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Fracture‑related infection (FRI) remains one of the most consequential complications in orthopedic trauma, 
imposing effects that extend far beyond localized tissue involvement to include substantial systemic morbidity 
and notable socioeconomic burden. Its clinical urgency is underscored by a highly variable incidence—
ranging from 1%–2% in closed fractures to more than 30% in severe open injuries—and by its detrimental 
impact on bone healing, functional recovery, and overall quality of life. This literature review synthesizes current 
knowledge on the epidemiology and clinical significance of FRI, emphasizing incidence patterns, associated 
functional limitations, long‑term risks such as nonunion, amputation, and mortality, and the considerable 
health‑economic implications. Persistent challenges in early diagnosis are highlighted, including nonspecific 
clinical presentations, inconsistencies in temporal classifications, and the limited ability of available treatments 
to simultaneously eradicate infection and maintain mechanical stability. Contemporary management strategies—
such as debridement, antibiotics, and implant retention (DAIR); staged hardware removal; systemic antimicrobial 
therapy; and adjunctive local antibiotic‑delivery systems—are examined with attention to their evidence gaps and 
recognized failure points. In addition, emerging modalities that target the underlying pathophysiology of FRI are 
reviewed, including biofilm‑disruptive agents, biodegradable antibiotic carriers, antimicrobial implant coatings, 
and bacteriophage‑based approaches, each offering mechanistic advantages over conventional interventions. 
Collectively, the current evidence underscores the critical need for standardized diagnostic criteria, timely 
multidisciplinary management, and rigorous clinical evaluation of innovative therapeutic strategies to improve 
outcomes, reduce recurrence, and optimize fracture healing in early FRI.
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Introduction
Fracture-related infection (FRI) remains 
one of the most challenging complications 
in orthopedic trauma surgery, exerting 
profound impacts on patient morbidity, 
functional outcomes, healthcare costs, and 
healthcare resource utilization (1). Despite 
advances in surgical techniques, biomaterials, 
and perioperative care, the incidence of 
FRI continues to range between 1% and 
2% in closed fractures and may reach up to 
30% in severe open injuries, particularly 
in high-energy trauma (2). Such infections 
complicate the healing process by disrupting 
the delicate interplay between bone 
regeneration, vascular supply, and the local 
immune environment, often culminating in 
prolonged hospitalization, repeated surgical 
interventions, and, in refractory cases, limb 
loss (3,4). The early detection and prompt 
management of FRI are pivotal for preserving 
function, preventing chronic osteomyelitis, 
and reducing the long-term socioeconomic 
burden (5,6).

The pathogenesis of FRI is multifactorial, 
typically initiated by bacterial contamination 
at the time of injury or surgery, with 
Staphylococcus aureus and Staphylococcus 
epidermidis being the most frequently 
implicated pathogens (7). These 
microorganisms can form biofilms on 
fracture fixation devices and necrotic bone 
fragments, creating a microenvironment 
that hinders immune-mediated clearance 
and reduces antibiotic penetration (4). This 
biofilm-associated phenotype contributes 
to the persistence of infection, therapeutic 
failures, and the transition from acute to 
chronic stages (8). Historically, conventional 
management strategies have centered 
on a combination of meticulous surgical 
debridement (7), systemic antibiotic therapy, 
stabilization of the fracture environment, 
and staged reconstructive procedures 
(9). However, these approaches are often 
challenged by diagnostic delays, antimicrobial 
resistance, preservation of hardware stability, 
and host systemic factors such as diabetes, 
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immunosuppression, or poor vascularization of the injury 
site (10).

Early diagnosis represents a cornerstone in FRI 
management, yet remains clinically demanding (11). 
Classical diagnostic criteria, including local signs of 
inflammation, laboratory biomarkers (e.g., C-reactive 
protein, erythrocyte sedimentation rate), and 
radiographic changes, may be nonspecific or delayed in 
manifestation (12). Recent efforts have shifted toward 
incorporating advanced imaging modalities, molecular 
microbiology techniques, and highly sensitive biomarker 
panels to detect infection at a subclinical stage (13). 
These evolving diagnostic tools aim to enable rapid and 
accurate differentiation between infection and aseptic 
inflammation, thus allowing surgeons to institute targeted 
intervention before irreversible tissue damage occurs (14).

Over the past decade, several novel strategies have 
emerged that promise to improve the early management of 
FRI (11). These include the application of local antibiotic 
carriers, such as bioabsorbable calcium sulfate beads or 
polymethylmethacrylate spacers (9), which deliver high 
concentrations of antimicrobial agents directly to the 
infected site while minimizing systemic toxicity (15). 
Adjunctive measures, including negative pressure wound 
therapy (NPWT), biofilm-disrupting agents, antimicrobial-
coated implants, and host immunomodulation, have also 
gained attention (16). Furthermore, strategies based on 
precision medicine, such as patient-specific antibiotic 
regimens guided by genomic and proteomic pathogen 
profiling, represent a paradigm shift in individualized care 
(17).

Despite the growing body of evidence supporting these 
innovative interventions, their optimal integration into 
standardized treatment algorithms remains undefined (9). 
Variability in clinical trial designs, heterogeneous patient 
populations, and inconsistent outcome measures have 
limited the ability to draw definitive conclusions regarding 
their superiority over traditional methods (18). This 
underscores the need for comprehensive literature reviews 
that synthesize current knowledge, evaluate the quality 
and applicability of available evidence, and identify critical 
gaps for future research (19, 20).

Therefore, the present review aims to provide a 
thorough and up-to-date synthesis of emerging strategies 
for the early management of FRI. By critically appraising 
recent advancements and outlining their potential clinical 
implications, this work seeks to assist orthopedic surgeons, 

infectious disease specialists, and multidisciplinary teams 
in optimizing patient outcomes through evidence-based 
and innovative approaches.

Materials and Methods
A comprehensive literature search was conducted across 
PubMed, Scopus, and Web of Science databases to identify 
relevant studies on the early management of FRI. The 
search strategy incorporated combinations of the following 
keywords and their synonyms: “fracture‑related infection,” 
“orthopedic infection,” “biofilm,” “early management,” 
“debridement,” “local antibiotic delivery,” “implant 
coating,” and “bacteriophage.” No restrictions were 
applied regarding the year of publication, and only articles 
published in English were considered. Titles, abstracts, and 
full texts were screened to include peer‑reviewed original 
studies, reviews, and relevant clinical guidelines addressing 
incidence, diagnostic approaches, treatment modalities, 
and emerging strategies for early FRI management.

Results 
The incidence and prevalence of FRI
Fracture-related infection is a relatively uncommon 
yet serious complication in orthopedic trauma surgery, 
with considerable variability in incidence depending 
on the mechanism of injury, fracture location, and 
the presence of open wounds (21). In closed fractures 
managed with internal fixation, reported infection rates 
generally range from 1% to 2%, whereas high-energy 
open fractures, particularly Gustilo–Anderson type 
III injuries, demonstrate markedly higher rates, up to 
30% in some series (22). These figures are influenced 
by factors such as the extent of soft-tissue damage, 
environmental contamination at the time of injury, timing 
and quality of surgical intervention, and adherence to 
perioperative antibiotic prophylaxis protocols (23). 
Robust epidemiological studies have shown that infection 
risk correlates strongly with the severity of trauma, poly-
trauma status, and patient comorbidities (24), making FRI 
both a preventable and context-dependent complication 
(25).

Globally, variations in FRI prevalence also reflect 
differences in healthcare infrastructure, surgical expertise, 
and perioperative guidelines (10). Low- and middle-
income countries tend to face disproportionately higher 
incidence rates due to delayed presentations (26), 
limited access to advanced imaging and microbiological 
diagnostics, and restricted availability of multidisciplinary 
care teams (27). Additionally, evolving definitions of 
FRI, especially the consensus proposed by the AO/EBJIS 
(European Bone and Joint Infection Society), have helped 
standardize diagnostic criteria, leading to more accurate 
epidemiological reporting (26). However, under-diagnosis 
remains a concern, particularly in subclinical or chronic 
cases where biofilm-associated low-grade infections 
may not meet conventional diagnostic thresholds (28). 

Key point 

Fracture related infection significantly affects healing, function, and 
survival, with incidence up to 30% in severe open fractures. Early 
detection remains difficult, and current therapies face eradication–
stability trade offs. Emerging biofilm targeted and local delivery 
strategies offer promise, but require standardized definitions and 
rigorous clinical validation.



                                            Immunopathologia Persa  Volume x, Issue x, 2026 3

Fracture-related infection

Improved surveillance systems and international registries 
are therefore critical to obtain reliable global prevalence 
data and guide resource allocation (29).

FRI delays healing, limits function, raises costs
The development of an FRI profoundly disrupts fracture 
healing, primarily by prolonging the inflammatory phase, 
impairing angiogenesis, and compromising osteogenic 
cell activity (30). The establishment of a bacterial biofilm 
at the fracture site or along fixation hardware creates a 
hostile microenvironment that hinders callus formation 
and disrupts the delicate balance between bone resorption 
and formation (31,32). This pathophysiological cascade 
often results in delayed union or nonunion, necessitating 
multiple revision surgeries, prolonged antibiotic therapy, 
and adjunctive measures such as bone grafting (33). In 
addition, infection-related soft tissue loss or scarring may 
limit the success of reconstructive efforts, reducing the 
likelihood of optimal anatomical alignment and functional 
recovery (6).

From a patient-centered perspective, FRI is a major 
determinant of long-term functional impairment (34). 
Many affected individuals experience chronic pain, 
reduced range of motion, and persistent swelling, which 
collectively compromise return-to-work rates and quality 
of life (35). The economic implications are equally 
significant: the cost of treating an infected fracture 
is estimated to be two to five times greater than that of 
managing an uncomplicated one (36). Expenses arise from 
extended hospital stays, repeated operative procedures, 
extended antibiotic regimens, and prolonged rehabilitation 
(5). Indirect costs, including loss of productivity, disability 
compensation, and caregiver burden, further amplify the 
socioeconomic impact, making FRI both a medical and 
economic challenge with implications for public health 
policy (37).

Risks; nonunion, limb loss, higher mortality
Long-term outcomes following FRI are frequently 
unfavorable, especially in cases of delayed diagnosis or 
inadequate early management (38). Nonunion remains 
one of the most common sequelae, resulting from chronic 
infection-induced bone necrosis, segmental bone defects, 
and compromised vascularity (34). In severe cases, 
especially when infection coexists with extensive soft-
tissue damage or vascular injury, salvage options may 
be limited, culminating in amputation (35). Reports 
suggest that amputation rates after severe open FRIs 
may range from 5% to 15%, with higher rates observed 
in poly-traumatized or immunocompromised patients 
(39). Additionally, recurrent or persistent infection can 
lead to chronic osteomyelitis, which poses ongoing risks 
of systemic spread and joint involvement (3).  Beyond 
limb-specific outcomes, FRI also carries systemic risks, 
including sepsis and multi-organ failure in acute stages, 
as well as increased overall mortality in the long term 

(40). Population-based studies indicate that patients with 
chronic osteomyelitis or unresolved FRIs have higher 
mortality rates compared to matched controls, even when 
adjusted for comorbidities (38). This elevated risk likely 
reflects the cumulative physiological stress of recurrent 
surgeries (19), prolonged systemic inflammation (40), and 
the indirect impact of immobility-related complications 
such as venous thromboembolism or cardiopulmonary 
events (40). Understanding and mitigating these long-
term risks require not only prompt infection control but 
also comprehensive, multidisciplinary follow-up care that 
addresses functional restoration, infection surveillance, 
and psychosocial support (41).

Challenges in early diagnosis and management
Diagnosing early FRI is inherently challenging because 
the clinical presentation often overlaps with the expected 
physiological inflammatory response following fracture 
fixation (6). Postoperative signs such as localized 
warmth, erythema, swelling, and mild discomfort can be 
manifestations of normal healing, aseptic inflammation, 
or early sepsis (22). Systemic indicators—including 
low‑grade fever or malaise—are frequently absent or 
delayed, especially in immunocompromised patients, 
elderly individuals, or those receiving anti‑inflammatory 
medication (3). Laboratory tests, while widely used, suffer 
similar limitations (35); C‑reactive protein and leukocyte 
counts may transiently rise after surgery, making it 
difficult to distinguish infection from trauma‑induced 
inflammation during the critical early phase (42).

The timing of symptom onset further complicates 
diagnosis. In many cases, early infection progresses 
insidiously, producing subtle clinical cues that escape 
detection until the microbial burden is sufficient to 
disrupt wound healing or induce systemic signs (6). 
Microbiological cultures may yield false‑negative 
results if samples are collected after empirical antibiotic 
administration, whereas imaging techniques—such as 
plain radiography—are insensitive to early bone or implant 
surface changes (4). Even advanced modalities like MRI 
or nuclear imaging can be confounded by postoperative 
alterations in bone marrow and soft tissues (33). This 
diagnostic ambiguity often delays definitive treatment, 
inadvertently allowing biofilms to mature and decreasing 
the likelihood of conservative measures succeeding (43).

Definitions of ‘early’ vary across studies
The concept of “early” FRI remains inconsistently defined 
in the literature, complicating comparison between studies 
and the formulation of evidence‑based guidelines (31). 
Some authors categorize infections occurring within two 
weeks of fixation as early, based on the hypothesized 
absence of mature biofilm formation in this window 
(33). Others extend this definition to four or even twelve 
weeks, citing variability in microbial growth rates, host 
immune responses, and implant‑tissue integration (19). 



Zamani Esfahlani M et al

 Immunopathologia Persa  Volume x, Issue x, 20264

This heterogeneity in temporal thresholds often stems 
from differing clinical traditions, pathogen profiles, and 
research objectives, rather than from universally accepted 
microbiological or histopathological criteria (11).

Such inconsistency has significant implications for both 
clinical practice and research. Variably defined early‑stage 
cohorts make it difficult to pool data in narrative review or 
to draw robust conclusions regarding optimal intervention 
timing (37,44). Furthermore, an intervention proven 
effective in a cohort defined by a two-week cutoff may 
fail when applied to patients meeting a broader twelve-
week definition (45). In the absence of standardized 
temporal criteria, interpretation of treatment outcomes 
remains context‑dependent, limiting the development 
of universally applicable algorithms (44). Establishing 
a globally recognized definition, ideally supported by 
clinical, microbiological, and molecular evidence, is 
essential to harmonize research and improve patient 
management strategies (46).

Methods clear infection and preserve healing
Current management strategies for early FRI aim to 
eradicate infection while maintaining the stability 
required for bone healing (19); however, achieving both 
objectives often proves difficult. Surgical debridement, 
while necessary to reduce bacterial load, carries the risk 
of devascularizing tissues and destabilizing the fixation 
construct (47). Hardware removal may facilitate infection 
control but can lead to fracture instability, necessitating 
complex reconstructive procedures and increasing the 
likelihood of delayed union or nonunion (44). Conversely, 
retaining implants in the presence of persistent infection 
risks chronic colonization, recurrent inflammation, and 
progressive bone loss (48).

Systemic antibiotic therapy, a cornerstone of 
management, also faces several limitations. Achieving 
bactericidal concentrations at the fracture site can be 
challenging due to compromised vascularity, fibrosis, and 
biofilm‑mediated protection of pathogens (39). Prolonged 
systemic therapy increases the potential for nephrotoxicity, 
hepatotoxicity, and antimicrobial resistance, while local 
antibiotic delivery systems, though promising, are not 
universally effective against all pathogens or biofilm stages 
(41). Ultimately, the balance between aggressive infection 
control and preservation of the mechanical environment 
for fracture healing remains a fine line, with current 
methods often providing suboptimal results in one domain 
to protect the other (42). These limitations have stimulated 
interest in novel strategies capable of addressing both 
therapeutic goals concurrently (49).

Early FRI care; debridement and antibiotics
In contemporary orthopedic trauma care, early FRI is 
typically addressed through an integrated surgical and 
pharmacological approach (49). The surgical component 
most often consists of debridement, antibiotics, and 

implant retention (DAIR) when mechanical stability of 
the fracture fixation is preserved and the infection is 
identified before biofilm maturation (30). This strategy 
involves meticulous removal of necrotic tissue, irrigation 
of the operative field (23), and selective exchange of 
modular hardware components to reduce microbial 
load while maintaining fracture alignment (50). In cases 
where fixation stability is compromised or infection has 
caused substantial tissue destruction (50), staged hardware 
removal followed by temporary external fixation may be 
adopted, with definitive internal fixation deferred until 
infection eradication is confirmed (24).

Pharmacological management hinges on targeted 
antimicrobial therapy guided by intraoperative specimens 
(2). Empirical treatment is typically initiated immediately 
post‑debridement, based on local epidemiology and injury 
characteristics, and is subsequently refined upon receipt 
of microbiological culture and sensitivity results (48). 
A combined regimen of intravenous antibiotics during 
the acute phase—often for two to six weeks—followed 
by a tailored course of oral therapy is common practice 
(6,45). Adjunctive measures, such as the use of local 
antibiotic delivery systems (e.g., polymethylmethacrylate 
beads, calcium sulfate pellets), aim to achieve high local 
drug concentrations and minimize systemic toxicity (10). 
These combined modalities form the backbone of current 
early FRI management, balancing infection control with 
preservation of biomechanical conditions favorable to 
bone healing (40).

Protocols lack robust evidence and leave key gaps
Despite extensive clinical experience with established 
FRI treatment algorithms, significant limitations 
remain in achieving consistent eradication of infection 
while safeguarding fracture consolidation (3,45). The 
DAIR procedure’s success is highly time‑sensitive and 
dependent on accurate early diagnosis—criteria that 
are not consistently met in everyday settings due to the 
nonspecific presentation of early FRI (36). Moreover, 
while implant retention preserves mechanical stability, it 
also carries the risk of residual biofilm persistence, leading 
to recurrent infection after apparent clinical resolution 
(39). Similarly, aggressive hardware removal, although 
sometimes necessary, may cause loss of reduction and 
significantly prolong the time to union, necessitating 
additional reconstructive interventions (39).

From a pharmacological standpoint, systemic antibiotic 
regimens often fail to achieve bactericidal concentrations 
within biofilm‑colonized tissue, especially in areas of 
poor vascularity (10). Moreover, current treatment 
protocols are predominantly informed by observational 
studies and expert consensus rather than large‑scale 
randomized controlled trials, resulting in an incomplete 
evidence base for optimal antibiotic selection, duration, 
and combination therapy (23,41). The heterogeneity of 
pathogen profiles, variable host immune responses, and 
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differing surgical settings further limit the generalizability 
of existing recommendations (37). These gaps underscore 
the need for high‑quality prospective research and 
multidisciplinary consensus to refine current practices 
and integrate emerging therapeutic innovations into 
standardized, evidence‑based care pathways (30,47).

Emerging novel strategies
Recent advances in orthopedic infection science have 
prompted the development of targeted strategies aimed at 
overcoming the unique biological challenges posed by FRI 
(38). Biofilm‑targeted therapies are designed to disrupt or 
eradicate the extracellular polymeric matrix that shields 
bacteria from both immune surveillance and antibiotic 
penetration (18). These approaches include enzymatic 
degradation of biofilm components, use of quorum‑sensing 
inhibitors to prevent bacterial communication, and 
application of novel antimicrobial peptides with enhanced 
biofilm‑penetrating capabilities (12,30). Additionally, 
photodynamic and ultrasound‑mediated modalities 
are being explored as adjuncts to increase susceptibility 
of biofilm‑embedded pathogens to conventional 
antimicrobials (5,34).

Local antibiotic carriers represent another significant 
innovation, providing high‑dose antimicrobial 
concentrations directly at the infection site while limiting 
systemic exposure (16). Biodegradable materials such 
as calcium sulfate or hydroxyapatite are used to deliver 
broad‑spectrum or pathogen‑specific antibiotics, 
ensuring sustained release during the critical early phases 
of infection control (20, 48). In parallel, the development 
of antimicrobial coating technologies for orthopedic 
implants—utilizing substances like silver, iodine, 
or antibiotic‑embedded polymers—aims to prevent 
microbial adhesion and biofilm establishment on implant 
surfaces (49,51). Bacteriophage therapy, re‑emerging 
with modern biotechnology, offers pathogen‑specific 
viral agents capable of infecting and lysing bacteria (7), 
including multidrug‑resistant strains, with the potential 
to complement or even replace conventional antibiotic 
regimens in selected cases (52).

Targeted interventions for early‑stage FRI
The integration of these novel modalities into early 
FRI management offers several potential benefits that 
address key shortcomings of current approaches (51). 
Biofilm‑targeted therapies directly confront the principal 
barrier to infection eradication, enhancing the penetration 
and efficacy of systemic or locally applied antimicrobials 
(41,45). By disrupting established microbial communities, 
these treatments may reduce the likelihood of recurrent 
infection and the need for radical surgical interventions 
(51). Similarly, the use of local antibiotic carriers delivers 
supra‑therapeutic antimicrobial concentrations at 
the site of infection (53), bypassing vascular delivery 
limitations and minimizing systemic toxicity, which is 

particularly advantageous in patients with renal or hepatic 
comorbidities (54).

Antimicrobial coatings on implants serve a preventive 
function, reducing initial bacterial colonization and 
biofilm formation in high‑risk scenarios (35), thereby 
preserving the stability of fixation devices and promoting 
uninterrupted bone healing (55). Bacteriophage therapy 
adds a level of pathogen specificity unmatched by 
conventional antibiotics, enabling targeted elimination of 
resistant organisms while sparing beneficial microbiota 
(2), and potentially lowering the risk of broad‑spectrum 
antimicrobial resistance (51). Collectively, these emerging 
strategies promise to shorten treatment duration, reduce 
reoperation rates, and improve long‑term functional 
outcomes (54). Their successful implementation, however, 
will depend on rigorous clinical validation, integration 
into evidence‑based protocols, and multidisciplinary 
adoption within orthopedic trauma practice (56).

Discussion
The early recognition and effective management of 
FRI remain among the most formidable challenges 
in orthopedic trauma surgery (16). The findings 
synthesized in this review reaffirm that FRI, while 
relatively infrequent in closed fractures, is a prevalent and 
significant complication in high‑energy open injuries (46), 
particularly those involving severe soft‑tissue compromise 
(53). Reported incidence rates—ranging from 1–2% in 
closed fractures to as high as 30% in Gustilo–Anderson 
type III injuries—underscore the need for context‑sensitive 
prevention strategies (55). This variability is compounded 
by geographic disparities, with low‑ and middle‑income 
regions experiencing disproportionately higher burdens 
due to delayed presentation, infrastructural constraints 
(22,48), and limited access to advanced diagnostics. Such 
disparities highlight the critical role of global health 
initiatives in standardizing perioperative infection control 
measures and ensuring equitable access to expertise and 
technology (57).

A central clinical concern identified in the results 
is the profound impact of FRI on fracture healing and 
long‑term patient function (22). The infection‑driven 
disruption of angiogenesis, osteogenesis, and soft‑tissue 
viability predisposes to delayed union or nonunion, 
often necessitating multiple reconstructive procedures 
(30). Beyond biomechanical sequelae, the sustained 
inflammatory milieu has functional and socioeconomic 
repercussions, manifesting as chronic pain, reduced 
mobility, prolonged rehabilitation (42), and substantial 
direct and indirect healthcare costs (30). These findings 
align with existing epidemiological evidence indicating 
that the treatment of infected fractures is two to five times 
more expensive than that of uncomplicated cases (47), with 
indirect costs from loss of productivity further amplifying 
the economic burden (53).

The review also draws attention to the high stakes 
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of delayed diagnosis. The nonspecific and often subtle 
clinical presentation in early FRI, coupled with the 
limited specificity of conventional inflammatory markers 
and the interpretive challenges of early‑phase imaging 
(32), continues to impede timely intervention (44). 
While the AO/EBJIS consensus has advanced diagnostic 
standardization, definitional heterogeneity regarding 
the “early” stage of infection—ranging from two to 
twelve weeks post‑fixation—remains a major obstacle to 
cross‑study comparability and guideline development 
(26). This definitional variability not only affects 
epidemiological clarity but also has direct therapeutic 
implications, as the timing window for effective DAIR 
(Debridement, Antibiotics, and Implant Retention) is 
tightly coupled to biofilm maturity (50).

Existing management paradigms, dominated by 
combinations of surgical debridement, systemic 
antibiotics, and selective implant retention, exhibit notable 
limitations(18). The delicate balance between aggressive 
bacterial eradication and preservation of fracture 
stability often forces surgical compromises (32). Implant 
removal enhances infection control in selected cases but 
risks biomechanical instability; conversely, retention 
may preserve fixation but allow biofilm persistence 
(4, 22). Systemic antimicrobial therapy encounters 
pharmacokinetic barriers at the infection site—particularly 
within the biofilm matrix and hypoperfused tissue—
and is further constrained by host comorbidities and 
antimicrobial resistance(45). Such shortcomings provide a 
strong rationale for the clinical integration of innovative 
therapeutic approaches (58).

Emerging strategies—including biofilm‑targeted agents, 
biodegradable local antibiotic carriers, antimicrobial 
implant coatings and bacteriophage therapy—offer tangible 
mechanistic advantages over conventional modalities (32, 
33). The ability to directly disrupt biofilm architecture 
or prevent bacterial adhesion at the implant–tissue 
interface addresses a core barrier to infection eradication 
(44). Local antibiotic delivery systems achieve sustained 
supra‑therapeutic concentrations while reducing systemic 
toxicity, and bacteriophages introduce a highly specific 
antibacterial modality with potential efficacy against 
multidrug‑resistant organisms (50). These innovations 
collectively promise to improve infection resolution rates, 
reduce reoperation frequency, and optimize fracture 
healing trajectories (28).

However, the transition from promising experimental 
results to robust clinical adoption requires rigorous 
evaluation (46). Many of these novel approaches remain 
under‑studied in large, comparative clinical trials, limiting 
the strength of current recommendations (38). Moreover, 
practical considerations—including cost‑effectiveness, 
regulatory approval pathways, scalability, and surgeon 
familiarity—will influence adoption (55). Multidisciplinary 
collaboration among orthopedic surgeons, infectious 
disease specialists, microbiologists (25), and biomedical 

engineers will be essential not only to refine these 
technologies but also to integrate them into standardized, 
evidence‑based care pathways (59).

The body of evidence supports an urgent need for refined 
diagnostic algorithms, early targeted therapeutic strategies, 
and equitable dissemination of novel interventions (46). 
Addressing both the microbiological and mechanical 
dimensions of FRI is imperative to improving patient 
outcomes and reducing the global burden of this 
complication (14, 46). Future research must prioritize 
standardized definitions (28), biomarker‑enhanced 
diagnostic protocols, and high‑quality clinical trials that 
assess the synergistic potential of emerging modalities 
alongside optimized conventional care (16).

Conclusion
Early FRI remains a complex, high‑impact complication 
that compromises bone healing, functional recovery, 
and healthcare resources. Diagnostic ambiguity and the 
limitations of current treatments highlight the need for 
standardized definitions and timely, targeted interventions. 
Emerging biofilm‑focused modalities, local antibiotic 
platforms, antimicrobial coatings, and bacteriophage 
therapy hold substantial promise, warranting rigorous 
clinical validation to optimize infection control while 
preserving fracture stability.
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