookmark: Enterobacterales_and_S._aureus_Were_Foun]Enterobacterales and S. aureus Were Found Most Often in COVID-19 and Non-COVID-19 Patients
 	In 59% of cases in patients with the COVID-19 infection, potential pneumonia pathogens were isolated; meanwhile, in 41% of cases, non-pathogenic microorganisms or commensals were identified, mainly Candida spp. and S. epidermidis. A similar situation was observed in non-COVID-19 patients, where the main causes of pneumonia were found in 55% of all cases. The comparison of the potential pathogens’ frequencies is shown in Figure 2.
	During the study and analysis of the results, it was observed that the classic etiological factor of bacterial pneumonia, S. pneumoniae, was rarely isolated from the sputum samples, only occurring in one case. K. pneumoniae, the predominant microorganism, was isolated in 17.65% of all cases. There was no significant difference in the frequency of this pathogen among the three groups. Among COVID-19-PCR− patients, the most commonly isolated microorganism was S. aureus, accounting for 20.3% of cases. In non-COVID-19 patients, the frequency of S. aureus was lower compared to the COVID-19 groups.
[bookmark: The_ESKAPE_Pathogens_S._aureus,_K._pneum]The ESKAPE Pathogens S. aureus, K. pneumoniae, P. aeruginosa, E. cloacae, and E. aerogenes were Identified among the Pathogens Analyzed
	In February 2017, the World Health Organization (WHO) published a list of pathogens that necessitate the urgent development of novel antimicrobial drugs, providing guidance and prioritizing research and development endeavors. Within this comprehensive list, a group of pathogens known as ESKAPE pathogens (comprising Enterococcus faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and Enterobacter spp.) were specifically recognized as having “priority status” [18]. Our study identified S. aureus, K. pneumoniae, P. aeruginosa, E. cloacae, and E. aerogenes among the pathogens analyzed. However, A. baumannii and E. faecium were not detected. The resistance profiles of gram-negative pathogens, belonging to the ESKAPE group, isolated from the sputum of COVID-19 and non-COVID-19 patients are presented in Figure 3.
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Figure 1. The microbial landscape of the isolated microorganisms from the sputum samples of the patients with COVID-19 and non-COVID-19 bacterial pneumonia in two hospitals in Aktobe, Kazakhstan, 2021–2022.
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Figure 2. Percentage frequency of bacterial pathogen occurrence from sputum samples of COVID-19-PCR+, COVID-19-PCR−, and non-COVID-19 patients with bacterial pneumonia in two hospitals in Aktobe, Kazakhstan, 2021-2022. * stars show significant differences between columns (p < 0.05).

Gram-Negative Bacteria Obtained in COVID-19 and Non-COVID-19 Patients Showed Different Degrees of Resistance to Commonly Used Antibiotics
 	Among the microorganisms isolated from the sputum samples of patients with bacterial pneumonia, 25.6% were identified as members of the Klebsiella genus. These pathogens showed a high level of resistance to levofloxacin (51.5% in COVID-19 patients, 29.4% in non-COVID-19 patients), as well as to ciprofloxacin (32.9% in COVID-19 patients, 27.3% in non-COVID-19 patients) and amikacin (27.1% in COVID-19 patients, 47% in non-COVID-19 patients). COVID-19 patients also exhibited significant resistance to cefepime (51.4%). Citrobacter diversus, which was detected only in the sputum samples of patients with COVID-19 (n = 17), showed high resistance to fluoroquinolones and cephalosporins: levofloxacin 68.8%, ciprofloxacin 58.8%, cefepime 52.9%.
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Figure 3. Susceptibility profiles of gram-negative isolates belonging to the ESKAPE pathogen group from sputum samples of patients in two hospitals from COVID-19 and non-COVID-19 patients with bacterial pneumonia in Aktobe, Kazakhstan, 2021-2022.

Discussion
	Most of the pathogens which were identified were not the main etiological factors of pneumonia. During the study and analysis of the results, it was observed that the classic etiological factor of bacterial pneumonia, S. pneumoniae, was rarely isolated from the sputum samples. The wide range of these figures can be attributed to difficulties in obtaining high-quality sputum samples from the lower respiratory tract, differences in the sensitivity of diagnostic media and tests used, and the prior use of antimicrobial agents for treating the disease before an etiological diagnosis is conducted. These factors contribute to the variability in the detection rates of S. pneumoniae [19]. However, similar findings were reported by Lavrinenko et al. [20], where, in only 1% of the cases (specifically three out of two-hundred-nine patients from Almaty, Karaganda and Atyrau, Kazakhstan) with coronavirus infection included in the study were they found to have a pneumococcal infection. Physical distancing and other measures used during COVID-19 can be some of the reasons for the significant reduction in invasive diseases caused by S. pneumoniae [21]. These results show that the quality and technique used for collecting sputum samples can greatly influence the detection of bacterial pathogens.
 	The frequency of multidrug-resistant pathogens’ isolation was higher after the COVID-19 pandemic. Our research supports this observation as we noticed an increased incidence of bloodstream infections and higher mortality rates following MDR infections during the post-COVID-19 period. In fact, 68.8% of bloodstream cultures showed MDR bacteria, compared to 40.0% in the pre-COVID-19 period [22]. Supporting our findings, La et al. [23] also reported a significant rise in the prevalence of MDR organisms after the COVID-19 pandemic, particularly in cases of bacteremia in South Korean hospitals. This surge may be attributed to the inappropriate use of antibiotics during the pandemic. Despite a low overall proportion of bacterial coinfections among COVID-19 patients, the usage of antibiotics was high [24]. These findings indicate that the improper use of antibiotics during the pandemic, despite the low overall proportion of bacterial coinfections among COVID-19 patients, might have contributed to the emergence and spread of multidrug-resistant strains.
	S. aureus, S. epidermidis, K. pneumoniae, and C. albicans were found most often in patients with COVID-19. In line with previous studies, S. aureus was categorized as an emerging copathogen in individuals affected by COVID-19 [25]. The isolation of Candida fungi from the sputum of COVID-19 patients also has been reported by other authors [20,26–30]. There is a significant need for a cautious interpretation of fungal isolates from respiratory samples, especially in non-critically ill patients with a low pre-test probability of invasive fungal infections due to poor oral hygiene [31-33], immune dysregulation [34], and viral cytopathic effects on epithelial cells [35]. The frequent isolation of commensals may also indicate shortcomings in laboratory diagnostics, particularly the need for careful evaluation of the quality of the provided biomaterial and the mandatory performances of microscopic examination and gram staining. Further research and careful consideration of all of these factors are needed to better understand the clinical implications of these pathogens in the context of COVID-19.
 	Bacterial strains, including, in particular, the obtained ESKAPE pathogens S. aureus, K. pneumoniae, P. aeruginosa, and Enterobacter spp., in patients with COVID-19 showed a high degree of resistance to commonly used antibiotics. The studies conducted by other researchers also emphasize the general pattern of rising antimicrobial resistance. Among the 159 strains of bacteria isolated from COVID-19 patients in Wuhan, China, 85.5% were gram-negative, with A. baumannii (35.8%), K. pneumoniae (30.8%), and Stenotrophomonas maltophilia (6.3%) as the top three bacteria causing bloodstream infections while carbapenem resistance was high in A. baumannii (91.2%) and K. pneumoniae (75.5%) and meticillin resistance was observed in all S. aureus and coagulase-negative staphylococci [36]. In another study conducted by Fu et al., it was found that five critically ill COVID-19 patients experienced secondary infections caused by extended-spectrum beta-lactamase-producing K. pneumoniae, S. maltophilia, Burkholderia cepacia, and P. aeruginosa, which were identified as the responsible pathogens [37]. Table 2 compares the effect of COVID-19 on the landscape and the level of resistance change during the pandemic in our study and previous ones. The analysis of articles from Web of Knowledge using the search terms “covid”, “antibiotic resistance”, and “respiratory” in the abstract or title led us to find 55 relevant articles, of which a 10th of them evaluated the effect of COVID-19 on landscape change in antibiotic resistance. Between them, eight articles demonstrated the impact of COVID-19 on these changes.

Table 2. Comparisons of the effect of COVID-19 on the landscape and level of antibiotic resistance changes during the pandemic.

	Country
	No. of Strains	No. of Patients
	Landscape and Level of Resistance Change
	References

	China
	18965	ND 1
	Yes
	[38]

	India
	28	200
	No
	[39]

	India
	ND	2000
	Yes
	[40]

	Indonesia
	733	2786
	Yes
	[41]

	Iran
	192	192
	Yes
	[42]

	Italy
	245	157
	Yes
	[43]

	Italy
	2002	1090
	Yes
	[44]

	Kazakhstan
	340	340
	Yes
	Current study

	Korea
	696	1023
	No
	[45]

	Serbia
	1410	834
	Yes
	[46]

	USA
	31	13
	Yes
	[47]


1 ND, no data.

 	In contrast to our findings, Zeshan et al. [48] reported that isolated strains of
K. pneumoniae in 88%, P. aeruginosa in 75%, and S. aureus in 45% of cases were resistant to ciprofloxacin. Other researchers also noted that there is high resistance to fluoroquinolone and cephalosporins among the gram-negative bacteria isolated from the COVID-19 patients [41,49]. This may be a reflection of the widespread use of these medications for empirical therapy. As indicated by the meta-analysis on bacterial coinfection in COVID-19 [24], a significant proportion of patients (approximately 74%) have received broad-spectrum antibiotics in the form of cephalosporins and fluoroquinolones as an empirical treatment approach. The findings of this study and other research indicate a concerning trend of high antimicrobial resistance among bacterial strains obtained from patients with COVID-19.
 	There are several limitations of our study that need to be pointed out, starting with those related to the retrospective study design. Firstly, we were limited in our ability to investigate the accuracy of bacterial pneumonia diagnoses and the relationship between the initiation of empirical therapy and the timing of specimen collection, which may have influenced the results. Secondly, it also restricted our ability to examine the role of glucocorticoid medications in the development of resistance. Thirdly, the COVID-19 patient beds in the infectious hospital were temporarily opened and the sputum analysis of non-COVID-19 patients was already being conducted in a different laboratory. However, both laboratories operate according to the same directives and recommendations. The PCR testing of sputum samples was not conducted, thus leaving the role of atypical pathogens unclear in the microbiological landscape. Further studies are required to examine the resistance genes responsible for the observed sensitivity results.
[bookmark: Materials_and_Methods_]Materials and Methods
[bookmark: Cases_and_Ethics_]Cases and Ethics
 	This study was conducted as part of a research project at the West Kazakhstan Marat Ospanov Medical University, entitled “Concomitant bacterial infections and pharmacoepidemiology of antibiotic resistance in patients with COVID-19: the situation in the Aktobe region”. Ethical approval was obtained from the local bioethics committee (Approval No. 8, dated 15 October 2021). A retrospective analysis was carried out, examining 340 medical records of adult patients who were admitted to the COVID-19 wards at the Aktobe Regional Clinical Infectious Hospital between 1 January 2021 and 31 December 2021 and patients who were diagnosed with bacterial pneumonia and treated at the Multidisciplinary Regional Hospital, Aktobe in 2022. The diagnoses of the COVID-19 infection were established based on clinical and epidemiological data, radiological examinations, and the presence of PCR analyses for detecting SARS-CoV-2 RNA from nasopharyngeal swabs. All patients included in this study had documented diagnoses of bacterial pneumonia, according to medical records.
Pathogen Identification
 	All patients underwent laboratory testing (“Bacteriological culture of sputum with determination of susceptibility to antibacterial agents”) according to standard methods and procedures. After the isolation of a pure culture, the identification of microorganisms was carried out using the MicroScan AutoScan 4 system (SIEMENS, West Sacramento, CA, USA) and MicroScan Rapid system (Beckman Coulter, Sacramento, CA, USA).
[bookmark: Antibiotic_Susceptibility_]Antibiotic Susceptibility
 		The determination of antimicrobial sensitivity was carried out for the microorganisms in each group of patients. An assessment of the susceptibility of bacterial isolates to antibacterial drugs was carried out by the disk diffusion method. The interpretation of the results was based on the comparison of the growth-inhibition diameter of the tested strains with the tabulated data in accordance with the Clinical and Laboratory Standards Institute (CLSI) recommendations. Internal quality control was performed using reference strains in the microbiology laboratories. A MDR analysis, as defined by the resistance of bacterial strains to three or more groups of antibiotics [50], was conducted to assess the prevalence of MDR among the different patient groups.
[bookmark: Sample_Size_Calculation_]Sample Size Calculation
	To calculate the sample size to investigate the prevalence of antibiotic resistance in patients with bacterial pneumonia, we selected K. pneumoniae in a specific hospital setting. The researchers wanted to estimate the proportion of patients with antibiotic-resistant K. pneumoniae with a desired level of precision and statistical power.
	Desired Level of Precision: the researchers wanted to estimate the prevalence of antibiotic resistance in K. pneumoniae with a 95% confidence level and a margin of error (precision) of ±5%.
 	Statistical Power: the researchers wanted to achieve a statistical power of 80%, which meant this study would be able to detect a significant difference if it existed.
 	Methodology for Sample Size Calculation:
	Estimating Prevalence: as no previous estimate of the prevalence of antibiotic resistance in this specific setting was available, the researchers decided to use a conservative estimate of 30% based on the available preliminary data analysis, assuming the proportion is evenly split between resistant and non-resistant cases.
 	Z-score for Confidence Level: for a 95% confidence level, the Z-score corresponding to a 95% confidence level was 1.96.
Margin of Error (Precision): the desired margin of error was ±5%, which translates to 0.05.
 	Estimating Standard Deviation: as the actual proportion of antibiotic resistance was unknown, the researchers used a conservative estimate of 0.5 for the standard deviation, assuming the highest variability.
 	Calculating Sample Size: using the formula for sample size calculation for estimating a proportion in a population:
n = (Z2 × p × (1 − p))/(E2)
where:
n = required sample size;
Z = Z-score corresponding to the desired confidence level; p = estimated proportion of antibiotic resistance;
E = margin of error (precision). Plugging in the values:
n = (1.962 × 0.3 × 0.5)/(0.052) ≈ 231.
[bookmark: Statistical_Analysis_]Statistical Analysis
 	Descriptive statistcs were employed to analyze the demographic of the patients’ factors. Continuous variables were presented using the mean ± standard deviation (SD) while categorical variables were represented using frequencies. The distribution of categorical variables was assessed using the X2 test. Statistical significance was determined as a p-value below 0.05. Data analysis was carried out using IBM SPSS Statistics 22 (SPSS Inc., Chicago, IL, USA) and GraphPad software (Version 9.5.1, San Diego, CA, USA) was employed for graphical visualization.
[bookmark: Conclusions_]Conclusions
 	The global outbreak of the coronavirus infection serves as a reminder of the significance of infection control measures and the responsible utilization of antimicrobial agents in healthcare settings. Advancing pneumonia diagnostics requires a multifaceted approach that includes expanding laboratory networks, implementing standardized protocols, enhancing microbiologists’ expertise, and promoting collaboration among stakeholders. By prioritizing these tasks, healthcare systems can strengthen their ability to diagnose pneumonia accurately, manage antimicrobial resistance effectively, and promote rational antibiotic use across all levels of healthcare.
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Abstract. Background: Antimicrobial resistance (AMR) is a growing global health concern, with community-acquired pneumonia (CAP) remaining a leading cause of hospitalization and empirical antibiotic use. However, adherence to clinical guidelines in CAP management is inconsistent, particularly in resource-limited settings. Objectives: This study aimed to evaluate the impact of a complex antimicrobial stewardship intervention on the quality of antibacterial therapy and diagnostic practices in hospitalized patients with CAP in Aktobe, Kazakhstan. Methods: A 12-month pre- and post-intervention study was conducted in two multidisciplinary hospitals. The intervention included educational sessions, implementation of protocol-based care, and improved access to diagnostic tools. Key indicators assessed included adherence to national antibiotic guidelines, use of severity scoring tools, timely antibiotic administration, microbiological diagnostics, and step-down therapy. Results: Significant improvements were observed in several indicators: guideline-adherent antibiotic prescribing increased from 75% to 93.5% (p < 0.001), step- down therapy from 2.7% to 8.2% (p = 0.021), and use of CURB-65/CRB-65 from 0% to 8.7% (p < 0.001). Use of urinary antigen tests increased from 0% to 12% (p < 0.001), while evaluation of antibiotic effectiveness at 48-72 h rose from 40.2% to 70.1% (p < 0.001). Multivariable logistic regression confirmed the independent impact of the intervention, adjusting for factors such as age, pneumonia severity, and shift type (day shift vs off-duty shift). Conclusion: A targeted, context-specific intervention significantly improved key quality indicators in CAP management. These findings support the effectiveness of multifaceted stewardship strategies in improving clinical practice and mitigating AMR.
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Introduction
 	Community-acquired pneumonia (CAP) remains a significant global health burden, contributing to high morbidity and mortality rates worldwide (Anderson and Feldman, 2023; Tsoumani et al., 2023). According to the World Health Organization (WHO), lower respiratory tract infections (LRTI) rank among the leading causes of death, particularly in vulnerable populations such as the elderly, immunocompromised individuals, and those with chronic comorbidities (Troeger et al., 2017; Blanc et al., 2021). In addition to its clinical implications, CAP imposes a substantial economic burden on healthcare systems due to prolonged hospital stays, complications, and the need for intensive care (Niederman and Torres, 2022; Kitaw et al., 2024).
 	In Kazakhstan, according to the Committee for Sanitary and Epidemiological Control of the Ministry of Health, 49,704 cases of pneumonia were registered in the first half of 2024 – representing a 19.2% increase compared to the same period in the previous year. This surge in incidence underscores the persistent burden of lower respiratory infections and the urgent need for effective strategies to improve CAP management at the national level.
 	One of the key challenges in managing CAP is the judicious use of antibacterial therapy (Waagsbø et al., 2022). CAP account for a significant proportion of antibiotic prescriptions globally, often leading to inappropriate use (Montes-Andujar et al., 2021; Martin-Loeches et al., 2022). This, in turn, contributes to the growing problem of antimicrobial resistance (AMR), a public health crisis that jeopardizes the efficacy of existing antibiotics (Bassetti et al., 2022). The overuse and misuse of antibiotics, coupled with diagnostic uncertainty in CAP management, underscore the critical need for evidence-based interventions to optimize antibiotic prescribing practices (Hedberg et al., 2022; Mandell et al., 2022).
 	Antimicrobial stewardship programs (ASPs) have emerged as a cornerstone in the fight against AMR (Ya et al., 2023). These programs aim to improve clinical outcomes, minimize adverse effects, and reduce resistance by promoting the appropriate selection, dosing, and duration of antimicrobial therapy, while also decreasing healthcare costs and limiting the selection of resistant microorganisms. However, implementing effective ASPs in CAP management requires addressing diagnostic challenges, particularly in resource-limited settings (Kitaw et al., 2024). Ensuring timely and accurate etiological diagnostics is essential to guide targeted therapy and reduce reliance on broad-spectrum antibiotics.
 	To address these challenges, we conducted a 12-month pre- and post-intervention study in two multidisciplinary hospitals in Aktobe, Kazakhstan, focusing on complex interventions aimed at improving antibacterial therapy and etiological diagnostics in CAP.
 	This study evaluates the impact of these interventions on diagnostic accuracy, antimicrobial prescribing practices, and overall patient outcomes, contributing to the growing body of evidence supporting ASPs in CAP management.
Materials and methods
Study design
 	This study employed a before-and-after design to evaluate the impact of a complex intervention on antibacterial therapy and etiological diagnostics CAP. This study was approved by the Local Ethical Committee of the West Kazakhstan Marat Ospanov Medical University (Approval №1; dated 24.01.2023). Informed consent was obtained from the patients. If a patient was unable to provide consent, it was obtained from their legally authorized representative. The study was conducted over 12 months, including a 6-month pre-intervention period, followed by the implementation of targeted interventions and a 6-month post-intervention period. The intervention targeted two multidisciplinary hospitals in Aktobe, Kazakhstan.
Intervention
 	The complex intervention was developed and implemented by a multidisciplinary research team including internists, a pulmonologist, a clinical pharmacologist, and a microbiologist. Its design was informed by existing national and international guidelines for CAP management, including diagnostic and antimicrobial stewardship principles, but was tailored to the local context through the creation of standard operating procedures (SOPs), training sessions, and point-of-care adaptations.
Educational activities targeted both nursing and physician staff. A one-time training session was delivered to all nurses in both participating hospitals by trained clinical educators from the research team. The session focused on proper techniques for collecting respiratory and blood specimens, supported by a written SOP that was integrated into routine workflow. Following the initial session, senior nurses in each department were responsible for cascading the training, ensuring continued adherence to the protocol.
 	For physicians, two structured educational sessions were conducted. These addressed key aspects of CAP management, including microbial etiology, diagnostic strategies, interpretation of microbiological data, rational antibiotic selection (considering resistance patterns, pharmacodynamics, and potential drug interactions), and integration of new diagnostic tools such as urinary antigen testing and rapid viral diagnostics.
 	Additional components included the implementation of QR- code-accessible clinical scoring tools (PORT, CRB-65, CURB-65) and the creation of an online support group via messenger platform to provide real-time guidance and consultation on antimicrobial therapy. A summary of the intervention components is provided in Table 1.
TABLE 1 Components of complex intervention.

	Intervention component
	Description

	Educational Session for Nurses
	a single training workshop on proper specimen collection techniques for respiratory and blood samples, accompanied by the implementation of standard operating procedures for specimen collection

	Educational Sessions for Physicians
	two targeted training sessions for physicians (including therapists, pulmonologists, clinical pharmacologists, and anesthesiologists) focusing on CAP etiology, diagnostics, and treatment

	Integration of Diagnostic Tools
	POC tests for Legionella spp. and Streptococcus pneumoniae urinary antigens, as well as rapid tests for COVID-19 and influenza A/B, were introduced

	Digital Support Tools
	clinical scoring systems with QR code access were provided to facilitate ease of use

	Continuous Support via Online Messenger Group
	an online support group was established to offer real-time consultations and guidance on antibiotic therapy selection and evaluation


CAP, community-acquired pneumonia; POC, point-of-care tests, COVID-19, coronavirus disease 2019; QR, quick tesponse.

Settings
The study was conducted in two multidisciplinary hospitals in Aktobe, Kazakhstan, which serve as the primary referral centers for the hospitalization of patients with CAP in the city. General information about these hospitals is provided in Table 2.
[bookmark: _bookmark123]TABLE 2 Characteristics of hospitals included in the study.
	Study site
	Location
	Type of institution
	Number of beds
	Number of departments
	Number of staff
	Hospital profile
	Patients in “before” group
	Patients in “after” group
	Total patients

	Site 1
	Aktobe, Kazakhstan
	regional hospital
	400
	14
	578
	multidisciplinary
	78 (42%)
	86 (47%)
	164

	Site 2
	Aktobe, Kazakhstan
	regional hospital
	320
	10
	800
	multidisciplinary
	106 (58%)
	98 (53%)
	204



Inclusion and exclusion criteria
 	Patients were included in the study if they provided written informed consent, were 18 years or older, and had a diagnosis of CAP in accordance with the criteria established by the Centers for Disease Control and Prevention (CDC) and the Clinical Protocol of the Ministry of Health of the Republic of Kazakhstan, “Community- Acquired Pneumonia in Adults,” protocol No. 169, dated 16 September 2022. Patients were screened consecutively upon admission to internal medicine and pulmonology wards. Exclusion criteria comprised conditions that could confound the study outcomes, including cystic fibrosis, active tuberculosis, pulmonary embolism, lung cancer, or lung metastases. Pregnant or breastfeeding women were also excluded, along with patients presenting with severe leukopenia (<1.0 × 109/L).

Quality indicators
 	The quality of CAP management was evaluated using key quality indicators (QIs). These indicators included the use of prognostic scales (PORT, CURB-65, CRB-65) and severity assessment to guide hospitalization decisions, particularly ensuring timely intensive care unit (ICU) admission for severe community-acquired pneumonia (SCAP). As part of the educational intervention, physicians were provided with a standardized checklist incorporating the severity criteria proposed by the Infectious Diseases Society of America (IDSA) and the American Thoracic Society (ATS) for severe community-acquired pneumonia (SCAP), including major and minor criteria.
 	The selected QIs were developed by the research team based on a synthesis of international best practices and evidence-based guidelines, as well as the national clinical protocol. These indicators reflect critical elements of care identified in the literature as having the highest potential to improve outcomes when incorporated into antimicrobial stewardship programs (Yoon et al., 2019; Fally et al., 2020; O’Kelly et al., 2020).
 	Diagnostic measures were assessed based on the on the collection of respiratory and blood samples before antibiotic therapy (ABT) initiation, as well as the use of rapid tests for pneumococcal and Legionella antigen detection. The appropriateness of antibiotic treatment was evaluated through adherence to national clinical guidelines, timely administration of the first  dose,  implementation  of  step-down  therapy,  and stratification of patients based on pathogen risk factors and resistance profiles. Additional indicators focused on rational drug combinations, safety considerations for patients with comorbidities, and regular assessment of ABT effectiveness within 48–72 h based on clinical and laboratory parameters. Further, the study examined the adjustment of ABT in cases of treatment failure, timely transition from parenteral to oral therapy, and the adequacy of criteria used for ABT discontinuation.
Data collection
 	Data on demographic characteristics, clinical symptoms, radiology, microbiology, and antibiotic therapy were collected retrospectively and prospectively from the medical information systems (MIS) («Damumed» and «Avicenna») throughout each patient’s hospital course. A trained research team carried out data extraction and verification using a standardized checklist specifically developed for this study to ensure consistency and completeness. The data collection process was conducted over a period of 6 months, with each patient’s record requiring approximately 60 min for full review. To standardize interpretation and minimize subjective bias, all data collectors were trained using a unified protocol. Prior to statistical analysis, data management involved double-entry verification, coding of variables, and anonymization of patient identifiers. All collected data were stored in a secure electronic database with restricted access, and quality control checks were performed at regular intervals to ensure data integrity.
Sample size calculation
 	Sample size calculation was performed for three key efficacy outcomes, each analyzed as a comparison of independent proportions (Chow et al., 2017). A two-sided test for two proportions was used to estimate the required sample size, with a significance level of α = 0.05 and power of 1 – β = 0.80. The input data for the calculations (expected proportions in the compared groups) are presented in Table 3. The minimum required sample size was determined as the maximum value among the three calculated sample sizes, yielding 163 participants per group. Accounting for potential patient dropout and to enhance study reliability, 184 participants were enrolled in each group. Logistic regression assumptions and model evaluation results are provided in Supplementary Table S1, and the assessment of the linearity assumption is illustrated in Supplementary Figure S1.

TABLE 3 Expected outcome proportions and required sample sizes based on published studies.
	Outcomes
	First author, year
	Experimental
	Control
	The calculated number of patients per group

	Adherence to recommended antibiotic therapy
	Hu (2022)
	3580/4282 (83.6%)
	91/
307 (29.6%)
	10

	Frequence of Legionella and Streptococcus
antigenuria
	O’kelly et al. (2020)
	10/32 (31.3%)
	7/37 (18.9%)
	163

	Frequency of LRT sample collection
	Lawrence et al. (2002)
	17/67 (25.4%)
	6/52 (11.5%)
	120


LRT, lower respiratory tract.

Statistical analysis
 	Descriptive statistics for quantitative variables were presented as the median and interquartile range. Comparisons between groups were performed using the Mann-Whitney U test. Categorical variables were presented as absolute and relative frequencies of patients with the corresponding characteristic in each group. Comparisons between groups were carried out using the Chi-square test (Fisher’s exact test was applied when the expected frequencies were less than 5%). Effect size was assessed using the difference in means and Cohen’s h, with corresponding 95% confidence intervals. Multivariable analysis was performed using logistic regression (for outcomes with zero events in one of the groups, Firth’s bias-reduced logistic regression was applied). Risk differences (RD) and Cohen’s h in multivariable analysis were estimated based on the predicted probabilities for each group derived from the covariates in the regression model (Austin, 2010; Muller and MacLehose, 2014). Confidence intervals for effect sizes in multivariable analysis were calculated using the bootstrap method. Differences were considered statistically significant at p ≤ 0.05. All statistical analyses and graphical visualizations were performed using the R statistical software (v3.6, GNU GPL2 license).
Results
Patients’ characteristics
 	A total of 368 patients were included in the study, with 184 in the pre-intervention group and 184 in the post-intervention group. In the post-intervention phase, 197 patients were initially assessed, but 13 were excluded due to alternative diagnoses. Patient demographics, comorbid conditions, and lifestyle factors are summarized in Table 4. Notably, the median length of hospital stay (OS) was significantly longer in the post-intervention group compared to the pre-intervention group (8 [7; 9] vs 7 [6; 9] days, p = 0.002). Additionally, there was a significant increase in the prevalence of respiratory failure in the post-intervention group (85.3% vs 95.7%, p = 0.001). In contrast, the prevalence of pleuritis and lung abscess did not differ significantly between groups (p = 0.057 and p = 0.177, respectively). Furthermore, the prevalence of alcoholism increased significantly in the post-intervention period (1.6% vs 6.0%, p = 0.029), while other characteristics, including smoking status, showed no statistically significant differences.
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	Before (184)
	After (184)
	p-value

	Age (years) Median (IR)
	
60 [40,5; 70]
	
55 [35,5; 69]
	
0.244

	Gender
Female, n (%) [95%CI]
	
106 (57.6)% [50.3–64.5]%
	
104 (56.5%) [49.3–63.5]%
	
0.833

	Length of stay (days)
	7 [6; 9]
	8 [7; 9]
	0.002

	Hospital mortality, n
	7 (3.8%) [1.9–7.6]%
	8 (4.3%) [2.2–8.3]%
	0.792

	Complications 
Pleuritis, n 
Lung abscess, n
Respiratory failure, n
	
13 (7.1%) [4.2–11.7]%
1 (0.5%) [0.1–3]%
157 (85.3%) [79.5–89.7]%)
	
24 (13%) [8.9–18.7]%
4 (2.2%) [0.8–5.5]%
176 (95.7%) [91.7–97.8]%
	
0.057
0.177
0.001

	Comorbid conditions, No. (%) Arterial hypertension, n 
COPD, n
CHF, n
Anemia, n
Diabetes mellitus, n 
Ischemic heart disease, n 
Chronic bronchitis, n 
Bronchial asthma, n 
Pulmonary emphysema, n
	
102 (55.4%) [48.2–62.4]%
22 (12%) [8–17.4]%
24 (13%) [8.9–18.7]%
32 (17.4%) [12.6–23.5]%
28 (15.2%) [10.7–21.1]%
32 (17.4%) [12.6–23.5]%
11 (6%) [3.4–10.4]%
8 (4.4%)[2.2–8.3]%
3 (1.6%) [0.6–4.7]%
	
98 (53.3%) [46.1–60.3]%
31 (16.8%) [12.1–22.9]%
40 (21.7%) [16.4–28.2]%
38 (20.7%) [15.4–27.1]%
28 (15.2%) [10.7–21.1]%
30 (17.4%) [11.7–22.3]%
18 (9.8%) [6.3–14.9]%
10 (5.4%) [3–9.7]%
3 (1.6%) [0.6–4.7]%
	
0.675
0.181
0.028
0.425
1.000
0.781
0.171
0.637
1.000

	Lifestyle factors 
Smoking 
Alcoholism 
Obesity
	
30 (16.3%) [11.7–22.3]%
3 (1.6%) [0.6–4.7]%
17 (9.2%) [5.8–14.3]%
	
35 (19%) [14–25.3]%
11 (6%) [3.4–10.4]%
15 (8.2%) [5–13]%
	
0.494
0.029
0.711


COPD, Chronic obstructive pulmonary disease; CHF, Chronic heart failure.

Outcomes
 	A comparison of selected clinical quality indicators before and after the intervention demonstrated meaningful improvements in the management of CAP, while also highlighting areas where practice remains unchanged (Table 5). The use of severity assessment tools increased significantly: overall assessment of CAP severity rose from 29.9% to 55.4% (p < 0.001), and the CURB-65/CRB-65 score began to be applied in 8.7% of cases (p < 0.001), reflecting progress in structured risk stratification. In contrast, the PORT/PSI score was not used either before or after the intervention, indicating that this tool has not yet been integrated into routine clinical practice. Diagnostic capacity improved through the introduction of rapid urinary antigen tests for S. pneumoniae (Streptococcus pneumoniae) and L. pneumophila (Legionella pneumophila), which were used in 12% of cases post-intervention (p < 0.001). Adherence to national guidelines for the initial antibiotic regimen improved from 75% to 93.5% (p < 0.001), and the use of step-down antibiotic therapy increased from 2.7% to 8.2% (p = 0.021). Clinical reassessment of antibiotic therapy at 48–72 h rose from 40.2% to 70.1% (p < 0.001), and documentation of criteria for antibiotic discontinuation increased from 28.3% to 52.2% (p < 0.001). Meanwhile, some indicators, such as the use of rational drug combinations and microbiological testing of sputum, showed no statistically significant change.

TABLE 5 Comparison of clinical quality indicators in the management of community-acquired pneumonia before and after the implementation of a multifaceted intervention.
	Indicator
	Before (184)
	After (184)
	p-value
	RD [95%CI]
	Cohen’s H [95%CI]

	PORT/PSI Score Assessment
	-
	-
	-
	-
	-

	CURB-65/CRB-65 Score Assessment
	0
	16 (8.7%) [5.4–13.7]%
	<0.001
	8.7% [4.6 to 12.7]
	0.59 [0.39 to 0.80]

	Severity Assessment of CAP
	55 (29.9%) [23.7–36.9]%
	102 (55.4%) [48.2–62.4]%
	<0.001
	25.5%
[15.7%–35.3%]
	0.52 [0.32 to 0.77]

	Hospitalization/transfer of a patient with SCAP to the ICU within 1 h of admission
	14 (77.8%) from
18 [54.8–91]%
	17 (89.5%) from
19 [5.8–14.3]%
	0.404
	11.7%
[-11.9 to 35.3]
	0.32 [-0.32 to 0.97]

	Collection of Sputum/Respiratory Sample Before ABT
	39 (45.9%) from
85 [35.7–56.4]%
	45 (49.5%) from
91 [39.4–59.5]%
	0.64
	3.5%
[-11.2 to 18.3]
	0.07 [-0.22 to 0.37]

	Blood Culture Collection Before ABT (for SCAP)
	1 (5.6%) from 
18 [1–25.8]%
	4 (21.1%) from
19 [8.5–43.3]%
	0.339
	15.4%
[-5.6 to 36.6]
	0.47 [-0.17 to 1.12]

	Use of Rapid Tests for Pneumococcal and
Legionella Antigenuria
	0
	22 (12%) [8–17.4]%
	<0.001
	12% [7.2 to 16.6]
	0.70 [0.50 to 0.91]

	Administration of the First Dose of Systemic Antibiotic ≤8 Hours
	146/166 (88%) [82.1–92.1]%
	155/165 (94%) [89.2–96.7]%
	0.058
	5.9% [-0.1 to 12.1]
	0.21 [-0.003 to 0.43]

	Administration of the First Dose of Systemic Antibiotic ≤1 Hour (for SCAP)
	9 (50%) from 18 [29–71]%
	13 (68.4%) from
19 [46–84.6]%
	0.189
	18.4%
[-12.7 to 49.5]
	0.37 [-0.26 to 1.02]

	Adherence of Initial ABT Regimen to National Clinical Guidelines
	138 (75%) [68.3–80.7]%
	172 (93.5%) [88.9–96.2]%
	<0.001
	18.5%
[11.3 to 25.7]
	0.53 [0.33 to 0.74]

	Step-Down ABT
	5 (2.7%) [1.2–6.2]%
	15 (8.2%) [5–13]%
	0.021
	5.4% [0.8 to 10]
	0.25 [0.04 to 0.45]

	Risk Stratification Based on Pathogen Structure and ABR Profile
	-
	-
	-
	-
	-

	Use of Rational and/or Safe Drug Combinations
	169 (91.8%) [87–95]%
	174 (94.6%) [90.3–97]%
	0.300
	2.7% [-2.4 to 7.8]
	0.11 [-0.09 to 0.31]

	Effectiveness and Safety Assessment of ABT at 48–72 Hours
	74 (40.2%) [33.4–47.4]%
	129 (70.1%) [63.1–76.3]%
	<0.001
	29.9%
[20.2 to 39.6]
	0.61 [0.41 to 0.82]

	Assessment of ABT Discontinuation Criteria
	52 (28.3%) [22.3–35.2]%
	96 (52.2%) [45–59.3]%
	<0.001
	23.9% [14.2%
to 33.6]
	0.49 [0.29 to 0.70]


CAP, community-acquired pneumonia; SCAP, severe community-acquired pneumonia; ICU, intensive care unit; ABT, antibiotic therapy; ABR, antibiotic resistance; RD, risk difference.

Multivariable analysis results
 	To further evaluate the independent effect of the intervention on clinical practice, a multivariate logistic regression analysis was conducted, adjusting for patient age, shift (day shift/off-hours shift), and CAP severity. The results demonstrated that the intervention remained a statistically significant predictor of improvement across multiple quality indicators, even after adjustment (Table 6).
 	The strongest association was observed for the implementation of rapid urinary antigen testing for S. pneumoniae and L. pneumophila, with an adjusted regression coefficient (b) of 5.49 (SE 1.37, p < 0.001). This remained significant despite the modest influence of the duty shift and age, and was weakly influenced by CAP severity (p = 0.10). Similarly, severity assessment of CAP was significantly more likely after the intervention (b = 1.21, SE 0.24, p < 0.001), with severity level (b = 3.33, p < 0.001) independently associated with this outcome.
 	Adherence to national clinical guidelines for initial antibiotic therapy improved significantly (b = 1.55, SE 0.34, p < 0.001), and was independently associated with both the intervention and disease severity (b = 1.19, p = 0.048). The likelihood of performing step- down antibiotic therapy also increased (b = 1.25, SE 0.55, p = 0.02), and this was strongly associated with CAP severity (b = 3.16, p < 0.001).

 	The intervention led to higher rates of antibiotic effectiveness and safety reassessment at 48-72 h (b = 1.33, SE 0.23, p < 0.001), with a significant contribution from severity (b = 2.42, p < 0.001). Finally, assessment of criteria for antibiotic discontinuation was also significantly more frequent after the intervention (b = 1.00, SE 0.22, p < 0.001), although this was not independently influenced by other covariates.
 	These findings confirm that the improvements in key indicators were largely attributable to the intervention itself, with CAP severity contributing meaningfully to certain outcomes.

TABLE 6 Results of multivariable analysis on community-acquired pneumonia management indicators.
	Indicator
	Before/After
	Age
	Off-day shift
	Severity of CAP
	RD [95%CI]
	Cohen’s H [95%CI]

	
	b (SE)
	p
	b (SE)
	p
	b (SE)
	p
	b (SE)
	p
	
	

	CURB-65/CRB-65 Score Assessment
	3.57
(1.37)
	<0.001
	0.01
(0.01)
	0.41
	0.46
(0.52)
	0.38
	−0.18
(0.86)
	0.83
	11% [5 to 18]
	0.58 [0.36 to 0.75]

	Severity Assessment of CAP
	1.21
(0.24)
	<0.001
	0 (0.01)
	0.57
	0.11
(0.23)
	0.64
	3.33
(0.67)
	<0.001
	28%
[17 to 37]
	0.59 [0.35 to 0.79]

	Use of Rapid Tests for Pneumococcal and
Legionella Antigenuria
	5.49
(1.37)
	<0.001
	0.01
(0.01)
	0.34
	−1.27
(0.62)
	0.04
	1.13
(0.69)
	0.10
	21% [5 to 38]
	0.89 [0.45 to 1.25]

	Adherence of Initial ABT Regimen to National Clinical Guidelines
	1.55
(0.34)
	<0.001
	−0.01
(0.01)
	0.41
	−0.36
(0.3)
	0.22
	1.19
(0.68)
	0.048
	22%
[13 to 33]
	0.57 [0.39 to 0.86]

	Step-Down ABT
	1.25
(0.55)
	0,02
	0 (0.01)
	0.89
	−0.45
(0.5)
	0.38
	3.16
(0.51)
	<0.001
	2% [0 to 5]
	0.16 [0.03 to 0.31]

	Effectiveness and Safety Assessment of ABT at 48–72 Hours
	1.33
(0.23)
	<0.001
	0 (0.01)
	0.66
	−0.27
(0.23)
	0.24
	2.42
(0.59)
	<0.001
	32%
[22 to 42]
	0.65 [0.44 to 0.87]

	Assessment of ABT Discontinuation Criteria
	1,00
(0.22)
	<0.001
	0 (0.01)
	0.67
	−0.08
(0.22)
	0.70
	0.52
(0.36)
	0.14
	23%
[14 to 32]
	0.48 [0.28 to 0.68]


CAP, community-acquired pneumonia; ABT, antibiotic therapy; RD, risk difference.

Discussion
 	Antimicrobial resistance is swiftly spreading around the world, presenting a major challenge to global health (Tang et al., 2023; Ho et al., 2025). ASPs play a crucial role in combating this threat by promoting the responsible use of antibiotics and improving patient outcomes. CAP remains one of the most common infectious diseases requiring hospitalization and empirical antibiotic therapy (Montes-Andujar et al., 2021). Proper selection and timely initiation of antibiotics are critical for improving clinical outcomes and reducing complications (Fally et al., 2021). However, adherence to treatment guidelines for empirical antibiotic prescribing in hospitalized patients with CAP shows considerable variation in the literature, ranging from 47.8% to 65% (Blasi et al., 2008; McCabe et al., 2009; Alnajjar et al., 2023).
 	To improve guideline adherence and address existing gaps in diagnostic and treatment practices, a follow-up study was conducted. This 12-month pre- and post-intervention project in two multidisciplinary hospitals in Aktobe, Kazakhstan, aimed to evaluate the effectiveness of targeted interventions in optimizing antibacterial therapy and etiological diagnostics for CAP.
Clinical risk stratification and severity assessment
 	The selected indicators reflect key dimensions of quality in the management of CAP, particularly in guiding early decision-making, timely initiation of therapy, microbiological diagnostics, adherence to clinical guidelines, and antimicrobial stewardship (Ablakimova et al., 2025). The significance of severity assessment tools, such as the PORT/PSI and CURB-65/CRB-65 scores, is well established in international guidelines, where their use is strongly recommended to guide hospitalization decisions and initial treatment strategy (Zaki et al., 2023; Noguchi et al., 2024). In our study, the implementation of CURB-65/CRB-65 assessment increased from 0% to 8.7% (p < 0.001), while general severity assessment rose from 29.9% to 55.4% (p < 0.001), indicating a modest improvement in clinical risk stratification after the intervention. Although this increase is statistically significant, the absolute change may appear relatively small. One possible explanation is that physicians are often reluctant to treat patients with CAP in outpatient settings due to concerns over clinical deterioration or medicolegal consequences (Brar and Niederman, 2011). Nevertheless, the use of standardized severity scores can support safe outpatient management for low-risk patients, reducing unnecessary hospital admissions (Metlay et al., 2019). This practice has been shown to improve outcomes related to antimicrobial resistance by limiting hospital-acquired infections and curbing the overuse of broad-spectrum antibiotics, while also alleviating the economic burden on healthcare systems (Baumann and Wyss, 2021).
Timeliness of care and ICU transfer
 	Timely transfer of patients with SCAP to the ICU is crucial to reducing mortality (Zhou et al., 2025; Pereverzeva et al., 2021), and although our rates were relatively high before (77.8%) and after (89.5%), the observed improvement did not reach statistical significance. Similarly, timely administration of the first systemic antibiotic dose – an indicator linked to improved survival (Fally et al., 2021) – showed high baseline adherence (88%) with a trend toward improvement post-intervention (93.9%, p = 0.058). For SCAP specifically, administration within 1 h increased from 50% to 68.4%. However, as highlighted by Fally et al., the real challenge in CAP management lies in accurately distinguishing those patients who require immediate antibiotic therapy from those for whom delaying treatment until diagnostic confirmation would not pose harm. This distinction is crucial to balancing timely care with antimicrobial stewardship (Mi et al., 2019).
Microbiological diagnostics and rapid testing
 	Microbiological diagnostics play a vital role in pathogen identification and antimicrobial stewardship (Jinks et al., 2024). Our intervention led to modest but non-significant improvements in pre-antibiotic sputum (45.9%–49.5%) and blood cultures (5.6%– 21.1% in SCAP). However, the use of rapid urinary antigen tests for S. pneumoniae and Legionella saw an increase from 0% to 12% (p < 0.001), reflecting a significant shift toward point-of-care diagnostics. Although this increase is statistically significant, the absolute number remains modest, with only 12% of patients in the post- intervention group benefiting from these tests. This represents only the beginning of their integration into clinical practice, as prior to the intervention, these tests were not commonly used by physicians. In many low- and middle-income countries, access to such rapid diagnostic tools remains limited, making their widespread use challenging (Moore et al., 2023; Salluh and Kawano-Dourado, 2023). Nonetheless, the adoption of these tests, even at a modest level, is a promising step toward more precise and timely diagnosis, which could ultimately improve patient management and reduce unnecessary antibiotic use.
Antibiotic stewardship and treatment optimization
 	One of the most notable improvements was adherence to the initial antibiotic regimen as per national guidelines, which increased from 75% to 93.5% (p < 0.001). This aligns with the evidence that standardized regimens improve outcomes and reduce resistance (Markussen et al., 2024). Furthermore, step-down antibiotic therapy – a practice encouraged once clinical stability is achieved – rose significantly (2.7%–8.2%, p = 0.021), suggesting better clinical monitoring and stewardship awareness (Montes- Andujar et al., 2021).
 	Evaluation of antibiotic effectiveness and safety at 48–72 h (40.2%–70.1%, p < 0.001), and assessment of discontinuation criteria (28.3%–52.2%, p < 0.001), also improved significantly. These indicators are pivotal in preventing prolonged or inappropriate therapy and are a cornerstone of stewardship programs (Hwang and Kwon, 2021; Cilloniz et al., 2023).
 	Finally, although the use of rational and safe antibiotic combinations was already high before the intervention (91.8%), it showed a slight increase post-intervention (94.6%). While risk stratification based on pathogen structure and resistance profile was not quantitatively assessed in this study, its inclusion in the educational program likely influenced the improvements in adherence and step-down practices.
Impact and implications of the intervention
 	Together, these results demonstrate that complex interventions can significantly improve adherence to quality indicators in CAP management. These improvements likely translate into better patient outcomes, reduced unnecessary antibiotic exposure, and contribute meaningfully to antimicrobial resistance prevention efforts. Multivariable logistic regression confirmed that the intervention had a statistically significant and independent impact on the improvement of key clinical practice indicators in CAP management. These findings underscore the value of complex interventions as effective tools for enhancing adherence to quality-of-care measures, even when adjusting for patient age, duty shift, and disease severity.
Context-specific implementation and limitations
 	Our findings underscore the importance of context-specific, multifaceted stewardship strategies tailored to local gaps in care. The lack of local treatment guidelines in our setting prior to the intervention contributed to low compliance and inconsistent diagnostic practices. The introduction of educational sessions, protocol-based care pathways, and improved access to rapid diagnostics significantly improved key stewardship indicators.
 	The intervention also demonstrated that even in resource-limited settings, modest but targeted changes can have meaningful impact. Importantly, these indicators not only enhance individual patient care but also contribute to long-term AMR mitigation by reducing unnecessary antibiotic exposure and promoting pathogen-directed therapy.
 	As with many real-world interventions, our study had limitations. The bundled nature of interventions prevents attribution of effects to individual components. In addition, outcome data were collected at the facility level, potentially masking individual prescribing behavior changes. Furthermore, the study was conducted over a 12-month period, encompassing different seasons. Since CAP incidence and pathogen distribution may vary by season, this temporal factor could have influenced diagnostic and treatment patterns independently of the intervention. Finally, the potential impact of the Coronavirus Disease 2019 (COVID-19) pandemic on hospital practices during the study period cannot be entirely excluded. However, the study was conducted after the acute phase of the pandemic, during a period when routine hospital operations had largely returned to standard practice. In the prospective phase, all 184 patients were tested for COVID-19 upon admission using rapid diagnostic tests. Only one patient tested positive, and this case was included because the clinical presentation and diagnostic workup confirmed a concurrent bacterial infection consistent with CAP. Therefore, the likelihood that pandemic-related factors substantially influenced the findings is minimal. Future research should incorporate seasonal adjustment or stratification to account for such variability. Individual-level metrics and assessment of the long-term sustainability of behavior change are also recommended in subsequent studies.
Local epidemiology and future directions
 	Furthermore, the role of atypical pathogens, particularly Mycoplasma and Chlamydia, in our region, as detected through polymerase chain reaction testing, highlights the importance of considering local etiology in guideline development. ASPs must remain adaptable, incorporating evolving diagnostic technologies and local microbiological data into practice.
 	While our bundled intervention improved clinical indicators, it limits the ability to isolate the effect of each component. Future studies could use a phased or step-wedge design to evaluate the individual impact of educational, diagnostic, and protocol-based measures, improving reproducibility and guiding targeted implementation.
Conclusion
 	This study demonstrates that a complex antimicrobial stewardship intervention can significantly improve the quality of care in the management of CAP. Targeted educational efforts, implementation of protocol-based care, and enhanced access to diagnostics led to notable improvements in guideline adherence, early risk assessment, rational antibiotic use, and diagnostic practices. These changes are critical for improving patient outcomes and advancing efforts to combat antimicrobial resistance. While certain improvements, such as increased use of severity scoring tools and rapid diagnostics, were modest, they reflect important initial steps toward a more standardized and evidence- based approach to CAP management. The substantial rise in adherence to national antibiotic guidelines and appropriate step-down therapy underscores the potential of structured interventions
to drive meaningful clinical change.
 	Sustaining and expanding such programs, with emphasis on local pathogen profiles and diagnostic capacity, will be essential for ongoing progress. Future studies should explore the long-term impact of these interventions on patient outcomes and resistance patterns, and evaluate the scalability of similar stewardship strategies across diverse healthcare settings.
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Indicator
	Hosmer-Lemeshow Goodness-of-Fit
Test
	Tjur's R2
	Overdispersion check

	
	2
	p
	
	

	CURB- 65/
CRB-65
Score Assessment
	2.61
	0.956
	0.06
	0.91

	Severity
Assessment of CAP
	7.80
	0.45
	0.19
	0.59

	Use of Rapid Tests for Pneumococcal
and Legionella Antigenuria
	0.77
	0.99
	0.46
	0.95

	Adherence of Initial ABT Regimen to National Clinical
Guidelines
	10.28
	0.24
	0.09
	0.07

	Step-Down ABT
	7.87
	0.45
	0.22
	0.99

	Effectiveness and Safety Assessment of ABT at 48-72
Hours
	13.27
	0.10
	0.16
	0.32

	Assessment of ABT
Discontinuation Criteria
	5.18
	0.74
	0.07
	0.42


CAP – community-acquired pneumonia, ABT - antibiotic therapy



Supplementary Figure 1. Assessment of the Linearity Assumption

A) CURB-65/CRB-65 Score Assessment
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B)  	Severity Assessment of CAP
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C)  	Use of Rapid Tests for Pneumococcal and Legionella Antigenuria
[image: Изображение выглядит как диаграмма, График, текст, снимок экрана

Контент, сгенерированный ИИ, может содержать ошибки.]

D) Adherence of Initial ABT Regimen to National Clinical Guidelines
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E)  	Step-Down ABT
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F)  	Effectiveness and Safety Assessment of ABT at 48-72 Hours
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Dear Editor
 	Community-acquired pneumonia (CAP) remains a major public health challenge worldwide.1 Empirical antimicrobial therapy for CAP must balance broad-spectrum coverage with judicious use to address rising antibiotic resistance. Therefore, establishing microbiological epidemiology data is essential to propose the most appropriate treatment. 
The coronavirus disease 2019 (COVID-19) pandemic has altered the etiology of adult lung injury, with a greater emphasis on viruses. However, its impact on the causative structure of CAP remains unclear. 
We conducted a cross-sectional study from January to June 2024 in two multidisciplinary hospitals in Aktobe, Kazakhstan, to evaluate the etiology of CAP in the post-COVID period. This study was approved by the Local Ethical Committee of the West Kazakhstan Marat Ospanov Medical University (Approval no:1; dated 24.01.2023). Written informed consent was obtained from all patients. The study included 184 hospitalized adults diagnosed with CAP. Examination and treatment followed clinical practice and local guidelines. To determine the etiology of CAP, culture testing of lower respiratory tract samples (sputum) was performed, along with rapid urinary antigen tests for Legionella and Streptococcus (S.) pneumoniae (Vegal Pharmaceuticals, Spain). Polymerase Chain Reaction (PCR) testing for atypical pathogens (Mycoplasmoides (M.) pneumoniae and Chlamydia (C.) pneumonia) was conducted using the DT-95 DNA amplifier (DNA Technology, Russia). Additionally, immunochromatographic rapid tests for influenza A/B and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antigen detection were performed using respiratory swabs (Rapid Bio, Russia). Immunochromatographic rapid tests were conducted for all patients; urinary antigen tests were performed in severe CAP cases, and sputum cultures or PCR testing were carried out for patients able to provide sputum samples. Key characteristics, comorbidities, and diagnostic method distribution are detailed in table 1. 

Table 1. Patient’s characteristics
	Characteristics
	Value

	Demographic characteristics
	

	Age, years (median [IQR])
	55 [35.5; 69]

	Female, n
	104 (56.5%)

	Comorbidities
	

	Arterial hypertension, n
	98 (53.3%)

	COPD, n
	31 (16.8%)

	CHF, n
	40 (21.7%)

	Anemia, n
	38 (20.7%)

	Diabetes mellitus, n
	28 (15.2%)

	Ischemic heart disease, n
	30 (16.3%)

	Diagnostic approaches 
	

	Immunochromatographic rapid tests, n
	184 (100%)

	PCR testing, n 
	92 (50%)

	Culture testing, n
	91 (49.5%)

	Rapid urinary antigen tests, n
	22 (12%)

	Outcomes
	

	Length of stay, days (median [IQR])
	8 [7; 9]

	Hospital mortality, n
	8 (4.3%)


COPD - Chronic obstructive pulmonary disease, CHF – Chronic heart failure, PCR – polymerase chain reaction; 

Among 91 sputum samples collected for culture testing, 60 were excluded after bacterial microscopy and were not further cultivated. PCR testing was performed on 92 respiratory samples. An etiological diagnosis was established in 53 (28.8%) patients using at least one diagnostic method. Among 61 detected pathogens, the most prevalent were M. pneumoniae 21 (34.4%), S. pneumoniae 12 (19.7%), Klebsiella pneumoniae 7 (11.5%), C. pneumoniae 6 (9.8%), and Moraxella catarrhalis 6 (9.8%) cases (figure 1). Viruses were less common, with only 1 case of SARS-CoV-2 infection was identified. Co-infections were observed in 18.9% of patients with established etiological diagnoses, including the following combinations: M. pneumoniae + S. pneumonia (2 cases, 3.8%), C. pneumoniae + S. pneumoniae (2 cases, 3.8%), C. pneumoniae + Haemophilus (H.) influenza (2 cases, 3.8%), M. pneumoniae + H. influenzae (2 cases, 3.8%), M. pneumoniae + M. catarrhalis (1 case, 1.9%), and M. pneumoniae + SARS-CoV-2 (1 case, 1.9%). 
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Figure 1. The bar chart illustrates the frequency of different pathogens in patients with community-acquired pneumonia in Aktobe, Kazakhstan.

To our knowledge, this is the first post-COVID-19 study in Kazakhstan to examine CAP etiology in hospitalized adults, using comprehensive PCR and point-of-care (POC) testing. 
In the pre-antibiotic era, pneumococcus caused 90-95% of pneumonia cases. However, its prevalence has significantly declined due to widespread pneumococcal vaccination, reduced smoking, early empiric antibiotic use, and improved PCR diagnostics which enabled better detection of atypical and viral pathogens.2 
Large pre-pandemic studies indicated viral pathogens were more prevalent than bacterial causes in pneumonia cases.3 However, the findings of the present study indicated only one case of SARS-CoV-2, and no influenza A and B viruses were detected. 
The prevalence of atypical pathogens such as M. pneumoniae over pneumococcus might stem from poor sputum quality, underestimating pneumococcal pneumonia. Conventional culture, the gold standard for bacterial detection in CAP, has limited sensitivity and serotype identification, especially in adults.4 Additionally, antibiotic pretreatment further diminishes bacterial culture sensitivity. In the present study, one-third of pneumococcal cases were detected using rapid urinary antigen tests, which were not affected by previous antibiotic use, and thus provide a reliable detection method despite prior therapy. The patient population indicated frequent hospitalization of patients with mild pneumonia who could have been managed outpatient. This hospitalization pattern might also influence the CAP etiology. Notably, we detected a predominance of M. pneumoniae infections, consistent with its known epidemiological pattern of regional outbreaks occurring every 3-7 years and lasting 1-2 years. This finding was consistent with other post-pandemic reports of increased M. pneumoniae detection in adults.5 
In conclusion, the etiology of CAP in adults in our region appeared unchanged from the pre-COVID era.  Given the frequent detection of hard-to-culture bacteria, broader PCR use in clinical practice is recommended. An important consideration was that many pneumonia patients either could not produce sputum or provided poor-quality samples, which significantly compromised microscopy-based diagnostic pathways. 
 	To address this limitation, broader implementation of POC testing should be prioritized. These rapid diagnostic tools enable reliable CAP etiology determination even when traditional culture-based methods are precluded by insufficient or poor-quality biological specimens.
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[bookmark: OLE_LINK9]1.	Introduction
 	Pneumonia, a prevalent respiratory infection, remains a substantial global health challenge due to its potential severity and impact on public health [1]. In spite of the swift advancement in novel therapies, pneumonia remains a significant contributor to elevated rates of health complications and mortality [2]. Characterized as a sudden infection affecting the lung’s parenchyma, it arises from a diverse range of microorganisms, encompassing bacteria, viruses, and fungi [3]. The identification of the responsible organism becomes exceptionally valuable when it leads to a shift in treatment approach. Diagnostic strategies exhibit variability based on the seriousness of the ailment and the suspected pathogen. The consensus among most healthcare practitioners is that microbiologic tests in outpatient settings are likely to yield limited results and contribute minimally to the selection and duration of antibiotic courses [4]. Among hospitalized individuals, especially those afflicted by severe sepsis or septic shock, pinpointing the causative microorganism can notably enhance survival rates [5]. For all hospitalized patients who exhibit purulent sputum, it is imperative to subject it to Gram staining and culture analysis [6]. In scenarios where patients lack purulent sputum or are incapable of providing lower respiratory samples, culture outcomes may lack precision and frequently reflect upper respiratory tract or oropharyngeal colonizers rather than actual pathogens [7]. Routine blood cultures in cases of pneumonia exhibit minimal effectiveness and usefulness, regardless of the severity and risk factors involved [8]. Moreover, collecting cultures after the initiation of antibiotic therapy can significantly impact diagnostic informativeness [9]. Early and accurate diagnosis is a cornerstone of effective pneumonia management [10]. The advent of rapid diagnostic tests (RDTs) has ushered in a new era of diagnostics, promising real-time identification of pathogens and influencing treatment strategies [11]. In this review, we explore the transformative potential of RDTs in the management of pneumonia.
2.	Traditional Diagnostic Approaches for Pneumonia
 	The typical manifestation of pneumonia involves the sudden onset of infectious symptoms affecting the lower respiratory tract, accompanied by consistent radiographic patterns. These symptoms often encompass fever, cough, pleurisy, shortness of breath, and heightened sputum production. However, pneumonia’s presentation can deviate from the norm, with some individuals primarily experiencing nonrespiratory symptoms like general discomfort, muscle pain, confusion, and diarrhea. Among the elderly, this atypical presentation may occur more frequently, potentially causing delays in treatment and elevated mortality rates. To establish a pneumonia diagnosis, it’s crucial to have radiographic evidence of lung involvement. The appearance of pneumonia on radiographs can vary significantly. While computed tomography (CT) offers the most detailed detection of lung infiltrates, plain chest X-rays are more common, especially in outpatient settings. Although CT scans provide more specific information (refer to Figures 1D–F), they have downsides such as increased radiation exposure, inability to be done at the bedside, and real-time interpretation challenges. 
 	Plain chest X-rays have a limited sensitivity of 38%–75% for identifying infiltrates. In critical cases, the less optimal anteroposterior view is often used, and image quality suffers due to factors like weak inhalation, obesity, and suboptimal positioning.
 	Point-of-care ultrasonography has emerged as an alternative to plain chest X-rays for detecting lung consolidations. Its advantages include real-time bedside imaging and interpretation, absence of radiation exposure, and better sensitivity com- pared to X-rays. Distinguishing between lung consolidation and pleural effusion is also easier with ultrasonography. However, achieving sensitivities above 95%, as reported in some literature, requires skilled practitioners to evaluate the lungs from various angles, which can be time-consuming.
 	For individuals suspected of having pneumonia, standard laboratory tests are generally recommended, particularly when hospitalization becomes necessary. A complete blood cell count can reveal an elevated white blood cell count or the presence of immature white blood cells, indicative of an acute infection. Serum chemistry analysis can offer insights into potential organ involvement, like liver or kidney dysfunction, and contribute valuable data for assessing the severity of pneumonia.
 	Procalcitonin (PCT) is a serum protein that gets released when the body responds to bacterial infections. Notably, its release is suppressed during viral infections through the action of interferon gamma, an inhibitory cytokine. This characteristic renders PCT a valuable biomarker for distinguishing between viral and bacterial causes of community-acquired pneumonia (CAP). In various studies involving both outpatient and inpatient groups, setting a lower threshold value for PCT has been shown to discourage unnecessary antibiotic use, resulting in reduced antibiotic consumption without adversely affecting mortality rates. However, due to the significant risks associated with delaying or withholding essential antibiotics in pneumonia, there isn’t a unanimous consensus on the routine use of PCT in this context. Moreover, the latest treatment guidelines do not currently include its routine use.
 	Traditional methods of diagnosing pneumonia, including clinical assessment, chest radiography, and microbiological testing, have long been the mainstays of medical practice. While these methods have provided valuable insights into the presence of infection, they are not without limitations. Clinical symptoms often overlap with other respiratory conditions [12], chest radiography lacks specificity [12], and microbiological cultures can be time-consuming and result in false positives due to contamination [13].
3.	The Rise of Rapid Diagnostic Tests
 	The emergence of RDTs represents a paradigm shift in pneumonia diagnostics. These tests harness advanced molecular and immunochromatographic technologies to swiftly detect specific pathogen markers (Table 1) [14]. The speed of these tests has the potential to transform the diagnostic landscape, enabling real-time identification and timely initiation of appropriate treatment [15]. Unlike traditional methods that rely on time-consuming cultures or complex molecular assays, RDTs deliver results within minutes, allowing healthcare providers to make prompt and precise treatment decisions. This advancement is particularly crucial in the context of pneumonia, where timely intervention can be a matter of life and death. Furthermore, RDTs are instrumental in combatting the global challenge of antibiotic resistance, as they enable clinicians to differentiate between bacterial and viral infections, reducing unnecessary antibiotic prescriptions [16]. As we witness the rise of RDTs in the field of pneumonia diagnosis, we move closer to achieving more efficient and targeted patient care, ultimately improving outcomes for individuals affected by this respiratory condition. Urinary antigen testing has gained widespread popularity for numerous impactful respiratory infections, notably those caused by Legionella pneumophila (L.pneumophila) and Streptococcus pneumoniae (S.pneumoniae) [17] These tests are considerably less affected by previous antibiotic treatment compared to sputum or blood culture [18].
4.	Mechanisms and Technologies Behind Rapid Diagnostic Tests
 	Antigen shedding: When a person is infected with certain bacteria, such as L.pneumophila or S.pneumoniae, the bacteria shed specific antigens. Antigens are substances produced by the bacteria that trigger an immune response in the body.
 	Urine collection: The patient provides a urine sample. Unlike traditional diagnostic methods that require samples from the respiratory tract, urinary antigen tests offer a noninvasive and easily accessible alternative.
 	Immunoassay detection: The urine sample is then subjected to an immunoassay, which is a laboratory technique that relies on the specific binding of antibodies to antigens. In the case of urinary antigen testing, the test employs capture antibodies that are specific to the antigens produced by the target bacteria (Figure 1).
 	Enzyme-Linked Immunosorbent Assay (ELISA) or Immunochromatographic/Lateral Flow Assay (LFA): The immunoassay can take different forms, such as an enzyme-linked immunosorbent assay (ELISA) or an immunochromatographic/lateral flow assay (LFA). ELISA involves the use of enzymes to produce a color change when the target antigen is present. LFA, on the other hand, produces visible lines on a test strip [17].
 	Positive or negative result: If the specific antigens related to L.pneumophila or S.pneumoniae are present in the urine, the test will yield a positive result. This indicates an active infection with the respective pathogen. Conversely, a negative result suggests the absence of these specific antigens.
 	Interpretation and diagnosis: A positive result can be indicative of pneumonia caused by the targeted bacteria, influencing treatment decisions. However, a negative result does not rule out pneumonia entirely, as these tests may not detect all strains or species of the pathogens. 

TABLe 1: Comparison of detection methods of pneumonia pathogens.

	Test
	Time
	Advantages and Disadvantages

	Culture method
	3–7 days
	Likely to identify true pathogen if detected. it is advisable to isolate it for susceptibility testing and conduct further investigations such as serotyping and sequencing. Obtaining a high-quality specimen from sputum can be challenging, and it’s important to note that bacteremia is not always linked with pneumonia.

	Molecular assays
	2–4 hours
	Rapid outcomes, high sensitivity, and the potential inclusion of susceptibility or other genetic markers (such as species or serotyping) are advantages. However, there is no isolate available for additional testing, and the approach lacks standardization, with various laboratory-developed tests in use.

	Serology
	2 hours–2 days
	Valuable for epidemiological investigations and capable of differentiating Pneumo-

	
	
	coccus serotypes. However, not suitable for acute diagnosis, lacks an isolate for

	
	
	additional testing, and results may be influenced by prior pneumococcal vaccination.

	Urinary	antigen test
	15 minutes
	Swift and highly specific, enabling prompt adjustments to therapy upon a positive result, FDA-approved tests are accessible. Narrow number of pathogens that can be identified. Moreover, there is no isolate for subsequent testing.




5.	Comparative Sensitivity and Specificity
 	The sensitivity and specificity of RDTs compared to traditional methods have been subjects of rigorous evaluation. Legionella urine antigen assays utilize specific capture antibodies for L.pneumophila serogroup 1, recognized as the primary cause of Legionnaires’ disease (LD). Consequently, these assays demonstrate optimal performance in the context of L.pneumophila serogroup 1 infections, exhibiting a combined clinical sensitivity and specificity of 74% and 99%, respectively, for LD, as indicated by a comprehensive meta-analysis [19]. Notably, these sensitivity findings are considerably lower than the individual claims made by each manufacturer. Essentially, the pooled clinical test performance suggests that a positive Legionella antigen test can indicate LD, but a negative result cannot reliably rule out the diagnosis. However, these assays poorly detect other serogroups of L. pneumophila and non-pneumophila Legionella species (sensitivity ranging from 5%–40%), potentially leading to an underestimation of the true clinical significance of these organisms [20].
 	The immunochromatographic (ICT) urinary antigen test is particularly advantageous for detecting pneumococcal pneumonia in situations where obtaining timely cultures is challenging or when antibiotic therapy has already been initiated. In sequential specimens from confirmed bacteremic cases, the ICT assay could still detect the pneumococcal urinary antigen in 83% of the cases even after 3 days of therapy [21]. This form of urinary antigen testing offers key additional benefits, including rapid results (around 15 minutes), simplicity, and reasonable specificity in adults. Studies in adults have demonstrated a sensitivity ranging from 50%–80% and a specificity exceeding 90% [22]. In a specific study, the use of the ICT pneumococcal urinary antigen test increased the rate of identifying the cause of community-acquired pneumonia (CAP) from 39.1%–53.1%. Among 269 patients without a defined etiology using conventional methods, 25.7% showed a positive pneumococcal urinary antigen test. Moreover, the immunochromatography assay is highly accurate in diagnosing pneumococcal meningitis, with a sensitivity of 95% using cerebrospinal fluid and 57% using urine, along with 100% specificity [23].
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[bookmark: _bookmark0]Figure 1: Assay principle and visual result interpretation.

6.	Clinical Implementation and Impact
	Tests for LD and pneumococcal CAP in urine are quick and easily accessible laboratory methods. These should be integrated into all testing procedures for CAP. Because clinical implementation of RDTs for pneumonia has ushered in a new era of precision and efficiency in patient management [24]. By significantly reducing diagnostic turnaround times, RDTs enable clinicians to swiftly identify the causative agents of pneumonia, allowing for the prompt initiation of targeted treatments. This not only enhances patient outcomes but also contributes to the global effort to combat antibiotic resistance by minimizing the inappropriate use of antibiotics. Furthermore, RDTs play a pivotal role in optimizing healthcare resource utilization, as they reduce the need for extensive laboratory infrastructure and the associated costs. The impact of these tests is especially notable in critical care settings, where rapid and accurate diagnoses are paramount. As RDTs continue to evolve and become more widely adopted, they are poised to revolutionize pneumonia management, driving improvements in patient care, antimicrobial stewardship, and healthcare efficiency.

7.	Challenges and Considerations
	Despite their numerous advantages, the implementation of RDTs for pneumonia does come with some notable challenges and considerations. One significant challenge is the cost associated with acquiring and maintaining these specialized testing systems, which may limit their accessibility, particularly in resource-constrained healthcare settings [25]. Additionally, the accuracy of RDTs can be influenced by factors like sample quality and timing, necessitating strict adherence to proper testing protocols. Furthermore, the everevolving landscape of infectious pathogens poses a challenge for RDT developers to ensure broad pathogen coverage. Urinary antigen detection tests continue to have significant limitations, including their inability to identify all pneumococcus serotypes and other species of Legionella [24]. The interpretation of RDT results also demands a level of expertise, highlighting the need for training and education for healthcare professionals. Moreover, while RDTs can differentiate between viral and bacterial infections to some extent, they may not always provide the full spectrum of information required for precise treatment decisions. These challenges and considerations underscore the importance of carefully evaluating the role of RDTs in pneumonia diagnosis and treatment within the context of each healthcare setting and patient population.

8.	Future Directions and Innovations
 	The rapid diagnostic field continues to evolve, with ongoing research focused on refining existing technologies and developing novel approaches. The integration of artificial intelligence and machine learning is poised to enhance diagnostic accuracy further, potentially predicting disease severity and guiding treatment decisions. Well- designed studies are now essential to assess the usefulness of these tests in relation to clinical outcomes. Continued collaboration between researchers, clinicians, and industry stakeholders will shape the future landscape of rapid pneumonia diagnostics.

9.	Conclusion
 	In conclusion, RDTs have emerged as game-changers in the management of pneumonia. By offering real-time pathogen identification, these tests contribute to optimized treatment strategies, reduced antibiotic misuse, and improved patient care. As the field advances, it is crucial to address challenges and maintain a vigilant approach to research, development, and implementation, ultimately ensuring better outcomes for individuals affected by pneumonia. RDTs, strategically integrated into the diagnostic process and selectively utilized for patients who stand to gain the most from these technologies, could serve as a compelling and practical tool. This approach has the potential to enhance the precision of treatment timing, particularly concerning the timely adjustment or cessation of antibiotic therapy.
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APPENDIX C

IMPLEMENTATION ACTS CONFIRMING THE INTRODUCTION OF THE RESEARCH RESULTS INTO PRACTICAL HEALTHCARE
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Antibody detection

Sample enters testing well (T) and antibody-
antigen complex binds to immobilized anti-
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Control antibody detection

Control line includes antibodies or antigens
that wil interact with a labeled component
of the detection system (e.g. colloidal gold
particles or fluorescent labels).

4
LN

The control line is crucial for several reasons:

« Procedural Integrity: The appearance of the control line confirms
that the testing procedure has been executed correctly. If the
control line does not appear, it suggests potential issues with the
test, such as insufficient sample volume, incorrect handiing, or
degraded reagents.

« Device Functionality: The control line serves as an indicator that
the test device is functioning correctly, providing assurance that the
migration of the sample and interaction with the detection system
are occurring as intended.

« Validity of Results: The presence of the control line ensures that
the absence of a test line (where the specific antigen-antibody
interaction occurs) is not due to a failure in the test itself. it
distinguishes between a true negative result and a resuit affected
by testing errors.
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