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Abstract

Background

Healthcare-associated infections (HAIs) pose a major global challenge, affecting millions annually with
higher rates in low- and middle-income countries (LMICs) compared to high-income settings, driven by
antimicrobial resistance (AMR), device use, and pandemics like COVID-19.

Methods

This comprehensive review synthesizes evidence from epidemiological data, historical analyses,
intervention trials, and implementation science frameworks (e.g., RE-AIM, EPIS, COM-B), covering hand
hygiene, device bundles, stewardship, and innovations like Al and UV disinfection.

Results

Core practices such as multimodal hand hygiene and bundles reduced CLABSIs by over 50% and VAP by
55%; technological advances like Al surveillance and robotic disinfection achieved 20-50% HAI drops;
multimodal strategies outperformed single interventions amid persistent barriers like staffing shortages.

Conclusions

Integrated, evidence-based IPC demands multimodal implementation, leadership, and innovations to bridge
gaps in AMR, equity, and LMICs; future One Health approaches with stewardship and resilient
infrastructure promise scalable HAI reductions.

Keywords Healthcare-associated infections, Infection prevention and control, Antimicrobial resistance,
Hand hygiene, CLABSI, CAUTI, VAP, Multidrug-resistant organisms.
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Introduction

Healthcare-associated infections (HAIs) represent a persistent and formidable challenge in modern
healthcare systems worldwide, manifesting as infections acquired by patients during medical care that were
absent upon admission. These infections, often preventable through rigorous protocols, impose staggering
clinical, economic, and societal burdens, exacerbated by evolving microbial threats and systemic
vulnerabilities. This review section delineates the transition from historical infection control paradigms to
contemporary evidence-based implementations, underscoring the imperative for integrated strategies that
bridge scientific insights with practical application (Almeida, 2015).

The global burden of HAIs is immense, affecting millions annually and straining healthcare infrastructures
across diverse economic strata, with incidence rates varying markedly between high-income countries
(HICs) and low- and middle-income countries (LMICs). In HICs, approximately 7 out of every 100 acute-
care hospital patients acquire at least one HAI, while in LMICs, this figure doubles to 15 per 100 patients,
leading to prolonged hospital stays, escalated mortality, and exorbitant costs estimated at tens of billions of
dollars yearly. For instance, Europe reports around 4.8 million HAIs in acute-care hospitals annually,
contributing to 25 million extra hospital days and €13-24 billion in expenses, while globally, 136 million
cases of antibiotic-resistant HAIs occur each year, predominantly in middle-income nations like China,
India, and Pakistan, where burdens reach 52 million, 9 million, and 10 million cases respectively, rivaling
the scale of major infectious diseases such as malaria. In the United States alone, HAIs cause nearly 1.7
million infections and 99,000 deaths yearly, with economic repercussions exceeding $20-33 billion, driven
by prevalent types like catheter-associated urinary tract infections (30-40% of cases), surgical site infections
(20-24%), ventilator-associated pneumonia (24-27%), and central line-associated bloodstream infections
(10-15%), often compounded by multidrug-resistant organisms responsible for up to 20% of pathogens.
LMIC:s face disproportionately higher ICU rates up to 30% overall, 2-20 times elevated compared to HICs
fueling disability-adjusted life years that surpass those of tuberculosis or influenza in some regions, with
respiratory tract infections comprising 21-33% of cases in acute and long-term care facilities, underscoring
the urgent need for enhanced surveillance and resource allocation to mitigate this pervasive epidemic
(Balasubramanian et al., 2023).

Historically, infection control emerged from seminal observations in the mid-19th century, with Florence
Nightingale's advocacy for sanitation emphasizing clean air, water, drainage, and light reducing Crimean
War mortality from 42% to 2% through rudimentary hygiene, predating germ theory. The 1950s epidemics
of penicillin-resistant Staphylococcus aureus in U.S. hospital nurseries catalyzed formalized programs,
evolving by the 1960s into hospital-based surveillance models applying public health principles like
epidemic investigation and targeted interventions, with the CDC's pivotal SENIC study (1970s)
demonstrating that structured programs halved HAI rates, prompting Joint Commission mandates in 1976
for universal adoption. Modern challenges have intensified this legacy: antimicrobial resistance (AMR)
now drives 63.5% of resistant bacterial infections linked to healthcare, with over 5 million global deaths in
2019, while the COVID-19 pandemic reversed gains, surging resistant HAIs by 15% in 2020, fungal
infections by 60%, and multidrug-resistant pathogens like CRE and VRE by up to 78%, paralleling HAI
spikes amid disrupted stewardship and heightened device use. Pandemics amplify transmission via
overwhelmed systems, with 46% of severe COVID-19 patients in Italian ICUs developing HAIs (50%
ventilator-associated pneumonia), prolonging ventilation and doubling septic shock mortality, while AMR
pathogens like Pseudomonas aeruginosa and Acinetobacter baumannii exhibit 30-50% fatality in vulnerable
settings. These dynamics, intertwined with socioeconomic disparities demand adaptive strategies beyond
historical surveillance, integrating stewardship, environmental controls, and rapid diagnostics to counter
evolving threats like CRE (26-44% attributable mortality) and MRSA (50% of U.S. nosocomial S. aureus)
(Almeida, 2015).

This review delineates objectives to synthesize evidence from epidemiological data, intervention trials, and
implementation science, scoping modern infection control from hand hygiene and device bundles to
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stewardship programs, environmental innovations, and behavioral nudges, with a focus on high-burden
contexts like ICUs and LMICs. The scope encompasses global HAI epidemiology, historical evolution,
contemporary barriers including AMR and pandemics, and pragmatic pathways for translating evidence
into scalable implementations, prioritizing measurable outcomes like reduced incidence (e.g., 55% for VAP,
65-70% for CAUTI/CLABSI) while acknowledging gaps in underreported regions. By bridging theory and
practice, this synthesis aims to equip clinicians, policymakers, and researchers with actionable frameworks
for HAI eradication (Szab¢ et al., 2022).

Historical and Epidemiological Foundations

The evolution of infection prevention and control (IPC) traces back to pre-20th century milestones rooted
in early observations of disease transmission long before the germ theory gained acceptance, with pioneers
like Ignaz Semmelweis in 1846 demonstrating dramatic reductions in puerperal fever mortality through
handwashing with chlorinated lime solutions after recognizing cadaver contamination risks among medical
students, while John Snow's 1854 cholera investigation in London used epidemiologic mapping to identify
contaminated water pumps as the source, removing the handle to halt the outbreak despite prevailing
miasma theories. These intuitive interventions highlighted contact and fecal-oral transmission principles,
though initially rejected, laying groundwork for systematic hygiene practices amid recurrent plagues,
smallpox epidemics, and quarantine measures in medieval Europe and beyond, where isolation hospitals
and fumigation emerged as rudimentary barriers against airborne and droplet spread. Formal IPC structures
solidified in the mid-19th century with Joseph Lister's 1867 antiseptic surgery using carbolic acid sprays,
Florence Nightingale's emphasis on sanitation during the Crimean War, and legislative responses like
mandatory smallpox vaccination campaigns, culminating in global eradication strategies by 1976 through
surveillance-containment models that prefigured modern IPC frameworks (Torriani & Taplitz, 2010).

The antibiotic era ushered transformative shifts from the 1940s onward, with penicillin's discovery by
Alexander Fleming in 1928 and widespread deployment during World War II revolutionizing treatment of
bacterial infections like staphylococcal outbreaks, yet rapidly fostering resistance such as methicillin-
resistant Staphylococcus aureus (MRSA) by the 1960s, prompting the U.S. establishment of hospital IPC
programs in the 1950s amid national nosocomial epidemics. This period evolved into bundled interventions
by the late 20th century, exemplified by the 1976 SENIC study revealing 32% HAI reductions through
organized surveillance, feedback to surgeons, and dedicated staffing, alongside multimodal strategies like
hand hygiene campaigns and catheter bundles that integrated asepsis, barriers, and checklists. Landmark
CDC guidelines in the 1980s-2000s standardized universal precautions against bloodborne pathogens,
while antimicrobial stewardship addressed resistance surges, transitioning IPC from reactive isolation to
proactive, evidence-based bundles targeting high-risk procedures and multidrug-resistant organisms
(MDROs) (Soni et al., 2025).

Post-COVID shifts marked a paradigm acceleration since 2020, amplifying IPC beyond traditional HAIs
to encompass respiratory pandemics through reinforced universal masking, airborne isolation protocols,
serial testing, and PPE extensions amid supply shortages, resulting in unintended declines in non-COVID
HAISs like Clostridioides difficile infections (CDI) due to visitor restrictions and hypervigilance. Enhanced
environmental disinfection with hypochlorite for spores, cycle threshold-guided de-isolation, and
multidisciplinary rounding integrated digital surveillance and reusable gowns, while sustaining gains via
core interventions like hand hygiene amid workforce burnouts. These adaptations emphasized resilience,
with global frameworks now prioritizing equity in LMICs through WHO roadmaps blending behavioral
science, technology, and policy for sustained post-pandemic IPC evolution (Alsuhaibani et al., 2022).

Current epidemiology of healthcare-assocadmissions thoughHAIs) reveals stark incidence variations by
setting, with U.S. acute care hospitals reporting approximately 1.7 million cases annually pre-pandemic at
5-10% of admissions though recent CDC data shows 13% CLABSI drops in 2023 across ICUs (20%),
wards (8%), and NICUs (13%) while long-term care facilities (LTCFs) experienced 1.08 infections per
1,000 resident-days in 2024, a 9.1% rise from 2023 signaling upward trends post-COVID. Low- and
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middle-income countries (LMICs) bear disproportionate burdens, with HAI prevalence at 22% overall and
37% in Southeast Asia, driven by resource constraints amplifying surgical site infections (SSIs) and device-
related events up to 3-5 times higher than high-income settings. Global disparities underscore targeted
surveillance needs, as LMIC LTCFs and hospitals lag in reporting, exacerbating vulnerabilities in
overcrowded wards (Kepner et al., 2025).

Key pathogens dominating HAI epidemiology include MDROs like MRSA, vancomycin-resistant
Enterococcus (VRE), carbapenem-resistant Enterobacterales, and Clostridioides difficile, alongside
Acinetobacter and Pseudomonas in ventilated patients, with risk factors stratified into patient-inherent (age,
immunosuppression, comorbidities via Charlson Index) and iatrogenic elements (central venous
catheterization, urinary bladder catheterization, mechanical ventilation, prolonged hospitalization).
Procedure-dependent risks elevate odds via breaches in asepsis, while environmental factors like bed
spacing and antibiotic exposure compound transmission in high-acuity units; novel scores like Czerniak
integrate ADL/Norton functional status, NRS-2002 nutrition risk, and CVC/UBC needs for 82-94% HAI
prediction accuracy. Respiratory (pneumonia 15-22%), urinary (32%), bloodstream (14%), and SSIs (22%)
predominate, with MDROs thriving in LMICs due to poor stewardship (Czerniak et al., 2024).

Economic and mortality impacts of HAIs exact profound tolls, claiming ~99,000 U.S. lives yearly pre-
pandemic primarily from pneumonia (36,000) and bloodstream infections (31,000) with global LMIC
estimates at 4.8 million cases and 500,000 deaths in 2022, incurring $13 billion annually (1.14% GDP,
$15.70 per capita) dominated by pharmaceuticals ($1,044 median per case). High-income settings tally
$4.5-11.5 billion in excess costs from prolonged stays (median $2,047 loss per HAI), while LMICs amplify
via disability and readmissions, totaling societal burdens exceeding $30 billion when factoring indirect
losses. Attributable mortality reaches 10-30% for severe HAIs, underscoring IPC's return on investment
through 30-70% preventability via bundles (Wright, 2014).

Core Evidence-Based Practices

Hand hygiene stands as the cornerstone of modern infection control practices, with the World Health
Organization's multimodal strategy emphasizing the "5 Moments" framework before touching a patient,
before clean/aseptic procedures, after body fluid exposure risk, after touching a patient, and after touching
patient surroundings to standardize opportunities for intervention and foster behavioral change through
system-level support like alcohol-based handrub availability, education, performance feedback, visual
reminders, and institutional safety culture. This approach has demonstrated moderate improvements in
compliance, yet global hospital rates often remain below 50%, hampered by barriers such as heavy
workloads, skin irritation from frequent washing, lack of sinks or sanitizer at point-of-care, forgetfulness
amid multitasking, and insufficient leadership accountability, with studies showing transient peaks during
crises like COVID-19 that decline due to sanitizer shortages and fatigue. Efficacy data from multimodal
implementations reveal risk reductions in healthcare-associated infections by up to 40-50% when sustained
above 60% compliance, underscoring the need for ongoing audits and tailored overcoming of cognitive
biases like optimism about low personal risk (Ben Fredj et al., 2020).

Personal protective equipment (PPE) efficacy hinges on proper selection and use, particularly N95
respirators which outperform surgical masks in randomized controlled trials by reducing laboratory-
confirmed respiratory infections with relative risks as low as 0.17 for SARS-CoV viruses and 0.62 overall
for viral episodes among healthcare workers, thanks to their tight fit filtering 95% of airborne particles
during high-risk aerosol-generating procedures. Donning and doffing protocols are critical, as improper
sequencing such as touching contaminated outer surfaces before removal can lead to self-contamination
rates exceeding 30% without training, while pandemic trials from COVID-19 reinforced N95 superiority
with 74% efficacy against droplet-transmitted pathogens when worn continuously versus targeted use.
Barriers to implementation include fit-testing challenges for diverse facial structures, discomfort causing
premature doffing, supply chain disruptions, and training gaps, yet structured simulations have boosted
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proficiency by over 80%, highlighting the value of layered PPE ensembles (gowns, gloves, eye protection)
integrated with hand hygiene for comprehensive droplet and contact precaution (Soleman et al., 2023).

Environmental cleaning transcends manual wiping to incorporate no-touch technologies like ultraviolet-C
(UV-C) and hydrogen peroxide vapor systems, which achieve 2-4 log reductions in multidrug-resistant
organisms such as C. difficile spores on high-touch surfaces where manual methods falter due to
inconsistent coverage and human error. Randomized controlled trials and quasi-experimental studies report
UV-C room disinfection lowering healthcare-associated infection incidence by 20-50% in terminal cleaning
post-discharge, with vaporized hydrogen peroxide excelling against biofilms by penetrating crevices for
sporicidal effects superior to bleach in some settings, though cycle times of 2-4 hours limit real-time use.
Key barriers encompass high upfront costs, operator training for device positioning to avoid shadowing,
integration into workflows without delaying turnover, and validation of microbial burden pre- and post-
intervention, yet multimodal strategies combining these with fluorescent markers for auditing have
sustained environmental contamination below 10% (Sun et al., 2023).

Device bundles for central line-associated bloodstream infections (CLABSIs) and catheter-associated
urinary tract infections (CAUTIs), pioneered by the Institute for Healthcare Improvement (IHI), integrate
evidence-based checklists encompassing hand hygiene, maximal sterile barriers, chlorhexidine skin
antisepsis, optimal site selection, daily review of necessity, and prompt removal yielding over 50%
reductions in infection rates across surgical ICUs, preventing thousands of events and associated mortality.
Compliance with full bundle elements correlates with 68% CLABSI drops and similar CAUTI declines
through standardized protocols that mitigate biofilm formation and hub colonization, supported by
prospective audits showing sustained efficacy when bundled with education and feedback loops. Barriers
include variable interprofessional adherence due to competing priorities, lapses in documentation, resource
limitations in staffing, and resistance to protocol rigidity, addressed effectively by unit-based champions
and real-time dashboards that elevate bundle observance to 95% for maximal impact (Sacks et al., 2014).

Pathogen and Setting-Specific Strategies

Methicillin-resistant Staphylococcus aureus (MRSA) remains a leading cause of healthcare-associated
infections, particularly surgical site infections and bloodstream infections, prompting the development of
multifaceted prevention bundles that emphasize active screening upon admission, nasal decolonization with
mupirocin, chlorhexidine bathing, contact precautions, and enhanced environmental cleaning to interrupt
transmission chains in high-risk environments like surgical wards and intensive care units. These bundles
have demonstrated substantial reductions in MRSA transmission rates, with studies reporting declines from
5.8 to 3.0 per 1,000 bed-days and significant drops in nosocomial infections from 2.0 to 1.0 per 1,000 bed-
days following implementation, alongside a 65% reduction in orthopedic MRSA surgical site infections and
notable decreases in cardiac procedures. Despite these successes, challenges persist including high
implementation costs associated with universal screening and decolonization agents, variable staff
adherence due to workflow disruptions and training needs, and the emergence of chlorhexidine-resistant
strains that undermine long-term efficacy, necessitating ongoing surveillance and bundle refinement (C.-Y.
Chien et al., 2014).

Clostridium difficile infection (CDI) prevention hinges on antibiotic stewardship programs to curb
inappropriate broad-spectrum use, coupled with rigorous isolation protocols including single-room
placement or cohorting, dedicated equipment, and prolonged contact precautions beyond symptom
resolution, often extended until discharge to prevent spore-mediated environmental persistence. Evidence
supports these measures alongside enhanced environmental disinfection with sporicidal agents like bleach,
hand hygiene with soap and water over alcohol-based products, and surveillance for early case detection,
achieving reductions in CDI incidence when bundled with stewardship that significantly lowers infection
rates inpatient settings. Key challenges include diagnostic delays from reliance on insensitive toxin assays
or multiplex panels without clinical correlation, leading to missed community-onset cases in up to 13% of
instances with associated increases in intensive care admissions, readmissions, surgeries, and mortality,
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compounded by stewardship non-adherence and resource limitations in resource-constrained facilities
(Balsells et al., 2016).

Carbapenem-resistant Enterobacteriaceae (CRE) and vancomycin-resistant Enterococci (VRE) demand
stringent contact precautions with gowns and gloves for colonized or infected patients, alongside admission
screening from high-risk sources, hand hygiene optimization, device bundle adherence to minimize
invasive lines, and cohorting in negative-pressure rooms where feasible to address their multidrug
resistance profiles and fecal-oral transmission routes. While contact precautions show mixed efficacy, with
some ftrials indicating minimal impact on MRSA or VRE transmission due to compliance issues and
importation pressures, bundled approaches incorporating environmental decontamination and antibiotic
oversight have curbed CRE incidence by up to 16-fold in outbreak settings through hygiene intensification
and reduced device utilization. Transmission dynamics pose formidable challenges, including high
environmental persistence, asymptomatic carriage facilitating silent spread, higher VRE importation and
transmission rates compared to MRSA, lower clearance dynamics for VRE, and difficulties in resource-
poor settings where screening and isolation strain capacities, underscoring the need for tailored
interventions beyond standard precautions (Khader et al., 2021).

Intensive care units (ICUs) and surgical environments require tailored bundles for ventilator-associated
pneumonia (VAP) and surgical site infections (SSIs), integrating head-of-bed elevation, daily sedation
vacations, oral chlorhexidine rinses, subglottic suctioning, and ventilator bundles with SSI protocols like
preoperative chlorhexidine showers, timely antibiotic prophylaxis, normothermia maintenance, glycemic
control, and wound protectors to target aerosolized pathogens and procedural contamination.
Implementation across specialties has yielded significant SSI reductions, from predicted rates to
standardized infection ratios below 1.0 post-bundle, with full adherence dropping incidence to 0.3% versus
4.0% partial compliance, particularly in colorectal and cardiac surgeries where complex >11-element
bundles prove most effective. Challenges encompass multidisciplinary coordination, audit feedback gaps,
and cultural resistance, yet sustained application mitigates VAP through gram-negative and MRSA coverage
adjustments based on local epidemiology (Y. Chien et al., 2024).

Long-term care facilities adapt high-priority bundles to chronic colonization burdens by emphasizing hand
hygiene campaigns, staff cohorted assignment, environmental sporicidal cleaning, and stewardship to
combat MRSA and CDI persistence amid frequent antibiotic exposure and device use, achieving infection
reductions in cluster trials though short-term follow-up limits durability assessments. Ambulatory and low-
to middle-income country (LMIC) settings necessitate resource-adapted strategies such as simplified SSI
bundles with soap-water pre-op baths, saline irrigation, triclosan sutures, and tape dressings per WHO
guidelines, alongside LMIC-focused CRE controls via handwashing renewal, equipment sterilization, and
catheter minimization to counter high endemicity exceeding 50% prevalence. Implementation barriers
include audit inconsistencies, clinician non-compliance, and cultural inertia, but these yield SSI drops from
101 to 29 cases in high-volume contexts, highlighting scalability through education and feedback (Gould,
2013).

Organizational and Human Factors

Effective infection prevention and control (IPC) programs require robust organizational structures and
dedicated human resources to translate evidence into daily practice, particularly in high-volume healthcare
settings where healthcare-associated infections (HAIs) pose substantial risks. Optimal staffing ratios, such
as one infection preventionist (IP) per 200-300 beds, have been established through seminal studies like the
Study on the Efficacy of Nosocomial Infection Control (SENIC), which demonstrated that dedicated IPC
personnel significantly reduce HAI rates by enabling intensive surveillance and intervention activities. In
contemporary assessments using the WHO Infection Prevention and Control Assessment Framework
(IPCAF), only about 40-50% of hospitals achieve these benchmarks, with secondary facilities often
understaffed at ratios exceeding one IP per 250 beds, leading to overburdened teams and compromised
program efficacy; for instance, surveys of U.S. and Chinese hospitals report median staffing at one IP per
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167-186 beds in larger institutions, highlighting economies of scale but also persistent shortages that
correlate with higher HAI incidence. Multidisciplinary IPC teams, comprising physicians, nurses, and
support staff, further enhance program functionality by integrating clinical expertise with epidemiological
oversight, as evidenced by higher IPCAF scores in facilities with formalized teams supported by senior
leadership (Jin et al., 2025).

Surveillance and auditing systems form the backbone of IPC program structures, providing real-time data
for risk identification and quality improvement while ensuring accountability in HAI prevention efforts.
Comprehensive surveillance encompasses ongoing collection, analysis, and interpretation of HAI data such
as device-associated infections, surgical site infections, and priority pathogens often leveraging informatics
support in 76-94% of advanced programs, with feedback loops disseminated to frontline staff via reports
and interactive sessions to drive behavioral change. Auditing complements surveillance by evaluating
adherence to core practices like hand hygiene, catheter care, and environmental cleaning, with over 90% of
hospitals monitoring key indicators such as waste management and sterilization; however, gaps persist in
process audits for vulnerable populations and resource-limited settings, where electronic systems and
machine learning integration are emerging to automate detection and predict outbreaks, reducing manual
workload. Robust systems not only benchmark performance against national standards but also facilitate
multimodal interventions, as seen in facilities achieving "advanced" IPCAF levels through regular reviews
and IT-enabled denominator tracking for procedures (Wilson, 2018).

Behavioral and cultural elements profoundly influence IPC compliance, where drivers like targeted training
and real-time feedback bridge the evidence-implementation gap by addressing knowledge deficits and
reinforcing accountability among healthcare workers. Mandatory induction and interactive training
programs, delivered by certified IPC experts, boost adherence rates, with 73-88% of hospitals providing
such education; studies show that integrating IPC into clinical routines via decision aids and peer support
enhances self-efficacy and reduces errors, particularly during high-stress periods like pandemics. Feedback
mechanisms, including monthly HAI rate comparisons and audit-integrated quality assessments, foster a
culture of continuous improvement, correlating with sustained reductions in infections like ventilator-
associated pneumonia even without full process audits. These drivers are most effective when tailored to
local contexts, incorporating behavioral theories to target attitudes, environmental barriers, and
reinforcement, as evidenced by post-training evaluations in 79% of programs (Houben et al., 2024).

Leadership commitment and multidisciplinary roles are pivotal in embedding IPC into organizational
culture, with executive involvement ensuring resource allocation and authority to enforce measures like
bed closures during outbreaks. Hospital leaders who prioritize IPC through visible support and policy
integration achieve higher compliance, as multidisciplinary teams including infection specialists,
pharmacists, microbiologists, and nursing heads conduct ward rounds and case reviews, significantly
lowering multidrug-resistant organism rates. In advanced programs, 85% feature IPC committees with
senior clinicians and management, promoting shared accountability; head nurses and directors play key
roles in modeling behaviors and overcoming barriers like staffing shortages. Strengthening these elements
via leadership training yields measurable gains in multimodal strategy adoption and HAI surveillance
uptake (Ding & Gao, 2025).

Implementation Science

Implementation Science provides structured approaches to translate evidence-based infection control
practices into routine healthcare delivery, addressing the persistent gap between knowledge and action in
preventing healthcare-associated infections (HAIs). Frameworks such as RE-AIM, EPIS, and COM-B offer
comprehensive tools to evaluate and guide this process, with RE-AIM assessing Reach (proportion
participating), Effectiveness (outcomes achieved), Adoption (settings and staff involvement),
Implementation (fidelity and adaptations), and Maintenance (sustained effects), as demonstrated in
evaluations of infection control link nurse programs where it revealed high ward participation (91%
inpatient) and sustained guideline adherence through iterative refinements. The EPIS framework structures
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implementation across four phases Exploration (identifying needs), Preparation (building capacity),
Implementation (delivering interventions), and Sustainment (long-term embedding) proving effective in
healthcare settings like HIV prevention by addressing fit with patient populations, provider receptivity,
training fidelity, and broader strategies. Complementing these, the COM-B model from the Behavior
Change Wheel dissects influences on behavior into Capability (knowledge/skills), Opportunity
(environment), and Motivation (beliefs/attitudes), successfully applied to reduce antibiotic prescribing by
75% in oral surgery through targeted interventions like education and feedback, maintaining stable
complication rates. Integrating these frameworks enables tailored strategies; for instance, RE-AIM
evaluates overall impact while EPIS guides phased rollout and COM-B pinpoints behavioral targets,
collectively enhancing multimodal infection control uptake in diverse contexts like acute care hospitals and
nursing homes (Elhag et al., 2025).

Multimodal strategies combine education, policy enforcement, and opinion leaders (champions) to
maximize adherence, outperforming single interventions by addressing multiple determinants
simultaneously, as evidenced in surgical intensive care units where such bundles reduce multidrug-resistant
organism transmission through improved hand hygiene and environmental cleaning compliance. Education
builds knowledge via workshops and simulations, policy establishes clear protocols with audits, and
champions peer influences like link nurses drive local ownership, fostering iterative feedback loops that
adapt to ward-specific needs and sustain gains, with studies showing 58% outpatient clinic participation
and empowered nurses reporting pivotal roles in guideline adherence. These elements synergize: for
example, COM-B-informed education targets capability gaps, EPIS-supported policies ensure sustainment,
and RE-AIM tracks reach, yielding significant HAI reductions in acute settings; WHO-endorsed core
components further amplify this by prioritizing organizational capacity (46% weight in assessments)
alongside execution protocols. Successful implementations emphasize stakeholder engagement and
management support, shifting from hospital-wide mandates to ward-tailored plans, as seen in programs
refining training based on evaluations to counter turnover and workload barriers (Trivedi et al., 2023).

Technological and Innovative Advances

Technological and Innovative Advances in infection control represent a paradigm shift from traditional
manual processes to data-driven, automated systems that enhance prediction, surveillance, compliance, and
intervention efficacy across healthcare settings. Artificial intelligence (Al) has emerged as a cornerstone
for predictive modeling and compliance monitoring, leveraging machine learning algorithms such as neural
networks, decision-making trees, and random forests integrated with electronic health records (EHRs) to
outperform conventional surveillance in identifying healthcare-associated infections (HAIs) like surgical
site infections and urinary tract infections in real-time. These Al systems analyze vast datasets from
structured and unstructured sources, including clinical notes and diagnostic images, to forecast outbreak
risks, optimize antimicrobial stewardship by predicting multidrug-resistant organisms, and deliver
proactive alerts that reduce infection rates while improving hand hygiene adherence through explainable
Al (XAI) frameworks like SHAP values, which build clinician trust by providing interpretable insights.
Robotics further augments this landscape by automating disinfection tasks, with ultraviolet (UV) robots
such as the IRIS 3200 and PARO systems effectively targeting pathogens like Clostridium difficile,
Acinetobacter, and MRSA in surgical theaters, operating rooms, and patient areas, achieving benchmark
cleanliness levels while freeing environmental services staff for higher-value tasks and ensuring
comprehensive room treatments in a single procedure. Digital dashboards complement these technologies
by visualizing key metrics like central line-associated bloodstream infection (CLABSI) prevention efforts,
hand hygiene compliance, and HAI trends in interactive formats accessible via mobile apps, enabling rapid
decision-making, resource allocation, and behavioral nudges that have demonstrated reductions in infection
rates through enhanced data transparency and real-time analytics (El Arab et al., 2025).

Tele-infection prevention and control (Tele-IPC) alongside wearable technologies extends these
innovations into remote and continuous monitoring domains, addressing compliance gaps in dynamic
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clinical environments such as intensive care units (ICUs) and low-resource settings. Telemedicine platforms
facilitate virtual IPC consultations, training, and audits, proving effective during pandemics like COVID-
19 by minimizing physical interactions while sustaining protocol adherence through video-based
assessments and remote guidance on personal protective equipment (PPE) usage. Wearables, including
electronic hand hygiene devices and biosensors, monitor real-time behaviors such as hand rubbing duration,
alcohol-based hand rub (ABHR) volume, and vital signs indicative of early infections, with studies showing
sustained improvements in compliance metrics despite challenges like user dependency on reminders, and
novel flexible sensors now advancing wound healing surveillance by detecting biomarkers of infection
proactively. Integrated systems combining Al-driven nudges with these wearables and Tele-IPC further
amplify outcomes, as evidenced by automated cluster detection and personalized interventions that surpass
manual methods in scalability, particularly in ICUs where predictive analytics mitigate HAIs by forecasting
risks like catheter-related infections and enabling rapid responses via centralized dashboards. Despite
interoperability hurdles, data quality demands, and ethical considerations, these technologies collectively
promise scalable implementation, with evidence from systematic reviews underscoring their superiority in
resource-constrained hospitals when paired with robust validation and clinician training (Gastaldi et al.,
2025).

Challenges, Gaps, and Future Directions

Antimicrobial resistance (AMR) stands as one of the most pressing challenges in modern infection control,
driven by overuse of antibiotics in healthcare and agriculture, inadequate surveillance, and rapid global
dissemination through travel and trade, resulting in multidrug-resistant superbugs like MRSA, CRE, and
CRKP that render standard treatments ineffective and elevate mortality rates, particularly in critical care
settings where patients face prolonged hospital stays, higher costs, and limited therapeutic options. Climate
change exacerbates these issues by altering pathogen transmission dynamics, with rising temperatures
expanding vector-borne diseases such as dengue and malaria through enhanced mosquito breeding in
stagnant water from floods and droughts, while also increasing waterborne pathogens like cholera via
contaminated supplies and foodborne illnesses like salmonellosis with a pooled relative risk of 1.05 per 1°C
rise, disproportionately burdening low- and middle-income countries (LMICs) with weak infrastructure and
surveillance. Equity gaps further compound vulnerabilities, as marginalized groups experience higher
healthcare-associated infection (HAI) rates due to uneven resource allocation, geographic disparities, social
determinants of health like poverty and poor sanitation, and biases in care pathways such as TB isolation,
where language barriers and under-resourced settings hinder equitable implementation of infection
prevention and control (IPC) measures (Puri et al., 2025).

Significant research gaps persist in translating evidence-based IPC into routine practice, including poor
understanding of organizational, socio-economic, and behavioral barriers to program implementation, the
role of overcrowding in HAI spread, and infrastructural impacts on reducing infections and AMR
emergence, alongside limited data on human-hospital microbiome interactions and the paucity of novel
antibiotics amid pharmaceutical disinvestments. Implementation science reveals challenges like time
constraints, lack of confidence among infection preventionists, and inconsistent organizational support,
particularly in LMICs facing poverty, corruption, and inadequate access to diagnostics, vaccines, and clean
water, which perpetuate AMR cycles despite global calls for stewardship. Equity-focused analyses highlight
how 31% of IPC policies inadvertently sustain disparities for underserved populations, while climate effects
demand integrated surveillance systems blending climatic data with entomological monitoring, yet funding
and training gaps leave healthcare workers unprepared for these intersecting threats (Sharma et al., 2024).

Future directions must prioritize a multifaceted "One Health" approach integrating human, animal, and
environmental sectors to combat AMR through enhanced antibiotic stewardship programs (ASPs), rapid
diagnostics, and novel therapies like phage therapy, while addressing climate impacts via resilient
infrastructure, early warning systems for temperature-driven outbreaks, and investments in LMICs for
sanitation and vector control. Research priorities in implementation science emphasize evaluating
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barriers/facilitators for IPC scale-up, overcrowding mitigation strategies, and infrastructural innovations
like sustainable healthcare environments, coupled with workforce training on equity screening tools and
climate-informed curricula to foster patient-centered care amid social determinants. Equity must guide these
efforts by mandating systematic policy assessments for disparate impacts, promoting data collection in
under-resourced areas, and tackling unconscious biases, with global collaboration via WHO-led
surveillance to bridge gaps in knowledge, access, and innovation for sustainable IPC (Lacotte et al., 2020).

Conclusion

Sustainable progress in infection prevention and control (IPC) requires multimodal strategies that prioritize
hand hygiene, PPE optimization, environmental innovations, and antimicrobial stewardship, particularly in
high-burden settings like ICUs and LMICs where HAIs exact disproportionate clinical and economic tolls.
Frameworks such as RE-AIM, EPIS, and COM-B, combined with Al-driven surveillance, robotics, and
behavioral nudges, offer pathways to overcome barriers like compliance gaps, AMR surges, and equity
disparities amplified by climate change and pandemics. Future efforts must embrace One Health
approaches, equitable policy reforms, and global collaboration to achieve HAI eradication, empowering
clinicians and policymakers with resilient, adaptive systems.
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