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Epidemiology and Risk Factors of Nosocomial Infections in Extracorporeal Membrane Oxygenation Patients in Qatar (CLEAN-Q Study): A Seven-Year Retrospective Cohort Study
CLEAN-Q stands for Clinical Landscape and Epidemiology of Acquired Nosocomial infections in ECMO patients in Qatar


Abstract
Background: Extracorporeal Membrane Oxygenation (ECMO) is a critical rescue therapy complicated by high rates of nosocomial infections (NIs). While Western data abound, evidence from the Middle East remains limited. This study examined the epidemiological patterns, predictors, and outcomes of NIs among ECMO patients in Qatar.
Methods: This retrospective cohort study analyzed adult patients supported with ECMO at Hamad General Hospital (2014–2021). Clinical and microbiological data were retrieved according to ELSO definitions. Primary outcomes included mortality at ECMO weaning, ICU, and hospital discharge. Multivariable logistic regression and competing-risks models were employed to identify predictors of infection and survival.
Results: Among 172 patients (mean age 41.2 ± 13.3 years), 55.2% developed NIs (65.5 episodes/1,000 ECMO days), predominantly respiratory (51.2%) and bloodstream infections (30.2%). The microbial landscape was characterized by multidrug-resistant Pseudomonas aeruginosa, Klebsiella pneumoniae (18%), and Candida auris (7.4%). Multivariable analyses identified obesity and tracheostomy as independent factors associated with improved survival across all discharge tiers. Competing-risks regression further supported these findings, indicating that tracheostomy was associated with reduced infection-related mortality hazards, while obesity correlated with lower non-infection mortality risks.
Conclusions: This inaugural Middle Eastern cohort highlights a substantial burden of nosocomial infections driven by a resistant Gram-negative and fungal pathogen profile. The observed survival advantages associated with obesity and tracheostomy suggest potential favorable phenotypes that warrant further prospective investigation to guide regional risk stratification and management strategies.
Keywords: Critical care, Epidemiology, Extracorporeal membrane oxygenation, Middle East, Nosocomial infections, Obesity, Qatar, Tracheostomy. 






Introduction
[bookmark: _Hlk207312308][bookmark: _Hlk207312320][bookmark: _Hlk207312399]Extracorporeal Membrane Oxygenation (ECMO), also known as extracorporeal life support (ECLS), is an advanced supportive therapy for patients with severe, refractory cardiac and/or respiratory failure [1, 2]. By oxygenating blood and removing carbon dioxide outside the body, ECMO provides a temporary bridge to recovery or further interventions such as transplantation [3, 4]. Despite its life‑saving potential, ECMO is invasive and carries a high risk of complications, notably nosocomial infections (NIs), which remain among the most frequent and clinically significant adverse events [5]. These infections have been shown to increase mortality rates, prolong the duration of ECMO support, and extend both intensive care unit (ICU) and overall hospital length of stay [6].  
[bookmark: _Hlk207312336]Existing literature reports highly variable infection rates, ranging between 4.1 to 85.4%, with ventilator‑associated pneumonia (VAP) and bloodstream infections (BSIs) most commonly described [5]. However, heterogeneity in case definitions, surveillance methods, and healthcare settings complicates comparisons across studies [7]. Importantly, most available evidence comes from North America, Europe, and East Asia, whereas data from the Middle East remain absent. This represents an important knowledge gap given potential differences in patient populations, antimicrobial resistance profiles, and healthcare delivery systems.
In Qatar, significant investment in ECMO infrastructure including the establishment of a national ECMO program and mobile retrieval services has expanded the use of this therapy to critically ill patients with complex conditions. Yet, no study to date has systematically examined the epidemiology, risk factors, and outcomes of nosocomial infections in ECMO patients within Qatar or the wider Middle East. Addressing this evidence gap is essential to inform infection prevention and management strategies tailored to the regional context.
[bookmark: _Hlk207312354]Against this background, the CLEAN‑Q study (Clinical Landscape and Epidemiology of Acquired Nosocomial infections in ECMO patients in Qatar) was designed to comprehensively evaluate NIs in ECMO-supported patients. Specifically, the study aimed to determine the incidence of NIs during ECMO and their association with survival at the ECMO, ICU, and hospital levels; to identify clinical and patient-related predictors of infection and outcomes; and to explore the microbiological spectrum, infection burden, and context-specific risk modifiers. This work represents the first comprehensive evaluation of nosocomial infections in ECMO patients in Qatar and the Middle East, generating novel evidence to guide clinical practice and improve critical care outcomes in the region.

Methods
Study Design and Ethical Approval
[bookmark: _Hlk207312420]This seven-year retrospective cohort study, named the CLEAN-Q (Clinical Landscape and Epidemiology of Acquired Nosocomial infections in ECMO patients in Qatar) study, was conducted at Hamad General Hospital (HGH), the tertiary governmental hospital of Qatar. The study period extended from January 2014 to December 2021. The study strictly adhered to the principles outlined in the Declaration of Helsinki [8] and received ethical approval from the Institutional Review Boards of Hamad Medical Corporation (MRC-01-20-192) and Qatar University (QU-IRB 1998-E/23). All procedures and reporting were conducted in alignment with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines [9].

Study Population
[bookmark: _Hlk207312451][bookmark: _Hlk207312478]All adult patients aged 18 years or older who were admitted to the Medical Intensive Care Unit (MICU) at Hamad General Hospital and received ECMO support between January 2014 and December 2021 were eligible for inclusion in this retrospective cohort study. Patient data were obtained from the institutional ECMO registry. Inclusion Criteria: (a) Adults aged ≥18 years admitted to the MICU, (b) Patients who received ECMO support of any configuration, including venovenous (VV), venoarterial (VA), or hybrid ECMO, (c) ECMO support duration exceeding 48 hours to capture patients undergoing a substantial course of ECMO therapy, consistent with prior studies indicating this minimum duration enables meaningful clinical impact and outcome assessment. Exclusion Criteria: (a) MICU patients not treated with ECMO, (b) Patients receiving other extracorporeal therapies such as CO₂ removal or conventional mechanical ventilation without ECMO, (c) ECMO duration less than 48 hours, (d) Patients with infections present within 7 days prior to ECMO initiation or within the initial 48 hours of ECMO support, predefined as non-nosocomial infections excluded from analysis, (e) Patients with incomplete or missing registry data essential for study variables, (f) Patients with documented do-not-resuscitate (DNR) orders or terminal conditions limiting clinical interventions, consistent with ethical standards in ECMO patient selection. This selection strategy aimed to establish a homogeneous cohort of critically ill patients receiving significant ECMO support, minimizing confounders such as pre-existing infections and short ECMO runs that may bias nosocomial infection rates and outcomes.

ECMO Procedure
[bookmark: _Hlk207312544][bookmark: _Hlk207312567][bookmark: _Hlk207312586]All patients included in the study received ECMO in accordance with the standardized protocol adopted at Hamad Medical Corporation (HMC) [10-12]. ECMO support modalities were tailored to individual patient needs and included venovenous (VV), venoarterial (VA), and hybrid configurations. The decision to initiate ECMO was made by a multidisciplinary team comprising intensivists, cardiologists, cardiovascular surgeons, perfusionists, and specialized critical care nurses with expertise in ECMO management. Patient assessment and candidacy were carefully evaluated based on clinical indications such as respiratory failure, cardiac failure, or a combined cardiorespiratory indication. Cannulation sites were selected based on patient-specific anatomical and clinical considerations, with common access points including the femoral vein, internal jugular vein, and central cannulation in select cases where peripheral access was contraindicated or not feasible. Cannula sizes were chosen according to patient body size and support requirements. The ECMO circuits were primed using crystalloid solutions, with no blood-primed circuits administered. Tubing, pumps, and oxygenators employed Bioline® coating to minimize thrombogenicity. Anticoagulation was maintained using unfractionated heparin, titrated to target activated partial thromboplastin time (aPTT) levels as per institutional protocols. During ECMO support, continuous hemodynamic monitoring was performed via arterial catheterization, alongside periodic arterial blood gas analysis to optimize oxygenation and carbon dioxide removal. Targeted temperature management was implemented within the first 24 hours’ post-cannulation to provide neuroprotection, maintaining core temperatures between 35–36°C. ECMO pump parameters, including revolutions per minute (RPM), were adjusted dynamically to achieve hemodynamic goals such as adequate cardiac index, mean arterial pressure, and central venous oxygen saturation, ensuring optimal organ perfusion. Throughout ECMO therapy, regular multidisciplinary team reviews and protocolized assessments guided therapeutic adjustments, complications monitoring, and decisions regarding weaning and decannulation.

Data Collection
[bookmark: _Hlk207312696][bookmark: _Hlk207312754][bookmark: _Hlk207312767][bookmark: _Hlk207312803][bookmark: _Hlk207312827][bookmark: _Hlk207312838]This retrospective cohort study exclusively utilized data extracted from existing medical records, with no new biological specimens collected for research purposes. For patients admitted between January 2014 and May 2016, data were manually abstracted from paper medical charts, while patients admitted from May 2016 through December 2021 had their data retrieved from a fully integrated electronic medical record system (EMRS). Data abstraction involved a comprehensive review of multiple documentation sources including physician and nursing notes, microbiology and laboratory reports, ECMO operational charts, medication administration logs, and other pertinent clinical records. Each patient was assigned a unique anonymized study identifier to ensure confidentiality in accordance with institutional privacy policies and ethical standards. Following internationally recognized frameworks and data standards such as those promulgated by the Extracorporeal Life Support Organization (ELSO) data collection was performed by trained clinical research personnel, with periodic audits conducted to assure accuracy, completeness, and consistency of the dataset. Microbiological surveillance included systematic collection of specimens from multiple anatomical and clinical sites including blood, urine, respiratory secretions (bronchoalveolar lavage or swabs), wounds, and any other suspected foci of infection. Routine culture techniques were supplemented in some cases with advanced diagnostic modalities such as polymerase chain reaction (PCR) and other molecular methods, enhancing pathogen detection sensitivity and specificity. Antimicrobial susceptibility testing was routinely performed to guide infection management and ascertain resistance patterns. The extracted variables encompassed the following domains: (1) Demographics and Baseline Characteristics: Age, sex, ethnicity, and pre-existing comorbidities, including diabetes, hypertension, obesity (Body Mass Index (BMI) ≥30), liver and renal disease, dyslipidemia, autoimmune diseases, hematologic malignancies, and use of immunosuppressive therapies. Immune status and pregnancy/peripartum status in female patients were also recorded to assess population heterogeneity and vulnerability; (2) ECMO-Related Details: Type of ECMO configuration (venovenous [VV], venoarterial [VA], or hybrid), cannulation sites (e.g., femoral, jugular, or central), primary clinical indication for ECMO initiation (including viral or bacterial infections, acute respiratory distress syndrome, trauma, or mixed etiologies), timing of ECMO initiation relative to ICU admission, duration of ECMO support, and ventilator settings prior to ECMO initiation; and (3) Clinical Severity and Outcomes: Admission diagnosis, severity scoring using validated tools such as Sequential Organ Failure Assessment (SOFA) scores within 24 hours of ICU admission and at ECMO initiation, Acute Physiology and Chronic Health Evaluation II (APACHE II) score during the first 24 hours of ICU stay and microbiological culture data capturing documented infections.

Definition of Nosocomial infections and infection severity index:
[bookmark: _Hlk207312861][bookmark: _Hlk207312878]ECMO-related NI was defined according to the Center for Disease Control and Prevention (CDC) as an infection occurring > 24 h after initiation and < 48 h after discontinuation of ECMO [5, 13, 14]. Various types of NIs include blood stream infection (BSI), respiratory tract infection (RTI), urinary tract infection (UTI), surgical site infection (SSI), cannula site infection (CSI), and ventilator-associated pneumonia (VAP)[15, 16]. Infection severity was quantified by calculating the infection density, defined as the number of NI episodes per 1,000 ECMO days, using the following formula: Infection density = (Total number of NI episodes / Total ECMO support days) × 1,000. To provide a precise measure of statistical uncertainty around the reported infection rates, 95% Confidence Intervals (CIs) for incidence densities were computed. Given that nosocomial infections represent count data occurring over a variable time horizon (ECMO days), the Exact Poisson Distribution method was utilized. This methodology is superior to the Wald interval (normal approximation) for rate data, particularly for infection subtypes with lower event counts (e.g., UTIs), as it strictly prevents the computation of biologically impossible negative lower limits and accurately reflects the skewness of the incidence distribution. These infection densities were calculated according to internationally accepted definitions and methodologies for nosocomial infections in ECMO populations, providing a standardized metric for comparing infection risk and burden across studies and clinical settings [17]. 

Standardization of Infection Adjudication and Definitions
To ensure high-fidelity outcome data, the study employed a rigorous, two-tiered surveillance methodology:
1. Diagnostic Criteria: All infection events were classified based on the 2019 CDC/NHSN Patient Safety Component Manual [5, 13, 14]. This included specific criteria for Pneumonia (PNEU), Bloodstream Infection (BSI), and Urinary Tract Infection (UTI), requiring strict microbiological evidence coupled with clinical signs (e.g., fever >38.0°C, leukocytosis).
2. Adjudication Process: Determination of infection status was conducted through the hospital’s centralized Infection Prevention and Control (IPC) program. This process involved:
· Independent Review: Certified Infection Control Practitioners (ICPs), who were blinded to the specific research questions and hypotheses of the CLEAN-Q study, reviewed clinical and laboratory data.
· Validation: Suspected cases were validated against CDC criteria independent of the treating team’s subjective assessment.
This separation of duties (Investigator vs. Adjudicator) effectively minimized detection bias and ensured that the reported infection rates reflect true clinical incidence rather than surveillance artifacts.

Research instrument:
Data for this study were obtained using the local ECMO data registry and the ICU registry datasheet. The local ECMO registry contains detailed clinical and operational information on all ECMO patients in Qatar, structured to align with the internationally recognized ELSO data registry standards. This alignment facilitates data integration and benchmarking with global ECMO databases. The ECMO registry captures comprehensive patient-level data including demographics, clinical indications for ECMO initiation, type and configuration of ECMO support, cannulation sites, and relevant ventilator settings. Additional data related to severity of illness scores (such as SOFA and APACHE II), laboratory and microbiological findings, complications including nosocomial infections, and outcomes are recorded. Data entry is performed by trained clinical research staff with periodic audits ensuring data quality, accuracy, and completeness. The ICU registry datasheet supplements the ECMO database by providing a broad spectrum of critical care parameters, medication administration records, and multidisciplinary clinical notes. Combined, these registries enable a comprehensive retrospective view of patients’ clinical courses. Data collection adhered strictly to ELSO’s data definitions manual, ensuring consistency and validity. The registry system incorporates real-time data validation and supports electronic extraction from medical records (such as MERS) when available, complemented by manual chart abstraction for earlier records.

Outcomes 
The outcomes of the CLEAN‑Q study were defined to comprehensively capture survival, infection epidemiology, and the clinical determinants of prognosis in ECMO patients. Outcomes were structured in three tiers as primary, secondary and exploratory to reflect both patient‑centered clinical endpoints and the broader epidemiologic landscape of nosocomial infections in this high‑risk cohort.
The primary outcomes were all‑cause mortality at three distinct stages of patient care: (1) ECMO survival, defined as alive versus deceased during or immediately after ECMO support; (2) ICU survival, defined as survival to ICU discharge versus ICU mortality; and (3) hospital survival, defined as survival to hospital discharge versus in‑hospital death. These endpoints were chosen as the principal measures of patient prognosis and to capture the continuum of care from ECMO initiation to hospital discharge.
The secondary outcomes included patient‑level and clinical predictors of survival and infection burden. Specifically, these encompassed demographic and baseline risk factors (age, sex, obesity, hypertension, diabetes, comorbidities, COVID‑19 status), severity indices (APACHE II, SOFA scores), and therapeutic interventions (tracheostomy, timing of ICU to ward transfer, duration of ECMO, and ICU/hospital length of stay). The influence of nosocomial infections as BSIs, RTIs, UTIs and other hospital‑acquired infections was assessed both as individual categories and as cumulative infection episodes.
Finally, a set of exploratory outcomes was analyzed to provide deeper mechanistic insights. These included characterization of the full microbiological spectrum of pathogens and co‑infections, infection incidence density per 1,000 ECMO days, predictive model performance (AUC, sensitivity, specificity, calibration), and advanced analyses of obesity and tracheostomy as protective factors (including dose–response effects of BMI and additive interaction models). Additional exploratory endpoints were drawn from competing risks regression, distinguishing infection‑related from non‑infection‑related mortality with time‑stratified cumulative incidence functions. 

Methodological Audit of Missing Data Handling
To ensure the highest caliber of model validity, a rigorous audit of data completeness was conducted prior to statistical modeling. The Hamad Medical Corporation (HMC) ECMO registry enforces mandatory data entry for critical fields (e.g., demographics, ECMO configuration, outcomes), resulting in a high-quality dataset with minimal missingness.
· Mechanism Assessment:  We evaluated the pattern of missing data using Little’s MCAR test, which yielded a non-significant result (p > 0.05), supporting the hypothesis that data were Missing Completely At Random (MCAR).
· Handling Strategy: Based on this audit, and to avoid the potential noise introduction associated with stochastic imputation on such a specialized cohort, we adopted a Listwise Deletion (Complete Case Analysis) approach.
· Impact: Patients with missing critical baseline variables (exclusion criteria) were excluded at the cohort definition stage (see Manuscript Exclusion Criteria 'e'). This strategy ensured that all subsequent multivariate logistic regressions, restricted cubic splines, and competing risks analyses were performed on a mathematically complete dataset, thereby satisfying the assumptions required for unbiased causal estimation.
Statistical Analysis 
[bookmark: _Hlk207312946]Categorical variables were summarized as counts and percentages, while continuous variables were expressed as mean ± standard deviation (SD). The normality of continuous variables was assessed using the Shapiro–Wilk and Kolmogorov–Smirnov tests, alongside visual inspection of histograms and Q–Q plots to inform the use of parametric or non-parametric tests. Associations between demographic, clinical, and institutional variables and outcomes in ECMO, ICU, and hospital settings, classified as alive or deceased, were examined using the Chi-square test for categorical variables. Geographic distribution of participants was mapped using Geographic Information System (GIS) software to delineate spatial patterns within the study population.
Microbiological data for ECMO patients admitted to the ICU from 2014 to 2021 were systematically collected and categorized by pathogen group, infectious agent, infection site, and presence of mixed infections. Frequencies and proportions were calculated for each microbial species and infection type, including viruses, bacteria, and fungi. Infection sites were classified as BSI, RTI, UTI, or other sites based on clinical and laboratory criteria.
[bookmark: _Hlk207312987]Univariate and multivariate binary logistic regression analyses were performed to evaluate the association between demographic, clinical, and institutional variables and outcomes in ECMO, ICU, and hospital settings, where outcomes were classified as alive or deceased. Each variable was first analyzed independently in univariate models, and those with significance levels of p < 0.05 were subsequently included in multivariate logistic regression models using backward stepwise Wald selection. The results are reported as odds ratios (ORs) with corresponding 95% confidence intervals (95% CIs). 
[bookmark: _Hlk207312999]Chi-square Automatic Interaction Detector (CHAID) decision tree analysis was employed to evaluate the role of obesity in predicting patient outcomes across ECMO, ICU, and hospital discharge settings. This method partitions the population into homogeneous subgroups based on statistically significant splits, with minimum parent and child node sizes set at 100 and 50, respectively, to ensure robust subgroup formation [18]. For each outcome, obesity served as the primary split variable, categorizing patients into distinct nodes characterized by differing survival distributions [19, 20]. 
[bookmark: _Hlk207313022]To evaluate the predictive performance of the risk score models developed for ECMO, ICU, and hospital discharge outcomes, receiver operating characteristic (ROC) curves were generated and the corresponding areas under the curve (AUCs) were calculated from the final multivariate models. In addition, sensitivity, specificity, positive likelihood ratio (+LR), negative likelihood ratio (–LR), and the Youden index were computed to determine optimal cut-off points for each model. Internal validation of the predictive accuracy was performed using bootstrap resampling with 1,000 samples. Model calibration was subsequently assessed by plotting observed outcome risks against predicted risks across quintiles of estimated probability. Agreement between observed and predicted values was quantified using the coefficient of determination (R²), and calibration plots were generated for ECMO, ICU, and hospital discharge outcomes. Risk scores for each outcome were derived from model coefficients and converted into point-based scoring rules, which were then summed to calculate the total risk score. 
[bookmark: _Hlk207313049]To investigate whether obesity and tracheostomy jointly influenced ECMO, ICU, and hospital outcomes, interactions were assessed on both multiplicative and additive scales. Multiplicative interaction was examined directly using odds ratios obtained from binary logistic regression models [21, 22]. Additive interaction was evaluated through estimation of excess relative risk (ERR) for each exposure and their combination, as well as the relative excess risk due to interaction (RERI), the attributable proportion due to interaction (AP), and the synergy index (S) [23]. In accordance with established criteria, evidence of biological additive interaction was defined when RERI ≠ 0, AP ≠ 0, or S ≠ 1 [24]. All models included relevant clinical and infection-related covariates, and estimates were derived separately for ECMO, ICU, and hospital outcomes.
[bookmark: _Hlk207313067]To further assess the association between BMI and mortality risk during ECMO, both linear and non-linear dose–response analyses were performed. BMI was examined in increments of 1, 2, 3, 4, 5, and 10 units to capture both small and clinically relevant changes. Linear dose–response relationships were estimated using the generalized least squares (GLS) trend method of Berlin et al. and Orsini et al. [25-27], while non-linear associations were modeled using Harrell’s restricted cubic spline approach with knots placed at the 10th, 50th, and 90th percentiles of the BMI distribution [28]. Odds ratios for each BMI category were estimated and synthesized using a one-stage linear mixed-effects meta-analytic framework [29], which simultaneously derives study-specific slopes and an overall average slope, offering greater precision than traditional two-stage approaches [27, 30]. Pooled estimates were obtained under both random-effects (REML) and fixed-effects inverse-variance models [29]. The results were visualized with plots depicting (a) the linear dose–response relationship and (b) the non-linear curve for BMI and ECMO mortality risk.
[bookmark: _Hlk207313210]Competing risks regression was conducted using the Fine and Gray subdistribution hazards model to evaluate infection-related and non-infection-related mortality as mutually exclusive outcomes [31]. This method directly estimates subdistribution hazard ratios (sHRs) and cumulative incidence functions (CIFs), providing unbiased effect estimates in the presence of competing events. Univariate and multivariable models were fitted to obtain unadjusted and adjusted sHRs with 95% confidence intervals, with covariates selected a priori for clinical relevance. Cumulative incidence functions were generated to depict the time-dependent probability of each cause of death while accounting for competing risks. To address potential sparse-event bias or complete separation, model estimates were assessed for instability, and extreme hazard values were interpreted with caution. 
Epi Data version 3.1 was used for data entry and management. Statistical analyses were performed using Stata version 17 (StataCorp, College Station, TX, RRID:SCR_012763), SPSS version 26 (IBM Corp., Armonk, NY), GraphPad Prism version 9 (GraphPad Software, La Jolla, CA), and MedCalc® Statistical Software version 20 (MedCalc Software Ltd., Ostend, Belgium). Geographic Information System (GIS) analyses and spatial mapping were conducted using ArcGIS Pro version 3.0 (Esri Inc., Redlands, CA, RRID:SCR_011081). A two‑sided p‑value <0.05 was considered statistically significant for all analyses.

Results
The study included 172 patients undergoing ECMO who were hospitalized at Hamad Hospital between 2014 and 2021. Mean age of study subjects was 41.17 ± 13.30 years. The patients were mostly male (77.9%). In clinical presentations, 32.6% of them were obese, 31.4% had COVID-19, and 47.7% had a comorbidity. Moreover, 25.6% had diabetes, 23.8% had hypertension, 2.9% were smokers, 8.7% had dyslipidemia (DLP), 7% had cardiovascular disease (CHD), 5.2% had chronic liver disease (CLD), and 4.7% had end-stage renal disease (ESRD). In ICU-related scores, 51.2% of patients fell in APACHE II ≤25 and 55.2% in SOFA >10. In hospital-acquired infections, 55.2% of patients were infected with at least one infection; 30.2% had bloodstream infections, 51.2% had respiratory infections, 7% had urinary tract infections, and 14% had other infections. The infection episodes varied with the most prevalent being zero episodes in 77 patients. Supplementary Files 2 & 3 presents the frequency distribution of cases or occurrences across different countries with each line and color representing a specific country and its corresponding count. The chart highlights markedly higher frequencies in India (19.2%) and Qatar (18.6%) while other countries like Cuba, Malaysia and Somalia show notably lower counts to illustrate substantial variation in the observed data set. The visualization makes it easy to compare country-level contributions and identify outliers and patterns in the dataset. 
The total infection density recorded in this study was 65.49 [95% CI: 58.4–72.6] episodes per 1,000 ECMO days. When stratified by infection type, BSI accounted for an incidence of 16.99 [95% CI: 13.4–20.6] per 1,000 ECMO days, while RTIs were the predominant burden with 36.94 [95% CI: 31.6–42.3] episodes per 1,000 ECMO days. UTIs occurred at a rate of 3.40 [95% CI: 2.0–5.4] per 1,000 ECMO days, and other infection types collectively represented 8.16 [95% CI: 5.7–10.7] episodes per 1,000 ECMO days.
Survival and Clinical Variables
The result showed that obesity was associated with higher chances of survival in all outcome levels (ECMO, ICU, and hospital) (P=0.018, 0.003, and 0.001, respectively). Hypertensive patients also had higher survival in ECMO and ICU (P=0.013 and 0.042). Positive comorbidity was associated with higher ECMO survival (P=0.019), and hospital-acquired UTI was associated with higher hospital survival (P=0.029). Conversely, the incidence of BSI had higher ICU mortality (P=0.026). Furthermore, the performance of tracheostomy had high correlation with higher ECMO survival (P=0.018), and APACHE II score ≤25 patients had higher survival odds than the patients with higher scores (P=0.035). Finally, rapid ICU-to-ward discharge (within fewer than two days since discharge) was correlated with higher mortality in ECMO, ICU, and hospital (P<0.001) (Table 1).

Epidemiological Features
In ECMO patients, all viruses, bacteria, and fungi play a significant role in the causation of infection. Among the viruses, the most common agent was SARS-CoV-2 (COVID-19) at approximately 30.68% of the patients, followed by H1N1 Influenza at 10.8%. Other viruses such as Epstein-Barr Virus (EBV), Rhinovirus, RSV, and Influenza B were less common and were seen in approximately 1 to 3% of patients. In the category of bacteria, there was a wide range of pathogens, and the most common were Pseudomonas aeruginosa and Klebsiella pneumoniae. These bacteria were primarily identified in sepsis and the respiratory tract, whereas other major bacteria like Escherichia coli, Stenotrophomonas maltophilia, Staphylococcus aureus, and Enterococcus faecalis were identified at various sites of infection such as blood, lungs, urine, etc. Fungi were also of equal importance in ECMO patients. Candida auris was the most common species with a frequency of 7.4% and was most commonly observed in bloodstream infection. Other fungal organisms, including Candida parapsilosis, Candida tropicalis, Candida albicans, and Candida glabrata, were also present, with most of them found in bloodstream infections. In other sites, Aspergillus nidulans and Rhodotorula species were rarely isolated, which indicates the importance of opportunistic fungal infections among these patients. Mixed infections, such as virus-bacteria or virus-fungus co-infections, were seen in 4.7% of patients. Some examples of these co-infections are EBV and Mycobacterium tuberculosis, MERS-CoV and MRSA, and SARS-CoV-2 and Streptococcus pneumoniae, and imply clinical complexity and potential for increased disease severity and ICU length of stay. Analysis of the infection sites shows that BSIs were most associated with Pseudomonas aeruginosa, Klebsiella pneumoniae, and Candida auris. RTIs were most associated with bacteria and viruses such as Pseudomonas aeruginosa and Stenotrophomonas maltophilia, and UTIs were less frequent, with Klebsiella pneumoniae and Enterococcus durans. Opportunistic infections at other sites, such as Aspergillus nidulans and unknown species of Pseudomonas, were also noted in these patients (Table 2).

Predictors of Outcomes
Multiple factors were significantly associated with ECMO, ICU, and hospital survival. Obesity strongly reduced mortality risk across all stages, with univariate odds ratios (OR) of 0.426 (95% CI: 0.208–0.874, P=0.020) post-ECMO, 0.353 (95% CI: 0.176–0.708, P=0.003) at ICU, and 0.314 (95% CI: 0.158–0.623, P=0.001) at hospital discharge; these effects persisted in multivariate models. Tracheostomy was a powerful protective factor, decreasing odds of death with multivariate ORs of 0.191 (95% CI: 0.076–0.484, P<0.001) post-ECMO, 0.199 (95% CI: 0.077–0.515, P=0.001) at ICU, and 0.213 (95% CI: 0.085–0.532, P=0.001) at hospital discharge. Unexpectedly, additional urinary tract infection episodes were linked to lower hospital mortality (OR=0.110, 95% CI: 0.014–0.866, P=0.031), possibly due to antimicrobial effects. Increasing APACHE II scores significantly raised mortality risk (ICU OR=2.371, 95% CI: 1.156–4.863, P=0.019; hospital OR=2.657, 95% CI: 1.298–5.440, P=0.008). Each extra bloodstream or respiratory infection episode significantly heightened odds of death. Hypertension reduced mortality risk post-ECMO in univariate (OR=0.359, 95% CI: 0.157–0.819, P=0.015) and multivariate analysis (OR=0.408, 95% CI: 0.169–0.986, P=0.046), but not in ICU or hospital outcomes (Table 3). 

Risk Prediction Models for ECMO, ICU, and Hospital Outcomes
The risk prediction models incorporating hospital-acquired infections and clinical variables demonstrated strong discriminative power across ECMO, ICU, and hospital outcomes. For ECMO survival, obesity, hypertension, and tracheostomy were protective factors, while increasing RTI episodes significantly raised mortality risk. This model achieved a sensitivity of 81.5% (95% CI: 70.0–90.1), specificity of 59.8% (95% CI: 49.3–69.6), and an AUC of 0.717 (95% CI: 0.64–0.79), with excellent calibration (R²=0.991). The ICU model included obesity, tracheostomy, UTI, APACHE II ≥25, and frequencies of BSI and RTIs, showing balanced sensitivity and specificity at 63.5% and AUC = 0.793 (95% CI: 0.73–0.85). For hospital discharge outcomes, obesity, COVID-19, tracheostomy, and UTI were protective, while higher APACHE II scores and repeated BSI and RTI episodes increased mortality risk. This model showed a specificity of 90.1% (95% CI: 82.1–95.4) and AUC = 0.800 (95% CI: 0.73–0.86), demonstrating excellent ability to stratify high-risk patients. Calibration and predictive accuracy evidenced the models’ strong clinical applicability (Supplementary File 4 & 5).

Interaction between Obesity and Tracheostomy across three outcomes ECMO, ICU, and Hospital
Logistic regression analyses of the additive interaction between obesity and tracheostomy on ECMO outcomes, adjusted sequentially for hypertension, RTI episodes, APACHE II scores, and infection episodes (BSI, RTI, and UTI) in 172 patients, consistently revealed significant negative excess relative risks (ERR) for obesity alone (ranging from -0.763 to -0.794, p=0.004–0.006), tracheostomy alone (from -0.585 to -0.719, p=0.005–0.046), and their combined effect (from -0.886 to -0.955, p=0.001–0.010), indicating strong protective individual and joint effects. The Relative Excess Risk due to Interaction (RERI) was positive and statistically significant in two models (0.516–0.564, p=0.003–0.010), demonstrating an additive interaction greater than the sum of individual effects. However, the Synergy Index was significantly less than 1 (0.627–0.667, p<0.001–0.036), indicating antagonism on the additive scale, where the joint protective effect is less than expected under strict additivity. The Attributable Proportion due to interaction was not significant. Collectively, these results signify complex, significant, but antagonistic additive interactions between obesity and tracheostomy affecting ECMO outcomes (Supplementary Files 6-8).

BMI and Mortality Analysis
The dose-response meta-analysis revealed a significant linear inverse relationship between BMI and mortality risk during ECMO, with each unit increase in BMI associated with a 16% reduction in mortality odds (OR=0.84; 95% CI: 0.76–0.93; p<0.001), and minimal heterogeneity (τ²=0.00). Non-linear modeling indicated a mortality decrease starting below a BMI of 21, without significant departures from linearity, effectively ruling out U- or J-shaped associations. Increasing BMI up to 10 unit’s halves mortality odds, establishing BMI as a robust, independent inverse predictor of ECMO mortality, vital for risk stratification (Figure 1). ECMO survival was significantly higher in obese patients: 73.1% vs. 53.6% in non-obese (χ²=5.554, p=0.018). Likewise, ICU survival was 73.2% vs. 49.1% (χ²=8.931, p=0.003), and hospital survival was 71.4% vs. 44.0% (χ²=11.433, p=0.001) for obese vs. non-obese patients, respectively (Supplementary Files 9-11).

Competing Risks Regression Models for Infection-Related and Non-Infection-Related Mortality
Competing risks regression analyses identified key factors influencing infection-related (Model 1) and non-infection-related mortality (Model 2) in ECMO patients. In Model 1, male sex increased infection-related death risk in univariate analysis (sHR=3.21; 95% CI: 1.13–9.09; p=0.028), but this did not persist after adjustment. Tracheostomy and smoking demonstrated strong protective effects, with tracheostomy significantly reducing risk both univariately (sHR=0.23; 95% CI: 0.107–0.48; p<0.001) and multivariately (aSHR=0.263; 95% CI: 0.142–0.487; p<0.001). Smoking showed extremely low hazard ratios reflecting near absence of infection-related deaths, likely due to sparse data, requiring cautious interpretation. Model 2 showed obesity significantly decreased non-infection mortality hazards univariately (sHR=0.238; 95% CI: 0.062–0.910; p=0.036) and multivariately (aSHR=0.272; 95% CI: 0.088–0.845; p=0.024). COVID-19 infection was also protective, while tracheostomy exhibited near-complete risk reduction for non-infection mortality (aSHR=4.28×10⁻⁸; 95% CI: 2.47×10⁻⁸–7.41×10⁻⁸; p<0.001). DLP and ESRD had similarly low hazard ratios, likely reflecting sparse data bias rather than genuine protection (Table 4).
The cumulative incidence functions (CIFs) for infection and for non-infection mortality on ECMO capture varying temporal risk patterns after adjusting for competing risks. The CIF for death due to infection shows a steep early increase reflecting a high subdistribution hazard in the very early time after ECMO initiation that plateaus subsequently, indicating growing early vulnerability. By contrast, the non-infection CIF shows a more uniform increase, reflecting later-onset risk of mortality due to other causes. Comparative analysis finds that deaths due to infection dominate the early phase, whereas non-infection mortality is deposited more and more thereafter. It is remarkable that the total of both CIFs falls within the range of total mortality, emphasizing the value of competing risk methodology for bias-free cause-specific risk estimation. This delicate distinction of time-specific cause-specific hazards offers guidelines for evidence-based clinical practice and risk stratification practice in ECMO patients (Supplementary File 12).


Discussion
This retrospective cohort study, representing the inaugural comprehensive evaluation of nosocomial infections (NIs) among ECMO-supported patients in Qatar and the wider Middle East, was designed to systematically elucidate the epidemiology, risk factors, and clinical outcomes within this high-acuity population. Prior to study initiation, a structured literature search across PubMed, Embase, and Scopus was conducted to map the existing evidence landscape regarding ECMO-associated infections in the Middle East and North Africa (MENA) region. This review revealed that, aside from sporadic case reports, there was a complete absence of dedicated, multi-year cohort studies quantifying incidence density and microbial spectra according to standardized ELSO definitions. Consequently, the CLEAN-Q study establishes the primary reference dataset for this demographic, filling a critical regional knowledge gap.
The primary outcomes focused on survival across the ECMO, ICU, and hospital continuum, while secondary and exploratory objectives addressed predictors of infection burden, microbiological patterns, and interaction effects of clinical variables such as obesity and tracheostomy. The key findings highlight both consistencies and unique regional insights when compared to the global ECMO literature.

Nosocomial Infection Incidence and Impact on Survival
Our study found a notably high infection burden, with 55.2% of patients acquiring at least one nosocomial infection during ECMO, and an overall infection density of 65.49 episodes per 1,000 ECMO days. These figures surpass or align with various international reports, where infection rates range widely from as low as 4.1% to over 85%, reflecting significant heterogeneity influenced by patient selection, clinical protocols, and surveillance methods [5]. The predominance of respiratory tract infections and bloodstream infections observed mirrors the commonly identified infection types globally [32]. Critically, our findings corroborate previous meta-analyses demonstrating that NIs significantly impair survival in ECMO patients, with infection presence associated with lower ECMO and hospital survival rates (risk ratio of 0.84 and 0.80 respectively), consistent with data reported by other studies [5]. Notably, bloodstream infections were significantly linked to increased ICU mortality, emphasizing the need for rigorous infection control and early diagnosis protocols in this vulnerable subgroup [32].

Clinical and Demographic Predictors of Outcomes
Among clinical variables, obesity has emerged as a consistent protective factor associated with higher survival odds across ECMO, ICU, and hospital outcomes. This phenomenon aligns with the well-documented ‘obesity paradox’ observed in critical care settings, including ECMO cohorts. A large, international, multicenter retrospective study of 790 ARDS patients supported with ECMO and demonstrated that patients with obesity (BMI ≥30 kg/m2) had significantly lower ICU mortality compared to non-obese patients (24.1% vs. 35.3%). They also observed a dose-dependent protective association with increasing BMI, supporting the notion that obesity should not be a contraindication for ECMO [33]. This survival advantage in obese patients is hypothesized to arise from various mechanisms, including enhanced nutritional reserves, modified inflammatory responses, and altered respiratory mechanics, such as increased chest wall elastance potentially reducing ventilator-induced lung injury [34]. Conversely, other studies have reported conflicting findings regarding obesity’s impact on ECMO outcomes, suggesting the need for cautious interpretation given potential confounding factors such as selection bias and underlying comorbidity profiles. A recent study highlights that while obesity predisposes to respiratory dysfunction and is a risk factor for severe disease, obese patients receiving ECMO may experience non-inferior or even improved survival, particularly in COVID-19 related ARDS, although the precise mechanisms remain unclear and warrant further mechanistic exploration [35].
Tracheostomy in patients receiving ECMO has been increasingly recognized as an intervention associated with improved survival outcomes and a nuanced impact on infection risk dynamics. Our findings, demonstrating a strong positive correlation between tracheostomy and survival across ECMO, ICU, and hospital outcomes, align closely with accumulating evidence suggesting tracheostomy facilitates ventilatory weaning, optimizes airway management, and potentially mitigates some ventilator-associated complications. In a large single-center retrospective study assessed 109 patients undergoing Veno-Venous ECMO who received either percutaneous or surgical tracheostomy. They reported shorter ECMO durations and hospital stays among patients receiving early tracheostomy (within 10 days post-ECMO cannulation) without a significant difference in survival or bleeding complications between percutaneous and surgical approaches [36]. This finding supports the clinical notion that early tracheostomy may expedite liberation from mechanical ventilation and ECMO support, reducing morbidity without increasing procedural risks. Additionally, a study analyzed outcomes in a COVID-19 ECMO subgroup where percutaneous tracheostomy was deemed safe and associated with earlier ventilator weaning and ICU discharge. Importantly, perioperative bleeding events were low, and no healthcare worker transmissions were reported, underlining the procedure’s safety in high-risk infectious settings [37]. 
Contrastingly, some systematic reviews and meta-analyses yield inconsistent conclusions regarding the timing and survival benefit of tracheostomy in ECMO patients. A review found limited evidence supporting early tracheostomy’s superiority in improving survival or reducing ICU stay length in critically ill patients on mechanical ventilation, underscoring that the benefits might be context-dependent and patient-specific [38]. Other smaller cohort studies indicate potential increases in bleeding risk, emphasizing the necessity for carefully balanced anticoagulation protocols [39].
The complex interplay between tracheostomy, infection risk, and survival outcomes may reflect several mechanisms. Tracheostomy can reduce ventilator-associated pneumonia incidence by facilitating better secretion clearance and sedation minimization, thus possibly lowering infection-associated morbidity [36]. Furthermore, it enables earlier mobilization and rehabilitation, factors linked to improved survival. Overall, current evidence advocates that, when performed by experienced multidisciplinary teams with stringent anticoagulation management, tracheostomy particularly early percutaneous approaches serves as a valuable adjunct in ECMO management, promoting improved outcomes without substantially increasing procedural complications [36]. Nonetheless, ongoing prospective trials and multicenter registries remain essential to definitively clarify the optimal timing, technique, and patient selection criteria.

Microbiological Spectrum and Infection Characteristics
The microbial profile of infections in our cohort underscores Qatar’s unique regional microbiology, dominated by pathogens such as Pseudomonas aeruginosa, Klebsiella pneumoniae, and Candida auris. This distribution reflects both hospital ecology and infection control challenges encountered globally, especially in critical care settings [40]. Mixed viral-bacterial and viral-fungal co-infections, including notable combinations such as SARS-CoV-2 with Streptococcus pneumoniae, demonstrate the increasing complexity and potential severity of infectious complications in ECMO patients, particularly in the COVID-19 era [41, 42]. 

Institutional Dynamics of Candida auris Emergence
The detection of Candida auris as a leading fungal pathogen warrants specific epidemiological elucidation. Several institutional drivers likely contributed to this high rate: 1) Referral Bias & Acuity: As the sole ECMO center in the country, HGH receives patients with the highest severity scores (high SOFA/APACHE II) and prior prolonged hospitalization in other facilities, increasing the probability of importing colonized cases ('importation pressure'); 2) Antimicrobial Selection Pressure: The inherent complexity of ECMO patients necessitates aggressive antimicrobial therapy, which disrupts the host microbiome and selects for intrinsically resistant organisms like C. auris; and 3) Outbreak Potential: A temporal analysis reveals clustering of cases during peak COVID-19 waves. This suggests that the overwhelming burden on the healthcare system, coupled with the logistical challenges of isolation in high-density ICUs (e.g., shared equipment or staffing ratios), may have facilitated nosocomial transmission chains ('micro-outbreaks'), a phenomenon well-documented in similar high-acuity settings globally [43, 44].
Risk Prediction Models and Interaction Analyses
Our predictive models for ECMO, ICU, and hospital outcomes, integrating clinical parameters and infection episodes, demonstrated robust discriminative ability, affirming the multifactorial nature of survival determinants. Notably, the novel analysis of additive interactions between obesity and tracheostomy revealed antagonistic effects, a finding that adds nuance to understanding their combined protective role that is a domain still underexplored. Such insights hold promise for refining individualized risk stratification and guiding personalized management strategies.
Several studies support the beneficial impact of both obesity and tracheostomy on ECMO outcomes. A study reported that early tracheostomy in obese patients undergoing VV-ECMO for COVID-19 was safely performed without increased complications and was associated with favorable survival outcomes [45]. Similarly, other authors observed that early tracheostomy in morbidly obese COVID-19 patients facilitated improved respiratory management and reduced ventilator dependence, reinforcing the potential synergy between these interventions [46]. These findings align with meta-analytic evidence indicating that obesity, particularly in V-V ECMO patients, may confer survival advantages potentially attributable to enhanced metabolic reserves and attenuated inflammatory responses [47]. However, contrasting data also exist. Researchers highlighted that while obesity is associated with lower mortality in V-V ECMO, it corresponded with increased mortality in V-A ECMO patients, underscoring the heterogeneity of obesity’s impact across ECMO modalities [47]. 
This dichotomy may be partly explained by differences in patient selection, timing and techniques of tracheostomy, ECMO configurations, and institutional protocols. The antagonistic interaction observed between obesity and tracheostomy in our study suggests that their combined effect is not purely additive, indicating complex biological and clinical interdependencies. This insight underscores the necessity for tailored approaches considering the patient’s BMI, timing of airway interventions, and ECMO modality. Collectively, these findings advocate for further prospective, multi-center research to elucidate mechanistic pathways linking obesity and tracheostomy to ECMO outcomes, refine predictive models incorporating interaction terms, and ultimately enhance personalized critical care strategies.

Methodological Strengths and Limitations
The principal strength of our study lies in its relatively large cohort encompassing all ECMO patients managed over a seven-year period within Qatar’s major tertiary center, allowing for a comprehensive epidemiological and clinical analysis. Detailed data collection on demographics, infection episodes, microbiology, and clinical outcomes combined with advanced multivariate and interaction modeling permits robust evaluation of survival determinants, fulfilling international standards including STROBE reporting guidelines. Furthermore, the study uniquely provides valuable insights into ECMO-associated infections within a Middle Eastern healthcare context, a region underrepresented in existing ECMO literature predominantly focused on Western populations.
However, the retrospective design introduces inherent limitations. Potential biases stem from variability in clinical documentation, microbiological sampling, and antimicrobial prescribing practices across providers and over time, which may have influenced infection ascertainment and completeness of data capture. Time-dependent bias poses a substantial challenge, since infections are more likely to occur with prolonged ECMO duration, complicating causal inference regarding infection as a prognostic factor. Such confounding is well-recognized in similar retrospective ECMO studies [48].  Additionally, the single-center setting within Qatar’s unique healthcare ecosystem may restrict generalizability of findings to other healthcare environments with different epidemiologic profiles, antimicrobial resistance patterns, or organizational structures. Nonetheless, this focus provides essential regional data, enriching the global understanding of ECMO infections and outcomes. The inclusion of COVID-19 patients further adds complexity given the evolving indications for ECMO and pandemic-era variations in clinical management, yet enhances contemporary relevance. Despite these limitations, adherence to rigorous data standards, transparent reporting, and advanced analytical approaches mitigate some retrospective study constraints. 

Epistemological Note on the Obesity-Survival Association
While our multivariate models indicate a statistical survival advantage for obese patients, causal attribution requires caution due to the retrospective nature of the data. Two primary non-causal mechanisms may drive this association:
1. Selection Bias (Collider Stratification): ECMO initiation is a highly selective process. If obesity is generally considered a relative contraindication, only the 'healthiest' obese patients (e.g., those with robust cardiovascular reserve or younger age) may be selected for ECMO, artificially inflating survival rates in this subgroup compared to the general non-obese ECMO population.
2. Residual Confounding: Unmeasured variables such as nutritional status, muscle mass (sarcopenia), or specific metabolic profiles not captured in the registry could confound the relationship between BMI and mortality. Therefore, the reported 'protective' effect should be viewed as a prognostic marker rather than definitive evidence of biological protection.
Analytical Handling of Tracheostomy (Binary vs. Time-Dependent)
To elucidate the independent association between airway management and outcomes, tracheostomy was operationalized as a binary variable (Yes/No) within the logistic regression and Fine-Gray competing risks models.
· Indication & Timing: The decision to perform tracheostomy at our center is protocol-driven, generally targeted 'early' (within the first 14 days) for patients with anticipated prolonged ventilation, thereby reducing variability in indication bias.
· Bias Consideration: We acknowledge that treating this post-baseline intervention as a fixed binary covariate may introduce immortal time bias (the requirement to survive long enough to receive the procedure). However, robustness checks (including adjustment for severity scores like APACHE II and SOFA at admission) suggest that the observed protective effect reflects genuine clinical benefits, such as enhanced secretion clearance, reduced sedation requirements, and facilitated weaning, rather than survival artifacts alone.

Implications for Practice and Future Research
Our findings underscore critical priorities for enhancing ECMO care quality in Qatar and comparable middle-income healthcare settings. Key areas for improvement include strengthening infection surveillance protocols to enable early detection, optimizing antimicrobial stewardship to prevent resistance development, and implementing tailored preventive and therapeutic interventions targeting high-risk patient subgroups identified by our predictive models. Robust multidisciplinary collaboration and continued education are essential to sustain these improvements and adapt to emerging infectious threats.
Future prospective investigations should delve into the mechanistic underpinnings of the observed obesity paradox in ECMO patients, aiming to clarify biological pathways that confer this apparent survival advantage. Additionally, further elucidation of the optimal timing, techniques, and patient selection criteria for tracheostomy is warranted, given it demonstrated impact on respiratory weaning and survival outcomes. Prospective multicenter studies employing standardized data collection frameworks and harmonized infection surveillance strategies are essential to validate our findings and enhance their generalizability across diverse healthcare environments. Incorporating sophisticated time-to-event analyses that address competing risks and accurately capture infection onset timing will be particularly beneficial to mitigate bias and refine causal inferences. Such evidence will support the development of personalized risk stratification algorithms and precision-guided therapeutic strategies, ultimately improving ECMO patient outcomes regionally and globally.
While this study focused on epidemiological outcomes, recent literature highlights the value of integrating specific biomarkers for early detection of device-associated infections (DAI) in critically ill cohorts: 1) VAP Risk Factors: As demonstrated in recent COVID-19 era cohorts, the duration of mechanical ventilation is a critical determinant of MDR acquisition, with thresholds >196 hours significantly increasing risk. The CPIS (Clinical Pulmonary Infection Score) has been validated not just for diagnosis but as a correlate for MDR development [49]; and 2) Prognostic Biomarkers: Traditional markers (WBC) often lack sensitivity in ECMO patients due to circuit-induced inflammation. However, dynamic indices like the Neutrophil-to-Lymphocyte Ratio (NLR), specifically its trajectory at 72 hours, and the Carmeli Score (reflecting prior healthcare exposure) have proven to be robust independent predictors of mortality and MDR risk. Incorporating these simple, calculated indices into daily ECMO rounds could enhance the precision of antimicrobial stewardship [50]. 
Ultimately, these findings underscore the necessity for context-specific infection prevention protocols, particularly in regions with unique microbial ecologies dominated by MDR pathogens. The study suggests that recognition of potentially modifiable factors, specifically the timing of tracheostomy, may support safer long-term ECMO utilization. Additionally, the heightened risk of bloodstream infections identified here serves as a critical alert for early intervention and multidisciplinary antimicrobial stewardship to mitigate adverse outcomes in this high-risk population. 
Conclusion
This seven-year retrospective cohort study as the first of its kind in the Middle East provides a comprehensive epidemiological and clinical overview of nosocomial infections among ECMO-supported patients in Qatar. With over half of the patients (55.2%) experiencing at least one hospital-acquired infection, predominantly respiratory and bloodstream infections, the study highlights the significant infection burden and its association with increased mortality and prolonged ICU and hospital stays. The study’s detailed risk factor analysis revealed obesity and tracheostomy as consistent protective factors across ECMO, ICU, and hospital survival, while bloodstream infections substantially increased ICU mortality risk. Importantly, this research underscores the unique microbiological profile of the region, dominated by Gram-negative bacteria such as Pseudomonas aeruginosa and Klebsiella pneumoniae, alongside fungal pathogens like Candida auris, emphasizing region-specific infection control challenges.
Our findings contribute critical regional data that complement the largely Western-centric ECMO literature and fill a vital knowledge gap regarding infection epidemiology in Middle Eastern healthcare settings. The robust predictive models and novel interaction analyses between obesity and tracheostomy deepen understanding of survival determinants, providing a foundation for more personalized and precision-guided clinical strategies. These insights advocate for implementing targeted infection prevention, stewardship programs, and individualized patient management protocols to improve critical care outcomes. Future multicenter prospective studies with standardized surveillance and time-to-event methodologies are essential to validate these findings, unravel underlying mechanisms, and optimize ECMO care practices globally.
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Supplementary File 4.  Risk Score Model for Predicting ECMO (a), ICU (b), and Hospital Discharge (c) Outcomes

Supplementary 5. Risk score models for predicting outcomes of ECMO, ICU, and hospital discharge in critically ill patients. (A) For ECMO outcomes, obesity, hypertension, and tracheostomy were protective, while additional respiratory tract infection (RTI) episodes increased mortality risk; the model showed sensitivity 81.5%, specificity 59.8%, AUC 0.717. (B) For ICU outcomes, obesity, tracheostomy, and urinary tract infection (UTI) were protective, whereas higher APACHE II scores, bloodstream infection (BSI), and RTI predicted adverse outcomes; model performance was 63.5% sensitivity and specificity, AUC 0.793. (C) For hospital outcomes, obesity, COVID‑19, tracheostomy, and UTI were protective, while higher APACHE II scores, BSI, and RTI were associated with increased mortality; the model achieved sensitivity 56.8%, specificity 90.1%, AUC 0.800, +LR 5.74.

Supplementary File 6. Obesity and Tracheostomy: Protective Effects and additive interaction on ECMO ICU Outcome


Supplementary File 7.  Obesity and Tracheostomy: Protective Effects and additive interaction on ECMO Hospital Outcome

Supplementary 8. Individual protective effects and additive interaction of Obesity and Tracheostomy on ECMO outcome

Supplementary File 9. A CHAID decision classification tree analysis to predict obesity in ECMO outcome 


Supplementary File 10. A CHAID decision classification tree analysis to predict obesity in ICU discharge outcome

Supplementary 11. A CHAID decision classification tree analysis to predict obesity in outcome at hospital discharge 

Supplementary 12: Cumulative Incidence Functions of Infection-Related (A) and Non-Infection-Related (B) Mortality in ECMO Patients
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