


INNOVATIVE APPROACHES TO ADDRESS HOSPITAL-ACQUIRED INFECTIONS: PREVENTION, MANAGEMENT, AND EMERGING TECHNOLOGIES


ABSTRACT
Hospital-acquired infections (HAIs) remain a significant global healthcare challenge, leading to increased morbidity, mortality, and financial burdens. These infections are monitored by organizations like the CDC’s National Healthcare Safety Network (NHSN) to improve patient safety.  Beyond individual harm, HAIs contribute to the spread of multidrug-resistant pathogens, including MRSA, VRE, and carbapenem-resistant bacteria, complicating treatment efforts. Common types of HAIs include bloodstream infections, urinary tract infections, surgical site infections, pneumonia, and Clostridium difficile infections, highlighting the critical need for effective infection control measures in healthcare settings, as reported in a multistate point-prevalence survey conducted in acute care hospitals in the United States (USA). This review explores the latest advancements in the prevention, management, and technological interventions targeting HAIs.
Furthermore, we delve into enhanced sterilization protocols, the role of antimicrobial coatings, and behavioral interventions for improved compliance with hygiene practices. In prevention, novel antimicrobial therapies, such as bacteriophage therapy and nanoparticle-based drug delivery systems, offer promising avenues to combat drug resistance effectively. Advanced diagnostic tools, including next-generation sequencing and point-of-care testing, facilitate rapid pathogen identification and personalized therapeutic strategies. Collaborative efforts between researchers, healthcare professionals, and policymakers are emphasized as essential in fostering an integrated framework for HAI management. By leveraging state-of-the-art technologies and evidence-based practices, healthcare systems can advance towards a future with significantly reduced infection rates, enhanced patient safety, and optimized resource utilization.
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1. INTRODUCTION
There has been significant discussion regarding the risk of infection to patients from contaminated healthcare surfaces.Hospital-acquired infections, also known as nosocomial infections, remain a significant global health concern, affecting patient outcomes, healthcare costs, and overall hospital safety. These infections occur during a patient's stay in a healthcare facility and are not present or incubating at the time of admission [1]. Infections such as central line-associated bloodstream infections (CLABSI), catheter-associated urinary tract infections (CAUTI), and ventilator-associated pneumonia (VAP) are commonly linked to HAI [2]. The emergence of antibiotic-resistant pathogens has further complicated the management of HAIs.Hospital-acquired infections are increasingly associated with multidrug-resistant (MDR) pathogens, posing significant challenges to effective treatment and infection control.Multi-drug-resistant organisms (MDROs), such as carbapenem-resistant Enterobacteriaceae (CRE) and methicillin-resistant Staphylococcus aureus (MRSA), have become increasingly prevalent, making traditional antibiotic treatments less effective[3]. This rising challenge has led to the exploration of alternative therapies, such as bacteriophage therapy and faecal microbiota transplantation, which show promise in combating these resistant infections [4.Methicillin-resistant Staphylococcus aureus (MRSA), carbapenem-resistant Enterobacteriaceae, and other MDROs are now commonly implicated in HAIs, demanding alternative therapeutic strategies, such as bacteriophage therapy and advanced antibiotic stewardship [5].
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Figure1. Distribution of Microorganisms Causing Nosocomial Infections
This pie chart illustrates the prevalence of key microorganisms responsible for hospital-acquired infections, highlighting the proportional representation of Staphylococcus aureus, Klebsiella pneumoniae, Escherichia coli, Pseudomonas aeruginosa, Acinetobacter baumannii, and Enterococcus species. Understanding these proportions helps in formulating targeted infection control strategies to reduce healthcare-associated infections.
Emerging technologies and predictive modelling have provided new avenues to combat HAIs. For example, machine learning algorithms are being employed to predict and detect early signs of nosocomial infections, enabling timely intervention [5]. Additionally, probabilistic frameworks for estimating infection risks in healthcare personnel and patients, such as those developed for COVID-19, demonstrate the utility of innovative approaches in managing outbreaks within healthcare settings [6]. The prevalence of HAIs is alarming, with over 648,000 patients in U.S. hospitals developing these infections annually, leading to approximately 75,000 deaths [7]. It is now widely acknowledged that the healthcare environment can facilitate the transmission of several key pathogens, including vancomycin-resistant enterococci (VRE), Clostridium difficile, Acinetobacter spp., methicillin-resistant Staphylococcusaureus (MRSA), and norovirus[6].A study indicates that Gram-negative bacteria account for over 30% of hospital-acquired infections. These bacteria are particularly prevalent in specific types of infections, comprising 47% of ventilator-associated pneumonia cases and 45% of urinary tract infections. They are also the dominant pathogens in intensive care units (ICUs) [8].
Despite these advancements, the global prevalence of HAIs underscores the need for a multifaceted approach. Strategies integrating rigorous hygiene protocols, continuous surveillance, and advanced diagnostic tools are essential to minimize the incidence and impact of HAIs. This review examines the epidemiology, pathogenesis, and risk factors associated with HAIs while exploring innovative prevention and treatment strategies to address this enduring challenge in modern healthcare.
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Figure 2. Factors Determining health care associated infections

1.1 DISEASES ASSOCIATED WITH HOSPITAL-ACQUIRED INFECTIONS  
1.1.1 Pneumonia
In ICU patients, pneumonia is predominantly caused by the aspiration of microorganisms from nasal, oro-pharyngeal, or gastric flora [9]. These infections can occur either before ICU admission, particularly in patients with compromised upper airway functions due to coma, trauma, or surgery, or following intubation and ICU admission. Given this, the term “ventilator-associated pneumonia" may be misleading and could be replaced with more precise terminology. For instance, "intubation-associated pneumonia" could be used for early-onset cases, and "tube-associated pneumonia" for late-onset cases. Nevertheless, to maintain simplicity and preserve the acronym, VAP remains a practical term [10].
According to a case-control study at a 600-bed hospital from January 2006 to April 2008. Each case of hospital-acquired pneumonia (HAP) was randomly matched with two controls. Data were collected on risk factors, patient characteristics, and outcomes were recorded, the study included 119 patients with HAP and 238 controls. The incidence of HAP outside the ICU was 2.45 cases per 1,000 discharges. Multivariate analysis identified several significant risk factors for HAP: malnutrition, chronic renal failure, anaemia, impaired consciousness, a Charlson comorbidity index greater than 3, previous hospitalization, and thoracic surgery. Complications occurred in 57.1% of patients, and the mortality rate attributable to HAP was 27.7%[11]. From these results it was concluded that HAP outside the ICU is prevalent among patients with malnutrition, chronic renal failure, anaemia, impaired consciousness, significant comorbidity, recent hospitalization, and thoracic surgery. It is associated with higher illness rates, increased death risks, prolonged hospitalization, and an elevated likelihood of transfer to specialized care facilities.
Next, focusing on other hospital-acquired infections, this review examines bloodstream infections and urinary tract infections based on various case studies and data, highlighting the associated risks, causative agents, and the effectiveness of treatments globally.
1.1.2 Blood Stream Infection
Bloodstream infections (BSIs) occur when the immune system fails to contain an infection at a local site, leading to widespread disease. These infections are a significant cause of disease prevalence and mortality. The frequency, epidemiology, and pathogens involved in BSIs have evolved alongside advancements in medical care. This is particularly evident with the rise of increasingly ill and immunocompromised hospitalized patients who rely heavily on medical support and indwelling devices [12].
From March 1995 to September 2002, a study in 49 US hospitals identified 24,179 cases of nosocomial bloodstream infections (BSIs), with an incidence of 60 cases per 10,000 admissions. Most BSIs were monomicrobial, with Gram-positive organisms causing 65% of cases, Gram-negative organisms 25%, and fungi 9.5%. The crude mortality rate was 27%. Common pathogens included coagulase-negative staphylococci (31%), Staphylococcus aureus (20%), enterococci (9%), and Candida species (9%). Methicillin resistance in S. aureus rose from 22% in 1995 to 57% in 2001. Vancomycin resistance was found in 2% of Enterococcus faecalis and 60% of Enterococcus faecium isolates [13]. In this study, one of the largest multicentre investigations conducted to date, we observed a growing proportion of nosocomial bloodstream infections (BSIs) caused by antibiotic-resistant organisms in hospitals.
1.1.3 Urinary Tract Infection
Urinary tract infections are the most common healthcare-associated infections, leading to significant costs and morbidity [14]. A retrospective study across 43 acute-care hospitals examined catheter-associated urinary tract infections and non-CAUTI hospital-onset urinary tract infections (HOUTIs). Among 549,433 admissions, there were 434 CAUTIs and 3,177 non-CAUTI HOUTIs. Non-CAUTI HOUTIs were more frequent and led to more secondary bloodstream infections (HOB) than CAUTIs. Both CAUTI and non-CAUTI HOUTI were linked to poor outcomes, highlighting the need for enhanced surveillance and prevention, especially outside the ICU area in the hospitals [15].
1.2 CHALLENGES OF ANTIMICROBIAL RESISTANCE IN SELECTED NOSOCOMIAL PATHOGENS
The rate of infections at various anatomical sites and the associated infection risk differs depending on the type of ICU, with the prevalence of specific pathogens varying according to the site of infection [16]. Prevention and control efforts have primarily targeted methicillin-resistant Staphylococcus aureus, vancomycin-resistant Enterococcus, and Gram-negative bacilli that produce extended-spectrum β-lactamase, among other pathogens.
1.2.1 Staphylococcus aureus 
S. aureus is one of the most severe gram-positive bacterial infections found in both hospital and community settings [17]. These organisms have been detected in patients who lack the traditional risk factors for MRSA infection, such as recent hospitalization, intensive care unit treatment, surgery, nursing home residence, or recent antimicrobial therapy [18]. According to a clinical trial data conducted, gram-positive bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), are responsible for many of the infections, MRSA contributes to 10%–40% of cases of healthcare-associated (HCAP), hospital-acquired pneumonia, and ventilator-associated pneumonia. In certain centres, MRSA pneumonia occurs as frequently in HCAP as it does in HAP and is more common than in VAP [19]. 
1.2.2 Vancomycin-Resistant Enterococci
Enterococcus species have become the third most common pathogen in hospitalized patients, responsible for nearly 12% of hospital-acquired infections [20]. While vancomycin-resistant enterococci (VRE) are organisms with low virulence and pathogenicity, they often cause hospital-acquired infections [21]. In the USA, surveillance data from the National Healthcare Safety Network indicate that 3% of all reported hospital-acquired infections were caused by VRE [22].
1.2.3 Gram-negative bacilli
The definition of nosocomial infections is somewhat arbitrary; in recent studies, infections like bacteraemia are classified as nosocomial, meaning acquired in the hospital, if the first samples showing microorganisms are collected on or after the third day of hospitalization [23]. Gram-negative bacilli differ in how often they cause the four most common types of hospital-acquired infections: pneumonia, surgical site infections (SSI), urinary tract infections (UTI), and bloodstream infections (BSI)[24]. Among the Gram-negative aerobic bacteria, E. coli was the most common, followed by K. pneumoniae, P. aeruginosa, and Enterobacter cloacae [25]. E. coli is linked to various diseases, including urinary tract infections, septicemia, pneumonia, neonatal meningitis, peritonitis, and gastroenteritis.
1.3 PARAMETERS
The risk factors for nosocomial infections are influenced by the care environment, the patient's susceptibility and condition, and the lack of awareness of these infections among staff and healthcare providers [26]. Hospital patients are vulnerable to infections due to underlying health conditions and medical procedures like surgery, intubation, or antibiotic use, as well as exposure to microorganisms from other patients, the hospital environment, or healthcare staff [27].  As depicted in Table 1 there are various causes or parameters of HAI’s.

Table 1. Different causes responsible for infections acquired in hospitals.
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1.4 MODES OF TRANSMISSION OF HOSPITAL ACQUIRED INFECTION
The primary mode of organism transmission between patients is through indirect contact via healthcare staff's hands, often due to neglect or inadequate hand hygiene practices [28].Multiple lines of evidence indicate that environmental contamination contributes to the development of hospital-acquired infections. Studies have demonstrated an increased risk of patients contracting the same pathogen as the previous room occupant[29]. In a large retrospective cohort study, Huang and colleagues aimed to quantify the risk of acquiring two common nosocomial pathogens, MRSA and VRE, from contaminated hospital rooms [30].Patients with diarrhea are common means of transmission. Their room items such as surfaces and equipment act as reservoirs. Vancomycin-resistant enterococcii can survive on theses surfaces for days or weeks and become a source of contamination for healthcare individuals and other patients [31].Respiratory machines, catheters, and exposed wounds can serve as sources for transmission. K. pneumoniae and has been reported to spread through stool (77%), patients' hands (42%), and the pharynx (19%)[32].Common reservoirs for P. aeruginosa contamination include breast pumps, incubators, sinks, hospital staff's hands, and even hand soaps [34]. In contrast, C. difficile spores can survive for months, posing challenges for disinfectants and cleaning agents. Infected patients and inanimate objects serve as major reservoirs. Additionally, hospital staff and the overall healthcare environment significantly contribute to the spread of these pathogens [35].
1.5 MODERN APPROACHES TO INFECTION DIAGNOSIS
The diagnosis of hospital-acquired pneumonia (HAP) remains a topic of debate, with no definitive method established as the gold standard. Numerous factors can account for new fevers and elevated white blood cell counts, and using radiological imaging alone to diagnose pneumonia is often unreliable. As a result, clinical guidelines have been developed to help clinicians decide which patients likely have pneumonia and which do not[36].The bacteriologic diagnosis of pneumonia requires obtaining samples from the lower airways for quantitative culture analysis.MDR nosocomial pathogens complicate the treatment of infections and negatively impact clinical outcomes, while also increasing treatment costs for patients [37].Microbiological surveillance plays a vital role in infection control programs, supplying data on the types and quantities of microbial flora present at various sites within healthcare facilities [38].Quantitative culture results may be influenced by sampling variability, and there is no evidence to suggest that quantitative cultures, compared to qualitative ones, lead to reductions in mortality, ICU stay duration, length of mechanical ventilation, or the need for antibiotic adjustments. However, quantitative cultures are more effective at distinguishing between colonization and actual infection, reducing the likelihood of unnecessary antibiotic use. To further enhance this distinction in patients with ventilator-associated pneumonia, promising biomarkers, such as procalcitonin, C-reactive protein, and soluble triggering receptor expressed on myeloid cells (sTREM-1), are being studied in conjunction with clinical and microbiological factors [39].
1.6 STRATEGIES FOR THE PREVENTION AND CONTROL OF HOSPITAL-ACQUIRED INFECTIONS
1.6.1 Hospital Maintenance
Environmental cleaning and disinfection play a crucial role in infection control programs, ensuring that patient rooms and equipment are safe. While hand hygiene has rightfully garnered significant attention, cleaning practices are equally important [40].
Hospital-acquired infections are a significant safety concern for both healthcare providers and patients. Considering the related health complications, fatality risks, extended hospitalization, and heightened expenses, it is crucial to adopt strategies that ensure hospitals remain as safe as possible by preventing such infections [41].Patients admitted to rooms previously occupied by carriers of VRE or MRSA face a two- to three-fold increased risk of acquiring these pathogens[42]. Similar elevated risks are observed for infections with A. baumannii, Pseudomonas aeruginosa, and C. difficile. Molecular typing in MRO outbreaks has linked contamination of the environment, healthcare workers' hands, and patient isolates. While healthcare workers play a primary role in transmission, they can acquire MROs from the environment or inadequately cleaned equipment such as monitors, blood pressure cuffs, and tourniquets[43]. Enhanced terminal cleaning methods have been shown to significantly reduce the acquisition rates of MRSA, VRE, and C. difficile[44].
1.6.2 Barrier Precautions for Infection Control
Contact precautions involve the use of single-patient rooms, dedicated equipment, and require healthcare workers (HCWs) to wear gowns and gloves during patient care. The optimal implementation of these precautions to reduce hospital-acquired infections, particularly for vancomycin-resistant Enterococcus (VRE), remains uncertain[45]. The routine use of gowns and gloves for each patient interaction demands considerable effort from HCWs, consumes large quantities of supplies, and results in notable financial and environmental costs. Moreover, studies have shown that these measures can inadvertently negatively impact the quality of patient care[40].
1.6.3 Effective Hospital Waste Management
Hospital waste can serve as a potential reservoir for pathogens, necessitating proper handling. Around 10–25% of the waste generated by healthcare facilities is classified as hazardous. Infectious healthcare waste should be stored in restricted-access areas. Waste containing high levels of heavy metals, as well as waste from surgeries, infected individuals, blood- and sputum-contaminated materials, and diagnostic laboratories, must be disposed of separately. It's crucial to educate healthcare staff and cleaners on the risks associated with hospital waste and the importance of proper waste management practices[25].
These findings align with previously reported inefficacy of other strategies involving the administration of specific antistaphylococcal immunoglobulins, whether pooled from donors or enriched[46].
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Figure3. Flowchart depicting Comprehensive Approach to Effective Hospital Waste Management for Minimizing Hospital Acquired Infections
This flowchart outlines the systematic process of hospital waste management, essential for minimizing the risk of hospital-acquired infections. The steps include waste segregation, collection, storage, treatment, transport, and disposal, ensuring compliance with regulatory standards and promoting a safe healthcare environment. Additionally, it emphasizes the importance of continuous monitoring, training, and improvement in waste management practices to mitigate infection risks.
1.7 TREATMENT
1.7.1 Antimicrobial Use and Resistance: A Growing Concern
Microbes, though invisible to the naked eye, are ubiquitous across the planet. Antimicrobial drugs are employed to combat pathogenic microbes that threaten the health of living organisms. However, antimicrobial resistance arises when microbes evolve the capacity to withstand the effects of these drugs, allowing them to survive and continue growing despite treatment[25].Nosocomial infections, or healthcare-associated infections, are a critical challenge within hospitals due to their high prevalence, potential severity, and increasing antibiotic resistance. Effective treatment strategies target both the prevention of infection and addressing established infections through a combination of antibiotic therapy, bacteriophage therapy, and innovative approaches like microbiome-based treatments.
1.7.2 Antibiotic Therapy
The cornerstone of nosocomial infection treatment is the use of antibiotics. However, the rise of multidrug-resistant organisms such as Methicillin-resistant Staphylococcus aureus(MRSA), Vancomycin-resistant Enterococci (VRE), and Extended-spectrum beta-lactamase (ESBL)-producing bacteria has limited the efficacy of traditional antibiotics. Targeted therapy based on microbial susceptibility testing is therefore essential [47].
1.7.3 MRSA Treatment
For infections caused by MRSA, glycopeptides such as vancomycin have been the gold standard. However, the emergence of vancomycin-intermediate strains has necessitated the use of alternative treatments. Daptomycin, an antibiotic from the lipopeptide class, has been shown to be effective in cases of bacteremia and endocarditis caused by MRSA [48]. Studies indicate that daptomycin has a high clinical success rate in patients unresponsive to vancomycin. Linezolid, an oxazolidinone, is another alternative for MRSA infections, particularly in pneumonia and soft tissue infections [48].
1.7.4 VRETreatment
Vancomycin-resistant Enterococci (VRE) represent another major nosocomial threat. Linezolid and daptomycin are among the preferred agents for treating VRE infections. A study by Boucher et al. (2019) reported that the use of high-dose daptomycin, often in combination with other agents like ampicillin or ceftaroline, yielded positive outcomes in VRE bacteremia [49].
1.7.5 Gram-negative MDROs Treatment
The treatment of Gram-negative MDRO infections, such as those caused by ESBL-producing Escherichia coli and Klebsiella pneumoniae, often requires the use of carbapenems, including meropenem and imipenem [50].  However, the increasing prevalence of carbapenem-resistant organisms (CRE) has driven the use of novel agents like ceftazidime-avibactam and meropenem-vaborbactam[51]. These agents restore some activity against resistant strains by inhibiting beta-lactamase enzymes.
1.7.6 Bacteriophage Therapy
With antibiotic resistance on the rise, bacteriophage therapy is being revisited as a potential alternative for nosocomial infections. Phages are viruses that specifically infect and lyse bacteria, offering a targeted approach with fewer side effects compared to broad-spectrum antibiotics. Research has shown that bacteriophages can be highly effective against biofilm-associated infections, which are common in catheter-related bloodstream infections and ventilator-associated pneumonia [52].
A clinical case study in Belgium demonstrated the efficacy of bacteriophage therapy in treating a Pseudomonas aeruginosa infection resistant to conventional antibiotics. After phage application, the patient’s infection was eradicated without recurrence [53].
1.7.7 Microbiome-based Approaches
Restoring the balance of the microbiota is an emerging strategy for preventing and treating nosocomial infections. This is particularly relevant in cases of Clostridioides difficile infection (CDI), which is associated with antibiotic-induced dysbiosis. Fecal microbiota transplantation (FMT) has been shown to be highly effective in treating recurrent CDI by reintroducing healthy gut bacteria to outcompete the pathogenic strain [54].
Additionally, incorporating probiotics alongside antibiotic treatment is drawing interest, particularly for infection prevention in vulnerable patients.Probiotics have demonstrated efficacy in reducing the incidence of ventilator-associated pneumonia in critically ill patients [55]. The significance of infection prevention measures and antibiotic stewardship programs should be highlighted, particularly until more dependable treatment options for multidrug-resistant Gram-negative bacteria (GNB) and advanced rapid diagnostic tools become available[56].
2 CONCLUSIONS
Hospitals and healthcare facilities worldwide have historically had inadequate strategies for preventing and controlling hospital-acquired infections. This has resulted in delayed responses, significant cross-contamination, increased mortality rates, and financial losses during disease outbreaks. Even in the age of antibiotics, these infections remain difficult to control. However, the transmission of such infections through healthcare workers can be mitigated by adhering to strict infection control practices.
The improper and frequent use of antibiotics has also contributed to the rise of drug-resistant organisms, making them harder to treat. Hospitals must establish infection control programs that allow for the monitoring, comparison, and control of infection rates. A well-managed surveillance system, in line with CDC guidelines, is crucial. Additionally, sharing best practices between hospitals is essential to curbing the spread of nosocomial infections.
To prevent post-operative infections, especially in type II and III incisions, strict protocols should be followed, including meticulous pre-operative care. Shortcomings in technology, such as poor infrastructure and inadequate ventilation, have hindered efforts to isolate patients and prevent the spread of HAIs. Improving the quality of disinfection is also necessary for better infection control. Effective strategies for managing hospital-acquired infections must be implemented in hospitals, with healthcare workers (HCWs) acknowledging the critical role they play in preventing HAIs. Nosocomial infections present complex challenges in treatment due to the rise of antibiotic resistance. While antibiotics remain the mainstay of treatment, alternative strategies such as bacteriophage therapy and microbiome-based approaches are promising avenues for managing these infections. Future research should focus on optimizing the use of these treatments, potentially combining them with conventional antibiotic therapies to improve outcomes in hospital settings.
Achieving success in these efforts will require a cultural shift that highlights both institutional and individual accountability. This includes adherence to infection control guidelines and the responsible use of antimicrobials to ensure optimal prevention and management practices.
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