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Abstract

Obijectives: Carbapenem-resistant Enterobacterales (CRE) remain an urgent public health
priority in the United States. CRE poses a major threat to patients in healthcare and a potential risk
to the community. This study examined the epidemiological trends, clinical, and microbiological
data of CRE in the Greater Houston region of Texas.

Methods: A multi-institutional retrospective observational study was conducted using
surveillance data collected from 2015 to 2020. Predictors of incidence rates of CRE were
determined by a negative binomial regression fit using a generalized estimation equation.

Results: Over a 6-year period, 4236 CRE cases were reported, of which Klebsiella pneumoniae
accounted for 84.8%. The results show a steady increase in CRE cases, with a sharp rise since
2018. The majority of carbapenemase-producing Enterobacterales were K/lebsiella pneumoniae
carbapenemase (KPC)-producing (77.2%), followed by other rare carbapenemases, which includes
OXA-48, NDM, IMP, VIM, coproduction of KPC with OXA-48, KPC with NDM, and NDM

with OXA-48. Acute care hospitals (ACH) accounted for 68.5% of the source of CRE cases. The
incidence rate of CRE cases reported from ACH and long-term acute care (LTAC) facilities was
1.16 times that of long-term care facilities (adjusted rate ratio [ARR] = 1.16, 95% confidence
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interval [CI]:1.04-1.30). The incidence rate of CRE among patients with indwelling devices was
15% (ARR = 0.85, 95% CI: 0.79-0.92) lower than that of patients without indwelling devices.

Conclusion: The rise in the rate of CRE cases despite aggressive infection prevention and
control strategies in the region is alarming. Evaluating and improving the current infection control
strategies may be warranted.
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1. Introduction

Carbapenem-resistant Enterobacterales (CRE) continue to pose a significant public health
challenge, and slowing the spread of CRE has become a top public health priority [1-4].
CRE infections are associated with high mortality rates of up to 50% [5]. High-risk patients
such as those with comorbid conditions in healthcare settings exhibit higher mortality rates
[6]. The emergence and clonal spread of carbapenemaseshave largely driven the spread

of CRE in healthcare settings. These enzymes destroy the action of g-lactam antibiotics
such as carbapenems, which are considered highly effective against Gram-negative bacterial
pathogens such as Enterobacterales [7, 8]. Carbapenemase-producing Enterobacterales
(CPE) are of a particular public health concern due to their potential to spread to other
Gram-negative organisms via mobile genetic elements [9, 10]. Previous reports in the United
States (U.S.) estimated that about 32% of all CRE are carbapenemase-producers [1, 11].

CPE can also spread easily in healthcare settings, and it is frequently associated with
healthcare outbreaks with the potential to cause regional outbreaks [4, 12]. Furthermore,
due to the high mobility of their genetic material encoding resistance, new antibiotic
resistance can emerge rapidly at any time [4, 13, 14]. The most frequently encountered
carbapenemase-encoding genes include Klebsiella pneumoniae carbapenemase (KPC), New
Delhi metallo-g-lactase (NDM), and oxacillinase-48 (OXA-48); however, KPC remains the
most frequently identified in the U.S. [4, 13].

The extent of CRE transmission in healthcare facilities varies depending on the type and
services provided. CRE infections are most commonly reported in long-term acute-care
hospitals [15]. Additionally, patients admitted from high-acuity long-term care facilities to
acute care facilities are more likely to be colonized with CPE [16]. Also, up to 50% of
nursing home residents are colonized with multidrug-resistant organisms (MDROSs) [17].
Horizontal transmission may be the culprit if an infection occurs within a hospital three days
after patient admission or importation from other facilities during patient transfer between
healthcare facilities if the infection was identified less than three days after admission [18].

Cases of CRE and CPE have reportedly increased in the U.S. over the last decade [4,

19, 20]. However, trends in clinical and molecular epidemiology of CRE vary by state or
geographic area [21]. In some regions of the U.S., there has been a significant increase
in carbapenem-resistant K. pneumoniae from clinical isolates [11]. Widespread hospital
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outbreaks, including a persistent and hyper-epidemic clone, were also reported across many
states [22, 23]. While a recent report indicated that CRE has shown a modest reduction in
trends [1] due to aggressive infection prevention measures, other studies have shown that
the rate of CRE cases per hospital admission have increased over time [24]. We sought to
examine the clinical epidemiology and trends of CRE in Texas, particularly in the Greater
Houston region, due to the lack of current epidemiology of this major public health problem.
Houston is the largest city in the Southern U.S. region and has a racially/ethnic diverse
population.

2. Materials and methods

2.1. Study design and setting

2.2.

A multi-institutional retrospective observational study was conducted using data from the
Greater Houston metropolitan area, the fifth-most populous in the U.S., with an estimated
population exceeding 7 million in 2020 [25]. Houston houses the largest medical centre in
the nation and has the largest number of healthcare facilities that included multiple acute
care facilities, long-term care facilities, and nursing homes facilities. In this study, CRE
cases reported from multiple healthcare institutions across the region were included.

Data source and collection procedure

This study used CRE surveillance data obtained from the Houston Health Department and
the neighbouring Fort Bend County Health and Human Services collected from 2015 to
2020. Since spring of 2014, CRE has been a reportable condition for surveillance in the
state of Texas, with the data coming from a variety of healthcare facilities throughout

the region. The CRE surveillance database contains patient demographic information,
electronic laboratory reports, clinical data, and risk history. To reduce missing data and
improve data quality, available medical records, clinical laboratory reports, molecular test
results from referral public health laboratories, and surveillance documentation forms from
approximately 2000 cases were abstracted.

Cases were ascertained based on clinical laboratory tests and antibiotic susceptibility
results. Clinical laboratories conducted culture for organism identification followed by
antibiotic susceptibility tests. To classify isolates as susceptible or resistant, the results of
the primary antibiotic susceptibility results were used. Electronic laboratory reports from
clinical laboratories, public health laboratories, and antibiotics resistant laboratory networks
(ARLN) were also used. The Houston Health Department public health laboratory and the
ARLN performs molecular testing on specimens submitted by the local healthcare facilities
when unusual susceptibility tests are identified or outbreak and cluster transmission are
suspected. Further, the presence of carbapenemase enzyme and carbapenemase genes was
determined based on molecular tests performed at the clinical laboratories, public health
laboratories, and referral laboratories. Methods for enzyme detection for these laboratories
included phenotypic and genotypic methods, including modified carbapenem inactivation
method (mMCIM), polymerase chain reaction (PCR), and whole-genome sequencing.
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2.3. Study population and variables of the study

The study population included all laboratory-confirmed CRE cases, based on the culture

of specimen collected from all anatomical sites, including infection and colonization. CRE
was defined as Enterobacterales species such as K. pneumoniae, Escherichia coli, Klebsiella
oxytoca, E. cloacae, and Enterobacter acrogenes that are resistant to at least one carbapenem
antibiotic or produce a carbapenemase enzyme. Unique patients were included if CRE was
identified at least 6 months after the index case. Cases were excluded if they did not meet
the case definition or had incomplete records or documentation of the type of organisms, and
if the residential address or the reporting healthcare facility was not in the Greater Houston
region.

The primary outcome variable of the study was CRE case rate over the past 6 years, as
measured by case counts. The secondary outcome variable included the prevalence of CPE,
the type of carbapenemase genes identified, and the source of infection. The source of
infection was operationally classified as hospital-onset based on the recommendation of
CDC and the Society for Healthcare Epidemiology of America, if the CRE infection was
identified 3 days after admission, specimen collection date after 48 hours of admission into
the facility, or the patient was already a resident of a healthcare facility for more than 3 days.

Among the CRE cases identified, those with specimen collection 48 hours after admission
to the facility or who were residents of a long-term care facility were considered horizontal
transmission or nosocomial infection. If the specimen was collected within 48 hours of
admission, but the patient was a resident of another healthcare facility or directly transferred
from another facility, or the patient had been admitted to a healthcare facility in the past

6 months, it was classified as community-onset healthcare-associated. If the specimen was
collected within 48 hours of admission into the hospital and the patient had never been
admitted to a healthcare facility in the past 6 months and was admitted from home, the CRE
case was classified as a community-acquired infection.

The independent variables included demographics such as age, sex, and race/ethnicity,
microbiology such as specimen collection date, types of organism, carbapenemase
production, and type of carbapenemase enzyme, presence of indwelling medical devices,
clinical syndrome, healthcare exposure risk history such as residence in a healthcare facility,
source of patient transfer, and type of facility reporting the case, which included acute

care hospitals (ACH), long-term acute care hospitals (LTAC), and long-term care facilities
(LTCF).

2.4. Statistical analysis

All statistical analyses conducted were two-tailed at a 5% level of significance using SAS
9.4 (SAS Institute, Cary, NC, USA). The distribution of cases was described using summary
statistics. The Wilcoxon rank-sum test was used to compare the order in the observed case
counts across two groups, and the Kruskal-Wallis test was used for comparison across more
than two groups. The Pearson y? test was used to assess the association between categorical
variables. The Spearman rank correlation test was used for ordinal trend tests. The incidence
rate of CRE cases for the surveillance period was the primary outcome. Negative binomial

J Glob Antimicrob Resist. Author manuscript; available in PMC 2022 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tadese et al.

Page 5

regression analysis under a generalized estimating equations (GEE) framework with an
exchangeable working correlation structure was performed to examine both univariate and
adjusted (multivariable) associations between CRE rates and independent variables: age,
race/ethnicity, healthcare facility residence, carbapenemase production, specimen source,
type of case reporting facility, source of case transfer, presence of indwelling medical
devices, and underlying medical conditions. This allows for estimation of coefficients

of predictors of the incidence rate of CRE accommodating potential correlation between
consecutive case counts. Variables with a ~-value less than 0.1 upon univariate analysis were
considered for inclusion in a multivariable model to examine predictors of the rate of CRE.
A stepwise variable selection method was used to build the multivariable model.

3. Results

A total of 4236 CRE cases were reported between 2015 and 2020 (Fig. 1), and the number
of cases reported per year was significantly different (P < 0.01). A sharp increase in cases
was reported in 2018 and 2019, but a decline of nearly 50% was observed in 2020 compared
to the preceding years. Generally, the cumulative CRE cases reported per month within the
past 3 years has been alarming (Fig. 1).

Patients identified with CRE were more likely to be older, with a median and interquartile
age range of 62 (52,75) years, and either Black/African American or White race (Table 1).
The reported CRE cases were also significantly different based on race/ethnicity (P< 0.001),
source of case report (£< 0.001), and healthcare facility residence (P < 0.001), but not by
gender. The majority (68.5%) of the cases were reported from ACH, followed by LTACs,
and about 18% were from residents of a healthcare facility. However, most of the cases were
transferred or admitted from either LTCFs (38.1%) or nursing homes (39.6%) (Table 2).

A majority of the CRE cases were K. pneumoniae (84.8%) and E. coli (11.1%). Urine
culture was the source of specimen in nearly half of the cases (Table 2). Patients presented
with urinary tract infections in 47% of the cases, followed by surgical site or wound
infections (14.2%), and healthcare-associated or community-acquired pneumonia (13.9%).
A total of 680/4236 (16.1%) of the cases were carbapenemase positive (CPE), with 184
(4.3%) being non-carbapenemase-producing CRE, but 80% of the cases had unknown
carbapenemase status. This may be because not all CRE cases were subjected to molecular
testing. As a result, the proportion of CPE cases presented here does not represent the actual
prevalence. A majority of the CPE cases were KPC-producing CRE (77.2%), followed

by NDM (6.7%). Furthermore, there were organisms identified with dual carbapenemases
(including KPC and OXA-48, KPC and NDM, and OXA-48 and NDM) and imipenamase
(IMP)-producing K. pneumoniae (Table 2). The majority of NDM-producing CRE were K.
pneumoniae (67.3%) and E£. coli (19.2%), whereas 94% of KPC was K. pneumoniae.

Further, some of the less common Enterobacterales were identified with rare genes,
including NDM-producing Serratia marcescens (two cases), KPC-producing Proteus
mirabilis (two cases), NDM-producing E. cloacae (five cases), and VIM-producing E.
cloacae (one case). Also, extended-spectrum-g-lactamase (ESBL) production by the same
CRE organism or another co-existing organism was reported in 38.4% of the cases.
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Over 85% of the cases were admitted to ACH at the time of specimen collection, and

32% had indwelling medical devices. About 75% of cases were either healthcare-acquired
or healthcare-associated community-onset, whereas 24% were community-associated
infections. Markedly, 35% of cases were classified as community-onset healthcare-
associated infections, which were attributed to previous hospitalizations or the transferring
facility, implying potential inter-facility transfer related transmission of the infections (Table
2).

In multivariable analysis, the incidence rate of CRE was associated with race/ethnicity,
carbapenemase production, source of the case report, having an indwelling medical device,
and underlying medical conditions (Table 3). The annual incidence rate of CRE among
African Americans was 1.22 (95% CI: 1.05-1.42) times that of Asian Americans, and the
incidence rate of CRE among White Americans was 1.23 times (95% CI: 1.05-1.43) that of
Asians, after controlling for the source of patient transfer or admission, age, race, indwelling
device use, carbapenemase production, underlying disease, and correlated outcome data. In
addition, the incidence rate of CRE cases reported at ACH or LTAC was 16% (95% CI: 4%—
30%) higher than the rate of cases from LTCF. Also, the incidence rate of carbapenemase
positive CRE was 1.19 (95% CI: 1.07-1.32) times the incidence rate of carbapenemase
negative CRE. However, the incidence rate of CRE was not associated with the source of
patient transfer. Surprisingly, the incidence rate of CRE among patients who had indwelling
medical devices was 15% (95% ClI: 8%-21%) lower compared to the incidence rate among
patients without indwelling medical devices (P <0.001).

4. Discussion

This study showed that the rate of reported CRE cases has been increasing steadily since
2015, particularly with a marked rise since 2018, and identified clinically and statistically
meaningful predictors of the incidence rate of CRE. The trajectory of cases over the last 3
years has generally been alarming, with a sharp rise observed from April 2019 to September
2019. This trend could be explained by the occurrence of regional outbreaks or an increase
in laboratory testing. However, there was a sharp decline in the number of CRE cases
reported in 2020. One possible reason for the decrease is the COVID-19 pandemic, where
reports of cases other than COVID-19 were likely relegated. It is also possible that the
COVID-19 infection control measures abated CRE transmissions.

While about 24% of the cases were estimated to be community-associated infections,

nearly 35% were healthcare-associated community-onset infections, implying that cases
were either attributed to prior hospitalization, transferring facilities, or indirect transfer. This
suggests the burden of inter-facility case transfer and potential inter-facility transmission

of infections. Other studies have shown that interhospital patient transfer has significant
potential for infection transmission, where a patient may be directly or indirectly transferred
between facilities carrying infectious agents [26]. Although details of community-associated
CRE infections and transmission are largely unknown and depend on geographic locations,
previous estimates from U.S.-based studies showed that community-associated CRE
infections range from 5.6% to 10.8% [27]. However, most of them were population-based
studies.
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K. pneumoniae was the most common CRE, and KPC-producing CRE was the most
frequently identified CPE. Several studies have also reported that K. pneumoniae and KPC-
producing CRE are pre-dominant in the U.S. [4, 13, 28]. These findings are contrary to a
recent study, which reported that 43% of CRE cases were K. pneumoniae followed by 27%
E. coli and 30.3% being KPC-producing CRE [29]. This contradictory finding may be due to
the small sample size of that study, which included only 42 cases (43%) of K. pneumoniae.
Furthermore, most of the organisms identified were less commonly reported. Additionally,
sporadic emergence of both class B and class D gS-lactamase producing CRE infections were
noted, including NDM-producing CRE, 45 (6.7%), and a few cases of IMP, VIM, OXA-48,
and co-production of KPC and OXA-48, KPC and NDM, and OXA-48 and NDM.

Less commonly reported Enterobacterales-producing carbapenemases, including NDM-
producing S. marcescens, KPC-producing A mirabilis, NDM-producing E. cloacae, and
VIM-producing £. cloacae, which are rarely reported in the U.S., were also documented. It
is important to note that these organisms are not included in the Texas CRE case definition,
and they are not among the reportable organisms; however, these CRE organisms were
reported to the local health departments when unusual resistant mechanisms or cluster
transmissions were suspected. Emergence of rare organisms with rare resistance mechanisms
requires special attention.

In general, acute care hospitals were the most common source of CRE cases, followed by
long-term acute care hospitals. The rate of CRE cases reported from acute care hospitals or
long-term acute care facilities was 1.6 times higher than the rate of cases from long-term
care facilities. A previous study also found that CRE infections were most commonly
reported from long-term care facilities [15]. Surprisingly, the incidence rate of CRE
among patients who had indwelling medical devices was 15% lower than patients without
indwelling medical devices. The lower rate of CRE among patients with indwelling medical
devices may be attributed to aggressive infection control measures, and this may result in
reduction of device-associated infections. Thus, patients without invasive devices, such as
those who are not residents of healthcare facilities may have received less attention with
regard to the prevention of antimicrobial-resistance compared with patients with invasive
devices.

This study is subject to some limitations. First, the study used surveillance data that

was clinical laboratory—based CRE testing and may not detect carriers [30]. Therefore,

the results may not accurately reflect the true rate of CRE in the region. However, the
snapshot of cases reported through surveillance is informative and can be very useful in
estimating and understanding the burden of disease as well as trends of CRE cases in the
region. Second, the study was based on secondary data and may be prone to reporting and
documentation bias. Nevertheless, every effort was made to abstract accurate data from the
available records to minimize errors and missing data. Lastly, surveillance bias may have
caused underreporting in one group of cases over the other, leading to biased estimates.
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Fig. 1.
Trends in CRE cases reported in the Greater Houston region, Texas, 2015-2020.

J Glob Antimicrob Resist. Author manuscript; available in PMC 2022 September 20.

Page 11

w2015
w2016
w2017
2018
w2019
w2020

Dec



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Tadese et al.

Demographic and baseline characteristics of patients identified with CRE in the Greater Houston region,

Texas, 2015-2020

Characteristics N % P value
Age in years, median [IQR]  62[52,75] 0.001
Gender 0.070
Female 2142 50.6

Male 2091 49.4
Race/Ethnicity <0.001
Asian 208 5.6

Black 1174 31.7

White 1199 324

Hispanic 660 17.8
Others/multiracial 123 33

Unknown 872 20.6
Healthcare facility resident <0.001
Yes 798 18.8

No 3438 81.2

Case report year <0.001
2015 374 8.8

2016 472 111

2017 426 10.1

2018 1181 27.9

2019 1123 26.5

2020 660 15.6

Source of case report <0.001
Outpatient clinic 335 7.9

Acute care hospital 2903 68.5
Long-term acute care 897 21.2
Long-term care facility 52 1.2

Other source 49 1.2

Table 1

Page 12

NOTE: Pvalue is comparing distributions and were from Wilcoxon rank-sum test or Kruskal-Wallis test as appropriate, and from #test for age.

IQR, interquartile range.
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Table 2

Microbiology and clinical characteristics of the CRE cases in the Greater Houston region, Texas, 2015-2020

Characteristics N % P value
Organisms 0.003
K. pneumoniae 3595 84.8

E. coli 468 111
Enterobacter cloacae® 61 15
Enterobacter aerogenes 55 1.4

Kilebsiella oxytoca 24 0.6

Proteus mirabilis b 16 04

Serratia marcescens © 8 02

Specimen source <0.001
Blood 319 75
Respiratory 566 134
Wound/tissue 598 14.1

Urine 2,038 481

Body fluid 108 2.6

Medical devices 11 0.3

Swabs 48 11

Other sources 548 12.9

Source of infection onset known (7= 1959)d 1959 463 0.782
Hospital-acquired infection 798 40.7
Healthcare-associated-community onset 687 35.1
Community-associated infection 474 24.2

Source of infection onset unknown 2,277 53.7

Clinical syndrome <0.001
Urinary tract infections 1,997 47.2
Pneumonia or respiratory illnesses 589 13.9
Bloodstream infection 321 7.6

Wound or surgical site infections 601 14.2

Other infections 655 15.5
Colonization 69 1.6
Carbapenemase production <0.001
Carbapenemase positive (CPE) 680 16.1
Carbapenemase negative 184 4.3
Carbapenemase status unknown 3,372 79.6

Types of carbapenemase (of the 680 CPE cases)

KPC 525 77.2
NDM 45 6.7
OXA-48 7 1.0
IMP 1 0.1
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Characteristics N % P value
VIM 1 0.1

KPC and OXA-48 1 0.1

KPC and NDM 1 0.1

NDM and OXA-48 1 0.1

Extended spectrum-g-lactamase (ESBL) positive® 1624 384 <0.001
ESBL result unknown 2612 61.7

Admitted to healthcare <0.001
Yes 3425 817

No 768 18.3

Admitting facility type 0.609
Acute care hospital 2889 85.6
Long-term acute hospital 438 13.0
Long-term care facility 47 14

Case admitted from 0.012
Home or home healthcare 733 39.6
Long-term care or nursing home 706 38.1
Long-term acute care 125 6.7

Acute care hospital 288 15.6
Indwelling medical devices <0.001
Yes 1331 324

No 2778 67.6
Underlying disease or chronic medical condition <0.001
Yes 1631 385

No or unknown 2605 615

a.. N . .
Five were NDM-producing, five KPC-producing, and one case was VIM-producing £. cloacae.

bTwo cases were KPC-producing P. mirabilis.

C. . R :
Two cases were NDM-producing S. marcescens cases and were identified from blood culture and tracheal aspirate.

d o .
The sum does not add up to 100 due to missing data to categorize the source of onset.

Page 14

81192 ESBL-K. pneumoniae, 325 ESBL-E. coli, and 114 ESBL-producing other Enterobacterales. The P-value is from the Kruskal-Wallis test or

Wilcoxon rank-sum tests as appropriate.

J Glob Antimicrob Resist. Author manuscript; available in PMC 2022 September 20.



Page 15

Tadese et al.

‘uondwinsse UONNGLISIP [BILIOUIq 8AIEB3U 8U) YIIM 8INJON.AIS UOIR[a1100 8|qesBueyoxs ue Buisn seinseaw 198[qNs-UIylIM J0) JUNOIJE 0} PasN pue Poylsw JJ9 ay) U0 Paseq Sem [9po 8yl :J1ON

ovT0 LT'T-860 GT'T  (umouyun 10 ou "SA SaA) aseasip 21u0Jy9 1o ssau||i BulAspun
T000> 26060 580 (ou *sA sak) saa1Asp [ea1paW Buljjampul
T 0T 8Jeay)feay awoy 1o swoH

0000 00 T-00°T 0T 3111198} 818D WJa)-buo]
LvE0 80°T-18°0 €60 a1noe wal-buo]
9970 t0'T-08°0 T6°0 |endsoy aled andy
W0} paniwpe ased

T 0T 21u1]2 Wanedino

¢06'0 LZ'T-080 10T aledyljeay swoH
0000 00T-00°T 0T Aupioey a1ed wius)-buo
8000 0£T-¥0'T 9T'1 a1noe wal-buo]
8000 0£T-¥0'T 9Tt |endsoy aled andy
woJy payodal aseD

T 0T annehau asewauadeqred

T000> GLT-8V'T 19T umouun asewauadeqied
2000 <¢2€T-L0T 6T'T annisod asewsuadeqle)

uononpoud asewsuadeqgle)

6¢v'0 L2'T-06°0 L0'T umouxun
6760 €2'T-08°0 66°0 paxiw 1o J8Yy1o
G290 GC'1-680 90T oluedsiH
8000 EV'T-S0T €T aMUM
TI00 <¢¥'1-S0T [ 3oe|g

T 0T uelsy

Adluya/eoey

anfead pasnipy 1D %S6 Olelarel pBNlpY sJojoeq

0202-ST0Z ‘sexal ‘uo1Bal uoISNOH Ja1eals) 8yl Ul 3YD 40 aled 8y} J0 SI0191paid JO [apoW 3|qeLBARNA

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Glob Antimicrob Resist. Author manuscript; available in PMC 2022 September 20.



	Abstract
	Introduction
	Materials and methods
	Study design and setting
	Data source and collection procedure
	Study population and variables of the study
	Statistical analysis

	Results
	Discussion
	References
	Fig. 1.
	Table 1
	Table 2
	Table 3

