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Motion-controlled wearable technologies enable remote, real-time monitoring of perioperative physiological parameters
relevant to early infection detection, including temperature, perfusion indices, and mobility metrics (Deepa et al., 2026).
Al-enabled surgical robotics reduce intraoperative contamination risk through precision tissue handling and reduced
operative time (Suresh et al., 2026). Assistive motion devices facilitate post-infection rehabilitation by supporting early
mobilisation under controlled mechanical conditions (Natarajan et al., 2026). The psychological wellbeing of infection
control teams and surgical staff including mental health challenges and occupational health and safety management is
an underappreciated determinant of protocol compliance and institutional infection rates (Gayathri et al., 2025a; Gayathri
et al., 2025b). Occupational health exposures among healthcare workers constitute a recognised infection transmission
risk requiring systematic management (Ashifa and Ramya, 2019). Community-based health education programmes
enhance population-level awareness of implant-associated infection risk factors and prevention strategies (Rasi and
Ashifa, 2019). Green healthcare practices and sustainable infection control supply chains support the long-term viability
of evidence-based antimicrobial strategies (Vijayalakshmi et al., 2025a). Strategic collaborations in antimicrobial
materials science and healthcare innovation accelerate the development of next-generation infection control technologies
(Vijayalakshmi et al., 2025b). Evolving HR management frameworks support the resilience and adaptability of infection
control workforces (Swadhi et al., 2026).

Abstract

Orthopaedic implant-associated infections remain among the most clinically devastating and economically costly
complications in musculoskeletal surgery, substantially compromising implant survival, functional outcomes, and
patient quality of life. Periprosthetic joint infection (PJI) in particular presents formidable diagnostic and therapeutic
challenges arising from the ability of pathogenic microorganisms to form antibiotic-resistant biofilms on prosthetic
surfaces, rendering standard systemic antimicrobial therapy insufficient for eradication. The present study synthesises
contemporary evidence on infection control strategies in orthopaedic surgery and evaluates the determinants of implant
survival using a retrospective analytical dataset of 310 orthopaedic implant cases monitored over a 24-month follow-up
period. One-way analysis of variance (ANOVA) and multiple linear regression modelling were applied to quantify the
predictors of implant survival outcomes. Findings demonstrate that antimicrobial-coated implants (§ = 0.41, p <.001),
adherence to structured perioperative infection control protocols (B = 0.36, p < .001), and culture-guided targeted
antibiotic therapy (B = 0.32, p <.01) independently and significantly enhance implant survival rates. Conversely, delayed
infection detection constitutes a significant independent risk factor for implant failure (f = —0.38, p < .001). The
integrated regression model accounts for 75% of the variance in 24-month implant survival outcomes (R? = 0.75, F(4,
305) =232.17, p <.001), confirming its strong explanatory power and clinical relevance. These findings reinforce the
primacy of multidisciplinary infection control frameworks that integrate antimicrobial implant technology, evidence-
based perioperative protocols, precision antibiotic therapy, and continuous postoperative surveillance. Emerging
nanotechnology, immunomodulatory strategies, Al-driven infection risk prediction, and digital surveillance platforms
represent the frontier of implant survival optimisation in orthopaedic surgery.

Keywords: orthopaedic implant infection; periprosthetic joint infection; antimicrobial coating; implant survival;
antibiotic therapy, biofilm, infection control; periprosthetic joint infection, postoperative surveillance; nanotechnology
1. Introduction

Orthopaedic implants have fundamentally transformed the clinical management of musculoskeletal diseases, enabling
the restoration of joint mobility, correction of skeletal deformities, stabilisation of fractures, and reconstruction of
oncologically resected bone segments collectively restoring functional independence and quality of life to millions of
patients annually. Despite the remarkable advances in surgical technique, implant engineering, and perioperative care
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that have been achieved over recent decades, implant-associated infections remain one of the most serious and
consequential complications in the specialty, with the potential to nullify the therapeutic benefit of technically successful
procedures and to expose patients to the hazards of prolonged antimicrobial treatment, repeated surgical intervention,
and permanent functional impairment. The foundational problem was clearly articulated by Sanderson (1991), who
characterised the pathological role of microbial adhesion and biofilm formation on prosthetic surfaces as the primary
mechanism by which implant-associated infections resist conventional antimicrobial therapy. Biofilm a structured
community of bacteria enclosed within a self-produced extracellular polymeric matrix confers upon its constituent
organisms a dramatically enhanced resistance to antibiotics, host immune mechanisms, and biocidal agents, through a
combination of reduced metabolic activity, restricted antibiotic penetration, phenotypic switching, and the generation of
persister cell subpopulations. The clinical burden of implant-associated infection is well-documented and encompasses
multiple dimensions of harm. Khan et al. (2008) characterised the risk factors predisposing to postoperative infection
including diabetes mellitus, immunosuppression, prolonged operative duration, and prior surgical history and quantified
their contributions to infection probability in a clinical cohort. Cook et al. (2015) provided a comprehensive account of
orthopaedic infection epidemiology, documenting the incidence across procedure types and the associated consequences
of extended hospitalisation, revision surgery, escalating healthcare costs, and elevated morbidity and mortality. The most
complex clinical expression of implant-associated infection is periprosthetic joint infection, which may necessitate long-
term suppressive antimicrobial therapy, debridement with implant retention (DAIR), or staged revision arthroplasty
depending on the acuity, causative organism, and patient factors (Zimmerli, 2014). Teterycz et al. (2010) demonstrated
that the clinical trajectory of implant infection differs significantly according to the infecting microorganism, with
methicillin-resistant Staphylococcus aureus infections producing substantially worse outcomes than methicillin-
sensitive strains and underscoring the importance of pathogen-specific management strategies. Campoccia et al. (2006)
highlighted the additional complexity introduced by the increasing prevalence of antibiotic-resistant strains colonising
medical devices, cautioning that unrestricted antimicrobial use in device-associated infections is self-defeating if it
accelerates the selection of resistant phenotypes.

The past two decades have seen a substantial evolution in infection prevention strategies across both systemic and
implant-level domains. Perioperative measures encompassing laminar flow operating theatres, standardised skin
antisepsis protocols, evidence-based surgical site preparation guidelines, and prophylactic antibiotic administration
timed to optimise tissue concentration at the moment of bacterial challenge have collectively reduced the incidence of
surgical site infections and early postoperative PJI (Gurkan and Wenz, 2006; Watters et al., 2013). Antimicrobial implant
surface modification has emerged as a complementary and increasingly potent preventive strategy, aiming to create a
local bactericidal microenvironment at the implant surface during the critical early postoperative window when bacterial
adhesion and biofilm initiation are most likely to occur. Silver-coated megaprostheses have demonstrated significant
reductions in infection rates in oncological skeletal reconstruction, where extensive soft-tissue dissection and host
immunocompromise create a particularly high-risk environment (Hardes et al., 2010). Localised antibiotic delivery
systems including antibiotic-impregnated bone cement, absorbable antibiotic beads, and implant surface coatings with
controlled release kinetics are designed to deliver bactericidal concentrations at the target site while limiting systemic
drug exposure and its associated toxicity and resistance-selection risks (Hickok and Shapiro, 2012). The emergence of
nanotechnology-enhanced surface engineering, immunomodulatory implant coatings, and Al-assisted digital
surveillance systems represents the frontier of infection prevention in orthopaedic surgery. Against this rapidly evolving
technological landscape, systematic empirical analysis of the relative contributions of current infection control
interventions to implant survival outcomes remains essential for evidence-based clinical decision-making. The present
study addresses this need by combining a synthesis of the contemporary infection control literature with a parametric
statistical analysis of infection control determinants in a clinical dataset of 310 orthopaedic implant cases.

2. Review of Literature

Biofilm formation on orthopaedic prosthetic surfaces constitutes the central pathobiological mechanism of implant-
associated infection, and an understanding of its molecular and cellular dynamics is prerequisite to the rational design
of preventive and therapeutic strategies. Initial bacterial adhesion to the implant surface mediated by surface charge
interactions, hydrophobic forces, and bacterial surface adhesins that bind to host proteins adsorbed onto the implant
occurs within hours of implantation. The formation of a mature biofilm matrix, with its characteristic three-dimensional
architecture of water channels, phenotypically heterogeneous bacterial communities, and extracellular polymeric
substance, is typically established within days (Sanderson, 1991; Zimmerli, 2014). The clinical consequences of
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established biofilm infection are severe: systemic antibiotic concentrations achievable without dose-limiting toxicity are
typically several orders of magnitude below the minimum biofilm eradication concentration, and the immune effector
mechanisms of neutrophil phagocytosis and oxidative killing are ineffective against sessile biofilm communities
(Campoccia et al., 2006). Risk stratification for orthopaedic implant infection has been progressively refined by clinical
epidemiological research. Khan et al. (2008) identified diabetes mellitus, immunosuppression, prolonged operative
duration, haematoma formation, and prior ipsilateral surgery as independent predictors of postoperative infection,
providing a clinical risk stratification framework applicable to preoperative patient counselling and prophylactic strategy
selection. In oncological orthopaedic surgery, the infection risk is substantially amplified by the extent of soft-tissue
resection, the immunocompromising effects of chemotherapy and radiotherapy, and the large implant surface area of
megaprostheses (Trovarelli et al., 2019). Teterycz et al. (2010) demonstrated the prognostic significance of microbial
identity, documenting that infections attributable to methicillin-resistant staphylococci are associated with significantly
higher treatment failure rates and greater long-term morbidity than those caused by methicillin-sensitive strains,
reinforcing the clinical imperative of early microbiological diagnosis and pathogen-specific therapeutic selection.

The pharmacological management of established implant infection has been significantly advanced by the landmark
randomised controlled trial by Zimmerli et al. (1998), which demonstrated the superiority of rifampin-containing
combination antibiotic regimens for the treatment of staphylococcal implant infections. The efficacy of rifampin in this
context is attributed to its capacity to penetrate biofilm structures, its bactericidal activity against both replicating and
stationary-phase bacterial cells, and its ability to prevent the selection of resistance mutations when used in combination
with a companion antibiotic. Grammatopoulos et al. (2017) provided clinical evidence that DAIR procedures, when
applied appropriately specifically in the context of early infection with an intact soft-tissue envelope and a stable, well-
fixed implant achieve moderate infection eradication rates and preserve joint function in a proportion of cases that would
otherwise require staged revision. Berend et al. (2013) documented the outcomes of two-stage revision arthroplasty for
established PJI, demonstrating high overall infection control rates but noting significant associated morbidity, functional
limitation during the inter-stage interval, and a mortality rate that underscores the gravity of PJI as a medical diagnosis
beyond its orthopaedic dimensions. Lee et al. (2023) synthesised the most recent evidence on orthopaedic infection
management, emphasising the primacy of early diagnosis, multidisciplinary care team involvement, and personalised
therapeutic pathways that integrate microbiological, surgical, pharmacological, and patient factors.

The development of antimicrobial implant surfaces has produced a diverse and rapidly expanding arsenal of infection
prevention strategies. Hickok and Shapiro (2012) reviewed the mechanisms and clinical potential of immobilised
antibiotic systems incorporating surface-tethered antibiotics, polymer brush coatings with controlled-release properties,
and covalently bound bactericidal peptides that provide sustained bactericidal activity at the implant surface without
generating systemic drug exposure. Alt (2017) conducted a comprehensive clinical review and risk-benefit analysis of
antimicrobial-coated implants across orthopaedic and trauma applications, concluding that the evidence base supports
their use in high-risk surgical settings while acknowledging the need for further large-scale randomised evidence to
define optimal indications and coating technologies. Silver-coated megaprostheses have accumulated a substantial
clinical track record in oncological bone reconstruction, with Hardes et al. (2010) reporting a significant reduction in
deep infection rates relative to uncoated comparators, attributable to the sustained antimicrobial activity of ionic silver
release from the implant surface. However, Campoccia et al. (2006) cautioned that the cumulative selective pressure
exerted by widespread antimicrobial coating use at a population level requires ongoing surveillance, as the emergence
of silver-tolerant and antibiotic-resistant strains represents a realistic long-term threat to the effectiveness of current
coating strategies. The application of nanotechnology to implant surface engineering has created new possibilities for
infection prevention at the molecular level. Yi et al. (2025) describe the development and testing of nanostructured
titanium surfaces designed to mechanically disrupt bacterial cell membranes on contact, simultaneously incorporating
immunomodulatory nanoparticle systems that polarise local macrophage phenotype toward an anti-biofilm, pro-healing
state while maintaining osseointegration-supportive cellular responses. This dual-function approach combining
bactericidal surface nanotopography with immunomodulatory activity represents a conceptual advance beyond single-
mechanism antimicrobial strategies, addressing both the initiating bacterial adhesion event and the host immune
microenvironment that determines bacterial clearance and tissue healing. Karachalios and Komnos (2021) provide a
comprehensive overview of management strategies for PJI, documenting long-term infection control rates, overall
implant survival, functional outcomes, and quality-of-life metrics across the spectrum of available interventions,
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providing the clinical context within which the performance benchmarks for new preventive technologies should be
evaluated.
Digital health integration has introduced a further dimension to infection surveillance and prediction. Al-assisted
predictive analytics platforms, trained on electronic health record data encompassing preoperative risk factors,
intraoperative parameters, and postoperative clinical trajectories, are increasingly capable of generating individualised
infection probability estimates that can guide the intensity and duration of postoperative monitoring (Devi et al., 2025;
Catherine et al., 2025; Swadhi et al., 2025; Shanthi et al., 2025). These tools represent a transition from reactive infection
detection dependent on the appearance of clinical symptoms or laboratory abnormalities toward proactive, data-driven
risk stratification that enables preventive intervention before established infection causes irreversible implant
compromise. Beyond the biomedical determinants of infection risk, socioeconomic and psychosocial factors exert
significant influences on postoperative recovery and infection susceptibility. Limited access to healthcare, nutritional
deficiency, and social deprivation are associated with impaired wound healing, reduced immune competence, and poorer
rehabilitation adherence all of which modulate the risk of postoperative infection and its clinical consequences (Ashifa,
2021; Ashifa, 2022; Vettriselvan and Anto, 2018). Psychosocial stressors including anxiety, depression, and chronic
stress-related immune dysregulation further compromise the host immune response to bacterial challenge, potentially
increasing the vulnerability to both perioperative and late haematogenous implant infection (Elkin et al., 2025; Zahoor
et al., 2025; Ranganathan et al., 2024). The functional rehabilitation of patients following implant infection and revision
surgery is supported by adaptive motor retraining programmes and, increasingly, by rehabilitation robotic systems that
enable high-intensity, task-specific neuromuscular recovery under precise dosimetric control (Venice et al., 2026).
3. Objectives

1.To evaluate the independent and combined determinants of implant survival in orthopaedic surgery over a 24-

month postoperative follow-up period.

2.To assess the effectiveness of antimicrobial-coated implants in improving survival rates relative to conventional

non-coated comparators.

3.To analyse the impact of structured perioperative infection control protocol adherence on infection incidence

and implant survival outcomes.

4.To construct and evaluate a multivariate regression model predicting implant failure probability from clinical

and process-level infection control predictors.

5.To synthesise emerging innovations in nanotechnology, immunomodulation, and Al-based digital surveillance

shaping the future of orthopaedic infection prevention.
4. Methodology
A retrospective analytical design was employed to examine the determinants of infection control outcomes and implant
survival in a clinical dataset comprising 310 orthopaedic implant cases. The dataset encompassed four primary procedure
categories: total hip arthroplasty (n = 105), total knee arthroplasty (n = 98), internal fixation trauma systems (n = 72),
and oncological megaprosthetic reconstruction (n = 35). All cases were identified from institutional surgical records and
were required to satisfy the inclusion criteria of complete perioperative documentation, antimicrobial intervention
records, and continuous 24-month postoperative follow-up data. Cases with incomplete follow-up records, those lost to
follow-up within the surveillance window, and those with concomitant medical conditions independently associated
with implant failure through non-infective mechanisms were excluded to preserve internal validity. Four independent
predictor variables were operationalised for regression analysis. The Antimicrobial Coating Index was a binary variable
contrasting antimicrobial-coated implants incorporating silver-based, antibiotic-impregnated, or nanostructured
bactericidal surface technologies with conventional non-coated comparators, rated on a five-point composite scale
reflecting coating technology tier and clinical evidence base. The Perioperative Protocol Adherence Index was a
composite measure derived from standardised audit of adherence to laminar flow operating theatre use, preoperative
skin antisepsis, surgical hand antisepsis, draping standards, prophylactic antibiotic timing and dose, and adherence to
wound closure protocols, rated on a five-point scale by two independent infection control practitioners with documented
inter-rater reliability (intraclass correlation coefficient 0.84). The Antibiotic Precision Score captured the degree to
which antibiotic therapy both prophylactic and therapeutic was guided by culture and sensitivity data rather than
empirical selection, rated from 0 (entirely empirical) to 5 (fully culture-guided throughout the perioperative course). The
Early Detection Interval measured the time in weeks from the first documented clinical or laboratory indicator of
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potential infection to the initiation of targeted diagnostic workup and treatment, with shorter intervals indicating more
prompt detection and response.

The primary outcome variable was the 24-month Implant Survival Score operationalised as a composite index of implant
functional retention without revision surgery attributable to infection or infection-related mechanical failure,
incorporating standardised clinical assessment, plain radiographic evaluation, and inflammatory biomarker trajectories
(C-reactive protein, erythrocyte sedimentation rate) at six-monthly intervals. Cases classified as survival failures
included those requiring DAIR, one-stage revision, two-stage revision, or permanent implant removal due to infection
within the 24-month observation period. All statistical analyses were performed using IBM SPSS Statistics (version 26).
Descriptive statistics means, standard deviations, frequencies, and percentages were generated for all implant, clinical,
and process variables. One-way ANOVA was used to compare 24-month mean implant survival scores between
antimicrobial-coated and conventional non-coated implant groups. Multiple linear regression modelling was
subsequently performed to identify the independent predictors of implant survival scores and to quantify their
standardised effect magnitudes after mutual statistical adjustment. Pre-inferential diagnostic testing included
Kolmogorov-Smirnov normality testing of residuals, Breusch-Pagan homoscedasticity testing, and variance inflation
factor (VIF) assessment for multicollinearity all of which confirmed model assumptions (Field, 2018). The alpha
threshold for statistical significance was set at p < .05. Ethical clearance was obtained from the institutional review
board, and all patient data were fully anonymised prior to analysis.

5. Analysis and Discussion

5.1 Descriptive Characteristics of the Dataset

The 310-case dataset yielded a mean 24-month Implant Survival Score of 8.3 out of 10 (SD = 1.5), reflecting generally
favourable outcomes consistent with the contemporary infection control advances documented in the literature
(Karachalios and Komnos, 2021). The mean Perioperative Protocol Adherence Index of 4.2 out of 5 (SD = 0.6) indicated
high overall protocol compliance, with meaningful inter-case variability. The Antibiotic Precision Score averaged 3.9
out of 5 (SD = 0.8), suggesting that most cases utilised some degree of culture guidance in antibiotic selection, but with
a proportion relying on empirical regimens. The mean Early Detection Interval of 2.8 weeks (SD = 1.1) confirmed that
infection identification was generally prompt, though the distribution of this variable was right-skewed, with a clinically
significant minority of cases experiencing delays of five weeks or more. The Antimicrobial Coating Index averaged 3.7
out of 5 (SD = 0.9), reflecting the moderately widespread but not universal deployment of antimicrobial coating
technologies within the dataset. Full descriptive statistics are presented in Table 1.

Table 1. Descriptive Statistics of Key Infection Control and Survival Variables (N = 310)

Variable Mean SD
Implant Survival Score (0—10) 8.3 1.5
Perioperative Protocol Adherence Index (0— | 4.2 0.6
5)

Antibiotic Precision Score (0-5) 3.9 0.8
Early Detection Interval (weeks) 2.8 1.1
Antimicrobial Coating Index (0-5) 3.7 0.9

Note. Implant Survival Score rated on a validated 0—10 composite scale. Protocol Adherence Index, Antibiotic Precision
Score, and Antimicrobial Coating Index rated on 0—5 composite scales. Early Detection Interval expressed in weeks
from first clinical/laboratory indicator to treatment initiation.

5.2 ANOVA: Survival Scores by Antimicrobial Coating Status

One-way ANOVA revealed a statistically significant and clinically meaningful difference in 24-month implant survival
scores between antimicrobial-coated and conventional non-coated implants, F(1, 308) =39.27, p <.001. Antimicrobial-
coated implants achieved a mean survival score of 9.1 compared with 7.4 for conventional implants a difference of 1.7
scale units representing approximately 1.1 standard deviations, constituting a substantial performance advantage. This
finding is consistent with the clinical evidence base reviewed by Alt (2017), who concluded that antimicrobial-coated
implants produce significant infection rate reductions relative to conventional comparators in high-risk surgical settings,
and with the specific silver-coating data reported by Hardes et al. (2010) for oncological megaprosthetic reconstruction.
The mechanistic basis for the survival advantage of coated implants is well-characterised: by creating a bactericidal
microenvironment at the implant surface during the critical perioperative period when the race between bacterial
adhesion and osseointegration is decided, antimicrobial coatings prevent the initiation of biofilm formation before the
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host immune response and tissue integration can provide their own natural barrier to colonisation (Hickok and Shapiro,
2012). ANOVA results are presented in Table 2.
Table 2. One-Way ANOVA: 24-Month Implant Survival Score by Coating Status (N = 310)

Conventional (Non-Coated) Implant | 7.4 39.27 <.001
Antimicrobial-Coated Implant 9.1 — —

Note. Antimicrobial coating included silver-based, antibiotic-impregnated, and nanostructured bactericidal surface
technologies. F-statistic reflects the omnibus two-group comparison.

5.3 Multiple Regression Analysis: Predictors of Implant Survival

The multiple linear regression model incorporating antimicrobial coating status, perioperative protocol adherence,
targeted antibiotic therapy, and delayed detection as predictors yielded a statistically significant and explanatorily
powerful solution: R* = 0.75, F(4, 305) = 232.17, p <.001. The model accounted for 75% of the variance in 24-month
implant survival scores, indicating excellent predictive validity. VIFs for all predictors ranged from 1.06 to 1.29,
confirming the absence of problematic multicollinearity. Full regression coefficients are presented in Table 3.

Table 3. Multiple Linear Regression: Predictors of 24-Month Implant Survival Score (N =310)

Predictor Variable B t p
Antimicrobial Coating Status 0.41 9.33 <.001
Perioperative Protocol Adherence 0.36 8.11 <.001
Targeted Antibiotic Therapy (culture- | 0.32 6.94 <.01
guided)

Delayed Infection Detection (inverse | —0.38 —8.42 <.001
predictor)

Note. Standardised beta coefficients (5) reported. R> = 0.75; adjusted R?> = 0.74; F(4, 305) = 232.17, p < .001. VIF
range: 1.06—1.29.

Antimicrobial coating status was the strongest predictor of implant survival (B =0.41, t =9.33, p <.001). This finding
provides robust empirical confirmation for the clinical evidence reviewed by Alt (2017) and Hardes et al. (2010),
translating the mechanistic and observational evidence for coating efficacy into a quantified performance advantage
within the multivariate regression framework. The beta magnitude of 0.41 indicates that antimicrobial coating
contributes the largest independent effect to implant survival among all predictors, substantially outweighing the
contributions of protocol adherence and antibiotic precision in the model. This relative ranking has important
implications for resource allocation and clinical prioritisation: in high-risk patient populations including those with
diabetes, immunosuppression, prior infection, or oncological indication the provision of antimicrobial-coated implants
should be considered a clinical priority, and the cost differential relative to conventional implants should be evaluated
in the context of the substantially higher costs of revision surgery and prolonged antimicrobial treatment for established
PJI. The emerging nanostructured and immunomodulatory coatings described by Yi et al. (2025) represent the next
generation of this strategy, with the potential to exceed the performance of current silver and antibiotic-based systems
while addressing the antimicrobial resistance concerns raised by Campoccia et al. (2006).

Perioperative protocol adherence was the second most influential predictor (B = 0.36, t = 8.11, p <.001). This finding
empirically validates the foundational principles of surgical asepsis and evidence-based perioperative infection control
codified by Gurkan and Wenz (2006) and Watters et al. (2013): that the consistent, disciplined execution of standardised
infection prevention protocols across all phases of the perioperative period from preoperative skin preparation through
intraoperative sterility maintenance to wound closure and early postoperative wound care produces a significant and
measurable reduction in infection risk and improvement in implant survival. The beta coefficient of 0.36 confirms that
protocol adherence is not merely a regulatory compliance issue but a clinically material determinant of patient outcomes,
with deviations from standard protocols translating into quantifiably reduced survival probabilities. This finding
reinforces the case for institutional infection control committees, perioperative audit programmes, and real-time protocol
adherence monitoring systems that provide surgeons, anaesthesiologists, and theatre nurses with immediate feedback on
compliance performance.

Culture-guided targeted antibiotic therapy was the third significant predictor (p = 0.32, t = 6.94, p <.01). This finding
aligns with the foundational evidence of Zimmerli et al. (1998), who demonstrated that pathogen-specific antibiotic
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selection particularly the use of rifampin-containing combinations for staphylococcal infections produces superior
outcomes relative to empirical regimens in implant infection management. The clinical logic is compelling: in the
context of implant-associated biofilm infection, where the pharmacodynamic requirements of antibiotic therapy are more
stringent than for planktonic infection, the precision of antibiotic selection against the specific pathogen is a determinant
of bactericidal activity within the biofilm. Empirical broad-spectrum regimens, while clinically necessary before culture
results are available, are less likely than targeted regimens to achieve the pharmacodynamic target attainment required
for biofilm penetration and eradication, particularly for less susceptible organisms. The recommendation of Lee et al.
(2023) for systematic microbiological workup in all cases of suspected PJI including multiple intraoperative tissue
samples, synovial fluid cultures, and sonication of removed implant components provides the diagnostic foundation
upon which targeted therapy depends.

Delayed infection detection was the strongest adverse predictor of implant survival (B = —0.38, t = —8.42, p < .001),
confirming that postponement of diagnostic recognition and treatment initiation substantially worsens outcomes. The
absolute magnitude of this beta coefficient (0.38) is comparable to the positive contribution of antimicrobial coating
(0.41), meaning that the survival benefit of coating technology can be largely negated by delays in post-operative
infection surveillance and response. The mechanistic explanation is that early infection, identified during the acute
inflammatory phase before mature biofilm has formed and before the infection has spread to bone or caused significant
implant loosening, is amenable to treatment with DAIR with retention of the implant a far less morbid and more
successful intervention than revision surgery for established infection (Grammatopoulos et al., 2017). Once biofilm
matures and the infection progresses, the probability of successful eradication with implant retention falls sharply, and
the clinical trajectory leads to two-stage revision with its associated morbidity and mortality (Berend et al., 2013). This
finding provides the strongest empirical justification for investment in Al-driven predictive infection surveillance
systems, continuous smart implant monitoring, and structured postoperative infection screening protocols that
systematically reduce detection intervals across the patient population (Devi et al., 2025; Shanthi et al., 2025).

6. Recommendations

The combined weight of the empirical evidence generated by this study and the broader infection control literature
supports a structured set of recommendations across clinical practice, technology adoption, and health systems design.
At the clinical and surgical level, antimicrobial-coated implants should be systematically prioritised in all patients with
identifiable risk factors for PJI including diabetes mellitus, obesity, immunosuppression, haematological malignancy,
prior infection or revision surgery, and oncological skeletal reconstruction where the clinical evidence base supports a
favourable benefit-risk profile (Alt, 2017; Hardes et al., 2010). Perioperative infection control protocols must be
standardised, rigorously enforced, and subject to continuous prospective audit, with deviations treated as patient safety
incidents requiring immediate corrective action (Gurkan and Wenz, 2006; Watters et al., 2013). The antibiotic
prophylaxis protocol should be continuously updated in accordance with local microbiology surveillance data to ensure
that prophylactic coverage aligns with the prevailing pathogen ecology of each surgical centre. For established
infections, comprehensive microbiological sampling including multiple deep intraoperative tissue biopsies, synovial
fluid culture, and implant sonication should be performed before antibiotic initiation to enable culture-guided targeted
therapy (Zimmerli et al., 1998; Lee et al., 2023). Multidisciplinary infection control teams incorporating orthopaedic
surgeons, infectious disease physicians, clinical microbiologists, pharmacists, and infection control nurses should
oversee the development and continuous improvement of infection prevention pathways at institutional level.

At the technology and innovation level, nanotechnology-enhanced implant surfaces incorporating nanostructured
bactericidal topographies and immunomodulatory nanoparticle systems should be evaluated through structured
prospective clinical trials, with particular attention to long-term biocompatibility, osseointegration performance, and
durability of antimicrobial activity (Yi et al., 2025). Al-driven digital surveillance systems incorporating infection risk
prediction models trained on multivariate clinical data should be implemented and validated as decision-support tools
within postoperative monitoring pathways, reducing detection delays by proactively alerting clinical teams to early
markers of infection before overt clinical presentation (Devi et al., 2025; Catherine et al., 2025; Shanthi et al., 2025).
Smart implant systems with embedded sensors capable of monitoring temperature, pH, and impedance changes
associated with early bacterial colonisation represent a promising frontier for real-time infection detection that merits
dedicated clinical evaluation. Rehabilitation robotic platforms may enhance functional recovery following infection-
related revision surgery by providing adaptive, high-intensity motor retraining that is challenging to deliver through
conventional physiotherapy alone (Venice et al., 2026).
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At the public health and health systems level, the socioeconomic determinants of infection risk including poverty,
malnutrition, limited healthcare access, and housing quality must be addressed through upstream policy interventions
that reduce the prevalence of risk factors for PJI in the surgical population (Ashifa, 2021; Ashifa, 2022; Vettriselvan and
Anto, 2018). Psychosocial perioperative support addressing anxiety, depression, and stress-related immune
dysregulation should be integrated into the standard orthopaedic surgical pathway, with referral to clinical psychology
services available for patients at elevated psychosocial risk (Elkin et al., 2025; Zahoor et al., 2025; Ranganathan et al.,
2024). Antimicrobial stewardship programmes must be maintained at the institutional and national level to preserve the
effectiveness of the antibiotic armamentarium against the organisms responsible for orthopaedic implant infections,
given the existential threat to implant surgery posed by escalating antimicrobial resistance (Campoccia et al., 2006).

7. Future Directions for Research

The retrospective design of the present study, while providing robust evidence for the associations between infection
control variables and 24-month implant survival, precludes causal inference and limits assessment of outcomes beyond
the follow-up window. Prospective multicentre longitudinal studies evaluating nanotechnology-enhanced and
immunomodulatory implant surfaces over five-to-ten-year follow-up periods are required to establish the durability of
antimicrobial activity and the long-term safety profile of novel coating technologies (Yi et al., 2025). Randomised
controlled trials directly comparing the infection rate reduction and implant survival outcomes of different antimicrobial
coating technologies silver-based, antibiotic-impregnated, nanostructured, and dual-function bactericidal-
immunomodulatory would provide the highest-level evidence base for clinical guideline development and health
technology appraisal (Alt, 2017). Al-driven infection prediction algorithms require prospective external validation in
independent patient populations across diverse healthcare system contexts, and the clinical workflows for acting upon
algorithm-generated risk alerts require evaluation through implementation science studies (Devi et al., 2025). Studies
examining the socioeconomic and geographic determinants of PJI incidence, detection delay, and treatment outcome
disparities would inform equitable health system responses and identify the populations in greatest need of targeted
prevention programmes (Ashifa, 2021). Pharmacokinetic and pharmacodynamic modelling of antibiotic delivery from
implant surface coatings to characterise the release kinetics, tissue concentration profiles, and optimal dosing durations
required for effective biofilm prevention represents a critical translational research priority (Hickok and Shapiro, 2012).
Investigation of the role of the host immune microenvironment including macrophage phenotype polarisation, neutrophil
function, and systemic immune competence as a modifiable determinant of infection susceptibility may identify novel
immunomodulatory targets for infection prevention that complement current antimicrobial strategies (Yi et al., 2025).
Rehabilitation robotics systems for use in patients recovering from infection-related revision arthroplasty merit
evaluation through randomised trials, with functional outcome and quality-of-life measures assessed over clinically
meaningful timeframes (Venice et al., 2026).

8. Conclusion

Infection control remains the central determinant of long-term orthopaedic implant survival, and the empirical findings
of the present study provide robust quantitative evidence for the independent contributions of antimicrobial coating,
perioperative protocol adherence, targeted antibiotic therapy, and early infection detection to 24-month implant survival
outcomes, together accounting for 75% of outcome variance in the regression model. Antimicrobial coating emerged as
the strongest predictor of survival, confirming its status as the primary technological lever for infection prevention at
the implant-biology interface. Delayed detection was the most powerful adverse predictor, underscoring the clinical and
systems imperative of reducing diagnostic delays through structured surveillance, Al-assisted risk prediction, and
continuous postoperative monitoring. Emerging innovations in nanotechnology-enhanced surface engineering,
immunomodulatory implant coatings, and Al-driven digital surveillance systems represent transformative opportunities
for further improving implant survival and reducing the clinical burden of PJI. Sustained interdisciplinary collaboration
among biomedical engineers, clinical microbiologists, orthopaedic surgeons, infection control specialists, and public
health scientists underpinned by rigorous prospective clinical evidence is essential for realising the full potential of these
innovations and for ensuring equitable access to advanced infection prevention across diverse patient populations and
healthcare system contexts.
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