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Purpose: This observational study aimed to identify the independent risk factors for both the

acquisition and mortality of carbapenemase-producing carbapenem-resistant Enterobacteriaceae

(CP-CRE) bacteremia and further assess the in vitro antimicrobial activities of ceftazidime–

avibactam (CAZ/AVI) and aztreonam–avibactam (ATM/AVI) against recent CRE bacteremic

isolates.

Patients and methods: This observational study was conducted to reveal the risk factors

and mortality rate for CP-CRE bacteremia between 2012 and 2018 and also evaluate the in

vitro antimicrobial activities of CAZ/AVI and ATM/AVI against recent CRE bacteremic

isolates from 2016 to 2018.

Results: A total of 81 non-repetitive isolates were collected from 2012 to 2018, with 67.90%

(55/81) being CP-CRE. Old age (P = 0.01), transfusion [odds ratio (OR): 17.19; 95% CI: 3.15–

93.72; P = 0.001], longer ICU stay (P = 0.02), cancer (OR: 15.91; 95% CI: 3.56–71.37; P <

0.001), and previous carbapenem exposure (OR: 27.86; 95% CI: 5.03–154.19; P = 0.001) were

identified as independent risk factors for the acquisition of CP-CRE bacteremia compared with

the ESBL bacteremia. The in vitro antimicrobial activities of CAZ/AVI andATM/AVI against the

CRE bacteremic isolates from 2016 to 2018 showed a respective susceptibility rate of 70.68%

(41/58) and 100.00% (58/58).

Conclusion: The findings indicated that both CP-CRE/non-CP-CRE stratification and CRE

resistance mechanism determination were necessary for better guiding the clinical management

of CRE bacteremia: ATM/AVI probably works with both non-CP-CRE and CP-CRE bacter-

emia, even the most notorious double-carbapenemase producer with porin loss/deficiency,

whereas CAZ/AVI works with most of the non-CP-CRE and KPC-producers in the region.

Keywords: aztreonam–avibactam, carbapenemase-producing carbapenem-resistant

Enterobacteriaceae, carbapenem-resistant Enterobacteriaceae bacteremia, ceftazidime–avibactam

Introduction
Carbapenem-resistant Enterobacteriaceae (CRE) has become a serious public

health threat worldwide.1,2 Severe CRE infections, especially CRE bacteremia,

are associated with an extremely high mortality rate of up to 70%,3 thus, timely,

efficient, and targeted antibiotic treatment is of paramount importance.4

CRE arises from one or a combination of the following four mechanisms:

carbapenemase production (CP-CRE), production of ESBLs and/or AmpC in
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combination with porin loss/deficiency (non-CP-CRE), car-

bapenem efflux, or mutations in penicillin-binding proteins

(PBPs),5 among which CP-CRE is the most problematic

due to higher-level antimicrobial resistance and plasmid

localization of many carbapenemase-encoding genes, poten-

tiating the possibility of horizontal gene transfer.6

Carbapenemases include Ambler class A β-lactamases

(e.g., KPC and GES), class B metallo-β-lactamases (MBLs;

e.g., NDM, VIM, IMP, and SPM), and class D β-lactamases

(e.g., OXA-48 and OXA-181).5 MBLs are particularly wor-

risome due to their ability to hydrolyze all classes of β-
lactams except monobactams (aztreonam) and the inability

of the classic serine β-lactamase inhibitors (clavulanic acid,

tazobactam, and sulbactam) to inhibit them. On the con-

trary, the availability of more reliable phenotypic and

genotypic carbapenemase assays has led to a better under-

standing of the implications of resistance heterogeneity in

the clinical management of severe CRE infections.6

In the last decade, with polymyxins, tigecycline, fosfo-

mycin, and aminoglycosides being the therapeutic main-

stays for CRE infections, double carbapenem, high-dose

prolonged carbapenem infusion, and high-dose tigecycline

therapies as the combination therapeutic strategies and

therapeutic regimens were mainly experience-directed.1,7

With the advent of the newly additional effective thera-

peutic options for CRE infections, such as the novel β-
lactam/β-lactamase inhibitors aztreonam/avibactam (ATM/

AVI, active against KPC, MBL, AmpC and OXA

producers),8 ceftazidime/avibactam (CAZ/AVI, active

against KPC and OXA-48 producers),9 meropenem/vabor-

bactam (active against KPC producers),10 imipenem/rele-

bactam (active against KPC and AmpC producers),11 and

the newly developed antibiotics eravacycline (a novel tet-

racycline derivative),12 plazomicin (a next-generation

aminoglycoside),13 and cefiderocol (a novel siderophore

cephalosporin),14 the therapeutic recipe might be targeted

and personalized based on the antimicrobial susceptibility

profiles, molecular resistance phenotypes, disease severity,

and patient characteristics. By prioritizing who should

receive novel CP-CRE active antibiotic agents, treatment

success can be maximized and drug resistance reduced.

More high-quality epidemiology- and resistance mechan-

ism–centered studies are urgently needed to guide effec-

tive individualized and targeted therapy for CRE

bacteremia. Nevertheless, previous studies exploring the

prognosis of CRE bacteremia simply evaluated CRE

bloodstream infections as a single cohort, without discri-

minating between the underlying molecular resistance

mechanisms. To date, only one study compared the clinical

outcomes of CP-CRE and non-CP-CRE bacteremia by

examining 83 CRE bacteremia cases from the Johns

Hopkins Hospital between March 2013 and April 2016.

It demonstrated that CP-CRE was associated with poorer

outcomes, suggesting that CP-CRE might be more virulent

compared with non-CP-CRE, highlighting the added sig-

nificance of deciphering the underlying molecular resis-

tance mechanisms of CRE to direct the personalized

antibiotic therapy for CRE bacteremia.15 Thus, for better

guidance of the clinical management of CRE bacteremia,

additional epidemiology and resistance testing of bactere-

mia CRE isolates from other countries or regions world-

wide are urgently needed.

Avibactam (AVI) offers a broader β-lactamase inhibi-

tion profile compared with any other recently used serine

β-lactamase inhibitors.16 When combined with AVI, CAZ/

AVI is active in vitro against CP-CRE and non-CP-CRE

isolates.17 Notably, recent studies have demonstrated its

potent in vitro bactericidal activity against blaKPC- and

blaOXA-48-harboring CP-CRE isolates.11

Although aztreonam (ATM) is stable to MBL hydro-

lysis, it is easily inactivated by ESBLs, KPCs, and

AmpC.18 As MBLs-harboring Enterobacteriaceae may

frequently harbor additional ATM-inactivating β-lacta-

mases, the bactericidal activity of ATM against these iso-

lates is often mitigated or negated. When combined with

AVI, ATM/AVI can kill KPC, AmpC, MBL, and OXA

producers.18

CAZ/AVI and ATM/AVI have been used to treat severe

cases of CRE infections in the United States, and the

resistance had sporadically been reported.19,20 This obser-

vational study was conducted to identify the independent

risk factors for both the acquisition and mortality of

CP-CRE bacteremia and further assess the in vitro anti-

microbial activities of CAZ/AVI and ATM/AVI against

recent CRE bacteremic isolates.

This study was the first systemic investigation of the

possible value of CP-CRE/non-CP-CRE stratification and

CRE resistance mechanism determination in better mana-

ging CRE bacteremia by both CAZ/AVI and ATM/AVI.

Materials And Methods
Bacterial Strains
A total of 81 non-repetitive nosocomial CRE bacteremic

strains were collected between 2012 and 2018 in the First

Affiliated Hospital of Chongqing Medical University. All
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the isolates were identified at the species level by the

VITEK MS (bioMérieux, MO, USA) system, and routine

antimicrobial susceptibility testing was performed using

the VITEK2 compact (bioMérieux, Inc., NC, USA) sys-

tem. All the bacteremia CRE mono-infection cases with

intact medical records and available CRE isolates were

included in the study.

Resistance Mechanism Identification
Polymerase chain reaction was used to detect the potential

presence of resistance genes, including carbapenemases

(blaKPC, blaNDM, blaVIM, blaIMP, blaGES, blaOXA-48-like,

blaOXA-181-like, blaOXA-23-like, blaOXA-24-like, and blaOXA-

58-like),
21 ESBLs, AmpC, Ompk35, Ompk36, OmpF, and

OmpC genes, using primers as described previously.22 In

addition, the capsular genes of Klebsiella pneumoniae

were also amplified. The Carba NP test and eCIM were

performed on all isolates to determine whether any bac-

teria produced carbapenemases by phenotypic methods but

were negative by genotypic methods, or vice versa.21

Risk Factors And Clinical Outcomes Of

Patients With Bacteremia CP-CRE
This retrospective case–control study was conducted to

evaluate the risk factors and clinical outcomes of the

patients suffering from CP-CRE bacteremia. All patients

with CP-CRE bacteremia were selected as cases. Controls

were identified as patients with non-CP-CRE bacteremia

or ESBLs-positive Enterobacteriaceae bacteremia.

Antibiotics And In Vitro Susceptibility

Testing
CRE bacteremic strains from 2016 to 2018 were recovered

for CAZ/AVI and ATM/AVI susceptibility tests. The broth

microdilution test method was employed to determine the

MICs of CAZ, CAZ/AVI, ATM, and ATM/AVI according

to CLSI 2018. MICs of CAZ/AVI >16/4 µg/mL and ATM/

AVI >16/4 µg/mL were considered resistant.

Statistical Analysis
All analyses were performed using the SPSS v.25.0 soft-

ware (SPSS Inc., IL, USA). Univariate analyses were

performed separately for each of the variables. All vari-

ables with a P value of ≤0.05 in the univariate analyses

were considered for inclusion in the multivariate logistic

regression model. The odds ratio (OR) and 95% confi-

dence interval (CI) were calculated to evaluate the strength

of any association. For all calculations, statistical signifi-

cance was defined at P <0.05 for two-tailed tests.

Ethical Considerations
The data and samples analyzed in the present study were

obtained in accordance with the standards and approved

by the Chongqing Medical University Institutional

Review Board and the Biomedical Ethics Committee.

For this study, samples were collected at the microbiol-

ogy laboratory of the hospital, with no contact with

the patient. This study was retrospective with no

patient identification performed during data collection.

Therefore, the ethics committee determined that informed

consent was not required.

Results
Microbiological Characteristics And

Antimicrobial Susceptibility Profiles Of

CRE Bacteremic Isolates
As shown in Figure 1, 81 non-repetitive and mono-infected

CRE bacteremic isolates were collected during the study per-

iod, among which the predominant genus and species were K.

pneumoniae (56.79%), followed by Enterobacter cloacae

(22.22%) and Escherichia coli (18.52%) (Figure 1A).

Resistance mechanism determination revealed that 67.90%

of the isolates produced carbapenemases and the proportion

of CP-CRE increased every year (Figure 1B). Among all the

CP-CRE isolates, K. pneumoniae (65.45%) was the most

common species, with E. coli and E. cloacae accounting for

20% and 9.09%, respectively (Figure 1C). It was speculated

that the bacteremic CRE isolate might have derived from the

tissue origins from which the same-species CRE isolate with

the same antibiogram was isolated. As the most common

specimen types from which the same-species-same-antibio-

gram isolate was derived were sputum (50.61%), urine

(28.39%), and bile (12.34%) (Figure 1D), it was deduced

that the most dominant origins of the CRE bacteremia were

respiratory, urinary, and biliary systems.

Regarding the antimicrobial susceptibility profiles of

the CRE bacteremic isolates (Table 1), CRE showed the

highest nonsusceptibility rate to ertapenem (100.00%),

with 77.78% and 65.43% nonsusceptibility rates to imipe-

nem and meropenem, respectively. Although these isolates

also exhibited high resistance rates to quinolones (>80%)

and aminoglycosides (>70%), they showed low resistance

rates to tigecycline (2.46%) and colistin (3.70%).
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Risk Factors And Clinical Outcomes Of

Patients With Bacteremia CRE
To investigate the risk factors and prognosis of patients with

CP-CREbacteremia, 55CP-CRE caseswerematched to either

25 non-CP-CRE cases or 60 ESBLs cases in this study where

appropriate. The results (Table 2) showed a 50% (40/80)

mortality rate among all the patients with CRE bacteremia.

However, when stratified into CP-CRE and non-CP-CRE sub-

groups, the mortality rate was 61.82% and 24%, respectively,

showing a significantly higher mortality rate in the CP-CRE

subgroup. Moreover, patients with CP-CRE bacteremia

showed longer hospital stay. Notably, the CP-CRE, non-CP-

CRE, and ESBL groups were well balanced on most of the

demographic information, pre-existing medical conditions,

and immune-compromising comorbidities, and a likely source

of bacteremia (Table 2). Old age (P = 0.04), longer ICU stay

(P = 0.03), cancer (OR: 4.35; 95%CI: 1.22–15.46; P = 0.023),

and previous carbapenem exposure (OR: 7.67, 95% CI: 1.91–

30.77, P = 0.004) were identified as independent risk factors

for the acquisition of CP-CRE bacteremia compared with non-

CP-CRE bacteremia. Old age (P = 0.01), transfusion (OR:

17.19; 95% CI: 3.15–93.72; P = 0.001), longer ICU stay

(P = 0.02), cancer (OR: 15.91; 95% CI: 3.56–71.37;

P < 0.001), and previous carbapenem exposure (OR: 27.86;

95% CI: 5.03–154.19; P = 0.001) were identified as

independent risk factors for the acquisition of CP-CRE bacter-

emia compared with the ESBL bacteremia (Table 3). On the

other hand, longer ICU stay (P = 0.018) and venous catheter-

ization (OR: 10.29; 95% CI: 3.03–34.87; P = 0.001) were

identified as independent risk factors for non-CP-CRE bacter-

emia compared with the ESBL bacteremia group.

Molecular Analysis Of Carbapenem

Resistance Mechanisms
As shown in Table 4, the most common carbapenemase genes

were KPC (63.64%, 35/55), NDM (32.73%, 18/55), and IMP

(5.45%, 3/55). Notably, a K. pneumoniae isolate that simulta-

neously expressed KPC-2 and IMP-4 with porin deficiency

was identified. All the MBLs-producing (NDM-1, NDM-5,

IMP-4, and IMP-8) strains were resistant to all the carbapenem

antibiotics tested. For non-CP-CRE bacteremic isolates, ESBL

overexpression with OMP loss/deficiency was found to be the

most predominant resistance mechanism, accounting for

88.46% (23/26).

Bactericidal Activities Of CAZ/AVI And

ATM/AVI Against CRE Bacteremic Isolates
To better define the antimicrobial profiles of CAZ/AVI and

ATM/AVI against the CRE bacteremic isolates, a recent

(2016–2018) collection of 58 non-repetitive CRE bacteremic

Figure 1 Distribution of CRE bacteremia cases and bacteremic isolates. (A) Dynamic distribution of species-specific CRE bacteremic isolates. (B) Dynamic distribution of

CP-CRE and non-CP-CRE bacteremia cases. (C) Species distribution of CP-CRE and non-CP-CRE bacteremic isolates. (D) Source of CRE bacteremia.
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isolates, including 44 CP-CRE strains and 14 non-CP-CRE

strains, was generated. The in vitro antimicrobial susceptibil-

ities of CAZ, CAZ/AVI, ATM, and ATM/AVI against these

isolates were determined using the CLSI broth microdilution

method.

As was shown in Table 5, CAZ/AVI could inhibit most of

the non-CP-CRE isolates (85.71%, 12/14), with low-level

resistance (MIC: 16/4 µg/mL) in only two strains. For CP-

CRE isolates, most strains carrying the KPC gene could be

inhibited by CAZ/AVI (93.55%, 29/31). However, when an

isolate expressed class B enzymes (such as NDM and IMP),

CAZ/AVI could not inhibit its growth anymore. Compared

with CAZ/AVI, ATM/AVI exhibited superior bactericidal

activity, inhibiting the growth of all CRE strains.

Discussion
CRE bacteremia was previously reported to be associated with

extremely high mortality, ranging from 20% to 70%.23,24 This

cohort study showed a 50% (40/80) mortality rate in general.

However, when stratified into CP-CRE and non-CP-CRE

groups, the mortality rate of the CP-CRE subgroup (61.82%)

was significantly higher than that of the non-CP-CRE group

(24%), supporting earlier observations that CP-CRE bactere-

mia was more harmful than non-CP-CRE bacteremia,

with higher levels of antimicrobial resistance and greater

mortality.15 Therefore, for the effectiveness of the treatment

and prevention of antibiotic resistance, the antibiotics and

doses used to treat CP-CRE and non-CP-CRE bacteremia

should be different. Of note, CarbaNP and mCIM with or

without eCIM were currently recommended by CLSI to be

performed on CRE isolates to distinguish CP-CRE and non-

CP-CRE for epidemiological or infection control purposes.

However, they were not currently recommended for routine

clinical use. Thus, the First Affiliated Hospital of Chongqing

Medical University Antibiotic Treatment Guidelines did not

differentiate treatment recommendations for CP-CRE and

non-CP-CRE infections. As clinicians were unaware of carba-

penemase gene results when selecting antibiotic therapy for

CRE bacteremia, therapeutic regimens were mainly experi-

ence-directed. This study was novel in investigating the possi-

ble value of CP-CRE/non-CP-CRE stratification and CRE

resistance mechanism determination in better managing CRE

bacteremia by CAZ/AVI and ATM/AVI.

Some Conclusions Of This Study Were

Noteworthy
First, the study explored the independent risk factors leading

to the acquisition of CP-CRE bacteremia. Notably, besidesT
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old age, transfusion, longer ICU stay, and cancer, previous

carbapenem exposure was identified as an independent risk

factor for bacteremia CP-CRE acquisition, which was in

agreement with a previous report.24

Second, CAZ/AVI was reported to be active in vitro

against non-CP-CRE as well as blaKPC- and blaOXA-48-harbor-

ing CP-CRE isolates.25 Emerging clinical data demonstrated

that CAZ/AVI treatment in CRE infections achieved clinical

response rates that were superior to those attained with regi-

mens including colistin or an aminoglycoside.26,27 At our

center, in vitro CAZ/AVI resistance emerged in 29.31% of

the CRE bacteremic isolates, which was congruent with a

previous report by Shields who declared a 75% success rate

for CAZ/AVI in treating CRE bacteremia.28 Moreover, con-

sistent with previous reports, in vitro susceptibility testing

showed that most CP-CRE bacteremia strains carrying the

blaKPC-2 gene were sensitive to CAZ/AVI. However, 2 out of

31 blaKPC-2-harboring strains (with ESBL overexpression and

OMP loss) were revealed to be CAZ/AVI-resistant, mirroring

the strains described in prior reports by Shields, who demon-

strated a stepwise increase in CAZ/AVI MICs in KPC-2-

producing K. pneumoniae isolates co-harboring ESBLs and

ompK36 porin gene mutations.29 Humphries thought that the

extensive prior treatment with meropenem and cefepime

might have provided the selective pressure required for a

mutation to OmpK36.30 Giddins identified CAZ/AVI resis-

tance in the newly emerging K. pneumoniae ST307 clonal

background after only 12 days of CAZ/AVI exposure, with the

induction of a 532G-Tmutation in the blaKPC-2 gene leading to

a D179Yprotein substitution as the putative initial mechanism

of CAZ/AVI resistance.31 The characterization of some CAZ/

AVI-resistant Pseudomonas aeruginosa isolates demonstrated

that the entry of CAZ/AVI into the periplasmic space

depended on outer membrane permeability.32 Also, the

patients infected with KPC2-producing CRE had no previous

Table 3 Multivariate Analyses Of Risk Factors For The Isolation

Of CP-CRE Group Versus Non-CP-CRE Group, CP-CRE Group

Versus ESBL Group, And Non-CP-CRE Group Versus ESBL

Group

Variable 95% CI OR P Value

CP-CRE vs non-CP-CRE

Age NA NA 0.04

Admission to ICU 0.59–7.55 2.12 0.25

Length of ICU stay NA NA 0.03

Cancer 1.22–15.46 4.35 0.023

Liver cancer 0.28–30.16 2.91 0.37

Use of drainage tube 0.62–10.34 2.23 0.19

Previous carbapenem exposure 1.91–30.77 7.67 0.004

CP-CRE vs ESBLs

Age NA NA 0.01

Admission to ICU 0.10–2.20 0.46 0.33

Length of ICU stay NA NA 0.02

Transfusion 3.15–93.72 17.19 0.001

Cancer 3.56–71.37 15.91 <0.001

Chemotherapy 0.17–5.16 0.94 0.94

Venous catheterization 1.82–35.90 8.10 0.006

Previous carbapenem exposure 5.03–154.19 27.86 0.001

Non-CP-CRE vs ESBLs

Length of ICU stay NA NA 0.018

Transfusion 0.32–4.78 1.24 0.75

Venous catheterization 3.03–34.87 10.29 0.001

Abbreviation: NA, Not applicable.

Table 4 Distribution And Corresponding Carbapenem MIC Ranges For Strains With Different Resistance Determinants

Carbapenem Resistance Mechanisms No. Of Isolates MIC Range (μg/mL)

ETP IMP MEM

Carbapenemase positive 55

NDM-1, ESBLs, OMP loss or deficiency 10 8–256 4–64 4–128

NDM-5, ESBLs, OMP loss or deficiency 8 16–256 8–256 4–256

KPC-2, OMP loss or deficiency 34 4–128 1–128 1–128

IMP-4, ESBLs, OMP deficiency 1 64 8 8

IMP-8, ESBLs, OMP loss 1 8 8 8

KPC-2, IMP-4, ESBLs, OMP deficiency 1 256 256 128

Carbapenemase negative 26

AmpC, ESBLs 1 4 2 0.25

AmpC, OMP loss 1 2 2 1

AmpC, ESBLs, OMP loss 1 4 4 0.25

ESBLs, OMP loss or deficiency 23 2–32 0.25–16 0.25–8
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exposure to CAZ/AVI, but instead had frequent previous

exposures to meropenem and cefepime. Hence, it was postu-

lated that their resistance to CAZ/AVI might be also due to the

lack of membrane porin proteins.

Third, ATM/AVI combination is currently in clinical

development for treating serious infections caused by

MBL-producing Enterobacteriaceae,19 with sporadically

reported resistance. Fortunately, this study demonstrated

that all the studied CRE bacteremic isolates, including

both the CP-CRE and non-CP-CRE ones, were highly

sensitive to ATM/AVI in vitro. Nevertheless, Alm already

found a special NDM-producing E. coli isolate with

decreased susceptibility to ATM/AVI caused by a four-

amino-acid insertion in PBP3, leading to decreased

binding.33 Hence, it is necessary to investigate whether

ATM/AVI resistance or a stepwise increase in ATM/AVI

MICs would be rapidly induced during ATM/AVI treat-

ment, especially in the most notorious double-carbapene-

mase producers with porin loss/deficiency.

In general, with the advancement of individualized med-

icine, the selection and use of antibiotics should gradually

be personalized and standardized. CP-CRE/non-CP-CRE

bacteremia stratification and CRE resistance mechanism

determination can better guide the clinical management of

CRE bacteremia. For example, ATM/AVI can be prescribed

to treat CP-CRE bacteremia for patients with high risks of

contracting CP-CRE bacteremia, such as those with

advanced age, transfusion, longer ICU stay, cancer, and

previous exposure of carbapenems, while patients without

risk factors can be treated with CAZ/AVI.

A limitation of the present study was that only the in vitro

susceptibility tests of CAZ/AVI and ATM/AVI were per-

formed. Animal experiments and prospective clinical trials

are still needed to validate the risk factors and therapeutic

recommendations based on CRE resistance mechanism strati-

fication for CRE bacteremia. Furthermore, multi-center retro-

spective and prospective studies are still awaited tomove from

a proof of concept to practical applications of risk factors and

management of CRE bacteremia guided by molecular

resistance mechanism stratification. In addition, CP-CRE/

non-CP-CRE stratification and CRE resistance mechanism

determination might also better guide the clinical management

of CRE bacteremia using other novel antibiotics, such as

meropenem/vaborbactam, imipenem/relebactam, and cefider-

ocol, which needs further investigation. Last but not the least,

possible synergy of CAZ/AVI with meropenem, amikacin,

aztreonam, colistin, or fosfomycin against the aforementioned

CAZ/AVI-resistant isolates deserves further explorations.

Although much remains to be elucidated concerning the ther-

apeutic recommendations for CRE bacteremia guided by the

resistance mechanism stratification, this study laid an invalu-

able groundwork for future studies.
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