1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Hosp Infect. Author manuscript; available in PMC 2024 June 01.

-, HHS Public Access
«

Published in final edited form as:
J Hosp Infect 2023 June ; 136: 1-7. doi:10.1016/j.jhin.2023.02.016.

Modeling Interventions and Contact Networks to Reduce
the Spread of Carbapenem-Resistant Organisms Between
Individuals in the ICU

Diego A. Martinez, PhD&P¢, Jiarui Cai, MSY, Gary Lin, PhD®, Katherine E. Goodman, JD,
PhDf, Rajib Paul, PhD9, Justin Lessler, Scott R. Levin, PhDP, Matthew Toerper, BSP,
Patricia J. Simner, PhDN, Aaron M. Milstone, MD, MHS'X, Eili Y. Klein, PhDbP-&i,

CDC Prevention Epicenters Program and the CDC MinD-Healthcare Program

aschool of Industrial Engineering, Pontificia Universidad Catolica de Valparaiso, Valparaiso, Chile

bDepartment of Emergency Medicine, Johns Hopkins University, Baltimore, MD, USA
¢Department of Medicine, Johns Hopkins University, Baltimore, MD, USA

dDepartment of Applied Mathematics and Statistics, Johns Hopkins University, Baltimore, MD,
USA

€Center for Disease Dynamics, Economics & Policy, Washington, DC, USA
fDepartment of Epidemiology and Public Health, University of Maryland, Baltimore, MD, USA

9Department of Public Health Sciences, University of North Carolina at Charlotte, Charlotte, NC,
USA

hDivision of Medical Microbiology, Department of Pathology, Johns Hopkins University, Baltimore,
MD, USA

iDepartment of Epidemiology, Johns Hopkins University, Baltimore, MD, USA

iDepartment of Epidemiology, Gillings School of Global Public Health, University of North Carolina
at Chapel Hill, Chapel Hill, NC, USA

KDepartment of Pediatrics, Johns Hopkins University, Baltimore, MD, USA

Abstract

Corresponding: Diego A. Martinez, PhD, Assistant Professor of Emergency Medicine and Medicine, Johns Hopkins, University
School of Medicine, 5801 Smith Ave, Davis Bldg, Ste 3220, Baltimore, MD 21209, +1 (813) 312-9779, dmart101@jhmi.edu.
AUTHORS’ CONTRIBUTIONS

Dr. Martinez had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the
data analysis.

Study concept and design: Martinez, Lessler, Milstone, Klein.

Acquisition, analysis, and interpretation of data: All authors.

Drafting of the manuscript: Martinez, Lin, Paul, Milstone, Klein.

Critical revision of the manuscript for important intellectual content: All authors.

Obtained funding: Martinez, Lessler, Milstone, Klein.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martinez et al. Page 2

Importance: Contact precautions are widely used to prevent the transmission of carbapenem-
resistant organisms (CROSs) in hospital wards. However, evidence for effectiveness in natural
hospital environments is limited.

Objective: To determine which contact precautions, healthcare-worker-patient interactions, and
patient and ward characteristics are associated with greater CRO infection or colonization risk.

Design, Setting, and Participants: CRO clinical and surveillance cultures from two high-
acuity wards were assessed through probabilistic modeling to characterize a susceptible patient’s
risk of CRO infection or colonization during ward stay. User- and time-stamped electronic

health records were used to build healthcare-worker-mediated contact networks between patients.
Probabilistic models were adjusted for patient (antibiotic administration) and ward characteristics
(hand hygiene compliance, environmental cleaning). The effects of risk factors effects were
assessed by adjusted odds ratio (adj. OR) and 95% Bayesian credible intervals (Crl).

Exposures: The degree of interaction with CRO-positive patients, stratified by whether CRO-
positive patients were on contact precautions.

Main Outcomes and Measures: CRO prevalence and number of new carriers (i.e., incident
CRO aquisition).

Results: Among 2,193 ward visits, 126 (5.8%) patients became incidentally CRO-colonized

or infected. Susceptible patients had 4.8 daily interactions with CRO-positive individuals on
contact precautions (versus 1.9 with those not on contact precautions). Contact precautions use for
CRO-positive patients was associated with a reduced rate (7.4 vs. 93.5 per 1,000 patient-days at
risk) and odds (adj. OR 0.03, 95% Crl 0.01-0.17) of CRO acquisition among susceptible patients,
resulting in an estimated 9.0% (95% Crl 7.6-9.2%) absolute risk reduction. Also, carbapenem
administration to susceptible patients was associated with increased odds of CRO acquisition (adj.
OR 2.38, 95% Crl 1.70-3.29).

Conclusions and Relevance: In this population-based cohort study, contact precaution use
for patients colonized or infected with CRO were associated with lower risks of CRO acquisition
among susceptible patients, even after adjusting for antibiotic exposure. Further studies that
include organism genotyping are needed to confirm these findings.

Keywords

Operations Research; Transmission; Healthcare Worker-Patient; Universal Precautions;
Carbapenems; Antibacterial Drug Resistance

INTRODUCTION

Carbapenem-resistant organisms (CRO) are a significant and growing source of healthcare-
associated infections with high morbidity and mortality.18 CRO colonization or infection
(acquisition) in the hospital setting is driven by transmission from contaminated healthcare
workers (HCWs) or equipment.®-11 However, these sources are complemented by
endogenous patient factors, such as selective pressure exerted by antibiotics.>-1! Infection
control measures for CRO include interventions such as the use of contact precautions,
environmental cleaning, hand hygiene, and antibiotic stewardship. Contact precautions
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are assumed to reduce the likelihood that HCWs become contaminated and transmit
organism horizontally to other patients. However, contact precautions are typically included
as part of a bundle of interventions, which has challenged studies to demonstrate their
effectiveness.12-15

The majority of studies investigating interventions to control the spread of CROs

have been cross-sectional.%-11.16 The difficulty with this design is that it can be

challenging to differentiate the effect of interventions, such as contact precautions, from
other factors mediating incident acquisition.1” Evidence limited to vancomycin-resistant
Enterococci (VRE) and Pseudomonas aeruginosa, for example, highlights the importance of
understanding dominant acquisition routes for tailored infection control—cross-transmission
was the dominant acquisition route for VRE and endogenous colonization for £
aeruginosa.1® Thus, most studies, including many of longitudinal design,18-22 have been
restricted to the conclusion that contact precautions are associated with lower prevalence

of CRO in a hospital population. However, it is still unknown the extent to which contact
precautions are associated with a lower risk of incident CRO acquisition at the patient

level, and how exogenous sources and endogenous patient characteristics modulate this risk.
A better understanding of CRO acquisition dynamics is important for developing evidence-
based CRO control interventions and programs. In this retrospective longitudinal study,

we assessed whether contact precautions protect susceptible patients from CRO acquisition
from other colonized patients.

METHODS

We use probabilistic models and CRO clinical and surveillance cultures to describe a
susceptible patients risk of CRO infection or colonization during hospitalization. This was
done by measuring and comparing patient exposure to other colonized patients with and
without contact precautions. As part of a research protocol,23 all patients were screened for
CRO colonization (or infection) in a non-outbreak setting where these screening results
where not available in real-time and, therefore, did not guide antibiotic management

or contact precaution usage. The effectiveness of contact precautions was studied using
probabilistic models to isolate the relative contributions of individual characteristics
(antibiotic administration, contact precautions), sources of potential transmission (healthcare
worker hand hygiene), and unit characteristics (environmental cleaning). The Johns Hopkins
Medicine institutional review board (IRB00074840) approved this study, with a waiver of
informed consent.

Study Design and Setting

We conducted a retrospective cohort study of patients admitted to a medical intensive care
unit (MICU) and a comprehensive transplant unit (CTU) from July 1, 2016 to June 30, 2017.
Although the CTU is not considered an intensive care unit (ICU), it deliveres ICU-level care
and, along with the MICU, has private patient rooms and uses contact precautions (gown
and gloves) for those with a history of multidrug-resistant organisms or recent (<6 months)
international hospitalization.23 All patients admitted to the MICU and CTU had perirectal
ESwabs™ (Copan Diagnostics, Inc.) collected at unit admission and weekly thereafter as
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part of a longstanding vancomycin-resistant Enterococci surveillance program. As part of a
research protocol (previously described 24), residual media from this surveillance program,
in addition to those cultures resulting from clinical care, were analyzed for the presence

of CRO: Enterobacterales resistant to ertapenem, meropenem, and/or imipenem, which
were classified as CRE, as well as glucose non-fermenting (NF) Gram-negative bacilli
resistant to meropenem and/or imipenem, which were classified as NFCRO. CRO were
further identified as carbapenemase-producing-(CP) versus non-CP- CRO by the phenotypic
modified carbapenem inactivation method.25:26

The main outcome under study was incident acquisition of CRO, which was defined as 1) a
patient that had a negative clinical or surveillance culture at unit admission and 2) a clinical
or surveillance culture that was obtained more than two days after unit admission and grew

a CRO. Each positive culture was assigned to either potentially transmission-mediated or not
potentially transmission mediated 18 Potentially transmission-mediated CRO acquisition was
assumed when a patient grew a CRO of the same species as another patient in the same unit
that had overlapping days of care. Not potentially trnamission mediated was assumed when
no other patient with the same CRO species was in the unit. Patients could be incident cases
more than once if they acquired a CRO of different species and met the above criteria. Once
a patient became incidentally colonized or infected for a given CRO species, he (or she) was
no longer included in the analysis of incident acquisition risk, but he (or she) remained in the
study as contributing to the risk of transmission to others.

Exposure, Covariates, and Contact Data

Trained research staff rounded on each unit during weekdays to determine whether
patients were on contact precautions for any indications (e.g., methicillin-resistant S.
aureus, Clostridioides difficile, influenza virus). Staff from the Department of Hospital
Epidemiology and Infection Control measured HCW hand hygiene and unit environmental
cleaning compliance. The monitoring method to assess unit cleaning practice was based on
fluorescent markers.2’

Patient encounter data were retrospectively collected using bulk extraction methods from
the hospital’s electronic health records (EHR) system. Patient data included demographic
information, laboratory test results, medication administration, and room assignments.

Time-stamped in-room visits by HCWs were extracted from the electronic health records
system to estimate a patients social network. That is, HCW-mediated connections with other
patients in the hospital ward. We considered two patients, say patients A and B, were
epidemiologically linked if the same HCW visited their rooms within a 60 minutes period.
HCW interactions with patients were estimated through timestamps of in-room medication
administrations, laboratory specimen collections, assessments, and other in-room routine
care tasks based on the methodology developed by our team and presented in 16.
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Statistical Analysis

The primary statistical analysis involved the specification of a probabilistic model describing
the risk of a susceptible patient becoming colonized or infected as a function of measured
attributes of the individual, surrounding patients, and the unit environmental cleaning levels.
A Bayesian hierarchical logistic regression model was fitted with the Markov Chain Monte
Carlo method (see Parameter Estimation in the Supplement). Outputs from the model were
adjusted odds ratios (adj. OR) and 95% credible intervals (Crl). The OR and Crl estimates
were reported and used to estimate the absolute risk reduction in susceptible individuals. All
statistical analyses were performed in R version 3.5.1, using the freely distributed statistical
package BayesianToolsversion 0.1.6.28

The probabilistic model had two levels, with information about transmission-mediated
sources at level-1 and other sources at level-2 (see Model Formulation in the Supplement).
To control for varying length-of-stay among patients, we modeled the risk of CRO
acquisition per day. All model levels were assessed simultaneously to disentangle
spatiotemporal patterns of each outcome, manifesting across each acquisition mechanism
with respect to the individuals’ characteristics, their HCW-mediated social network, and the
broader unit characteristics.

Since carbapenemase-producing (CP)-CROs were considered the highest threat due to their
resistance to multiple antbiotic classes and potential for plasmid transmission, 2429 the
acquisition dynamics of CP- versus non-CP-CRO were analyzed independently. The clinical
and surveillance data did not allow us to ascertain the exact moment when a patient acquires
a new CRO (unobservable clinical event). To evaluate the possibility that unobserved events
might explain associations, we also examined if randomization of the actual acquisition date,
between the dates of the last known CRO-negative culture and the CRO-positive culture,
substantially impacted the direction and size of the estimated effects (see Extension of Main
Results in the Supplement).

We evaluated our results’ robustness by varying the time window of 60 minutes that
established a patient’s HCW-mediated social network from 15 minutes to 12 hours, the latter
was included because it is consistent with the maximum length of most HCWSs’ shifts. We
also studied acquisition dynamics at each hospital ward in separate models (see Robustness
of Main Results in the Supplement).

RESULTS

Study Sample and Demographic Characteristics

The study cohort included 2,193 unit admissions (1,715 unique patients) to the MICU

and the CTU (Table 1). Patients were predominantly adults between 45 and 59 years

old (724/2,193, 35%), male (1,131/2,193, 52%), black (1,085/2,193, 50%), non-Latino
(2,098/2,193, 96%), and Maryland residents (1,893/2,193, 86%) who were typically
admitted as an emergency or urgent case (1,951/2,193, 89%). Patients in the cohort

were connected through 216,069 distinct HCW-mediated connections, representing a daily
average of 591 HCW-mediated contacts between patients. Most patients in the cohort
were on contact precautions for CRO or some other antibiotic-resistant organism (87.4%
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and 88.9% amongst non-incident and incident CRO admissions, respectively). Susceptible
patients had on average 4.8 daily connections through HCWs with CRO-positive patients on
contact precautions and 1.9 with CRO-positive patients not on contact precautions.

Colonization and Infection

A total of 126 out of 2,193 (5.8%) unit visits had a negative swab on admission and at

least one positive swab more than 2 days after admission and were classified as incident
for CRO acquisition (Table 1).3° Amongst the 126 visits, 120 (93.0%) were linked with
potentially transmission-mediated CRO acquisition events, because the patient grew a CRO
of the same species as another patient in the hospital ward, while all of the 126 visits
(100%) were detected to have at least one CRO acquisition event with no evidence of
transmission. We recall the reader that patients could be incident cases more than once if
they acquired a CRO of different species an met the criteria out outcome definition criteria.
Non-incident and incident CRO patients had similar baseline demographics at unit entry.
However, incident CRO individuals were more likely to have HCW-mediated contacts with
CRO-positive individuals who were not on contact precautions (median (IQR), 1 (1-2) vs. 2
(1-2)). Compared to non-incident CRO patients, incident CRO patients were more likely to
receive carbapenems (10.0% vs. 47.6%).

Modeling Results

The use of contact precautions for CRO-positive patients was associated with reduced rate
and odds of CRO acquisition among susceptible individuals (7.4 vs. 93.5 per 1,000 patient-
days at risk; adj. OR 0.03, 95% Crl 0.01-0.17). The estimated absolute risk reduction

of contact precautions for CRO-positive patients, compared with CRO-positive individuals
without contact precautions, was 9.0% (95% Crl 7.6-9.2%), corresponding to 3 events
prevented per 1,000 patient-days at risk. For susceptible individuals, recent exposure to
carbapenems (last seven days) was the primary driver of CRO acquisition (adj. OR 2.38,
95% Crl 1.70-3.29) (Table 2).

The mechanism of resistance appeared to be important. When the cohort was restricted

to the acquisition of CP-CRO (versus non-CP-CRO), recent carbapenem exposure in
susceptible patients had no statistically meaningful (i.e., Bayesian significance) relationship
with incident CP-CRO acquisition (adj. OR 2.19, 95% Crl 0.96-4.56), whereas carbapenem
exposure was significantly asscociated with non-CP-CRO acquisitions (adj. OR 2.01, 95%
Crl 1.33-2.95). The use of contact precautions for CRO-positive patients, however, was
linked with reduced rate and odds of CP- (48.0 vs. 417.6 per 1,000 patient-days at risk;

adj. OR 0.04, 95% Crl 0.01-0.19) and non-CP-CRO acquisition (12.1 vs. 157.8 per 1,000
patient-days at risk; adj. OR 0.03, 95% Crl 0.01-0.16) among susceptible patients (Table
S1).

We evaluated the robustness of our results to unobservable clinical events, i.e., our inability
to precisely determine the actual CRO acquisition date during the patient stay (Table S2).
We randomized the CRO acquisition date in our models within a reasonable time interval,
from the last known CRO-negative culture and the CRO-positive culture. As presented in
Table S2, the direction and magnitude of effects shown in Table 2 remained similar.
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We also investigated the robustness of our results to our definition of a patient’s social
network: HCW-mediated contacts with other patients in the ward. When modifying the
time-lapse of 60 minutes from 15 minutes to 12 hours, we found that the magnitude

and direction of the contact precautions’ effect were virtually unchanged (adj. OR ranges
between 0.03 and 0.04). However, we found much uncertainty (95% Crl 0.01-0.17) within
the posterior coefficient estimation (Table S4), signaling potential workflow differences
between wards. To determine if workflow differences explained some of the variability in
the effect of contact precautions, we fitted separate models for each ward. We found no
significant differences in the effect of contact precautions between the MICU (adj. OR 0.03,
95% Crl 0.01-0.13) and the CTU (adj. OR 0.05, 95% Crl 0.01-0.28).

DISCUSSION

Contact precautions are a common intervention used to prevent transmission from patients
colonized or infected with multi-drug resistant organisms. However, evidence for the
effectiveness of contact precautions in natural hospital environments for methicillin-resistant
Staphylococcus aureus and VRE is limited,3 and is restricted to theoretical models and
aggregate secondary analyses of clinical trial data for CRO.21-31 This uncertainty is due in
part to the low frequency of CRO acquisition events in the hospital and the challenge of
observing these events in the absence of robust surveillance. Furthermore, there is rapid
turnover in the patient population, large numbers of HCWs and staff that attend each
patient or room, and sharing of equipment among units that make it challenging to assign
causal factors to acquisition events.32 Disaggregate (patient-level) probabilistic models can
overcome some of these challenges. By explicitly decomposing distinct longitudinal patient
and environmental factors of CRO acquisition, we found that contact precautions might
reduce CRO acquisition risk, even after adjusting for carbapenems exposure.

Our patient-level probabilistic modeling approach contributes to recent aggregate (hospital
ward-level) data suggesting the use of contact precautions in intensive care environments

is associated with a non-statistically significant decrease in CRO acquisitions.?1:31

By quantifying acquisition dynamics with observable (covariates) and unobservable
(outcome) clinical events, our disaggregate models are sensitive to the uncertainty of the
epidemic process (e.g., endogenous versus exogenous acquisition mechanism), and include
longitudinally dynamic parameters of particular interest (e.g., contact precautions). The
use of Bayesian hierarchical logistic regression allows for more mechanistic insights on
acquisition risk factors which is advantageous over machine-learning models that lack
interpretability.33 However, contrary to a recent study suggesting increased HCW-mediated
connections were significantly associated with transmission of enteric pathogens, our
results for the role of HCWs were not significant (95% Crl 0.05-18.58). Multiple reasons
can explain this difference. Our disaggregated models included contemporaneous overlap in
the hospital ward as a prerequisite to epidemiologically link two patients, which challenges
our ability to disentangle overlap in the department from strength of connection on a
day-to-day basis. Alternatively, the HCW connectivity data are based on electronic health
records entries which might miss important connections that are not well documented.
Also, surface contamination may result in indirect transmission that is not specific to direct
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patient-HCW-patient connectivity. Thus, further analysis of these network connections and
the relative importance of HCWs to acquisition are needed.

We found that the primary driver of CRO acquisition was exposure to carbapenems,
highlighting the opportunity for CRO-targeted antibiotic stewardship programs.
Carbapenems may exert selective pressure that induces endogenous flora to evolve

to become CRO or enriches existing CRO below the limit of detection of culture
methods.3* Alternatively, they can disrupt flora and make the patient more susceptible
to colonization upon exogenous exposure—either way emphasizes the potential role of
antibiotic stewardship.3°

A limitation of any effort to capture transmission of a pathogen in a hospital with so
many potential opportunities for transmission is that the actual date of acquisition is
typically unknown (i.e., unobservable clinical event). This somewhat inconclusive direct
evidence fed into our models produced estimates of effect with wide credible intervals,
signaling considerable uncertainty about the true value of the effect size. To account for the
uncertainty in the colonization date, we estimated the parameters for the model assuming
a random acquisition date. That is, if a patient in week one is known to be CRO negative
and in week two is known to be CRO positive, we evaluated the model assuming the CRO
acquisition event took place at some random time period between these two surveillance
tests. The results of randomizing the acquisition date did not qualitatively impact the
direction and size of the estimated effects, suggesting the use of contact precautions in
CRO patients is still better than no intervention.

While we attempted to collect detailed data on patient hospitalizations and infections,
limitations remain to the estimated transmission parameters. One limitation is the
observation scope of transmission-mediated acquisitions being limited to departments
offering ICU-level care in a tertiary research hospital, which means our results may not

be generalizable to other hospitals given patient diversity, varying clinical guidelines and
protocols, and location-specific transmission pathways. Still, the process by which the
CRO data were collected and analyzed should be suitable in analogous situations where
healthcare-worker interactions, contact precautions, and carbapenem exposure is a risk.
Second, clinical risk factors that impact acquisition dynamics, such as history of previous
overseas hospitalization, were not explicitly incorporated into our assessment. Third, some
activities and contacts might not be logged into the EHR system by individuals. Still,
contact networks between patients and providers built with data regularly collected in most
EHRs are surrogates for understanding the extent of connectivity between individuals. This
facilitates the translation of this research to operational infection control practices scalable
across institutions with an EHR system. Fourth, not all patients in our cohort were screened
at discharge, which might result in ascertainment bias. In post hoc analyses, we found that
97.5% of patients were screened within 8.3 days of discharge and 99% within 11.6 days.
We therefore expect ascertainment bias to be minimal and not have significant impact in our
results. Lastly, our classification of CRO types may benefit from better diagnostic methods
of microbial genotyping, which can distinguish cross and environmental transmission events
more precisely. We assumed that all colonized patients with the same CRO type could be a
transmission source, which we think is a reasonable assumption.
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CONCLUSION

The analysis of extensive longitudinal clinical and surveillance data from two tertiary high-
acuity hospital wards demonstrated that the use of contact precautions might be an effective
intervention for preventing CRO acquisition among susceptible patients, even after adjusting
for antibiotic exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

Dr. Martinez reported receiving grants from the National Institutes of Health (NIH), Agency for Healthcare
Research and Quality (AHRQ), and personal fees from the Johns Hopkins Health System during the conduct of
the study. Drs. Hinson and Levin reported receiving grants from AHRQ during the conduct of the study. Dr. Klein
reported receiving grants from the Centers for Disease Control and Prevention during the conduct of the study. Drs.
Lessler and Milstone reported receiving grants from the NIH during the conduct of the study. No other disclosures
were reported.

FUNDING
This work was funded by the Centers for Disease Control and Prevention (CDC) Epicenters Program (Grant
Number 1U54CK000447) and the CDC MInD-Healthcare Program (Grant Number 1U01CK000536). The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
REFERENCES

1.

Castanheira M, Sader HS, Jones RN. Antimicrobial susceptibility patterns of KPC-producing
or CTX-M-producing Enterobacteriaceae. Microb Drug Resist Larchmt N. 2010;16(1):61-65.
doi:10.1089/mdr.2009.0031

. Hussein K, Sprecher H, Mashiach T, Oren |, Kassis I, Finkelstein R. Carbapenem Resistance

Among Klebsiella pneumoniae Isolates Risk Factors, Molecular Characteristics, and Susceptibility
Patterns. Infect Control Hosp Epidemiol. 2009;30(07):666-671. doi:10.1086/598244 [PubMed:
19496647]

. Libbert C, Becker-Rux D, Rodloff AC, et al. Colonization of liver transplant recipients with

KPC-producing Klebsiella pneumoniae is associated with high infection rates and excess mortality:
a case-control analysis. Infection. 2014;42(2):309-316. doi:10.1007/s15010-013-0547-3 [PubMed:
24217959]

. Elemam A, Rahimian J, Mandell W. Infection with panresistant Klebsiella pneumoniae: a report

of 2 cases and a brief review of the literature. Clin Infect Dis Off Publ Infect Dis Soc Am.
2009;49(2):271-274. doi:10.1086/600042

. Patel G, Huprikar S, Factor SH, Jenkins SG, Calfee DP. Outcomes of carbapenem-resistant

Klebsiella pneumoniae infection and the impact of antimicrobial and adjunctive therapies. Infect
Control Hosp Epidemiol. 2008;29(12):1099-1106. doi:10.1086/592412 [PubMed: 18973455]

. Schwaber MJ, Klarfeld-Lidji S, Navon-Venezia S, Schwartz D, Leavitt A, Carmeli Y. Predictors

of carbapenem-resistant Klebsiella pneumoniae acquisition among hospitalized adults and effect
of acquisition on mortality. Antimicrob Agents Chemother. 2008;52(3):1028-1033. doi:10.1128/
AAC.01020-07 [PubMed: 18086836]

. Daikos GL, Petrikkos P, Psichogiou M, et al. Prospective observational study of the impact of

VIM-1 metallo-beta-lactamase on the outcome of patients with Klebsiella pneumoniae bloodstream
infections. Antimicrob Agents Chemother. 2009;53(5):1868-1873. doi:10.1128/AAC.00782-08
[PubMed: 19223638]

J Hosp Infect. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martinez et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 10

. Bratu S, Landman D, Haag R, et al. Rapid spread of carbapenem-resistant Klebsiella

pneumoniae in New York City: a new threat to our antibiotic armamentarium. Arch Intern Med.
2005;165(12):1430-1435. doi:10.1001/archinte.165.12.1430 [PubMed: 15983294]

. Bonten MJ, Slaughter S, Ambergen AW, et al. The role of “colonization pressure” in the spread

of vancomycin-resistant enterococci: an important infection control variable. Arch Intern Med.
1998;158(10):1127-1132. doi:10.1001/archinte.158.10.1127 [PubMed: 9605785]

. Merrer J, Santoli F, Appéré de Vecchi C, Tran B, De Jonghe B, Outin H. “Colonization pressure”
and risk of acquisition of methicillin-resistant Staphylococcus aureus in a medical intensive

care unit. Infect Control Hosp Epidemiol. 2000;21(11):718-723. doi:10.1086/501721 [PubMed:
11089656]

de Man P, van Der Veeke E, Leemreijze M, et al. Enterobacter species in a pediatric hospital:
horizontal transfer or selection in individual patients? J Infect Dis. 2001;184(2):211-214.
doi:10.1086/322014 [PubMed: 11424021]

Morgan DJ, Wenzel RP, Bearman G. Contact Precautions for Endemic MRSA and VRE: Time
to Retire Legal Mandates. JAMA. 2017;318(4):329-330. doi:10.1001/jama.2017.7419 [PubMed:
28654976]

Morgan DJ, Murthy R, Munoz-Price LS, et al. Reconsidering contact precautions for endemic
methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus. Infect Control
Hosp Epidemiol. 2015;36(10):1163-1172. doi:10.1017/ice.2015.156 [PubMed: 26138329]

Harris AD, Pineles L, Belton B, et al. Universal glove and gown use and acquisition of antibiotic-
resistant bacteria in the ICU: a randomized trial. JAMA. 2013;310(15):1571-1580. doi:10.1001/
jama.2013.277815 [PubMed: 24097234]

Croft LD, Harris AD, Pineles L, et al. The Effect of Universal Glove and Gown Use on

Adverse Events in Intensive Care Unit Patients. Clin Infect Dis Off Publ Infect Dis Soc Am.
2015;61(4):545-553. doi:10.1093/cid/civ315

Klein EY, Tseng KK, Hinson J, et al. The Role of Healthcare Worker-Mediated Contact Networks
in the Transmission of Vancomycin-Resistant Enterococci. Open Forum Infect Dis. doi:10.1093/
ofid/ofaa056

Eliopoulos GM, Harris AD, Lautenbach E, Perencevich E. A Systematic Review of Quasi-
Experimental Study Designs in the Fields of Infection Control and Antibiotic Resistance. Clin
Infect Dis. 2005;41(1):77-82. doi:10.1086/430713 [PubMed: 15937766]

Pelupessy I, Bonten MJM, Diekmann O. How to assess the relative importance of different
colonization routes of pathogens within hospital settings. Proc Natl Acad Sci U S A.
2002;99(8):5601-5605. doi:10.1073/pnas.082412899 [PubMed: 11943870]

Bootsma MCJ, Bonten MJM, Nijssen S, Fluit AC, Diekmann O. An algorithm to estimate the
importance of bacterial acquisition routes in hospital settings. Am J Epidemiol. 2007;166(7):841—
851. doi:10.1093/aje/kwm149 [PubMed: 17644823]

Forrester M, Pettitt AN. Use of stochastic epidemic modeling to quantify transmission rates of
colonization with methicillin-resistant Staphylococcus aureus in an intensive care unit. Infect
Control Hosp Epidemiol. 2005;26(7):598-606. doi:10.1086/502588 [PubMed: 16092739]

Toth DJA, Khader K, Beams A, Samore MH. Model-based Assessment of the Effect of

Contact Precautions Applied to Surveillance-detected Carriers of Carbapenemase-producing
Enterobacteriaceae in Long-term Acute Care Hospitals. Clin Infect Dis Off Publ Infect Dis Soc
Am. 2019;69(Suppl 3):5206-S213. doi:10.1093/cid/ciz557

Price JR, Cole K, Bexley A, et al. Transmission of Staphylococcus aureus between healthcare
workers, the environment, and patients in an intensive care unit: a longitudinal cohort

study based on whole-genome sequencing. Lancet Infect Dis. 2017;17(2):207-214. doi:10.1016/
$1473-3099(16)30413-3 [PubMed: 27863959]

Goodman KE, Simner PJ, Klein EY, et al. How frequently are hospitalized patients colonized
with carbapenem-resistant Enterobacteriaceae (CRE) already on contact precautions for other
indications? Infect Control Hosp Epidemiol. 2018;39(12):1491-1493. d0i:10.1017/ice.2018.236
[PubMed: 30269700]

Tamma PD, Goodman KE, Harris AD, et al. Comparing the Outcomes of Patients

With Carbapenemase-Producing and Non-Carbapenemase-Producing Carbapenem-Resistant

J Hosp Infect. Author manuscript; available in PMC 2024 June 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martinez et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Page 11

Enterobacteriaceae Bacteremia. Clin Infect Dis Off Publ Infect Dis Soc Am. 2017;64(3):257-264.
doi:10.1093/cid/ciw741

Simner PJ, Johnson JK, Brasso WB, et al. Multicenter Evaluation of the Modified

Carbapenem Inactivation Method and the Carba NP for Detection of Carbapenemase-

Producing Pseudomonas aeruginosa and Acinetobacter baumannii. J Clin Microbiol. 2017;56(1).
doi:10.1128/JCM.01369-17

Pierce VM, Simner PJ, Lonsway DR, et al. Modified Carbapenem Inactivation Method for
Phenotypic Detection of Carbapenemase Production among Enterobacteriaceae. J Clin Microbiol.
2017;55(8):2321-2333. d0i:10.1128/JCM.00193-17 [PubMed: 28381609]

Environmental Cleaning in RLSs | HAI | CDC. Published March 26, 2020. Accessed September
22, 2020. https://www.cdc.gov/hai/prevent/resource-limited/index.html

Hartig F, Minunno F, Paul S. BayesianTools: General-purpose MCMC and SMC samplers and
tools for Bayesian statistics. R Package Version 016. Published online 2019. https://github.com/
florianhartig/BayesianTools

van Duin D, Arias CA, Komarow L, et al. Molecular and clinical epidemiology of carbapenem-
resistant Enterobacterales in the USA (CRACKLE-2): a prospective cohort study. Lancet Infect
Dis. 2020;20(6):731-741. doi:10.1016/S1473-3099(19)30755-8 [PubMed: 32151332]

Workneh M, Wang R, Kazmi AQ, et al. Evaluation of the Direct MacConkey Method
for Identification of Carbapenem-Resistant Gram-Negative Organisms from Rectal Swabs:
Reevaluating Zone Diameter Cutoffs. J Clin Microbiol. 2019;57(12). doi:10.1128/JCM.01127-19

Harris AD, Morgan DJ, Pineles L, Magder L, O’Hara LM, Johnson JK. Acquisition of Antibiotic-
Resistant Gram-negative Bacteria in the Benefits of Universal Glove and Gown (BUGG)

Cluster Randomized Trial. Clin Infect Dis Off Publ Infect Dis Soc Am. 2020;72(3):431-437.
doi:10.1093/cid/ciaa071

Martinez DA, Cai J, Oke JB, et al. Where is my infusion pump? Harnessing network

dynamics for improved hospital equipment fleet management. J Am Med Inform Assoc JAMIA.
2020;27(6):884-892. doi:10.1093/jamia/ocaa033 [PubMed: 32337588]

Rudin C Stop explaining black box machine learning models for high stakes decisions and use
interpretable models instead. Nat Mach Intell. 2019;1(5):206-215. doi:10.1038/s42256-019-0048-
x [PubMed: 35603010]

Simner PJ, Antar AAR, Hao S, et al. Antibiotic pressure on the acquisition and loss of antibiotic
resistance genes in Klebsiella pneumoniae. J Antimicrob Chemother. 2018;73(7):1796-1803.
doi:10.1093/jac/dky121 [PubMed: 29648629]

van Loon K, Voor In ‘t Holt AF, Vos MC. A Systematic Review and Meta-analyses of

the Clinical Epidemiology of Carbapenem-Resistant Enterobacteriaceae. Antimicrob Agents
Chemother. 2018;62(1). doi:10.1128/AAC.01730-17

J Hosp Infect. Author manuscript; available in PMC 2024 June 01.


https://www.cdc.gov/hai/prevent/resource-limited/index.html
https://github.com/florianhartig/BayesianTools
https://github.com/florianhartig/BayesianTools

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Martinez et al.

Page 12

KEY POINTS
Question:

Which contact precautions, healthcare-worker-patient interactions, and patient and
hospital ward characteristics are associated with more significant CRO infection or
colonization risk during hospitalization?

Findings:

In this probabilistic modeling study of CRO acquisition among hospitalized patients in
two high-acuity wards, the use of contact precautions for patients colonized or infected
with CRO was associated with lower risks of CRO acquisition among susceptible
patients.

Meaning:

This study’s findings suggest that using contact precautions might be an effective
intervention to protect susceptible patients in hospital wards.
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Table 1.

Study participant characteristics at study entry by CRO acquisition during observation in the longitudinal
study of two tertiary high acuity units in Baltimore, Maryland, July 2016-June 2017 (n=2,193).

Variable Non-incident®  Incident CROP

Cohort size, count of unit admissions 2,067 126
Predicted outcomes, count of incident CRO acquisitions
Potentially transmission-mediated - 120
Not potentially transmission mediated - 126

Demographics and arrival mode, % of unit admissions

Age
15-29 7.0 6.0
30-44 15.0 11.0
45-59 35.0 38.0
60-74 33.0 38.0
75-89 9.0 6.0
90+ 1.0 1.0
Sex, male 51.4 54.0
Race, white 43.8 46.0
Race, black 49.8 44.4
Ethnicity, not Latino 95.6 96.8
Patient residence, Maryland 86.5 83.3
Patient residence, another state within the US 13.3 15.9
Patient residence, foreign 0.2 0.8
Admission type, emergency 88.6 95.2
Admission type, elective 8.5 4.0
Admission source, home 71.3 65.1

HCW-mediated connections to CRO-positive patients, darly
median and IQR 2 [0-6.0] 3[1-7.5]

Clinical variables, % of unit admissions

Contact precaution order 87.4 88.9
Environmental cleaning compliance 88.9 87.4
Hand hygiene compliance 93.6 92.9
Carbapenems administration last 7 days 10.0 47.6

Abbreviations: HCW, healthcare worker; CRO, carbapenem-resistant organism; IQR, interquartile range.
H\Ne are distinguishing patients who did become incidentally colonized with CRO versus those that did not become incidentally colonized.

bPatients could be incident cases more than once if they acquired a CRO of different species and met the folllowing criteria: An incident
acquisition of CRO was defined as 1) a patient that had a negative clinical or surveillance culture at unit admission and 2) a clinical or surveillance
culture that was obtained more than two days after unit admission and grew a CRO. Each positive culture was assigned to either potentially
transmission-mediated CRO acquisition or not potentially transmission medjated. Potentially transmission-mediated CRO acquisition was assumed
when a patient grew a CRO of the same species as another patient in the same unit that had overlapping days of care. Not potentially transmission
mediated was assumed when no other patient with the same CRO species was in the unit.
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Table 2.

Risk Factors for Incident CRO Acquisition Among Patients Hospitalized in a Medical Intensive Care Unit and
a Solid Organ Transplantation Unit of a Tertiary Hospital by Mode of Acquisition.

Variable Adj. Odds Ratio (95% Crl)

Level-1: Potential for transmission

HCW-mediated connection to CRO patients 0.90 [0.05, 18.58]
Contact precaution on CRO-positive patients in the unit 0.03[0.01,0.17]4
Environmental cleaning compliance >95%% 0.41[0.03, 3.27]
Carbapenems exposure in the prior 7 days 0.39[0.03, 2.97]
HCW hand hygiene compliance >95060 0.33[0.03, 2.47]

Level-2: Acquisition from sources other than a known infection

Carbapenem exposure in the prior 7 days 2.38[1.70, 3.299]

Abbreviations: CRO, carbapenem-resistant organism; HCW, healthcare worker; OR, odds ratio; Crl, credible interval.
aStatisticaIIy significant (Bayesian significance).

Hospital wards with an environmental cleaning compliance over 95% and HCW hand hygiene compliance over 95% represent the top-quartile
performers in our sample.
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