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Enterobacteriaceae (CRE) bloodstream infection (BSI) in intestinal carriers.

Background: To risk prediction model for carbapenem-resistant
Methods: CRE screenings were performed every two weeks in hematology department and
intensive care unit (ICU). Patients with positive CRE rectal swab screening were identified
using electronic medical records from 15 May 2018 to 31 December 2019. Intestinal carriers
who developed CRE BSI were compared with those who did not develop CRE infection. A
1:1 matched case-control study was conducted. The control group was selected by stratified
random sampling based on the department to ensure that all the departments were repre-
sented. Univariate logistic analysis, multivariate logistic analysis and stepwise regression
analysis were carried on a variety of patient factors and microbial factors.

Results: A total of 42 cases were included. Multivariate analysis showed that gastrointest-
inal injury (OR 86.819, 95% CI 2.584-2916.592, P=0.013), tigecycline exposure (OR
14.991, 95% CI 1.816-123.737, P=0.012) and carbapenem resistance score (OR 11.236,
95% CI 1.811-69.700, P=0.009) were independent risk factors for CRE BSI in intestinal
carriers (P<0.050). They were included in the Logistic regression model to predict BSI.
According to receiver operating characteristic (ROC) curve analysis, the cut-off value of the
model was 0.722, and the sensitivity, specificity and area under the curve (AUC) were
90.5%, 85.7% and 0.921, respectively.

Conclusion: The risk prediction model based on gastrointestinal injury, tigecycline exposure
and carbapenem resistance score of colonizing strain can effectively predict CRE BSI in patients
with CRE colonization. Early CRE screening and detection for inpatients in key departments
may promote early warning and reduce the risk of nosocomial infection of CRE.

Keywords: carbapenem-resistant Enterobacteriaceae, colonization, bloodstream infection,
risk factor, risk prediction model

Background

Carbapenem-resistant Enterobacteriaceae (CRE) has attracted widespread attention
due to its rapid growth, treatment difficulty, high mortality and high economic
burden.' The course of CRE bloodstream infection (BSI) in immunocompromised
patients is usually abrupt and fatal.* A cohort study of the impact of CRE infections
on mortality of patients presenting with sepsis showed that patients with CRE
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infections had significantly higher 30-day mortality:
63.8% versus 33.4% (P<0.010).° Therefore, the study of
CRE BSI has important clinical significance.

It is known that CRE colonization was an independent
risk factor for CRE infection.® Could we effectively pre-
vent CRE infection by CRE de-colonization? It might take
a lot of effort for little return. In fact, the majority of CRE
carriers would not suffer from CRE infection. A retro-
spective study showed that only 16.5% (299/1806) of
1806 patients with CRE colonization subsequently devel-
oped CRE infection.”
lead to the waste of medical resources and the abuse of

Excessive de-colonization might

antibiotics.

The World Health Organization (WHO) recommended
that surveillance cultures for asymptomatic CRE coloniza-
tion should be performed with the guidance of local epide-
miology and risk assessment.® Populations that should be
considered for such surveillance include patients with pre-
vious CRE colonization, patient contacts of CRE colonized
or infected patients and patients with a history of recent
hospitalization in endemic CRE settings.® Since 15th May
2018, our institute had carried out regular CRE screening
for all inpatients in intensive care unit (ICU) and hematol-
ogy department, two high-risk departments of CRE infec-
tion. It provided a very suitable observation population for
this study. Standardized screening and isolation made the
research results more valuable for clinical reference.

It is well known that the occurrence of infection
depends on the interaction between pathogen and host.
We aimed to establish a risk prediction model for CRE
BSI in CRE carriers simultaneously based on the patho-
genic features of colonizing CRE strains and host risk
factors, in order to early identify high-risk inpatients and
to prevent CRE BSIL.

Methods
Study Design and Setting

CRE infection control project was carried out in hematol-
ogy department (215 beds) and ICU (52 beds) since 15
May 2018 in a general teaching hospital in Wuhan, China.
At the beginning of the project, all inpatients were
screened and grouped. All the newly admitted patients
were assessed according to the guidance from the
European Centre for Disease Prevention and Control.”
The patients who met the requirements were screened for
CRE and reexamined regularly (Figure 1). Data from 15
May 2018 to 31 December 2019 were collected. The cases

with positive rectal swab CRE screening results in hema-
tology department and ICU were enrolled.

CRE intestinal colonization was defined as a positive
result of CRE rectal swab screening without invasive
infection. CRE BSI was defined as an infection in
which CRE strains were isolated from one or more
blood cultures and had clinical infection symptoms.
These symptoms included fever (=38°C) or low tempera-
ture (<36°C), shivering, increased (count >10.0x10°/L,
especially when “nuclear shift to the left”) or decreased
(count <3.0x10°/L) leukocyte count, skin and mucosa
hemorrhage, coma, multiple organ failure, decreased
blood pressure, increased C-reactive protein. The length
of admission in the case group and the control group was
more than 48 hours. Cases of CRE BSI occurred before
admission or within 48 hours after admission were
excluded to ensure that the cases are nosocomial infec-
tion cases, since the study focused on risk factors of
nosocomial infection. Patients with CRE already, patients
with spontaneous or drug-induced de-implantation, and
patients with inconsistent positive results were excluded.
The uninfected patients were reexamined for CRE
screening at least once before discharge. Cases without
reexamination were also excluded. Patients with CRE
BSI subsequent to CRE intestinal colonization were
included in the case group. Patients without secondary
CRE infection were included in the control group.
Patients in the control group were finally 1:1 matched
with case group using stratified random sampling based
on the department. Random sampling was carried out by
using a random number generator program.

Microbiology

The rectal swabs were inoculated directly to a chromo-
genic agar plate containing carbapenem as selective agent
(CHROMagar, France) for CRE screening. All the isolated
bacteria were identified by MALDI-TOF mass spectro-
meter (Bruker Daltonics, USA). The sensitivity of mero-
penem and imipenem was detected by Kirby-Bauer
method. The results were interpreted according to
Clinical and Laboratory Standards Institute (CLSI)
M100-ED30 breakpoints.'® NG-Test CARBA 5 (NG
Biotech, France) was used to detect five common carba-
penemase types: KPC, NDM, IMP, VIM and OXA.

Variables and Definitions
The data were collected retrospectively, through electro-
nic medical record. All variables potentially related to
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Patients being admitted to hematology department and ICU

Perform risk
assessment for CRE

carriage

[1f any of the following items is met, it is high risk; if none
of the following items is met, it is low risk. The items

include:

« The patient has a history of an overnight stay in a
healthcare setting in the last 12months.

 The patient has been either dialysis-dependent or
received cancer chemotherapy in the last 12 months.

« The patient hasa known history of carriage with CRE

« The patient is epidemiologically linked to another patient

whois a carrier of CRE.

‘ 7456 Patients with high risk of CRE carriage were screened for CRE ‘

I

529 Patients were positive at the first CRE
screening

860 Patients with positive CRE screening
were included

]

6927 Patients with negative CRE screening
were reexamined every two weeks

[

4{ 331 Patients were positive in reexamination

|

6596 Patients were negative in repeated
reexamination

17 Were excluded

10 Has CRE BSI already

6 CRE strains were not retained

1 Was screened for CRE more than 2
weeks after admission

843 Patients were monitored for CRE
infection

31 Were excluded because these patients
had CRE infection except for CRE BSI

[

21 Patients developed CRE BSI ‘

791 Patients did not have CRE infection ‘

739 Were excluded
464 did not reexamine for CRE carriage
232 were negative in reexamination
43 had inconsistent screening results

52 Patients without CRE infection
completed observation follow-up

21 Patients with CRE BSI were included in
the case group

1:1 stratified
random matching
with case group*

21 Patients randomly selected were
included in the control group

Figure | CRE screening, enrollment and follow-up. *The control group were selected by stratified random sampling based on the department to ensure that all the

departments were represented.

BSI were collected: general information (gender, age,
department), underlying conditions (hypertension, dia-
betes, solid organ tumor, hematological malignancy,
impaired immune function, gastrointestinal injury), inva-
sive procedures and devices (solid organ transplantation,

surgery,
mechanical ventilation, central venous catheter, urinary

hematopoietic stem cell transplantation,

catheter, gastric tube, drainage tube), antibiotic exposure
and duration, length of stay from CRE screening to
outcome (occurrence of CRE BSI or discharge), strain
factors resistance

(colonizing Dbacteria, carbapenem

score, and carbapenemase producing).

Impaired immune function included receiving radio-
therapy and chemotherapy, agranulocytosis, long-term or
and HIV
Gastrointestinal injury included gastrointestinal bleeding

massive  hormone therapy, infection.
or perforation, ostomy or excision of stomach and intes-

tine, gastroenteritis, cholecystitis and pancreatitis.
Antibiotic exposure and duration were considered from
CRE screening to CRE BSI onset for the case group, or
to hospital discharge for the control group.

The inhibition zone diameters of meropenem and imi-
penem were discontinuous numerical variables, so we used

carbapenem resistance score as a categorical variable to
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represent the resistance of carbapenems. When the inhibi-
tion zone diameters of meropenem and imipenem were
both >6mm, it was recorded as “1”; when either the
inhibition zone diameter of meropenem or imipenem was
equal to 6mm, it was recorded as “2”’; when the diameter
of meropenem and imipenem were both equal to 6mm, it
was recorded as “3”.

Statistical Analysis

Carriers who developed CRE BSI were compared with
those who did not develop CRE infection. Pearson chi-
square test was used for binary data. Nonparametric
Mann—Whitney rank sum test was used for ordered cate-
gorical data. T-test was used for measurement data. The
variables with P<0.200 in univariate analysis were
included in multivariate analysis. Then, stepwise regres-
sion analysis was carried out to determine the parameters
in the risk prediction model and establish the logistic
regression model. The P value, OR value and 95% con-
fidence interval of each factor were calculated. P < 0.050
was considered statistically significant. The receiver oper-
ating characteristic (ROC) curve was used to evaluate the
predictive ability of the model.

Results

Patient Cohort

During the study period, 12,754 rectal swabs (7456 inpa-
tients) were screened. Eight hundred and sixty patients
being admitted to hematology department and ICU with
positive CRE rectal swab screening were identified. After
exclusion criteria were applied, a total of 73 patients met
the standard. Twenty-one patients developed CRE BSI
were included in the case group, matched with 21 patients
who did not have CRE infection at a ratio of 1:1
(Figure 1).

Univariate Analysis for Variables
Patient Factors

Demographic and clinical factors of case and control
groups are summarized in Table 1. There was no signifi-
cant difference in gender, age, invasive procedures and
devices, or length of stay from CRE screening to outcome
(occurrence of CRE BSI or discharge). The median time
from positive screening to CRE BSI was 13 days (range
from 1 to 202).

In addition, there was no significant difference in most
underlying conditions such as hypertension, diabetes, solid

organ tumor, hematological malignancy and impaired
immune function (P>0.050), except gastrointestinal injury.
Gastrointestinal injury was more frequently identified in
case group than in control group (P=0.014). Tigecycline
exposure was more prevalent in case group than in control
group (P=0.011), whereas the other antibiotic exposure
and duration had no significant difference.

Microbial Factors

Microbial factors are shown in Table 1. Among 42 colo-
nized bacteria, 31 (73.8%) were K. pneumoniae, 9 (21.4%)
were E. coli, 2 (4.8%) were Citrobacter spp. K. pneumo-
nige were more common isolates in the case group than in
the control group, 85.7% versus 61.9% (P=0.079), while
E. coli were more detected in the control group than in the
case group, 33.3% versus 9.5% (P=0.060). But the differ-
ence was not statistically significant (P>0.050).

Carbapenem resistance score was “3” in 23 cases
(54.8%), “2” in 5 cases (11.9%), “1” in 14 cases
(33.3%). A score of “3” was significantly more common
in the case group than in the control group (P=0.001),
whereas a score of “1” was more prevalent in the control
group than in the case group (P=0.009). All 23 isolates
with a score of “3” were K. pneumoniae. K. pneumoniae
with a carbapenem resistance score of “3” accounted for
94.4% (17/18) of all K. pneumoniae in the case group and
46.2% (6/13) in the control group, meanwhile K. pneumo-
niae with a carbapenem resistance score of “1” accounted
for 5.6% (1/18) and 53.8% (7/13) in the control group.
There were significant differences (P<0.050).

KPC-type carbapenemase was detected in 54.8% (23/
42) isolates, which were all K. pneumoniae. NDM-type
carbapenemase was detected in 23.8% (10/42) isolates,
which E. coli accounted for 70.0% (7/10). Besides,
KPC-, NDM-, IMP-, VIM- or OXA-type carbapenemase
was not detected in the other 9 colonized bacteria.
Carbapenemase-producing was more commonly detected
in the case group than in the control group (P=0.008),
especially KPC (P=0.001). All 23 K. pneumoniae isolates
with a score of “3” were identified producing KPC.

Development and Validation of CRE BSI
Risk Prediction Model

Variables with P<0.200 in univariate analysis were then
included in multivariate binary logistic regression analysis.
Gastrointestinal injury (OR 86.819, 95% CI 2.584—
2916.592, P=0.013), tigecycline exposure (OR 14.991,
95% CI 1.816-123.737, P=0.012) and carbapenem
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resistance score (OR 11.236, 95% CI 1.811-69.700,
P=0.009) were independent risk factors for CRE BSI in
intestinal carriers (P<0.05). They were chosen as valuable
markers for risk prediction model of CRE BSI (Table 2).
The logistic regression model was established as follows:

PV = 1/(1+e"-(—8.488+4.464 xgastrointestinal injury
+2.707%tigecycline exposure+2.419xcarbapenem resis-
tance score))

Abbreviation: PV, predictive value; e, natural
logarithm.

Variable: carbapenem resistance score, it was given 1,
2 or 3 according to the inhibition zone diameter; gastro-
intestinal jury and tigecycline exposure, “Yes” and “No”
were given | and 0, respectively.

By ROC curve analysis (Figure 2), area under the
curve (AUC) was 0.921. The cut-off value of the model
was 0.722. The sensitivity and specificity of the model

were 90.5% and 85.7%, respectively.

Discussion

Of the 7456 patients screened for CRE, 860 were founded
CRE colonization, with the colonization rate of 11.5%.
Among all CRE colonizers, only 2.4% (21/860) had sub-
sequent CRE BSI, of which 57.1% (12/21) had adverse
outcomes. Actually, CRE screening by rectal swabs could
not reflect the CRE colonization of the intestinal flora,
because the selected positions were not the whole intest-
inal flora. Whether and when CRE colonizers need to be
de-colonization is a clinical unsolved puzzle. The potential
risk factors of infection in different sites are different. Due
to the critical consequences of CRE BSI, our study
focused on the identification of high-risk patients with
CRE bacteremia to provide a theoretical basis for de-
colonization.

Establishing a risk prediction model of CRE BSI in
ICU and hematology department is considered to be diffi-
cult, since the underlying conditions and treatment meth-
ods of patients in these two departments are obviously

Wang et al
1.0
0.8
> 0.6
2
=
g AUC=0.921
b
0.4
0.2
0. T T T T
0.0 0.2 04 0.6 0.8 1.0
1 - Specificity

Figure 2 ROC curve analysis was performed to evaluate the predictive ability of
risk prediction model. AUC=0.921, cut-off value = 0.722, sensitivity = 90.5%,
specificity = 85.7%.

different. To eliminate this interference factor, control
group were selected by stratified random sampling based
on the department, and matched with the case group.
Finally, a total of 42 cases (24 from ICU and 18 from
hematology department, respectively) were successfully
enrolled. Amazingly, univariate Analysis showed that
most demographic and clinical factors of case and control
groups such as gender, age, hypertension, diabetes, solid
organ tumor, hematological malignancy, impaired immune
function, invasive procedures and devices, antibiotic expo-
sure and duration did not have significant difference
(P>0.050), except gastrointestinal injury (P=0.014) and
tigecycline exposure (P=0.011). After analyzing both
patient factors and microbial factors, gastrointestinal
injury (OR 86.819, 95% CI 2.584-2916.592, P=0.013),
tigecycline exposure (OR 14.991, 95% CI 1.816-
123.737, P=0.012) and carbapenem resistance score (OR

Table 2 Multivariate Binary Logistic Regression Analysis of Risk Factors for Subsequent BSI in CRE Intestinal Carriers

Variables P OR?* 95% ClI
Lower Upper
Gastrointestinal injury 0.013 86.819 2.584 2916.592
Tigecycline exposure 0.012 14.991 1.816 123.737
Carbapenem resistance score 0.009 11.236 1.811 69.700
Notes: Nagelkerke R?=0.700. *This represents the adjusted OR for the reduced model.
Abbreviations: BSI, bloodstream infection; CRE, carbapenem-resistant Enterobacteriaceae; OR, odds ratio; Cl, confidence interval.
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11.236, 95% CI 1.811-69.700, P=0.009) were chosen as
valuable markers for risk prediction model of CRE BSI.
Patients with hematologic malignancies and hemato-
poietic stem cell transplant recipients were reported at high
risk of developing invasive infections due to enteric bac-
teria because of chemotherapy-induced neutropenia and
gastrointestinal mucositis.'' In fact, gastrointestinal muco-
sitis is a complex inflammatory reaction of the mucous
membranes, a side effect of both chemotherapy and
difficult
Interestingly, gastrointestinal injury with definite diagnosis

radiotherapy.'? Its severity is to assess.
including gastrointestinal bleeding or perforation, ostomy
or excision of stomach and intestine, gastroenteritis, cho-
lecystitis and pancreatitis was found to be an independent
risk factor and could be included in the model for risk
assessment of CRE BSI in CRE carriers.

Tigecycline has a large volume of distribution and high
concentration in gallbladder, colon and pulmonary tissue.
In contrast, the serum concentrations of tigecycline are
relatively low.'® After a single 100mg dose of tigecycline,
serum concentrations of tigecycline rapidly declined from
a mean value of 1.94mg/L to 0.31mg/L between 3min and
1h after the end of the infusion. The subsequent concen-
trations in serum slowly declined to mean values of
0.22ng/mL and 0.07mg/L at 4h and 24h after the start of
the tigecycline infusion.'* Tigecycline is not approved for
the treatment of BSI because its serum concentrations are
generally deemed not adequate. Therefore, conventional
dose of tigecycline (100mg initially, followed by 50mg
ql12h) cannot prevent CRE BSI. In addition, tigecycline
has a wide antibacterial spectrum, which is active against a
wide range of Gram-positive and -negative aerobic and
anaerobic bacteria.'® In most large-scale monitoring stu-
dies, the sensitivity of tigecycline in Enterobacteriaceae
was kept at a high level of >90.0%.'>"'” CRE isolates also
showed high susceptibility to tigecycline (89.7%).' It
should be noted that tigecycline resistance rate of K.
pneumoniae in hematopoietic stem cell transplant patients
could reach 16.0%.'” Taken together, we inferred that
tigecycline exposure increased the risk of CRE BSI
might be due to intestinal flora disorder. It needs to be
verified by intestinal flora analysis rather than CRE screen-
ing. Moreover, it suggested us that more attention should
be paid to avoid tigecycline exposure in the treatment of
CRE carriers.

A longitudinal large-scale CRE study in China showed
that the majority of clinical CRE isolates were Klebsiella
pneumoniae (1201/1801, 66.7%), followed by Escherichia

coli (282/1801, 15.7%)."® From 2015 to 2016, 532 non-
repetitive clinical CRE isolates from 14 hospitals in Hubei
Province collected by us. K. prneumoniae accounted for
81.6% (434/532), and E. coli accounted for 8.3% (44/532),
which showed similar results to previous report. Most
isolates showed high-level carbapenems resistance. The
minimum inhibitory concentrations (MIC) of meropenem
in 92.3% (491/532) CRE strains and MIC of imipenem in
91.4% (486/532) CRE stains were greater than or equal to
32pg/mL. The carbapenem inhibition zone diameters of
these strains were usually 6 mm. In contrast, the MIC
value distribution of CRE strains isolated from rectal
swabs were significantly different. According to the ana-
lysis of 192 strains of colonized bacteria, it was found that
the MIC value distribution of meropenem was bimodal,
with a minor peak at 4pug/mL and a major peak at 64pg/
mL. Thus, a hypothesis was proposed that strains isolated
from rectal swabs with high resistance to carbapenems
might relate with the occurrence of infection. The hypoth-
esis was verified by this study. It was also noticed that all
these isolates were KPC-producing K. prneumoniae. In
fact, the outbreak of carbapenem-resistant hypervirulent
K. pneumoniae strain carrying blaKPC-2 gene has been
reported in China.?® This strain posed a substantial threat
to human health due to its simultaneously hypervirulent,
multidrug-resistant, and highly transmissible. Our results
suggested that there might be an epidemic of this strain.
Further verification is needed and control measures should
be taken.

There were few studies on the correlation between
bacterial characteristics of colonized CRE and the subse-
quent occurrence of infection currently. Giannella et al
established a prediction model of carbapenem-resistant K.
pneumoniae (CR-KP) BSI following CR-KP colonization,
based on whether there were ICU admission, radiotherapy
and chemotherapy, abdominal invasive operation and
multi-site CR-KP colonization.?' The sensitivity and spe-
cificity were 93.0% and 42.0%, respectively. In our model,
carbapenem resistance score of colonizing CRE was cho-
sen as a valuable marker along with gastrointestinal injury
and tigecycline exposure. The specificity of the model was
as high as 85.7%, and the sensitivity was 90.5%. The
carbapenem resistance score was calculated according to
whether the disk diameters of meropenem and imipenem
were 6 mm or not. Comparing with MIC, the advantage
was that it could be evaluated at the same time as the CRE
screening. It would greatly simplify the detection and
helpful for the

evaluation process, and would be
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promotion and use of the model. In fact, the model could
be expected to be used in clinic, because the data of three
indicators are easy to obtain. Gastrointestinal injury and
tigecycline exposure history could be captured through
electronic medical record. Early warning of CRE carriers
in high-risk of CRE BSI through electronic information
technology would help clinicians make a decision of using
drugs in time for de-colonization or preemptive treatment.
It might reduce the occurrence or death risk of CRE BSI.
At the same time, the application of this model might
reduce the abuse of antibiotics for low-risk patients, and
might reduce the occurrence of drug resistance.

However, some limitations of this study should be
noted. The number of cases was small because of the
low incidence rate of CRE BSI. There might be a selection
bias in sampling. Besides, the model is currently only
suitable for hematology department and ICU. It could not
be extended to other areas due to different epidemiological
distribution of CRE strains.
needed.

Further studies are still

Conclusions

To summarize, gastrointestinal injury, tigecycline exposure
and carbapenem resistance score of colonizing bacteria
could effectively predict the risk of subsequent BSI in
CRE carriers. Our findings suggested that carbapenem
susceptibility test of colonized bacteria in critical patients
could identify patients at high risk of CRE infection and
prevent CRE BSI as early as possible. The application of
this risk prediction model might reduce the incidence and
mortality of CRE infection. It might also avoid unneces-
sary use of antibiotics in low-risk groups to reduce the
selective pressure of antibiotics, and further reduce the
occurrence of CRE.
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