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Abstract (178 of 250 words)
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Musculoskeletal infections (MSKI) remain a major problem after trauma and elective orthopedic surgery. Chronic MSKI is caused by biofilm, which impairs diagnosis and effective treatments. Therefore, to understand and communicate global standards and best practices, the 2025 International Consensus Meeting (ICM) on MSKI created a Biofilm Section to address crucial aspects of biofilm biology pertaining to its mechanisms of drug resistance and immune evasion, and potential approaches to overcome them. This featured a two-year process, with final voting and discussion on May 8-10, 2025, in Istanbul, Turkey. This Consensus Article is the effort of the Biofilm Basic Mechanisms Workgroup, which interpreted the results on ICM questions related to 1) the infectious microenvironment; 2) appropriate inocula in preclinical research; 3) biofilm behavior in infected tissues; and 4) synergy within biofilms and with other comorbidities. Collectively, we find that this field has the necessary research tools to discover the pathophysiology of orthopedic implant-associated biofilm development and maturation, perform clinically relevant studies in animal models, and elucidate mechanisms that allow opportunistic infections in compromised tissues and patients with other health issues. 

Introduction
Musculoskeletal infections (MSKI) remain a major source of morbidity following trauma and orthopedic procedures, with consequences that include fracture nonunion, implant failure, amputation, and mortality1-4. Despite improvements in asepsis and perioperative antibiotic prophylaxis, the absolute burden of MSKI is rising in parallel with the global volume of orthopedic interventions, revision surgeries, and an aging, comorbid population5-7. While biofilm is widely regarded as the dominant barrier to eradication in implant-associated infections, fundamental gaps persist in our understanding of how biofilms form, persist, and interface with host tissues7-10. Clarifying these basic mechanisms is the prerequisite for designing preclinical models that accurately predict clinical performance and prioritizing suitable translational targets.
The 2025 International Consensus Meeting (ICM) on MSKI convened a Biofilm Workgroup to address high-priority knowledge gaps spanning preclinical science through clinical translation (https://www.icmortho.org; https://www.ors.org/2025-icm-on-mski/). This Consensus Article synthesizes findings and future directions for the “Basic Mechanisms” domain. The questions interrogate: whether an “immune proteome” signature exists in periprosthetic joint infection (PJI) (B3); which pathogens should be evaluated in preclinical models (B8); intracellular survival of bacteria in osteoblasts and its role in disease propagation (B9–B10); minimum data elements to standardize orthopedic infection studies (B12); the centrality of biofilm itself as the main treatment challenge (B15); biofilm behavior in synovial fluid (B17); viable-but-non-culturable (VBNC) states in orthopedic contexts (B18); material-specific affinities (B20); regulation of extracellular DNA (eDNA) via autolysis in Staphylococcus aureus (B21); potential links between biofilms and bone tumors (B24); and polymicrobial synergy versus antagonism in biofilm formation (B29). Together, these questions aim to align preclinical inquiry with the pathophysiology that drives persistent MSKI and clinical failure 10-12.
Methodology
The objective of the ICM 2025 Biofilm Section was to generate expert, actionable recommendations that sharpen preclinical research questions and harmonize best practices for study design and reporting. The Biofilm Section included experts in microbiology, immunology, biomedical engineering, infectious diseases, and orthopaedic surgery. An international panel selected questions aligned with their expertise to (i) scope the relevant literature, (ii) identify recurrent methodological pitfalls, and (iii) propose consensus guidance. As in prior ICMs, recommendations were developed and voted on using Delphi methodology11; 12.
Over ten months, each question was assigned to a liaison who coordinated further delegates to perform structured reviews. Covidence was used to manage systematic reviews; searches incorporated appropriate MeSH terms and synonyms. Teams screened titles/abstracts, performed full-text review, and extracted key data elements (model characteristics, organisms, inocula, materials, endpoints, and analytic methods). Draft “Response with Rationale” documents were posted for all delegates at https://www.icmortho.org/documents for open comment. Author teams revised their responses based on feedback in preparation for in-person discussion and voting at the ICM (May 8–10 2025, Istanbul, Turkey).
During the meeting, statements with ambiguity or contention were edited in session to promote clarity and broader agreement. Delegates voted to (1) agree, (2) disagree, or (3) abstain. Outcomes followed predefined thresholds: (a) Simple majority (50.1%–59%): No Consensus; (b) Majority (60%–65%): Weak Consensus; (c) Super Majority (66%–99%): Strong Consensus; (d) 100%: Unanimous Consensus. The 13 questions summarized here specifically address the evaluation of basic mechanisms underpinning biofilm formation, persistence, host interaction, and model standardization. Consensus was reached without compulsion, undue influence, or process constraints. Full question-level recommendations, including downloadable PDFs with responses, consensus votes, and post-meeting rationales, are available at https://www.ors.org/2025-icm-on-mski/. Following voting at ICM 2025, the authors of this manuscript were assigned to the Basic Mechanisms Workgroup and tasked with highlighting the most important questions on this topic, interpreting the recommendations and voting results, and providing insights on the way forward. The following represents this work product. 
Results and Discussion
Question B3 asked “Is there an immune proteome in PJI?” The delegates unanimously answered that there is an immune proteome in PJI, and our understanding of this proteome continues to grow and evolve. Novel high-throughput approaches paired with more targeted protein investigations have indicated that there is an immune proteome in PJI compared to aseptic revisions. This proteome involves the synovial fluid, local tissues, implant, and peripheral blood. While discrepancies exist between compartments, interleukin-6 (IL-6) was the most commonly elevated cytokine in PJI compared to aseptic revisions. The composition of the proteome also varied based on the detection method used for each study, primarily either LC-MS or bead-based/ELISA assays. As more advanced and unbiased techniques evolve and become more readily available, so too will the understanding of this proteome and how it can be used for diagnosis, treatment, and ultimately prevention of PJI in the future.

Question B4 queried “What is(are) the best preclinical model(s) of orthopedic infection for the evaluation of diagnostic technologies?” The absence of a definitive diagnostic is highlighted by the fact that a perennial outcome of MSKI ICMs has been an updated definition of PJI, which remains a high priority with robust activity. Delegates agreed that the “best” model depends on the specific hypothesis tested and animal welfare considerations. In animal models, translational potential, ethical approval, model design, and statistical success metrics should be predetermined and declared. To evaluate new diagnostics, current industry standards are receiver operating characteristic (ROC) curve analysis of the new technology compared to clinical cultures, clinical signs and symptoms, or other FDA-approved diagnostics of orthopedic infection.  Additionally, endpoints should be valid, and diagnosis should involve quantitative microbiological, radiological, serological, histological, and clinical observations. Ultimately, less invasive mechanisms for infection surveillance to reduce animal morbidity and numbers are important goals, and although validated in silico and in vitro models to assess diagnostics of orthopedic infection do not currently exist, these technologies are rapidly emerging and may need to be considered in the near future. This recommendation received overwhelming ICM agreement (n=38; 93%) with three abstaining votes. 

Question B8 queried “What critical pathogens should be routinely evaluated in preclinical models to study important questions in orthopaedic infection research?” The delegates overwhelmingly agreed (98%) with the recommendation that, in addition to prevalent pathogens like S. aureus and E. coli, other microorganisms, particularly Gram-negative bacilli, Enterobacteriales, and C. acnes, should also be assessed. This rationale is based on a systematic review of six studies, which identified a range of pathogens as causative agents of disease, including less commonly studied species, such as S. pseudointermedius and various fungi. Notably, while most preclinical models have focused on common pathogens, further research into less common organisms is necessary to ensure a comprehensive understanding of the full spectrum of pathogens involved in orthopaedic infections and therapeutic development. Until then, a multidisciplinary approach involving orthopedic surgeons and MSKI specialists is crucial in managing these infections.

Question B9 asked “Can bacteria survive in the intracellular space of osteoblasts?” The question considered the evidence of stable intracellular infections of osteoblast-lineage cells, including from osteoprogenitors to mature osteocytes. Stable infection was defined as evidence of viable pathogens inside viable host cells for at least 24 hours post-infection. The majority of delegates (98% in favor, 2% opposed) agreed that this occurs. Several case reports of chronic osteomyelitis have identified intracellular pathogens, including obligate intracellular organisms, in osteocytes and osteoblasts as being the likely cause of infection chronicity. Additionally, a multitude of in vitro studies have demonstrated the intracellular persistence of numerous facultative and obligate intracellular pathogenic species in both well-characterized osteoblast and osteocyte cell lines and primary osteoblasts and osteocytes. Pathogens, including S. aureus, coagulase-negative staphylococci, Brucella species, and C. trachomatis, were all found to be capable of infecting and persisting in viable osteoblast lineage cells for experimental periods ranging from 24 hours to 28 days.

Question B10 asked “Do intracellular bacteria play a role in propagating musculoskeletal infections?” This question extended the findings of Question B9. The majority of delegates (98% in favor, 2% opposed) agreed that this occurred. Strong evidence supports the notion that both facultative and obligate intracellular pathogens can invade host cells, survive within them, and contribute to the development of chronic or recurrent infections. S. aureus is the most extensively studied bacterium in this context, demonstrating persistence in various musculoskeletal cell types, including osteoblasts, osteocytes, macrophages, and osteoclasts, which can last for 21 days or longer. Clinical and preclinical studies further establishing connections between intracellular bacteria and chronic/recurrent infections and antimicrobial resistance are much needed. Mechanisms of bacterial escape and the triggers for pathogenic reactivation remain under investigation. These unresolved issues indicate a need to improve the diagnosis of intracellular infections and for ongoing research to better inform therapeutic strategies against persistent MSKI.

Question B12 asked “What is(are) the minimum data set for studying orthopaedic infections?” This question highlighted the variability in reporting registry data, which leads to challenges in comparing studies. The expert recommendation was that a minimum data set should include a sample size estimation, patient characteristics, index operative factors, diagnostic criteria, operative and medical treatment factors, and postoperative outcomes to maximize generalizability and comparability across orthopedic literature (Table 1). To increase the accuracy of clinical data across different studies, it is reasonable to propose a minimum sample size of 300 patients per comparison group.  This will increase statistical power and reduce the likelihood of type II errors. Another consideration is host optimization, as it is an important preoperative factor to prevent socioeconomic disparities in healthcare utilization and enhance recovery from orthopedic postoperative complications and infections13.  At a minimum, patient age, sex, body mass index, surgical history, and comorbidities should be recorded. Optimally, including socioeconomic factors through a comprehensive approach, such as the Area Deprivation Index, is also recommended.  Surgical factors, including indication, operative time, blood loss, transfusion, and hospital stay influence the development of orthopedic infection and should be reported. Diagnostic criteria for infection are also valuable to report, and the recommendation of experts is to use the 2018 International Consensus Meeting Criteria or the 2021 European Bone and Joint Infection Society criteria for hip and knee PJI 14; 15.  Standardizing and reporting outcome measures for treatment success or failure remains challenging.  A minimum of one-year follow-up is recommended, but up to five-year follow-up would improve outcome tracking.  Patient-reported outcome measures (PROMs) are now considered important for assessing treatment success, but do not always give a complete picture of infection treatment success. The "clinical relevance ratio" is a new way to analyze PROMs and can help show how many patients had meaningful improvements after treatment16. This question received votes from both the general session in the hip and knee category and in the biofilm section. The biofilm section delegates voted 80% in agreement, 7% in disagreement, and 13% abstained. The hip & knee section voted 84.6% in agreement, 7.7% in disagreement, and 7.7% abstained

Table 1. Criteria for the minimum data set to study orthopaedic infections.
	Sample Size
	Perform a power analysis to determine the appropriate sample size 

	


Patient Characteristics
	Age, sex, body mass index

	
	Relevant surgical history

	
	Host comprising factors (e.g., diabetes, autoimmune disease, immunosuppressive medication, renal disease, malnutrition)

	
	Extremity comprising factors (e.g., soft tissue loss, need for plastic surgery, vascular insufficiency)

	
	Socioeconomic factors (e.g., area deprivation index

	

Index Operative Factors
	Surgical indication (e.g., elective versus traumatic)

	
	Operative time, length of stay

	
	Estimated blood loss, need for transfusion

	
	Type of implant used (e.g., primary versus revision components)

	
	Delayed wound healing, extended antibiotic prescription

	Diagnostic Criteria
	Time of infection onset

	
	Serological laboratory studies (ESR, CRP)

	
	Synovial fluid analysis (if applicable), microbiological data

	

Operative and Medical Treatment Factors
	Implant retained, removed, or exchanged (i.e., molecular components, temporary spacer, or real implants)

	
	Local antimicrobial delivery method

	
	Systemic antimicrobial therapy (agent and duration)

	

Postoperative Outcomes
	Minimum 2-year clinical follow-up

	
	General health and condition-specific PROMs

	
	Definition of treatment success: infection control with no continued antimicrobial therapy, infection control with suppressive antimicrobial therapy, retained spacer, need for reoperation, and death


CRP = C-reactive protein, ESR = erythrocyte sedimentation rate, PROMs = patient-reported outcome measures

Question B15 inquired “Are we certain that biofilms are the main challenge of treating implant-associated infection?”  Delegates reached a strong consensus, with 92% voting “agree,” 3% “disagree,” and 5% “abstain” that biofilms, particularly those formed by S aureus and S. epidermidis, drive antibiotic resistance, immune evasion, and chronicity, supported by both clinical and preclinical evidence. Key implications of this question include the need for improved diagnostics (e.g., sonication, molecular assays), development of biofilm-targeted therapies, and innovations in implant materials. Debate remains over exceptions, such as non-biofilm pathogens, small-colony variants, and strain-specific differences, highlighting that biofilm is not the sole pathogenic mechanism. Overall, biofilms represent the central barrier to effective treatment, but ongoing research must address variability and explore personalized and adjunctive strategies.

Question B17 asked “Does biofilm form in the synovial fluid?” Based on a strong level of evidence, 97% of delegates agreed that suspended biofilm aggregates, particularly of Staphylococcus species, can form in synovial fluid both in vitro and in vivo. This finding may have significant clinical implications, as these aggregates exhibit reduced antimicrobial susceptibility, potentially contributing to the persistence and treatment resistance of PJIs. While most studies on this topic have focused on S. aureus, other PJI pathogens, including other Gram-positive bacteria (e.g., coagulase-negative staphylococci like S. epidermidis and C. acnes), Gram-negative bacteria (e.g., Enterobacterales and P. aeruginosa), and fungi (e.g., Candida spp.), have also demonstrated the capability of forming biofilm-like aggregates in synovial fluid. However, the evidence for these additional species remains largely confined to in vitro studies, and in general, in vivo evidence for biofilm formation in synovial fluid remains limited. S. aureus biofilm aggregates form via binding to fibrinogen, fibronectin, and hyaluronic acid in synovial fluid; the ability to bind to these key synovial fluid components may allow stronger association of bacteria with tissues. Variability in experimental models complicates direct comparisons between results obtained in different studies, and further research is needed to standardize methodologies and better understand the clinical impact of these non-surface-attached biofilms in the management of PJI.

Question B18 asked “Does the concept of viable but not curable (VBNC) apply to orthopedic infections?” Delegates unanimously agreed that the concept of VBNC is relevant in orthopedic infections. Evidence from in vitro studies, including those using clinical isolates from PJIs, has demonstrated that pathogens such as S. aureus, S. epidermidis, S. lugdunensis, and P. aeruginosa can enter the VBNC state under stress conditions such as antibiotic pressure, nutrient depletion, and anoxia when in a biofilm 17-22. These cells can persist for prolonged periods, evade detection, survive treatment-like conditions, and resuscitate under favorable conditions, contributing to treatment failure and the recurrence of orthopedic infections once thought resolved. While evidence supports a link to culture-negative infections, key challenges remain in clinically validating these findings and developing accurate diagnostics and therapies to target dormant bacterial populations.

Question B20 asked “Does biofilm have different affinities for different surfaces?” Delegates strongly supported the assertion that biofilm exhibits different affinities for distinct surfaces (97% yes, 3% abstain). Bacterial adhesion and biofilm development on the implant surface are influenced by a combination of host factors, microorganism-specific characteristics, exposure time, and implant-related surface properties such as wettability, topography, micro- and nanoscale roughness, surface free energy, and charge. Substantial evidence suggests that increased implant surface roughness at the micro- and macrometric scale promotes bacterial adhesion, while surface peaks and valleys provide shelter from shear stresses. Nanoscale roughness, on the other hand, seems to reduce adhesion points. Furthermore, peaks with diameters close to bacterial cells exert mechanical stress on the bacterial membrane, resulting in its rupture. Surface chemistry also directly affects biofilm formation. In general, hydrophobic surfaces exhibit a greater affinity for bacterial adhesion than hydrophilic surfaces. Hydrophobic bacteria tend to adhere more strongly to hydrophobic surfaces, while hydrophilic bacteria are more likely to attach to hydrophilic ones. 
Affinity arises from the complex interaction between surface properties and bacterial physicochemical properties. The same biomaterial can interact differently with various bacteria since each bacterial strain has different affinities for distinct surfaces. In light of these factors, establishing a universally valid correlation or identifying a surface that consistently prevents biofilm formation remains challenging. Despite this, multiple studies suggest that ceramic, cobalt-chromium, and titanium alloys outperform polyethylene, stainless steel, and PEEK in preventing biofilm formation. The majority of evidence is derived from in vitro or preclinical models, raising concerns regarding the influence of host immunity, tissue response, and the dynamic biological environment. Enhanced translational research on bacterial surface affinities is essential for developing biofilm-resistant implant designs.

Question B21 asked “What key regulatory mechanisms control the release of extracellular DNA (eDNA) from Staphylococcus aureus during autolysis, which significantly contributes to the structural integrity of biofilm?” The release of eDNA contributes significantly to the structural integrity, growth, and immune-evasive properties of S. aureus biofilms in orthopedic infections. This process is primarily mediated by autolysis via murein hydrolase, encoded by the atl gene, and modulated by the cidABC and lrgAB operons, which regulate cell death and lysis. Additional mechanisms, such as those involving phosphodiesterase and thermonuclease, also contribute to eDNA release, albeit independent of autolysis. The delegates voted unanimously in agreement with these proposed mechanisms. The scientific context underscores the crucial role of eDNA in biofilm stability, offering potential therapeutic targets for bacterial eradication. Although there is strong consensus regarding the underlying mechanisms, unresolved issues remain regarding the role of environmental factors like oxygen and glucose levels in modulating eDNA release. Furthermore, the influence of subinhibitory antibiotic concentrations on eDNA production within biofilms warrants further investigation for clinical implications in treating musculoskeletal infections.

Question B24 asked “Are biofilms carcinogenic or associated with bone tumors?” Delegates voted 81% in agreement, 2% in disagreement, and 17% abstaining that yes, biofilms have a role in carcinogenesis.  The level of evidence was considered moderate.  The oncogenic potential of biofilm has been studied extensively in colorectal cancers, where in vitro and animal studies have shown both pathogen-specific and biofilm-related effects on cancer progression.  Microbiome analyses have revealed changes in the local microbiome associated with a wide range of tumor types.  Specific pathogens have been implicated in altering the tumor microenvironment, including F. nucleatum, S. typhi, and S. epidermidis.  Proposed oncogenic mechanisms include the induction of an inflammatory environment and specific products of bacterial metabolism.  While several cancers show strong associations with biofilm activity, there is a lack of data specific to bone tumors.  Questions such as the microbiome of primary bone cancers and the oncogenic potential of pathogens specific to orthopedic infections remain unresolved.
Question B29 asked “In case of polymicrobial infection, do all pathogens participate synergistically in biofilm formation or is there any antagonistic influence by some organisms?” Delegates voted 97% in agreement and 3% in disagreement that both synergistic and antagonistic effects occur depending on the species involved, with a limited level of evidence supporting this recommendation. Evidence, primarily from in vitro studies, shows that while some pathogen pairs—such as C. albicans with S. aureus—enhance biofilm formation, antimicrobial tolerance, and virulence23, others—such as S. aureus and P. aeruginosa—may initially compete before later developing synergistic colonization strategies 24 or exhibit antagonistic interactions25. Gram-positive organisms, particularly S. aureus, often outcompete Gram-negatives in bone or implant niches, but synergistic relationships can arise depending on the environment and infection stage24; 25. These findings have important implications for MSKI management, as polymicrobial interactions can alter pathogenicity, immune evasion, and, in some cases, antimicrobial susceptibility23-25. However, data specific to MSKI remain limited, and further in vivo research is needed to inform targeted treatment strategies for mixed-species biofilms. Most current investigations are constrained by reliance on in vitro models, limited pathogen diversity, and insufficient representation of clinically relevant infection environments23-25.
Conclusion
These recommendations from the ICM 2025 illustrate the current state of knowledge regarding biofilms and their role in MSKI. Specifically, this review highlighted the complexity of pathogen behavior, the need for robust preclinical models, and the importance of multidisciplinary approaches to improve patient outcomes. Multiple recommendations underscored the need for in vivo and clinical studies for promising in vitro findings. Filling in these knowledge gaps regarding biofilm is crucial to the development of better diagnostics and therapeutics.
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