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Abstract


Orthopedic infections are challenging pathologies that impose a heavy burden on patients and the healthcare system. Antimicrobial therapy is a critical component of the successful management of orthopedic infections, but its effectiveness depends on patient-, surgery-, drug-, and hospital-related factors. The dramatic increase in the emergence of multidrug-resistant microbial strains necessitates new clinical approaches in order to prevent or limit this phenomenon and to ensure a favorable therapeutic outcome. The present paper reviews the currently available antimicrobial strategies in the management of orthopedic infections, highlighting their clinical use related to the occurrence of microbial resistance. Some approaches for reducing antibiotic resistance emergence in orthopedics are also presented. The use of antibiotics tailored to the microorganism’s sensitivity profile, patient factors, and pharmacokinetic profile in terms of monotherapy or combinations, the understanding of microbial pathogenicity and resistance patterns, strict control measures in healthcare facilities, the development of new antimicrobial therapies (drugs, devices, technologies), and patient education for improving compliance and tolerance are some of the most important tools for overcoming microbial resistance.
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1. Introduction


Orthopedic infections are a major human health issue with a significant psychosocial and financial burden. They are associated with chronic pain, physical disability, and prolonged morbidity, and they are considered an important cause of mortality. Orthopedic infections are costly, often implying surgical interventions, long-term antimicrobial treatment, and prolonged hospitalization. Infectious postoperative complications almost double the cost of treatment for orthopedic trauma patients. Previous studies reported a median cost of over USD 108,000 for an infected orthopedic patient (initial hospitalization and readmission) in the US [1]. The combined annual hospital costs related to periprosthetic joint infections (PJIs) of the hip and knee were estimated to be USD 1.85 billion by 2030 in the US [2]. In Europe, the annual financial burden of PJIs is appreciated to be over USD 35,000 per patient [2].



The incidence of orthopedic-trauma-related infections ranges from 5% to 10% depending on the location and severity of the injury [3]. Surgical site infections (SSIs) in orthopedic surgery are one of the most serious and challenging postoperative complications, especially when implants are involved. The rate of infection incidence varies from 1.3% to 10% in hip and knee procedures and from 12% to 25% in foot and ankle surgery [4]. PJIs can affect approximately 2–3% of patients with hip and knee arthroplasty [5] or 1–2.4% of joint replacement subjects [6]. The prevalence of PJIs associated with resistant and atypical pathogens is increasing, surpassing 50% of infections in some cases [5]. Postoperative sepsis is a serious surgical complication involving any type of infection that can lead to sepsis, severe sepsis, or septic shock, and it is associated with high morbidity and mortality. It is estimated that postoperative sepsis occurs in more than 1% of elective procedures and in more than 4% of non-elective procedures [7]. The incidence of postoperative septicemia in orthopedic trauma patients is reported to be about 1.6%, and it is greater than the rate of sepsis in nontraumatic orthopedic patients (0.5%) [8].



A number of factors have been identified to increase the risk for SSIs and PJIs and to modulate the outcome of anti-infective therapy. They include patient-, surgery-, and hospital-related items. Patient-related factors mainly involve age, gender, body mass index, morbid obesity, malnutrition, hypoalbuminemia, excessive smoking and alcohol consumption, severe immunodeficiency, diabetes mellitus, connective tissue diseases (rheumatoid arthritis), chronic corticosteroid therapy, chronic liver and renal disorders, prolonged wound drainage, history of previous surgery, and primary diagnosis and socioeconomic profile [5,9]. Surgery-related factors include preoperative skin preparation, prolonged intervention time, bilateral procedures, allogeneic blood transfusion, deep venous thrombosis prophylaxis and coagulopathy, and failure of antibiotic prophylaxis. Prolonged hospitalization, admission from a healthcare facility, and surgeon volume of procedures also constitute risk factors for orthopedic-device-related infections [9]. Significant risk factors for both postoperative sepsis and septic shock include male gender, diabetes, chronic obstructive pulmonary disease, hypertension, dependent functional status, American Society of Anesthesiology Score ASA ≥ 3, and corticosteroid use. Preoperative ventilator dependence and congestive heart failure are unique risk factors for septic shock [10]. The most important biomarkers used for the evaluation of infections and other postoperative complications are presented in Table S1 (Supplementary Material) [11,12,13,14,15,16,17].



In an attempt to provide valuable prognostic tools for the likelihood of SSIs development, the Centers for Disease Control and Prevention (US) designed a surgical wound classification system (SWC) based on the degree of microbial contamination. The SWC includes four classes (I, clean; II, clean/contaminated; III, contaminated; IV, dirty) with scores of SSIs risk of 1 to 5%, 3 to 11%, 10 to 17%, and more than 27%, respectively. However, the current data show that SWC has a questionable predictive power for SSIs in orthopedic patients [18,19]. Onyekwelu et al. (2017) [20] reviewed 400 orthopedic surgery cases covering a wide spectrum of interventions (long bones, shoulders, knees, ankles, wrists, pelvis), and they did not show a correlation between SSIs incidence and SWC grade. Only certain variables such as diabetes mellitus and lower extremity injury proved to be positive prognostic factors for SSIs. To more accurately predict SSIs in orthopedic patients, future risk-stratifying models should categorize wounds based on injury severity, site, and patient comorbidities. It is necessary to consider the inclusion of intrinsic risk factors such as poor soft-tissue coverage and the need for soft-tissue flaps and vascular repair in wound classification systems for orthopedic patients [18,19,20].



The therapy of orthopedic infections is difficult and challenging, and it requires a pharmacotherapeutic approach and, sometimes, surgical procedures. The phenomenon of multidrug-resistant organisms emergence makes successful antimicrobial treatment even more challenging.



The emergence and rapid global spread of drug-resistant microorganisms, mainly multi- and pan-resistant bacteria (so-called superbugs), are a serious public health threat worldwide. Antimicrobial-resistant infections (AMR) are considered the third leading cause of death after cardiovascular diseases [21]. The Global Antimicrobial Resistance and Use Surveillance System (GLASS) estimated that 1.27 million deaths globally were attributable to AMR in 2019, and nearly 5 million deaths were indirectly associated with AMR according to a study from 2022 [21,22]. Multidrug-resistant pathogens were reported in 37.5–65.5% of postoperative orthopedic infections [23].



This paper discusses the main antimicrobial agents currently used in orthopedic infections, highlighting their clinical applicability and the issue of microbial resistance. It also presents clinical approaches that can reduce microbial bioburden, such as the decolonization of surgical patients with antistaphylococcal agents, as well as strategies for prophylaxis related to antimicrobial resistance in orthopedics.




2. Microbiota in the Orthopedic Infections


Gram-positive bacteria are responsible for the majority of orthopedic infections, accounting for 60–80% of the etiological pathogens [24,25]. Staphylococcus aureus and coagulase-negative staphylococci (CoNS) are the most common pathogens [26]. Other Gram-positive organisms including streptococci, enterococci, Corynebacteria and anaerobes may be involved in specific conditions [24,27]. The local microenvironment, the presence and diversity of implants, the physical and chemical properties of biomaterials, the anatomical sites of surgery, individual tissue responses, and microorganisms’ adaptation all influence the spectrum and distribution of pathogens [28,29]. S aureus is the most prevalent and most harmful single causative bacterium, accounting for about 40% of the PJIs [30]. It exhibits remarkable virulence, especially in patients with comorbidities, and can be involved in both early-onset and delayed- or late-onset infections [29]. Additionally, S. aureus is recognized for its high levels of antibiotic resistance and its ability to form biofilms on foreign materials, which enhances the severity of infections. Besides the biofilm-forming properties, it is able to cause a direct infection of bone cells by the invasion of the osteocyte lacuno-canalicular network [26]. Factors such as older age, male gender, obesity, diabetes mellitus, immunosuppression, ethnicity, recent hospitalization and misuse of antibiotic treatments increase S. aureus colonization [30]. Strains of S. aureus isolated from orthopedic implant-associated infections include MRSA and vancomycin-resistant S. aureus (VRSA), but they are also frequently resistant to ciprofloxacin and aminoglycosides (e.g., amikacin, gentamicin, netilmicin, and tobramycin) [31]. The World Health Organization (WHO) recommends preoperative screening and the eradication of both MRSA and methicillin-sensitive S. aureus (MSSA) in orthopedic surgery [32,33]. Nowadays, CoNS such as Staphylococcus epidermidis, S. lugdunensis, S. schleiferi, S. caprae, S. mitis and S. hominis represent a concerning bacterial population with an increasing role in PJIs. The growing incidence of antibiotic-resistance in CoNS makes them even more refractory to antimicrobial treatments. CoNS are robust biofilm-producing pathogens and have a high capacity to acquire antibiotic resistance genes supporting plurivalent protection from infection clearance. Moreover, CoNS can enhance the antimicrobial resistance of other pathogens, both CoNS and non-CoNS [34]. Male sex, open injury, trauma, and lower extremity are considered the significant risk factors for CoNS infections [35]. Streptococcus spp. are the second most common bacteria isolated from implant-associated infections, with S. agalactiae being the major species. They specifically colonize the vascular network within bones, but cause less osteolysis than Staphylococcus aureus [26].



Enterococcus species are found in 3–15% of skeletal infections, with the highest rates identified in vertebral infections [5,26]. Enterococcus faecalis is the most frequently isolated species, and high levels of antibiotic resistance have been observed in both E. faecalis and E. faecium [5]. The percentage of vancomycin resistance increased from 9% in 2014 to 17% in 2020 for Enterococcus faecium [36]. Cutibacterium acnes is the most commonly encountered anaerobic Gram-positive bacillus [26]. It is especially associated with shoulder arthroplasty and rotator cuff surgery, but other joint prostheses, such as hip and knee prostheses, may also be notably infected. Although C. acnes is susceptible to many antibiotics commonly used in orthopedic infections (beta-lactams, quinolones, and rifampicin), it is showing increasing resistance to clindamycin [37].



Gram-negative bacteria are also detected in both monomicrobial and polymicrobial orthopedic infections. They mainly include Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, Proteus, Pasteurella, and Serratia species. Some studies report their involvement in 4–7% of PJIs, 30% of SSIs after hip interventions, and 10% of SSIs after knee procedures [38]. However, an increase in PJIs due to Gram-negative bacteria (23–44%) has been reported recently [25]. Among Gram-negative bacteria, multidrug-resistant Acinetobacter, extended spectrum β-lactamase producing Enterobacteriaceae (ESBLs), and multidrug-resistant Pseudomonas aeruginosa have been reported in orthopedic implant-associated infections. Increasing resistance to carbapenems raises significant concerns regarding the successful outcome of orthopedic interventions. In most cases of Acinetobacter infections, carbapenemresistance is combined with resistance to fluoroquinolones and aminoglycosides [39]. The percentage of Klebsiella pneumoniae resistant to carbapenems increased from 8% in 2014 to 10% in 2020, and the rate of resistance to ciprofloxacin varied from 8.4% to 92.9% for Escherichia coli and from 4.1% to 79.4% for Klebsiella pneumoniae [36,40]. As recently noticed by the WHO, carbapenem-resistant enterobacteria, Pseudomonas, and Acinetobacter are critical targets in the development of new antimicrobial strategies and antibiotics [39,40].




3. Antibiotics and Antimicrobial Chemotherapeutics


The choice of antimicrobial treatment should be tailored according to the causal pathogens, as revealed by culture results of isolated organisms, their sensitivity profile and patient risk factors, such as comorbidities, allergies, previous debridements, previous antibiotic therapies, the presence of prosthetic material, vascular supply to the affected site, individual drug tolerance, and antibiotic penetration into bone. Recent guidelines recommend selective nasal and skin decolonization for patients at high risk of being MRSA carriers before surgery [41]. The issues of decolonization, antimicrobial prophylaxis, and treatment in orthopedic infections are discussed below.



3.1. Bacterial Colonization and Decolonization


Colonization with S. aureus is an important modifiable risk factor for SSIs after orthopedic surgery [42]. Carriers of S. aureus have a 9–10 times greater incidence of SSIs than non-carriers and MRSA colonization leads to a fourfold higher risk of PJIs [30]. The nasal cavity and skin are the relevant sites of S. aureus colonization. The prevalence of MSSA nasal carriage ranges from 15% to 36.9% in the general population, while MRSA colonization occurs in 0.6–7% of individuals [30]. Age, gender, obesity, diabetes mellitus, immunosuppression, ethnicity, recent hospitalization and misuse of antibiotics are considered risk factors for S. aureus colonization [30]. Preoperative S. aureus screening and decolonization in orthopedic surgery have been recommended by the WHO since 2016 [43]. Numerous subsequent studies have demonstrated a significant decrease (even over 60%) in the prevalence of SSIs following the implementation of screening and a decolonization protocol. A meta-analysis conducted in 2020, including seven retrospective studies and two prospective studies on primary knee and hip arthroplasties, showed a significant reduction in the risk of S. aureus SSIs in patients in the screening and decolonisation group compared to the control group (OR, 0.43, 95%CI 0.31–0.59) [44]. A recent meta-analysis of 12 independent studies, including 56,930 cases, conducted by Bianco Prevot et al. (2024) [42], also indicated the effectiveness of S. aureus decolonization in patients undergoing knee or hip prosthesis implantation, reducing total PJIs and those caused by MSSA and MRSA. Nasal screening is the most reliable for detecting S. aureus carriage, being superior to sampling from the throat, axilla, or perineum. However, testing multiple sites improves the detection rate. Young et al. (2017) showed that the use of both nasal and throat swabbing increased the total detection rate by 10% [45]. Testing is performed using bacterial culture-based techniques and real-time polymerase chain reaction (RT-PCR), with RT-PCR being a more sensitive and faster method [30].



The most commonly used protocol for the effective decolonization of S. aureus includes the intranasal application of topical mupirocin 2% twice daily, accompanied by or without daily showers or chlorhexidine skin wipes for 5 days prior to surgery [30,42]. If the 5-day period of mupirocin application is not completed before surgery, the treatment should be completed postoperatively [46].



Mupirocin is highly effective in eradicating intranasal MRSA colonization in orthopedic patients. Additionally, it is moderately active against Gram-negative bacteria. The antibiotic disrupts bacterial RNA and protein synthesis by inhibiting isoleucyl-transfer RNA synthetase [47]. The development of mupirocin resistance has been reported in 6.6% of European patients, according to recent data [43].Clorhexidine body wash is used as a supplement to mupirocin to reduce the skin bacterial load [30]. Several alternative decolonization strategies (intranasal alcohol-based antiseptics, intranasal povidone-iodine, tea tree essential oil, lysostaphin, and omiganan pentahydrochloride, phototherapy, or probiotics use) have been suggested, but their clinical applicability needs to be explored in larger and more robust trials [46].




3.2. Prophylaxis


Regardless of the type of orthopedic surgery, antibiotic prophylaxis is a key strategy in preventing surgical site infections. Furthermore, dual antibiotic prophylaxis may be indicated for high-risk surgical patients and in conditions with high MRSA rates.



Numerous professional organizations, including the American Academy of Orthopedic Surgeons (AAOS), the Centers for Disease Control and Prevention (CDC), the European Centre for Disease Prevention and Control (ECDC), and the WHO, advocate for antibiotic prophylaxis in orthopedic surgery. Their recommendations are updated based on new data and the discovery of antibiotic resistance patterns. According to some studies, antibiotic prophylaxis can reduce the absolute risk of infections by 81% in patients undergoing total hip and knee replacement [48,49]. Additionally, prophylactic antibiotics can decrease the rate of SSIs following arthroplasty from 4–8% to 1–3% [50].



The timing of administration, the type of antibiotics, and the duration of prophylaxis are crucial in preventing SSIs. ECDC recommends that perioperative antibiotic prophylaxis (PAP) be administered within 60 min before the incision, except for vancomycin and fluoroquinolones, where the optimum time is at the moment of anesthetic induction [50]. A single dose is preferred, with subsequent doses administered depending on the duration of the procedure, the pharmacokinetics of the antibiotic, and major blood loss during surgery. The discontinuation of PAP is indicated within 24 h after initiation of surgery [50]. However, extended prophylaxis may be necessary for obese, diabetic, or immunocompromised patients [51]. The AAOS guidelines specify the administration of prophylactic antibiotics one hour before the incision or two hours for vancomycin and fluoroquinolones; the duration of prophylaxis is typically no longer than 24 h [51]. Failure to administer antibiotic prophylaxis within the recommended 2-h window is associated with a 2-to 6-fold increase in the rates of SSIs [27]. To achieve effective prophylaxis, the antibiotic should be active against a broad spectrum of pathogens, reach serum concentrations above the minimum inhibitory concentration (MIC), and have a sufficiently long half-life to maintain adequate levels throughout the procedure [27]. The optimal prophylaxis would theoretically include a combination of glycopeptides with aminoglycosides, or glycopeptides with carbapenems, piperacillin-tazobactam, or similar broad-spectrum agents that are effective against both Gram-positive and Gram-negative pathogens to prevent new postoperative superinfections [52]. The most commonly used prophylactic agents are cefazolin, clindamycin, vancomycin, gentamicin, cefuroxime, and ciprofloxacin [51].




3.3. Antimicrobial Treatment


Post-interventional antimicrobial treatment is administered based on the susceptibility of identified pathogens, including intravenous agents in the initial stage [5]. Prosthetic infections require antibiotic treatment for a duration of 6 weeks to 6 months, with 6 weeks being the most common time duration—this typically includes 2 weeks of parenteral therapy followed by 4 weeks of oral therapy [53,54]. The definitive antibiotic therapy for chronic osteomyelitis is determined based on the bone biopsy culture and should be administered for a minimum of 6 weeks, including parenteral agents. However, some authors recommend 6 to 8 weeks of intravenous treatment, followed by 3 or more months of oral administration to prevent therapy failure and recurrence of infection. Effective antimicrobial treatment for chronic osteomyelitis requires good drug penetration into bone tissue and a long-term duration of treatment [55]. In fact, the bone and joint tissue penetration profile of antibiotics is a critical factor in determining a successful clinical outcome. Drug characteristics (protein binding, size, lipophilicity, degree of ionization) and tissue properties (capillary fenestration, inflammation, bone variety) significantly influence the concentration of antibiotics at the target site. The synovial fluid appears to be more accessible than bone. Based on the pharmacokinetic/pharmacodynamic (PK/PD) index of antibiotic and the epidemiological cutoff value (ECOFF) for targeted pathogens, cefazolin, cefuroxime, linezolid, flucloxacillin, vancomycin, and ciprofloxacin provide adequate average exposure with standard dosing regimens [56]. In implant-associated infections, antibiotics must target both stationary-phase bacteria and biofilm aggregates [57]. Aside from the systemic therapy, the local delivery of antimicrobials can be an important adjunctive treatment strategy. This is particularly beneficial for managing dead space in fracture-related infections [58]. The peculiar characteristics of local antimicrobials include broad-spectrum activity, adequate release from the carrier, low rates of resistance and hypersensitivity, and a reduced risk of toxicity. Gentamicin, tobramycin, vancomycin, and clindamycin are the most clinically used antibiotics for local therapy in orthopedic infections [59]. These antibiotics are incorporated into bone cement, collagen, and other bone void fillers (such as calcium sulfate) for clinical use. In addition to commercially available preparations, local antibiotics are also incorporated into off-label carriers such as polymethyl methacrylate (PMMA), biodegradable ceramics and hydrogels [59,60]. Only heat-stable antibiotics, such as aminoglycosides, glycopeptides, tetracyclines, and quinolones can be incorporated into PMMA. Vancomycin, tobramycin, and gentamicin are the most commonly used [60]. Antibiotics-infused PMMA systems are primarily used for the prophylaxis of open fractures with bone or soft tissue loss, or for the treatment of osteomyelitis and fracture-related infections [61]. Low-dose antibiotics in bone cement are ideal for prophylaxis, being defined as ≤ 1 g of antibiotic per 40 g of PMMA powder [61]. The effective release and sustained therapeutic concentrations of antibiotics in the treatment of orthopedic infections require high-dose antibiotic-loaded bone cement, defined as ≥ 3.6 g of antibiotic per 40 g of PMMA powder [61]. Biodegradable ceramics, made from calcium sulfate or phosphate, have an improved release profile and maintain antibiotic concentration longer than PMMA [60]. Hydrogels are newer antibiotic carriers, capable of including various antibiotics, and are mainly used for prophylaxis with targeted effects [61].



Improving antibiotic activity and bioavailability through antimicrobial combinations and system delivery, along with a better understanding of the mechanisms behind orthopedic infections and microbial pathogenicity, could provide significant strategies to overcome these complex infections and to decrease the risk of microbial resistance [53]. The quality of prosthesis/implant removal, two-stage surgery, and antibiotic washing are also valuable factors that can enhance antimicrobial effectiveness. In this context, the clinical applicability (combinations, targeted administration based on the anatomy and microbiology of the infection) of the most important classes of antimicrobials in orthopedic infections are discussed below, considering the issue of microbial resistance. The main antimicrobial drugs used in the treatment of orthopedic infections are listed in Table S2 (Supplementary Material) [62,63,64].



3.3.1. Beta-Lactam Antibiotics


They include penicillins, cephalosporins, carbapenemes, and monobactams.



Both natural penicillins (penicillin G, penicillin V) and narrow-spectrum penicillins (nafcillin, oxacillin, dicloxacillin) are most active on Gram-positive bacteria, while broad-spectrum penicillins (ampicillin, amoxicillin) are effective against both Gram-positive and Gram-negative pathogens [65].



Cephalosporins are divided into five generations. The first generation (cefazolin, cephalexin) is predominantly active against Gram-positive bacteria, particularly Staphylococcus spp. and Streptococcus spp. [38,66]. The third-generation cephalosporins (ceftriaxone, cefixime) are less active against Gram-positive bacteria than the second generation (cefuroxime), but they offer extended coverage of Gram-negative bacteria, including Enterobacteriaceae, Neisseria spp., and Haemophylus influenzae [66]. Fourth-generation (cefepime) and fifth-generation cephalosporins (ceftaroline, ceftobiprole) are effective against multi-resistant organisms, with the latter being particularly active against MRSA and penicillin-resistant pneumococci [66].



Among beta-lactams, carbapenems (imipenem, meropenem, doripenem) are potent antibiotics with broad-spectrum activity against Gram-negative bacteria (Pseudomonas aeruginosa and most Enterobacteriaceae, including strains that produce AmpC beta-lactamase and extended-spectrum beta-lactamase-ESBL), anaerobes (e.g., Bacteroides spp.), and Gram-positive cocci (methicillin-sensitive staphylococci and streptococci) [67,68]. The combination of carbapenems with aminoglycosides acts synergistically against P. aeruginosa [63]. The antibacterial activity of beta-lactams is related to the inhibition of cell wall biosynthesis, disrupting cell morphology and eventually causing cell lysis and death. They target the peptidoglycan layer (PGN) of the bacteria cell wall, blocking the formation of PGN peptide cross-linkages by inhibiting transpeptidases, the enzymes responsible for PGN synthesis [69]. Due to their broad-spectrum effect on microbial strains commonly involved in orthopedic infections, good safety profile, long half-life, and good penetration in bone, synovium, and muscle, cephalosporins are by far the most popular choice of antibiotics forprophylaxis in orthopedic and trauma surgery, including total joint arthroplasty [4,49]. According to the American Society of Health System Pharmacists (ASHP), cefazolin is the most used antibiotic in preoperative prophylaxis, with the combination of cefazolin and gentamicin being the second most common regimen, while third-generation cephalosporins are the third most widely used antibiotics [49]. Third-generation cephalosporins have been strongly linked to the development of Clostridium difficile, and a single dose of cephalosporin prophylaxis is sufficient to promote Clostridium difficile colonization [27]. The trend in Western literature is to use second-generation cephalosporins (cefuroxime) as prophylactic antibiotics, administered 30 min to 1 h before skin incision, and preferably continued as an intravenous infusion for 24 h to 3 days postoperatively. Cefuroxime shows high tissue and serum bioavailability after a single dose, and it is effective in preventing perioperative infections [49,70]. For patients allergic to penicillin/cephalosporins, the use of vancomycin, teicoplanin, or clindamycin as prophylactic antibiotics is recommended [38]. The standard antibiotic therapy for MSSA infections includes penicillinase-resistant penicillins (nafcillin/oxacillin/flucloxacillin), with the first-generation cephalosporin cefazolin as an alternative [38].



Flucloxacillin exerts a good activity against Staphylococcus aureus (but it is ineffective against MRSA and 90% of CoNS), and it is routinely used as a first-line anti-staphylococcal treatment for orthopedic infections [27]. However, the joint tissue penetration of flucloxacillin may be affected by its high protein binding rate [71]. The combination with rifampicin can increase flucloxacillin levels by 44.5% [58]. Parenteral beta-lactams (oxacillin, nafcillin, cefazolin) are suitable agents for the initial treatment of chronic staphylococcal osteomyelitis [55]. In contrast, the emergence of beta-lactam resistance does not typically occur during antistaphylococcal therapy [72]. According to the Infectious Diseases Society of America guidelines for PJIs, beta-lactam antibiotics are the agents of choice for streptococcal infections. Intravenous therapy (penicillin or ceftriaxone) should be given for up to a week, followed by oral therapy with amoxicillin [53,58]. In cases of penicillin allergy, trimethoprim/sulfamethoxazole, doxycycline, and clindamycin are acceptable alternative options [58].



Co-amoxiclav, a combination of amoxicillin and clavulanic acid, a beta-lactamase inhibitor, is the recommended first-line antibiotic for open fractures according to the guidelines of the British Orthopaedic Association and the British Association of Plastic, Reconstructive, and Aesthetic Surgeons. Both components show excellent penetration into synovial fluid, with concentrations almost equivalent to those in serum [27,71]. In the fracture-related infections (FRI) caused by enterococci (especially Enterococcus faecalis) that are sensitive to ampicillin or amoxicillin, these antibiotics should be the initial choice, with up to a week of intravenous therapy followed by oral amoxicillin [58]. Although the bactericidal action of beta-lactams is considered inferior to that of fluoroquinolones, beta-lactam antibiotics such as piperacillin/tazobactam, cefepime, ceftazidime, or a carbapenem (except ertapenem) should be used as the initial treatment for FRI caused by Enterobacteriaceae (Escherichia coli, Klebsiella spp., Enterobacter spp.) [58].



In patients with Gram-negative infections who meet the criteria for debridement and implant retention, intravenous therapy with cephalosporins or carbapenems, followed by oral quinolones, is recommended [73].



The Gram-positive anaerobe Cutibacterium acnes should initially be treated with benzylpenicillin or ceftriaxone, followed by oral rifampicin in combination with amoxicillin, doxycycline, or quinolones [58].



For Gram-negative anaerobes, therapy with intravenous ampicillin/sulbactam or amoxicillin/clavulanic acid, followed by oral metronidazole, is recommended [58].



For patients with grade III fractures, a first-generation cephalosporin should be given in conjunction with an aminoglycoside [74]. Additionally, the combination of ceftazidime and ciprofloxacin has been used in patients with Pseudomonas aeruginosa-infected osteosynthetic material without implant removal [53].




3.3.2. Rifampicin (Rifampin)


Rifampicin, also known as rifampin (US, Canada), is a semisynthetic derivative of rifamycin, a macrocyclic antibiotic produced by the actinomyte Amycolatopsis rifamycinica (previously known as Streptomyces mediterranei sin. Nocardia mediterranei and Amycolatopsis mediterranei) [75]. Rifampicin is highly active against most Gram-positive bacteria but exerts more limited activity against Gram-negative pathogens due to its poor ability to penetrate the bacterial cell membrane [76]. The antibiotic shows potent activity against Staphylococcus aureus and can inhibit adhering stationary-phase organisms, making it particularly effective in bone infections. It is especially useful as an anti-biofilm agent in patients with staphylococcal orthopedic implant-associated infections undergoing debridement and implant retention (DAIR), as well as in patients with chronic osteomyelitis [24,26,77]. Rifampicin can penetrate the staphylococcal biofilm and exert bactericidal activity; in addition, rifampicin can prevent biofilm formation [78]. However, monotherapy with rifampicin leads to the rapid emergence of resistance [58], so it must always be used in combination with other antimicrobial agents [26]. Combination therapy is more effective in preventing the emergence of resistant pathogens and the failure of prosthetic joint infection treatment [53]. Antimicrobial agents with high oral bioavailability and good bone penetration, such as quinolones, trimethoprim-sulfamethoxazole (high dose, 960 mg every 8 h), doxycycline, or clindamycin, are highly recommended as partners in rifampicin combinations [77]. Rifampicin combination therapy should be reserved for patients with DAIR, and the following conditions are necessary for this therapy: fair skin and soft tissue condition (dry wounds), a stable implant, susceptibility to the antibiotic, low bacterial load after debridement surgery, and initial antimicrobial intravenous treatment [79,80]. Adjunctive rifampicin therapy in orthopedic-device-related infections is typically started with 450 mg twice daily or 300 mg twice daily in cases of intolerance [81]. Fluoroquinolones are the first choice as partners in rifampicin combination therapy [81]. The advantages of this association include excellent bioavailability, good intracellular penetration, and antistaphylococcal activity [53]. The moxifloxacin–rifampicin and levofloxacin–rifampicin combinations have proven to be successful in patients with early acute PJIs caused by MSSA [58]. Also, the rifampicin and levofloxacin combination is effective as an anti-biofilm agent in patients with staphylococcal infections and chronic osteomyelitis, preventing the emergence of resistance [55]. This same combination of antibiotics has also shown good efficacy in treating Cutibacterium acnes infections of fractures [53]. Rifampicin is commonly very active against most streptococci, including nutritionally variant species. The use of rifampicin combination therapy has been reported in few case reports involving PJIs caused by beta-hemolytic streptococci [81]. The addition of rifampicin to antibiotics such as ciprofloxacin, linezolid, daptomycin, or tigecyline has been successful in the treatment of acute enterococcal PJIs, either with debridement or two-stage exchange arthroplasty [5]. These combinations are also effective in reducing Enterococcus faecalis biofilms, and rifampicin combined with daptomycin or tigecycline acts synergistically in invasive enterococcal infections [81]. Some patients are unable to tolerate rifampicin due to side effects or drug interactions. Severe nausea is a common issue, especially in elderly patients [80].



Hepatic failure has been reported with the use of fusidic acid and rifampicin combinations in MRSA infections [24]. Fusidic acid is a second-line antimicrobials often combined with rifampicin. It reaches high intracellular concentrations and has potent activity against Staphylococcus aureus [24]. However, the coadministration of these agents results in low plasma levels of fusidic acid, likely due to the induction of the liver enzyme CYP3A4 by rifampicin. This interaction can lead to the development of resistance, and a new dosing regimen for fusidic acid may be necessary [82].




3.3.3. Clindamycin


Clindamycin is a semisynthetic chlorinated derivative of lincomycin from the lincosamide antibiotics group. It provides coverage against Gram-positive bacteria (Staphylococcus spp., Streptococcus spp.) and anaerobic Gram-negative organisms (Fusobacterium, Prevotella, Bacteroides spp.), but it is ineffective against aerobic Gram-negative bacteria and MRSA. Also, the coagulase-negative staphylococci are often resistant [83,84]. Clindamycin is widely recommended for the treatment of bone and joint infections due to its good bone and synovial fluid penetration, as well as its sustained activity against biofilm formation and bacterial adherence [24,85]. Furthermore, clindamycin has excellent oral bioavailability, making it a suitable choice for switch therapy in patients who no longer require hospital admission [24]. It has also been shown to be effective as a prophylaxis for Grade I and II open fractures [27]. Due to the bacteriostatic effect of clindamycin, the use of antibiotic combinations plays an important role in the success of treatment, particularly in the prevention of emerging microbial resistance. The addition of rifampicin to clindamycin significantly increases its antibacterial activity against both coagulase-negative and coagulase-positive staphylococci [85]. In patients with erythromycin-resistant, lincosamide-susceptible Staphylococcus isolates, clindamycin combination therapy should be administered only if resistance to other oral antibiotics is present or if there is known intolerance, based on bacteriological results [85]. The use of clindamycin is limited in elderly patients due to the concerns about the association with pseudomembranous colitis [24].




3.3.4. Glycopeptides


Vancomycin and teicoplanin are the most used glycopeptides in clinical practice. These are natural glycosylated non-ribosomal peptides produced by various soil actinomycetes [86,87]. Their spectrum of antibacterial activity is confined to Gram-positive organisms, such as Staphylococcus aureus, S. epidermidis (mainly against methicillin-resistant strains), Streptococcus pneumoniae, S. viridans, Enterococcus faecalis, E. faecium and Clostridium difficile. They can also inhibit Bacillus spp. and Corynebacterium [88,89]. Compared to vancomycin, teicoplanin is more potent against certain isolates of the Staphylococcus, Streptococcus, and Enterococcus bacteria [86].



Vancomycin or teicoplanin are recommended as perioperative prophylactic antibiotics for patients who are MRSA colonizers undergoing total joint arthroplasty (TJA). Vancomycin is commonly used for patients known to be colonized with MRSA, and it may also be indicated in FRI with ampicillin-resistant enterococci, as well as in patients with true type I IgE-mediated reactions to the penicillin [27,38].



In addition to systemic administration, vancomycin can be locally applied. It may be added to PMMA bone cement for prophylaxis in arthroplasty, or used in antibiotic spacers or beads to prevent infection in open fractures [27]. Topical vancomycin powder has significantly decreased infection rates in spine surgery [59]. However, the frequent use of vancomycin can increase the potential for the emergence of microbial resistance, particularly vancomycin-resistant Enterococcoccus VRE, vancomycin-resistant Staphylococcus aureus, and Clostridium difficile, which can exhibit reduced susceptibility to vancomycin [38]. Even in vancomycin-susceptible MRSA populations, subpopulations that are vancomycin-resistant (VRSA) or vancomycin-intermediate (VISA) (heteroresistant strains) may exist, decreasing the antibiotic’s effectiveness [55].



The lower susceptibility of S. aureus to vancomycin may be partially attributed to staphylococcal biofilms, which promote resistance by facilitating horizontal gene transfer [90].



Due to its limited coverage of Gram-negative bacteria, vancomycin should not be used as a monotherapy. It is recommended to combine vancomycin with an aminoglycoside to ensure the adequate coverage of Gram-negative pathogens [38]. However, caution is needed when using this combination, especially with gentamicin and vancomycin, due to the increased risk of acute kidney injury [38]. Even without the combination, careful monitoring for nephrotoxicity is essential, with therapeutic serum levels of vancomycin between 15 and 20 μg/L [58]. For this reason, vancomycin dosing should be at 15 mg/kg body weight [58].



To avoid “red man syndrome”, an infusion-related hypersensitivity reaction, vancomycin should be administered intravenously at a maximum rate of 1 g per hour [38]. The timing of administration is also important for vancomicyn effectiveness. The rate of PJIs is significantly lower when the antibiotic infusion starts 45 min before the surgical incision (in hip and knee total joint arthroplasty), compared to administration closer to the start of the procedure (less than 45 min) [38].



Due to the potential issues associated with vancomycin use, including adverse reactions like marrow suppression, ototoxicity, nephrotoxicity, and also slow infusion requirements and bacterial resistance, some authors have suggested adding teicoplanin to antibiotic prophylaxis regimens that include cephalosporins [41,90]. Dual prophylaxis with teicoplanin and cefuroxime has been used in patients undergoing primary hip or knee arthroplasty and surgery for femoral neck fracture, reducing Gram-positive bacteria infection rates, particularly for S. aureus [41,91]. In a follow-up study, Capdevila et al. 2016 [92] found that the infection rate remained low, at 2%, one year after the implementation of dual antibiotic prophylaxis with teicoplanin and cefuroxime in patients with femoral neck fractures.



Also, adding teicoplanin (800 mg) to the usual dose of cefazolin (2 g) has been associated with a 60% reduction in PJIs rates before primary hip and knee arthroplasty [41]. Teicoplanin has a better safety profile than vancomycin, being less nephrotoxic, and can be infused over 20 min with a very low risk of “red man syndrome” [38]. It can be administered by bolus injection once daily or less frequently, allowing the continuation of parenteral treatment for patients discharged from the hospital [24]. New lipoglycopeptides, such as telavancin, oritavancin, and dalbavancin, have also been developed. They exhibit potent activity against Gram-positive bacteria (including MRSA, and to some extent VISA, streptococci, and clostridia), and are similar to or more effective than vancomycin. The remarkably long half-lives of oritavancin and dalbavancin allow for infrequent dosing (single dose of 1200 mg for oritavancin and 1000 mg on day 1 followed by 500 mg on day 8 for dalbavancin), which could be beneficial for outpatient therapy in the future [55,93]. Although currently approved only for the treatment of acute bacterial skin and soft tissue infections, other potential indications, including orthopedic infections, have been examined in some case reports. Thus, telavancin and dalbavancin have been successfully used in the treatment of acute and chronic osteomyelitis in small series of patients [55]. Compared to vancomycin, televancin has a lower potential for developing microbial resistance. However, it is also highly nephrotoxic, necessitating weekly kidney function monitoring [62].




3.3.5. Aminoglycosides


Aminoglycosides are potent bactericidal antibiotics that are particularly active against aerobic Gram-negative bacteria, such as Escherichia coli, Klebsiella pneumoniae, Enterobacter cloacae, E. aerogenes, Proteus spp., Morganella spp., and Serratia spp. They are also effective against Staphylococcus aureus (including MRSA, vancomycin-intermediate and -resistant isolates), Pseudomonas aeruginosa and, to a lesser extent, Acinetobacter baumanii [94].



Aminoglycosides remain an important class of antibiotics, especially when the organisms of interest are resistant to other drugs, such as β-lactams and fluoroquinolones.



The most commonly used aminoglycosides are gentamicin, tobramycin, and amikacin [95]; gentamicin and tobramycin are the main aminoglycoside antibiotics used in prosthetic surgery [96]. While gentamicin and tobramycin generally display comparable antimicrobial properties, tobramycin is particularly potent against Pseudomonas aeruginosa and has the lowest resistance rate. Amikacin is the preferred choice for treating infections caused by ESBL-producing strains. Also, both amikacin and tobramycin are highly effective against Acinetobacter baumannii infections [95].



Despite their hydrophilic nature, aminoglycosides can penetrate bone and joint tissues. In synovial fluid, both amikacin and gentamicin can achieve concentrations equal to or higher than those in serum [71]. However, anaerobiasis at the site of deep infection may reduce the activity of gentamicin, despite its good bone penetration [24]. Gentamicin is routinely used in combination with flucloxacillin as a prophylactic agent in both elective and trauma surgery [27]. Also, gentamicin is a key antibiotic in local therapy strategies for orthopedic trauma. Gentamicin-loaded bone cements are widely used to prevent periprosthetic infections in total joint arthroplasties [97]. The elution of gentamicin is influenced by the type of cement used; for example, the antibiotic release is more effective in Palacos than in Simplex cements [96]. Conversely, the addition of tobramycin to Simplex cement provides good activity against 98% of the clinically relevant pathogens in orthopedic infections [96]. Gentamicin-eluting PMMA beads and sponges are also used to treat open fractures, PJIs, septic arthritis, and osteomyelitis, delivering highly effective antibacterial concentrations [26,27,98]. Gentamicin-coated prostheses have been used in clinical settings for megaprostheses in large periarticular bone defects, and for fracture fixation [26]. However, the presence of biofilms or gentamicin-resistant bacteria can reduce the antibiotic’s efficacy. For instance, Cara et al. (2021) [99] showed that using bone cements loaded with gentamicin plus vancomycin or clindamycin for prosthesis fixation can help in preventing PJIs caused by gentamicin-resistant staphylococci.



The primary side effects of systemic aminoglycosides are nephrotoxicity (3–11% of patients) and ototoxicity; the incidence of these adverse reactions with topical administration remains unclear [95]. Aminoglycoside resistance occurs through several mechanisms, including enzymatic modification and the inactivation of the antibiotics, target site modification via enzymes or chromosomal mutations, and efflux pumps [94]. Aminoglycoside-modifying enzymes are classified into three major families: acetyltransferases, nucleotidyl (adenyl)-transferases, and phosphotransferases, each with numerous variants. Acetyltransferases are mainly involved in the development of resistance to amikacin and tobramycin; nucleotidyltransferases modify amikacin and gentamicin, and phosphotransferases confer resistance to all three antibiotics. This mechanism of resistance is commonly observed in both Gram-positive and Gram-negative bacteria. Efflux pump activity has been linked to resistance in Pseudomonas aeruginosa, Acinetobacter baumanii, Escherichia coli and Mycobacteria spp. [94]. A relatively new mechanism, involving acquired 16S ribosomal RNA methyltransferases in Gram-negative bacteria (such as Enterobacteriaceae), supports high-level resistance to key aminoglycosides, namely gentamicin, tobramycin, and amikacin. This poses a significant threat, as it limits therapeutic options for multidrug-resistant and extensively drug-resistant Gram-negative bacterial infections [100].




3.3.6. Daptomycin


Daptomycin is a cyclic lipopeptide that acts bactericidal against Gram-positive bacteria, including MRSA and VRE. It is the second most important anti-MRSA drug. Initially approved in 2003 for the treatment of SSIs caused by S. aureus (including MRSA), S. pyogenes, S. agalactiae, S. dysgalactiae sub-spp. equisimilis, and E. faecalis (vancomycin-susceptible strains), daptomycin was dosed at 4 mg/kg per day intravenously. In 2006, its indication was expanded to include the treatment of S. aureus bloodstream infections (bacteremia), with a higher dose of 6 mg/kg once daily [90]. Daptomycin has proven effective against multidrug-resistant Gram-positive pathogens commonly found in osteomyelitis and orthopedic infections, including PJIs, even when first-line antibiotics have failed [90,101]. While not routinely recommended for orthopedic device-related infections, daptomycin can be considered for selected cases, especially in combination with rifampicin, with doses ranging from 6 to 10 mg/kg once daily [81]. Small studies involving heterogeneous subjects (with varying types of PJIs and surgical approaches) suggest that daptomycin (4 to 8 mg/kg/day) combined with rifampicin could be an alternative option to treat MRSA PJIs [64]. Daptomycin is also an option for vancomycin-allergic patients [36]. The daptomycin’s mechanisms of action include disruptingbacterial cell membrane functions, the loss of intracellular components (such as K+, Mg2+, and ATP), and alterating cell envelope homeostasis, resulting in bacterial cell death without causing cell wall lysis [90,102].



Although daptomycin can penetrate biofilms, it does not prevent biofilms’ formation. In vitro, it acts synergistically with aminoglycosides (e.g., gentamicin) and beta-lactams. The combination of daptomycin and oxacillin has shown a good activity against intraosteoblastic MSSA and MRSA [103]. Resistance to daptomycin has emerged in recent years, primarily due to mutations in various genes (dltABCD genes, mprF, and rpoB), which lead to changes in the membrane morphology and function of Staphylococcus aureus strains. However, daptomycin remains active against staphylococci and enterococci. When combined with linezolid, daptomycin has shown the best performance against CoNS, with low resistance rates (0.1–0.3%) [104]. One advantage of daptomycin is its once-daily intravenous administration, which is particularly beneficial in outpatient or community settings. However, it carries a risk of myopathies, and creatine kinase levels should be monitored weekly during treatment [62].




3.3.7. Fluoroquinolones


They are a class of synthetic antibiotics with potent bactericidal activity against a wide range of clinically significant Gram-negative and Gram-positive pathogens involved in bone infections. Among the four generations, fluoroquinolones from the second and third generations are primarily used for bone and joint infections. The second-generation fluoroquinolones (norfloxacin, ciprofloxacin, lomefloxacin) are active against all Gram-negative bacteria (including Pseudomonas spp.), some Grame-positive bacteria (such as Staphylococcus aureus) and atypical organisms like Mycoplasma pneumoniae and Chlamydia pneumoniae. The third generation (sparfloxacin, grepafloxacin) offer expanded activity against Gram-positive and atypical bacteria. The fourth-generation fluoroquinolones (clinafloxacin, moxifloxacin, gatifloxacin) further extend their spectrum to include anaerobes, in addition to exhibiting markedly enhanced antimicrobial activity [105,106,107]. Fluoroquinolones exert their bactericidal activity by interfering with DNA synthesis, inhibiting DNA replication and transcription via topoisomerase II type enzymes, DNA gyrase and DNA topoisomerase IV [106].



The emergence of fluoroquinolones resistance has become a critical issue, limiting their use. These antibiotics are among the most likely to drive antimicrobial resistance in hospital settings. The mechanisms of resistance include mutations in the genes encoding the target enzymes, genomic alterations that affect antibiotic accumulation and permeation, and plasmid acquisition from resistant strains in the environment [106,107]. The DNA gyrase mutations are involved in the emergence of Gram-negative bacteria resistance, while topoisomerase IV mutations are responsible for resistance in Gram-positive bacteria [107]. Resistance can also arise from the reduced intracytoplasmic accumulation of fluoroquinolones due to the down-regulation of porin proteins and decreased membrane permeability in Gram-negative bacteria, as well as the over-expression of multidrug efflux pumps in both Gram-positive and Gram-negative pathogens [107].



Newer fluoroquinolones, such as levofloxacin, moxifloxacin, gatifloxacin, and gemifloxacin, generally have lower MICs for Gram-positive bacteria compared to older fluoroquinolones (e.g., ciprofloxacin and ofloxacin), and they are associated with a lower risk of resistance emergence [55]. Among these, moxifloxacin is particularly noted for having the lowest risk of resistance development [58]. Fluoroquinolones are useful in treating PIJs caused by susceptible pathogens. Oral ciprofloxacin has been successfully used in combination with rifampicin for staphylococcal PIJs, often through an intravenous to oral switch [108]. Levofloxacin is widely used to prevent postoperative infections due to its broad antibacterial spectrum, strong antibacterial activity, low drug resistance rate, and high tissue availability [109]. Fluoroquinolones are a first-line choice for the oral treatment of Gram-negative osteomyelitis, either alone or in combination with other agents. Their main advantages include high bioavailability, excellent bone penetration, and anti-biofilm properties [55]. The high bone availability of fluroroquinolones also makes them suitable for outpatient therapy in chronic osteomyelitis, allowing for oral switch treatment [24,55].



Newer fluoroquinolones are preferred for antistaphylococcal therapy in chronic osteomyelitis, and can be used in combination with other agents when possible. However, they may be used in monotherapy when no alternative options are available. The second-generation fluoroquinolones should not be used as a monotherapy for fracture-related staphylococcal infections due to the rapid emergence of resistance and the high rate of treatment failure [55].



Resistance can develop during therapy, mainly with fluoroquinolones, rifampicin or fusidic acid, or during anti-Pseudomonas aeruginosa treatment when fluoroquinolones are used. Therefore, fluoroquinolones should not be employed during the initial stage of treatment in these cases [72]. The risk of fluoroquinolone resistance is higher when there is a significant bioburden, in the early postoperative period, or when patients have drains and oozing wounds [72]. When the wound is dry and based on antibiogram results, oral fluroquinolones may be used as a monotherapy for fracture-related Enterobacteriaceae infections, as they are effective in eradicating Gram-negative rods in young biofilms. In cases of fluoroquinolone resistance, high doses of oral sulfamethoxazole/trimethoprim (800/160 mg every 8 h) or beta-lactams are indicated [58].



The prolonged use of fluoroquinolones also requires careful monitoring of patients due to the possibility of serious side effects, such as tendon rupture, tendonitis, neuropathies and other neurological reactions, and aortic aneurysms. The concomitant use of fluoroquinolones and corticosteroids should be avoided due to an increased risk of tendon rupture [110].




3.3.8. Linezolid


Linezolid is a synthetic oxazolidinone from a new class of antibiotics, known for its potent activity against all Gram-positive cocci, including MRSA, VRSA, VRE (both E. faecium and E. faecalis), and obligate anaerobes [24]. It is particularly valuable for treating patients with orthopedic infections, especially chronic osteomyelitis caused by the aforementioned Gram-positive cocci [81]. Linezolid boasts excellent pharmacokinetics, with 100% oral bioavailability. In addition, the antibiotic shows good bone penetration, achieving concentrations above the MICs of most Gram-positive pathogens, including multi-resistant strains. This makes linezolid a preferred option for the oral treatment of orthopedic infections, and an effective alternative to intravenous antibiotics in osteomyelitis treatment [81]. In combination with rifampicin, linezolid exhibits superior anti-biofilm activity compared to monotherapy in staphylococcal infections [81]. As well as tigecycline, a glycylcycline antibiotic, linezolid is considered a second-line agent for infections with obligate anaerobes. Metronidazole is the first-choice drug for such infections [55].



As a bacteriostatic antibiotic, linezolid inhibits bacterial protein synthesis by interfering with translation [111]. Although bactericidal antibiotics are generally preferred for treating osteomyelitis, linezolid’s excellent pharmacokinetic properties can counterbalance this disadvantage [112]. However, long-term use (beyond the recommended 28-day duration) may lead to side effects such as peripheral and optic neuropathy, as well as bone marrow suppression, primarily in patients treated for extended periods [55,90].






4. Conclusions


Antimicrobials play a crucial role in the prevention and treatment of orthopedic infections. Understanding the activity, safety, and tolerability of antibiotics (both individually and in combination) is essential for shaping the optimal antimicrobial management of bone and joint infections in clinical practice. Antimicrobial resistance imposes a significant global challenge in orthopedics, affecting prevention, management, and outcomes. Addressing antimicrobial resistance in orthopedics requires a multifaceted approach. The prudent use of antibiotics, including appropriate dosage, combination therapies, and treatment duration, is key to minimizing the emergence of multidrug-resistant pathogens. In addition, strict prevention protocols and robust control measures across healthcare settings are essential to limit the spread of resistant microorganisms. Implementing stringent antibiotic stewardship programs in orthopedics, along with ongoing research into new antimicrobial agents and alternative therapeutic strategies, are crucial steps in overcoming antimicrobial resistance [113,114]. Global collaboration is vital for monitoring resistance patterns and enforcing policies that reduce antibiotic misuse. The threat posed by antimicrobial resistance in orthopedics emphasizes the urgent need for coordinated, immediate action to preserve the effectiveness of antibiotics, ensure successful surgical outcomes, and protect public health worldwide.
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