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Abstract

Objective: Carbapenem-resistant Enterobacterales (CRE) pose a serious public health threat and spread rapidly between healthcare facilities
(HCFs) during interfacility patientmovement.We examined patterns of transmission of CRE associated with network clustering and positions
during patient interfacility transfer.

Methods: A retrospective cohort study was conducted in the Greater Houston region ofTexas, , and social network analysis was performed by
constructing facility-to-facility patient transfer network using CRE surveillance data. The network method (community detection algorithm)
was used to detect clustering patterns of CRE in the network. In addition, network measures of centrality and local connectivity (clustering
coefficient) were computed for each healthcare facility. Zero-inflated negative binomial regression analysis was applied to test the association
between network measures and facility-specific incidence rate of CRE.

Results: A network of 268 healthcare facilities was identified, in which 10 acute-care hospitals (ACHs) alone accounted for 63% of identified
CRE cases. Transmission of New Delhi metallo-β-lactamase–producing CRE occurred in 3 clusters, yet all cases were traced to patients who
had hadmedical care abroad. The incidence rate of CRE attributed to ACHs was>4-fold (adjusted rate ratio, 4.5; 95% confidence interval [CI],
3.02–6.72) higher than that of long-term care facilities. Each additional patient shared with another HCF conferred a 3% (95% CI, 2%–4%)
increase in the incidence rate of CRE at that HCF.

Conclusions: The incidence rates of CRE at a given HCF was predicted by the healthcare network metrics. Increased surveillance and selective
targeting of high-risk facilities are warranted.

(Received 10 January 2022; accepted 21 March 2022; electronically published 22 April 2022)

Carbapenem-resistant Enterobacterales (CRE) are one of the
most common multidrug-resistant organisms (MDROs)
responsible for healthcare-associated infections.1–4 Rapid
spread of CRE is a serious public health issue and a recent
increase in its prevalence is of major global concern.5 CRE
are resistant to many antibiotics and spread rapidly
within and between healthcare facilities, with the potential to
cause a regional epidemic.2,4 Carbapenemase-producing
Enterobacterales (CPE), particularly Klebsiella pneumoniae car-
bapenemase (KPC), are commonly identified in hospital envi-
ronments and often transmitted among patients admitted to
healthcare facilities.1,5,6 CPE can survive in healthcare environ-
ments for several days, becoming a point source of infection for
vulnerable patients.7

Healthcare connectivity and patient sharing for continued
short-term or long-term rehabilitative care increases patient-

to-patient exposure or exposure to reservoirs in healthcare set-
tings.8 Acute-care hospitals and long-term care facilities are
highly interdependent due to patient-sharing patterns or interfa-
cility movement of high-risk patients.9This may increase the risk
of spread of antibiotic-resistant pathogens within the healthcare
network.

Patients who have had symptomatic CRE infections are at
increased risk of reinfection10,11 and readmission within a few
weeks or months at the same or a different facility, likely intro-
ducing CRE organisms to another facility.12 Accordingly,
healthcare facilities with high patient traffic may play a pivotal
role in the regional spread of CRE.13 The impact that interfacil-
ity patient movement may have as an important path through
which CPE infections spread suggests the need to prioritize
high-risk healthcare facilities for targeted infection control
interventions.13

Although healthcare facility-specific outbreaks and intrafacility
transmissions have been widely reported,8,14–16 the mechanistic
details of regional spread and cluster transmission between facili-
ties has not been well investigated. CRE infection control and
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prevention require a regionally coordinated approach that includes
oversight and monitoring of the extent of infection across a
region.17 The extent of the CRE spread and risk of exposure could
be predicted by conducting social network analysis using patient
interfacility transfer data. The purpose of this study was to explore
CRE regional transmission patterns and examine the effect of
healthcare network metrics on facility-specific rates using social
network analysis.

Methods

Study design and data source

Amulti-institutional retrospective cohort study was conducted in
the Greater Houston region, Texas. Healthcare interfacility net-
work data were constructed using CRE surveillance data collected
from 2015 to 2020 at the Houston Health Department and the
adjacent county, Fort Bend County Health and Human
Services. CRE are reportable infectious diseases in Texas, and
healthcare facilities (HCFs) have been required to report identi-
fied CRE cases to the health departments. Health departments
investigate all identified cases by obtaining laboratory data (ie,
clinical laboratory tests, susceptibility tests, and molecular tests,
when available), electronic medical records, patient demo-
graphics, clinical data, health facility information. These data
are used to identify potential source and risk factors of the
infection.

A social network analysis was conducted to identify the patterns
of regional spread and to visualize interfacility patient transfer net-
work in relation to CRE exposure. The Greater Houston metro-
politan area is the fifth most populous in the United States, with
an estimated population exceeding 7 million in 2020.18 Houston
also has a large number of healthcare facilities, including the largest
medical center in Texas.

The study population included 268 healthcare facilities (HCFs)
from which 5,099 CRE cases were primarily reported or attributed.
The CRE surveillance data was used to generate an HCF network
dataset that included HCF attributes, case counts, and facility
types. HCFs included were acute-care hospitals (ACHs), long-term
acute-care facilities (LTACs), and long-term care facilities
(LTCFs). HCFs were included if at least one CRE case was origi-
nated from (case was reported from or transferred from the
facility), or if the patient was a resident of the facility or the patient
was discharged to the facility. CRE cases were excluded from this
analysis in situations in which the patient was tested at an outpa-
tient clinic or home health care and had not been admitted to or
resided in an HCF in the 6 months prior and the CRE case could
not be linked to any HCF.

A facility-to-facility patient transfer network was constructed
using the HCF network dataset. The patient interfacility transfer
was either “direct facility-to-facility” transfer or “indirect” transfer
(ie, no same-day transfer) because CRE patients can be colonized
for a prolonged duration of time. Therefore facility-to-facility
patient transfer was considered in this study if it occurred within
the past 6 months.

Study variables and operational definitions

The primary outcome of interest was the CRE case count of each
HCF. CRE was defined as Enterobacterales that were resistant to at
least one carbapenem antibiotic or produced a carbapenemase
enzyme that inhibits the carbapenem action. Carbapenemase test
results included in this study were obtained from the clinical

laboratory of the reporting hospitals or public health laboratories
and the results were either from the phenotypic or genotypic tests.
An incident CRE case was defined as a patient who had a positive
culture for CRE from clinical isolates that was identified at a spe-
cific HCF after 48 hours of admissions. Each CRE case was attrib-
uted to an HCF based on the patient’s exposure or location at the
time of specimen collection. The transferring facility represented
the source facility or the origin of the case in the network. If the
patient was a resident of the same facility where the culture was
performed, or if the patient was transferred from home, then no
transferring HCF was designated in the network. However, if
the patient had been in a HCF in the past 6 months, the facility
where the patient had previously resided represented the transfer-
ring facility in the network.

A directed interfacility CRE case patient transfer network was
constructed, where individual HCFs were designated as nodes.
Facilities were linked to each other by a case patient who had been
admitted to or was a resident of the facilities. In the one-mode
directed network graph, nodes were shown by points representing
facilities and lines with arrows representing directionality of edges
connecting nodes.

Independent variables were the type of healthcare facility (ie,
ACH, LTAC, or LTCF), the number of cases transferred from the
different types of HCFs, and healthcare network metrics. The
healthcare network metrics included degree centrality (count),
in-degree centrality, out-degree centrality, and clustering coeffi-
cients. Degree centrality is a measure of how well connected the
actor is or simply the number of edges linked to a given actor or
node. In this context, it denotes the total number of potentially
infectious contacts that a facility produces. A high degree of cen-
trality would mean most contacts because it could indicate poten-
tial super spreaders. Clustering coefficients represented the
degree to which a given facility clustered in relation to its neigh-
boring facilities. In-degree centrality represented the total num-
ber of cases directed toward the facility (node). Out-degree
centrality represented the total number of cases originating from
a facility and destined for other facilities (nodes).

Statistical and social network analysis

Epidemiologic tabular data were converted into an edge-list format
to generate an actor-by-actor adjacency matrix in UCINET version
6.716 software.19 In the edge-list network data, healthcare facilities
were considered actors (nodes), and patient movement between
them formed ties. Healthcare network metrics were computed
in UCINET, including degree centrality, in-degree centrality,
out-degree centrality, and clustering coefficient. Amerged network
data set was generated by combining the computed healthcare net-
work metrics with the node’s attributes, which included types of
HCF, CRE case counts per facility, source of patient transfer,
and the number of cases transferred from LTCFs, LTACs, and
ACHs. Visualization of the healthcare exposure network graphs
were performed in Gephi version 0.9.2 software.20 Hierarchical
cluster analysis was conducted on the network data set, separately
for KPC-producing CRE andNDM-producing CRE cases to exam-
ine the HCF clusters for the transmission of these highly transmis-
sible genes. To produce a cluster of healthcare facilities with higher
interfacility CRE patient transfers and the risk of exposure, a clus-
ter analysis was performed with the community detection
algorithm,21 and the cluster adequacy was checked using clustering
coefficient indexes.

454 Bekana K. Tadese et al

https://doi.org/10.1017/ice.2022.102 Published online by Cambridge University Press

https://doi.org/10.1017/ice.2022.102


The distribution across groups for continuous variables was
compared using the Kruskal-Wallis test. Spearman correlation
coefficients were used to examine the relationship between net-
work metrics. A multivariable model was constructed using a gen-
eralized linear model with zero-inflated negative binomial
distribution to test the association between each healthcare net-
work metric and facility-specific CRE case rates. All variables with
P< .10 in the univariate models were included in the multivariable
model. The model goodness of fit was examined using the Pearson
χ2 test. All tests were 2-sided with 5% level of significance. Adjusted
rate ratios (ARRs) were computed along with a 95% confidence
intervals (CIs). Variables with estimates at P< .05 were considered
statistically significant. Except for the network analyses, which was
analyzed using UCINET and Gephi, all statistical analyses were
carried out using SAS version 9.4 software (SAS Institute,
Cary, NC).

This study was reviewed and approved as exempt by the
Institutional Review Board of the University of Texas Health
Science Center in Houston, Texas.

Results

Table 1 shows the distribution of CRE cases and network metrics
based on the type of healthcare facilities. In total, 268 healthcare
facilities were included in the analysis, among which 100
(37.3%) were ACHs. Figure 1 shows the network graph for all
CRE patients transferred between the identified facilities. On aver-
age, there were 29 case patient-transfer connections (degree) with a
minimum of 0 and a maximum of 710 connections. From 2015 to
2020, 5,099 CRE patients attributed to the 3 types of healthcare
facilities were transferred between facilities. Although 10 HCFs
(all of which were ACHs) accounted for ∼63% of reported cases,

2 ACH facilities were outliers with high numbers of CRE
cases (Fig. 2).

Bivariate analysis revealed a statistically significant difference
(P< .001) in the median total case counts among the healthcare
facilities. The facility-specific case counts were highly correlated
with the total degree centrality (r= 0.69) and in-degree centrality
(r= 0.74), but they were not strongly correlated with the out-
degree centrality (r= 0.45). The median in-degree centralities of
the 3 types of HCF were significantly different (P< .001). There
was no significant difference in the median out-degree centrality
between the 3 types of healthcare facilities (P= .69).

In the multivariable model, the facility-specific rate of CRE was
significantly associated with the type of HCF and in-degree cen-
trality but not with the number of cases transferred from either
ACHs, LTACs, or LTCFs (Table 2). The incidence rate of CRE
reported from ACHs was >4 times that of LTCFs (ARR, 4.5;
95%CI, 3.02–6.72), and the incidence rate of CRE originating from
LTACs was ∼7 times that of LTCFs (ARR, 7.04; 95% CI, 2.48–
19.75), after adjusting for the different sources of patient transfer,
clustering coefficient, and in-degree centrality. Each additional
patient transferred from other facilities (in-degree centrality) con-
ferred a 3% increase in the CRE case incidence rate (ARR, 1.03;
95% CI, 1.02–1.04).

Cluster transmission of KPC-producing CRE

Figure 3 represents KPC-producing CRE transmission network
graph that occurred in 4 clusters involving 98 HCFs. In each clus-
ter, there was an ACH with high degree of centrality. The measure
of cluster adequacy indicated that 82.8% of clusters had high within
similarity and distinct without. The nodal size corresponds to the
degree (number of connections or cases transferred), and the

Table 1. Distribution of Network Metrics and Case Patient Transfer Characteristics by the Type of Healthcare Facility in the Greater Houston Region, Texas, 2015–2020

Network Metrics No. Mean (Minimum–Maximum) Acute-Care Hospital Long-Term Acute Care Long-Term Care Facility P Valuea

Total, no. (%) 268 100(37.3) 7(2.6) 161(60.1) <.001

Case count, no. (%)b 5,099 4675(91.7) 182(3.6) 242(4.7) <.001

Mean case count 19 (0–672) 46(0–672) 26(0–90) 1.5(0–25) <.001

Degree, no. (%) 7,808 6, 330(81.0) 174(2.3) 1304(16.7) <.001

Mean degree
(Min–max)

29.1 (0–710) 63.3(0–710) 24(2–74) 8(0–73) <.001

In-degree, no. (%) 5,652 4721(83.6) 160(2.8) 771(13.6) <.001

Mean in-degree
(Min-max)

21 (0–654) 47.2(0–654) 22.9(0–69) 4.8 (0–55) <.001

Out-degree, no. (%) 2,156 1,609(74.6) 14(0.7) 533(24.7) .6915

Mean out-degree
(Min–Max)

8 (0–251) 16(0–251) 2.0(0–5) 3.3(0–36) .6915

Clustering coefficient 4.6 (0–259) 7.6(0–259) 2.8(0–15) 2.9(0–78) <.001

Mean no. of case source from ACH 1.3(0–75) 3.3(0–75) 0.6(0–2) 0.04(0–2) <.001

Mean no. of case source from LTAC 0.5(0–20) 1.2(0–20) 0.9(0–5) 0.01(0–1) <.001

Mean no. of case source from LTCF 1.6(0–75) 4.1(0–75) 1.1(0–3) 0.05(0–4) <.001

Mean no. of case source from home 2.5(0–122) 6.6(0–122) 3.1(0–18) 0.02(0–1) <.001

Note. ACH, acute-care hospital; LTAC, long-term acute-care facility; LTCF, long-term care facility.
aThe P value is the test of distribution based on the Kruskal-Wallis test.
bThe number of case counts is not unique cases; cases may have been transferred to multiple facilities due to readmission and/or re-testing during readmissions at a different facility; and a
single case may have been attributed to multiple facilities.
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thickness of line color corresponds to the out-degree centrality
(representing the number of CRE cases transferred out to neigh-
boring facilities). LTAC-200 had high degree centrality and betwe-
enness centrality. The high in-degree centrality suggested that the
facility received large KPC cases from within the cluster facilities.
The high-betweenness centrality also suggested how important
this facility was in bridging other facilities in transmitting KPC-
CRE in regional transmission.

Cluster transmission of NDM-producing CRE

NDM-CRE transmission occurred in 3 clusters involving 19 HCFs
(Fig. 4). Most of the transmission occurred in ACHs (17 ACH
facilities), with only 1 LTAC and 1 LTCF. The first cluster (n= 10),
with 1 LTAC and 9 ACH, accounted for ∼53% of all NDM-
producing CRE cases. The proportion of the total NDM-producing
CRE cases that were clustered in the second cluster (n= 4) and
third cluster (n= 5) were 21% and 26%, respectively.
Interestingly, the NDM-producing CRE transmission between
these clusters was epidemiologically linked to cases that originated
from abroad. Two patients who received medical care abroad and
traveled to Houston for medical care were shared between these
clusters (Fig. 4).

Fig. 1. Interfacility patient transfer network
among healthcare facilities in the Greater
Houston, Texas, 2015–2020. Note. LTCF, long-
term care facilities; ACH, acute-care hospital;
LTAC, long-term acute care. The size of the nodes
corresponds to the betweenness centrality.

Fig. 2. Box and whisker plot showing the distribution of cases by the type of health-
care facilities in the Greater Houston, Texas, 2015–2020. Note. LTCF, long-term care
facilities; ACH, acute-care hospital; LTAC, long-term acute care.
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Discussion

The findings in this study showed that the vast majority of CRE
cases reported were attributed to or reported from ACHs.
Although 10 ACHs accounted for 63% of all CRE case sources,
2 ACHs stood out as outliers with the highest CRE case counts
in the region, indicating that CRE was endemic with year-long
transmission at these facilities. These facilities also had a high

degree centrality, suggesting that they were central in the CRE
patient interfacility transfer and spread of the infection in the
region. However, a possible reason for observing high case counts
at the ACHs is that patients admitted to ACHs from LTCFs and
LTACs are more likely to be colonized with KPC-producing
CRE,22–24 and they have the potential to transmit the infection
to ACHs upon admission. Colonized or infected residents of

Table 2. Healthcare Network Metrics and Factors Associated with the Facility-Specific Incidence Rate of CRE, 2015–2020, Greater Houston, Texas

Variable Adjusted Rate Ratio 95% CI
Adjusted
P Value

Type of healthcare facility

Acute care hospital (ACH) 4.50 3.02–6.72 <.001

Long-term acute care (LTAC) 7.04 2.48–19.75 .002

Long-term care facilities 1.0

Total in-degree 1.03 1.02–1.04 <.001

Clustering coefficient 1.01 0.99–1.02 .250

No. of cases transferred from ACH 1.01 0.96–1.05 .700

No. of cases transferred from LTAC 0.97 0.84–1.12 .667

No. of cases transferred from LTCF 1.01 0.95–1.06 .893

No. of cases transferred from home 0.97 0.94–1.06 .101

Note. CRE, carbapenem-resistant Enterobacterales; CI, confidence interval; ACH, acute-care hospital; LTAC, long-term acute-care facility; LTCF, long-term care facility. Pearson χ2 test model
good fit (P= .87). Bold indicates statistical significance.

Fig. 3. KPC-CRE clustering pattern in interfacility transfer network in the Greater Houston, Texas, 2018–2020. Note. Red line, case from ACH; green line, case from LTAC; blue line,
cases from LTCF. The thickness of line color corresponds to the out-degree centrality.
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LTCFs may serve as reservoirs, with increased risk of introducing
the infection to ACHs, leading to a higher case burden at ACHs.23

Therefore, cases admitted from LTACs or LTCFs should not be
overlooked, and facilities with high case burden need to be targeted
for intervention.

Our results demonstrated that transmission of healthcare-asso-
ciated CRE occurred through clusters of highly connected health-
care facilities. Particularly, transmission of KPC-producing CRE
occurred via 4 clusters of HCFs in the region. The majority of
the edges were directed fromACHs to lower-level healthcare struc-
tures, but LTACs played a bridging role in the regional transmis-
sion. The LTAC with high betweenness centrality in the KPC-CRE
transmission network appeared as a central player in facilitating
KPC dissemination. A similar situation was reported in a previous
study.25 Evidently, targeted infection control measures at the iden-
tified LTACs could play a potential role in halting KPC
propagation.

NDM-producing CRE transmission occurred in three clusters
of HCF in the region, where 90% of the transmission occurred
between ACHs. Unlike KPC-CRE, transmission of NDM-produc-
ing CRE primarily occurred in ACHs. This is because NDM-CRE
probably spreads during acute and invasive medical procedures,
which are generally performed in ACHs. In addition, the spread
of NDM-CRE is often a ‘point source,’ in which transmission
occurs via contaminated devices that often require high-level dis-
infection.26,27 The cluster analysis revealed that transmission of
NDM-producing CRE could be traced to 2 NDM-CRE patients
who had received medical care abroad (India and Africa) before
traveling to Houston for medical care. The 2 cases belonged to 2
different ACHs in 2 separate clusters. Previous reports have indi-
cated that NDM-producing CRE is commonly identified in India
yet rare in Africa.1,28

In-degree centrality was the main predictor of facility-specific
CRE rate, regardless of the source of patient transfer. Each addi-
tional connection conferred a 3% increase in the rate of CRE at
a given HCF. Additionally, the rate of CRE in LTACs was 7 times
the rate of CRE in LTCFs, whereas the rate of CRE in ACHs was 4-
fold that of LTCFs. However, the facility-specific CRE case rate was
not associated with the number of CRE cases transferred from
either an LTAC or an LTCF. This finding is in line with a study
from Chicago, which also indicated that hospitals with higher con-
nectedness had higher CRE case burden,29 and the number of
patients shared from LTACs, LTCFs, or ACHs was not associated
with the CRE case rate. Furthermore, the facility-specific CRE case
rate was not associated with clustering coefficient. This may imply
that the rate of CRE cases generated within a facility may be largely
due to either intrafacility factors or importation by colonized
patients, who serve as reservoirs and vehicles of transmission.23,30

This study had several limitations. First, given the source of
data, facility-level factors such as the measure of facility size were
not included in the analysis, which may have resulted in a biased
estimate in the facility-specific rate of CRE. However, regardless of
controlling for the size of healthcare facilities, the finding in this
study is consistent with other studies.25,29 Second, a random effect
from within individual facilities were not controlled due to the
small sample size. Furthermore, CRE definition in our study
includes non–carbapenemase-producing Enterobacterales that
are not epidemiologically important since they do not typically
lead to cluster transmissions. Lastly, the study was based on sur-
veillance data, and cases may have been underreported, which
may have led to underestimated degree centrality of the facility.

It is imperative that infection control efforts in the region pro-
vide targeted interventions at the high risk facilities. Stopping the
chain of transmission may require short-term but robust active

Fig. 4. Transmission of NDM-producing CRE in clusters of healthcare facilities in the Greater Houston, Texas, 2018–2020. *Two cases who were transferred between the first and
second clusters were cases who had medical care abroad and traveled to Houston, suggesting that the NDM transmission was epi-linked to these 2 cases.
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surveillance coupled with strict infection control and disinfection
targeting at the high-risk facilities. Cluster-based transmission of
MDROs associated with the healthcare facilities network under-
scores the critical role of interfacility communication and risk-
based patient sharing in limiting the spread of resistant pathogens.
Social network analysis methods may have the potential to visually
depict regional dissemination of healthcare-associated infections,
such as CRE, much better than traditional epidemiological out-
break investigation, if it is integrated with a molecular method.
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