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Abstract

Background: Gram-negative bacterial infections represent an increasingly relevant chal-
lenge in orthopedic surgery, particularly in complex patients exposed to major trauma, 
revision procedures, prolonged hospitalization, previous antimicrobial therapy, and in-
tensive care. Although Gram-positive organisms remain predominant in prosthetic joint 
infections (PJIs) and fracture-related infections (FRIs), the emergence of multidrug-resistant 
(MDR) Gram-negative pathogens has important implications for perioperative management, 
antimicrobial prophylaxis, and treatment. Objective: This narrative review examines the 
epidemiology, pathogenesis, antimicrobial resistance, and management of Gram-negative 
orthopedic infections, with particular emphasis on issues relevant to anesthesiologists 
and intensive care physicians. Methods: A structured narrative literature search was con-
ducted in PubMed/MEDLINE, Scopus, and Web of Science from database inception to 
July 2026, according to the principles of the Scale for the Assessment of Narrative Review 
Articles (SANRA). Original studies, systematic reviews, meta-analyses, guidelines, con-
sensus statements, and relevant narrative reviews addressing Gram-negative infections 
in orthopedic surgery were considered. Results: Gram-negative pathogens account for a 
minority of orthopedic infections but become increasingly relevant in complex PJIs, FRIs, 
open fractures, revision surgery, and patients with substantial healthcare exposure. En-
terobacterales, Pseudomonas aeruginosa, and Acinetobacter baumannii are among the principal 
pathogens involved. Their clinical relevance is amplified by biofilm formation and increas-
ingly complex antimicrobial resistance mechanisms. Perioperative antibiotic prophylaxis 
should remain individualized in patients colonized or previously infected with MDR Gram-
negative organisms, avoiding indiscriminate broad-spectrum prophylaxis. Once infection 
is established, management requires adequate microbiological sampling, surgical source 
control, and susceptibility-guided antimicrobial therapy. New β-lactam/β-lactamase in-
hibitor combinations and cefiderocol have expanded therapeutic options against resistant 
Gram-negative pathogens; however, evidence specifically supporting cefiderocol for bone 
and joint infections remains limited. Conclusions: Gram-negative orthopedic infections rep-
resent an emerging challenge at the intersection of orthopedic surgery, infectious diseases, 
anesthesiology, and critical care. Early recognition of high-risk patients, individualized 
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perioperative strategies, effective source control, resistance-guided antimicrobial therapy, 
and multidisciplinary management are essential.

Keywords: Gram-negative infections; orthopedic surgery; prosthetic joint infection; fracture-
related infection; sepsis; anesthesiology; intensive care; antimicrobial stewardship

1. Introduction
Gram-negative bacteria represent a heterogeneous group of microorganisms charac-

terized by a distinctive cell envelope architecture. Unlike Gram-positive bacteria, which 
possess a thick peptidoglycan layer, Gram-negative organisms have a relatively thin pepti-
doglycan layer located within the periplasmic space and an additional outer membrane. 
This outer membrane contains lipopolysaccharide (LPS), whose lipid A component plays a 
major role in the host inflammatory response to severe Gram-negative infections. The outer 
membrane also acts as a permeability barrier and, together with porins, efflux pumps and 
several enzymatic resistance mechanisms, contributes to the intrinsic or acquired reduced 
susceptibility of many Gram-negative organisms to antimicrobial agents (Figure 1) [1,2].

Figure 1. Structural organization and major biological features of Gram-negative bacteria. Gram-
negative bacteria are characterized by a complex cell envelope consisting of an inner cytoplasmic 
membrane, a periplasmic space containing a thin peptidoglycan layer, and an outer membrane. 
The outer membrane contains lipopolysaccharide (LPS), whose lipid A component is responsible 
for endotoxin activity and contributes to the host inflammatory response during severe infection. 
Porins regulate the passage of small hydrophilic molecules, including several antimicrobial agents, 
whereas alterations in porin expression or structure may contribute to antimicrobial resistance. The 
periplasmic space may contain 𝛃-lactamases and other enzymes capable of inactivating antibiotics. 
Surface structures such as pili and fimbriae facilitate adhesion to host tissues and abiotic surfaces 
and may contribute to colonization and biofilm formation, while flagella, when present, promote 
motility and bacterial dissemination. Together, these structural characteristics contribute to the 
pathogenicity, inflammatory potential, environmental adaptability, and antimicrobial resistance of 
Gram-negative bacteria.
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Gram-negative bacteria are responsible for a substantial proportion of healthcare-
associated infections (HAIs), particularly among hospitalized and critically ill patients. 
Enterobacterales, including Escherichia coli, Klebsiella pneumoniae, Enterobacter spp., Serratia spp. 
and Proteus spp., together with non-fermenting Gram-negative bacilli such as Pseudomonas 
aeruginosa and Acinetobacter baumannii, are among the microorganisms most frequently 
encountered in the hospital environment [2–4]. Their relevance is particularly evident in 
urinary tract infections, hospital- and ventilator-associated pneumonia, bloodstream infec-
tions, intra-abdominal infections and infections associated with invasive devices. Prolonged 
hospitalization, intensive care unit (ICU) admission, previous antimicrobial exposure, inva-
sive procedures and colonization with multidrug-resistant organisms further increase the 
probability of Gram-negative infection.

Orthopedic surgery has traditionally represented a somewhat different microbiological 
environment. Surgical-site infections (SSIs), fracture-related infections (FRIs) and pros-
thetic joint infections (PJIs) have historically been dominated by Gram-positive microor-
ganisms [5]. Staphylococcus aureus and coagulase-negative staphylococci remain particularly 
important because of their ability to adhere to foreign materials and establish biofilm-
associated infections on orthopedic implants. Consequently, both preventive strategies and 
empirical antimicrobial approaches in orthopedic surgery have traditionally focused heavily 
on Gram-positive pathogens.

Nevertheless, Gram-negative bacteria constitute a clinically relevant and potentially 
increasing component of the microbiological spectrum of orthopedic infections. Enter-
obacterales and P. aeruginosa are repeatedly identified in SSIs, PJIs and FRIs, either as sin-
gle pathogens or as part of polymicrobial infections. Their relative contribution may be 
particularly relevant in selected populations, including patients with open fractures, trau-
matic injuries, repeated surgical procedures, prolonged hospitalization, previous antimi-
crobial exposure, chronic wounds or soft-tissue damage, and patients requiring intensive 
care. The epidemiological profile may therefore differ substantially between an uncompli-
cated primary elective arthroplasty and complex orthopedic patients exposed to repeated 
healthcare interventions [6].

More importantly, the global spread of antimicrobial resistance has profoundly changed 
the clinical significance of Gram-negative infections. Extended-spectrum β-lactamase-
producing Enterobacterales, carbapenem-resistant Enterobacterales, multidrug-resistant P. 
aeruginosa and carbapenem-resistant A. baumannii represent major therapeutic challenges 
in contemporary hospital practice [7].

Understanding the microbiological and clinical characteristics of Gram-negative infec-
tions is therefore becoming an important component of modern perioperative and critical 
care medicine in orthopedic surgery.

Thus, although Gram-positive organisms remain central to the epidemiology of ortho-
pedic infections, Gram-negative pathogens should no longer be considered a minor clinical 
concern in this setting. Their increasing relevance reflects the convergence of changing 
patient characteristics, greater surgical complexity, healthcare exposure, implant-associated 
infection and the global expansion of antimicrobial resistance [8]. These considerations are 
particularly important for anesthesiologists and intensive care physicians, who increasingly 
participate in the perioperative management of high-risk orthopedic patients and may 
be directly involved in the treatment of severe postoperative infections, sepsis and septic 
shock. This narrative review examines the emerging role of Gram-negative pathogens in 
orthopedic infections, focusing on their epidemiology, antimicrobial resistance patterns and 
clinical implications, with particular attention to the challenges relevant to anesthesiologists 
and intensive care physicians.
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2. Materials and Methods
2.1. Literature Search Strategy

This narrative review was conducted based on the principles outlined by the Scale 
for the Assessment of Narrative Review Articles (SANRA) [9]. We conducted a struc-
tured literature search to identify relevant publications on Gram-negative infections in 
orthopedic surgery and their implications for perioperative and critical care medicine. A 
narrative approach was selected instead of a systematic one because the topic encompasses 
diverse evidence from microbiology, orthopedic surgery, infectious diseases, perioperative 
medicine, and intensive care, making quantitative synthesis impractical and potentially 
incomplete. Electronic searches were conducted in PubMed/MEDLINE, Scopus, and Web 
of Science, from the inception of these databases until July 2026. Additional relevant 
publications were identified through manual screening of reference lists from eligible arti-
cles and major international guidelines. The search strategy employed a combination of 
controlled vocabulary terms and free-text keywords related to Gram-negative infections, 
orthopedic surgery, perioperative medicine, and intensive care. The search terms included: 
“Gram-negative bacteria,” “Gram-negative infection,” “orthopedic surgery,” “prosthetic 
joint infection,” “fracture-related infection,” “surgical site infection,” “multidrug-resistant 
organisms,” “Enterobacterales,” “Escherichia coli,” “Klebsiella pneumoniae,” “Pseudomonas aerug-
inosa,” “Acinetobacter baumannii,” “anesthesiology,” “perioperative care,” “critical care,” 
“intensive care,” “sepsis,” and “antimicrobial resistance.” To provide an overview of the 
available literature, an exploratory PubMed search combining terms related to prosthetic 
joint infections and Gram-positive and Gram-negative bacteria yielded 64,317 records over 
the preceding ten years. This preliminary search was intended to illustrate the breadth 
of the published literature rather than to establish a formal systematic screening process. 
Given the narrative nature of the review and the heterogeneity of the available evidence, 
we selected publications based on clinical relevance, methodological quality, and contribu-
tion to the manuscript’s objectives, with particular emphasis on Gram-negative pathogens, 
antimicrobial resistance, and perioperative and intensive care management. Accordingly, 
no formal PRISMA-based selection process was undertaken, consistent with the narrative 
approach adopted in accordance with SANRA principles.

2.2. Eligibility Criteria
We considered original research articles, systematic reviews, meta-analyses, narrative 

reviews, consensus statements, clinical practice guidelines, and position papers published 
in English as eligible for inclusion. Special emphasis was placed on studies that explored the 
epidemiology, microbiology, antimicrobial resistance, diagnosis, prevention, perioperative 
management, and critical care implications of Gram-negative infections in orthopedic 
patients. We excluded studies that focused solely on Gram-positive pathogens without 
relevant discussions of Gram-negative microorganisms, as well as non-human studies, 
conference abstracts lacking full-text availability, and publications that did not provide 
sufficient methodological detail.

2.3. Study Selection and Data Synthesis
The literature obtained was screened for relevance by evaluating the title, abstract, and 

full text. Due to the narrative nature of this review, we did not conduct a formal quantitative 
synthesis or meta-analysis. Instead, the evidence was critically assessed and synthesized 
narratively to provide a comprehensive overview of current knowledge. We prioritized 
high-quality evidence, including international guidelines, multicenter observational stud-
ies, systematic reviews, meta-analyses, and landmark investigations related to orthopedic 
infections, antimicrobial resistance, and the management of critically ill surgical patients. 

https://doi.org/10.3390/jcm15218615

https://doi.org/10.3390/jcm15218615


J. Clin. Med. 2026, 15, 8615 5 of 20

When available, we included contemporary data from major surveillance systems and inter-
national organizations, such as the European Centre for Disease Prevention and Control 
(ECDC), the World Health Organization (WHO), and relevant orthopedic and infectious 
disease societies.

3. Results
3.1. Pathogenesis of Orthopedic Infection: Gram-Positive Versus Gram-Negative Bacteria

Orthopedic infections arise from a complex interplay of factors, including bacterial 
virulence, host susceptibility, local tissue conditions, and the presence of foreign materials. 
Microorganisms can reach the surgical site through direct contamination during surgery 
or trauma, by spreading from nearby tissues, or, less frequently, through hematogenous 
dissemination from a distant infection site. The presence of prosthetic materials or fixation 
devices influences these interactions by providing a surface for bacterial adhesion and 
subsequent biofilm development [10].

Gram-positive bacteria, particularly Staphylococcus aureus and coagulase-negative staphy-
lococci, have historically been the primary pathogens associated with orthopedic implant 
infections. Their ability to adhere to host extracellular matrix proteins and implant sur-
faces through specific adhesins plays a significant role in their pathogenicity. After at-
tachment, bacterial aggregation and biofilm maturation enhance persistence on prosthetic 
materials, reduce vulnerability to host immune responses and antimicrobial treatments, 
and contribute to the development of chronic or recurrent infections. This biological be-
havior underscores the notable role of staphylococci in prosthetic joint infections and 
fracture-related infections [11].

While Gram-negative bacteria share some pathogenic mechanisms with Gram-positive 
bacteria, they present additional distinct features. Their outer membrane contains 
lipopolysaccharide (LPS), which interacts with innate immune receptors, particularly Toll-
like receptor 4, promoting the release of pro-inflammatory mediators. In severe infections, 
this response can lead to endothelial dysfunction, vasodilation, altered microcirculation, 
and organ dysfunction. Several Gram-negative pathogens relevant to orthopedic infections, 
including Pseudomonas aeruginosa, Klebsiella pneumoniae, and members of the Enterobacterales, 
possess adhesins, pili, secretion systems, and other virulence factors that facilitate tissue 
colonization and persistence [12].

Importantly, biofilm formation is not exclusive to Gram-positive organisms; Gram-
negative bacteria can also establish mature biofilms on orthopedic implants and devitalized 
tissues. P. aeruginosa, in particular, can produce a highly structured extracellular matrix and 
develop phenotypically diverse bacterial populations with reduced susceptibility to antibi-
otics. In infections associated with Gram-negative implants, biofilm-mediated persistence 
can coexist with intrinsic and acquired antimicrobial resistance mechanisms, including 
reduced outer-membrane permeability, efflux pumps, and β-lactamase production [13].

Gram-positive infections are typically linked to strong implant adhesion and persistent 
biofilm-associated disease, Gram-negative infections combine the ability to adhere and form 
biofilms with a complex outer membrane that activates the innate immune response and 
increasingly relevant mechanisms of antimicrobial resistance (Table 1). These characteristics 
can influence clinical presentation, choices of antimicrobial therapy, strategies for source 
control, and, in severe cases, the risk of progression from localized orthopedic infections to 
systemic infections and organ dysfunction (Figure 2).
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Table 1. Main microbiological and pathogenic differences between Gram-positive and Gram-negative 
bacteria relevant to orthopedic infections. Abbreviations: CoNS, coagulase-negative staphylococci; 
LPS, lipopolysaccharide; PAMPs, pathogen-associated molecular patterns; TLR4, Toll-like receptor 4; 
ESBL, extended-spectrum β-lactamase; MDR, multidrug-resistant; PJI, prosthetic joint infection; FRI, 
fracture-related infection.

Feature Gram-Positive Gram-Negative

Cell envelope Thick peptidoglycan Outer membrane + thin peptidoglycan
LPS Absent Present

Implant adhesion Particularly relevant in 
staphylococci Present, pathogen-dependent

Biofilm Highly relevant Highly relevant
Innate immune activation 
Pathogen-Associated Molecular 
Patterns (PAMPs) mediated

Strong LPS/TLR4 component

Main resistance mechanisms e.g., altered targets, β-lactamases β-lactamases, porin loss, efflux 
pumps, target modifications

Typical orthopedic pathogens S. aureus, CoNS Enterobacterales, P. aeruginosa, 
A. baumannii

Major clinical concern Persistence/chronic 
implant infection

Persistence + resistance + potential 
systemic inflammatory response

Figure 2. Pathogenesis of Gram-positive and Gram-negative orthopedic infections. Orthopedic in-
fections may arise from direct contamination, contiguous spread, or hematogenous dissemination. 
Both Gram-positive and Gram-negative bacteria can adhere to implant surfaces and form biofilms, 
promoting persistence and chronic infection. Gram-negative pathogens additionally exhibit distinc-
tive features related to their outer membrane, LPS-mediated inflammatory response, and multiple 
antimicrobial resistance mechanisms. Depending on pathogen, host, and local factors, infection may 
remain localized or progress to sepsis and organ dysfunction.
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3.2. Prosthetic Joint and Fracture-Related Infections: Definitions and Epidemiology
Prosthetic joint infection (PJI) and fracture-related infection (FRI) are two major types 

of implant-associated infections in orthopedic surgery. While they share several pathogenic 
mechanisms, particularly bacterial adhesion and biofilm formation on foreign materials, 
they arise in different clinical contexts and are defined by specific diagnostic criteria.

Prosthetic joint infection occurs in the joints with implants and their surrounding 
tissues. Current diagnostic definitions integrate major criteria such as a sinus tract that 
communicates with the prosthesis or microbiological confirmation from multiple sam-
ples taken near the prosthesis, along with clinical, laboratory, synovial, microbiological, 
and histological findings. PJIs can occur due to perioperative contamination, contiguous 
spread, or hematogenous seeding of an implanted prosthesis. Based on the timing and 
method of infection, PJIs can present as early postoperative, delayed/chronic, or acute 
hematogenous infections [14].

Despite advancements in surgical techniques, antimicrobial prophylaxis, and infection 
prevention strategies, PJI remains one of the most serious complications of joint arthroplasty. 
Its incidence is generally estimated to be around 1–2% following primary hip or knee 
arthroplasty, with higher rates observed after revision procedures and in patients with 
multiple comorbidities or prior surgeries. Given the steadily increasing number of joint 
replacements performed worldwide, even a relatively low incidence results in a significant 
and growing clinical and healthcare burden [15].

Fracture-related infection is defined as an infection that occurs in the presence of a 
fracture, regardless of whether internal fixation is used. International consensus criteria 
differentiate confirmatory signs, such as a fistula, sinus, or wound breakdown communi-
cating with the fracture or implant, purulent drainage, and microbiological or histologi-
cal evidence of infection, from suggestive clinical, radiological, and laboratory findings 
that require further investigation. In contrast to PJI, FRI often occurs following traumatic 
events, where factors such as contamination, soft-tissue damage, impaired vascularization, 
fracture instability, and repeated surgical procedures can contribute to the development 
of infection [16,17].

The incidence of FRI varies significantly based on the characteristics and severity of 
the fracture. Infection rates after closed fractures treated with internal fixation are generally 
low, around 1–2%. However, this risk increases substantially for open fractures and cases 
involving severe soft-tissue injury, reaching 20–30% or more in the most extreme situations. 
Factors such as open fractures, high-energy trauma, extensive tissue damage, vascular 
compromise, prolonged hospitalization, repeated surgeries, and intensive care exposure 
can also alter the microbiological profile and increase the likelihood of Gram-negative and 
multidrug-resistant pathogens [18,19]. Thus, PJI and FRI are distinct but overlapping clinical 
entities. While Gram-positive organisms, particularly Staphylococcus aureus and coagulase-
negative staphylococci, remain the most common, Gram-negative pathogens also represent 
a significant aspect of both infections especially in complex patients with considerable 
healthcare exposure, traumatic injuries, multiple procedures, or previous antimicrobial 
therapy (Table 2).
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Table 2. Epidemiological characteristics of prosthetic joint infection and fracture-related infection. 
Abbreviations: CoNS, coagulase-negative staphylococci; PJI, prosthetic joint infection.

Clinical Setting Approximate Incidence Main Predisposing Factors Microbiological Considerations

Primary total hip or 
knee arthroplasty ~1–2%

Advanced age, obesity, 
diabetes, 
immunosuppression, 
previous surgery

Gram-positive organisms 
predominate; Gram-negative 
pathogens represent a relevant 
minority

Revision
arthroplasty

Higher than primary 
arthroplasty

Previous PJI, repeated 
surgery, prolonged 
healthcare exposure

Higher probability of 
polymicrobial and resistant 
infections

Closed fracture treated 
with internal fixation ~1–2%

Soft-tissue damage, 
smoking, diabetes, 
surgical complexity

S. aureus and CoNS remain 
predominant

Open fracture Up to ~30%
Direct contamination, 
extensive soft-tissue injury, 
vascular compromise

Broader microbial spectrum, 
including Gram-negative 
organisms

Severe open 
fracture/Gustilo–
Anderson type III

Up to >30% in 
selected series

High-energy trauma, tissue 
devitalization, repeated 
procedures, prolonged 
hospitalization

Increased risk of polymicrobial, 
Gram-negative, and 
healthcare-associated infections

3.3. Microbiological Spectrum of PJI and FRI: Where Gram-Negative Pathogens Emerge
The range of microorganisms involved in orthopedic infections varies with several 

factors, including the type of surgery performed, the route of infection, the patient’s char-
acteristics, prior healthcare experiences, and the extent of local tissue damage. While 
Gram-positive organisms, especially Staphylococcus aureus and coagulase-negative staphylo-
cocci, are the most common culprits, Gram-negative bacteria also play a significant role in 
both PJIs and FRIs.

In prosthetic joint surgery, Gram-negative bacteria account for approximately 10% 
to 20% of prosthetic joint infections (PJIs), although variability exists across patient co-
horts [20,21]. Enterobacterales, particularly Escherichia coli, Klebsiella pneumoniae, Enterobacter 
spp., and Proteus spp., together with Pseudomonas aeruginosa, represent the most frequently 
identified pathogens. Recent European multicenter data showed that Gram-negative or-
ganisms accounted for approximately 9% of culture-confirmed hip and knee PJIs, with E. 
coli and P. aeruginosa among the predominant microorganisms. Gram-negative PJIs appear 
particularly relevant after hip arthroplasty, revision procedures, and in elderly patients with 
multiple comorbidities [15]. Diabetes, obesity, previous antimicrobial exposure, recurrent 
hospitalization, urinary tract infection or colonization, and repeated surgical procedures 
may further increase the likelihood of Gram-negative involvement.

The microbiological spectrum of fracture-related infections is generally broader. Al-
though S. aureus remains the leading pathogen in most series, Gram-negative bacteria may 
account for a substantial proportion of isolates, particularly those from the Enterobacterales 
and P. aeruginosa. In a major trauma-center cohort, Gram-negative organisms accounted 
for 39.7% of recovered microorganisms, with P. aeruginosa, Enterobacter spp., and E. coli the 
most frequently identified Gram-negative pathogens [22,23].

The phenotype associated with Gram-negative FRI appears particularly related to the 
complexity of trauma and its surgical management. Patients with multisystem trauma, 
open fractures requiring soft-tissue reconstruction, temporary external fixation followed 
by definitive internal fixation, repeated debridement, skin grafting or flap coverage, and 
prolonged hospitalization show greater representation of Gram-negative organisms. Recent 
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data from a Level I trauma center showed Gram-negative microorganisms in approxi-
mately one-quarter of FRI patients; multisystem trauma, external fixation, skin grafting 
and flap coverage were significantly more frequent among patients with Gram-negative 
infection. Previous studies similarly identified initial external fixation, requirement for 
soft-tissue coverage, and hospitalization longer than 10 days as factors associated with 
Gram-negative FRI [1].

Therefore, Gram-negative pathogens do not replace the traditional Gram-positive 
microbiology of orthopedic infections but emerge within specific patient–procedure pro-
files [5]. Their relevance progressively increases from uncomplicated elective arthroplasty 
toward revision surgery, complex fracture fixation and major orthopedic trauma, particu-
larly when repeated surgery, extensive soft-tissue reconstruction and prolonged healthcare 
exposure coexist. Recognizing these clinical phenotypes may help anesthesiologists and in-
tensive care physicians identify patients who may need broader microbiological assessment 
and closer perioperative infectious surveillance.

3.4. Host Response to Gram-Positive and Gram-Negative Orthopedic Infections
The clinical consequences of orthopedic infection depend not only on bacterial viru-

lence and local tissue involvement but also on the magnitude and regulation of the host 
immune response. Although Gram-positive and Gram-negative bacteria activate partially 
distinct innate immune pathways, both may ultimately induce systemic inflammation, en-
dothelial dysfunction, microcirculatory impairment, coagulation abnormalities, and organ 
dysfunction when infection extends beyond the local compartment.

In Gram-positive infections, pathogen-associated molecular patterns such as pepti-
doglycan and lipoteichoic acid are recognized predominantly through Toll-like receptor 
2 (TLR2)-dependent pathways. Staphylococcus aureus may also release toxins and other 
virulence factors that amplify immune activation and tissue damage. Activation of mono-
cytes, macrophages, and neutrophils promotes the release of pro-inflammatory mediators, 
including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6. Therefore, 
despite their frequent association with localized and chronic implant-associated infections, 
Gram-positive organisms can also produce severe systemic disease, bacteremia, sepsis and 
septic shock [24,25].

In Gram-negative infections, lipopolysaccharide (LPS) represents a major trigger of 
the innate immune response. The lipid A component of LPS is recognized through the 
LPS-binding protein/CD14/TLR4 complex, activating intracellular signaling pathways and 
promoting cytokine release. When bacterial burden and host response become excessive, 
this process may contribute to vasodilation, increased endothelial permeability, altered mi-
crovascular perfusion, and activation of coagulation, providing a mechanistic link between 
localized infection, systemic inflammation, and multiple-organ dysfunction [26].

Clinical evidence suggests that these biological differences may translate into different 
inflammatory profiles. A recent systematic review and meta-analysis found higher circulat-
ing concentrations of procalcitonin, C-reactive protein, and TNF-α in Gram-negative sepsis 
than in Gram-positive sepsis. Gram-negative infection was also associated with a higher 
occurrence of severe sepsis or septic shock. However, no significant difference in survival 
was observed between Gram-negative and Gram-positive sepsis, emphasizing that Gram 
classification alone does not determine patient prognosis [27].

For the anesthesiologist and intensive care physician, this distinction is clinically rele-
vant but should not replace assessment of infection severity. Progression from an orthopedic 
infection to systemic disease is determined by the interaction between pathogen, bacterial 
burden, adequacy of source control, timing of antimicrobial therapy, and host vulnerability. 
Both Gram-positive and Gram-negative orthopedic infections may therefore progress from 
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localized disease to bacteremia, sepsis, and organ dysfunction, requiring prompt recognition 
and multidisciplinary management.

3.5. Multidrug Resistance: An Emerging Challenge in Gram-Negative Orthopedic Infections
Antimicrobial resistance is a significant challenge in treating Gram-negative infections. 

The unique structure of the Gram-negative cell envelope creates an intrinsic permeability 
barrier. Additionally, acquired resistance can emerge from various mechanisms, often 
occurring together. These include the production of β-lactamases, loss or modification of 
porins, increased activity of efflux pumps, alterations in target sites, and the acquisition of 
mobile genetic elements that carry resistance genes. The combination of these mechanisms 
can lead to the development of multidrug-resistant (MDR), extensively drug-resistant 
(XDR), or difficult-to-treat resistant strains [28,29].

Among Enterobacterales, extended-spectrum β-lactamases (ESBLs) confer resistance to 
most penicillins and cephalosporins, while carbapenemase production may substantially 
compromise the activity of carbapenems and other β-lactams. Clinically relevant carbapene-
mases include Klebsiella pneumoniae carbapenemase (KPC), New Delhi metallo-β-lactamase 
(NDM), Verona integron-encoded metallo-β-lactamase (VIM), imipenemase (IMP), and 
oxacillinase-48-like (OXA-48-like) enzymes. In Pseudomonas aeruginosa, antimicrobial resis-
tance is frequently multifactorial and may involve reduced outer-membrane permeability, 
particularly through loss or modification of the OprD porin, overexpression of multidrug 
efflux pumps, increased production of the chromosomal AmpC β-lactamase, and acquisi-
tion of carbapenemases. Acinetobacter baumannii can similarly accumulate multiple intrinsic 
and acquired resistance mechanisms, with carbapenem-resistant A. baumannii (CRAB) 
representing one of the most challenging antimicrobial-resistant phenotypes encountered 
in healthcare-associated infections [30,31].

The significance of these mechanisms is closely related to orthopedic infections. 
Periprosthetic joint infections (PJI) and fracture-related infections (FRI) often require ex-
tended antimicrobial treatment due to the presence of biofilm, poorly vascularized tissues, 
foreign materials, and the need for repeated surgical procedures. In this context, antimicro-
bial resistance decreases the number of available agents that can effectively combat infections 
while providing adequate penetration in bone and tissue and ensuring tolerability during 
prolonged treatment. Factors such as previous antibiotic use, repeated hospitalizations, 
revision surgeries, admissions to intensive care, and multiple surgical interventions can 
further select for or promote the acquisition of resistant microorganisms [32].

The magnitude of this problem varies substantially across geographical settings and 
patient populations. Nevertheless, MDR Gram-negative organisms are increasingly rec-
ognized in bone and joint infections, and resistant pathogens may negatively affect the 
probability of successful treatment. Their clinical relevance is reflected in the 2024 WHO Bac-
terial Priority Pathogens List, which classifies carbapenem-resistant Acinetobacter baumannii, 
third-generation cephalosporin-resistant Enterobacterales, and carbapenem-resistant Enter-
obacterales as critical-priority pathogens, while carbapenem-resistant P. aeruginosa remains a 
high-priority pathogen [33,34].

In orthopedic patients, therefore, antimicrobial resistance represents more than a mi-
crobiological finding. It interacts with biofilm formation, surgical source control, previous 
antimicrobial exposure, and patient vulnerability, potentially resulting in prolonged hos-
pitalization, repeated surgical interventions, limited therapeutic options, and increased 
treatment complexity. Early microbiological identification and susceptibility testing are 
consequently essential to guide targeted therapy and avoid unnecessary exposure to broad-
spectrum antimicrobial agents [30].
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3.6. From Targeted Perioperative Prophylaxis to Treatment of Multidrug-Resistant 
Gram-Negative Infections

The rising incidence of antimicrobial resistance poses serious challenges to standard 
antibiotic prophylaxis before surgery. When planning surgical procedures for high-risk 
patients, it is essential to consider factors such as prior microbiological isolates, recent antimi-
crobial use, healthcare exposures, and colonization with multidrug-resistant organisms [35].

Current European guidelines recommend targeted perioperative antibiotic prophy-
laxis for patients colonized with multidrug-resistant Gram-negative bacteria. However, 
evidence supporting this approach remains limited and varies by surgery type and specific 
resistance phenotype [29].

As a result, it is not advisable to routinely expand surgical prophylaxis solely based on 
the presence of multidrug-resistant Gram-negative colonization. Instead, tailored strategies 
should consider prior microbiological data, local epidemiology, the type and urgency of 
the surgery, and antimicrobial stewardship principles [36].

Once an orthopedic infection is established, combine antimicrobial therapy with ap-
propriate surgical intervention to control the infection source. Whenever possible, samples 
from deep tissues or associated implants should be collected before starting antimicro-
bial treatment, especially in patients who are clinically stable. Afterward, tailor definitive 
therapy based on the identified pathogen, its antimicrobial susceptibility and resistance 
mechanisms, the site of infection, the chosen surgical strategy, and individual patient factors 
related to pharmacokinetics and pharmacodynamics [37]. This tailored approach is partic-
ularly crucial for prosthetic joint infections and fractures, where biofilm formation, foreign 
material, impaired tissue penetration, and the need for extended antimicrobial therapy can 
significantly reduce the likelihood of successful eradication.

The emergence of multidrug-resistant Gram-negative pathogens has substantially 
expanded the role of newer β-lactam/β-lactamase inhibitor combinations and other 
novel agents. Ceftazidime-avibactam, meropenem-vaborbactam, and imipenem-cilastatin-
relebactam offer important therapeutic options against selected carbapenem-resistant Enter-
obacterales, particularly depending on the underlying carbapenemase, while ceftolozane-
tazobactam remains a major option against difficult-to-treat resistant Pseudomonas aerug-
inosa [38]. The choice of therapy should therefore increasingly be guided not only by 
conventional susceptibility testing but also, when available, by characterization of the 
underlying resistance mechanism [39,40].

Severe orthopedic infections, particularly those associated with multidrug-resistant 
Gram-negative pathogens, may progress from localized infection to sepsis and septic shock, 
especially in patients undergoing complex revision surgery, repeated debridement, or 
prolonged hospitalization. For anesthesiologists and intensive care physicians, early identi-
fication of clinical deterioration is essential to prevent progressive organ dysfunction.

Perioperative assessments systematically evaluate hemodynamic stability, mental sta-
tus, respiratory function, peripheral perfusion, and urine output. Early warning scores, such 
as the National Early Warning Score 2 (NEWS2), may help identify clinical deterioration but 
should not replace clinical judgment or a comprehensive assessment of organ dysfunction. 
Serial serum lactate measurements may provide additional information regarding tissue 
hypoperfusion and response to resuscitation, although lactate concentrations should always 
be interpreted within the overall clinical context. Inflammatory biomarkers, including 
C-reactive protein and procalcitonin, may complement clinical assessment but should not 
be used as isolated diagnostic criteria for sepsis [41].

In patients with suspected sepsis or septic shock, prompt microbiological sampling, 
timely administration of appropriate antimicrobial therapy, and effective surgical source 
control are fundamental. Obtain blood cultures before antimicrobial administration when-
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ever feasible, provided sampling does not substantially delay treatment. In patients with 
septic shock or a high likelihood of sepsis, initiate antimicrobial treatment promptly, then 
optimize based on microbiological findings and susceptibility testing [42].

Hemodynamic management should follow established principles of sepsis resuscita-
tion. Balanced crystalloids are generally preferred for initial fluid administration, while 
further fluid therapy should be guided by repeated clinical assessment and dynamic indices 
of fluid responsiveness. Norepinephrine is the first-line vasopressor in septic shock, with an 
initial mean arterial pressure target of approximately 65 mmHg, then individualized based 
on patient characteristics and organ perfusion. In patients with persistent hemodynamic 
instability, invasive arterial pressure monitoring and bedside echocardiography may help 
characterize circulatory dysfunction, assess ventricular performance, and guide fluid and 
vasoactive treatment [43,44].

From an anesthesiological perspective, patients undergoing surgical debridement or 
prosthetic revision in the presence of systemic infection require careful preoperative risk 
assessment and individualized intraoperative management. Anesthetic induction may 
precipitate significant hypotension in patients with sepsis-associated vasodilation or my-
ocardial dysfunction. Consequently, adequate vascular access, continuous hemodynamic 
monitoring, and early availability of vasopressor support are particularly important. Coordi-
nate antimicrobial administration timing and intraoperative microbiological sampling with 
the surgical and infectious disease teams, while avoiding unnecessary delays in treating 
unstable patients.

Postoperative intensive care management should focus on the early detection and treat-
ment of organ dysfunction, including respiratory failure, acute kidney injury, and persistent 
circulatory instability. In critically ill patients, antimicrobial pharmacokinetics may change 
substantially due to altered volume of distribution, renal clearance, and tissue perfusion. 
Optimization of antibiotic exposure, including appropriate loading doses, prolonged or 
continuous β-lactam infusions when indicated, renal dose adjustment, and therapeutic 
drug monitoring where available, may therefore be particularly relevant.

Ultimately, successful management requires integration of hemodynamic stabilization, 
timely antimicrobial treatment, and definitive surgical source control. Multidisciplinary 
collaboration between anesthesiologists, intensivists, orthopedic surgeons, microbiologists, 
and infectious disease specialists remains essential, particularly in patients with complex 
implant-associated infections caused by multidrug-resistant Gram-negative organisms [45].

Cefiderocol is an innovative therapeutic option among recently introduced agents. It 
is a siderophore cephalosporin that uses bacterial iron-uptake systems to penetrate Gram-
negative outer membranes. Once inside the periplasmic space, cefiderocol primarily binds to 
penicillin-binding protein 3, inhibiting bacterial cell-wall synthesis. This unique mechanism, 
along with its resistance to several clinically relevant β-lactamases, provides broad in vitro 
activity against challenging Gram-negative pathogens [46]. These include carbapenem-
resistant Enterobacterales, multidrug-resistant Pseudomonas aeruginosa, carbapenem-resistant 
Acinetobacter baumannii, and Stenotrophomonas maltophilia [47,48]. Cefiderocol may be partic-
ularly beneficial when resistance mechanisms greatly limit conventional treatment options. 
However, it should not be viewed as a universal first-line therapy for multidrug-resistant 
Gram-negative infections. Current guidelines specify its use based on the pathogen type 
and resistance profile. For treatment of difficult-to-treat, resistant Pseudomonas aeruginosa, 
cefiderocol is a viable option if susceptibility is confirmed. For carbapenem-resistant Acine-
tobacter baumannii, use is typically reserved for infections that do not respond to other 
treatments or when resistance or intolerance limits alternative therapies. It is advisable to 
use cefiderocol as part of combination therapy in these situations. Therefore, susceptibility 
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testing is crucial, especially because heteroresistance and resistance development during 
treatment have been reported [49].

Evidence on cefiderocol for bone and joint infections is considerably more limited than 
evidence for bloodstream, respiratory, and urinary tract infections. Most published data are 
case reports and small observational studies of osteomyelitis, prosthetic joint infections, or 
other complex implant-associated infections caused by extensively resistant Gram-negative 
organisms. These reports indicate that cefiderocol can achieve clinical and microbiological 
success in select patients, particularly for infections caused by carbapenem-resistant A. bau-
mannii and difficult-to-treat P. aeruginosa [50]. However, this evidence is insufficient to justify 
its routine use in orthopedic infections. Consider its potential role as part of a multidisci-
plinary approach that includes appropriate surgical source control, susceptibility-guided 
antimicrobial therapy, optimized drug exposure, and effective antimicrobial stewardship. 
International guidelines and consensus documents provide complementary recommen-
dations for the diagnosis, prevention, and treatment of orthopedic infections. Although 
most recommendations are not specifically focused on Gram-negative pathogens, they offer 
a framework for microbiological assessment, surgical source control, antimicrobial selec-
tion, and perioperative management. The principal recommendations and their practical 
implications are summarized in Table 3 [14,29,51,52] (Table 3).

Table 3. International guidelines and consensus recommendations.

Organization/Document Key Recommendations Clinical Relevance

EBJIS (2021)—PJI definition
[14,29,51,52]

Three diagnostic categories: infection 
unlikely, likely, or confirmed, 
integrating clinical, synovial, 

microbiological and 
histological findings.

Early identification and diagnostic 
classification of suspected PJI.

IDSA (2013)—APJI guidelines
[14,29,51,52]

Appropriate surgical management, 
microbiological diagnosis and 

pathogen-directed antimicrobial 
treatment.

Coordination of surgical source 
control and antimicrobial therapy.

IDSA (2024)—AMR guidance
[14,29,51,52]

Treatment of resistant Gram-negative 
infections based on pathogen 

identification, susceptibility testing and 
resistance mechanisms.

Selection of appropriate antimicrobial 
agents in MDR infections.

ESCMID/EUCIC 
(2023)—Perioperative prophylaxis

[14,29,51,52]

Targeted prophylaxis in selected MDR 
Gram-negative carriers undergoing 

specific procedures; insufficient 
evidence for routine extension to 

orthopedic surgery.

Individualized prophylaxis and 
antimicrobial stewardship.

International FRI Consensus 
(2019–2020)
[14,29,51,52]

Deep tissue sampling, adequate 
debridement, implant management 

and susceptibility-guided 
antimicrobial treatment.

Surgical source control and 
microbiological management.

Table 3: Summary of major international guidelines and consensus recommendations relevant to 
the diagnosis, prevention, and management of Gram-negative orthopedic infections. Abbreviations: 
EBJIS, European Bone and Joint Infection Society; IDSA, Infectious Diseases Society of America; 
ESCMID, European Society of Clinical Microbiology and Infectious Diseases; EUCIC, European 
Committee on Infection Control; PJI, prosthetic joint infection; FRI, fracture-related infection; MDR, 
multidrug-resistant; AMR, antimicrobial resistance.
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4. Discussion
Gram-negative infections represent a clinically relevant, although still minority, com-

ponent of the microbiological spectrum of orthopedic infections. The available evidence 
indicates that their importance becomes progressively greater in selected clinical scenarios 
characterized by complex trauma, revision surgery, repeated procedures, prolonged health-
care exposure, previous antimicrobial treatment, and extensive soft-tissue damage. This is 
particularly evident in fracture-related infections and in complex prosthetic joint infections, 
where the microbiological spectrum is broader, and the probability of polymicrobial or 
resistant infection increases [53].

A central finding of this review is that the clinical relevance of Gram-negative infection 
cannot be understood solely in terms of pathogen prevalence. Gram-negative bacteria 
combine the capacity for implant adhesion and biofilm formation with distinctive structural 
and resistance mechanisms, including outer-membrane permeability barriers, efflux systems, 
and β-lactamase production [54]. These characteristics may contribute to the persistence 
of implant-associated infections while also limiting available therapeutic options. The rise 
in multidrug-resistant and extensively drug-resistant strains worsens this issue, especially 
when biofilm formation, impaired tissue vascularization, retained foreign materials, and 
prolonged antimicrobial exposure coexist.

From a perioperative and critical care perspective, another key consideration is how 
pathogen biology interacts with the host response. Although Gram-positive and Gram-
negative organisms activate partially different innate immune pathways, both can ultimately 
lead to systemic inflammation and organ dysfunction. Gram-negative infections may elicit a 
particularly prominent endotoxin-mediated inflammatory response via lipopolysaccharide 
signaling, but current evidence does not support a straightforward relationship between 
Gram classification and mortality. Therefore, pathogen type should complement, rather 
than replace, clinical assessment of infection severity, source control, organ dysfunction, 
and host vulnerability [55].

These observations have practical implications for perioperative management. Stan-
dardized antibiotic prophylaxis remains appropriate for most orthopedic procedures, but a 
purely uniform approach may be insufficient for selected patients with known colonization 
or prior infection with multidrug-resistant Gram-negative organisms [56]. Current Euro-
pean guidance supports the concept of targeted prophylaxis in selected colonized patients, 
although the evidence remains limited and strongly dependent on surgical setting and 
resistance phenotype [28,29]. Consequently, indiscriminate broadening of perioperative 
prophylaxis should be avoided, and decisions should integrate previous microbiology, local 
epidemiology, surgical complexity, and antimicrobial stewardship.

Once an infection is established, a multidisciplinary approach to treatment is essential. 
Adequate microbiological sampling and surgical intervention to control the source of the 
infection are crucial. Definitive antimicrobial therapy should be guided by susceptibility 
testing, resistance mechanisms, the site of infection, and pharmacokinetic/pharmacody-
namic considerations [57]. New combinations of β-lactams and β-lactamase inhibitors, 
as well as siderophore cephalosporins, have expanded the options for treating resistant 
Gram-negative pathogens. Cefiderocol is particularly appealing due to its unique iron-
transport-mediated entry into Gram-negative bacteria and its broad in vitro activity against 
carbapenem-resistant Enterobacterales, difficult-to-treat Pseudomonas aeruginosa, carbapenem-
resistant Acinetobacter baumannii, and Stenotrophomonas maltophilia [58].

However, evidence regarding cefiderocol’s effectiveness in treating bone and joint 
infections is largely limited to case reports and small observational studies. Therefore, its 
use should be individualized and guided by susceptibility testing [59].
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Taken together, these findings suggest that Gram-negative orthopedic infections should 
not be considered a separate microbiological niche, but rather a manifestation of increasing 
patient complexity, healthcare exposure, antimicrobial pressure, and surgical burden. For 
anesthesiologists and intensive care physicians, their relevance lies particularly in early risk 
recognition, perioperative antimicrobial decision-making, management of sepsis and organ 
dysfunction, and coordination with orthopedic surgeons, microbiologists, and infectious 
disease specialists.

Although newer β-lactam/β-lactamase inhibitor combinations and cefiderocol have 
expanded therapeutic options against multidrug-resistant Gram-negative pathogens, the 
evidence supporting their use specifically in bone and joint infections remains limited. Most 
available data derive from case reports, small retrospective case series, and heterogeneous 
observational studies, frequently involving patients with complex infections, previous 
antimicrobial failures, and multiple surgical interventions. The absence of randomized 
controlled trials specifically addressing prosthetic joint infections and fracture-related 
infections limits the possibility of drawing definitive conclusions regarding comparative 
efficacy, optimal treatment duration, and long-term clinical outcomes [60].

For cefiderocol, published reports suggest potential clinical and microbiological effi-
cacy against difficult-to-treat pathogens, particularly carbapenem-resistant Acinetobacter 
baumannii and multidrug-resistant Pseudomonas aeruginosa. However, these findings should 
be interpreted cautiously because of small sample sizes, selection and publication biases, 
variable definitions of treatment success, and limited long-term follow-up. Furthermore, the 
frequent use of concomitant antimicrobial agents and surgical source control makes it diffi-
cult to determine the independent contribution of cefiderocol to favorable outcomes [61]. In 
a bicentric cohort of 15 patients with bone and joint infections, Rempenault et al. reported 
clinical cure in 7 of 9 patients treated with ceftazidime-avibactam and 3 of 5 patients treated 
with ceftolozane-tazobactam, while one additional patient received both agents sequen-
tially [62]. Although these findings suggest potential therapeutic utility, the small sample 
size and absence of a comparator group limit their generalizability. Additional uncertainties 
concern bone penetration, prolonged treatment safety, and the potential emergence of resis-
tance during therapy. More recently, a French multicenter retrospective study evaluated 
cefiderocol in 45 patients with bone and joint infections, including 20 implant-associated 
infections [63]. Surgical management was performed in 82% of patients, and cefiderocol 
was administered in combination with other antimicrobial agents in 89%. Treatment fail-
ure was reported in 49% of patients, while 22% died during follow-up. These findings 
highlight the complexity of infections treated with cefiderocol and contrast with the fa-
vorable outcomes described in earlier individual case reports. However, the observational 
design, heterogeneous infection types, frequent combination therapy, and concomitant 
surgical interventions prevent definitive conclusions regarding the independent efficacy 
of cefiderocol.

Importantly, randomized controlled trials specifically evaluating these agents in pros-
thetic joint infections or fracture-related infections remain unavailable in the evidence 
identified. Therefore, although emerging antimicrobial agents provide additional treatment 
options for selected multidrug-resistant Gram-negative infections, their use in orthope-
dic infections should be guided by susceptibility testing, resistance mechanisms, surgical 
source control, and multidisciplinary clinical assessment rather than extrapolation from 
trials conducted in other infectious syndromes.

Similar limitations apply to newer β-lactam/β-lactamase inhibitor combinations, for 
which evidence in orthopedic infections is largely extrapolated from studies conducted in 
other infectious syndromes. Consequently, direct clinical evidence supporting the use of 
these agents in bone and joint infections remains limited and predominantly observational. 
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Their use should therefore be individualized according to microbiological susceptibility, 
resistance mechanisms, patient characteristics, and surgical management, within a multi-
disciplinary approach involving orthopedic surgeons, infectious disease specialists, and 
intensive care physicians.

Limitations
This review has several limitations. First, its narrative design does not allow for 

formal quantitative synthesis, pooled effect estimates, or the assessment of publication 
bias. The literature on Gram-negative orthopedic infections is highly heterogeneous, with 
varying definitions, surgical populations, geographical settings, resistance patterns, and 
microbiological methods, which limits direct comparisons between studies.

Second, much of the available evidence comes from retrospective cohorts, single-center 
studies, and selected populations, such as major trauma or referral centers, where the preva-
lence of Gram-negative and multidrug-resistant organisms may be higher than in routine 
elective orthopedic practice. There is limited evidence specifically addressing anesthesiology 
and intensive care management, making it necessary to extrapolate many recommendations 
from broader literature on sepsis, antimicrobial resistance, and perioperative care. Further-
more, the restriction to English-language publications may have introduced language bias, 
potentially excluding relevant evidence published in other languages.

Finally, data on newer antimicrobial agents, particularly cefiderocol, in the context 
of prosthetic joint infection and fracture-related infection remain scarce, being primarily 
based on case reports and small observational studies. Future prospective multicenter 
studies should aim to better define patient selection, optimal perioperative prophylaxis, 
resistance-guided treatment strategies, pharmacokinetics related to bone and biofilm, and 
clinically relevant outcomes.

5. Conclusions
Gram-negative bacteria are generally less common than Gram-positive organisms in 

most orthopedic infections; however, their clinical significance increases significantly in 
complex surgical patients. This is particularly true after major trauma, revision surgeries, 
repeated procedures, prolonged hospital stays, and prior antimicrobial exposure.

The primary challenge lies not only in their prevalence but also in factors such as biofilm 
formation, host inflammatory activation, and increasingly complicated antimicrobial resis-
tance mechanisms. Infections caused by multidrug-resistant Gram-negative bacteria can 
severely limit treatment options, highlighting the need for early microbiological diagnosis, 
effective source control, and personalized antimicrobial therapy.

For anesthesiologists and intensive care physicians, management should extend beyond 
intraoperative care. It should include identifying high-risk patients, providing appropriate 
perioperative prophylaxis, early detection of sepsis and organ dysfunction, practicing an-
timicrobial stewardship, and coordinating multidisciplinary treatment efforts. New agents 
like cefiderocol are important additions to our treatment options; however, susceptibility 
testing, resistance mechanisms, and limited clinical evidence of their effectiveness in bone 
and joint infections should still guide their use in managing orthopedic infections.
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