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Abstract

Multidrug-resistant organisms (MDRO) are a global problem, causing treatment challenges
which result in worse health outcomes and high healthcare costs. As resistance to antibiotics
continues to develop causing treatment failures, infection prevention strategies have become
necessary. This dissertation offers research into discovering potential targets for intervention of
MDRO acquisition through prevention of multiple MDRO colonization and infection and
prevention of infection and transmission through the environment. The introduction for these
topics will be covered in chapter one.

In chapter two, we analyzed a four-year, prospective study to identify risk factors among
hospitalized patients for co-colonization and coinfection (CCCI) with methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus (VRE), a predecessor to
vancomycin-resistant S. aureus. Using conditional logistic regression, we identified admission
from another healthcare facility as a risk factor when comparing CCCI patients to patients with
MRSA only and patients without MRSA or VRE, indicating healthcare exposure increases the risk
of CCCI. Molecular analysis indicated CCCI may be more likely to occur in patients colonized or
infected with MRSA strains typically associated with hospital-associated infections. We
recognized patients who may benefit from additional resources for infection prevention and control
in the hospital to prevent acquisition of an emerging MDRO through multiple organism
colonization or infection.

MDRO environmental contamination facilitates MDRO transmission. In chapter three, we

identified a hospitalized patient type colonized with MDRO more likely to contaminate their



environment. Using latent class analysis, we categorized patients into two classes based on
mechanical ventilation status, consciousness status at admission and requiring assistance with
activities of daily living prior to admission. Low functional status patients were more likely to
contaminate their environment. Infection prevention practices, such as hygiene assistance,
enhanced environmental disinfection and contact precautions may contribute to reducing the
burden of environmental contamination by these patients.

Chapter four includes a surveillance study of environmental contamination in a child care
center with the goal of guiding environmental cleaning and disinfection practices. We
demonstrated the feasibility of longitudinal surveillance of a variety of fomites to detect overall
contamination and the frequency of contamination with MDRO and viral pathogens. Water-
associated sites were identified as harboring a higher bioburden and being contaminated more
frequently with pathogens, demonstrating the potential of water to act as a reservoir for
microorganisms and distribute them in the environment. We detected a higher bioburden on
objects with irregular surfaces or which were cleaned less frequently. Child care providers should
consider the ability to decontaminate a surface balanced against the development of children when
including items in the classroom.

Chapter five examines the knowledge added from this research and the public health
implications related to our findings. Support for current infection prevention and control
recommendations are addressed and additional strategies for interventions are considered.
Potential future research directions informed by findings in this dissertation, including
investigations into mechanisms of acquisition and transmission and potential interventions to

interrupt these processes are discussed.

Xi



In the appendix, | present a proposal for a future research project to develop a self-screening
method for VRE. While this may have multiple applications, my goal is to use this in community-
based studies, where VRE is prevalent but under-investigated. Better surveillance of VRE in the
community will inform best practices for prevention of transmission and acquisition in this setting,

while also guiding future research regarding VRE in community.
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Chapter 1: Introduction

1.1: Antibiotic Resistance

The United Nations’ (UN) Interagency Coordination Group on Antimicrobial Resistance
describes antimicrobial resistance as a global crisis that jeopardizes the worldwide effort to achieve
the UN Sustainable Development Goals.! A report commissioned by the United Kingdom
Government and Wellcome Trust estimated 700,000 global deaths per year from antimicrobial
resistance disease and predicts a continued rise in resistance will result in 10 million deaths
annually and cost up to $100 trillion by 2050.2 The Infectious Disease Society of America
estimated infections from antimicrobial-resistant organisms cause $21-$34 billion in healthcare
costs and 8 million additional hospital days annually in the U.S.3

Antimicrobial resistance is prevalent among all groups of infectious organisms. Antifungal
resistance is an emerging problem worldwide. Four classes of antifungals are primarily used to
treat fungal infections, azoles, polyenes, pyrimidine analogs and echinocandins. Resistance to any
of these drugs would reduce an already limited pool of treatment options. Clinical laboratories
often do not have the capabilities to test for antifungal resistance, which can result in
underdiagnosis and treatment failures.* Resistance to antifungals has been observed among
numerous genera, with antifungal resistance among Candida and Aspergillus presenting a major
challenge due to their prevalence.*”

Antifungal-resistant Candida spp. are of particular concern. Drug-resistant C. auris has

been labeled an urgent threat by the Centers for Disease Control and Prevention (CDC); a 318%



increase in drug-resistant C. auris cases in the U.S. was observed in 2018 compared to the average
number of cases from 2015-2017.* Pan-resistant C. auris isolates have emerged worldwide.?®
Resistance to antifungals may result in worse health outcomes. Investigators identified 51 cases of
C. auris infections in New York City, including 50 resistant to at least one antifungal, during a
retrospective review of cases from May 2013 to April 2017.1° Of these 51 patients, 23 (45%) died
within 90 days, although deaths attributable to C. auris were unknown. Other species of drug-
resistant Candida are also a concern, causing an estimated 34,800 infections and 1,700 deaths in
the U.S. in 2017.# Approximately 7% of bloodstream infections with Candida spp. are resistant to
antifungals, with resistance to fluconazole in 8.6% of C. glabrata isolates and 7.7% of C.
parapsilosis isolates.!

Aspergillius spp. are the other major emerging drug-resistant threat among fungi.*
Aspergillus infections are treated primarily with azoles and resistance to these antifungals is
developing which can worsen health outcomes. Investigators detected 37/196 (19%) aspergillus
isolates from invasive infections were resistant to azoles in a five-year retrospective study at three
tertiary care facilities in the Netherlands.!? Patients with resistant strains had significantly higher
mortality than patients with susceptible strains on day 42 (49% vs 28%; P = .017) and on day 90
(62% vs 37%; P =.0038). Although less common in the U.S., drug-resistant Aspergillus has been
observed, with 10/274 (3.6%) resistant to azoles and 18/274 (6.6%) resistant to amphotericin B in
isolates collected from the Transplant-Associated Infection Surveillance Network from 2001 to
2006.® The emergence of antifungal resistance among Candida and Aspergillus and the presence
of resistance among other genera of fungi demonstrate the potential for antifungal resistance to
become a problem for healthcare providers and worsen health outcomes for patients. Antimicrobial

resistance is present among viruses as well, causing treatment challenges for infections caused by



these pathogens. Identifying antiviral resistance can be difficult. Phenotypic testing can determine
antiviral susceptibility but is time consuming and costly. Genotypic testing can be performed
quickly but may rely on known mutations causing resistance; novel mutations or a lack of known
resistance mutations may limit the detection of antiviral resistance, especially without phenotypic
information.

As antiviral resistance increases among viruses causing both acute and chronic infections,
identifying resistant pathogens is important for determining treatment options. Influenza, a
common cause of acute respiratory infections, has demonstrated resistance to anvirials.
Adamantanes, which had been previously used to treat influenza A infections, are no longer
recommended for treatment due to high levels of resistance (>99% for influenza A(H3N2) and
influenza A(HIN1)pdm09 in the U.S.).}* Neuraminidase and endonuclease inhibitors are
recommended by the CDC for treatment of both influenza A and B infections; resistance to these
antivirals is present in less than 1% of isolates tested by the CDC in the 2019-2020 influenza
season.* With one class of antiviral no longer used to treat influenza and resistance observed to
the other antiviral class primarily used to treat this virus, the potential exists for continued antiviral-
resistance to emerge among influenza, further reducing treatment options of these infections.

Antiviral resistance is present in among viruses causing chronic infections, posing a
different challenge as antivirals are often used for long-term management of chronic infections.
Human immunodeficiency viruses (HIV) have a propensity to be error prone during replication
and are highly variable..?>® These variations result in treatment failures with single agents,
necessitating the use of combination antiretroviral therapy. For hepatitis B infections, antiviral
resistance develops in >70% of patients receiving lamivudine.l’ Hepatitis B resistance to other

antivirals is low (less than 2% in patients with long term treatment using entecavir), but resistance



is detected in higher proportions of patients treated with entecavir following lamivudine treatment
failure (>50% after five years of treatment), indicating cross-resistance can occur at a high rate.8
Resistance to nucleoside analogues has been observed among herpesviruses. For herpes simplex
viruses, resistance is low for immunocompetent patients (<1.0%) but is more common for
immunocompromised patients (3.5%-10%).1%-26 Prolonged use of nucleoside analogues results in
increased risk of antiviral resistance in herpesvirus infections.?’ The prolonged use of antivirals in
chronic infections allows for the development of resistance over time, complicating the treatment
of these pathogens.

Antibiotic-resistant bacteria also contribute substantially to the burden of antimicrobial
resistance disease. Based on national reports, the World Health Organization (WHO) noted
antibiotic resistance in >50% of isolates among bacteria commonly causing infections in
hospitalized patientsand the community including 1) Klebsiella pneumoniae resistant 3™
generation cephalosporins in all six WHO regions, 2) Escherichia coli resistant to 3" generation
cephalosporins, E. coli resistant to fluoroguinolones and methicillin-resistant Staphylococcus
aureus (MRSA) in five of six WHO regions and 3) Klebsiella pneumoniae resistant to
carbapenems in two out of six WHO regions.?® Antibiotic resistance was reported in >25% of
isolates commonly causing infections in the community including 1) Streptococcus pneumoniae
non-susceptible or resistant to penicillin in all six WHO regions, 2) nontyphoidal Salmonella
resistant to fluoroquinolones and Neisseria gonorrhoeae resistant to 3™ generation cephalosporins
in three out of six WHO regions and 3) Shigella species resistant to fluoroquinolones in two out
of six regions.?® In the U.S. more than 2.8 million antibiotic-resistant infections occur annually
resulting in 35,000 deaths.* The prevalence of infections with antibiotic-resistant bacteria is

especially problematic due to difficulties in treating these infections, resulting in higher morbidity



and mortality compared to susceptible bacteria.?®3! Antibiotic resistant infections also increase
healthcare costs through longer lengths of hospital stays, the necessity of treating morbidity
resulting from infections and use of expensive antibiotics.3*%

Much of the focus of antibiotic-resistant infections lies in healthcare settings due to their
prevalence and impact on patient health outcomes. Among eight of the most common bacterial
pathogens that caused healthcare-associated infections (HAI) in the U.S. from 2015-2017, seven
demonstrated greater than 20% non-susceptibility to at least one class of antibiotics in device-
associated infections, including S. aureus, P. aeruginosa and Acinetobacter spp., and four in
surgical-site infections, including E. coli and Enterococcus faecium.®* Risk factors for antibiotic-
resistant bacteria colonization and infection, such as antibiotic use, presence of indwelling devices
and increased duration of hospital stay, are commonly found among hospitalized patients,
especially critically ill patients.®>~3" Furthermore, shared environments and healthcare workers
(HCW) can become contaminated and provide indirect transmission routes for pathogens between
patients.®®#2 The combination of these factors create an environment where the prevalence of
multidrug-resistant organisms (MDRO), defined as non-susceptibility to at least one antimicrobial
agent in at least three different antimicrobial classes, in hospitals is high and mechanisms to
transmit MDRO between at risk patients exist, including routes without direct contact between
patients.** A cycle forms of patients acquiring MDRO and contaminating both the environment
and HCW resulting in transmission of MDRO to other patients. Patients with newly acquired
MDRO then begin the cycle again. Due to the morbidity and mortality associated with MDRO and
their limited treatment options because of antibiotic-resistance, these patterns of transmission and

acquisition in hospitals require interventions to improve health outcomes for patients.



Antibiotic-resistant bacteria in community settings receive less attention but likewise
contribute to the overall burden of adverse health outcomes resulting from these organisms. Some
pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA) and extended-spectrum
pB-lactamase (ESBL)-producing Enterobacteriaceae, transitioned from being primarily nosocomial
pathogens to being prevalent in the community as well.***> Emergence in the community may
occur for multiple reasons. In the case of MRSA, a novel staphylococcal cassette chromosome was
identified in community strains, suggesting resistance was newly acquired in the community and
not directly related to strains causing HAL**" The potential also exists for MDRO carriers in
healthcare settings to introduce MDRO into the community. Calfee et al. conducted an
investigation of MRSA transmission between 88 discharged patients with hospital-acquired
MRSA and both 130 of their close contacts (spouse, parent, child or caregiver) and 42 of their
casual contacts (friends, siblings or roommates).*® Screening of the personal contacts revealed 24
(18.5%) close contacts and 1 (2.4%) casual contact were positive for MRSA. Pulsed-field gel
electrophoresis (PFGE) was performed on MRSA isolates from 9 index patients and 11 contacts.
Isolates from contacts for eight out the nine index patients were identical to those recovered from
the index patient. This study demonstrates the potential for MDRO introduction from healthcare
facilities into the community, leading to further spread outside healthcare facilities.

Some resistant bacteria are still considered to be primarily hospital-acquired pathogens and
receive little attention in the community, such as vancomycin-resistant enterococcus (VRE).
However, some small, community based studies have observed VRE colonization prevalence to
range from 5-38%, indicating their presence in the community may be greater than previously
thought.*®*>* Carriers of MDRO in the community may introduce these pathogens during

healthcare admissions. Denkinger et al. conducted a 12-year study at a single tertiary care facility



including both infection and surveillance samples.> During that time, there were an average of
39,197 admissions per year (range 36,733-42,262) with an average of 7534 positive bacterial
cultures per year (range 5541-8726). The researchers observed a significant increase in the
prevalence of VRE, multidrug-resistant gram-negative (MDRGN) and MRSA at admission in
patients <65 years old and a significant increase in VRE and MDRGN in patients at admission >65
years old.>®> The proportion of Enterococcus, gram-negative and S. aureus isolates detected at
admission with resistance to antibiotics increased significantly as well for patients >65 years old.
This study suggests MDRO prevalence in the community could be increasing and that community
carriers of MDRO may provide a means of introducing MDRO into healthcare facilities. The
potential for a cycle of transmission of antibiotic-resistant bacteria between community and
hospital settings exists and addressing these problems could provide substantial relief to the burden
posed by antimicrobial-resistant organisms.

Combatting the global antibiotic-resistance crisis first requires an understanding of the
development of antibiotic resistance. Bacteria acquire resistance genes through mutations during
replication or horizontal gene transfer from other bacteria, both of which have been demonstrated
in vitro.%®>" Antibiotics kill susceptible organisms, leaving resistant bacteria to grow and spread.
With each newly developed antibiotic, resistant organisms arise, limiting the utility of these
drugs.®® This cycle of drug development and resistance has been exacerbated in recent decades by
the dearth of development of new antibiotic classes.?® Additionally, the combination of resistance
acquisition methods and selective pressures from antibiotic use have resulted in the emergence of
MDRO, which have few or no treatment options.?843°90 These treatment challenges force the
development of other strategies to prevent infections with antibiotic-resistant bacteria.

Determining patients at risk for MDRO acquisition guides infection prevention and control



policies. The role of multiple organism colonization and infection in MDRO acquisition will be

investigated in this context.

1.2: Multiple Organism Colonization and Infection

Multiple organism infections present a variety of challenges to clinicians and researchers.
Surveillance of these infections demonstrates that multiple organism infections are present with
considerable prevalence in hospital settings. Royo-Cebrecos et al. observed 194 (10.2%) of all
bloodstream infections in cancer patients at a university hospital in Spain over ten years to be
caused by multiple organisms.®* Escherichia coli (33.8%) and Enterococcus spp. (30.6%) were
the most common organisms identified in the multiple organism infections. MDRO were
significantly more likely (20.6% vs 12.9%; p = 0.003) to be cultured in multiple organism
infections. During a six-year study of military personnel with deployment-related traumatic
injuries at Walter Reed National Military Medical Center, Heitkamp et al. reported 259 (66.1%)
of 392 patients with a at least one wound infection and a positive culture had multiple organism
infections.®? Patients with Enterococcus spp. in their wounds were significantly more likely to
have multiple organism infections (n=141; 91.0% vs. n=118; 49.8%; p<0.001). Ferrer et al.
investigated pneumonia acquired in the intensive care unit (ICU) over nine years at a university
hospital in Spain, reporting 41/215 (16.0%) were caused by multiple organism.® S. aureus (41.4%)
was the most commonly identified organism in multiple organism pneumonia. In addition to their
propensity to be detected in multiple organism infections, S. aureus and Enterococcus have been
frequently identified together in hospitalized patients. In an eight-month prospective study by
investigators at Cleveland Veterans Affairs Medical Center, 23 (62%) of 37 patients with VRE
intestinal colonization were also colonized with intestinal S. aureus, including 20 (54%) with

MRSA.% The prevalence of multiple organism colonization and infection has prompted further



research regarding the health outcomes of these infections. While this research may focus on
outcomes such as morbidity and mortality, multiple organism colonization and infection may result

in other outcomes, such as the development of additional resistance phenotypes.

1.3: Multiple Organism Infection and Vancomycin-Resistant Staphylococcus aureus

One unique situation regarding multiple organism colonization and infection is the
development of vancomycin-resistant S. aureus (VRSA) during cases of co-colonization or
coinfection (CCCI) with MRSA and VRE. VRSA is an emerging pathogen worldwide.%*-" The
acquisition of vancomycin resistance has been hypothesized to occur during CCCI with MRSA
and VRE through horizontal gene transfer.>” Preventing MRSA and VRE CCCI may prevent the
future emergence of VRSA. MRSA and VRE are two of the most common pathogens causing HAI
and are also commonly found contaminating the hospital environment and the hands of patients
and HCW.3*7>7 The prevalence of MRSA and VRE in hospitals suggests hospitalized patients
may have an increased risk of exposure to these organisms.®* Identifying patients at risk for MRSA
and VRE CCCI can aid in developing infection prevention strategies to prevent CCCI and,
potentially, VRSA acquisition. Previous research on MRSA and VRE CCCI has been limited by
sample size, exclusion of patient types, restriction of Enterococcus species and a lack of molecular
analysis of pathogens. The objective of aim 1 was to identify risk factors for MRSA and VRE
CCCI to prevent future co-acquisition in hospitalized patients. Furthermore, a molecular analysis
of pathogens was performed to detect associations between characteristics of MRSA and VRE and
their likelihood of co-existing in a host. Molecular markers and strain types may provide
information such as identifying isolates associated with HAI which could aid in determining how

CCCI occurs.



1.4: MDRO Environmental Contamination in Hospitals

Infection prevention and control strategies can be directed toward individuals at risk for
MDRO acquisition. Interrupting pathogen transmission is a primary area of focus of infection
prevention in hospitals. Bacteria can be transmitted through a variety of routes, providing many
potential points of intervention. Of these transmission modes, MDRO contamination of fomites,
both in hospital and community settings, will be explored here.

MDRO can be carried by asymptomatic and symptomatic individuals and are shed into the
environment by both host types from multiple body sites, including in respiratory secretions and
fecal matter, contributing to the transmission of these pathogens.*®’"~"° Shedding can result in
environmental contamination and subsequent MDRO transmission through direct environmental
contact or contact with individuals contaminated by the environment.8>-®2 Carriers can shed
MDRO for months or years, creating a long-term risk of pathogen transmission by unwitting
hosts.?385 MDRO viability on surfaces adds to the risk of transmission through the environment.
Wagenvoort et al. used MRSA clinical isolates to inoculate glass bottles. These isolates survived
between 225 and 318 at temperatures between 20°C and 22°C and humidity ranging from 24-47%
during the study period.®® Wendt et al. inoculated polyvinyl chloride with VRE. Strains survived
for up to four months.®” Temperature during the study was 22°C+2 and humidity was 50%z5.
Long survival times of MDRO in the environment can create reservoirs facilitating transmission.

Environmental contamination has been implicated in the transmission of MDRO in
hospitals. MDRO have been isolated from environmental surfaces repeatedly in patient
rooms.”®888 For transmission of MDRO to occur from one patient to another through the
environment, several steps are required. First, an MDRO carrier must shed the organism into the

environment, such as through direct contact with the environment by colonized skin or by
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excreting contaminated bodily fluids. Wilson et al. identified 52 patients colonized with MRSA in
ICUs of two London, England hospitals.®® In 34 cases, the patient room environment was
subsequently contaminated by a strain similar to that in the colonized patient, identified by phage
typing, which was not present prior to the patient occupying the room. This study demonstrates
the potential for a patient to directly contaminate the hospital environment.

Once in the environment, MDRO must be transferred to other patients. One mechanism of
transmission may be through a vector, such as a HCW. Wilson et al. observed 120/585 (20.5%)
patient and HCW interactions resulted in MDRO contamination of gloves and gowns.*® PFGE was
performed for isolates from 22 of these interactions; 18 HCW had strains related to patients and
20 had strains related to the environment, displaying the ability for MDRO transfer to HCW to
occur. HCW workers who are carriers of MDRO can then transmit these pathogens to patients.
Bertin et al. documented a MRSA outbreak among 37 neonates in a neonatal ICU caused by direct
care of a HCW infected with the outbreak strain, confirmed by repetitive sequence PCR.%! The
outbreak began two months after the HCW started in the unit and no new cases were detected in
the year following the HCW leaving the unit. Direct care from HCW can facilitate inoculation of
the MDRO in a patient, which is required for colonization or infection.

Patients can also have direct contact with contaminated environments. Transfer of the
MDRO through this contact and subsequent self-inoculation would be required for MDRO
colonization or infection. Prior residence in a hospital room by an MDRO carrier can result in
environmental contamination which can lead to transmission of MDRO through patient contact.
Creamer et al. identified 92/929 (10%) of patients screened in two medical and two surgical wards
at a tertiary hospital during two six-week periods were positive for MRSA.* Using

epidemiological investigations and PFGE for isolate typing, they determined the source of eleven
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MRSA transmission events among patients residing in the same ward bay within three weeks of
each other. In six events, only patients were the source, in three cases, patients and the environment
were the source, and in two cases, the environment was the source.*? This study illustrates the
potential of MDRO transmission to occur through the environment.

Other studies have identified prior room occupancy with an MDRO carrier increases the
risk MDRO acquisition for subsequent inpatients residing in the same room, indicating MDRO
contamination of the environment could affect patient outcomes.®?-** While demonstrating direct
transmission and acquisition of MDRO through the environment is not feasible experimentally,
these studies reveal the mechanisms required for transmission to occur are possible. The variety
of MDRO transmission routes in the environment demonstrate its viability as a focus for infection
prevention and control actions such as environmental decontamination.

Several points of intervention have been targeted to reduce MDRO transmission and
acquisition in healthcare facilities. Hand hygiene and contact precautions are important tools to
prevent MDRO transmission but HCW are not always compliant and these methods of prevention
do not address contamination in the patient’s room from prior occupants.?>*® Environmental
decontamination has been shown to be effective at reducing the burden of MDRO infections in
hospitals, especially when part of a broader effort.*®-* High compliance with these practices can
be effective at reducing the impact of environmental contamination, but compliance is time-
consuming and logistically difficult and can often be sub-optimal.®*1% Automated cleaning
options are designed to cover all surfaces in a room, but are more expensive and are not always
more effective than manual cleaning methods.2%? Further complicating disinfection practices,
evidence suggests MDRO are developing resistance to commonly used cleaning agents.103104

These challenges influence decision making regarding environmental disinfection and require

12



efficient use of limited resources directed toward interventions which would have the greatest

impact.

1.5: Risk Factors for Environmental Contamination by MDRO Carriers

Identification of patients at risk of contaminating their environment can aid in guiding
resource allocation for environmental disinfection. Patients with MDRO infections may be
identified through the course of clinical care. However, asymptomatic MDRO carriers may go
unnoticed without screening. Numerous studies have identified risk factors of MDRO colonization
in hospitalized patients who could all potentially shed MDRO into the environment.,1%5-108
However, determining if specific patient characteristics increase the risk of contaminating the
environment has received less attention,82109-111

Research determining who contaminates their surrounding environment in hospitals has
been approached from several perspectives. Investigators have quantified the burden of shedding,
by determining the bacterial load at the screening site or in bodily fluids, with the goal of detecting
associations with contamination.?®®!!! These studies aim to understand the role the amount of
bacteria present in or on a host may have in environmental contamination. Other research have
examined if the presence of MDRO on the body, including hand contamination and number of
body sites colonized, is associated with contamination.®21° This research demonstrates MDRO
presence on the skin, which interacts with the environment through physical contact, provides a
mechanism for contamination by patients. Investigators have also explored other routes for MDRO
to contaminate the environment. MDRO detected in bodily fluids, including diarrhea and urine,
could result in MDRO excreted from the body into the environment without skin contact and have

been examined in relation to contamination.'!1112 \Wounds may present another route of
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contamination, either transmitting MDRO to the environment through direct contact or by fluid
secretions, and have been implicated in environmental transmission.!2

Prior investigations have been limited regarding patient characteristics which may
influence behaviors, such as how they physically interact with the environment, their ability to
maintain personal hygiene or coughing during respiratory illness, which could facilitate
environmental contamination by a patient. Other factors such as the presence of indwelling devices
or incontinence could provide routes for MDRO excretion from the body. Factors influencing the
bacterial load during shedding, including antibiotic use, may influence contamination as well 113114
With the potential for many variables to impact environmental contamination by a patient, an
investigation of the association between patient characteristics and contamination would be
worthwhile. Characteristics that can be determined during standard clinical care may aid in
detecting patients more likely to contaminate their environment without additional testing.
Identifying these factors may also elucidate mechanisms for contamination, allowing for the
development of infection prevention strategies. The objective of aim 2 was to use patient
characteristics to identify a patient type more likely to contaminate their environment with the goal
of aiding resource allocation for environmental decontamination and infection prevention in

hospitals.

1.6: MDRO in Young Children
Children are an understudied population with regards to MDRO, especially in community
settings. However, evidence suggests this is a growing problem, as exemplified with MRSA.
Investigators in Argentina reported 45% (99/221) of pediatric, community-associated (CA) S.
aureus pneumonia from three children’s hospitals during 2007-2008 were caused by MRSA, a

significant increase over the prior two years.'!® The median age for CA-MRSA infections was 6.1
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years old. The rate and prevalence of these infections increased significantly compared to the prior
two years. Purcell and Fergie conducted fourteen-year study at Driscoll Children’s hospital and
identified 1002 pediatric infections with MRSA, 92.6% being CA-MRSA..1® The proportion of all
S. aureus isolates that were methicillin-resistant increased from 2.9%-10.6% in the first 10 years
of the study and dramatically increased in the final four years, ranging from 19.0%-62.4%. These
studies coincided with the emergence of CA-MRSA, which began in the late 1990’s in the U.S.,
with the USA300 strain becoming the dominant strain in the community.**” The increase in CA-
MRSA among children in these studies demonstrates that young children were not exempt from
the overall emergence of CA-MRSA.

Extended spectrum B-lactamase (ESBL)-producing Enterobacteriaceae present another
developing problem in the community. Dayan et al. conducted a six-year study at a secondary-care
Israeli medical center and identified 37 pediatric cases of CA-urinary tract infections (UTI) caused
by ESBL producers (3.2% of all CA-UT1).1!8 A significant increase in the proportion of ESBL-
producing isolates was observed during the study (1.2% in year one vs. 5.8% in year six; p for
trend=0.28). Zhu et al. identified 111 cases of ESBL-producers causing community acquired-UTI
at Children’s Hospital of Michigan over a five-year period, with a median age of four years old.°
These studies demonstrate the potential burden of infections caused by ESBL-producers in the
community, including for young children. Finding targets for intervention to disrupt MDRO

acquisition by children in the community will help alleviate MDRO emergence in this population.

1.7: MDRO Environmental Contamination in Child Care
Child care centers provide a setting for pathogen transmission between children,
where attendees are in close contact and share environments. Young children also display

behaviors which may facilitate pathogen transmission, such as interacting with the environment
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with their hands and mouthing of fomites. Child care attendees who carry MDRO may transmit
these pathogens through direct contact with other children or through contamination of their
environment. Stoesser et al. detected ESBL-producers in 92 (23%) screened children from 12 child
care centers in Laos.'?° In several recent screening studies of child care attendees, MRSA was
detected in 0.53%-7.4% of children.’?:124 In one of these studies, seven children (6.7%), one
employee (3.1%), six household members of attendees and employees (35%) and four
environmental samples (2.0%) screened positive for MRSA in a North Carolina child care
center.!? Ten isolates, one from an employee, three from the employee’s child, two from
attendees, and four from environmental sites were indistinguishable or highly similar by
DiversiLab microbial genotyping system for strain typing. Three other isolates from two children
were similar to each other and were different from all other isolates. These highly related isolates
demonstrate the potential for transmission within the child care center, including through the
environment, and within households of attendees and employees. Infection control programs
including environmental cleaning and disinfection have reduced illnesses among child care
attendees.'?>12® National recommendations for environmental decontamination, provided through
a joint effort by the American Academy of Pediatrics, the American Public Health Association,
and the National Resource Center for Health and Safety in Child Care and Early Education, are
comprehensive.'?” However, local regulatory agencies may be the primary source for cleaning and
disinfection regulations. In Michigan, the Licensing and Regulatory Affairs (LARA) branch of the
Michigan state government regulates CCC’s and provides these guidelines, which are less
comprehensive than the national recommendations.!?® LARA does not provide guidance for
decontamination of many items such as toys, floors, toilets, cabinets or water tables. Inconsistent

guidelines from these agencies can result in suboptimal compliance with best practices for
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environmental decontamiantion.!? Staff of child care centers have other responsibilities including
supervision, education, food preparation and child hygiene, which may limit time dedicated to
cleaning and disinfection, impacting compliance as well.

Surveillance of environmental contamination in CCC’s can guide environmental cleaning
and disinfection policies when time and resources are limited. Much of the previously conducted
research of environmental contamination in CCC’s assesses viral contamination.'**'33 Other
research has focused on fecal coliforms, although this may be of less relevance for centers with
children aged out of diapers or when no outbreaks of diarrheal disease are present.!***4! Food
preparation areas have also received attention from researchers, but these surfaces likely have
limited contact with attendees.*21** MDRO contamination surveillance in child care centers has
been sparse.** Longitudinal surveillance of CCC environments, sampling from a large variety of
fomites and targeting a range of pathogens, including viral and antibiotic-resistant, would provide
the best guidance for environmental cleaning and disinfection strategies in these settings. The
objective of aim 3 was to characterize environmental sites with high bioburden and high frequency
of contamination with antibiotic-resistant and viral pathogens in a CCC with preschool age
children to direct infection prevention policies. We also aimed to demonstrate the feasibility of

such a study for application in larger scale studies in the future.

1.8: Specific Aims and Hypotheses
The overarching objective of this dissertation is to investigate MDRO acquisition and
transmission. First, the risk factors of MDRO acquisition in the context of multiple organism
infections were investigated in aim 1. Secondly, mechanisms of MDRO transmission in the

environment were explored in aims 2 and 3. We investigated who is at risk for contaminating the
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environment in hospitals in aim 2. Finally, we examined patterns of MDRO contamination in the

environment in child care.

Aim 1: Characterize the epidemiology of co-colonization or coinfection (CCCI) with methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) among
hospitalized patients.
Sub-Aim 1: Identify clinical and demographic characteristics at the individual level that are
risk factors of MRSA and VRE CCCI among hospitalized patients
Hypothesis: Individual characteristics which were identified in previous MRSA and
VRE CCCI studies, including prior hospitalizations, previous antibiotic use and the
presence of indwelling medical devices, and those observed in prior VRSA
infections, including diagnosis of diabetes, will be associated with MRSA and VRE
CCCI.
Sub-Aim 2: Identify the molecular characteristics of MRSA among hospitalized patients
colonized or infected with MRSA that are risk factors of MRSA and VRE CCCI
Hypothesis: Clonal complex 5 MRSA isolates and Panton-Valentine leukocidin-
negative MRSA isolates will also be associated with MRSA and VRE CCCI,
reflecting the characteristics seen in previous VRSA infection isolates.
Main Findings: Healthcare exposure was a risk factor for MRSA and VRE CCCI. Other
previously identified MDRO risk factors were also risk factors for MRSA and VRE CCCI

including antibiotic use, indwelling devices, diabetes and chronic skin wounds.
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Aim 2: Identify characteristics among hospitalized MDRO colonized patients which allow for the
classification of a type of MDRO carrier at increased risk for contaminating their environment.
Hypothesis: Risk factors for environmental contamination by MDRO carriers will be
similar to those for prolonged shedding including the presence of severe comorbidities,
previous antibiotic use, the presence of indwelling medical devices and prior residence in
long-term care facility.
Main Findings: Patients with low functional status contaminated their environment more

frequently than high functional status patients.

Aim 3: Use longitudinal surveillance of the environment of a CCC for preschool aged children to
characterize the bioburden on fomites and the frequency of contamination with MDRO and viral
pathogens to identify points intervention for cleaning and disinfection practices.
Hypothesis: Our study methodology will prove to be feasible for sampling the
environment for overall bioburden and bacterial and viral pathogens. Fomites cleaned
less frequently or thoroughly will be contaminated with a higher bioburden. These
fomites will also be contaminated with viral and bacterial pathogens more frequently.
Irregular surfaces or surfaces which may be damaged during cleaning or disinfection are
fomite characteristics which limit the thoroughness of cleaning and disinfection.
Main Findings: Sites where children washed and played with water were among the most
contaminated. Additionally, sites that were difficult to clean or were cleaned less

frequently were also among the most contaminated.
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Chapter 2: Epidemiology of Methicillin-Resistant Staphylococcus aureus and Vancomycin-
Resistant Enterococci Co-colonization and Coinfection

2.1: Author Summary

Vancomycin-resistant Staphylococcus aureus (VRSA) is likely preceded by co-
colonization or coinfection (CCCI) with methicillin-resistant Staphylococcus aureus (MRSA)
and vancomycin-resistant enterococci (VRE). We identified admission from another healthcare
facility to be a risk factor for MRSA and VRE CCCI in two of our three primary analyses,
suggesting healthcare exposure is a risk factor for the acquisition pathogens of concurrently. We
also observed patients with Panton-Valentine leukocidin-negative MRSA isolates and clonal
complex 5 MRSA isolates to have an increased risk of MRSA and VRE CCCI. These isolates are
typically associated with healthcare-associated infections, providing further evidence healthcare

exposure is a risk factor for CCCI.

2.2: Abstract

Methicillin-resistant ~ Staphylococcus aureus (MRSA) and vancomycin-resistant
enterococci (VRE) are common in healthcare settings. MRSA resistance to vancomycin, a first-
line treatment, can independently arise through horizontal gene transfer with VRE and may arise
independently in individuals co-colonized or coinfected with both organisms. The objective of this
study was to identify risk factors for MRSA and VRE co-colonization or coinfection (CCCI)
among hospitalized adults.

A 1:1 matched case control study was conducted at the five Detroit Medical Center

inpatient hospitals from January 2012 to April 2016. Cases were prospectively identified and
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obtained from hospitalized CCCI patients and compared to three separate inpatient control groups:
1) MRSA infection only 2) VRE infection only and 3) inpatients without MRSA or VRE. We used
multivariable logistic regression to evaluate risk factors for CCCI.

A total of 134 CCCI cases, 109 MRSA controls, 88 VRE controls and 99 controls without
MRSA or VRE were included in the analysis. Admission from another healthcare facility was
significantly associated with CCCI in comparisons with MRSA controls [OR = 3.09 (1.45, 6.61)]
and controls without MRSA or VRE [OR = 3.80 (1.62, 8.94)]. When restricting to cases and
MRSA-only controls, carriers of either Panton-Valentine leukocidin-negative MRSA isolates [OR
=0.09 (0.01, 0.74)] or clonal complex 5 isolates [OR = 5.61 (1.49, 21.15)] were more likely to be
co-colonized or co-infected with VRE.

Admission from either a long-term care facility or another hospital was found to be a risk
factor for CCCI, suggesting that healthcare exposures, a known risk factor of antibiotic-resistant
bacteria acquisition, may increase the risk of CCCI. Targeted interventions aimed at this high-risk

population may aid infection prevention and control efforts surrounding CCCI and VRSA.

2.3: Introduction
Vancomycin-resistant enterococci (VRE) and methicillin-resistant Staphylococcus aureus
(MRSA) are among the most common healthcare-associated antibiotic resistant pathogens 4°.
Vancomycin is a first-line treatment for MRSA infections and the development of vancomycin
resistance in MRSA further complicates treatment for this pathogen. The first case of vancomycin-
resistant S. aureus (VRSA) infection occurred in southeast Michigan in 2002, and eight of the
fourteen U.S. cases have been identified in this region.%>146147 \VRSA has also been identified

worldwide in clinical isolates from Brazil, Portugal, India, Iran.67-6%72
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One proposed mechanism for the acquisition of vancomycin resistance by S. aureus, which
has been demonstrated in vitro using E. faecalis, involves the conjugative transfer of a vancomycin
resistance gene complex from a VRE donor to a MRSA recipient, requiring carriage of both
organisms in the same host.}*1%° In the U.S., no documented person-to-person transmission
events of VRSA have occurred.®®!4"148 The first seven VRSA cases occurred in individuals with
a history of MRSA and Enterococcus (including four VRE) infection or colonization and VRE
was recovered from ten of the fourteen U.S. VRSA cases.®>147148 Sequencing of the twelve isolates
from the first eleven VRSA cases indicated these isolates were independently acquired.!™
Sequencing demonstrated the first thirteen U.S. VRSA cases arose from MRSA parent
lineages.®>1471%0 The totality of this evidence supports the hypothesis that co-colonization or
coinfection (CCCI) with MRSA and VRE is likely to precede VRSA infections. Knowledge of the
epidemiology of CCCI would provide insight into key populations for interventions to prevent the
further emergence and dissemination of VRSA.

Several studies have investigated risk factors for CCCI but are hampered by small sample
sizes and inconsistencies in study populations which limit generalizability and comparability.®*
158 |n this study, we compare a single case group to multiple comparison groups to investigate the
various unique pathways through which CCCI may arise. An investigation of MRSA and VRE
molecular characteristics as potential CCCI risk factors, including those identified in patients with
VRSA infections, was conducted to further enhance knowledge of the relationship between CCCI
and VRSA infection.'®1° Using these strategies, this study aims to identify CCCI risk factors in

hospitalized patients.
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2.4: Methods

2.4.1: Study Design and Participants

Data were obtained from a prospective, case control study which included individuals, at
least 18 years of age, who received clinical care at one of the five Detroit Medical Center (DMC)
inpatient facilities from January 2012 to April 2016. Eligible cases were prospectively identified
and defined as hospitalized patients with clinical identification of MRSA and VRE isolated from
infected body sites within seven days of one another. Individuals may become co-colonized or
coinfected through three pathways, by acquiring either organism first with a subsequent acquisition
of the second organism or by acquiring both organisms simultaneously. With this process in mind,
cases were matched 1:1 with a control from each of three groups. Control group 1 included
admitted individuals with MRSA infection only. Control group 2 included admitted patients with
VRE infection only. These controls were matched to cases by admitting hospital, hospital unit at
time of culture, index infection site and hospital length of stay at time of culture (</> 72 hours);
the last criterion was subsequently relaxed during the study period to increase the number of
eligible VRE controls. Control group 3 included admitted patients without MRSA or VRE
infection, matched to cases by admitting hospital, unit at time of culture and hospital length of stay
(control length of stay must have been no less than 48 hours shorter than the case length of stay at
the time of the index culture). Additionally, admission for uninfected controls must have occurred
within one month of the index culture date for the case. All control groups could include

individuals with methicillin-sensitive S. aureus or vancomycin-sensitive Enterococcus infections.

2.4.2: Data Collection
Data were abstracted from participants’ electronic medical records and included:

demographic information (age, gender, race), medical history (comorbidities, antibiotic use,
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procedure history, medication history, infection history, presence of indwelling devices, prior
hospitalizations), admission information (length of stay, location of patient, level of consciousness
at admission, residence prior to hospitalization), pathogen-related information (species
identification, antibiotic susceptibility, date of culture), and variables necessary for the calculation

of the Charlson comorbidity index score.°

2.4.3: Culture Collection and Processing

Cultures were obtained from all patients with a clinical suspicion of infection as assessed
by the treating physician. All cultures were processed by the DMC clinical microbiology lab for
organism identification and antibiotic susceptibility testing prior to delivery to the investigators
for further analysis. Organisms were delivered on agar slants and were cultured onto tryptic soy
agar (Neogen, Lansing, MI) at 37°C for 18-24 hours. Isolated colonies were used to create 1
McFarland inoculums in at least 2 mL of normal saline (0.9%). 800 pL of the McFarland inoculum

was stored with 200 pL of 50% glycerol (Thermo Fisher Scientific, Waltham, MA) at -80°C.

2.4.4: Panton-Valentine Leukocidin (PVL) Identification

PVL genes were identified by PCR for MRSA isolates utilizing the Luk-PV-1 and Luk-
PV-2 primers as previously described.’®! PCR was performed using the ProFlex PCR system
(Applied Biosystems, Foster City, CA). A PVL-positive MRSA control, AIS 2006061, was used

to ensure PCR success.

2.4.5: MRSA Multilocus Sequence Typing (MLST)
PCR of all seven housekeeping genes (arcC, arok, glp, gmk, pta, tpi and yqiL) used for
MLST was performed for MRSA isolates using the protocol and primers as previously described

by Enright et al. except for the tpi forward primer (tpif 5'-GCATTAGCAGATTTAGGCGT-3')
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described in a separate study from Witte et al.’6216% Sequencing was performed using Sanger

sequencing at the University of Michigan Advanced Genomics Core.

2.4.6: VRE Virulence Genes

The presence of five VRE virulence genes, asal, gelE, hyl, esp, and cylA, was investigated
using a multiplex PCR.!% Three VRE isolates with known status of the genes of interest were used
as controls. All amplicons were visualized with a 1.5% agarose electrophoresis gel made with
agarose (Invitrogen, Carlsbad, CA) 1X Tris-acetate-EDTA (Promega, Madison WI) and SYBR

Safe DNA gel stain (Invitrogen, Carlsbad, CA).

2.4.7: Statistical Analysis

Covariates included in the analysis were selected a priori based on previous
studies.5>148151-157.185 nadjusted analysis comparing the case group with each control group was
performed using conditional logistic regression. To identify risk factors of CCCI, three separate
multivariable analyses, one with each control group, were implemented. All adjusted analyses
were performed using conditional logistic regression with a stepwise, forward selection process
(0<0.05 for inclusion in the model). Two secondary multivariable risk factor analyses comparing
cases and MRSA infected controls were performed to assess any association between CCCI and
either MRSA isolate sequence type or PVL status. The distribution of VRE virulence genes was
assessed among cases and VRE controls. For individuals with multiple isolates of a specific genus,
only the earliest identified isolate was considered for analyses including molecular characteristics
of the microorganisms. As physical contact is likely required for the transfer of vancomycin
resistance genes from VRE to MRSA, two unadjusted sensitivity analyses using conditional
logistic regression were performed. First, cases with MRSA and VRE identified on the same day

were compared to matched controls. Secondly, cases with MRSA and VRE identified in the same
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specimen were compared to matched controls. All statistical analyses were carried out using SAS
version 9.4 (SAS Institute, Cary, NC) except for the construction of the forest plot which was
carried out using the forestplot package in R version 3.5.1 (R Foundation for Statistical Computing,

Vienna, Austria).

2.5: Results

Of the 152 CCCI patients identified during the study period, 134 had no missing data and
were matched to at least one patient from one of the control groups eligible for matching. These
cases were included in the analysis (Figure 2-1). For matching to these 134 cases, 120 eligible
MRSA controls, 96 eligible VRE controls and 109 eligible controls without MRSA and VRE.
Were identified. Controls from each group were later excluded resulting in 109 cases matched to
MRSA controls, 88 cases matched to VRE controls and 99 cases matched to controls without
MRSA or VRE (Figure 2-1). Overall, the study population was predominantly black (82.6%) and

male (56.1%) with a median age of 60 (Table 2-1).

2.5.1: Cases and MRSA-Only Controls

Compared to MRSA controls, cases were more often admitted from another healthcare
facility and more likely to have reduced consciousness on admission, at least one prior
hospitalization in the past year, recent antibiotic exposure, an indwelling medical device and a
history of chronic skin wounds (Table 2-1). In the adjusted analysis, admission from another
healthcare facility, having a prior hospitalization in the past year, having an indwelling medical
device at the time of organism isolation and a history of chronic skin wounds significantly
increased the odds of CCCI (Figure 2-2).

PVL status of 57 pairs of cases and controls was determined. Among these pairs, 19.3% of

cases and 43.9% of controls were PVL-positive. A restricted, multivariable analysis revealed that
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the presence of PVL genes in MRSA isolates was significantly associated with reduced odds of
CCCI (Table 2-2).

Among the cases and MRSA controls included in the main analysis, the sequence types
(ST) for 157 MRSA isolates were determined (Figure 2-3). Four sequence types (ST8, ST450,
ST683 and ST770) belonged to clonal complex (CC) 8, four were members of CC5 (ST5, ST100,
ST105 and ST1863) and the remaining two, ST30 and ST278, were singletons. Analysis of the
relationship between MRSA isolate ST and CCCI was restricted to cases and controls carrying
CC5 or CC8 isolates, resulting in 58 matched pairs (Figure 2-3). In a matched multivariable
analysis restricted to these 58 pairs, CC5 MRSA isolates were associated with CCCI (Table 2-4).
Of the 82 cases with MRSA and VRE isolated on the same day, 68 were matched to MRSA
controls. All significant associations between patient characteristics and CCCI status in the main
unadjusted analysis were also significant in this sensitivity analysis (Table 2-5). Fifty of 63 cases
with MRSA and VRE isolated from the same specimen were matched to MRSA controls. Three
of the six significant associations observed in the main unadjusted analysis were also identified

in this sensitivity analysis. (Table 2-6).

2.5.2: Cases and VRE-Only Controls

Cases were more likely than VRE controls to have a prior hospitalization in the past year
and a previous MRSA infection in the past year (Table 2-2). A previous MRSA infection in the
past year was significantly associated with CCCI in the multivariable analysis (Figure 2-2).

The status of asal, gelE, and hyl was determined for 22 pairs of cases and VRE controls;
esp, and cylA status was determined for 19 pairs (Table 2-7). No isolates were positive for hyl

while cylA was rare. A majority of isolates were positive for asal and gelE while esp was identified
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in approximately one third of isolates. Due to small sample sizes, differences in the frequency of
these genes between cases and controls was not assessed.

Fifty-four of the 82 cases with MRSA and VRE identified on the same day were matched
to VRE controls. No significant associations between the patient characteristics and CCCI were
identified (Table 2-5). Among the 63 cases with MRSA and VRE isolated in the same specimen,
42 were matched to VRE controls. No difference was identified between cases and controls across

all other covariates (Table 2-6).

2.5.3: Cases and Controls Without MRSA or VRE

Cases were more likely than controls without MRSA or VRE to be admitted from another
healthcare facility and to have at least one hospitalization in the prior year, recent antibiotic
exposure, a MRSA infection in the past year, an indwelling medical device, renal insufficiency, a
history of chronic skin wounds, steroid exposure in the past three months and a Charlson
comorbidity index score of at least five (Table 2-2). In the adjusted model, admission from another
healthcare facility, recent antibiotic exposure and diabetes significantly increased the odds of
CCCI (Figure 2-2).

Sixty-one of the 82 cases with MRSA and VRE isolated on the same day were matched to
controls without MRSA or VRE. All significant associations observed in the main unadjusted
analysis were also identified in this sensitivity analysis except for the association between Charlson
comorbidity index score and CCCI status (Table 2-5). An additional significant association
between race and CCCI status was also detected in this sensitivity analysis. Of the 63 cases with
MRSA and VRE isolated in the same specimen, 45 were matched to controls without MRSA or

VRE. All significant associations found in the main unadjusted analysis between the participant
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characteristics and CCCI status were also observed in this sensitivity analysis excluding the

association of renal insufficiency and CCCI status (Table 2-6).

2.6: Discussion

Our findings indicate healthcare exposure is a risk factor for MRSA and VRE CCCI. One
potential risk factor for CCCI, admission from another healthcare facility, was identified among
hospitalized patients when comparing CCCI patients to patients with MRSA only or those without
MRSA or VRE. Furthermore, among persons colonized or infected with MRSA, those with PVL-
negative MRSA isolates and those with CC5 MRSA isolates are more likely to be co-colonized or
coinfected with VRE, providing more support healthcare exposure is a CCCI risk factor. We also
identified several other risk for CCCI which have been observed in previous CCCI studies as well,
including skin wounds, antibiotic use, indwelling devices, previous MRSA infection and
diabetes.°1-1%8

CCCI may develop through multiple pathways, including sequential or simultaneous
pathogen acquisition, which have largely not been compared in prior research but was addressed
in our study by comparing our cases to three different control groups.***>" Similar risk factors
were observed when comparing cases with both MRSA controls and controls without MRSA and
VRE. Admission from another healthcare facility was a risk factor in both groups. Diabetes was a
risk factor for CCCI when comparing cases with controls without MRSA and VRE. Chronic skin
wounds are common in diabetes patients and was a risk factor for CCCl when comparing cases
with MRSA controls.®® When comparing cases to VRE controls, a previous MRSA infection in
the past year was the only risk factor for CCCI. These patients were likely to receive antibiotics to
treat their infection. Antibiotic use was a CCCI risk factor when comparing to controls without

MRSA and VRE, demonstrating some similarity of risk factors between these groups.
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Individuals admitted to hospitals from other healthcare facilities may have exposure to
MRSA and VRE as both organisms are among the most common healthcare associated
pathogens.®® In their study of long-term care facility (LTCF) residents, Flannery et al. similarly
compared CCCI individuals to three control groups.t®>” While they did not explore any association
between prior residence and CCCI status, they found no association between long duration of
LTCF stays (admissions longer than 90 days) and CCCI, although their investigation included just
17 CCClI individuals.®" The presence of skin wounds and antibiotic exposure were identified as
risk factors in two of their three analyses, supporting our findings.**” Both MRSA and VRE are
commonly isolated from chronic skin wounds, providing a rationale for an association between
these wounds and CCCI.2¢’

LTCF may also serve as a reservoir for CCCI individuals. Flannery et al. observed a MRSA
and VRE co-colonization incidence rate of 2.4/100 resident months in one LTCF.*®’ Researchers
in a second LTCF study found the prevalence of MRSA and VRE co-colonization to be 8.7%
among LTCF residents.*®® Once admitted to the hospital, LTCF residents may be contributing to
the burden of CCCI in hospitals, partially explaining the association with CCCI and admission
from another healthcare facility.

Our findings garner mixed support from previous literature. Similar to our findings, Warren
et al. identified prior admission from an LTCF and prior hospitalizations as CCCI risk factors.>!
Han et al. also observed prior hospitalizations, as well as urinary catheterization, to be CCCI risk
factors.?>* Other studies also identified invasive medical devices as risk factors.>31%:158 Muyltiple
studies found antibiotic use to be associated with CCCI, further supporting our results,1°215158

Heinze et al identified diabetes and wounds as risk factors for CCClI, providing additional support
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for our findings. Diabetes was also present in 10 of the 14 U.S. VRSA cases, indicating a potential
association with VRSA 6°165

Our prospective study had other advantages over previous CCCI research: 1) a larger
sample of CCCI participants 2) no restrictions on patient types 3) no restrictions on Enterococcus
species and 4) pathogen molecular analysis. Inconsistencies between the CCCI risk factors
identified in our study and those observed by other researchers, may be due to differing study
populations. Variations in the types of patients (hospital-wide vs. ICU only) and the carrier status
of MRSA and VRE among study participants may limit comparability across studies.5*-1%
Additionally, our study included patients from five inpatient facilities and accounts for the multiple
pathways by which a person might become co-colonized or coinfected with VRE and MRSA
through the inclusion of analyses with multiple comparison groups.

The majority of CCCI risk factor investigations have lacked molecular analyses. In our
study, PVL-negative isolates were associated with CCCI. PVL-positive MRSA isolates have been
associated with skin and soft tissue MRSA infections and community-associated MRSA
strains.1®81%° PV genes have been markedly absent from VRSA clinical isolates including all 13
U.S. isolates tested by Saravolatz et al. in 2012 and four of five isolates in two Iranian
studies.”*1%9170 Boan et al. have previously reported PVL-positive MRSA isolates to be associated
with mono-microbial infections, providing further support that these isolates are less likely to be
found cohabitating with VRE.X"* In contrast, Shettigar et al. identified an association between PVL
positivity and multiple organism infections in diabetic foot ulcers, although this association was
only observed when other virulence factors were absent in the MRSA isolate.!’? Further research
is needed to determine the impact of PVL and other virulence factors regarding the risk for CCCI

and VRSA.
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Our analysis also identified an association between CC5 MRSA isolates and CCCI. Twelve
isolates (including two from one individual) from the first eleven U.S. VRSA cases belonged to
CC5, although CC8 S. aureus isolates with a fully vancomycin-resistant phenotype have been
observed.®”14715%0 CC5 MRSA isolates are associated with healthcare-associated infections while
CCS8 isolates are more often identified as community isolates.*”® CC5 isolates are also associated
with more severe disease but have not been observed to cause more persistent infections.’417
Coupled with the PVL analysis, these findings suggest CCCI may be more likely to occur among
individuals carrying healthcare-associated MRSA strains.

An additional consideration for MRSA and VRE CCCI is biofilm formation. Biofilms are
polymicrobial communities which are a common cause of infections.>’® Bacteria in biofilms
engage in synergistic activities, through extracellular excretion of molecules or gene transfer
(including antibiotic resistance genes), which could affect health outcomes, including affecting
response to treatment.'’"-18 Resistance gene transfer in biofilms may have implications for VRSA
development. Both MRSA and VRE are able to exist in biofilms and were both isolated from a
nephrostomy tube biofilm along with VRSA in a U.S. VRSA case.'®-18 |n our study, 63 cases
had MRSA and VRE isolated in the same specimen, indicating the potential for biofilm formation
with both isolates. Biofilms are common in infections involving indwelling devices and chronic
skin wounds.*®*18 |n our unadjusted analyses restricted to cases with MRSA and VRE isolated
in the same specimen, indwelling devices and a history of chronic skin wounds were significantly
associated with CCCI when comparing to MRSA controls and controls without MRSA or VRE.
Both factors were also significantly associated with CCCI in the main adjusted analysis when
comparing all cases to MRSA controls. Biofilms may be influencing the development of MRSA

and VRE CCCI and could provide a setting for gene transfer to occur for the development of
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VRSA.Our study is limited by our inability to evaluate other molecular elements purported to drive
VRSA emergence, including the Inc18-like plasmid found in enterococci and pSK41-like plasmid
of S. aureus which have been hypothesized to facilitate conjugation between the two
pathogens.14%18 VVRSA isolates have been noted to either maintain the enterococcal Inc18-like
plasmid or to insert the vancomycin resistance genes into a host plasmid, mediated by the
transposon Tn1546.24%18 Previous research using the same source population during similar time
periods as our study have found unexpectedly low prevalence of these markers, which may explain
the decrease in VRSA emergence in the region since the last identified isolate from Michigan in
2009_187,188

Other limitations were present in our study as well. Our use of stepwise regression can
result in inappropriate inclusion or exclusion of covariates from our regression model which can
bias the estimate of regression coefficients. %% We attempted to mitigate this problem by using
prior knowledge of risk factors from previous CCCI and MDRO research to determine variable
inclusion in the stepwise regression process,*465148.151-157.165.191 qr yse of multiple comparison
groups comes with potential limitations as well. We cannot statistically compare findings between
groups, but can do a qualitative assessment, such as identifying variables associated with CCCI in
multiple groups. Restrictions among the controls may result in comparisons with control groups
that do not completely reflect the source population (i.e., all patients without CCCI), which could
result in selection bias. However, these exclusions are likely a small percentage of the source
population which lessens their effect on our findings.

The potential risk factors of MRSA and VRE CCCI identified in this study demonstrate a
connection between both healthcare exposure and the presence of other risk factors for multidrug-

resistant organism acquisition with CCCI. Interventions such as timely and effective treatment of
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wounds, appropriate treatment of previous infections, avoiding unnecessary antimicrobial therapy
and improved management of health-related issues could reduce the time individuals are at risk
for co-colonization or co-infection with MRSA and VRE. Using the best practices for infection
prevention in hospitals including surveillance, contact precautions, limiting time of hospital
admissions and avoiding inappropriate antibiotic therapy including for patients colonized with
MRSA and VRE can facilitate control of MRSA and VRE CCCI acquisitions preventing further
VRSA emergence. Coupling of infection control practices with VRSA surveillance among patients
with risk factors MRSA and VRE CCCI are important to mitigate the continued emergence of

VRSA.
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11 MRSA Controls
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to MRSA Controls

VRE Controls
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Controls without
MRSA or VRE

Figure 2-1: Participant Inclusion Workflow
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Table 2-1: Distribution of characteristics by case and control group.

Characteristics MRSA/VRE MRSA VRE Only No MRSA or
CCCl Only (N =88) VRE
(N =134) (N =109) (N =99)
Age 61 (52, 74) 57 (48, 70) 61.5 (50, 60 (51, 69)
70.5)
Female 55 (41.0) 44 (40.4) 47 (53.4) 43 (43.4)
Black 107 (79.9) 94 (86.2) 67 (76.1) 87 (87.9)
Admission from Other Healthcare 73 (54.5) 30 (27.5) 43 (48.9) 21 (21.2)
Facility
Altered Consciousness at Admission 53 (39.6) 27 (24.8) 31 (35.2) 25 (25.3)
>0 Prior Hospitalizations (Past Year) 119 (88.8) 69 (63.3) 70 (79.6) 55 (55.6)
Surgeries (Past 30 Days) 28 (20.9) 18 (16.5) 24 (27.3) 13 (13.1)
Antibiotics (Past 30 Days) 96 (71.6) 58 (53.2) 55 (62.5) 30 (30.3)
Previous MRSA Infection (Past Year) 31 (23.1) 21 (19.3) 10 (11.4) 3(3.0)
Current Medical Devices 87 (64.9) 40 (36.7) 50 (56.8) 30 (30.3)
Diagnosis of Diabetes 64 (47.8) 54 (49.5) 44 (50.0) 33 (33.3)
Renal Insufficiency 37 (27.6) 30 (27.5) 30 (34.1) 14 (14.1)
History of Chronic Skin Wounds 76 (56.7) 30 (27.5) 49 (55.7) 9(9.1)
Steroid Use (Past 3 Months) 32 (23.9) 25 (22.9) 22 (25.0) 14 (14.1)
Charlson Comorbidity Index Score
0-2 55 (41.0) 58 (52.3) 31 (35.2) 54 (54.6)
3-4 45 (33.6) 27 (24.8) 29 (33.0) 31 (31.3)
=5 34 (25.4) 25 (22.9) 28 (31.8) 14 (14.1)
Enterococcus Species
E. faecalis 76 (58.0) NA 51 (60.0) NA
E. faecium 54 (41.2) NA 36 (40.9) NA
E. raffinosus 1(0.8) NA 1(1.1) NA

Continuous data includes median (Q1, Q3).

Categorical data includes total (proportion).

All variables included in the table except for Enterococcus species were included in subsequent
stepwise models for adjusted analyses unless otherwise noted.

Abbreviations: CCCI = Co-colonization or Coinfection; MRSA = methicillin-resistant
Staphylococcus aureus; VRE = vancomycin-resistant Enterococcus; NA = Not Applicable
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Table 2-2: Unadjusted Analysis of Patient Characteristics and Co-Colonization or Coinfection

Status
Characteristic MRSA Only VRE Only No MRSA or VRE
Odds ratio p? Odds ratio p? Odds ratio p?
(95% ClI)? (95% ClI)? (95% ClI)?

Age 1.02 (1.00, 0.07 1.00(0.99, 0.62  1.00(0.99, 0.87
1.03) 1.02) 1.02)

Female 1.08 (0.62, 0.78 0.56 (0.29, 0.08 0.93(0.54, 0.78
1.89) 1.08) 1.60)

Black 0.72 (0.35, 0.37 1.44(0.62, 0.40 0.44(0.18, 0.07
1.47) 3.38) 1.06)

Admission from Other 3.46 (1.87, <0.0001 1.00(0.51, 1.00 4.56(2.21, <0.0001

Healthcare Facility 6.42) 1.96) 9.37)

Altered Consciousness at 2.39 (1.25, 0.009 1.00 (0.50, 1.00 1.75(0.95, 0.07

Admission 4.56) 2.00) 3.23)

>0 Prior Hospitalizations (Past 5.00 (2.22, 0.0001  2.43(1.01, 0.05 4.88(2.28, <0.0001

Year) 11.26) 5.86) 10.43)

Surgeries (Past 30 Days) 1.31 (0.64, 0.47 0.77 (0.37, 0.47  1.60(0.73, 0.24
2.69) 1.57) 3.53)

Antibiotics (Past 30 Days) 2.83 (1.47, 0.002 1.29(0.69, 0.42 7.43(3.38, <0.0001
5.47) 2.44) 16.35)

Previous MRSA Infection 1.38 (0.72, 0.33 2.83(1.12, 0.03 7.33(2.20, 0.001

(Past Year) 2.62) 7.19) 24.50)

Current Medical Devices 5.00 (2.34, <0.0001 1.69(0.85, 0.13 3.67(1.94, <0.0001
10.68) 3.36) 6.94)

Diagnosis of Diabetes 0.83 (0.45, 0.54 1.00(0.53, 1.00 1.85(1.07, 0.03
1.52) 1.89) 3.19)

Renal Insufficiency 1.00 (0.49, 1.00 0.90 (0.47, 0.74  2.17 (1.09, 0.03
2.05) 1.72) 4.29)

History of Chronic Skin 4.67 (2.27, <0.0001 1.27(0.64, 0.49 17.33(5.41, <0.0001

Wounds 9.59) 2.49) 55.50)

Steroid Use (Past 3 Months) 1.13 (0.57, 0.73 0.87(0.41, 0.71  2.09(1.02, 0.04
2.21) 1.82) 4.29)

Charlson Comorbidity Index

Score

3-4 1.34 (0.76, 0.31 0.99 (0.49, 0.98 1.31(0.68, 0.41
2.38) 2.00) 2.52)

>5 1.53 (0.74, 0.26 0.80(0.36, 0.58  2.38(1.05, 0.04
3.17) 1.78) 5.39)

a. Odds ratios and p-values calculated using conditional logistic regression

Abbreviations: MRSA = methicillin-resistant Staphylococcus aureus; VRE = vancomycin-
resistant Enterococcus; ClI = confidence interval
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Figure 2-2: Forest Plot of Adjusted Analysis to Identify Risk Factors of Co-colonization or
Coinfection.

Odds ratios and p-values calculated using conditional logistic regression. All variables included in

the models are present in the figure.
Abbreviations: MRSA = methicillin-resistant Staphylococcus aureus; VRE = vancomycin-

resistant Enterococcus; Cl = confidence interval
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Table 2-3: Adjusted analysis for the Association Between PVL Gene Presence and Co-
colonization or Coinfection

Characteristic Odds Ratio (95% CI)? p?
PVL Gene Present 0.087 (0.01, 0.74) 0.03
Admission from Other Healthcare Facility 7.40 (1.55, 35.27) 0.01
Surgeries (Past 30 Days) 0.18 (0.03, 1.02) 0.053
Current Medical Devices 8.53 (1.41, 51.46) 0.02
History of Chronic Skin Wounds 8.79 (1.31, 58.95) 0.03

a. Odds ratios and p-values calculated using conditional logistic regression
Restricted to cases and matched methicillin-resistant S. aureus controls (N=57)
Race not included due to small cell sizes

Abbreviations: PVL = Panton-Valentine leukocidin; ClI = confidence interval
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Figure 2-3: MRSA Isolate Sequence Type Flow Chart

Abbreviations: MRSA = Methicillin-Resistant S. aureus; CC = Clonal Complex; ST = Sequence
Type
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Table 2-4: Adjusted Analysis for the Association Between Clonal Complex and Co-colonization
or Coinfection.

Characteristic Odds Ratio (95% CI)* p?
CC5 5.61 (1.49, 21.15) 0.01
Altered Consciousness at Admission 4.39 (1.30, 14.79) 0.02
History of Chronic Skin Wounds 8.80 (1.88, 41.14) 0.006

a. Odds Ratios and p-values calculated using conditional logistic regression
Restricted to cases and matched MRSA controls (N=58)

Race, prior hospitalizations and surgeries in the past 30 days not included due to small cell sizes
Abbreviations: CC = Clonal Complex; CI = Confidence Interval

41



Table 2-5: Unadjusted Analysis for Cases with MRSA and VRE Identified on the Same Day

Characteristic MRSA Only (N=68)*  VRE Only (N=54)? No MRSA or VRE
(N=61)%
Odds ratio p? Odds ratio p? Odds ratio p?
(95% ClI) (95% ClI) (95% Cl)

Age 1.01 (0.99, 0.24 1.01 (0.99, 0.41 1.01 (0.99, 0.46
1.04) 1.03) 1.03)

Female 1.33 (0.63, 0.45 0.71 (0.32, 0.42 1.14 (0.56, 0.72
2.82) 1.61) 2.34)

Black 0.60 (0.22, 0.32 1.60 (0.52, 0.41 0.25 (0.07, 0.03
1.65) 4.89) 0.89)

Admission from Other 2.36 (1.17, 0.02 0.63 (0.25, 0.35 3.83 (1.56, 0.003

Healthcare Facility 4.78) 1.64) 9.41)

Altered Consciousness at 5.25 (1.80, 0.002 0.85 (0.38, 0.68 2.00 (0.94, 0.07

Admission 15.29) 1.89) 4.27)

>0 Prior Hospitalizations (Past 4.75 (1.62, 0.005 1.80 (0.60, 0.29 5.40 (2.08, 0.0005

Year) 13.96) 5.37) 14.02)

Surgeries (Past 30 Days) 0.82 (0.34, 0.66 0.78 (0.29, 0.62 1.80 (0.60, 0.29
1.97) 2.09) 5.37)

Antibiotics (Past 30 Days) 3.17 (1.27, 0.01 1.44 (0.62, 0.40 10.33(3.16, 0.0001
7.93) 3.38) 33.80)

Previous MRSA Infection (Past 0.85(0.38, 0.68 2.00 (0.69, 0.26 7.00 (1.59, 0.01

Year) 1.89) 6.64) 30.80)

Current Medical Devices 3.29 (1.41, 0.006 1.38 (0.55, 0.49 4.00 (1.75, 0.001
7.66) 3.42) 9.16)

Diagnosis of Diabetes 0.50 (0.23, 0.09 1.27 (0.58, 0.55 2.18 (1.07, 0.03
1.11) 2.80) 4.54)

Renal Insufficiency 0.70 (2.67, 0.47 0.75 (0.32, 0.51 2.67 (1.04, 0.04
1.84) 1.78) 6.82)

History of Chronic Skin 4.80 (1.83, 0.001 1.11 (0.45, 0.82 17.50 (4.21, <0.001

Wounds 12.58) 2.73) 72.76)

Steroid Use (Past 3 Months) 1.08 (0.49, 0.84 0.91 (0.39, 0.83 3.20 (1.17, 0.02
2.37) 2.14) 8.74)

Charlson Comorbidity Index

Score

3-4 0.88 (0.43, 0.72 0.86 (0.35, 0.75 1.48 (0.66, 0.34
1.79) 2.14) 3.35)

>5 0.94 (0.38, 0.89 0.62 (0.20, 0.41 2.40 (0.83, 0.11
2.32) 1.90) 6.91)

a. Odds ratios and p-values calculated using conditional logistic regression
Abbreviations: MRSA = Methicillin-Resistant S. aureus; VRE = Vancomycin-Resistant
Enterococcus; Cl = Confidence Interval
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Table 2-6: Unadjusted Analysis for Cases with MRSA and VRE ldentified in the Same Specimen

Characteristic

MRSA Only (N=50)

VRE Only (N=42)

No MRSA or VRE

(N=45)
Odds ratio p? Odds ratio p? Odds ratio p?
(95% ClI)? (95% ClI)? (95% ClI)?

Age 1.02 (0.99, 0.14 1.02 (0.99, 0.32 1.01 (0.98, 0.45
1.06) 1.05) 1.04)

Female 1.00 (0.40, 1.00 1.00 (0.38, 1.00 1.09 (0.48, 0.84
2.52) 2.67) 2.47)

Black 0.50 (0.15, 0.26 1.25(0.34, 0.74 0.63 (0.20, 0.41
1.67) 4.66) 1.91)

Admission from Other 2.25 (0.98, 0.06 0.60 (0.22, 0.32 2.80 (1.01, 0.048

Healthcare Facility 5.18) 1.65) 7.77)

Altered Consciousness at 2.60 (0.93, 0.07 0.63 (0.20, 0.41 1.57 (0.61, 0.35

Admission 7.29) 1.91) 4.05)

>0 Prior Hospitalizations (Past 16.00 (2.12, 0.007 NAP NA 12.50 (2.96, 0.0006

Year) 120.65) 52.77)

Surgeries (Past 30 Days) 1.60 (0.52, 0.41 0.70 (0.27, 0.47 2.00 (0.60, 0.26
4.89) 1.84) 6.64)

Antibiotics (Past 30 Days) 3.50 (1.15, 0.28 1.14 (0.41, 0.80 12.50(2.96, 0.0006
10.63) 3.15) 52.77)

Previous MRSA Infection (Past 0.50 (0.19, 0.17 2.50 (0.49, 0.27 8.00 (1.00, 0.0499

Year) 1.33) 12.89) 63.96)

Current Medical Devices 2.67 (1.04, 0.04 1.00 (0.35, 1.00 2.43 (1.01, 0.048
6.82) 2.85) 5.86)

Diagnosis of Diabetes 0.42 (0.15, 0.10 1.67 (0.61, 0.32 4.00 (1.50, 0.006
1.18) 4.59) 10.66)

Renal Insufficiency 0.70 (0.27, 0.47 0.67 (0.24, 0.44 2.60 (0.93, 0.07
1.84) 1.87) 7.29)

History of Chronic Skin 4.50 (1.52, 0.007 1.50 (0.53, 0.44  25.00(3.39, 0.002

Wounds 13.30) 4.21) 184.50)

Steroid Use (Past 3 Months) 1.00 (0.40, 1.00 1.00 (0.35, 1.00 4.33 (1.24, 0.02
2.52) 2.85) 15.21)

Charlson Comorbidity Index

Score

3-4 1.05 (0.43, 0.91 0.86 (0.31, 0.77 1.17 (0.47, 0.74
2.60) 2.42) 2.93)

>5 1.17 (0.39, 0.78 0.54 (0.15, 0.35 3.93 (1.03, 0.046
3.51) 1.96) 15.04)

a. Odds ratios and p-values calculated using conditional logistic regression

b. Analysis not performed due to small cell sizes

Abbreviations: MRSA = Methicillin-Resistant S. aureus; VRE = Vancomycin-Resistant

Enterococcus; Cl = Confidence Interval; NA = Not Applicable
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Table 2-7: Prevalence of VRE Virulence Genes Among Cases and VRE Controls

Gene MRSA/VRE CCCI (%) VRE Only (%)
asal (N=22) 20 (90.9) 15 (68.2)
gelE (N=22) 20 (90.9) 16 (72.7)
hyl (N=22) 0(0) 0(0)
esp (N=19) 7 (36.8) 7 (36.8)
cylA (N=19) 1(5.3) 2 (10.5)

Abbreviations: MRSA = Methicillin-Resistant S. aureus; VRE = vancomycin-resistant
Enterococcus; CCCI = Co-colonization or Coinfection
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Chapter 3: The Role of Patient Functional Status in Environmental Contamination in the
Hospital

3.1: Author Summary
Identifying patients at risk of contaminating their environment with multidrug-resistant
organisms (MDRO) can guide infection prevention and control programs. We input patient
characteristics into latent class analysis to classify patients based on functional status. We observed
low functional status (LFS) patients contaminated their environment more frequently than high
functional status patients. LFS patients may benefit from increased MDRO screening and more

resources dedicated to patient hygiene and environmental cleaning and disinfection.

3.2: Abstract

Carriers of multidrug-resistant organisms (MDRO) can shed these organisms into the
environment which can lead to pathogen transmission, especially in hospitals. Research assessing
who contaminates their environment has focused on the measurement of bacterial load or presence
at body sites but has been limited with regards to other characteristics of MDRO carriers which
can affect bacterial load or a patients ability to interact with their environment, such as patient
functioning, use of indwelling devices and antibiotic exposure. Detecting patients at increased risk
of contaminating their environment may benefit decision-making for infection prevention and

environmental decontamination policies.
We used data collected during a prospective cleaning intervention study at Shamir Medical
Center in Israel from patients admitted between October 2016 and January 2018. Patients were

screened at admission and during admission to identify patients positive for MDRO colonization.
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Environmental samples were collected at one time point from five high-touch surfaces in the
patient room for any organism detected during screening. Patient characteristics were used for
latent class analysis (LCA) to categorize patients and determine associations between patient type
and both any environmental contamination and contamination of all sites.

During the study, environmental samples were collected at 262 sampling points from the
rooms of 211 MDRO carriers. Contamination of at least one site was detected in 163 (62.2%) of
the sampling points and of all five sites in 33 (12.6%) sampling points. Requiring assistance with
activities of daily living, altered consciousness at admission, and mechanical ventilation during
admission were used for LCA to classify patients based on functional status. Low functional status
(LFS) patients had higher odds of contaminating at least one site for all organisms (69.8% vs.
52.2%; OR=2.2, 95% CI=[1.3, 3.7]; p=0.003), a composite of gram-positive bacteria (39% vs.
18%; OR=2.4; 95% Cl=(1.1, 5.4); p=0.03), MRSA (OR=2.3; 95% CI=[1.0, 5.2]; p=0.046) and a
composite of gram-negative bacteria (74.7% vs. 59.4%; OR=2.0; 95% CI=[1.0, 3.9]; p=0.04). LFS
patients also contaminated all sites more frequently for all organisms (OR=2.5; 95% CI=[1.1, 5.8];
p=0.03) and gram-positive bacteria (OR=8.7; 95% CI=[1.0, 73.6]; p=0.048).

LFS patients colonized with MDRO contaminated their environment more frequently than
high functional status patients. These patients may be a target for infection prevention strategies
including MDRO screening, isolation precautions, patient hygiene and more frequent

environmental cleaning of high-touch surfaces.

3.3: Introduction
Antibiotic-resistant organisms are responsible for over 2,800,000 infections and over 35,000
deaths each year in the United States.* Treatment options are limited for multi-drug resistant

organisms (MDRO), necessitating strategies for infection prevention and control, such as
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environmental decontamination, to prevent MDRO transmission through the environment. In
healthcare settings, carriers of MDRO can contaminate the environment and healthcare workers
(HCW) with MDRO. 3840192193 Thjs contamination has the potential to lead to MDRO transmission
to other patients who subsequently occupy the same room or to patients in other areas through
HCW and mobile equipment.*2801% Strategies to reduce MDRO environmental contamination,
including staff education, enhanced cleaning, use of markers to ensure adequacy of cleaning and
patient isolation precautions, have been effective in reducing the burden of these
pathogens."1951% |nfection prevention control is costly and implementation of new programs
redirects valuable time and resources from existing procedures. However, targeting these
interventions toward programs which will be most beneficial for health outcomes of patients has
been demonstrated to be cost-effective. %1%

To apply infection prevention and control programs toward MDRO carriers, they must first
be identified. While carriers with symptomatic infections would be identified through the standard
clinical course among hospitalized patients, asymptomatic patients may go unnoticed without
screening. Screening for MDRO carriers is expensive but targeted screening can produce a cost-
savings for hospitals.’®® Determining patient factors which could result in environmental
contamination can guide screening practices. Research on these characteristics has suggested some
potential factors, including MDRO in bodily fluids, patient hand colonization, the number of body
sites colonized and microbial concentration at the colonization site.82109-11119 These studies
provide insight into the routes transmission of MDRO to the environment, such as through skin
contact or from excreted bodily fluids. However, other factors may also contribute to
environmental contamination. Physical ability to interact with the environment may influence the

ability to contaminate one’s surroundings. The presence of indwelling devices may provide routes

47



for contaminated bodily fluids to contaminate the environment. Antibiotics may alter bacterial load
at the colonization site.!*® Studies analyzing a variety of patient traits which could be assessed at
bedside or through the standard clinical care could allow for the identification of a type of patient
more likely to contaminate the environment toward whom interventions could be directed.

Latent class analysis (LCA) allows the grouping of individuals into classes of unobserved
(latent) characteristics based on the relationships of observed characteristics. We can classify
patients using observed characteristics into categories which are not observed or cannot be
determined with a single measurement. These categorizations can be used to identify a patient type
at risk for contaminating the environment more frequently. LCA provides several advantages for
the analysis. With limited prior knowledge regarding associations between individual
characteristics and environmental contamination, LCA can be used to build a model of patient
types including multiple characteristics without requiring any additional knowledge. Traditional
regression models require prior knowledge for the inclusion of variables. Following the assignment
of class membership, associations between class membership and dependent outcomes can be
determined. Class membership can be included in traditional regression models, allowing for the
adjustment of confounders or investigation of interaction and effect modification if necessary.

Previous research identified factors resulting in increased contamination which require
additional testing (hand or body contamination, MDRO in bodily fluids and MDRO load at the
colonization site). Characteristics which are observed without additional testing can provide
information quickly and without additional cost to identify patients at increased risk of
contaminating their environment. Infection prevention practices such as patient hygiene could then

be directed toward these patients. We conducted a prospective cohort study using observable
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patient characteristics to identify a hospitalized patient type among MDRO carriers who are more

likely to contaminate their environment.

3.4: Methods

3.4.1: Study Setting and Data Collection

Data for this study were collected as part of a larger prospective investigation regarding
the efficacy of Clinell Universal Wipes (intervention) vs. bleach at a concentration of 1,000 ppm
(standard hospital practice) for environmental cleaning in a hospital setting. Data were collected
for patients admitted from October 20, 2016 through January 22, 2018 in four internal medicine
units at the Shamir Medical Center in Israel. The study was divided into five periods 1) a one-
month pre-study period with bleach as the only cleaning agent used, 2) a six-month intervention
period during which rooms in units A and D were cleaned with Clinell Universal Wipes and rooms
in units B and C were cleaned with bleach, 3) a one-month washout period during which bleach
was the only cleaning agent used, 4) a second six-month intervention period during which rooms
in units B and C were cleaned with Clinell Universal Wipes and rooms in units A and D were
cleaned with bleach ad 5) a one-month post-study periods during which bleach was the only
cleaning agent used.

Data regarding patient demographics, medical history and comorbidities were collected.
Admission surveillance screening (within 48 hours of admission) for MDRO was performed for
patients transferred from another hospital, patients transferred from another department within the
hospital, functionally dependent patients, residents of long-term care facilities, patients
hospitalized in an acute care hospital in the prior six months and prisoners. Additionally, as part
of the infection prevention program at the hospital, weekly MDRO screening was performed for

ten patients at high-risk for infection as identified in previous research, including antibiotic
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exposure, presence of indwelling devices, intensive care unit admission, and being bedridden. 200201
Weekly screening of sputum was performed for all mechanically ventilated patients. Based on risk
factors for organism acquisition, patients were screened for at least one, but not necessarily all, of
the following multidrug-resistant organisms: 1) nasal screening for methicillin-resistant
Staphylococcus aureus, (MRSA) 2) rectal screening for carbapenemase-producing carbapenem-
resistant Enterobacteriaceae (CP-CRE), non-carbapenemase-producing carbapenem-resistant
Enterobacteriaceae (non-CP-CRE) and vancomycin-resistant Enterococcus (VRE) and 3) sputum
screening of mechanically ventilated patients for multi-drug resistant Acinetobacter baumannii
and Pseudomonas aeruginosa. MDRO-positive patients were placed in contact precautions and
moved, when possible, to a single-patient room, or more commonly, to a multi-patient room with
physical barriers placed between patients.

Following a positive test, the environment was sampled at a single timepoint for any
MDRO detected during patient screening; multiple samples were collected for patients positive for
more than one MDRO meaning a patient could screen positive for different MDRO on different
days and environmental sampling for those organisms could occur on different days as well. Five
high-touch surfaces within the patient room were sampled (the right bedrail, the bedside table,
underneath a binder with patient medical information hanging at the foot of the bed, the nurse’s
call button and the lamp switch; Figure 3-1). These surfaces were subject to enhanced cleaning
with bleach at a concentration of 1,000 ppm or Clinell® Universal Wipes and were cleaned daily

when an MDRO carrier was identified.

3.4.2: Statistical Analysis
In LCA, individuals are classified into two or more classes based on responses to items

included in the analysis.?%? Classes can represent categories or characteristics of individuals not
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otherwise measured. Two sets of class-level parameters are determined. Gamma is the probability
that any individual will be a member of a class calculated as functions of logistic regression
coefficients for inputted items. Rho is the response probability to each item given class
membership. Parameters are estimated by maximum likelihood using expectation-maximization.
Based on item responses for each covariate included in the analysis and the model parameters,
posterior probabilities are generated, providing the probability an individual belonged to each
class.

To determine which variables would be included in the LCA analysis, we first investigated
the relationship between these variables and environmental contamination. In our study, patients
with any surface contamination for an organism and patients who contaminated all environmental
sites with an organism were identified. Unadjusted analyses were performed using generalized
estimating equations (GEE) with exchangeable correlation and clustering on individuals to identify
relationships between individual characteristics and two separate outcomes when compared to
individuals with no contaminated sites in the environment: either contaminating any environmental
site with an organism or contaminating all sites with an organism. Clustering was used as more
than one set of environmental samples could be collected from a patient room at different times if
the patient screened positive for more than one organism. All GEE models used throughout the
analysis included an exchangeable correlation structure and clustering on individuals.

Any significant (p<0.05) variables in the unadjusted analyses were included as items in
LCA to categorize patients into groups based on their potential to contaminate their environment.
Remaining variables were added individually and various class numbers were tested. Up to four
variables and four classes were tested at a time. The maximum class size equaled the number of

items in the LCA model. Models were compared using Akaike Information Criterion (AIC) and
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Bayesian Information Criterion (BIC) and the model with the best fit was chosen. Individuals were
assigned to the class with the highest posterior probability for that individual.

Following the assignment of participants to latent classes, GEE models were used to
identify associations between latent class membership and two outcomes 1) any environmental
contamination with an organism vs. no contamination and 2) contamination all environmental sites
with an organism vs. no contamination. These two analyses included all organisms. Because this
data was collected during a cleaning intervention study, GEE models were used to compare any
association between cleaning products used and latent class membership. Cleaning products were
also included in separate models with latent class membership for both contamination outcomes
to check for changes in effect measures and effect modification. No significant difference in
environmental contamination was observed when between cleaning products in the prior research
(unpublished data).

GEE models were used to identify associations between latent class membership and
contamination at each individual site for both contamination outcomes. The same model was used
to identify associations between latent class membership and both contamination of any
environmental site and contamination of all environmental sites with a composite of gram-negative
organisms. Logistic regression was used to calculate associations between latent class membership
and both contamination outcomes for each organism separately and for a composite of gram-
positive organisms.

Inconsistencies were present in the time between patient screening and environmental
sampling. Decolonization may occur for patients with longer times between screening and
environmental sampling which could affect our ability to detect environmental contamination.

GEE models were used for a sensitivity analysis to determine if time between either first positive
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screen date or latest positive screen date and environmental sample collection (<5 vs. >5 days)
affected the detection of contamination at any site with an organism or contamination of all sites
with an organism when all organisms were included. All statistical analyses were performed using
SAS version 9.4 (SAS Institute, Cary, NC) including the PROC LCA package (The Methodology

Center, Penn State University College of Health and Human Development).2%2

3.5: Results

Data were collected for 9,362 patients during the study period; 211 patients screened positive
for an MDRO and were in rooms where environmental samples were collected with no missing
data for patient characteristics. The median age of the study population was 80 (interquartile range
71-86) and 123 (58.3%) were male. Out of the total population, 98, 8, 7, 13, 100 and 36 patients
were positive for MRSA, VRE, CP-CRE, non-CP-CRE, A. baumannii and P. aeruginosa
respectively; environmental samples were collected at 262 sampling points. Environmental
samples were collected at two sampling points for 39 (18.5%) patients and three sampling points
for six (2.8%) patients. One individual who was included in the analysis and screened positive for
MRSA did not have environmental contamination data from the lamp switch or call button. The
frequency of positive admission screens and the time between positive screening dates and
environmental sampling dates is in Table 3-1. Time between environmental sampling points and
latest positive screen collection date was greater than ten days for five (1.9%) sampling points. At
least one environmental site was contaminated in 163 (62.2%) sampling points and all

environmental sites were contaminated in 33 (12.6%) sampling points.
Three variables were significantly associated with environmental contamination at any site,
requiring assistance with activities of daily living prior to admission, altered consciousness at

admission and requiring mechanical ventilation during the admission (Table 3-2). Altered
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consciousness at admission was also associated with contamination of all sites (Table 3-3). These
variables were included in the latent class analysis. No other models with additional variables or
classes were identified as a better fit. A two-class analysis was performed, resulting in 141 (52.8%)
patients in class one (low functional status [LFS] class) and 126 (47.2%) patients in class two (high
functional status [HFS] class) based on the highest posterior probability for each patient. The
probability of being positive for each variable included in the LCA was higher for the LFS class
(Figure 3-2). The odds of any MDRO contamination was significantly higher for LFS patients
(69.8% vs. 52.2%; OR=2.2, 95% CI=[1.3, 3.7]; p=0.003; Table 3-4). The odds of contaminating
all sites vs. no sites was significantly higher for LFS patients (32.8% vs. 16.9%; OR=2.5; 95%
Cl=[1.1, 5.8]; p=0.03; Table 3-4).

The bedrail was the most frequently contaminated site for all organisms (Table 3-5). The
odds of contamination for LFS patients at each individual environmental site was significantly
higher for all sites except for the call button (Table 3-4).

Odds of contaminating at least one site was significantly higher for LFS patients when
evaluating a composite of gram-positive organisms (39% vs. 18%; OR=2.4; 95% CI=[1.1, 5.4];
p=0.03; Table 3-4) and when evaluating MRSA (34% vs 16%; OR=2.3; 95% CI=[1.0, 5.3];
p=0.046;). The odds of contaminating all sites with gram positive organisms was significantly
higher for LFS patients (13.5% vs. 1.8%; OR=8.7; 95% CI=[1.0, 73.6]; p=0.0048; Table 3-4).
Odds of contamination of all sites with MRSA was higher, but not significantly, for LFS patients
(20.7% vs. 3.9%; OR=6.5; 95% CI=[0.7, 58.4]; p=0.1). These analyses were not performed for
VRE alone due to small sample sizes.

When restricting to all gram-negative organisms, odds of contaminating any environmental

site (74.7% vs. 59.4%; OR=2.0; 95% CI=[1.0, 3.9]; p=0.04) was significantly higher for LFS
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patients (Table 3-4). A similar direction of effect, but not significant, was observed for A.
baumannii and P. aeruginosa. The odds of contaminating all sites with all gram-negative
organisms and A. baumannii were higher, but not significantly, for LFS patients (Table 3-4).
Analyses of contamination at any site were not performed for CP-CRE and non-CP-CRE and
analyses of contamination of all sites were not performed for CP-CRE, non-CP-CRE and P.
aeruginosa due to small sample sizes.

Sensitivity analyses were performed for all organisms (Table 3-6) to evaluate the effect of
time from positive screen date to environmental sample collection date. Longer times between
screening and sampling can result in a greater chance of patient decolonization, potentially causing
missed contamination events. Stratified analyses were performed to determine whether time
between screening and sampling confounded or modified the relationship between latent class
membership and the contamination outcomes. The first analysis examined differences in
contamination outcomes between the first positive screen collection date and the environmental
sampling collection date (<5 days vs. > 5 days). Both groups had a median of 5 days between first
the screening date and the environmental sampling date (interquartile range of 3-6). The odds of
contamination was greater for patients with more than five days between these dates for any
contamination (OR=4.8; p=0.002 vs. OR=1.8; p=0.04) and contamination of all sites (OR=4.1;
p=0.4 vs. OR=2.1; p=0.1). This is explained by the distribution of outcomes between LFS and
HFS patients. The proportion of LFS patients was higher, but comparable, among those with
greater than five days between the first positive screen collection date and environmental sample
collection date for any contamination (72.0% vs. 68.7%) and lower, but comparable, for
contamination of all sites (30.0% vs 34.0%). The proportions of HFS patients were lower for

patients with five days between the first positive screening collection date and environmental
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sample collection date for both any contamination (36.4% vs 58.8%) and all contamination (8.7%
vs 21.4%). We did not observe a large decrease in the frequency of either contamination outcome
among either of the patient groups for patients with >5 days between the first screening date and
the environmental sampling date. This finding suggests environmental contamination events were
not missed due to patient decolonization.

The second sensitivity analysis examined differences in contamination outcomes between
the latest positive screen collection date and the environmental sampling collection date (<5 days
vs. > 5 days). Both groups had a median of 4 days between latest screening date and the
environmental sampling date (interquartile range of 2-5). The odds ratio was higher for patients
with more than five days between the latest positive screen collection date and environmental
sample date for any contamination (OR=6.7; p=0.003 vs. OR=1.9; p=0.04) but similar for
contamination of all sites (OR=2.6; p=0.3 vs. OR=2.5; p=0.6; Table 3-6). The proportion of LFS
patients was higher, but comparable, for patients with more than five days between the latest
positive screen collection date and environmental sample date for any contamination (71.4% vs.
69.4%) and lower, but comparable, for contamination of all sites (27.3% vs. 33.9%). The
proportion of HFS patients was lower for patients with more than five days between the latest
positive screening collection date and environmental sample date for any contamination (29.2%
vs. 58.4%) and contamination of all sites (10.5% vs. 19.6%). We did not detect a large decrease in
the frequency of environmental contamination for patients with >5 days between the latest
screening date and the environmental sampling date. This finding indicates environmental
contamination events were not missed due to patient decolonization.

We determined if cleaning products affected the findings of the relationship between

functional status and environmental contamination. In order to confound the association between
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functional status and contamination, intervention arm would need to be associated with patient
functional status. No direct or indirect causal pathway exists between cleaning products and patient
functional status. Cleaning product may be associated with patient functional status by chance.
After assessing any statistical relationship between cleaning products and patient functional status,
no significant association was observed (OR=1.1; 95% CI=[0.6, 1.9]; p=0.7). A lack of association
and no hypothesized relationship between cleaning products and patient functional status indicates
cleaning products are not a confounder. When cleaning products were included in the models with
patient functional status, the odds ratio and confidence interval of patient functional status were
comparable to the main analysis for contamination of any site (OR=2.4; 95% CI=[1.4, 4.2];
p=0.046 vs. OR=2.2, 95% CI=[1.3, 3.7]; p=0.003) and for contamination of all sites (OR=3.6;
95% CI=[1.4, 9.0]; p=0.008 vs. OR=2.5; 95% CI=[1.1, 5.8]; p=0.03). Cleaning product was
associated with both any contamination (OR=3.9; 95% CI=[1.3, 3.8]; p=0.005) and contamination
at all sites (OR=12.7; 95% CI=[3.3, 48.5]; p=0.0002). Because of this association, models were
run to determine if cleaning product is an effect modifier. When including cleaning products and
an interaction term between cleaning product and patient functional status in the model, the odds
ratio of LFS patients were comparable to the main analysis for both contamination of any site
(OR=2.4, 95%; CI=[1.4, 4.1]; p=0.002 vs. OR=2.2; 95% CI=[1.3, 3.7]; p=0.003) and
contamination of all sites (OR=2.6; 95% CI=[0.7, 9.7]; p=0.2 vs. OR=2.5; 95% CI=[1.1, 5.8];
p=0.03). The interaction between cleaning product and patient functional status was not significant
for any contamination (p=0.3) or contamination of all sites (p=0.5). Cleaning product is likely
associated with contamination, but not functional status and is not a confounder or an effect
modifier of the relationship between functional status and contamination. Cleaning product was

not included in any other models.
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3.6: Discussion

We identified three factors associated with greater frequency of environmental
contamination, altered consciousness at admission, requiring assistance with activities of daily
living and requiring mechanical ventilation. Patients with a higher probability of these three traits
were classified together as LFS patients and we found that this classification of patients
contaminated at least one environmental site more frequently and all sites more frequently. The
same result was observed when restricting to all gram-positive organisms. LFS patient
contaminated at least one site with MRSA and all gram-negative organisms more frequently. LFS
patients also contaminated all but one environmental site more frequently. These findings suggest
a LFS patient type who has reduced mobility and physical capabilities and requires more
interaction with HCW, which may facilitate environmental contamination, is more likely to
contaminate the surrounding environment. Furthermore, they indicate the way which a patient
interacts with their environment may play a role in environmental contamination. In our study,
individuals’ functional status was assigned using probabilities determined during LCA, based on
data collected easily collected from medical records or during clinical care. Research using a direct
assessment of functional status for patients may provide greater insight unto its association with
environmental contamination, but the findings presented here provide evidence that an association
is present.

Our findings may be due to multiple factors. Patients with limited mobility and altered
consciousness may be unable attend to their personal hygiene, including hand hygiene.
Colonization of patients’ hands in post-acute care facilities was observed to be a risk factor for
environmental contamination in a previous study of 650 patients and rooms at six post-acute care

facilities (p<0.001 for MRSA and VRE and p=0.01 for resistant gram-negative bacilli).'°
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Associations between disabilities with activities of daily living and hand contamination were also
identified in the study. We detected associations between environmental contamination for both
MRSA and gram-negative bacteria in our research but could not analyze VRE alone due to the
small number of VRE-positive patients. During an investigation of mechanically ventilated
patients, Bonten et al. identified an association between the number of body sites colonized with
VRE and environmental contamination.®? We did not explore relationships between body site and
environmental contamination but patient hygiene may affect body site contamination, which could
explain their findings. In another study, Cheng et al. observed a significant reduction of
environmental contamination with MDRO in communal spaces following a resident hand washing
intervention during a multi-site study of residential care homes.?°® While most research regarding
hand hygiene focuses on HCW, investigating the impact of patient hand hygiene, especially for
those who cannot independently perform this task, may aid in infection control and prevention.

The findings in our study may also result from low functioning patients who require more
assistance from HCW. MDRO can be transmitted from patients to HCW, which could result in the
contamination of the patient environment.®® This mode of contamination is supported in our study
by the frequency of contamination in all patient rooms under the medical binder at the foot of the
bed (between 14.3%-55.0% for all organisms except non-CP CRE). The binder, presumably, is
primarily handled by HCW and contamination underneath it would likely be caused by HCW and
not patients. Additional resources and precautions may be required for these patients to prevent
contamination of fomites in the room through HCW.

Mechanical ventilation was one of the factors used to determine functional status in our
study and may contribute to environmental contamination. Lerner et al. found two patient factors

associated with CRE contamination of the environment for patients from two internal medicine
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wards in a tertiary care hospital: rectal CRE concentration and respiratory illness.!! The
investigators posited that the association between respiratory illness and contamination was
possibly due to immobility, physical limitation or antibiotic use. This may be indicative of a group
of patients more likely to have respiratory illness with restricted mobility and physical limitations.
These patients may require more HCW attention than others, providing a mechanism for
environmental contamination.

The link to between environmental contamination and contaminated bodily fluids from
patients has been observed in other studies. Boyce et al. observed patients that with diarrhea and
higher concentrations of MRSA in their stool contaminated their environment more frequently, in
a study of eight patients with high MRSA levels in their stool and six patients negative for MRSA
in the stool but positive at other body sites.'% Researchers in another study observed among 37
consecutive patients admitted to a teaching hospital, patients with MRSA in wounds or urine
contaminated their environment more than patients with MRSA at other body sites.'°® Urine and
wound secretions may provide routes for MDRO to contaminate the environment other than direct
contact. These studies demonstrate release of contaminated bodily fluids may be a potential cause
for increased environmental contamination, indicating secretions from other sites, such as
respiratory secretions during mechanical ventilation, could contribute to contamination.

Our results potentially contradict a previous study. Pilmis et al. conducted a prospective,
hospital-wide study during which environmental samples were collected from five high-touch
surfaces, twice in one day before and after cleaning, in 107 randomly selected patient rooms to
detect contamination with any bacteria by total colony counts on brain-heart infusion agar.2%* In
multivariate analysis, three patient variables were associated with environmental contamination,

including being a known MDRO carrier (OR=0.25; 95% CI=[0.09, 0.72]; p=0.01), being in a
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single room (OR=0.3; 95% CI=[0.15, 0.6]; p=0.0005) and having a urinary catheter (OR=0.19;
95% CI=[0.04-0.89]; p=0.03). A lower frequency of dependent patients was in contaminated
rooms (25.9% vs 32%) and no significant association was observed between dependent status and
contamination by univariate analysis (p=0.52). No effect measure was provided. Two comatose
patients were included in the study, both contaminated the environment, but no significant
association was observed during univariate analysis (p=0.49) and no effect measure was provided.
This study had several limitations. Only 18% of patients in their analysis were known carriers of
an MDRO through a medical record review. Time between identification of MDRO carriers and
environmental sampling was not provided. Contamination with specific organisms was not
investigated so potential relationships between carriers of specific organisms and contamination
with those organisms could not be determined. These differences from our study may explain our
contradictory findings.

Our study did have some limitations. The long time from positive screen to environmental
sampling for a small number of our patients may result in decolonization occurring prior to
environmental sampling. However, our sensitivity analysis did not demonstrate a consistent
reduction in the frequency of detecting contamination events for patients whose time between
screening and sampling dates were long. Another potential limitation was the use of a maximum-
probability assignment method to classify patients during LCA, which can lead to an attenuation
of results.?® However, we were still able to identify significant associations, even if attenuation
was present. The lack of molecular analysis to confirm the organism identified from the patient
was related to the organism in the environment is another limitation. This concern is somewhat
mitigated by enhanced cleaning of the high-touch surfaces sampled in the study prior to movement

of the colonized patients to the room, which may have reduced the likelihood that the organisms
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detected in the environment were from other sources. We also sampled only one time point for
each organism in each room, allowing for the potential to miss transient contamination episodes,
potentially limiting our findings. However, our large sample size and sampling of five high-touch
surfaces in the room provided us the opportunity to capture a large enough number of
contamination events to support the analysis. A lack of repeat sampling would likely not impact
our findings. Our screening criteria may limit our generalizability as patients screened were not
from a hospital-wide population. Lastly, our study population median age was 80, possibly limiting
the generalizability of our findings.

LFS patients may contaminate their surrounding environment in hospitals with greater
frequency than HFS patients. These patients may be candidates for MDRO screening during
admission when they might not be otherwise. For LFS patients who are known MDRO carriers,
they may be targets for other infection prevention practices, such as improved patient hygiene,
staff education on cleaning and hygiene practices, isolation precautions and increased
environmental cleaning and disinfection. Investigations into the mechanisms of contamination by

LFS patients and the benefits of infection prevention practices targeted toward them is warranted.
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Figure 3-1: Locations of Sampling Sites in the Patient Room.

1) Right bedrail
2) Bedside table
3) Underneath a binder with patient medical information hanging at the foot of the bed

4) Nurse’s call button
5) Lamp switch
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Table 3-1: Frequency of Positive Admission Screens and Time Between Positive Screen
Collection Dates and Environmental Sampling Dates

Organism Positive Admission  Time from Admission Time from First ~ Time from Latest

Screen? to First PSP PS to ES® PSto ES

MRSA 59 (60.0) 1(0, 61) 5(1, 64) 4 (0, 18)

VRE 6 (75.0) 0.5 (0, 14) 5 (5, 21) 5(5,7)

CP-CRE 4 (57.1) 1(0, 21) 2 (0, 13) 2 (0, 13)

Non-CP-CRE 3(23.1) 10 (0, 41) 64,7 6 (0,7)

A. baumannii 19 (23.0) 10 (0, 56) 3 (0, 81) 3 (0, 28)

P. aeruginosa 8(22.2) 12 (0, 126) 5(1, 35) 3.5(0, 25)

a. Screened within 48 hours of admission; frequency (percent)

b. Time in days; median (interquartile range)

Abbreviations: MRSA=Methicillin-Resistant S. aureus; VRE=Vancomycin-Resistant
Enterococcus; CP-CRE=Carbapenemase-Producing Carbapenem-Resistant Enterobacteriaceae;
Non-CP-CRE=Non-Carbapenemase-Producing Carbapenem-Resistant Enterobacteriaceae;
PS=Positive Screen Collection Date; ES=Environmental Sample Collection Date
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Table 3-2: Unadjusted Analysis of the Association Between Patient Characteristics with Any
Environmental Contamination.

Characteristics Any Contamination No Contamination  OR (95% CI)P p°
(N=163)? (N=99)%
Age 79 (71, 86) 78 (70, 84) 1.0(2.0,1.0) 1.0
Male 94 (57.7) 60 (60.6) 0.9 (0.5, 1.5) 0.7
Residence Prior to Admission
Home (ref) 79 (48.5) 54 (54.6)
LTCF 57 (21.8) 27 (27.3) 0.7 (0.4, 1.3) 0.2
Other Hospital 3(1.2) 2 (2.0) 1.0(0.2,4.2) 1.0
Other Location 3(1.2) 2 (2.0) 1.0(0.2,6.1) 1.0
Other Hospital Unit 21 (12.9) 14 (14.1) 1.0(0.4,2.1) 1.0
LTCF Stay in Prior 3 Months 91 (55.8) 50 (50.5) 1.2 (0.7,2.1) 0.4
Hospitalization in Prior 3 81 (49.7) 42 (42.4) 1.3(0.8,2.2) 0.3
Months
>3 Outpatient Visits in Prior 3 11 (6.8) 6 (6.1) 1.1(04,3.2) 0.9
Months
Hemodialysis 7(4.3) 3(3.0) 1.4 (0.4,5.2) 0.6
Requires Assistance in any ADL 132 (80.1) 69 (69.7) 1.9(1.0,3.4) 0.03
Prior to Admission
Altered Consciousness at 106 (65.0) 47 (47.5) 2.1(1.3,3.6) 0.004
Admission
Steroid 14 (8.6) 9(9.1) 0.9 (0.4,2.4) 0.9
Immunosuppression 16 (9.8) 8(8.1) 1.2 (0.5, 3.3) 0.7
Diabetes 68 (41.7) 46 (46.5) 0.8 (0.5, 1.4) 0.5
Permanent Device 53 (32.5) 27 (27.3) 1.3(0.7, 2.3) 0.4
Invasive Procedure in Past 6 41 (25.2) 21 (21.2) 1.3(0.7,2.3) 0.5
Months
MDRO in Past 2 Years 46 (28.2) 34 (34.3) 0.8(0.4,1.3) 0.3
Antibiotics in Past 3 Months 67 (41.1) 35 (35.4) 1.3(0.8,2.2) 0.4
Mechanically Ventilated 60 (36.8) 24 (24.2) 1.8 (1.0, 3.3) 0.03

a. Frequency (percent) for categorical variables and median (quartile 1, quartile 3) for continuous
variables

b. Odds ratios and P-values calculated with generalized estimating equations clustering on
individuals.

Abbreviations; PC=Positive Contamination; NC=Negative Contamination; LTCF=Long Term
Care Facility; ADL=Activities of Daily Living; MDRO=Multidrug-resistant Organism
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Table 3-3: Unadjusted Analysis of the Association Between Patient Characteristics with
Contamination at All Sites.

Characteristic Contamination of All No Contamination Odds Ratio p°
Sites (N=33)* (N=99) (95% CI)°
Age 78 (70, 86) 78 (70, 84) 1.0(1.0,1.1) 0.2
Male 20 (60.6) 60 (60.6) 1.0 (0.5, 2.3) 1.0
Residence Prior to Admission
Home (ref) 17 (51.5) 54 (54.6)
LTCF 12 (36.4) 27 (27.3) 0.7 (0.3, 1.7) 0.4
Other Hospital 1(3.0) 2 (2.0) 0.6 (0.1, 7.4) 0.7
Other Location 1(3.0) 2 (2.0) 0.6 (0.1, 7.4) 0.7
Other Hospital Unit 2 (6.1) 14 (14.1) 2.2(04,109) 0.3
LTCF Stay in Prior 3 Months 18 (54.6) 50 (50.5) 1.2 (0.5, 2.6) 0.7
Hospitalization in Prior 3 12 (36.4) 42 (42.4) 0.8(0.3,1.8) 0.5
Months
>3 QOutpatient Visits in Prior 3 1(3.0) 6 (6.1) 0.5(0.1,4.1) 0.5
Months
Hemodialysis 0(0) 3(3.0) € -
Requires Assistance in any ADL 28 (84.9) 69 (69.7) 2.6(0.9,6.9 0.06
Prior to Admission
Altered Consciousness at 22 (66.7) 47 (47.5) 2.3(1.0,5.3) 0.046
Admission
Steroid 4(12.1) 9(9.1) 1.3(0.4,5.0) 0.6
Immunosuppression 5(15.2) 8(8.1) 2.0 (0.6, 7.1) 0.3
Diabetes 15 (45.5) 46 (46.5) 1.0(0.4,2.2) 1.0
Permanent Device 10 (30.3) 27 (27.3) 1.2 (0.5, 2.9) 0.7
Invasive Procedure in Past 6 6 (18.2) 21 (21.2) 0.8(0.3,2.3) 0.7
Months
MDRO in Past 2 Years 11 (33.3) 34 (34.3) 1.0(0.4, 2.2) 0.9
Antibiotics in Past 3 Months 11 (33.3) 35 (35.4) 0.9(0.4,2.1) 0.8
Mechanically Ventilated 10 (30.3) 24 (24.2) 1.4 (0.6, 3.3) 0.5

a. Frequency (percent) for categorical variables and median (quartile 1, quartile 3) for continuous
variables

b. Odds ratios and P-values calculated with generalized estimating equations clustering on
individuals.

c. Not performed due to small sample size

Abbreviations; LTCF=Long Term Care Facility; ADL=Activities of Daily Living;
MDRO=Multidrug-Resistant Organism
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Figure 3-2: Probability of Positive Item Response in Latent Class Analysis by Class Membership

Abbreviations: ADL=Activities of Daily Living; Class 1= Low Functional Status Patients;
Class 2=High Functional Status Patients
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Table 3-4: Association of Functional Status with Environmental Contamination for All
Environmental Sites and by Site or Organism.

Site or Organism

Any Contamination

Contamination of All Sites

All Sites
LFS
HFS
Bedrail
LFS
HFS
Bedside Table
LFS
HFS
Binder
LFS
HFS
Call Button
LFS
HFS
Lamp Switch
LFS
HFS
GPB
LFS
HFS
MRSA
LFS
HFS
VRE
LFS
HFS
GNB
LFS
HFS
CP-CRE
LFS
HFS
Non-CP CRE
LFS
HFES
A. baumannii
LFS
HFS
P. aeruginosa
LFS
HFS

Frequency (%)

104 (69.8)
59 (52.2)

77 (51.7)
43 (38.1)

56 (37.6)
22 (19.5)

62 (41.6)
28 (24.8)

43 (28.9)
23 (20.5)

51 (34.2)
19 (17.0)

39 (62.9)
18 (40.9)

34 (59.7)
16 (39.0)

5 (100.0)
2 (66.7)

65 (74.7)
41 (59.4)

2 (33.3)
0(0.0)

1 (20.0)
0(0)

53 (91.4)
33 (78.6)

9 (50.0)
8 (44.4)

OR (95% CI)*

2.2(13,3.7)

1.7(11,28)

2.6 (1.4, 4.6)

2.2(1.3,3.8)

1.6 (0.9, 2.8)

2.5 (1.4, 4.5)

2.4 (1.1,5.4)

2.3(1.0,5.2)

c

2.0 (1.0,3.9)

C

2.9(0.9, 9.4)

1.3(0.3, 4.6)

pa
0.003

0.03

0.001

0.004

0.1

0.002

0.03

0.046

0.08

0.6

Frequency

(%)

22 (32.8)
11 (16.9)

b

7 (13.5)
1(1.8)

6 (20.7)
1(3.9)

1 (100)
0 (0)

15 (40.5)
10 (26.3)

0 (0)
0 (0)

0(0)
0 (0)

15 (75.0)
9 (50.0)

0(0)
1(9.1)

OR (95% CI)*

2.5(1.1,5.8)

b

8.7 (1.0, 73.6)

6.5 (0.7, 58.4)

C

2.0 (0.8, 5.4)

3.0(0.8, 11.8)

c

pa
0.03

0.048

0.1

0.6

c

a. Odds ratios, 95% confidence intervals and p-values calculated for all sites, site specific, and
gram-negative analyses using generalized estimating equations clustering for the individual and
gram-positive and organism specific analyses using logistic regression.
b. Site specific analyses for contamination of all sites not performed.

c. Not calculated due to small sample size
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Abbreviations: LFS=Low Functional Status Patients; HFS=High Functional Status Patients;
GP=Gram-Positive Bacteria; MRSA=Methicillin-Resistant S. aureus; VRE=Vancomycin-
Resistant Enterococcus; GN=Gram-Negative Bacteria; CP-CRE=Carbapenemase-Producing
Carbapenem-Resistant Enterobacteriaceae; Non-CP-CRE=Non-Carbapenemase-Producing
Carbapenem-Resistant Enterobacteriaceae
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Table 3-5: Frequency of Contamination by Site and Organism

Contaminating Organism  Bedrail Bedside Table Binder Call Button Lamp Switch

MRSA 33 (33.7) 17 (17.4) 23 (235) 22 (22.7) 20 (20.6)
CP-CRE 1(14.3) 1(14.3) 1(14.3) 0(0) 1(14.3)
Non-CP-CRE 1(7.7) 0(0) 0(0) 0(0) 0 (0)
VRE 6 (75.0) 3(37.5) 3(37.5) 2 (25.0) 4 (50.0)
A. baumannii 68 (68.0) 50 (50.0) 55 (55.0) 39 (39.0) 42 (42.0)
P. aeruginosa 11 (30.6) 7 (19.4) 1(22.2) 3(8.3) 3(8.3)

Frequency includes total number (%)

Abbreviations: MRSA=Methicillin-Resistant S. aureus; CP-CRE=Carbapenemase-Producing
Carbapenem-Resistant Enterobacteriaceae; Non-CP-CRE=Non-Carbapenemase-Producing
Carbapenem-Resistant Enterobacteriaceae; VRE=Vancomycin-Resistant Enterococcus
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Table 3-6: Association of Functional Status with Environmental Contamination for All
Organisms Accounting for Number of Days Between Patient MDRO Screen and Environmental
Sample Collection

Organism Any Environmental Contamination Contamination of All Sites
Frequency (%) OR (95% CI)? p? Frequency (%) OR (95% Cl)2  p?

ES <6 days from first 1.8(1.0,3.4) 0.07 2.1(0.8,5.7) 0.1
MDRO PS (N=210)

LFS 68 (68.7) 16 (34.0)

HFS 47 (58.8) 9 (21.4)
ES >6 days from first 4.8(1.8,12.7) 0.002 4.1(0.7,22.7) 04
MDRO PS (N=52)

LFS 36 (72.0) 6 (30.0)

HFS 12 (36.4) 2 (8.7)
ES <6 days from latest 1.9(1.0,34) 0.04 25(1.0,6.2) 0.6
MDRO PS (N=232)

LFS 84 (69.4) 19 (33.9)

HFS 52 (58.4) 9 (19.6)
ES >6 days from latest 6.7 (1.9,22.9) 0.003 2.6(0.4,17.8) 0.3
MDRO PS (N=30)

LFS 20 (71.4) 3 (27.3)

HFS 7(29.2) 2 (10.5)

a. Odds ratios and P-values calculated with generalized estimating equations clustering on
individuals.

Abbreviations: MDRO=Multidrug Resistant Organism; LFS=Low Functional Status Patients;
HFS=High Functional Status Patients; ES = Environmental Sample Collection Date; PS=Positive
Screen Collection Date
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Chapter 4: Antimicrobial-Resistant Bacteria and Viruses Detected Through Systematic
Sampling in the Child Care Environment

4.1: Author Summary
We conducted a study at a single-classroom child care center to detect overall bioburden
and frequency of contamination with viruses and antibiotic-resistant bacteria from nineteen
environmental sites over seventeen sampling days during four months. Sites where children wash
and play with water had higher median colony forming unit counts and were amongst the most
frequently contaminated with pathogens. These sites would most benefit from enhanced cleaning
and disinfection practices, such as cleaning basins and changing still water between play activities,

to reduce the potential pathogen transmission through the environment.

4.2: Abstract

Approximately two-thirds of children under five years of age in the United States receive
out-of-home child care. Child care attendees have an increased risk of infections compared to
children not in child care settings, possibly due to their close contact in a shared environment and
unique physiologic and developmental characteristics. As multidrug-resistant organisms
(MDROs) increasingly move from healthcare to community settings, child care centers can
provide a venue for further transmission of these pathogens. Our objective was to evaluate the
bioburden of pathogens present on fomites in child care centers and to detect patterns of surface
contamination over time.

The study was conducted in a single classroom of an Ypsilanti, Michigan, child care center.

Samples were collected from 19 sites (furniture, toys, room fixtures) for seventeen sampling days
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from September 2019 to December 2019. Overall bioburden and frequency of contamination with
viruses (adenovirus and norovirus), antibiotic-resistant bacteria (methicillin-resistant
Staphylococcus aureus [MRSA], extended-spectrum beta-lactamase [ESBL]-producing
Enterobacteriaceae, and vancomycin-resistant Enterococcus [VRE]), and fecal coliforms were
detected.

A total of 276 samples were collected. Sites where children washed or played with water
had the highest median colony-forming unit counts, including the sink (3.0 logio CFU/100 cm?;
IQR 2.3-3.3), water table basin (2.7 logio CFU/100 cm?; IQR 1.0-4.4) and water from the water
table (3.4 logio CFU/mL; IQR 3.0-4.0). The median CFU count for water-associated sites,
excluding water samples, was significantly higher than all other sites (2.3 logio CFU/100 cm?; IQR
1.9-3.2vs. 1.79; IQR 1.5-2.2; p<0.0001). The most frequently contaminated sites for MRSA were
the building block table (29.4%), wood blocks (29.4%), the water table basin (25%), and the
imitation kitchen (17.7%). For extended-spectrum beta-lactamase-producing Enterobacteriaceae,
the most frequently contaminated sites were the sink (35.3%), water from the water table (25%)
and glue bottles (17.7%). The most frequently contaminated sites for adenovirus were the building
block table (35.3%) and the water table tabletop (23.5%).

The presence of MDRO and viruses on childcare center fomites raised concern for
exposure to these pathogens among vulnerable populations. We found the highest bioburdens and
most frequent contamination with pathogens on sites where children played or washed with water,
identifying targets for environmental cleaning and disinfection practices to mitigate the potential

spread of infections among children attending child care centers.
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4.3: Introduction

In the U.S., approximately 60% of children under five years-of-age receive child care in a
regular arrangement with a non-parental provider.2% Infections are a major concern in child care
centers (CCC’s). Child care attendees have an increased risk for respiratory and gastrointestinal
infections and use more healthcare resources at a greater cost compared to children cared for at
home.?%72%8 pathogen transmission may occur between child care attendees and employees and
their family members.'?® Additionally, parents of attendees with child care-related illnesses face a
direct socioeconomic burden due to the need to seek care for children as part of return-to-care
requirements for ill children.%®

Multidrug-resistant organisms (MDRO) are a growing problem among young children of
child care age. During a four-year, multicenter study including isolates recovered during routine
clinical care for outpatients and hospitalized patients <21 years old, 201 extended-spectrum beta-
lactamase (ESBL)-producing Enterobacteriaceae isolates were recovered from patients with a
median age of 4.3 years old and 91 AmpC-producing isolates were recovered from patients with a
median age of 7.7 years old.?'° Purcell and Fergie conducted a 14-year study at Texas children’s
hospital, observing the proportion of S. aureus isolates resistant to methicillin increased from
2.9%-10.6% in the first 10 years of the study and from 19.0%-62.4% final four years.!'® The mean
age of children with 749 MRSA infections from 2002-2003, the only time during the study with
age data collected, was 7.9 years old. CCC’s provide a setting where MDRO transmission may
occur. MRSA colonization has been detected in 0.14%-7.4% of child care attendees in several
studies.’?¥12* |In Laos, 92 (23%) screened children from 12 child care centers were positive for
ESBL-producers.’?° Investigations of MDRO transmission in child care centers could identify

targets of intervention to prevent MDRO acquisition among young children.
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Children may be more predisposed to infections due to immature immune systems and
displaying behaviors that may facilitate pathogen transmission through the environment, such as
mouthing of toys and exploring their environment through physical contact. The American
Academy of Pediatrics (AAP) recommends comprehensive infection control and prevention
practices, including environmental cleaning, sanitation and decontamination practices as one of
the three major components of a healthy CCC setting.?!! Children who attend CCC’s implementing
infection control and prevention practices including environmental cleaning and decontamination
practices have a reduced risk of infections while requiring less medical care and reducing parental
absence from work.'?® Inconsistent environmental decontamination recommendations between
national organizations and local regulators result in reduced compliance with these guidelines.?°
Structured pathogen surveillance in CCC’s identifies patterns of environmental contamination
which can guide cleaning and decontamination recommendations.

Longitudinal investigations of environmental contamination at CCC’s can better inform
the role of contamination in pathogen transmission and the effectiveness of environmental
decontamination strategies for reducing transmission. Our study aim was to demonstrate the
feasibility of longitudinal environmental sampling for microorganisms in the CCC classroom to
aid in cleaning and disinfection practices. Our objectives include determining the bioburden on
fomites in a CCC and identifying the frequency of fomite contamination with bacterial and viral

pathogens.
4.4: Methods

4.4.1: Study Setting
The study was conducted at HighScope Demonstration Preschool, a CCC in Ypsilanti, MI.

The school typically enrolls sixteen students, aged 3-5 years, for the academic year, and employs
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two adult preschool instructors and a teacher’s aide. Students spend their time in a single room,
except for a 30-minute recess (two times a day) at an adjacent outdoor playground, five days a
week. We separated the classroom into five zones based on activity types (Figure 4-1). A single
restroom and a second room, where food preparation and other staff activities occur, are adjacent
to the classroom.

Environmental samples were collected from September 2019 to December 2019, including
17 sampling days. Samples were collected twice weekly, every Tuesday and Thursday for the first
four weeks. Unexpected interruptions such as school closures for snow days and researcher
illnesses disrupted the once weekly sampling plan for the following ten weeks. Samples were
collected on nine days during those ten weeks, either on Tuesdays or Thursdays. The preschool
staff maintained standard cleaning protocol throughout the study period. Staff regularly cleaned
countertops and tables with 50-200 ppm bleach. Toys were cleaned in a dishwasher, approximately
once every two months (some items excepted such as wooden blocks). Blankets and pillows were
washed weekly, dress-up clothes were washed monthly or if soiled, and the carpet was cleaned
twice a year. An outside cleaning crew cleaned the classroom daily using an Environmental
Protection Agency-approved disinfectant with claims against emerging viral pathogens. The crew

cleaned the bathroom, mopped the floors, vacuumed, and wiped down tables and hard surfaces.

4.4.2: Environmental Sampling

Sampling sites were selected to represent the assortment of furniture and toys with regular
use by preschool students (Table 4-1) and found throughout the room (Figure 4-1). These fomites
were sampled to capture the variety of sizes (large furniture to small toys), material types (wood,
metals, plastic, water and laminate), and functionality (toys, furniture and other room features) of

items found in the classroom. Toy samples were collected by randomly selecting individual toys
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at each time point. Samples were collected at midday during the 30-minute recess following small
group activities. Tables used for these activities were routinely cleaned by child care personnel
prior to recess and before the sampling time point; no other items were cleaned during this time.
Two samples were collected simultaneously using paired individual swabs for viral and
bacterial samples. Viral samples were collected using PurFlock Ultra 6" Sterile Standard Flock
Swab w/Plastic Handle (Puritan Medical Products, Guilford, ME) and swabs were moistened with
Universal Transport Media (Copan Diagnostics, Murrieta, CA) and placed in the same media for
transport following swabbing. Bacterial samples were collected with a regular flocked ESwab
moistened with liquid Amies media (Copan Diagnostics, Murrieta, CA) and stored in the same
media for transport. For larger items, an area of 700 cm? was swabbed using a premade template;
multiples of smaller items with less than 700 cm? were swabbed to approximate the same surface
area. Following sample collection, samples were transported to the lab and processed within an

hour of collection.

4.4.3: Standard Bacterial Plate Counts

Following a ten-second vortex of the liquid amies samples with swabs, 100 pL of
undiluted, 107, 102, and 107 concentrations of media were plated separately on tryptic soy agar
(Neogen, Lansing, MI) and incubated at 37°C for 24 hours. Plates with colony counts between 20
and 300 were used to calculate logio colony-forming units (CFU)/100 cm? for surfaces and logio
CFU/mL for water. If no plate from a single sample site had more than 20 colonies, then the

undiluted sample was used to count CFU.

4.4.4: Resistance and Fecal Coliform Testing
Identification of methicillin-resistant Staphylococcus aureus (MRSA), extended-spectrum

beta-lactamase (ESBL) producing Enterobacteriaceae, and vancomycin-resistant Enterococcus
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(VRE) were performed using CHROMagar MRSA 11 (BD, Franklin Lakes, New Jersey),
HardyCHROM ESBL (Hardy Diagnostics, Santa Maria, CA) and Spectra VRE (Thermo Fisher
Scientific, Waltham, MA), respectively. Fecal coliform testing was performed using m-FC Agar
with 1% Rosolic Acid (Hardy Diagnostics, Santa Maria, CA). At least one isolated colony from
each selective media culture indicative of a positive result was cultured in tryptic soy broth
(Neogen, Lansing MI) and stored in a 50% glycerol solution (Thermo Fisher Scientific,
Waltham, MA) at -80°C.Viral Genomic Extraction

UTM samples were vortexed for ten seconds with the swab; a volume of 1 mL of media
was used for genomic extraction. Extraction was performed using High Pure Viral Nucleic Acid
Large Volume Kit (Roche, Basel, Switzerland) with elution into 100 pL of elution buffer. Samples
were further purified using RNA Clean & Concentrator-5 Kit (Zymo Research, Irvine, CA) with

elution into 50 pL of elution buffer. Samples were stored at -80°C following elution with each kit.

4.4.5: Viral PCR

Singleplex PCR was used to identify the viral targets, adenovirus and norovirus (Gl and
GII). Adenovirus detection was performed using previously published primers, probes and
protocols.?*2 PCR was performed using the AgPath-1D One Step RT-PCR Kit (Life Technologies,
Carlsbad, CA) as previously described.?? FTD Respiratory pathogens 21 (Fast Track Diagnostics,
Luxembourg) was included as a positive control for adenovirus during PCR.

Norovirus Gl and GII primers and probe sequences and thermocycler conditions have been
previously described.?* A modification from previous methods to use two singleplex PCR assays
for norovirus Gl and Gll was performed in this study. The same concentrations of primers, probes
and buffers (AgPath-1D One Step RT-PCR Kit [Life Technologies, Carlsbad, CA]) were used as

previously published.?*® Two norovirus positive controls were included during PCR (norovirus Gl
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- ATCC VR-3234SD; norovirus Gll - ATCC VR-3235SD). All PCR assays were performed using

the Applied Biosystems 7500 (Thermo Fisher Scientific, Waltham, MA).

4.4.6: Statistical Analysis
Median CFU counts and frequency of contamination with antibiotic-resistant bacteria were
calculated. The Wilcoxon rank-sum test was used to compare median CFU counts between sites.

All statistical analysis was performed using SAS version 9.4 (SAS Institute, Cary, NC).

4.5: Results

A total of 276 samples were collected from 19 sites in the classroom on 17 different days;
13 of the 19 sites had samples collected on all 17 days (Table 4-2). Sampling of the side and bottom
of Large Table 2 started on the second day of sample collection. Water sampling from the water
table was began on the third day of sampling. On the four days water was not present, samples
were collected from the water table basin. Sampling of the toy trains began on the third sampling
day. Sampling of chairs began on the seventh sampling day. A camera mounted on a wall out of
the reach of the children was sampled on three days. The median time between sampling days was
5 days, with a range of 2-16 days.

Twelve sites were positive for bacterial growth from all samples collected (Table 4-2). The
range of the frequency of positive samples was 83%-100% for all sites. The logio CFU/100 cm?
(or logio CFU/mL for water) was determined for all samples with bacterial growth. The median
CFU count for all sites excluding water samples was 1.8 logio CFU/100 cm? (interquartile range
[IQR] 1.5-2.3). The sites with the highest median CFU counts were sites where children washed
or played with water including the sink (3.0 logio CFU/100 cm?; IQR 2.3-3.3), water table basin
(2.7 logio CFU/100 cm?; IQR 1.0-4.4) and water from the water table (3.4 logio CFU/mL; IQR

3.0-4.0). Among the classroom furniture, samples collected from the building block table (2.4 logio
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CFU/100 cm?; IQR 2.3-3.6) and the imitation kitchen (2.2 logio CFU/100 cm?; 1.8-2.3) had the
highest median CFU counts. The small wood blocks were observed to have the highest median
bioburden among the toys (2.4 logio CFU/100 cm?; IQR 2.0-2.9). CFU counts ranged from 0.63-
4.68 logio CFU/100 cm? among all water-associated sites, excluding water samples, and 0.15-3.67
logio CFU/100 cm? for all other sites (Figure 4-2).

The median bioburden of all water-associated sites, excluding water collected from the
water table, was significantly higher than the bioburden at all other sites (2.3 logio CFU/100 cm?;
IQR 1.9-3.2 vs. 1.8 logio CFU/100 cm?; IQR 1.5-2.2; p<0.0001; Figure 4-2). Among the tables,
the median CFU count for the building block table, which has an irregular surface, was
significantly higher than the two large tabletops (2.4 logio CFU/100 cm?; IQR 2.3-2.6 vs. 1.5 logio
CFU/100 cm?; IQR 1.1-1.8; p<0.0001). The median CFU count for the imitation kitchen, which
has a large smooth surface, was significantly higher than for the other two large tabletops (2.2
logio CFU/100 cm?; IQR 1.8-2.3 vs. 1.5 logio CFU/100 cm?; IQR 1.1-1.8; p = 0.0002). Among the
toys, the wood blocks had a higher median CFU count than all other toys (2.4 logio CFU/100 cm?;
IQR 2.0-2.9 vs. 1.7 logio CFU/100 cm?; IQR 1.5-2.0; p<0.0001).

Twenty-two out of 276 total samples (8.0%) were positive for MRSA. Eleven sampling
sites were positive on at least one occasion (Table 4-2). The sites most frequently contaminated
with MRSA included the building block table (n=5; 29.4%), the small wood blocks (n=5; 29.4%),
the water table basin (n=1; 25%) and the imitation kitchen (n=3; 17.7%).

Seventeen samples out of 276 total samples (6.2%) were positive for ESBL-producing
Enterobacteriaceae; seven sampling sites were positive on at least one occasion (Table 4-2). The

sink (n=6; 35.3%), water from the water table (n=3; 25%) and the glue bottles (n=2; 17.7%) were
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contaminated most frequently with ESBL-producers. No samples were positive for VRE or fecal
coliforms from any site.

Twenty-one total samples (7.6%) were positive for adenovirus. Samples from nine sites
were positive for adenovirus on at least one occasion (Table 4-2). The most frequent sites of
adenovirus contamination were the building block table (n=6; 35.3%) and the water tabletop (n=4;

23.5%). Norovirus was not detected in any sample.

4.6: Discussion

Our study demonstrates the feasibility of a longitudinal sampling investigation in a child
care center to detect environmental contamination with bacterial and viral pathogens on various
fomites. We identified adenovirus and antibiotic-resistant bacteria in the environment, indicating
the potential for fomites to facilitate transmission of these pathogens. The bioburden was generally
low and contamination with pathogens was absent or infrequent at most sites. However, sites
where children washed and played with water and fomites with irregular surfaces or cleaned less
frequently harbored higher bioburdens and were contaminated more frequently with pathogens.

The median bioburden detected for sites in our study is in line with other previous research.
Li et al. detected a median of 2.04 logio CFU/100 cm? for smooth surfaces from 40 CCC’s with a
mean of eight samples collected per site.?'* Our findings are similar to their results. During twice
monthly sampling from six CCC’s over eight months, Cosby et al. detected mean counts of 1.64
logio CFU/50 cm?, 1.58 logio CFU/50 cm?, and 1.53 logio CFU/50 cm? for food serving, diaper
changing and food preparation areas.'*® We did not sample from surfaces used for these activities,
but we did find similar bioburden on other large, smooth furniture.

Our surveillance identified several locations with higher levels of contamination. Most

notably, sites were children wash and play with water, the sink and water table (including the
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tabletop, basin and water from the basin), were among the highest bioburden sites and most
frequently contaminated with pathogens. Water can act as a reservoir for microbes and spreads
these organisms to surrounding areas during hand hygiene and play activities. These water-
associated sites may benefit from more frequent cleaning. The AAP, in conjunction with American
Public Health Association, and the National Resource Center for Health and Safety in Child Care
and Early Education recommend water tables should be filled before their use and the basin should
be cleaned after each use.'?” They also recommend children should wash their hands before and
after using the water table to limit the spread of pathogens. Our findings support these
recommendations.

Some fomite surfaces may be irregular and difficult to clean. The building block table in
our study, which had the highest median bioburden of the furniture, is an example. The tabletop
for the building block table contains many ridges, making this surface more difficult to clean than
a flat tabletop, potentially explaining the increased contamination. Li et al. observed significant
differences in aerobic plate counts and coliform counts when contamination on regular and
irregular surfaces were compared in 40 CCC’s, demonstrating surface type can play a role in
contamination.?* Irregular surfaces may require special attention and cleaning instruments other
than cloth like scrubbing brushes.

Materials which are difficult to clean may result in higher contamination due to less
frequent cleaning. The small wood blocks were identified as having a higher median bioburden
and were more frequently contaminated among the toys. The blocks are not typically cleaned like
the other toys as the wood may be damaged during cleaning, potentially explaining their higher

and more frequent contamination. Contamination of toys that cannot be cleaned regularly could
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be managed by rotating toys out of circulation to allow organisms to die off before being used
again.

Frequency and timing of cleaning may also affect the detection of contamination among
other furniture. The imitation kitchen has a similar surface to the large tables in the room. However,
the large tables were cleaned by the staff following small group activities which immediately
preceded environmental sampling while the imitation kitchen was not cleaned. The large tables
had a low median bioburden and limited pathogen contamination, potentially demonstrating the
impact of frequent environmental cleaning. Both the furniture and toy results demonstrate frequent
cleaning can effectively reduce bioburden in the environment.

Material type may also play a role in the recovery of organisms from fomites. Several
studies have demonstrated bacterial transfer and survivability is reduced for wood compared to
other materials, including plastics and metals.?'>2'° Wood is porous, providing space for bacteria
to inhabit making recovery difficult and causing the surface to dry more quickly than non-porous
materials which can reduce the survival of organisms.?*> Furthermore, surfaces such as plastics,
which appear smooth macroscopically, may have microscopic crevices which improve adherence
of organisms to the surface and can protect organisms from desiccation. Recovery and
survivability of bacteria on smooth surfaces without microscopic crevices, such as glass, is
reduced, as these surfaces do not protect against desiccation.?*® In our study, we observed a high
median bioburden on the wood blocks. As viability and recovery from wood is expected to be
reduced, the higher level of contamination suggests the contamination is likely more recent or
occurring with a larger inoculum than on other materials as we would expect a lower bioburden if
the timing or amount of contamination was similar between sites. For plastic and metal fomites,

recovery of bacteria is expected to be similar when accounting for time from contamination and
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bacterial load during contamination.?5-21 |f this is the case for the materials sampled in this study,
differences among these materials may therefore be related to frequency and quality of cleaning.

We detected adenovirus on a variety of surfaces. Adenovirus is a common cause of
respiratory and gastrointestinal disease among children, and has caused illness outbreaks in
CCC’s.229-222 Transfer of adenovirus from the environment to human skin has been demonstrated
experimentally, indicating its potential for environmental transmission. Adenovirus environmental
contamination has been implicated in illness outbreaks. Sammons et al. identified contaminated
ophthalmologic equipment as the source of an adenovirus outbreak in a neonatal intensive care
unit.?2® Detection of adenovirus in our study could signify transmission of adenovirus through the
environment is possible. Adenovirus has been detected in the environment of CCC’s previously.
Lyman et al. identified environmental contamination from 13 of 22 CCC’s with acute
gastroenteritis outbreaks in North Carolina, including contamination with adenovirus at 10%-
100% of sampled sites during three outbreaks.**? The frequency of contamination with adenovirus
in this study was higher than ours, which could be due to the presence of illness outbreaks during
their study.

MDRO in child care requires more investigation. In our study, contamination with
antibiotic-resistant bacteria was infrequent, including limited contamination with ESBL-producers
and no contamination with VRE. Research regarding environmental contamination in CCC’s with
these pathogens is sparse. Moritz et al. detected MRSA in 1.4% of cross-sectional samples from
eleven CCC’s in Towa.* Our study detected a higher frequency of contamination, which may be
due to differences in susceptibility testing (selective media vs. broth microdilution). In two
California CCC’s, 6% of fomites were contaminated with any Enterococcus spp. and none were

contaminated with E. coli. However, antibiotic resistance was not investigated.?2*
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Our lack of fecal coliform contamination does not correspond with previous research.
Researchers in Tennessee detected total coliforms in 24.7% of environmental samples at six
CCC’s. However, they did not distinguish between total and fecal coliforms. Also, the sites
sampled were food contact surfaces and diaper changing stations, which may explain the
difference in findings. Researchers from three previous studies found low proportions of fecal
coliform contamination of fomites (3.0%, 4.3% and 9.5%), differing from our findings of no
contamination, but still infrequent.1%:138:224 |n 3 longitudinal study including ten rooms from six
CCC’s, fecal contamination was detected on 26 fomites, ranging 2-52% for each item.'® The ages
of the attendees were 24 months and younger. These attendees are younger than those in our study
and would still require diapering, potentially accounting for the higher contamination rates.

The small class size and single classroom may limit the amount and variety of
environmental contamination found in our study and could reduce the generalizability of our
findings. However, the repeated sampling and number of sampling sites would help mitigate these
limitations. We also used selective media to identify MDRO in the environment. Susceptibility
testing using selective media may result in reduced sensitivity and specificity when compared to
traditional culture methods but are still highly effective at detecting antibiotic resistant
organisms.?2>-22 [f the prevalence of MDRO in the environment is low in CCC’s then our findings
will overestimate the frequency of contamination, even with a high sensitivity and specificity for
the selective media.

For environmental pathogen transmission to occur, viable organisms must be present. We
demonstrated the viability of the bacteria detected through culturing, but our viral detection was
PCR-based only, limiting our study. Ganime et al. detected viable adenovirus from 50% of

environmental samples that were PCR-positive.??® Viable organisms need to inoculate the host
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directly, as may occur with mouthing of fomites among young children, or mediated through the
host’s hands. The efficiency of organism transfer from the environment to hands and then from
hands to inoculation sites is low for viruses and bacteria, including multi-drug resistant organisms
(MDRO).?2%2%2 However, low doses of inoculation can still result in infection.**2** Studies
regarding transfer of organisms to hands and inoculation sites were performed on adults and may
not be generalizable to children. Children use their hands to explore the environment and their own
bodies which may provide more opportunities for bacterial transfer and self-inoculation.
Developmental, behavioral and environmental factors present unique challenges to
controlling infections in child care centers. We have demonstrated the feasibility and importance
of longitudinal surveillance of key child care center environmental sites for various organisms.
Our research identified problem areas within the classroom, which can guide targeted infection
control practices when time and resources are limited. With this uncertainty and the threat of
environmental transmission of other pathogens, vigilance with best practices for environmental

decontamination should be maintained.
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Table 4-1: Items Sampled, Material Type, Sampling Instructions Corresponding Sampling

is present in the water Table)
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Numbers
Item Sampling Instructions Sample
No.
Large Table 1 (Laminate) Use template on the table edge and tabletop 1
Sink (Stainless Steel) Swab the upper edge around the entirety of the basin 2
Waste basket (Plastic Bag) Swab the entire upper edge covered by the trash bag 3
Glue Bottles (Plastic) Holding the bottle top, swab the entire bottle 4
Water Table Tabletop (Laminate) Use a template on the center of the tabletop 5
Large Table 2 - Top (Laminate) Use template on tabletop 6
Teflon Toy Pots (Teflon/Metal) Swab the entire pot 7
Imitation Kitchen (Laminate) Use a template on the center of the countertop 8
Doll (Plastic) Holding the clothed area, swab the unclothed area 9
Building Block Table (Plastic) Use a template on the center of the tabletop 10
Building Blocks (Plastic) Swab the entire block 11
Crib (Wood) Swab the upper and lower wood board on one long edge 12
of the crib
Large Table 2 — Edge and Bottom Swab the edge and bottom using curved template 13
(Laminate/Wood)
Small Wood Blocks (Wood) Swab the entire surface of the block 14
Water from Water Table (Water) Collect at least 10 mL by submerging a sterile container 15
in the water
Toy Train (Mixed — Wood, Plastic, Swab the entire small train piece 16
Metal)
Chair (Wood) Swab the outer edge of the seat and back (both sides of 17
the back
Camera Stand (Plastic) Swab the base of the camera (done monthly) 18
Water Table Basin (Plastic) Use template on basin (only to be performed if no water 19



Legend (log CFU/100 cm?)
<15

1.5-<1.8
18-<21
21-<24
2.4+

EEOOO

Figure 4-1: Room Layout and Location of Sampling Sites.

Numbers correspond to sample numbers in table 1. Double headed arrows indicate room
entrance/exit.

Abbreviations: BT = Building Block Table; C = Crib; RR = Restroom; S = Shelves; Si = Sink; T
= Table; WT = Water Table
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Table 4-2: Colony-forming Unit Counts and the Frequency of Antibiotic-Resistant Bacteria and
Virus Detection at Each Sampling Site.

Sample Total Positive  Median logio MRSA- ESBL Producer- Adenovirus-
No.? Samples ~ Growth ~ CFU/100 cm? Positive Positive Samples Positive
(%) (IQR) Samples (%) (%) Samples (%)
1 17 15 (88) 1.6 (1.2,2.1) 0(0) 0(0) 0 (0)
2 17 17 (100) 3.0(2.3,3.3) 1(5.9) 6 (35.3) 1(5.9)
3 17 17 (100) 1.8(1.5,2.0) 1(5.9) 0(0) 0(0)
4 17 17 (100) 2.0(1.9,2.2) 1(5.9) 2 (17.7) 1(5.9)
5 17 17 (100) 2.0(1.8,2.3) 1(5.9) 2 (11.8) 4 (23.5)
6 17 16 (94) 1.4(1.0,1.7) 0(0) 0(0) 0(0)
7 17 17 (100) 1.8(1.6,1.9) 1(5.9) 0(0) 2 (11.8)
8 17 17 (100) 2.2(1.8,2.3) 3(17.7) 1(5.9) 0(0)
9 17 16 (94) 1.7 (15, 2.0) 1(5.9) 0(0) 2 (11.8)
10 17 17 (100) 2.4(2.3,2.6) 5 (29.4) 2 (11.8) 6 (35.3)
11 17 16 (94) 1.5(1.2,2.0) 0(0) 0(0) 0 (0)
12 17 14 (88)° 1.2(0.8,1.7) 2 (11.8) 0 (0) 0 (0)
13 16 15 (94) 1.6 (1.1, 2.3) 0 (0) 1(6.3) 2 (12.5)
14 17 16 (100)¢ 2.4(2.0,2.9) 5 (29.4) 0 (0) 1(11.8)
15 12 10(83)  3.4(3.0,4.0P 0 (0) 3(25) 0 (0)
16 15 13 (100)¢ 1.7 (1.7,1.9) 0(0) 0 (0) 2 (13.3)
17 11 11(100) 1.5(1.3,1.8) 0 (0) 0(0) 0 (0)
18 3 3 (100) 1.8(1.6,1.9) 0(0) 0 (0) 0 (0)
19 4 4 (100) 2.7(1.0,4.4) 1(25) 0 (0) 0 (0)

a. Sample no. corresponds to the sample no. in Table 4-1
b. Logio CFU/mL for water
c. One sample not processed for standard bacterial plate count due to contamination

d. Two samples not processed for standard bacterial plate count due to contamination
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Figure 4-2: Distribution of CFU counts for Water-Associated Sites and Other Sites

The histogram (top) and box plot (bottom) show the distribution of colony-forming unit (CFU)
counts transformed to logio CFU/100 cm? for all samples collected where children wash and play
with water (excluding water samples) compared to all samples collected from other sites. A normal
curve and fitted curve are overlayed over the histogram. The median CFU count for water-
associated sites was significantly higher than for all other sites by the Wilcoxon rank-sum test.
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Chapter 5: Conclusions

The overall goal of this work was to identify targets for infection prevention and control
measures to interrupt multidrug-resistant organism (MDRO) transmission and acquisition. This
dissertation investigated two topics, ascertaining the risk of multiple organism colonization and
infection, a potential preceding event to MDRO acquisition, and environmental contamination
with MDRO, which contributes to pathogen transmission. In chapter 2, risk factors for methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus (VRE) co-
colonization or coinfection (CCCI), a likely predecessor to vancomycin-resistant S. aureus
(VRSA) acquisition, were determined for hospitalized patients in the region with highest number
of VRSA cases detected in the U.S. In chapter 3, we used patient characteristics to identify a type
of MDRO carrier among hospitalized patients that contaminates the surrounding environment.
Finally, surveillance of a CCC classroom in chapter 4 revealed multiple locations in the
environment harboring a higher bioburden and more frequently contaminated with potential
pathogens. A summary of these findings is discussed here, focusing on the knowledge added,

public health implications, strengths, weakness and future considerations.

5.1: Aim 1

5.1.1: Aim 1 Knowledge Added and Implications
The emergence of VRSA demonstrates the potential for de novo MDRO emergence
through horizontal gene transfer during multiple organism colonization or infection. However, the

dearth of cases and the lack of person-to-person transmission provides an opportunity to intervene
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on VRSA emergence and contain its dissemination.*® Molecular and epidemiological evidence
suggest MRSA acquires vancomycin resistance from VRE during CCCI resulting in VRSA
acquisition, a serious concern considering vancomycin is a first-line treatment option for
MRSA 55148150235 Gjnce the majority of all documented U.S. VRSA cases occurred in southeast
Michigan, determining risk factors for MRSA and VRE CCCI in this population can be of
enhanced importance to prevent the continued emergence of VRSA.

We observed that healthcare exposure was a risk factor for MRSA and VRE CCCI. MDRO
infections are a common problem in healthcare facilities, including MRSA and VRE, so this
finding is not surprising.®* Warren et al. identified prior hospitalization and admission from another
healthcare facility and a Han et al. identified prior hospitalizations as risk factors for CCCI. 11154
We build on this evidence using molecular characteristics of pathogens. Admission from another
healthcare facility was identified as a risk factor when comparing CCCI patients with MRSA
controls and controls without MRSA or VRE in our study. Having at least one hospitalization in
the past year was a risk factor when comparing to MRSA controls, further implicating healthcare
exposure as a CCCI risk factor. Our molecular analysis revealed patients harboring PVL-negative
MRSA isolates and CC5 MRSA isolates were at greater risk of CCCI with VRE. PVL-positive
MRSA isolates have been associated with community-associated MRSA strains and CC5 isolates
are associated with healthcare-associated MRSA, providing additional evidence that healthcare
exposure may be a risk factor for CCCI.1%%173 Molecular analysis is sparse in prior CCCI research
and is a strength our study. The totality of our findings strengthens the observation that healthcare
exposure is a risk factor for CCCI.

Our findings can inform infection prevention and control practices. Transfer of patients

between healthcare facilities presents an opportunity for introduction and transmission of MDRO
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between settings. Communication of MDRO carrier status between facilities can aid in
identification of MDRO carriers. The Centers for Disease Control and Prevention (CDC)
recommends screening of patients transferred from healthcare facilities known to have a high
prevalence of MDRO.2% Our findings add more support for this recommendation. The CDC also
recommends cohorting patients with the same MDRO when single-patient rooms are not
available.?® In this case, screening can be beneficial as to prevent cohorting of patients with
MRSA together when one is an unknown VRE carrier, or vice versa, particularly for patients with
CCCI risk factors. Screening can aid antibiotic stewardship, another infection control strategy
recommended by the CDC.2% In the case of multiple organism colonization or infection, using
vancomycin on a patient with MRSA who unknowingly harbors VRE, may result in killing
susceptible bacteria while allowing resistant organisms, such as VRSA, to grow with reduced
competition. Recent antibiotic exposure was also a risk factor for CCCl when comparing to
controls without MRSA or VRE, providing further support for antibiotic stewardship.

The CDC recommends enhanced barrier precautions when caring for residents in long-
term care facilities with indwelling devices to prevent the transmission of MDRO, which is
supported by our findings.?%® Our research and other CCCI research identified indwelling devices
as a risk factor for CCCI and barrier precautions may reduce MDRO acquisition among
hospitalized patients.1531541% Device-associated infections were responsible for 179,639 (57.6%)
healthcare associated infections reported to the National Healthcare Safety Network from 2015-
2017, including antibiotic-resistant infections in 0.7-82.1% of cases depending on the organism.34
The Society for Healthcare Epidemiology of America (SHEA) recommends judicious use of
indwelling devices and implementing appropriate sterile techniques for the placement,

management and removal of these devices, which our findings support.?®” Judicious use of
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indwelling devices can improve patient outcomes. For example, Burnham et al. observed failure
to remove a central venous catheter was a risk factor for all-cause 30-day mortality (HR=13.5;
95% CI=[6.8-26.7], p<0.001) for patients with MDRO central-line bloodstream infections during
a seven-year retrospective study at a 1250 bed academic medical center.?3® Following these
recommendations when caring for patients with indwelling devices would potentially mitigate

MRSA and VRE CCCI.

5.1.2: Aim 1 Strengths and Weaknesses

We conducted a multi-year, multi-site, prospective, hospital-wide investigation including
all species of VRE, comparisons of CCCI to multiple control groups, molecular analysis of
pathogens and a separate analysis of patients with pathogens isolated on the same day and in the
same specimen to determine the epidemiology of MRSA and VRE CCCI. While previous research
has been conducted to determine risk factors for CCCI with these pathogens, none have been
conducted with the totality of parameters included in our study, indicating the strength of our
research.°-157

Our use of three control groups is a major strength of our study design. MRSA and VRE
CCCI may occur through three different pathways: simultaneous acquisition of both organisms or
acquisition of VRE or MRSA with subsequent acquisition of the other at a later time. Using three
control groups of MRSA only, VRE only and no MRSA or VRE allows for an investigation of
CCCI risk through all three pathways. One drawback of this design is the inability to statistically
compare findings of associations between analyses, but this can be offset, in part, through
qualitative comparisons such as observing the effect of the same variable in multiple models.?®
The restrictions on pathogen carriage among control groups also creates control groups which may

not completely reflect the source population (all patients without MRSA and VRE CCCI), a
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possible source of selection bias. These excluded patients likely make up a small proportion of
control groups, limiting the effect of their exclusion.?®® Furthermore, multiple comparisons would
not be possible without their exclusions.?*®

Analyses including patients with MRSA and VRE isolates collected on the same day and
in the same specimen is relevant to VRSA acquisition and is another strength of our study. For
resistance gene transfer to occur, MRSA and VRE must be in close contact. Detecting both
pathogens on the same day or in the same sample demonstrates their cohabitation and potential for
gene transfer. The concordance of these analyses with our main findings provides some evidence
for potential VRSA risk factors to be investigated among MRSA and VRE CCCI risk factors.

Other strengths are present in our study. Our source population was from healthcare
facilities in southeastern Michigan, the region of the U.S. with the most VRSA cases. Determining
risk factors of MRSA and VRE CCCI in this population adds to the understanding of why VRSA
may be occurring in this region. A comparison of these factors to hospitalized patients outside of
southeast Michigan may reveal a patient population more at risk for VRSA than elsewhere. Our
molecular analysis was another strength. The molecular characteristics provided more evidence of
healthcare exposure as a risk factor and could provide information as to why VRSA cases occurred
more frequently in southeast Michigan versus the rest of the U.S. A multi-faceted approach to
CCCI epidemiology provided us with additional evidence of healthcare exposure as a risk factor.

Stepwise regression is a limitation of our study. This method of variable selection can lead
to multiple problems including adjustment of inappropriate covariates and bias in the estimate of
regression coefficients, especially with smaller samples, which can invalidate findings.*#1% we
attempted to mitigate these potential sources of bias through our selection of variables included in

the stepwise process. We used a prospective study design to identify new cases of CCCIl. We
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included variables in our analysis with a temporal relationship to CCCI which allows for the
plausibility of causality. Use of a priori knowledge is another strategy for reducing bias with model
seletion.?*® As research into risk factors for CCClI is still limited, prior knowledge of characteristics
for use in models is difficult. However, we included risk factors from prior research, as well as
potential risk factors for VRSA and other MDRO risk factors to limit the potential for inappropriate

inclusion of covariates.*485148,151-157,165,191

5.1.3: Aim 1 Future Considerations

Our MRSA and VRE CCCI investigation included a molecular analysis of MRSA isolates
using multi-locus sequencing typing (MLST) to determine associations between sequence type
and CCCI. Other sequencing methods may provide advantages over MLST, particularly whole
genome sequencing (WGS). WGS provides the sequence for the entirety of the genome, including
the core genome, which is present in all strains of a clade, and the accessory genome, which may
be present in a subset of strains. Sequences produced during WGS can be used for traditional
sequencing methods such as MLST but can also be used for more discriminatory methods, such
as core-genome MLST and whole-genome MLST, to determine relationships between
isolates.?*1242 As WGS is used more frequently, relationships between strain types identified using
these more discriminatory typing methods and other factors such as location of isolate acquisition
(healthcare facilities vs. community), infection site or associations with comorbidities can be
determined. These associations could provide additional evidence of risk factors for CCCI in our
study. While of limited utility in our CCCI study, determining relationships between organisms
can be of benefit in outbreak analysis or used in our hospital environmental contamination aim to

determine the relationship between organisms isolated from patients and the environment.
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WGS sequencing can provide additional information as well. In our CCCI study, we
detected the presence of PVL genes, supplying additional evidence of healthcare exposure as a
CCCl risk factor. Using WGS, the presence of other virulence genes can be identified, which can
provide additional information regarding how an organism was acquired.?*®* WGS also allows for
the identification of other genes including resistance genes.?** In our study, we could potentially
identify vancomycin resistance genes in our MRSA isolates, providing information regarding the
development of VRSA. As WGS costs have decreased, its application has become more
practical.>*®> WGS provides the information garnered from older typing methods but also offers
more discrimination in determining relationships between isolates and additional information
regarding the presence of genes, which can inform mechanisms of organism acquisition and
antibiotic susceptibility.

Other avenues of research can be pursued relating to MRSA and VRE CCCI. While we
investigated risk factors of MRSA and VRE CCCI, outcome analysis could also be useful in
providing more support for implementing the recommendations discussed previously. Outcome
measures such as mortality and length of stay have been collected with our data and can be
evaluated for their relationship to CCCI. Outcome analysis for MRSA and VRE CCCI has received
less attention than risk factor analysis and this additional work would add to this knowledge gap
of MRSA and VRE CCC| 151156

Our findings could also guide investigations into preventing CCCI. Healthcare exposure as
a risk factor for CCCIl may inform infection prevention and control strategies such as screening
practices, cohorting and environmental cleaning practices for patients with other CCCI risk factors
aside from healthcare exposure. Decolonization of MRSA carriers has demonstrated a reduced risk

of MRSA infection.?*® The CDC recommends decolonization on a case-by-case basis, including
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for VRSA prevention.?4”248 SHEA recommends decolonization targeted toward MRSA-colonized
patients and patients at high risk of infection.?*® Decolonization benefits for patients with risk
factors for CCCI may mitigate the occurrence of CCCI and VRSA and is another potential avenue
of investigation.

Broadly, the findings from this and other CCCI risk factor research can guide investigations
regarding VRSA emergence. Characteristics increasing the likelihood of MRSA and VRE CCCI
may be potential risk factors for VRSA acquisition as well. For example, eleven of the fourteen
U.S. VRSA cases were in patients with diabetes.®>'% We also identified diabetes as a risk factor
for CCCI in comparison with controls without MRSA or VRE. The mechanism through which
diabetes may facilitate VRSA acquisition, perhaps through immune modification, chronic skin
wounds, or causes vascular disease, could be of clinical interest. Although VRSA cases are still

sparse, identifying patients at risk for VRSA would aid in mitigating its emergence.

5.1.4: Aim 1 Summary

We have demonstrated the role of healthcare exposure in MRSA and VRE CCCI. This
knowledge can aid in prevention of MRSA and VRE CCCI acquisition and potentially alleviate
the emergence of VRSA. Additional research on health outcomes related to CCCI and the
relationship of risk factors to VRSA development can inform infection prevention policies and the

direction of scarce resources.
5.2: Aim 2

5.2.1: Aim 2 Knowledge Added and Implications
Healthcare-associated infections caused by MDRO are a common problem in U.S.

hospitals.®* Preventing transmission of MDRO through the hospital environment remains a
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challenge, but has proven to be successful and cost-effective.®"191% |_imited time and resources
demand an efficient use of prevention practices. Determination of patient populations for whom
targeted practices which would be most beneficial for reduction of environmental pathogen
transmission would guide the application of these strategies. In chapter 3, we used latent class
analysis, inputting observed patient characteristics, to identify a low functional status (LFS) patient
type who contaminates their surrounding environment more frequently than high functional status
(HFS) patients.

Our identification of the role patient functional status plays in MDRO environmental
contamination has significant public health implications. Patient functional status can be easily
assessed by clinicians and can provide a means for identifying patients to whom additional
infection prevention practices should be directed. Our findings build off previous research into
patient characteristics associated with environmental contamination and shed light on potential
mechanisms which contribute to this problem. We provide three potential mechanisms explaining
increased contamination by LFS patients.

First, hand and body site contamination have both been implicated in increased
environmental contamination, demonstrating the importance of patient hygiene.®>!1° Functionally
limited patients may be unable to maintain their hygiene, potentially explaining our findings. The
CDC recommends hospitalized patients maintain proper hand hygiene, which our findings
support.?®® 3¢ Haverstick et al. observed a significant decrease in MRSA and VRE infections in a
post-surgical step-down unit following the implementation of a patient hand hygiene education
program, demonstrating this practice can improve patient outcomes.?®* While hand hygiene for
HFS patients could be addressed primarily through education, LFS patients may need additional

assistance with hygiene practices which could be a low-cost prevention strategy. SHEA
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recommends daily chlorhexidine bathing of ICU patients.?®” Our findings support patient hygiene
strategies such as daily chlorhexidine bathing for patients unable to maintain their personal
hygiene.

Second, bodily fluids may also play a role in increasing environmental contamination as
well. MDRO in diarrhea, urine and wounds have been implicated in environmental
contamination.'®% In our study, mechanical ventilation was a marker for functional status.
Mechanical ventilation provides a mechanism through which contaminated bodily fluids can
contaminate the environment. Suction of respiratory secretions during mechanical ventilation may
contribute to contamination. Yu et al. observed significantly more bacterial contamination within
100 cm of the endotracheal intubation site of ventilated patients when open suctioning was used
compared to closed suctioning.?®? Although the potential for environmental contamination by
respiratory secretions exists, no specific recommendations are available for the prevention of
environmental contamination from mechanical ventilation. This highlights the importance of other
infection prevention strategies including hand hygiene, standard precautions and environmental
decontamination for preventing environmental contamination when caring for mechanically
ventilated patients. Guidance regarding measures to limit environmental contamination during
mechanical ventilation could mitigate contamination with MDRO by LFS patients.

Another mechanism of environmental contamination by LFS patients may be mediated
through healthcare worker (HCW) interactions. LFS patients may require additional care from
HCW compared to their HFS counterparts, such as for the maintenance of mechanical ventilation.
HCW have been implicated in environmental transmission of pathogens with patients and the
environment.31°2 Currently, the CDC recommends contact precautions for patients colonized with

target MDRO and our findings support that recommendations, particularly for LFS patients.?%® Our
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findings also suggest that rooms with LFS MDRO carriers may benefit from more frequent
cleaning targeting the immediate environment of the patient. The CDC does recommend
prioritizing cleaning high-touch surfaces, especially those close to the patient, for any patient in
contact precautions, which our findings support as well.?%® To ensure these precautions are
appropriately used, LFS patients may benefit from MDRO screening. No current screening

recommendations are targeted toward this group.

5.2.2: Aim 2 Strengths and Weaknesses

Our use of LCA to determine functional status in this aim comes with strengths and
weaknesses. As no one specific measurement can assess functional status, LCA allowed us to use
several characteristics to categorize patients based on this unobserved trait. LCA also allowed us
to identify associations between functional status and environmental contamination. Variable
selection and class number determination for LCA can be done in a variety of often complicated
methods. While our methodology was likely simplified, our use and agreement of both AIC and
BIC to determine model fitness has been demonstrated to be appropriate.?®® Our item choices also
make logical sense for the identification of LFS patients. LCA also provides posterior probabilities
for the likelihood of class membership for each individual. We used maximum-probability
assignment, assigning each member to the class with the higher posterior probability. This method
can cause attenuation of associations between latent classes and other variables due to potential
misclassification of individuals in latent classes, although it does perform better in this regard than
some other methods.?®2 However, we still detected significant findings with strong effect
measures. The possibility of attenuation indicates a stronger association than we observed.

Our study population was derived from a larger cleaning intervention trial which comes

with strengths and weaknesses as it was not specifically designed for our purposes. One weakness
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is the single environmental sampling time point for each MDRO identified during patient
screening. Repeat sampling may provide the opportunity to determine the role of length of stay on
environmental contamination, which we could not do. Our study did include a large sample of
patients and sampling of five high-touch sites, allowing us to capture a large number of
contamination events.

The trial included an investigation of six organisms, which allowed us to assess total
contamination as well as contamination with individual organisms to identify differences between
species. However, another weakness was the lack of molecular analysis of isolates, allowing for
the potential misidentification of relationships between isolates from patients and the environment
which can cause misclassification bias of our results. Daily cleaning of the five high-touch surfaces
used for environmental sampling reduced the possibility of misclassification. Fluorescent markers
were used to determine the frequency of cleaning for a selected sample of these patients. Additional
analysis of this data would aid in determining the thoroughness of cleaning for patients in this
study. ldeally, the room would be cleaned and sampled prior to occupation by a new resident to
ensure a lack of contamination, but this would be impractical in the clinical setting.

Another weakness was the inconsistency of sampling times following detection of MDRO
colonized patients, resulting in delays of environmental sampling for a small number of patients.
We performed a sensitivity analysis to ensure patients with delays in sampling were not attenuating
results through decolonization resulting in a lack of environmental contamination. Furthermore,
MDRO colonization can be prolonged and result in shedding for months, indicating decolonization
is unlikely for most patients over a period of days.8%°

Lastly, the study was not designed to quantify MDRO at screening sites or in bodily fluids,

detect MDRO on hands or other body sites, or include information on diarrhea among patients, all
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factors with limited evidence indicating they could be risk factors for environmental
contamination. These exclusions could result in confounding and bias our results. However, patient
functionality may explain the occurrence of these factors, such as hand contamination, and
adjustment would be inappropriate as they may act as intermediate variables. More research may

be needed to understand these relationships.

5.2.3: Aim 2 Future Considerations

Our findings provide evidence to support future investigations regarding the impact of
patient functional status on environmental contamination. Future research would benefit from a
well-defined measurement of functional status which could assess mechanisms of contamination,
such as hand contamination or contamination due to HCW interactions. Molecular testing to
confirm relatedness of isolates and repeat sampling to assess time to contamination and capture
contamination events would strengthen this research. Sampling from environmental sites further
from the patient may provide additional information regarding the mechanisms through which the
association of functional status and contamination occur.

Other research exploring the mechanisms of this association may provide guidance for
infection prevention and control. Patient hygiene is an area that is understudied. SHEA
recommends daily bathing of ICU patients with chlorhexidine. The implementation of such a
strategy toward all LFS patients may mitigate MDRO environmental contamination and
transmission. Determining the burden of pathogen contamination or colonization on the hands and
bodies of LFS patients would inform whether patient hygiene influences environmental
contamination by these patients. Investigations into possible benefits of hand or body hygiene for

low functioning patients with regards to reducing environmental contamination would further
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provide evidence for this mode of transmission. LFS patient hygiene can also be examined as a
potential cost-effective strategy to prevent MDRO transmission and improve patient outcomes.

Interactions between HCW and LFS patients is another potential mechanism of
environmental contamination to be evaluated. Comparisons between contamination of HCW by
LFS and HFS patients is one way to gauge the impact of this interaction. Environmental sampling
of sites distant from LFS patients but frequently contacted by HCW can demonstrate transmission
of MDRO through HCW. Contamination of HCW during interactions with LFS patients may occur
as well. These contamination events could result in transmission to other patients cared for by the
same HCW, another potential target of investigation and intervention.

The role of bodily secretions among LFS patients, particularly those mechanically
ventilated, can be explored as well to assess the contribution of these fluids to environmental
contamination. Strategies to reduce excreted secretions during suctioning of ventilated patients can
be investigated. Research on hygiene practices with regards to urine, stool and wounds for LFS
patients could provide other targets of intervention. The inability of LFS patients to address these
potential sources of contamination demands HCW vigilance and best practices should be
determined.

Research regarding other infection prevention strategies geared toward LFS patients should
be initiated. Strategies to improve cleaning of high-touch surfaces near LFS patients can be
explored. The benefits of screening these patients for MDRO when not otherwise indicated can be
examined to determine if identifying LFS MDRO carriers can allow for better prevention of
MDRO transmission. These patients may also benefit from decolonization, which could also be
investigated. The variety of potential mechanisms which may contribute to environmental

contamination by LFS patients provides many potential directions for future research.
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5.2.4: Aim 2 Summary

We have detected the impact of patient functional status on environmental contamination.
Our findings can aid in the development of strategies to disrupt transmission of MDRO through
the environment due to their excessive contamination. Research into understanding the exact
mechanisms of this association can further inform best practices to mitigate MDRO contamination

and transmission.
5.3: Aim 3

5.3.1: Aim 3 Knowledge Added and Implications

Children are an understudied population with regards to MDRO, but evidence suggests
MDRO infections in this population may be increasing.!*>!611® MDRO carriage among child
care attendees has been observed to be as high as 23% for ESBL-producers and 7% for
MRSA.120-124 Child care presents a setting where MDRO transmission can occur due to shared
environments and behaviors of attendees such as mouthing of toys and poor hygiene. In aim 3,
we surveilled the environment of a child care center to determine the bioburden of fomites and
the frequency of contamination with MDRO and viral pathogens.

We demonstrated a methodology that allows for surveillance of overall bioburden and viral
and bacterial pathogens in child care centers (CCC). Our surveillance design provides a means to
detect patterns of contamination for multiple pathogens and, for bacteria, confirmation of viability
indicating infectious potential, informing environmental decontamination practices. Previous
contamination investigations in CCC’s have targeted either bacterial or viral contamination but
surveilling for both enhances knowledge regarding pathogen transmission through the
environment in this setting.130-13%137-139.143 |n particular, MDRO sampling has been lacking in this

area of research and our study demonstrates a feasible method for surveilling these pathogens.
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Sampling was performed within thirty minutes, allowing for data collection with minimal
disruption for the CCC. The collection process was simple and requires minimal training for
investigators. The sampling method permits sampling from a variety of sites within centers,
allowing for comparisons of multiple materials and sites with different size, functionality and
mobility. Future investigations with this study design can be applied to improve the understanding
of environmental contamination in CCC’s.

We identified sites where children play and wash with water as harboring the highest
bioburden and being most frequently contaminated with MDRO and viral pathogens, a significant
finding in CCC research. Previous investigations of CCC environmental contamination have
neglected sampling from areas where children wash or play with water,130-135137-139.143 Thg
American Academy of Pediatrics, the American Public Health Association, and the National
Resource Center for Health and Safety in Child Care and Early Education have published national
recommendations regarding CCC environmental decontamination practices.'?” For water tables, if
flowing, potable, fresh water is not available, they recommend filling the table with fresh, potable
water immediately before play begins and changing water if a new group of children plays at the
table, even if the new group comes from the same room. The basin and toys used at the water table
should be washed and sanitized at the end of the day. Children should wash their hands prior to
water table play and hands should be free from cuts, scratches or sores. Our findings support these
recommendations. They also recommend cleaning and disinfecting handwashing sinks at the end
of the day. Our findings support this recommendation as sinks were another site with high
bioburden. In Michigan, where the CCC studied is located, the Licensing and Regulatory Affairs

(LARA) branch of the Michigan state government publishes licensing guidelines for Michigan
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CCC’s.12 They provide no guidance for decontamination of water tables or sinks, which should
be reconsidered.

We identified other sites with excessive contamination as well which were not cleaned as
frequently as other sites. Wood blocks harbored the highest bioburden among the toys. National
recommendations include cleaning of toys which are mouthed or contaminated with other bodily
secretions to be washed and sanitized by hand or cleaned in a dishwasher.’?” However, they
recommend not using toys which cannot be cleaned in this manner. Wood blocks may be damaged
from this cleaning process and were not cleaned in the dishwasher with other toys in the CCC in
our study. A potential alternative for cleaning may be to remove toys from circulation for a period
of time to allow for a natural death of microorganisms. LARA provides no regulations for CCC’s
regarding cleaning toys which should be reevaluated.?®

Frequent cleaning may also be responsible for the lower bioburden observed at the large
tables compared to the imitation kitchen, even though the kitchen had a similar smooth surface to
the tables. The other large tables were cleaned immediately prior to our sampling due to their use
during group activities. This difference could demonstrate the benefit of cleaning these surfaces.
National recommendations for decontamination of tables includes cleaning and sanitizing before
and after each use, which our findings support.*?” LARA recommends washing tables before and
after use for eating only.!?®

Sites which may be difficult to clean can also result in more contamination. The building
block table, which had an irregular surface, harbored a higher median bioburden than the other
smooth tables at the CCC. This site poses a unique challenge due to the irregularity of its surface.

Recommendations for cleaning of tables do not address irregular surfaces. These surfaces may
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need additional guidelines regarding decontamination or centers should consider removing them
if disinfection is not feasible.

With regard to all sites of high contamination identified in our study, child care providers
may need to determine the benefit of these items and weigh them against their potential to harbor
and transmit pathogens. These considerations should be given to items where children play with
water, items with large irregular surfaces and items difficult to clean due to material type. Providers
may consider items which are easier to disinfect but still provide educational and developmental

benefits for children.

5.3.2: Strengths and Weaknesses

Our methodology for sample collection is a major strength for this study. We detected
overall bioburden and the presence of both viral and bacterial pathogens, allowing for the
assessment of contamination with multiple organisms of interest. However, we only investigated
three MDRO and two viruses, but have samples stored from the study which could be used in
future investigations. We sampled from fomites including a variety of material types, surface
types, sizes and functionality, which aids in determining the types of fomite which could be
responsible for pathogen transmission. Other sites could have been included in our analysis, such
as floors (carpets, vinyl, etc.), cloth toys and play clothes to provide additional information
regarding patterns of pathogen contamination. Repeat sampling from environmental sites allowed
for the detection of patterns of contamination within the CCC’s.

Several limitations exist for this study as well. We did not perform confirmatory
identification of MDRO detected using selective media. We have stored isolates and this
confirmation can be performed when laboratory access improves following the COVID-19

pandemic. However, the sensitivity and specificity of the media is high, indicating the possibility
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of misidentifying pathogens was low.?2>-22" We did not culture viral samples to confirm the
viability of detected viruses. Ganime et al. observed 50% viability of adenovirus from sites with
PCR-detected adenovirus collected from hospital fomites, suggesting the presence of viral DNA
detected in the environment may indicate viable adenovirus contamination to a certain degree.??
Furthermore, sites with more frequent adenovirus contamination were also sites with higher
bioburden, suggesting the DNA could be a marker for contamination.

Our study setting may also be a limitation, particularly with regards to generalizability. We
collected samples from one room with a small class size of limited age range and a small number
of staff. Variability may exist between classes, especially with those including children still using
diapers. Other classes may have different cleaning protocols which could affect environmental
contamination. No illness outbreaks occurred during the study period, which could alter the
presence of pathogens in the environment. Including more classes with more students would allow

for the ability to capture a larger variety of settings to investigate.

5.3.3: Future Considerations

The research presented demonstrates a strategy for environmental sampling in CCC’s. The
next step would be to expand this research with a larger study. This extension would include
multiple centers and classrooms with larger class sizes of wider age ranges and increased staff
members. Additional fomites can be examined, including food preparation surfaces, diaper
changing areas and flooring. Sampling from hands or screening attendees and staff for pathogens
would provide additional information regarding the patterns and mechanisms of environmental
contamination. The expansion could also add other pathogens of interest, such as target organisms
implicated in illness outbreaks within specific centers. This methodology could potentially be

applied for environmental surveillance in settings other than CCC’s as well.
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Other potential investigations could be guided by our specific findings. Sites where
children wash and play with water have been ignored in previous research. Water tables would be
of particular interest. The impact of changing water and cleaning basins and the immediate
surroundings could be examined and would aid in the guidance of policies directed toward
minimizing contamination at these sites. Irregular surfaces would be another target for future
studies. Li et al. detected differences in contamination between smooth and irregular surfaces.?**
however, their focus was small objects like toys and utensils. Investigating larger surfaces which
should be cleaned daily, such as the building block table in our study, would determine whether
additional cleaning resources should be applied for these fomites. Removal of objects from
circulation would be another research avenue which our findings provide support for exploring.
Currently, no recommendations are provided for such actions for the purpose of
decontamination.*?”1?® This practice could provide CCC’s with a strategy to prevent pathogen
transmission that would be cheap and require limited time commitments from staff. The limited
research on environmental contamination in CCC’s provides ample opportunity for gaps in

knowledge to be filled and the research presented here can be built upon toward that goal.

5.3.4: Aim 3 Summary

We demonstrated a method of CCC environmental sampling which can guide infection
prevention and control practices in these settings. The association of contamination with sites
where children wash and play with water is a significant finding which adds to the public health
knowledge regarding CCC’s. We also identified other potential areas of intervention, including
irregular surfaces and objects which may be difficult to decontaminate using traditional methods.
Our study design can be used to investigate these areas and other research objectives in child care

settings.

110



5.4: Overall Implications

MDRO are a global problem in healthcare. Preventing adverse outcomes from these
organisms requires intervening on targets where MDRO transmission and acquisition can occur.
In this dissertation, topics related to preventing MDRO acquisition and transmission were
explored. In chapter 2, we identified risk factors for MRSA and VRE CCCI in hospitalized
patients, a predecessor to VRSA acquisition, and determined healthcare exposure is a risk factor.
In chapters 3 and 4, we investigated environmental contamination with MDRO. In chapter3, LFS
patients were determined to be contaminating their surrounding environment more frequently
among MDRO colonized inpatients. In chapter 4, we moved to the community setting to
investigate MDRO environmental contamination in a CCC. We validated a methodology for
detecting environmental contamination, including both viral and bacterial pathogens, which can
be applied to large scale studies. We determined sites where children wash and play with water,
sites with irregular surfaces and fomites difficult to clean with traditional methods were more
contaminated than other sites, including with MDRO, informing decontamination practices in
these facilities. The research presented here adds to the public health knowledge regarding MDRO
acquisition and transmission and presents new paths of investigation to continue to combat the
burden of these pathogens.

The worldwide prevalence of MDRO, the difficulty to treat infections they cause and the
risk of adverse health outcomes from these organisms necessitate ways to prevent MDRO
acquisition and transmission. Interrupting MDRO transmission and acquisition requires
interventions at multiple levels of settings and populations, which this dissertation presents.
Although strategies may be targeted toward specific groups or settings, MDRO interventions in

one group or setting may alleviate the burden in others. For example, we observed LFS patients
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contaminated their environment more frequently in chapter 3. A patient hygiene intervention
directed toward LFS patients may reduce the burden of contamination and provide indirect benefits
to other patients not in this group. Prior room occupancy by an MDRO carrier is a risk factor for
MDRO acquisition.®** Reducing contamination in the environment may reduce the risk of
MDRO acquisition for the next occupant, particularly if that occupant has risk factors for MDRO
acquisition as identified in chapter 2, such as having an indwelling medical device or recent
antibiotic exposure.

These interventions may have other ramifications beyond the specific setting where they
are implemented. Hospital floors are not isolated environments. Infection prevention in one unit
of the hospital may alleviate MDRO prevalence in others. Patients moving between settings, such
as general floors and critical care units may provide opportunities for MDRO transmission. During
a 24-month, prospective study at three ICU in two Greek hospitals, Papadimitriou-Olivgeris et al.
detected VRE in 71/497 (14.3%) patients screened.3® Of the 71, only 12 (16.9%) were admitted
directly to the ICU without hospitalization, demonstrating the potential for MDRO introduction to
the ICU from other hospital units. Referring back to the patient hygiene example, environmental
contamination may be reduced through such an intervention. Preventing MDRO acquisition, such
as through the previous patient hygiene example, may reduce MDRO contamination. A patient at
high risk for MRSA and VRE co-colonization may subsequently reside in that room. A reduction
in environmental contamination could prevent that patient from acquiring an MDRO and
potentially transferring it elsewhere, such as a critical care unit.

Stepping back further, hospitals themselves are not isolated as well. In chapter 2, we
identified admission from another healthcare facility as a CCCI risk factor when comparing CCCI

patients to MRSA controls. The high-risk patient in the patient hygiene example may be spared
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MRSA acquisition due to the intervention. If that patient is then transferred to another facility, the
risk of acquiring VRE resulting in CCCI could be mitigated. The CDC recommendation to screen
admitted patients transferred from facilities with known high MDRO prevalence is another
example of an intervention which can aid in preventing transmission between facilities.?®® A
patient from a high MDRO prevalence facility with risk factors for MRSA and VRE CCCI might
be an ideal candidate for MDRO screening. Interactions between and within healthcare centers
demonstrate the importance of preventing MDRO acquisition and transmission for a single
hospital or unit, but more broadly within the healthcare system.

In the community, interactions between settings occur as well. Hewlett et al. performed
molecular analysis of MRSA isolates collected from attendees and employees of a CCC and their
household members.*?® Indistinguishable MRSA isolates were collected from an employee, the
employee’s child who did not attend the CCC, and two children who did attend the CCC. The
findings indicate the potential for MDRO to be transmitted between settings in the community. In
chapter 4, we identified environmental sites with higher organism contamination which can inform
cleaning and disinfection practices in CCC’s, such proper water table maintenance, reducing
MDRO environmental contamination in these centers. Reduced contamination could result in
reduced transmission, not only in the CCC, but to household members of CCC attendees and
employees. Our findings may have broader implications than reduction of MDRO transmission
within CCC’s.

Healthcare and community settings interact as well. Riccio et al. followed 71 patients
colonized with intestinal ESBL-producing Enterobacteriaceae discharged from five European
university hospitals for up to four months.?® They identified 19 household transmission events of

clonally related isolates, 13 from index patients to household members and six from household
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members to index patients, with 1.18 transmissions/100 participant-weeks. These findings show
transmission of MDRO from the hospital into the community is possible. Interventions in one
setting, such as patient hygiene to reduce MDRO contamination in the hospital, may not only
reduce transmission in that setting, but also between facilities or into the community. The findings
presented in this dissertation can advise infection prevention practices resulting in a direct effect
in the setting where they are implemented but may also have a far-reaching impact.

Considering the intertwined nature of populations and settings where MDRO are
transmitted, research aimed at characterizing the movement of MDRO between settings will aid
in mitigating MDRO emergence. In Appendix A, a proposal is presented for developing a self-
collection method for VRE screening. Self-collection of these samples can make surveilling VRE
in the community more practical. If valid, this method of screening could be applied to longitudinal
surveillance of discharged hospitalized patients to determine the duration of colonization and
potential for VRE transmission in the community. VRE surveillance within households and CCC’s
could be conducted to discover patterns of transmission within and between these settings. Self-
screening can be another tool to better understand MDRO transmission and acquisition to aid in

infection prevention and control.

5.5: Concluding Remarks
Antibiotic-resistant bacteria are common worldwide. These organisms are difficult to
treat and cause substantial morbidity and mortality. A multi-faceted approach to prevention of
MDRO transmission and acquisition is required across settings and populations. This dissertation
identified targets for intervention , providing new paths for MDRO infection prevention and

control as part of a larger approach to help mitigate the burden of MDRO.
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Appendix: Development of a Self-Collection Screening Method to Identify Vancomycin-
Resistant Enterococcus Colonization
A.1: Introduction, Motivation and Objectives

Vancomycin-resistant enterococci (VRE) are among the most common healthcare-
associated pathogens in the U.S.1*° Limited treatment options are available for VRE, resulting in
poorer outcomes compared to their susceptible counterparts, including increased mortality, longer
length of hospital stay and increased risk of infection recurrence.?®2%2% \While the burden of VRE
in healthcare facilities has encouraged extensive research in this setting, VRE in the community
has received less attention.

Most community-based, VRE studies are cross-sectional and limited by small sample sizes,
restricting the analysis which can be performed using this data.**°2258-266 However, these studies
have demonstrated the presence of VRE in community settings, estimating the prevalence of
asymptomatic colonization to be as high as 39%,4%-52:2°8-266

The presence of VRE in the community may be, in part, due to the movement of VRE
carriers between healthcare and community settings. Baran et al. observed the prevalence of VRE
among members of households of healthcare workers with direct patient contact from one Detroit,
MI hospital was higher (7.3%) compared to the households of healthcare workers without patient
contact (2.2%).2%” This finding supports the hypothesis that VRE carriers in healthcare settings
may introduce VRE into the community. Conversely, VRE carriers in the community may serve
as a reservoir for VRE reintroduction into healthcare facilities. The prevalence of VRE

colonization among newly admitted ICU patients from home was 10% in one Maryland hospital.2%®
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However, these studies demonstrating the interaction between healthcare and community settings
included fewer than 25 participants colonized with VRE, indicating the need for continued VRE
research to validate this connection.

One barrier to prospective, longitudinal studies of asymptomatic individuals in the
community are the current methods of VRE colonization screening. VRE reside in the digestive
tract of colonized individuals and are shed in fecal matter. The CDC recommends rectal or
perirectal swabs or stool samples as the standard for VRE colonization screening.?*® However,
stool samples cannot always be conveniently returned to investigators from study participants in
the community. Additionally, rectal and perirectal swabs require administration by a healthcare
professional, limiting their utility in community-based research. An alternative to the current
screening methods needs to be developed to better facilitate VRE research in the community.

Rectal/perirectal self-collection is a possible alternative to current VRE screening methods.
Although this method has not been validated for VRE colonization screening, rectal self-swabbing
has been utilized for sexually transmitted infections research. Rectal self-collection was observed
to be comparable to clinician-collected rectal screening for anal cytology and a variety of sexually
transmitted pathogens.?%°23 Rectal self-collection was feasible and acceptable to perform for
study participants.?’1274-27% |n addition to the feasibility and acceptability, some participants may
be more amenable to self-collection compared to clinician-collection for screening. Among
women who preferred self over provider anal HPV sampling in one Puerto Rican study, 28% felt
less embarrassed and 69% felt more comfortable with self-sampling compared to clinician-
sampling.?’? The successful implementation of rectal self-screening in sexually transmitted

infection research demonstrates the potential utility of this method for VRE screening.
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Other sampling sites may provide convenient targets for self-screening as well. In a 2010
study sampling at six different body sites, inguinal sampling was demonstrated to be as effective
as perirectal swabbing for multidrug resistant organism (MDRO) screening.?’’ Investigators
observed similar results in a 2016 study comparing rectal and inguinal swabbing for MDRO
screening, including VRE.?® The inguinal region is easily accessible for self-sampling and may
be an additional viable alternative to rectal/perirectal swabbing.

Current VRE screening methods may be impractical to conduct on a large scale in the
community. The proposed study aims to develop a new sampling method using self-collected
perirectal wipes to overcome the limitations of traditional VRE screening methods.

A.2: Specific Aims and Research Activities

Specific Aim 1: Compare the performance of a clinician-collected perirectal swab versus a self-

collected perirectal wipe for the detection of VRE colonization

Specific Aim 2: Identify the acceptability and feasibility of self-collecting perirectal wipes for

VRE colonization screening among participants.
Research Activities

Eligible inpatients at University Hospital in Ann Arbor, M1 will be identified, consented
and enrolled and immediately instructed on how to self-collect a perirectal wipe for specimen
collection immediately following enrollment. Specimens from other body and environmental sites
will be collected by researchers and will be processed along with the self-collected specimen for
the identification of VRE. These findings will be compared to clinician-collected rectal/perirectal
surveillance swabs obtained during the same admission to validate the self-collection method.
Participants will also be surveyed regarding the acceptability and feasibility to perform the self-

collection. This work will be performed by myself or other investigators whom I will train.
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A.3: Research Materials and Methods

Specific Aim 1
Study Setting and Subjects

Fifty subjects will be recruited from the University Hospital in Ann Arbor, Ml, part of the
University of Michigan Medicine System. As part of the hospital’s active surveillance for VRE,
rectal/perirectal swabs are used to screen high-risk inpatients for VRE upon admission and
subsequent weekly screens given an initial negative screen. Criteria for eligibility include: positive
VRE screen, 18 years of age and older, alert mental status, and provision of informed consent to
participate in the study. Individuals with perirectal skin disruption or reduced immune function,
indicated by neutropenia, will be excluded. Patients with a positive VRE screen will be identified
using electronic medical records (MiChart).
Data Collection

Patient data will be abstracted from patient medical records and will include demographics
(age, race, gender), patient clinical information (reason for admission, comorbidities, indwelling
devices) and surveillance culture information (surveillance organism identification, antibiotic
susceptibility profile).
Clinician-collected rectal/perirectal swabs

The sample collection process is outlined in Figure A-1. The clinician-collected
rectal/perirectal swabs will be obtained as part of the standard clinical course by hospital staff and
processed in the hospital clinical microbiology laboratory per hospital protocol prior to enroliment
of the patient in the study. This swab will be considered the gold standard for VRE detection.

Perirectal wipe
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Immediately following consent into the study of a VRE positive patient, a member of the
study team will instruct the patient on how to collect a sample using a perirectal wipe. Participants
will be provided verbal, written and diagrammatic instructions for self-collection. The participant
will wipe a moistened square of filter paper over the participant’s perirectal region. Following
sample collection, each perirectal wipe will be placed in a medium for short-term storage.
Specimens will be agitated and cultured on VRESelect within 72 hours of collection. All wipes
will be refrigerated at 4°C prior to culturing and frozen at -80°C for long-term storage.
Investigator collected swabs

All swabs to be collected by the investigative team are listed in Table A-1. These swabs
will be collected following the participant self-collection of the perirectal wipe. Inguinal swabs
may provide another alternative VRE screening method and will be collected. Hand and
environmental swabs will be collected to quantify the frequency of their contamination among
VRE colonized individuals as both play a role in VRE transmission. Specimens will be placed in
a medium for short-term storage and will be cultured on VRESelect within 72 hours of collection.
All investigator-collected swabs will be stored in the same manner as the perirectal wipes.
Statistical Considerations

Sensitivity of the perirectal wipe, inguinal swab and hand swab will be determined, using
the clinician-collected rectal/perirectal swab for comparison. Patients with a positive VRE screen
as identified by the clinician-collected swab will be eligible for the study. However, the results of
this screen will not be known for 24-48 hours following the sample collection. This processing
time will result in a delay between the collection of this screening swab and the identification and
subsequent enrollment into the study of eligible patients. This delay may result in a loss of

colonization with VRE in the study participants. However, the conversion rate of positive to
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negative VRE screens for inpatients at University Hospital is less than 1% daily (unpublished
data), indicating the delay between clinician and self-sampling will have a minimal impact on
sensitivity. The positive VRE screen requirement will also limit the statistical analysis to
sensitivity only; specificity, positive and negative prediction values and measures of agreement
will not be calculated. For an expected sensitivity of 80%, 50 subjects will be required to obtain a
confidence interval of +11.1% with 0=0.05 (Figure A-2).2’® A sample size of 50 will be feasible
to obtain within six months using the entire hospital population (personal communication,
unpublished data). The frequency of hand and environmental contamination will be assessed
individually. Environmental contamination data will also be stratified by hand contamination
status.
Specific Aim 2
Sample and Data Collection

All subjects included in specific aim 1 will be eligible for specific aim 2. Surveys will occur
in University Hospital. Following the collection of all samples, participants will complete five-
item Likert scale questions regarding the acceptability and comfort for undergoing self-collection
of specimens and the feasibility of the procedure. Each participant’s preference of collection
method, comparing self- and clinician-collected techniques, will be recorded. Finally, the
willingness of participants to participate in a household study, which would include home visits
by investigators and swabs of household members and the environment, will be assessed to inform
potential future research.
Statistical Considerations

The proportion of participants who identify self-collection as acceptable and feasible to

perform will be assessed along with overall screening method preference.
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Study Safety
Participant Safety

Risk to the participants will be minimal. There will be a low risk of perirectal abrasions
due to the perirectal wipes.
Laboratory Safety

All laboratory analysis will be performed in the laboratory of Dr. Emily Martin at the
University of Michigan School of Public Health, a Biosafety Level 2 laboratory specifically
designed for the safe analysis of pathogens which pose a moderate hazard to personnel (e.g.
VRE). Laboratory work with the pathogen will be conducted in a biological safety cabinet and
personnel will wear appropriate personal protective equipment (gloves, goggles, laboratory

coats) to minimize the risk of pathogen acquisition.
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Figure A-1: Flow Chart of Enrollment and Data Collection for the Study
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Table A-1: Investigator-Collected Swabs.

Swab Type Swab Description

Inguinal A moistened swab will be moved over the participant’s left and right inguinal crease.

Hand A moistened swab will be moved over the participant’s palms, finger webs and fingertips
on hoth hands

Call Button A moistened swab will be moved over the call button in the participant’s room.

Bedrail A moistened swab will be moved over a predefined 50 cm? area of the participant’s
bedrail.

Phone A moistened swab will be moved over the phone keypad, speaker and microphone in the
participant’s room.
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1.96% % 0.8+ (1 — 0.8)

0.1112 >0

Figure A-2: Power Calculation for Sensitivity of Self-Collected Perianal Wipes

Expected Sensitivity: 0.8

Critical Score for Significance Threshold of 0.05: 1.96
Target Sample Size: 50

Confidence Interval Width = 11.1%

Assumes All Patients Have VRE

124



10.

11.

12.

13.

14.

Bibliography

Interagency Coordination Group on Antimicrobial Resistance. No Time to Wait: Securing
the Future From Drug-Resistant Infections. 2019.

O’Neill J. Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of
Nations. 2014.

Spellberg B, Blaser M, Guidos RJ, et al. Combating Antimicrobial Resistance : Policy
Recommendations to Save Lives. 2011;52(Suppl 5):397—428.

Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United
States, 2019 [Internet]. 2019. Available from:
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
Johnson LS, Shields RK, Clancy CJ. Epidemiology, Clinical Manifestations, and
Outcomes of Scedosporium Infections Among Solid Organ Transplant Recipients. Transpl
Infect Dis 2014;16(4):578-87.

Lewis RE, Wiederhold NP, Klepser ME. In Vitro Pharmacodynamics of Amphotericin B,
Itraconazole, and Voriconazole against Aspergillus, Fusarium, and Scedosporium spp.
Antimicrob Agents Chemother 2005;49(3):945-51.

Pfaller MA, Messer SA, Hollis RJ, et al. Antifungal Activities of Posaconazole,
Ravuconazole, and VVoriconazole Compared to Those of Itraconazole and Amphotericin B
against 239 Clinical Isolates of Aspergillus spp. and Other Filamentous Fungi: Report
from SENTRY Antimicrobial Surveillance . Antimicrob Agents Chemother
2002;46(4):1032—7.

Ostrowsky B, Greenko J, Adams E, et al. Candida auris Isolates Resistant to Three Classes
of Antifungal Medications — New York, 2019. MMWR Morb Mortal Wkly Rep
2020;69(1):6-9.

Lockhart SR, Etienne KA, Vallabhaneni S, et al. Simultaneous Emergence of Multidrug-
Resistant Candida auris on 3 Continents Confirmed by Whole-Genome Sequencing and
Epidemiological Analyses. Clin Infect Dis 2017;64(2):134-40.

Adams E, Quinn M, Tsay S, et al. Candida auris in healthcare facilities, New York, USA,
2013-2017. Emerg Infect Dis 2018;24(10):1816-24.

Toda M, Williams SR, Berkow EL, et al. Population-Based Active Surveillance for
Culture-Confirmed Candidemia - Four Sites, United States, 2012-2016. Morb Mortal
WKIly Report Surveill Summ 2019;68(8):1-15.

Lestrade PP, Bentvelsen RG, Schauwvlieghe AFAD, et al. VVoriconazole Resistance and
Mortality in Invasive Aspergillosis: A Multicenter Retrospective Cohort Study. Clin Infect
Dis 2019;68(9):1463-71.

Baddley JW, Marr KA, Andes DR, et al. Patterns of Susceptibility of Aspergillus Isolates
Recovered from Patients Enrolled in the Transplant-Associated Infection Surveillance
Network. J Clin Microbiol 2009;47(10):3271-5.

Centers for Disease Control and Prevention. Influenza Antiviral Medications: Summary

125



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

for Clinicians [Internet]. 2020;Available from:
https://www.cdc.gov/flu/professionals/antivirals/summary-clinicians.htm

Coffin JM. HIV Population Dynamics in Vivo: Implications for Genetic Variation,
Pathogenesis, and Therapy. Science (80- ) 1995;267(5197):483-9.

Chun T, Carruth L, Finzi D, et al. Quantification of Latent Tissue Reservoirs and Total
Body Viral Load in HIV-1 Infection. Nature 1997;387(6629):183-8.

Yuen M-F, Seto W-K, Chow DH-F, et al. Long-term Lamivudine Therapy Reduces the
Risk of Long-Term Complications of Chronic Hepatitis B Infection Even in Patients
Without Advanced Disease. Antivir Ther 2007;12(8):1295-303.

Tenney DJ, Rose RE, Baldick CJ, et al. Long-term Monitoring Shows Hepatitis B Virus
Resistance to Entecavir in Nucleoside-Naive Patients is Rare Through 5 Years of Therapy.
Hepatology 2009;49(5):1503-14.

Bacon TH, Boon RJ, Schultz M, Hodges-Savola C. Surveillance for Antiviral-Agent-
Resistant Herpes Simplex Virus in the General Population with Recurrent Herpes Labialis.
Antimicrob Agents Chemother 2002;46(9):3042-4.

Boon RJ, Bacon TH, Robey HL, et al. Antiviral Susceptibilities of Herpes Simplex Virus
From Immunocompetent Subjects With Recurrent Herpes Labialis: A UK-Based Survey. J
Antimicrob Chemother 2000;46(2):324-5.

Christophers J, Clayton J, Craske J, et al. Survey of Resistance of Herpes Simplex Virus
to Acyclovir in Northwest England. Antimicrob Agents Chemother 1998;42(4):868-72.
Danve-Szatanek C, Aymard M, Thouvenot D, et al. Surveillance Network for Herpes
Simplex Virus Resistance to Antiviral Drugs: 3-Year Follow-Up. J Clin Microbiol
2004;42(1):242-9.

Reyes M, Shaik NS, Graber JM, et al. Acyclovir-Resistant Genital Herpes Among Persons
Attending Sexually Transmitted Disease and Human Immunodeficiency Virus Clinics.
Arch Intern Med 2003;163(1):76-80.

Stranska R, Schuurman R, Nienhuis E, et al. Survey of Acyclovir-Resistant Herpes
Simplex Virus in the Netherlands: Prevalence and Characterization. J Clin Virol
2005;32(1):7-18.

Englund JA, Zimmerman ME, Swierkosz EM, Goodman JL, Scholl DR, Balfour HH.
Herpes Simplex Virus Resistant to Acyclovir: A Study in Tertiary Care Center. Ann Intern
Med 1990;112(6):416-22.

Nugier F, Colin JN, Aymard M, Langlois M. Occurrence and Characterization of
Acyclovir-Resistant Herpes Simplex Virus Isolates: Report on a Two-Year Sensitivity
Screening Survey. J Med Virol 1992;36(1):1-12.

Malvy D, Treilhaud M, Bouée S, et al. A Retrospective, Case-Control Study of Acyclovir
Resistance in Herpes Simplex Virus. Clin Infect Dis 2005;41(3):320-6.

World Health Organization. Antimicrobial resistance: global report on surveillance. 2014.
DiazGranados CA, Zimmer SM, Mitchel K, Jernigan JA. Comparison of Mortality
Associated with Vancomycin-Resistant and Vancomycin-Susceptible Enterococcal
Bloodstream Infections: A Meta-analysis. Clin Infect Dis 2005;41(3):327-33.

Cosgrove S, Sakoulas G, Perencevich E, Schwaber M, Karchmer A, Carmeli Y.
Comparison of Mortality Associated with Methicillin Resistant and Methicillin
Susceptible Staphylococcus aureus Bacteremia: A Meta-Analysis. Clin Infect Dis
2003;36(1):53-9.

Carmeli Y, Eliopoulos G, Mozaffari E, et al. Health and Economic Outcomes of

126



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

Vancomycin-Resistant Enterococci. Arch Intern Med 2002;162(19):2223-8.

Zhen X, Lundborg CS, Sun X, Hu X, Dong H. The Clinical and Economic Impact of
Antibiotic Resistance in China: A Systematic Review and Meta-Analysis. Antibiotics
2019;8(3):115.

de Kraker MEA, Davey PG, Grundmann H. Mortality and Hospital Stay Associated with
Resistant Staphylococcus aureus and Escherichia coli Bacteremia: Estimating the Burden
of Antibiotic Resistance in Europe. PLoS Med 2011;8(10):e1001104.

Weiner-Lastinger LM, Abner S, Edwards JR, et al. Antimicrobial-Resistant Pathogens
Associated With Adult Healthcare-Associated Infections: Summary of Data Reported to
the National Healthcare Safety Network, 2015-2017. Infect Control Hosital Epidemiol
2020;41(1):1-18.

Lautenbach E, Patel JB, Bilker WB, Edelstein PH, Fishman NO. Extended Spectrum [-
Lactamase-Producing Escherichia coli and Klebsiella pneumoniae: Risk Factors for
Infection and Impact of Resistance on Outcomes. Clin Infect Dis 2001;32(8):1162—71.
Papadimitriou-Olivgeris M, Drougka E, Fligou F, et al. Risk Factors for Enterococcal
Infection and Colonization by Vancomycin-Resistant Enterococci in Critically Il Patients.
Infection 2014;42(6):1013-22.

Chiotos K, Tamma PD, Flett KB, et al. Multicenter Study of the Risk Factors for
Colonization or Infection with Carbapenem-Resistant Enterobacteriaceae in Children.
Antimicrob Agents Chemother 2017;61(12):1-9.

Morgan DJ, Rogawski E, Thom KA, et al. Transfer of Multidrug-Resistant Bacteria to
Healthcare Workers’ Gloves and Gowns After Patient Contact Increases with
Environmental Contamination. Crit Care Med 2012;40(4):1045-51.

Hayden MK, Blom DW, Lyle EA, Moore CG, Weinstein RA. Risk of Hand or Glove
Contamination After Contact With Patients Colonized With Vancomycin-Resistant
Enterococcus or the Colonized Patients’ Environment. Infect Control Hosp Epidemiol
2008;29(2):149-54.

Thom KA, Johnson JK, Lee MS, Harris AD. Environmental Contamination Due to
Multidrug-Resistant Acinetobacter baumannii Surrounding Colonized or Infected Patients.
Am J Infect Control 2011;39(9):711-5.

Munoz-Price LS, Namias N, Cleary T, et al. Acinetobacter baumannii: Association
Between Environmental Contamination of Patient Rooms and Occupant Status. Infect
Control Hosp Epidemiol 2013;34(5):517-20.

Creamer E, Shore AC, Rossney AS, et al. Transmission of Endemic ST22-MRSA-1V on
Four Acute Hospital Wards Investigated Using a Combination of spa, dru and Pulsed-
Field Gel Electrophoresis Typing. Eur J Clin Microbiol Infect Dis 2012;31(11):3151-61.
Magiorakos A, Srinivasan A, Carey RB, et al. Multidrug-Resistant, Extensively Drug-
Resistant and Pandrug-Resistant Bacteria: an International Expert Proposal for Interim
Standard Definitions for Acquired Resistance. Clin Microbiol Infect 2011;18(3):268-81.
Salgado CD, Farr BM, Calfee DP. Community-Acquired Methicillin-Resistant
Staphylococcus aureus: A Meta-Analysis of Prevalence and Risk Factors.
2003;22908(January):131-9.

Doi Y, Park YS, Rivera Jl, et al. Community-Associated Extended-Spectrum f3-
Lactamase-Producing Escherichia coli Infection in the United States. Clin Infect Dis
2013;56(5):641-8.

Baba T, Takeuchi F, Kuroda M, et al. Genome and Virulence Determinants of High

127



47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

Virulence Community-Acquired MRSA. Lancet 2002;359(9320):1819-27.

Daum RS, Ito T, Hiramatsu K, et al. A Novel Methicillin-Resistance Cassette in
Community-Acquired Methicillin-Resistant Staphylococcus aureus Isolates of Diverse
Genetic Backgrounds. J Infect Dis 2002;186(9):1344—7.

Calfee DP, Durbin LJ, Germanson TP, Toney DM, Smith EB, Farr BM. Spread of
Methicillin-Resistant Staphylococcus aureus (MRSA) Among Household Contacts of
Individuals With Nosocomially Acquired MRSA. Infect Control Hosp Epidemiol
2003;24(6):422-6.

van den Bogaard A, Jensen L, Stobberingh EE. Vancomycin-Resistant Enterococci in
Turkeys and Farmers. N Engl J Med 1997;337(1):8-14.

Gambarotto K, Ploy MC, Turlure P, et al. Prevalence of Vancomycin-Resistant
Enterococci in Fecal Samples From Hospitalized Patients and Nonhospitalized Controls in
a Cattle-Rearing Area of France. J Clin Microbiol 2000;38(2):620—4.
Balzereit-Scheuerlein F, Stephan R. Prevalence of Colonisation and Resistance Patterns of
Vancomycin-Resistant Enterococci in Healthy, Non-Hospitalised Persons in Switzerland.
Swiss Med Wkly 2001;131(19-20):280-2.

Trajkovska-Dokic E, Kaftandzieva A, Stojkovska S, Kuzmanovska A, Panovski N.
Gastrointestinal Colonization With Vancomycin-Resistant Enterococci in Hospitalized
and Outpatients. Maced J Med Sci 2015;3(1):7-11.

Hannaoui I, Barguigua A, Serray B, et al. Intestinal Carriage of Vancomycin-Resistant
Enterococci in a Community Setting in Casablanca, Morocco. J Glob Antimicrob Resist
2016;6:84—7.

Adesida SA, Ezenta CC, Adagbada AO, Aladesokan AA, Coker AO. Carriage of
Multidrug Resistant Enterococcus faecium and Enterococcus faecalis Among Apparently
Healthy Humans. J Infect Dis 2017;11(2):83-9.

Denkinger CM, Grant AD, Denkinger M, Gautam S, Agata EMCD. Increased Multi-Drug
Resistance Among the Elderly on Admission to the Hospital — A 12-Year Surveillance
Study. Arch Gerontol Geriatr 2013;56(1):227-30.

Zaccolo M, Gherardi E. The Effect of High-frequency Random Mutagenesis on In Vitro
Protein Evolution : A Study on TEM-1 B-Lactamase. J Mol Biol 1999;285(2):775-83.
Zhu W, Clark N, Patel JB. pSK41-Like Plasmid is Necessary for Inc18-Like vanA
Plasmid Transfer From Enterococcus faecalis to Staphylococcus aureus In Vitro.
Antimicrob Agents Chemother 2013;57(1):212-9.

Centers for Disease Control and Prevention (CDC). Antibiotic Resistance Threats in the
United States, 2013 [Internet]. CDC Website. 2013 [cited 2017 Oct 9];Available from:
http://lwww.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508. pdf
Garza-Gonzalez E, Llaca-Diaz JM, Bosques-Padilla FJ, Gonzéalez GM. Prevalence of
Multidrug-Resistant Bacteria at a Tertiary-Care Teaching Hospital in Mexico: Special
Focus on Acinetobacter baumannii. Chemotherapy 2010;56(4):275-9.

Phoba M-F, Lunguya O, Mayimon DV, et al. Multidrug-Resistant Salmonella enterica,
Democratic Republic of the Congo. 2012;18(10):1692-5.

Royo-Cebrecos C, Gudiol C, Ardanuy C, Pomares H, Calvo M, Carratal J. A Fresh Look
at Polymicrobial Bloodstream Infection in Cancer Patients. PLoS One
2017;12(10):e0185768.

Heitkamp RA, Li P, Mende K, Demons ST, Tribble DR, Tyner SD. Association of
Enterococcus spp. with Severe Combat Extremity Injury, Intensive Care, and

128



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Polymicrobial Wound Infection. Surg Infect (Larchmt) 2018;19(1):95-103.

Ferrer M, Difrancesco LF, Liapikou A, et al. Polymicrobial Intensive Care Unit-Acquired
Pneumonia: Prevalence, Microbiology and Outcome. Crit Care 2015;1-10.

Ray AJ, Pultz NJ, Bhalla A, Aron DC, Donskey CJ. Coexistence of Vancomycin-
Resistant Enterococci and Staphylococcus aureus in the Intestinal Tracts of Hospitalized
Patients. Clin Infect Dis 2003;37(7):875-81.

Walters MS, Eggers P, Albrecht V, et al. Vancomycin-Resistant Staphylococcus aureus
— Delaware, 2015. Morb Mortal Wkly Rep 2015;64(37):1056.

Panesso D, Planet PJ, Diaz L, et al. Methicillin-Susceptible, Vancomycin-Resistant
Staphylococcus aureus, Brazil. Emerg Infect Dis 2015;21(10):1844-8.

Rossi F, Diaz L, Wollam A, et al. Transferable Vancomycin Resistance in a Community-
Associated MRSA Lineage. N Engl J Med 2014;370(16):1524-31.

Melo-Cristino J, Resina C, Manuel V, Lito L, Ramirez M. First Case of Infection With
Vancomycin-Resistant Staphylococcus aureus in Europe. Lancet 2013;382(9888):205.
Thati V, Shivannavar CT, Gaddad SM. Vancomycin Resistance Among Methicillin-
Resistant Staphylococcus aureus Isolates From Intensive Care Units of Tertiary Care
Hospitals in Hyderabad. Indian J Med Res 2011;134(5):704.

Tiwari HK, Sen MR. Emergence of Vancomycin Resistant Staphylococcus aureus
(VRSA) From a Tertiary Care Hospital From Northern Part of India. BMC Infect Dis
2006;6:156.

Azimian A, Havaei SA, Fazeli H, et al. Genetic Characterization of a Vancomycin-
Resistant Staphylococcus aureus Isolate From the Respiratory Tract of a Patient in a
University Hospital in Northeastern Iran. J Clin Microbiol 2012;50(11):3581-5.
Dezfulian A, Aslani MM, Oskoui M, et al. Identification and Characterization of a High
Vancomycin-Resistant Staphylococcus aureus Harboring VanA Gene Cluster Isolated
From Diabetic Foot Ulcer. Iran. J. Basic Med. Sci. 2012;15(2):803-6.

Azhar A, Rasool S, Haque A, et al. Detection of High Levels of Resistance to Linezolid
and Vancomycin in Staphylococcus aureus. J Med Microbiol 2017;66(9):1328-31.
Mashaly M, EI-Mashad N, El-deeb H. Detection of VanA Type Vancomycin Resistance
Among MRSA Isolates From an Emergency Hospital in Egypt. Comp Clin Path
2019;28:971-6.

Wille I, Mayr A, Kreidl P, et al. Cross-Sectional Point Prevalence Survey to Study the
Environmental Contamination of Nosocomial Pathogens in Intensive Care Units Under
Real-Life conditions. J Hosp Infect 2018;98(1):90-5.

Mody L, Washer LL, Kaye KS, et al. Multidrug-resistant Organisms in Hospitals : What Is
on Patient Hands and in Their Rooms? Clin Infect Dis 2019;69(1):1837-44.

Pacio GA, Visintainer P, Maguire G, Wormser GP, Raffalli J, Montecalvo MA. Natural
History of Colonization With Vancomycin-Resistant Enterococci, Methicillin-Resistant
Staphylococcus aureus, and Resistant Gram-Negative Bacilli Among Long-Term-Care
facility residents. Infect Control Hosp Epidemiol 2003;24(4):246-50.

Nouwen JL, Ott A, Kluytmans-Vandenbergh MFQ, et al. Predicting the Staphylococcus
aureus Nasal Carrier State: Derivation and Validation of a “Culture Rule.” Clin Infect Dis
2004;39(6):806-11.

Trick WE, Temple RS, Chen D, Wright MO, Solomon SL, Peterson LR. Patient
Colonization and Environmental Contamination by Vancomycin-Resistant Enterococci in
a Rehabilitation Facility. Arch Phys Med Rehabil 2002;83(7):899-902.

129



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Chen LF, Knelson LP, Gergen MF, et al. A Prospective Study of Transmission of
Multidrug-Resistant Organisms (MDROs) Between Environmental Sites and Hospitalized
Patients-the TransFER Study. Infect Control Hosp Epidemiol 2019;40(1):47-52.

Hardy KJ, Oppenheim BA, Gossain S, Gao F, Hawkey PM. A Study of the Relationship
Between Environmental Contamination with Methicillin-Resistant Staphylococcus aureus
(MRSA) and Patients’ Acquisition of MRSA. Infect Control Hosp Epidemiol
2006;27(02):127-32.

Bonten MJM, Hayden MK, Nathan C, et al. Epidemiology of Colonisation of Patients and
Environment with Vancomycin-Resistant Enterococci. Lancet 1996;348(9042):1615-9.
Haverkate MR, Derde LPG, Brun-Buisson C, Bonten MJM, Bootsma MCJ. Duration of
Colonization With Antimicrobial-Resistant Bacteria After ICU Discharge. Intensive Care
Med 2014;40(4):564-71.

Birgand G, Armand-Lefevre L, Lolom I, Ruppe E, Andremont A, Lucet JC. Duration of
Colonization by Extended-Spectrum B-Lactamase-Producing Enterobacteriaceae After
Hospital Discharge. Am J Infect Control 2013;41(5):443-7.

Mattner F, Biertz F, Ziesing S, Gastmeier P, Chaberny IF. Long-Term Persistence of
MRSA in Re-Admitted Patients. Infection 2010;38(5):363—71.

Wagenvoort JHT, Sluijsmans W, Penders RJR. Better Environmental Survival of
Outbreak vs. Sporadic MRSA lIsolates. J Hosp Infect 2000;45(3):231-4.

Wendt C, Wiesenthal B, Dietz E. Survival of Vancomycin-Resistant and VVancomycin-
Susceptible Enterococci on Dry Surfaces. 1998;36(12):3734—6.

French GL, Otter JA, Shannon KP, Adams NMT, Watling D, Parks MJ. Tackling
Contamination of the Hospital Environment by Methicillin-Resistant Staphylococcus
aureus (MRSA): A Comparison Between Conventional Terminal Cleaning and Hydrogen
Peroxide Vapour Decontamination. J Hosp Infect 2004;57(1):31-7.

Lerner A, Adler A, Abu-Hanna J, Meitus I, Navon-Venezia S, Carmeli Y. Environmental
Contamination by Carbapenem-Resistant Enterobacteriaceae. J Clin Microbiol
2013;51(1):177-81.

Wilson AP, Hayman S, Whitehouse T, et al. Importance of the Environment for Patient
Acquisition of Methicillin-Resistant Staphylococcus aureus in the Intensive Care Unit: A
Baseline Study. Crit Care Med 2007;35(10):2275-9.

Bertin ML, Vinski J, Schmitt S, et al. Outbreak of Methicillin-Resistant Staphylococcus
aureus Colonization and Infection in a Neonatal Intensive Care Unit Epidemiologically
Linked to a Healthcare Worker With Chronic Otitis. Infect Control Hosp Epidemiol
2006;27(6):581-5.

Drees M, Snydman DR, Schmid CH, et al. Prior Environmental Contamination Increases
the Risk of Acquisition of Vancomycin-Resistant Enterococci. Clin Infect Dis
2008;46(5):678-85.

Nseir S, Blazejewski C, Lubret R, Wallet F, Courcol R, Durocher A. Risk of Acquiring
Multidrug-Resistant Gram-Negative Bacilli From Prior Room Occupants in the Intensive
Care Unit. Clin Microbiol Infect 2011;17(8):1201-8.

Huang SS, Datta R, Platt R. Risk of Acquiring Antibiotic-Resistant Bacteria From Prior
Room Occupants. Arch Intern Med 2006;166(18):1945-51.

Erasmus V, Daha TJ, Brug H, et al. Systematic Review of Studies on Compliance with
Hand Hygiene Guidelines in Hospital Care. Infect Control Hosp Epidemiol
2010;31(03):283-94.

130



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Hayden MK, Bonten MJM, Blom DW, Lyle EA, van de Vijver DAMC, Weinstein RA.
Reduction in Acquisition of Vancomycin-Resistant Enterococcus after Enforcement of
Routine Environmental Cleaning Measures. Clin Infect Dis 2006;42(11):1552-60.

Datta R, Platt R, Yokoe DS, Huang SS. Environmental Cleaning Intervention and Risk of
Acquiring Multidrug-Resistant Organisms From Prior Room Occupants. Arch Intern Med
2011;171(6):491-4.

YoonChang SW, Peck KR, Kim OS, et al. Efficacy of Infection Control Strategies to
Reduce Transmission of Vancomycin-Resistant Enterococci in a Tertiary Care Hospital in
Korea: A 4-Year Follow-Up Study. Infect Control Hosp Epidemiol 2007;28(4):493-5.
Alfa MJ, Lo E, Olson N, Macrae M, Buelow-Smith L. Use of a Daily Disinfectant Cleaner
Instead of a Daily Cleaner Reduced Hospital-Acquired Infection Rates. Am J Infect
Control 2015;43(2):141-6.

Carling PC, Parry MM, Rupp ME, Po JL, Dick B, Von Beheren S. Improving Cleaning of
the Environment Surrounding Patients in 36 Acute Care Hospitals. Infect Control Hosp
Epidemiol 2008;29(11):1035-41.

Ramphal L, Suzuki S, Mccracken IM, Addai A. Improving Hospital Staff Compliance
With Environmental Cleaning Behavior. Proceedings 2014;27(2):88-91.

Doan L, Forrest H, Fakis A, Craig J, Claxton L, Khare M. Clinical and Cost Effectiveness
of Eight Disinfection Methods for Terminal Disinfection of Hospital Isolation Rooms
Contaminated With Clostridium difficile 027. J Hosp Infect 2012;82(2):114-21.

Block C, Furman M. Association Between Intensity of Chlorhexidine Use and Micro-
Organisms of Reduced Susceptibility in a Hospital Environment. J Hosp Infect
2002;51(3):201-6.

Guo W, Shan K, Xu B, Li J. Determining the Resistance of Carbapenem-Resistant
Klebsiella pneumoniae to Common Disinfectants and Elucidating the Underlying
Resistance Mechanisms. Pathog Glob Health 2015;109(4):184-92.

Cronin KM, Poy Lorenzo YS, Olenski ME, et al. Risk Factors for KPC-Producing
Enterobacteriaceae Acquisition and Infection in a Healthcare Setting With Possible Local
Transmission: A Case-Control Study. J Hosp Infect 2017;96(2):111-5.

Salomdo MC, Guimaraes T, Duailibi DF, et al. Carbapenem-Resistant Enterobacteriaceae
in Patients Admitted to the Emergency Department: Prevalence, Risk Factors, and
Acquisition Rate. J Hosp Infect 2017;97(3):241-6.

Hidron Al, Kourbatova E V., Halvosa JS, et al. Risk Factors for Colonization With
Methicillin-Resistant Staphylococcus aureus (MRSA) in Patients Admitted to an Urban
Hospital: Emergence of Community-Associated MRSA Nasal Carriage. Clin Infect Dis
2005;41(2):159-66.

Karki S, Houston L, Land G, et al. Prevalence and Risk Factors for VRE Colonisation in a
Tertiary Hospital in Melbourne, Australia: A Cross Sectional Study. Antimicrob Resist
Infect Control 2012;1(1):31.

Boyce JM, Havill NL, Otter JA, Adams NMT. Widespread Environmental Contamination
Associated With Patients With Diarrhea and With Patients With Diarrhea and Methicillin-
Resistant Staphylococcus aureus Colonization of the Gastrointestinal Tract. Infect Control
Hosp Epidemiol 2007;28(10):1142-7.

Patel PK, Mantey J, Mody L. Patient Hand Colonization with MDROs Is Associated with
Environmental Contamination in Post-acute Care. Infect Control Hosp Epidemiol
2017;38(9):1110-3.

131



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Lerner A, Adler A, Percia SC, Matalon MK, Carmeli Y. Spread of KPC-Producing
Carbapenem-Resistant Enterobacteriaceae: The Importance of Super-Spreaders and Rectal
KPC Concentration. Clin Microbiol Infect 2015;21(5):470.e1-470.e7.

Boyce JM, Potter-bynoe G, Chenevert C, King T. Environmental Contamination Due to
Methicillin-Resistant Staphylococcus aureus: Possible Infection Control Implications
Published by : Cambridge University Press on behalf of The Society for Healthcare
Linked references are available on JSTOR for this ar. Infect Control Hosp Epidemiol
1997;18(9):622—7.

Cheng VCC, Li IWS, Wu AKL, et al. Effect of Antibiotics on the Bacterial Load of
Meticillin-Resistant Staphylococcus aureus Colonisation in Anterior Nares. J Hosp Infect
2008;70(1):27-34.

Cheng VCC, Chen JHK, So SYC, et al. Use of Fluoroquinolones is the Single Most
Important Risk Factor for the High Bacterial Load in Patients with Nasal and
Gastrointestinal Colonization by Multidrug-Resistant Acinetobacter baumannii. Eur J Clin
Microbiol Infect Dis 2015;34(12):2359-66.

Sola C, Paganini H, Egea AL, et al. Spread of Epidemic MRSA-ST5-IV Clone Encoding
PVL as a Major Cause of Community Onset Staphylococcal Infections in Argentinean
Children. PLoS One 2012;7(1):e30487.

Purcell K, Fergie J. Epidemic of Community-Acquired Methicillin-Resistant
Staphylococcus aureus Infections: a 14-Year Study at Driscoll Children’s Hospital. Arch
Pediatr Adolesc Med 2005;159(10):980-5.

Carrel M, Perencevich EN, David MZ. USA300 Methicillin-Resistant Staphylococcus
aureus, United States, 2000-2013. Emerg Infect Dis 2015;21(11):1973-80.

Dayan N, Dabbah H, Weissman I, Aga I, Even L, Glikman D. Urinary Tract Infections
Caused by Community-Acquired Extended-Spectrum f-Lactamase-Producing and
Nonproducing Bacteria: A Comparative Study. J Pediatr 2013;163(5):1417-21.

Zhu FH, Rodado MP, Asmar BI, Salimnia H, Abdel-Hag N. Risk Factors for Community
Acquired Urinary Tract Infections Caused by Extended Spectrum B-Lactamase (ESBL)
Producing Escherichia coli in Children: A Case Control Study. Infect Dis (Auckl)
2019;51(11-12):802-9.

Stoesser N, Xayaheuang S, Vongsouvath M, et al. Colonization With Enterobacteriaceae
Producing ESBLs in Children Attending Pre-School Childcare Facilities in the Lao
People’s Democratic Republic. J Antimicrob Chemother 2015;70(6):1893-7.

de Carvalho SP, de Almeida JB, Andrade YMFS, et al. Staphylococcus aureus Carrying
SCCmec Type IV and V Isolated From Healthy Children Attending Public Daycares in
Northeastern Brazil. Brazilian J Infect Dis 2017;21(4):464-7.

Miller MB, Weber DJ, Goodrich JS, et al. Prevalence and Risk Factor Analysis for
Methicillin-Resistant Staphylococcus aureus Nasal Colonization in Children Attending
Child Care Centers. J Clin Microbiol 2011;49(3):1041-7.

Hewlett AL, Falk PS, Hughes KS, Mayhall CG. Epidemiology of Methicillin-Resistant
Staphylococcus aureus in a University Medical Center Day Care Facility. Infect Control
Hosp Epidemiol 2009;30(10):985-92.

Tavares DA, Sa-ledo R, Miragaia M, de Lencastre H. Large Screening of CA-MRSA
Among Staphylococcus aureus Colonizing Healthy Young Children Living in Two Areas
(Urban and Rural) of Portugal. BMC Infect Dis 2010;10:110.

Uhari M, Mottonen M. An Open Randomized Controlled Trial of Infection Prevention in

132



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Child Day-Care Centers. Pediatr Infect Dis J 1999;18(8):672—7.

Krilov LR, Barone SR, Mandel FS, Cusack TM, Gaber DJ, Rubino JR. Impact of an
Infection Control Program in a Specialized Preschool. Am J Infect Control
1996;24(3):167—73.

American Academy of Pediatrics, American Public Health Association, National
Resource Center for Health and Safety in Child Care and Early Education. Caring for Our
Children: National Health and Safety Performance Standards Guidelines for Early Care
and Education Programs. 4th ed. Itasca, IL: American Academy of Pediatrics; 2019.
Bureau of Community and Health Systems Child Care Licensing Division. Licensing
Rules for Child Care Centers: Effective December 18, 2019. 2019.

DeJonge P, Martin ET, Hayashi M, Hashikawa AN. Variation in Surface Decontamination
Practices Among Michigan Child Care Centers Compared to State and National
Guidelines. Am J Infect Control 2019;47(10):1176-80.

Wilde J, Van R, Pickering L, Eiden J, Yolken R. Detection of Rotaviruses in the Day Care
Environment by Reverse Transcriptase Polymerase Chain Reaction. J Infect Dis
1992;166(507-511).

Hutto C, Little E. A, Ricks R, Lee JD., Pass RF. Isolation of Cytomegalovirus from Toys
and Hands in a Day Care Center. Jounral Infect Dis 1986;154(3):527-30.

Lyman WH, Walsh JF, Kotch JB, Weber DJ, Gunn E, Vinje J. Prospective Study of
Etiologic Agents of Acute Gastroenteritis Outbreaks in Child Care Centers. J Pediatr
2009;154(2):253-7.

Boone SA, Gerba CP. The Occurrence of Influenza A Virus on Household and Day Care
Center Fomites. J Infect 2005;51(2):103-9.

Laborde DJ, Weigle KA, Weber DJ, Kotch JB. Effect of Fecal Contamination on
Diarrheal IlIness Rates in Day-Care Centers. Am J Epidemiol 1993;138(4):243-55.

Van R, Morrow AL, Reves RR, Pickering LK. Environmental Contamination in Child
Day-Care Centers. Am J Epidemiol 1991;133(5):460-70.

Weniger BG, Ruttenber AJ, Goodman RA, Juranek DD, Wahlquist SP, Smith JD. Fecal
Coliforms Environmental Surfaces in Two Day Care Centers. Appl Environmnetal
Microbiol 1983;45(2):733-5.

Holaday B, Waugh G, Moukaddem VE, West J, Harshman S. Fecal Contamination in
Child Day Care Centers: Cloth vs Paper Diapers. Am J Public Health 1995;85(1):30-3.
Holaday B, Pantell R, Gilliss CL. Patterns of Fecal Coliform Contamination in Day-Care
Centers. Public Health Nurs 1990;7(4):224-8.

Laborde DJ, Weigle KA, Weber DJ, Sobsey MD, Kotch JB. The Frequency, Level, and
Distribution of Fecal Contamination in Day-Care Center Classrooms. Pediatrics 1994;94(6
pt 2):1008-11.

Ekanem EE, DuPont HL, Pickering LK, Selwyn BJ, Hawkins CM. Transmission
Dynamics of Enteric Bacteria in Day-Care Centers. Am J Epidemiol 1983;118(4):562-72.
Van R, Wun C, Morrow AL, Pickering LK. The Effect of Overclothing on Fecal
Contamination in Day-care Centers. JAMA 1991;265(14):1840-4.

Li Y, Jaykus L, Cates S, Wohlgenant K, Chen X, Fraser AM. Hygienic Conditions in
Child-Care Facilities in North Carolina and South Carolina: An Integrated Microbial and
Observational Study. Am J Infect Control 2014;42(7):781-6.

Cosby CM, Costello CA, Morris WC, et al. Microbiological Analysis of Food Contact
Surfaces in Child Care Centers. Appl Environ Microbiol 2008;74(22):6918-22.

133



144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Moritz ED, Hanson BM, Ms AEK, Smith TC. Molecular Characteristics of
Staphylococcus aureus Isolated From Employees, Children, and Environmental Surfaces
in lowa Child Daycare Facilities. Am J Infect Control 2015;43(5):482-8.

Weiner LM, Webb AK, Limbago B, et al. Antimicrobial-Resistant Pathogens Associated
With Healthcare-Associated Infections: Summary of Data Reported to the National
Healthcare Safety Network at the Centers for Disease Control and Prevention, 2011-2014.
Infect Control Hosp Epidemiol 2016;37(11):1288-301.

Centers for Disease Control and Prevention. Staphylococcus aureus Resistant to
Vancomycin -- United States, 2002. MMWR Morb Mortal WKly Rep 2002;51:565—7.
Limbago BM, Kallen AJ, Zhu W, Eggers P, McDougal LK, Albrecht VS. Report of the
13th Vancomycin-Resistant Staphylococcus aureus Isolate From the United States. J Clin
Microbiol 2014;52(3):998-1002.

Sievert DM, Rudrik JT, Patel JB, McDonald LC, Wilkins MJ, Hageman JC. Vancomycin-
Resistant Staphylococcus aureus in the United States, 2002-2006. Clin Infect Dis
2008;46(5):668-74.

Zhu W, Clark N, Patel JB. pSK41-Like Plasmid is Necessary for Inc18-Like vanA
Plasmid Transfer From Enterococcus faecalis to Staphylococcus aureus In Vitro.
Antimicrob Agents Chemother 2013;57(1):212-9.

Kos VN, Desjardins CA, Griggs A, et al. Comparative Genomics of Vancomycin-
Resistant Staphylococcus aureus Strains and Their Positions within the Clade Most
Commonly Associated with Methicillin. MBio 2012;3(3):e00112-12.

Warren DK, Nitin A, Hill C, Fraser VJ, Kollef MH. Occurrence of Co-Colonization or
Co-Infection With Vancomycin-Resistant Enterococci and Methicillin-Resistant
Staphylococcus aureus in a Medical Intensive Care Unit. Infect Control Hosp Epidemiol
2004;25(2).

Furuno JP, Perencevich EN, Johnson JA, et al. Methicillin-Resistant Staphylococcus
aureus and Vancomycin-Resistant Enterococci Co-Colonization. Emerg Infect Dis
2005;11(10):1539-44.

Sigurdardottir B, Berg J Vande, Hu J, et al. Descriptive Epidemiology and Case-Control
Study of Patients Colonized With Vancomycin-Resistant Enterococcus and Methicillin-
Resistant Staphylococcus aureus. Infect Control Hosp Epidemiol 2006;27(9):913-9.
Han SH, Chin BS, Lee HS, et al. Recovery of Both Vancomycin-Resistant Enterococci
and Methicillin-Resistant Staphylococcus aureus From Culture of a Single Clinical
Specimen From Colonized or Infected Patients. Infect. Control Hosp. Epidemiol.
2009;30(2):130-8.

Reyes K, Malik R, Moore C, et al. Evaluation of Risk Factors for Coinfection or
Cocolonization with Vancomycin-Resistant Enterococcus and Methicillin-Resistant
Staphylococcus aureus. J Clin Microbiol 2010;48(2):628-30.

Hayakawa K, Marchaim D, Bathina P, et al. Independent Risk Factors for the Co-
Colonization of Vancomycin-Resistant Enterococcus faecalis and Methicillin-Resistant
Staphylococcus aureus in the Region Most Endemic for Vancomycin-Resistant
Staphylococcus aureus Isolation. Eur J Clin Microbiol Infect Dis 2013;32(6):815-20.
Flannery EL, Wang L, Z6llner S, Foxman B, Mobley HLT, Mody L. Wounds, Functional
Disability, and Indwelling Devices are Associated With Cocolonization by Methicillin-
Resistant Staphylococcus aureus and Vancomycin-Resistant Enterococci in Southeast
Michigan. Clin Infect Dis 2011;53(12):1215-22.

134



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Heinze K, Kabeto M, Martin ET, Cassone M, Hicks L. Predictors of Methicillin-Resistant
Staphylococcus aureus and Vancomycin-Resistant Enterococci Co-Colonization Among
Nursing Facility Patients. Am J Infect Control 2018;47(4):415-20.

Saravolatz LD, Pawlak J, Johnson LB. In Vitro Susceptibilities and Molecular Analysis of
Vancomycin-Intermediate and Vancomycin-Resistant Staphylococcus aureus Isolates.
Clin Infect Dis 2012;55(4):582-6.

Charlson ME, Pompei P, Ales KL, MacKenzie CR. A New Method of Classifying
Prognostic Comorbidity in Longitudinal Studies: Development and Validation. J Chronic
Dis 1987;40(5):373-83.

Lina G, Piemont Y, Godail-Gamot F, et al. Involvement of Panton-Valentine Leukocidin--
Producing Staphylococcus aureus in Primary Skin Infections and Pneumonia. Clin Infect
Dis 1999;29(5):1128-32.

Enright MC, Day NPJ, Davies CE, Peacock SJ, Spratt BG. Multilocus Sequence Typing
for Characterization of Methicillin-Resistant and Methicillin-Susceptible Clones of
Staphylococcus aureus. J Clin Microbiol 2000;38(3):1008-15.

Witte W, Strommenger B, Stanek C, Cuny C. Methicillin-Resistant Staphylococcus
aureus ST398 in Humans and Animals, Central Europe. Emerg Infect Dis
2007;13(2):255-8.

Vankerckhoven V, Van Autgaerden T, Vael C, et al. Development of a Multiplex PCR for
the Detection of asal, gelE, cylA, esp, and hyl Genes in Enterococci and Survey for
Virulence Determinants Among European Hospital Isolates of Enterococcus faecium. J
Clin Microbiol 2004;42(10):4473-9.

Centers for Disease Control and Prevention. CDC Reminds Clinical Laboratories and
Healthcare CDC Reminds Clinical Laboratories and Healthcare Infection Preventionists of
their Role in the Search and Containment of Vancomycin-Resistant Staphylococcus
aureus (VRSA) [Internet]. CDC Website. 2014 [cited 2018 Jun 28];Available from:
https://www.cdc.gov/hai/settings/lab/vrsa_lab_search_containment.html

Zhang P, Lu J, Jing Y, Tang S, Zhu D, Bi Y. Global Epidemiology of Diabetic Foot
Ulceration: a Systematic Review and Meta-Analysis. Ann Med 2017;49(2):106-16.

Jones ME, Karlowsky JA, Draghi DC, Thornsberry C, Sahm DF, Nathwani D.
Epidemiology and Antibiotic Susceptibility of Bacteria Causing Skin and Soft Tissue
Infections in the USA and Europe: A Guide to Appropriate Antimicrobial Therapy. Int J
Antimicrob Agents 2003;22(4):406-19.

Hu Q, Cheng H, Yuan W, et al. Panton-Valentine Leukocidin (PVL)-Positive Health
Care-Associated Methicillin-Resistant Staphylococcus aureus Isolates Are Associated
With Skin and Soft Tissue Infections and Colonized Mainly by Infective PVL-Encoding
Bacteriophages. J Clin Microbiol 2015;53(1):67-72.

Vandenesch F, Naimi T, Enright MC, et al. Community-Acquired Methicillin-Resistant
Staphylococcus aureus Carrying Panton-Valentine Leukocidin Genes: Worldwide
Emergence. Emerg Infect Dis 2003;9(8):978-84.

Shekarabi M, Hajikhani B, Salimi Chirani A, Fazeli M, Goudarzi M. Molecular
Characterization of Vancomycin-Resistant Staphylococcus aureus Strains Isolated From
Clinical Samples: A Three Year Study in Tehran, Iran. PLoS One 2017;12(8):1-10.

Boan P, Tan HL, Pearson J, Coombs G, Heath CH, Robinson JO. Epidemiological,
cCinical, Outcome and Antibiotic Susceptibility Differences Between PVL Positive and
PVL Negative Staphylococcus aureus Infections in Western Australia: A Case Control

135



172.

173.

174.

175.

176.
177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Study. BMC Infect Dis 2015;15(1):1-6.

Shettigar K, Jain S, Bhat D V., et al. Virulence Determinants in Clinical Staphylococcus
aureus From Monomicrobial and Polymicrobial Infections of Diabetic Foot Ulcers. J Med
Microbiol 2016;65(12):1392—-404.

Wourster JI, Id PIMB, Tyne D Van, Cadorette JJ, Boody R, Gilmore MS. Staphylococcus
aureus From Ocular and Otolaryngology Infections are Frequently Resistant to Clinically
Important Antibiotics and Are Associated With Lineages of Community and Hospital
Origins. PLoS One 2018;13(12):1-15.

Fowler VG, Nelson CL, Mclintyre LM, et al. Potential Associations between
Hematogenous Complications and Bacterial Genotype in Staphylococcus aureus
Infection. J Infect Dis 2007;196(5):738-47.

Chong YP, Park SJ, Kim HS, et al. Persistent Staphylococcus aureus Bacteremia: A
Prospective Analysis of Risk Factors, Outcomes, and Microbiologic and Genotypic
Characteristics of Isolates. Medicine (Baltimore) 2013;92(2):98-108.

National Institutes of Health. PA-06-537. 2006.

Perez AC, Pang B, King LB, et al. Residence of Streptococcus pneumoniae and Moraxella
catarrhalis Within Polymicrobial Biofilm Promotes Antibiotic Resistance and Bacterial
Persistence In Vivo. Pathog Dis 2014;70(3):280-8.

Tanner WD, Atkinson RM, Goel RK, et al. Horizontal Transfer of the blanom-1 Gene to
Pseudomonas aeruginosa and Acinetobacter baumannii in Biofilms. FEMS Microbiol
Lett 2017;364(8).

Ready D, Pratten J, Roberts AP, Bedi R, Mullany P, Wilson M. Potential Role of
Veillonella spp. as a Reservoir of Transferable Tetracycline Resistance in the Oral Cavity.
Antimicrob Agents Chemother 2006;50(8):2866-8.

Vega NM, Allison KR, Samuels AN, Klempner MS, Collins JJ. Salmonella typhimurium
Intercepts Escherichia coli Signaling to Enhance Antibiotic Tolerance. Proc Natl Acad Sci
U S A 2013;110(35):14420-5.

O’Neill E, Pozzi C, Houston P, et al. Association between Methicillin Susceptibility and
Biofilm Regulation in Staphylococcus aureus Isolates from Device-Related Infections. J
Clin Microbiol 2007;45(5):1379-88.

Raad 11, Hanna HA, Boktour M, et al. Vancomycin-Resistant Enterococcus faecium:
Catheter Colonization, esp Gene, and Decreased Susceptibility to Antibiotics in Biofilm.
Antimicrob Agents Chemother 2005;49(12):5046-50.

Weigel LM, Donlan RM, Shin DH, et al. High-Level Vancomycin-Resistant
Staphylococcus aureus Isolates Associated with a Polymicrobial Biofilm. Antimicrob
Agents Chemother 2007;51(1):231-8.

Passerini L, Lam K, Costerton JWi, King EG. Biofilms on Indwelling Vascular Catheters.
Crit. Care Med. 1992;20(5):665-73.

James GA, Swogger E, Wolcott R, et al. Biofilms in Chronic Wounds. Wound Repair
Regen 2008;16(1):37-44.

Zhu W, Clark NC, McDougal LK, Hageman J, McDonald LC, Patel JB. Vancomycin-
Resistant Staphylococcus aureus Isolates Associated With Inc18-like vanA Plasmids in
Michigan. Antimicrob Agents Chemother 2008;52(2):452—7.

Tosh PK, Agolory S, Strong BL, et al. Prevalence and Risk Factors Associated with
Vancomycin-Resistant Staphylococcus aureus Precursor Organism Colonization Among
Patients With Chronic Lower-Extremity Wounds in Southeastern Michigan. Infect Control

136



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Hosp Epidemiol 2013;34(9):954-60.

Martin E, Casapao A, McRoberts J, Archer C, Kaye K, Rybak M. Low Prevalence of
Inc18-Like vanA Plasmid Among Prospectively-Collected VVancomycin-Resistant
Enterococcus Isolates From Detroit Medical Center (Poster). 52nd Interscience
Conference on Antimicrobial Agents and Chemotherapy, San Francisco, CA: 2012.
Steyerberg EW, Eijkemans MJC, Habbema JDF. Stepwise Selection in Small Data Sets: A
Simulation Study of Bias in Logistic Regression Analysis. J Clin Epidemiol
1999;52(10):935-42.

Derksen S, Keselman HJ. Backward, Forward and Stepwise Automated Subset Selection
Algorithms: Frequency of Obtaining Authentic and Noise Variables. Br J Math Stat
Psychol 1992;45(2):265-82.

Bhavnani SM, Drake JA, Forrest A, et al. A Nationwide, Multicenter, Case-Control Study
Comparing Risk Factors, Treatment, and Outcome for Vancomycin-Resistant and -
Susceptible Enterococcal Bacteremia. Diagn Microbiol Infect Dis 2000;36(3):145-58.
Duckro AN, Blom DW, Lyle E a, Weinstein R a, Hayden MK. Transfer of Vancomycin-
Resistant Enterococci Via Health Care Worker Hands. Arch Intern Med 2005;165(3):302—
7.

Munoz-Price LS, Arheart KL, Mills JP, et al. Associations Between Bacterial
Contamination of Health Care Workers’ Hands and Contamination of White Coats and
Scrubs. Am J Infect Control 2012;40(9):e245-8.

Nseir S, Blazejewski C, Lubret R, Wallet F, Courcol R, Durocher A. Risk of Acquiring
Multidrug-Resistant Gram-Negative Bacilli From Prior Room Occupants in the Intensive
Care Unit. Clin Microbiol Infect 2011;17(8):1201-8.

Hayden MK, Bonten MJM, Blom DW, Lyle EA, van de Vijver D a MC, Weinstein RA.
Reduction in Acquisition of Vancomycin-Resistant Enterococcus After Enforcement of
Routine Environmental Cleaning Measures. Clin Infect Dis 2006;42(11):1552-60.
Raschka S, Dempster L, Bryce E. Health Economic Evaluation of an Infection Prevention
and Control Program: Are Quality and Patient Safety Programs Worth the Investment?
Am J Infect Control 2013;41(9):773-7.

Featherall J, Miller JA, Bennett EE, et al. Implementation of an Infection Prevention
Bundle to Reduce Surgical Site Infections and Cost Following Spine Surgery. JAMA Surg
2016;151(10):988-90.

Mutters NT, Ginther F, Frank U, Mischnik A. Costs and Possible Benefits of a Two-Tier
Infection Control Management Strategy Consisting of Active Screening for Multidrug-
Resistant Organisms and Tailored Control Measures. J Hosp Infect 2016;93(2):191-6.
Boyce JM, Potter-bynoe G, Chenevert C, King T. Environmental Contamination Due to
Methicillin-Resistant Staphylococcus aureus: Possible Infection Control Implications.
1997;18(9):622—7.

Aloush V, Navon-venezia S, Seigman-igra Y, Cabili S, Carmeli Y. Multidrug-Resistant
Pseudomonas aeruginosa: Risk Factors and Clinical Impact. Antimicrob Agents
Chemother 2006;50(1):43-8.

Marchaim D, Chopra T, Bhargava A, et al. Recent Exposure to Antimicrobials and
Carbapenem-Resistant Enterobacteriaceae: The Role of Antimicrobial Stewardship. Infect
Control Hosp Epidemiol 2012;33(8):817-30.

Lanza ST, Collins LM, Lemmon DR, Schafer JL. PROC LCA: A SAS Procedure for
Latent Class Analysis. Struct EqQu Model 2007;14(4):671-94.

137



203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Cheng VCC, Chen H, Wong S-C, et al. Role of Hand Hygiene Ambassador and
Implementation of Directly Observed Hand Hygiene Among Residents in Residential
Care Homes for the Elderly in Hong Kong Vincent. Infect Control Hosp Epidemiol
2018;39(5):571-7.

Pilmis B, Billard-Pomares T, Martin M, et al. Can Environmental Contamination Be
Explained by Particular Traits Associated With Patients? J Hosp Infect 2020;104(3):293—
1.

Bolck A, Croon M, Hagenaars J. Estimating Latent Structure Models With Categorical
Variables: One-Step Versus Three-Step Estimators. Polit Anal 2004;12(1):3-27.
Laughlin L. Who ’ s Minding the Kids ? Child Care Arrangements : Spring 2011
Household Economic Studies [Internet]. 2013;2009(April). Available from:
https://www.census.gov/prod/2013pubs/p70-135.pdf

Nafstad P, Hagen JA, @ie L, Magnus P, Jaakkola JJK. Day Care Centers and Respiratory
Health. Pediatrics 1999;103(4):753-8.

Louhiala PJ, Jaakkola N, Ruotsalainen R, Jaakkola JJK. Day-Care Centers and Diarrhea:
A Public Health. J Pediatr 1997;131(3):476-9.

Hashikawa AN, Brousseau DC, Singer DC, Gebremariam A, Davis MM. Emergency
Department and Urgent Care for Children Excluded From Child Care. Pediatrics
2014;134(1):120-7.

Zerr DM, Miles-Jay A, Kronman MP, et al. Previous Antibiotic Exposure Increases Risk
of Infection With Extended-Spectrum-B-lactamase- and AmpC-Producing Escherichia
coli and Klebsiella pneumoniae in Pediatric Patients. Antimicrob Agents Chemother
2016;60(7):4237-43.

Committee of Infectious Diseases American Academy of Pediatrics. Red Book: 2018-
2021 Report of the Committee on Infectious Diseases. 31st ed. Illinois: American
Academy of Pediatrics; 2018.

Centers for Disease Control and Prevention. Real-Time RT-PCR Assays for Non-
Influenza Respiratory Viruses. Atlanta, GA: 2010.

Park GW, Chhabra P, Vinjé J. Swab Sampling Method for the Detection of Human
Norovirus on Surfaces. J Vis Exp 2017;(120):e55205.

Li Y, Fraser A, Chen X, et al. Microbiological Analysis of Environmental Samples
Collected From Child Care Facilities in North and South Carolina. Am J Infect Control
2014;42(10):1049-55.

Coughenour C, Stevens V, Stetzenbach LD. An Evaluation of Methicillin-Resistant
Staphylococcus aureus Survival on Five Environmental Surfaces. Microb Drug Resist
2011;17(3):457-61.

Chen J-C, Munir MT, Aviat F, et al. Survival of Bacterial Strains on Wood (Quercus
petraea) Compared to Polycarbonate, Aluminum and Stainless Steel. Antibiotics
2020;9(11):804.

Da Costa AR, Kothari A, Bannister GC, Blom AW. Investigating Bacterial Growth in
Surgical Theatres: Establishing the Effect of Laminar Airflow on Bacterial Growth on
Plastic, Metal and Wood Surfaces. Ann R Coll Surg Engl 2008;90(5):417-9.

Soares VM, Pereira JG, Viana C, Izidoro TB, Bersot L dos S, Pinto JP de AN. Transfer of
Salmonella enteritidis to Four Types of Surfaces After Cleaning Procedures and Cross-
Contamination to Tomatoes. Food Microbiol [Internet] 2012;30(2):453-6. Available from:
http://dx.doi.org/10.1016/j.fm.2011.12.028

138



219.

220.

221.

222.

223.

224,

225.

226.
227.

228.

229.

230.

231.

232.

233.

234.

235.

Ak NO, Cliver DO, Kaspar CW. Cutting Boards of Plastic and Wood Contaminated
Experimentally With Bacteria. J Food Prot 1994,57(1):16-22.

Probst V, Datyner EK, Haddadin Z, et al. Human Adenovirus Species in Children With
Acute Respiratory IlInesses. J Clin Virol 2021;134:104716.

Braun LE, Renaud C, Fairchok MP, Kuypers J, Englund JA, Martin ET. Human
Parechovirus and Other Enteric Viruses in Childcare Attendees in the Era of Rotavirus
Vaccines. J Pediatric Infect Dis Soc 2012;1(2):136-43.

Van R, Wun C-C, O’Ryan ML, Matson DO, Jackson L, Pickering LK. Outbreaks of
Human Enteric Adenovirus Types 40 and 41 in Houston Day Care Centers. J Pediatr
1992;120(4 PART 1):516-21.

Sammons JS, Graf EH, Townsend S, et al. Outbreak of Adenovirus in a Neonatal
Intensive Care Unit: Critical Importance of Equipment Cleaning During Inpatient
Ophthalmologic Examinations. Ophthalmology 2019;126(1):137-43.

Julian TR, Pickering AJ, Leckie JO, Boehm AB. Enterococcus spp on Fomites and Hands
Indicate Increased Risk of Respiratory IlIness in Child Care Centers. Am J Infect Control
2013;41(8):728-33.

Denys GA, Renzi PB, Koch KM, Wissel CM. Three-Way Comparison of BBL
CHROMagar MRSA 11, MRSASelect, and Spectra MRSA for Detection of Methicillin-
Resistant Staphylococcus aureus Isolates in Nasal Surveillance Cultures. J Clin Microbiol
2013;51(1):202-5.

Services D of H and H. K160512. 2016.

Jenkins SG, Raskoshina L, Schuetz AN. Comparison of Performance of the Novel
Chromogenic Spectra VRE Agar to That of Bile Esculin Azide and Campylobacter Agars
for Detection of Vancomycin-Resistant Enterococci in Fecal Samples. J Clin Microbioogy
2011;49(11):3947-9.

Ganime AC, Carvalho-Costa FA, Santos M, Filho RC, Leite JPG, Miagostovich MP.
Viability of Human Adenovirus From Hospital Fomites. J Med Virol 2014;86(12):2065-9.
Tuladhar E, Hazeleger WC, Koopmans M, Zwietering MH, Duizer E, Beumer RR.
Transfer of Noroviruses Between Fingers and Fomites and Food Products. Int J Food
Microbiol 2013;167(3):346-52.

Moore G, Dunnill CW, Wilson APR. The Effect of Glove Material Upon the Transfer of
Methicillin-Resistant Staphylococcus aureus to and From a Gloved Hand. Am J Infect
Control 2013;41(1):19-23.

Greene C, Vadlamudi G, Eisenberg M, Foxman B, Koopman J, Xi C. Fomite-Fingerpad
Transfer Efficiency (Pick-Up and Deposit) of Acinetobacter baumannii - With and
Without a Latex Glove. Am J Infect Control 2015;43(9):928-34.

Rusin P, Maxwell S, Gerba C. Comparative Surface-to-Hand and Fingertip-to-Mouth
Transfer Efficiency of Gram-Positive Bacteria, Gram-Negative Bacteria, and Phage. J
Appl Microbiol 2002;93(4):585-92.

Couch RB, Cate TR, Douglas RG, Gerone PJ, Knight V. Effect of Route of Inoculation on
Experimental Respiratory Viral Disease in Volunteers and Evidence for Airborne
Transmission. Bacteriol Rev 1966;30(3):517-29.

Couch RB, Knight V, Douglas RG, Black SH, Hamory BH. The Minimal Infectious Dose
of Adenovirus Type 4; The Case for Natural Transmission by Viral Aerosol. Trans Am
Clin Climatol Assoc 1969;80:205-11.

Limbago BM, Kallen AJ, Zhu W, Eggers P, Mcdougal LK, Albrecht S. Report of the 13th

139



236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

Vancomycin-Resistant Staphylococcus aureus Isolate From the United States.
2014;52(3):998-1002.

Siegel JD, Rhinehart E, Jackson M, Chiarello L. Management of Multidrug-Resistant
Organisms in Health Care Settings, 2006. Am J Infect Control 2007;35(10 SUPPL
2):S165-93.

Yokoe DS, Anderson DJ, Berenholtz SM, et al. A Compendium of Strategies to Prevent
Healthcare-Associated Infections in Acute Care Hospitals: 2014 Updates. Infect Control
Hosp Epidemiol 2014;35(8):967-77.

Burnham JP, Rojek RP, Kollef MH. Catheter Removal and Outcomes of Multidrug-
Resistant Central-Line-Associated Bloodstream Infection. Med (United States)
2018;97(42):e12782.

Kaye KS, Harris AD, Samore M, Carmeli Y. The Case-Case-Control Study Design:
Addressing the Limitations of Risk Factor Studies for Antimicrobial Resistance. Infect
Control Hosp Epidemiol 2005;26(4):346-51.

Heinze G, Wallisch C, Dunkler D. Variable Selection — A Review and Recommendations
for the Practicing Statistician. Biometrical J 2018;60(3):431-49.

Earls MR, Coleman DC, Brennan Gl, et al. Intra-Hospital, Inter-Hospital and
Intercontinental Spread of ST78 MRSA From Two Neonatal Intensive Care Unit
Outbreaks Established Using Whole-Genome Sequencing. Front Microbiol 2018;9:1485.
de Been M, Pinholt M, Top J, et al. Core Genome Multilocus Sequence Typing Scheme
for High-Resolution Typing of Enterococcus faecium. J Clin Microbiol
2015;53(12):3788-97.

Slingerland BCGC, Vos MC, Bras W, et al. Whole-Genome Sequencing to Explore
Nosocomial Transmission and Virulence in Neonatal Methicillin-Susceptible
Staphylococcus aureus Bacteremia. Antimicrob Resist Infect Control 2020;9(1):39.
Cabot G, Lopez-Causape C, Ocampo-Sosa AA, et al. Deciphering the Resistome of the
Widespread Pseudomonas aeruginosa Sequence Type 175 International High-Risk Clone
Through Whole-Genome Sequencing. Antimicrob Agents Chemother 2016;60(12):7415—
23.

Balloux F, Brenstad Brynildsrud O, van Dorp L, et al. From Theory to Practice:
Translating Whole-Genome Sequencing (WGS) into the Clinic. Trends Microbiol
2018;26(12):1035-48.

Huang SS, Singh R, McKinnell JA, et al. Decolonization to Reduce Postdischarge
Infection Risk among MRSA Carriers. N Engl J Med 2019;380(7):638-50.

Siegel JD, Rhinehart E, Jackson M, Chiarello L, Healthcare Infection Control Practices
Advisory Committee. Management of Multidrug-Resistant Organisms In Healthcare
Settings, 2006. Am J Infect Control 2007;35(10 Suppl 2):S165-193.

Walters M, Lonsway D, Rasheed K, et al. Investigation and Control of Vancomycin-
Resistant Staphylococcus aureus: A Guide for Health Departments and Infection Control
Personnel. [Internet]. 2015. Available from: http://www.cdc.gov/hai/pdfs/VRSA-
Investigation-Guide-05_12 2015.pdf

Calfee DP, Salgado CD, Milstone AM, et al. Strategies to Prevent Methicillin-Resistant
Staphylococcus aureus Transmission and Infection in Acute Care Hospitals: 2014 Update.
Infect Control Hosp Epidemiol 2014;35(7):772-96.

Centers for Disease Control and Prevention. Clean Hands Count for Patients [Internet].
2016;Available from: https://www.cdc.gov/handhygiene/patients/index.html

140



251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

Haverstick S, Goodrich C, Freeman R, James S, Kullar R, Ahrens M. Patients’ Hand
Washing and Reducing Hospital-Acquired Infection. 2017;37(3):1-8.

Yu H-J, Zhu X-Y, Xu S-A, Cao W-Z, Yu Y-S. Effect of Closed Suctioning on Reducing
the Contamination Released into the Environment. Chin Med J (Engl)
2017;130(14):1745-6.

Nylund KL, Asparouhov T, Muthén BO. Deciding on the Number of Classes in Latent
Class Analysis and Growth Mixture Modeling: A Monte Carlo Simulation Study. Struct
Equ Model 2007;14(4):535-69.

Goodman LA. On the Assignment of Individuals to Latent Classes. Sociol Methodol
2007;37(1):1-22.

Riccio ME, Verschuuren T, Conzelmann N, et al. Household Acquisition and
Transmission of Extended-Spectrum B-lactamase (ESBL) -producing Enterobacteriaceae
After Hospital Discharge of ESBL-Positive Index Patients. Clin Microbiol Infect
2021;7:S1198-743X(20)30784-9.

Salgado CD, Farr BM. Outcomes Associated with Vancomycin-Resistant Enterococci: A
Meta-Analysis. Infect Control Hosp Epidemiol 2003;24(9):690-8.

Chiang H-Y, Perencevich EN, Nair R, et al. Incidence and Outcomes Associated With
Infections Caused by Vancomycin-Resistant Enterococci in the United States: Systematic
Literature Review and Meta-Analysis. Infect Control Hosp Epidemiol 2017;38(02):203—
15.

Olofsson MB, Pérnull KJ, Karnell A, Telander B, Svenungsson B. Fecal Carriage of
Vancomycin- and Ampicillin-Resistant Enterococci Observed in Swedish Adult Patients
with Diarrhea but not Among Healthy Subjects. Scand J Infect Dis 2001;33(9):659-62.
Kolar M, Pantucek R, Vagnerova I, et al. Prevalence of Vancomycin-Resistant
Enterococci in Hospitalized Patients and Those Living in the Community in the Czech
Republic. New Microbiol 2006;29(2):121-5.

Padiglione AA, Grabsch EA, Olden D, et al. Fecal Colonization with Vancomycin-
Resistant Enterococci in Australia. Emerg Infect Dis 2000;6(5):534-6.

Jordens JZ, Bates J, Griffiths DT. Faecal Carriage and Nosocomial Spread of
Vancomycin-Resistant Enterococcus faecium. J Antimicrob Chemother 1994;34(4):515-
28.

Endtz HP, Van Den Braak N, Van Belkum A, et al. Fecal Carriage of Vancomycin-
Resistant Enterococci in Hospitalized Patients and Those Living in the Community in the
Netherlands. J Clin Microbiol 1997;35(12):3026-31.

Wendt C, Krause C, Xander LU, Loffler D, Floss H. Prevalence of Colonization With
Vancomycin-Resistant Enterococci in Various Population Groups in Berlin, Germany. J
Hosp Infect 1999;42(3):193-200.

D’Agata EMC, Jirjis J, Gouldin C, Tang Y-W. Community Dissemination of
Vancomycin-Resistant Enterococcus faecium. Am J Infect Control 2001;29(5):316-20.
Coque TM, Tomayko JF, Ricke SC, Okhyusen PC, Murray BE. Vancomycin-Resistant
Enterococci from Nosocomial , Community , and Animal Sources in the United States.
Antimicrob Agents Chemother 1996;40(11):2605-9.

Klare I, Heier H, Claus H, et al. Enterococcus faecium Strains With vanA-Mediated High-
Level Glycopeptide Resistance Isolated From Animal Foodstuffs and Fecal Samples of
Humans in the Community. Microb Drug Resist 1995;1(3):265-72.

Baran J, Ramanathan J, Riederer K, Khatib R. Stool Colonization with VVancomycin-

141



268.

269.

270.

271.

272.

273.

274,

275.

276.

2717.

278.

279.

Resistant Enterococci in Healthcare Workers and Their Housholds. Infect Control Hosp
Epidemiol 2002;23(1).

Hendrix CW, Hammond JMJ, Swoboda SM, et al. Surveillance Strategies and Impact of
Vancomycin-Resistant Enterococcal Colonization and Infection in Critically Il Patients.
Ann Surg 2001;233(2):259-65.

Chin-hong P V, Berry JM, Cheng S, Catania JA, Da Costa M. Comparison of Patient- and
Clinician-Collected Anal Cytology Samples to Screen for Human Papillomavirus —
Associated Anal Intraepithelial Neoplasia in Men Who Have Sex with Men. Ann Intern
Med 2008;149:300-6.

Moncada J, Schachter J, Liska S, Shayevich C, Klausner JD. Evaluation of Self-Collected
Glans and Rectal Swabs From Men Who Have Sex With Men for Detection of Chlamydia
trachomatis and Neisseria gonorrhoeae by Use of Nucleic Acid Amplification Tests. J
Clin Microbiol 2009;47(6):1657-62.

van der Helm JJ, Hoebe CJPA, van Rooijen MS, et al. High Performance and
Acceptability of Self-Collected Rectal Swabs for Diagnosis of Chlamydia trachomatis and
Neisseria gonorrhoeae in Men Who Have Sex With Men and Women. Sex Transm Dis
2009;36(8):493-7.

Ortiz AP, Romaguera J, Pérez C, et al. Human Papillomavirus Infection in Women in
Puerto Rico: Agreement Between Physician-Versus Self-Collected Anogenital Specimens.
J Low Genit Tract Dis 2013;17(2):210-7.

Lampinen TM, Latulippe L, Van Niekerk D, et al. Illustrated Instructions for Self-
Collection of Anorectal Swab Specimens and Their Adequacy for Cytological
Examination. Sex Transm Dis 2006;33(6):386-8.

Ortiz AP, Alejandro N, Pérez CM, et al. Acceptability of Cervical and Anal HPV Self-
Sampling in a Sample of Hispanic Women in Puerto Rico. P R Health Sci J
2012;31(4):205-12.

Tamalet C, Ravaux I, Dhiver C, Menard A, Colson P, Stein A. Feasibility and
Acceptability of Anal Self-Sampling for Human Papillomavirus Screening in HIV-
Infected Patients. Intervirology 2016;59(2):118-22.

Dodge B, Van Der Pol B, Rosenberger JG, et al. Field Collection of Rectal Samples for
Sexually Transmitted Infection Diagnostics Among Men Who Have Sex With Men. Int J
STD AIDS 2010;21(4):260-4.

Weintrob AC, Roediger MP, Barber M, et al. Natural History of Colonization with Gram-
Negative Multidrug-Resistant Organisms among Hospitalized Patients. Infect Control
Hosp Epidemiol 2010;31(04):330-7.

Stier CJN, Paganini MC, de Souza HHM, Costa LMD, dos Santos GS, Cruz EDA. Active
Surveillance Cultures: Comparison of Inguinal and Rectal Sites for Detection of
Multidrug-Resistant Bacteria. J Hosp Infect 2016;92(2):178-82.

Buderer NMF. Statistical methodology: 1. Incorporating the Prevalence of Disease into the
Sample Size Calculation for Sensitivity and Specificity. Acad Emerg Med 1996;3(9):895—
900.

142



