Sarah Jolivet 
email: sarah.jolivet@aphp.fr
  
Isabelle Lolom 
  
Sébastien Bailly 
  
Lila Bouadma 
  
Brice Lortat-Jacob 
  
Philippe Montravers 
  
Laurence Armand-Lefevre 
  
Jean-François Timsit 
  
Jean-Christophe Lucet 
  
  
Impact of colonization pressure on acquisition of extended-spectrum β-lactamase-producing Enterobacterales and meticillin-resistant Staphylococcus aureus in two intensive care units: a 19-year retrospective surveillance

Keywords: Meticillin-Resistant Staphylococcus aureus, extended-spectrum β-lactamaseproducing Enterobacteriaceae, Colonisation pressure, Incidence, Intensive Care Units, Observational study

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Over the last five decades, multidrug-resistant organisms (MDROs) have spread in hospitals worldwide, becoming endemic in most countries. The two most frequent MDROs in developed countries are meticillin-resistant Staphylococcus aureus (MRSA) and extended-spectrum β-lactamaseproducing Enterobacteriaceae (ESBL-PE). MRSA outbreaks are characterised by an emergence during the 1970s, with a proportion of S. aureus isolates resistant to meticillin as high as 60% in hospital-acquired infections [START_REF] Lakhundi | Methicillin-Resistant Staphylococcus aureus: Molecular Characterization, Evolution, and Epidemiology[END_REF]. The more recent decreasing rates noted in many countries [START_REF]Surveillance of antimicrobial resistance in Europe[END_REF][START_REF] Hassoun | Incidence, prevalence, and management of MRSA bacteremia across patient populations-a review of recent developments in MRSA management and treatment[END_REF] are mostly due to improved compliance with hand hygiene [START_REF] Jarlier | Curbing methicillin-resistant Staphylococcus aureus in 38 French hospitals through a 15-year institutional control program[END_REF][START_REF] Sroka | Impact of alcohol hand-rub use on meticillin-resistant Staphylococcus aureus: an analysis of the literature[END_REF]. ESBL-PE emerged in the 1980s, with rapidly increasing rates of ESBL among Escherichia coli and Klebsiella pneumoniae. Despite some success in controlling ESBL-PE spread, few studies have reported long-term control. This difficult control is ascribable to the dissemination of ESBL E. coli in the community, with prevalence in the population ranging from 5-10% in high-income countries to more than 60% in middle-and lowincome countries [START_REF] Karanika | Fecal Colonisation With Extended-spectrum Beta-lactamase-Producing Enterobacteriaceae and Risk Factors Among Healthy Individuals: A Systematic Review and Metaanalysis[END_REF][START_REF] Woerther | Trends in Human Fecal Carriage of Extended-Spectrum β-Lactamases in the Community: Toward the Globalization of CTX-M[END_REF]. ESBL K. pneumoniae spreads more easily than ESBL E. coli [START_REF] Gurieva | The Transmissibility of Antibiotic-Resistant Enterobacteriaceae in Intensive Care Units[END_REF]. However, the spread of ESBL-PE contrasts with the progressive control of MRSA in the hospital setting, despite the implementation of similar control measures for both MDROs [START_REF]Surveillance of antimicrobial resistance in Europe[END_REF].

The concept of colonisation pressure has been developed to account for the presence of patients carrying MDRO and serving as a reservoir for transmission to non-colonised patients. Patients can be colonised at admission, with the addition of acquired cases serving as a reservoir for secondary transmission. Previous studies have shown that colonisation pressure is a risk factor for MDRO acquisition for vancomycin-resistant enterococci [START_REF] Bonten | The role of "colonisation pressure" in the spread of vancomycin-resistant enterococci: an important infection control variable[END_REF], MRSA [START_REF] Lucet | Successful long-term program for controlling methicillin-resistant Staphylococcus aureus in intensive care units[END_REF][START_REF] Merrer | Colonisation Pressure" and Risk of Acquisition of Methicillin-Resistant Staphylococcus aureus in a Medical Intensive Care Unit[END_REF], Clostridium difficile [START_REF] Ajao | Systematic review of measurement and adjustment for colonisation pressure in studies of methicillinresistant Staphylococcus aureus, vancomycin-resistant enterococci, and Clostridium difficile acquisition[END_REF][START_REF] Dubberke | Clostridium difficile-Associated Disease in a Setting of Endemicity: Identification of Novel Risk Factors[END_REF] and ESBL-PE [START_REF] Ajao | Risk of Acquiring Extended-Spectrum β-Lactamase-Producing Klebsiella Species and Escherichia coli from Prior Room Occupants in the Intensive Care Unit[END_REF][START_REF] Kaier | Epidemiology meets econometrics: using timeseries analysis to observe the impact of bed occupancy rates on the spread of multidrugresistant bacteria[END_REF].

Intensive care units (ICUs) are the hotspot of cross-transmission of MDROs, due to high antibiotic selective pressure, high colonisation pressure and high care dependency with multiple opportunities for cross-transmission by the hands of healthcare workers. Screening for MDRO colonisation at ICU admission and during the ICU stay is therefore frequently advocated to identify the MDRO reservoir and implement contact precautions for colonised patients. Yet active surveillance cultures and contact precautions for colonised patients remain a matter of intense debate [START_REF] Tschudin-Sutter | Contact Precautions for Preventing Nosocomial Transmission of Extended-Spectrum β Lactamase-Producing Escherichia coli: A Point/Counterpoint Review[END_REF][START_REF] Zahar | Screening for intestinal carriage of ESBL-producing Enterobacteriaceae in critically ill patients: expected benefits and evidence-based controversies[END_REF][START_REF] Prevel | Is systematic fecal carriage screening of extended-spectrum beta-lactamase-producing Enterobacteriaceae still useful in intensive care unit: a systematic review[END_REF].

The long-term impact of colonisation pressure according to local MDRO epidemiology and control measures has rarely been studied [START_REF] Ajao | Systematic review of measurement and adjustment for colonisation pressure in studies of methicillinresistant Staphylococcus aureus, vancomycin-resistant enterococci, and Clostridium difficile acquisition[END_REF], and mostly investigated for only one MDRO [START_REF] Ajao | Systematic review of measurement and adjustment for colonisation pressure in studies of methicillinresistant Staphylococcus aureus, vancomycin-resistant enterococci, and Clostridium difficile acquisition[END_REF] or all MDROs [START_REF] Masse | Colonisation pressure as a risk factor of ICU-acquired multidrug resistant bacteria: a prospective observational study[END_REF]. We assessed the long-term impact of colonisation pressure on MDRO dynamics in two ICUs.

Methods,

Setting and design

The Bichat-Claude Bernard hospital is a 900-to 1100-bed teaching hospital in Paris, France, serving as both a primary and a tertiary referral centre. There are five ICUs, including a 20-bed medical ICU (MICU) and a 12-bed surgical ICU (SICU). Both ICUs have only single-bed rooms.

We performed a retrospective observational study of MDRO epidemiology in these two ICUs, based on prospectively collected data, from January 1997 to December 2015.

Data collection and definition

The following data were collected: basic demographic characteristics, date of ICU admission and discharge, type of ICU admission (direct or transfer), date of MRSA or ESBL-PE identification and site of colonisation or possible infection.

Throughout the 19-year study period, routine rectal (ESBL-PE) and nasal (MRSA) premoistened swabs were performed at admission and weekly from all patients in both ICUs. We used the following definitions: case, a patient in whom MDRO was recovered from any site; colonised, a patient who had MDRO-positive screening samples before a positive clinical sample; possible infection, a positive clinical sample or a non-surveillance isolate. Cases were categorized as imported to the ICU when either of the following criteria were met: MDRO identified in the previous 6 months or MDRO recovered from any site within 48 hours after admission. Acquired cases were defined as MDRO-positive at least 48 hours after ICU admission from surveillance or clinical samples or 48 hours after ICU discharge.

Infection control program

Contact precautions were used in all MDRO cases throughout the study period. These measures consisted in flagging microbiological reports, charts, and doors of rooms of MDRO-positive patients; wearing gloves when entering the room; wearing gowns when caring for the patient; hand hygiene with antiseptic soap before July 2000 and alcohol hand rub thereafter. Decontamination of nasal colonised MRSA with mupirocin, selective digestive decontamination and daily chlorhexidine bathing were not used during the study period. The nurse-to-patient and nurse assistant-to-patient ratios were 1:2.5 to 1:2.7 and 1:4 to 1:5, respectively, and did not change over the study period.

Microbiological techniques

Nasal swabs were plated on Chapman agar (1997-2011) then on a chromogenic selective media (2011)(2012)(2013)(2014)(2015) and incubated for 48 hours at 37 °C. S. aureus was identified using the coagulase test with From 2011 to 2015, strains were identified using mass spectrometry (Maldi Biotyper, Bruker, Wissenbourg, France).

Clinical specimens were isolated on conventional media used for infection diagnosis.

Susceptibility to antibiotics was tested using the disk diffusion method on Mueller-Hinton media (Bio-Rad, Marne-la-Coquette, France) and interpreted as recommended by the French Society for Microbiology (http://www.sfm-microbiologie.org/). Double-disk diffusion testing of screening or clinical specimens detected production of ESBL by a synergistic effect between clavulanic acid/amoxicillin and cefotaxime, ceftazidime, or aztreonam.

Statistical analysis

Data were described using the median and interquartile ranges for continuous variables and proportions (%) for categorical variables.

The outcome of interest was MDRO (MRSA or ESBL-PE) acquisition in exposed patients. Exposed patients had no previous MDRO-positive sample, either MRSA or ESBL-PE. The incidence was calculated as the ratio of the number of acquisitions to the number of patient-exposed days (PED).

Prevalence at admission was calculated as the ratio of the number of imported cases to the number of ICU admissions. Colonisation pressure was computed per week for each ICU as the ratio of the number of MDRO-positive patient-days (PDs) of each MDRO to the total number of PDs. Imported cases were considered to have had MDRO colonisation throughout their ICU stay. Acquired cases were considered to be MDRO colonised from the date of the positive sample until discharge from the ICU.

Temporal annual trends of incidence of MDRO acquisition in exposed patients and MDRO prevalence were estimated using negative binomial regression. Single-level negative binomial regression models were used to evaluate the incidence of weekly MDRO acquisition within two distinct periods (<2005, ≥2005), because of the epidemiology of MDRO; this approach allowed us to consider a nested hierarchical structure of the data.

Univariate analyses were performed per ICU to assess the association between MDRO acquisition in the week (Week+1) after colonisation pressure was measured. Univariate analysis was assessed by calculating incidence rate ratio (IRR) and 95% confidence interval (CI). Continuous variables were converted into categorical variables with same categorization for MRSA and ESBL-PE and median was used as cut-off. Two-sided P < 0.05 defined significance.

In order to account for falsely negative screening at admission with secondary detection of MDRO under the selective pressure of antibiotics, we performed a sensitivity analysis with MDRO acquisition defined as an acquisition at least 7 days after ICU admission. This restricted definition of MDRO acquisition also allowed us to restrict the analysis to patients with at least one weekly screening sample in addition to an admission sample.

Statistical analysis was performed using Stata® software, v15.1 (StataCorp, College Station, Texas, USA).

Results

During the 988-week study period, 23 423 patients were admitted to the ICUs. In total, 2 327 (10.0%) were ESBL-PE cases, including 1 667 (7.1%) imported cases and 660 (2.8%) acquisitions. For MRSA, 1 422 (6.1%) were cases, including 1 071 (4.6%) imported cases, and 351 (1.5%) acquisitions (Figure 1). Patient characteristics are summarized in Table I. The average PDs increased over time (P < 0.001).

Conversely, the average length of ICU stay did not increase over time (P = 0.78).

The prevalence of ESBL-PE imported cases increased from 0.7% in 1997 to 14.4% in 2015 (P < 0.001) and decreased from 4.1% to 2.3% (P = 0.11) for MRSA, (Figure 2). There were 213 409 PDs in total, 186 850 and 194 452 of which were ESBL-PE and MRSA patient-exposed days (PED), respectively. ESBL-PE acquisition increased from 0.51/1 000 PED in 1997 to 6.06/1 000 PED in 2015 (P <0.001). The increase was abrupt from 2005 and stabilized between 2010 and 2015 (P = 0.30). In contrast, MRSA acquisition steadily decreased from 3.75 to 0.08/1 000 PED (P < 0.001) during the study period (Figure 2). Colonisation pressure varied greatly between MDRO, ICU and periods (< 2005 and ≥ 2005). ESBL-PE and MRSA colonisation pressure per week ranged from 0 to 516/1 000 PDs for MICU and from 0 to 578/1 000 PDs for SICU, and from 0 to 554/1 000 PDs for MICU and from 0 to 467/1 000 PDs for SICU, respectively, over the study period (Supplementary Table I).

After controlling for period-level covariates by single-level negative binomial regression models, colonisation pressure during the previous week was associated with MDRO acquisition for ESBL-PE (P < 0.001 and P = 0.04 for MICU and SICU, respectively), but not for MRSA (P = 0.34 and P = 0.37 for MICU and SICU) (Figure 3; Supplementary Table II). The relationship between colonisation pressure and MDRO acquisition was observed above 100/1 000 PDs for ESBL-PE. Similar results were obtained in the sensitivity analysis when considering only MDRO acquisition after 7 days in the ICU (Supplementary Table III). The thresholds of ESBL-PE acquisition were above 75 and 125/1 000 PDs of colonisation pressure in the MICU and SICU, respectively, and above 200/1 000 PDs for MRSA (Supplementary Figure 1).

Discussion

This observational study showed opposite trends in the incidence and prevalence of MRSA (decreasing) and of ESBL-PE (increasing) during the 19-year study period. These results are consistent with those of the French networks participating in the European Antimicrobial Resistance Surveillance Network [START_REF]Surveillance of antimicrobial resistance in Europe[END_REF][START_REF] Arnaud | Ongoing increasing temporal and geographical trends of the incidence of extended-spectrum beta-lactamase producing Enterobacteriaceae infections in France, 2009 to 2013[END_REF][START_REF] Carbonne | National multidrugresistant bacteria (MDRB) surveillance in France through the RAISIN network: a 9 year experience[END_REF]. Moreover, the incidence and prevalence of MRSA and ESBL-PE were similar to previous findings [START_REF] Hetem | Molecular epidemiology of MRSA in 13 ICUs from eight European countries[END_REF][START_REF] Detsis | ICU Acquisition Rate, Risk Factors, and Clinical Significance of Digestive Tract Colonisation With Extended-Spectrum Beta-Lactamase-Producing Enterobacteriaceae: A Systematic Review and Meta-Analysis[END_REF]. The increase of ESBL-PE was abrupt from 2005, probably due the emergence of ESBL-PE -notably, CTX-M-producing E coli, with rapid dissemination in the community. We observed a simultaneous increase of both ESBL-PE prevalence and incidence. This increase was coincident with the introduction of commercially prepared selective media. However, accuracy and sensitivity were similar between commercially prepared selective media and in-housemade media [START_REF] Grohs | Assessment of five screening strategies for optimal detection of carriers of third-generation cephalosporinresistant Enterobacteriaceae in intensive care units using daily sampling[END_REF].

The other finding of this study was that colonisation pressure contributed to an increase in incidence of ESBL-PE the next week but not that of MRSA. Graphical representation of colonisation pressure suggested that thresholds were different across MDROs and ICUs, with higher thresholds for MRSA than for ESBL-PE. Colonisation pressure is considered as a risk factor for MDRO acquisition based on the principle that it increases the probability of transmission through contacts between healthcare workers, patients and environment, due to a higher density of colonised patients. For ESBL-PE, these results are consistent with previous findings [START_REF] Ajao | Risk of Acquiring Extended-Spectrum β-Lactamase-Producing Klebsiella Species and Escherichia coli from Prior Room Occupants in the Intensive Care Unit[END_REF][START_REF] Kaier | Epidemiology meets econometrics: using timeseries analysis to observe the impact of bed occupancy rates on the spread of multidrugresistant bacteria[END_REF]. Similar results were obtained in the sensitivity analysis when considering only acquisition occurring 7 days after admission, in order to exclude imported cases not detected at admission.

During the study period, the same control measures were implemented for MRSA and ESBL-PE, including single-bed rooms, universal screening at admission and weekly thereafter, and contact precautions for known MDRO-colonised or infected patients, according to national guidelines [START_REF]Prévention de la transmission croisée : précautions complémentaires contact[END_REF], similar to other recommendations [START_REF] Siegel | 2007 Guideline for Isolation Precautions: Preventing Transmission of Infectious Agents in Health Care Settings[END_REF][START_REF] Tacconelli | ESCMID guidelines for the management of the infection control measures to reduce transmission of multidrug-resistant Gram-negative bacteria in hospitalized patients[END_REF]. However, colonisation pressure impacted differently on MRSA and ESBL-PE acquisition. This difference might be mostly explained by the bacterial epidemiology of both pathogens. Indeed, ESBL-PE mainly colonises the digestive tract, with high digestive concentrations, up to 10 8 ESBL-PE per gram of faeces, particularly in patients exposed to antibiotics [START_REF] Ruppé | Relative fecal abundance of extended-spectrum-β-lactamase-producing Escherichia coli strains and their occurrence in urinary tract infections in women[END_REF]; MRSA colonises the skin and nose, with a much lower burden of colonisation. Thus, barrier precautions for MRSA may be more effective for prevention of transmission. In contrast, ESBL-PE acquisition increased with high colonisation pressure. In addition to the digestive burden of ESBL-PE and transmission though the hands of healthcare workers during direct care, environmental contamination by ESBL-PE and transmission though the handling of contaminated faeces could be other routes of transmission [START_REF] Lerner | Spread of KPC-producing carbapenem-resistant Enterobacteriaceae: the importance of super-spreaders and rectal KPC concentration[END_REF][START_REF] Guet-Revillet | Environmental contamination with extended-spectrum β-lactamases: Is there any difference between Escherichia coli and Klebsiella spp?[END_REF]. Moreover, management of excreta and control of faecal matter was not explicitly included in contact precautions, which may contribute to the different transmission rates between MRSA and ESBL-PE [START_REF] N'guyen | Association between excreta management and incidence of extended-spectrum β-lactamaseproducing Enterobacteriaceae: role of healthcare workers' knowledge and practices[END_REF]. Thus, classic control measures may be effective in preventing transmission of MRSA but not of ESBL-PE when colonisation pressure exceeds 100/1 000 PDs. However, the incidence of ESBL-PE has stabilized since 2010, despite the increased rate of imported cases.

In a systematic review of the role of colonisation pressure [START_REF] Ajao | Systematic review of measurement and adjustment for colonisation pressure in studies of methicillinresistant Staphylococcus aureus, vancomycin-resistant enterococci, and Clostridium difficile acquisition[END_REF], most studies demonstrate that colonisation pressure is strongly and independently associated with MRSA acquisition [START_REF] Lucet | Successful long-term program for controlling methicillin-resistant Staphylococcus aureus in intensive care units[END_REF][START_REF] Merrer | Colonisation Pressure" and Risk of Acquisition of Methicillin-Resistant Staphylococcus aureus in a Medical Intensive Care Unit[END_REF][START_REF] Muller | Relationship between spread of methicillin-resistant Staphylococcus aureus and antimicrobial use in a French university hospital[END_REF]. These studies, however, were performed in the 1990s, before the introduction of alcohol handrub for hand hygiene, which led to greater microbiological efficacy and compliance. Recently, a multicentre interventional study in 14 ICUs suggested that higher compliance with hand hygiene and chlorhexidine bathing resulted in a decrease of MRSA acquisition, but was ineffective in controlling the spread of highly resistant Enterobacteriaceae, mainly ESBL-PE [START_REF] Derde | 16 Interventions to reduce colonisation and transmission of antimicrobial-resistant bacteria in intensive care units: an interrupted time series study and cluster randomised trial[END_REF]. Our data are in line with this study, suggesting that improved compliance with barrier precautions is more effective for controlling MRSA dissemination than ESBL-PE.

The dynamics of MDRO spread differed between the two ICUs. This difference could be explained by patient characteristics, degree of dependency of care and the number of opportunities for crosstransmission, antibiotic selection pressure, and the level of compliance with hand hygiene and contact precautions.

Our study has several strengths, including the very long study period, the large number of included patients, the same screening strategy and control measures for MRSA and ESBL-PE over nearly 20 years, and the thorough weekly computing of colonisation pressure in both ICUs. Moreover, colonisation pressure and incidence rate were calculated using both clinical and screening samples.

Although the present study covers a long study period, it has several limitations. First, our analysis did not include all potential risk factors for MDRO acquisition, especially antibiotic use, severity of illness, nurses' workload and compliance with hand hygiene and contact precautions [START_REF] Baur | Effect of antibiotic stewardship on the incidence of infection and colonisation with antibiotic-resistant bacteria and Clostridium difficile infection: a systematic review and meta-analysis[END_REF][START_REF] Tacconelli | Does antibiotic exposure increase the risk of methicillin-resistant Staphylococcus aureus (MRSA) isolation? A systematic review and meta-analysis[END_REF]. Second, the possible absence of universal screening obtained at admission could have biased the results if missed screenings did not occur at random. Third, culture of screening samples may suffer from weak sensitivity [START_REF] Kluytmans-Van Den Bergh | Rectal Carriage of Extended-Spectrum-Beta-Lactamase-Producing Enterobacteriaceae in Hospitalized Patients: Selective Preenrichment Increases Yield of Screening[END_REF]. Fourth, as patients were screened weekly, and discharge screening was not performed, positive patients could have been identified with a delay or missed. Fifth, only the first ESBL-PE species identified was selected for case classification. Sixthly, as a single-centre study its generalisability is limited. Finally, molecular typing was not performed to confirm acquisition.

Conclusions

In conclusion, our study suggests that different strategies for controlling cross-transmission should be implemented for ESBL-PE as compared to MRSA, including the potential worth of contact precautions in reducing ESBL-PE cross-transmission in ICUs with high colonisation pressure.

Moreover, colonisation pressure impacts MDRO acquisition, likely according to variable compliance with standard and contact precautions. Data are n (%) or median (IQR) 

  rabbit plasma and the DNAse (1997-2002) or slidex agglutination test (2003-2010). Rectal swabs were cultured on selective media: Drigalski agar (Bio-Rad, Marnes-la-Coquette, France) supplemented with cefotaxime (0.5 mg/L) from 1997-2004, BLSE Agar (AES Chemunex, Ivry sur Seine, France) from 2005-2007, and ChromID ESBL Agar, (bioMe ŕieux, Marcy-l'Etoile, France) from 2008-2015. Enterobacteriaceae species were identified using the API 20E ID system (bioMérieux, Marcy-l'Etoile, France) (2006-2010).
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Table I .

 I Characteristics of the patients admitted to the intensive care units over the 19-year study

	period			
	Variables	MICU (n=14 210) SICU (n=9 213)	Total (n=23 423)
	Male gender	9 014 (63.4)	5 955 (64.6)	14 969 (63.9)
	Age (year)	58.9 (44.1-71.3)	60.2 (44.9-72.8)	59.4 (44.4-72.0)
	Type of ICU admission			
	direct (from the emergency room)	7 627 (53.7)	3 876 (42.1)	11 503 (49.0)
	transfer (from wards)	6 583 (46.3)	5 337 (57.9)	11 920 (51.0)
	Length of ICU stay (days)	3.5 (1.4-8.8)	3.1 (1.2-8.8)	3.3 (1.2-8.8)
	ICU mortality	2 737 (19.3)	1 942 (21.0)	4 679 (20.0)
	ESBL-PE			
	Imported and acquired cases	1 609 (11.3)	718 (7.8)	2 327 (10.0)
	Imported cases	1 191 (8.4)	476 (5.2)	1 667 (7.1)
	Acquired cases	418 (2.9)	242 (2.6)	660 (2.8)
	Possible infection	97 (0.7)	48 (0.5)	145 (0.6)
	Colonisation only	321 (2.3)	194 (2.1)	515 (2.2)
	Time to acquisition (days)	8 (5-12)	8 (5-14)	8 (5-13)
	MRSA			
	Imported and acquired cases	897 (6.3)	525 (5.7)	1 422 (6.1)
	Imported cases	689 (4.8)	382 (4.1)	1 071 (4.6)
	Acquired cases	208 (1.5)	143 (1.6)	351 (1.5)
	Possible infection	83 (0.6)	56 (0.6)	139 (0.6)
	Colonisation only	125 (0.9)	87 (1.0)	212 (0.9)
	Time to acquisition (days)	9.5 (5.5-18)	8 (5-19)	9 (5-18)

327 (10.0%)
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