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Purpose: The purpose of this study was to examine the prevalence of four important drug-resistance phenotypes: difficult-to-treat
resistance (DTR), fluoroquinolone resistance (FQR), carbapenem resistance (CR), and extended-spectrum cephalosporin resistance
(ECR).
Methods: DTR was defined as insensitivity to all the β-lactams and fluoroquinolones tested. We retrospectively analyzed the
distribution characteristics of specific drug-resistant phenotypes of the main Gram-negative bacteria causing bloodstream infections
(BSIs) in Tongji Hospital (Wuhan, China) between 2013 and 2021: Escherichia coli, Klebsiella pneumoniae, Pseudomonas aerugi-
nosa, and Acinetobacter baumannii.
Results: FQR was the main antimicrobial resistance phenotype of E. coli, accounting for 59.45% (1117/1879, 95% confidence
interval, 57.21%–61.65%); the detection rates for CR and DTR were low, accounting for 1.86% (35/1879, 1.34%–2.58%), and 1.81%
(34/1879, 1.30%–2.52%), respectively. However, the detection rates for CR and DTR in K. pneumoniae were 38.83% (497/1280,
36.20%–41.53%) and 35.94% (460/1280, 33.35%–38.60%), respectively. In P. aeruginosa, the detection rates of the four drug-
resistant phenotypes (DTR, CR, FQR, and ECR) were all < 30%, but conversely, for A. baumannii, the detection rates were all > 80%.
The changes in the data from 2013 to 2021 showed upward trends (z > 0) for CR-E. coli, DTR-E. coli, FQR-E. coli, CR-K.
pneumoniae, DTR-K. pneumoniae, FQR-K. pneumoniae, and ECR-K. pneumoniae, but downward trends (z < 0) for ECR-E. coli, CR-
A. baumannii, DTR-A. baumannii, FQR-A. baumannii, ECR-A. baumannii, CR-P. aeruginosa, DTR-P. aeruginosa, FQR-P. aerugi-
nosa, and ECR-P. aeruginosa.
Conclusion: DTR warrants further attention, especially in in BSI-associated K. pneumoniae and A. baumannii, in which the detection
rates were very high. Between 2013 and 2021 in this region, DTR-E. coli and CR-E. coli showed obvious upward trends, whereas
DTR-P. aeruginosa and ECR-P. aeruginosa showed obvious downward trends.
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Introduction
The invention of antibiotics is an important milestone in the development of modern medical science. However, the
emergence of antimicrobial resistance (AMR) has seriously threatened human health. It is reported that about 23,000 and
25,000 people die each year from infections complicated by AMR in the United States and Europe, respectively.1

Consequently, AMR is a very noteworthy focus of research throughout the world.
To better monitor AMR, in 2008, the European Centre for Disease Prevention and Control (ECDC) and the USA Centers

for Disease Control and Prevention (CDC) jointly launched the concepts of multidrug resistance (MDR), extensive drug
resistance (XDR), and pandrug resistance (PDR) to describe different drug resistance phenotypes. MDR was defined as
simultaneous insensitivity to three types of antibiotics. XDRwas defined as sensitivity to only one or two antibiotics. PDRwas
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defined as nonsusceptibility to all antibiotics tested.2 Although these concepts have some epidemiological value, several
experts suggest that they ignore the toxicity and efficiency of antibiotics, and that their correlations with clinical outcomes are
questionable.3 In 2018, Kadri et al proposed a new concept with which to monitor AMR among Gram-negative bacteria,
difficult-to-treat resistance (DTR), which was defined as intermediate or resistance to all first-line agents, including β-lactams
and fluoroquinolones.4,5 However, there have been very few reports of DTR around the world outside the United States and
South Korea. Therefore, we retrospectively analyzed the distribution of DTR, CR, ECR, and FQR in four common Gram-
negative bacteria causing bloodstream infections (BSIs), Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa,
and Acinetobacter baumannii, in our hospital between 2013 and 2021, to provide some epidemiological references for
decision making about clinical treatment and infection control.

Methods
Data Source
All pathogenic microorganisms were isolated from blood-culture-positive samples at Tongji Hospital (Wuhan, China)
between 2013 and 2021. In this retrospective study, the four commonest Gram-negative bacteria causing BSIs at our
center, E. coli, K. pneumoniae, A. baumannii, and P. aeruginosa, were analyzed. The identification and antimicrobial
sensitivity testing of the strains were performed in the microbiology laboratory of Tongji Hospital. Automated blood
culture instruments, including the BD BACTECTM FX 400 (BD Co., NJ, USA) or the BacT/ALERT® 3D Microbial
Detection System (bioMérieux, Lyon, France), were used in the microbiology laboratory. The strains were identified with
an automatic identification system (VITEK® 2 Compact, bioMérieux) and/or MALDI Biotyper® sirius IVD System
(Bruker, Antu, China). Antimicrobial susceptibility testing was performed in the final year with the disk diffusion method
according to the Clinical and Laboratory Standards Institute (CLSI) guidelines. Resistance to carbapenems, including
imipenem and meropenem, was screened with the disk diffusion method and confirmed with the E-test method.

Definition of Specific Antimicrobial Resistance Phenotypes
In this study, DTR was defined as resistance or intermediate resistance in vitro to all β-lactam categories, including
carbapenems and fluoroquinolones.4,5 Carbapenem resistance (CR) was defined as resistance in vitro to imipenem and
meropenem. Extended-spectrum cephalosporin resistance (ECR) was defined as resistance in vitro to ceftazidime, cefotaxime,
and cefepime. Fluoroquinolone resistance (FQR) was defined as resistance in vitro to ciprofloxacin and levofloxacin.6

Statistical Analysis
Data from the drug sensitivity experiments were analyzed using the WHONET 5.6 software. When multiple specimens
were collected from the same patient simultaneously, only the first isolate of a given species from that patient was
analyzed according to CLSI M-39.7 The interpretation criteria for the antimicrobial susceptibility results were based on
the CLSI 2020 guidelines.8 The changing trends in the detection rates of specific drug resistance phenotypes were
analyzed with the Mann–Kendall test, with the R 4.0.2 program (R Core Team). z < 0 indicated a downward trend,
whereas z > 0 indicated an upward trend. P < 0.05 indicated statistical significance.

Ethics Approval and Consent to Participate
The study protocol was approved by the Tongji Hospital Ethics Committee for Research in Health. The committee also
approved a waiver for informed consent to participate in this study given its retrospective design. All patient data were
anonymized before analysis.

Results
Detection Rates of Specific Antimicrobial Resistance Phenotypes
ForE. coli, FQRwas themain drug resistance phenotype, accounting for 59.45% (1117/1879, 95% confidence interval, 57.21%–
61.65%) of phenotypes detected, followed by ECR, accounting for 31.08% (584/1879, 29.03%–33.21%), whereas CR and DTR
accounted for 1.86% (35/1879, 1.34%-–2.58%) and 1.81% (34/1879, 1.30%–2.52%) respectively. For K. pneumoniae, the
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detection rates for ECR, FQR, CR, and DTR were 50% (640/1280, 47.26%–52.74%), 48.13% (616/1280, 45.40%–50.86%),
38.83% (497/1280, 36.20%–41.53%), and 35.94% (460/1280, 33.35%–38.60%), respectively. For P. aeruginosa, the detection
rates for ECR, FQR, CR and DTR were all < 30%, at 16.76% (59/352, 13.22%–21.02%), 18.18% (64/352, 14.50%–22.55%),
26.99% (95/352, 22.62%–31.86%), and 11.36% (40/352, 8.46%–15.10%), respectively. ForA. baumannii, the detection rates for
ECR, FQR, CR, and DTRwere all > 80%, at 85.52% (384/449, 81.97%–88.48%), 83.96% (377/449, 80.28%–87.07%), 84.41%
(379/449, 80.76%–87.47%), and 83.30% (374/449, 79.57%–86.46%), respectively.

Trends in Specific Drug Resistance Phenotypes
In E. coli, the detection rate of FQR ranged from 50% to 70% from 2013 to 2021; the detection rate for ECR ranged from
20% to 40%; and the detection rates for CR and DTR were < 5% (Figure 1A). In K. pneumoniae, DTR, CR, ECR, and
FQR increased significantly after 2015. The detection rate for DTR was < 3% in 2013 and 2014, but increased from 25%
to 50% between 2015 and 2021. The detection rate for CR was < 10% in 2013 and 2014, but increased from 30% to 55%
after 2015. The detection rate for FQR was < 15% in 2013 and 2014, but 40%–70% after 2015 (Figure 1B). In A.
baumannii, the detection rates for DTR, CR, ECR, and FQR were all > 70% from 2013 to 2021 (Figure 1C). However,
the detection rates for the four drug-resistant phenotypes of P. aeruginosa were ≤40%, and showed obvious downward
trends after 2019 (Figure 1D). Statistical analysis with the Mann–Kendall test indicated that CR-E. coli and DTR-E. coli

A B

C D

Figure 1 Trends of special antimicrobial resistance phonotypes from 2013 to 2021. ((A), E. coli, (B), K. pneumoniae, (C), A. baumannii, (D), P. aeruginosa).
Abbreviations: ECO, E. coli; KPN, K. pneumoniae; PAE, P. aeruginosa; ABA, A. baumannii.
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showed significant upward trends (z > 0, P < 0.05), whereas DTR-P. aeruginosa and ECR-P. aeruginosa showed
significant downward trends (z < 0, P < 0.05; Table 1).

Discussion
Although MDR, XDR, and PDR are very important concepts in monitoring drug resistance, these classifications do not
consider the toxicity or therapeutic efficacy of antimicrobial drugs themselves, and judging whether a strain is XDR or
PDR requires that a very wide variety of antimicrobial drugs be tested. The new definition, DTR, focuses on the effect of
antimicrobial resistance on treatment decisions and clinical outcomes.5 DTR is a very practical value indicator, and the
emergence of DTR indicates that when deciding a clinical treatment, some antibacterial drugs that are less effective and/
or more toxic should be considered. DTR is also a public health threat and contributes to the international spread of
plasmids, antibiotic overuse, and the need for costly infection control measures in healthcare facilities.4

In this study, we found that DTR was not common in E. coli, but could not be ignored in A. baumannii and K.
pneumoniae. According to the epidemic trends in 2013–2021, the specific drug resistance phenotypes of DTR and CR
have increased significantly in E. coli, whereas DTR and ECR have clearly decreased in P. aeruginosa.

In our monitoring data, FQR was the most frequent phenotype in E. coli, with a prevalence rate of 59.45%, followed
by ECR, with a prevalence rate of 31.08%. The drug resistance of E. coli is consistent with the monitoring data reported
in the United States and South Korea, but the prevalence of FQR is significantly higher than that reported in the United
States and South Korea (27.3% and 44.1% respectively).4,5 The prevalence rate of ECR was 31.08%, which is similar the
33.1% reported in South Korea, but significantly higher than the 6.4% reported in the United States.4,5 The prevalence
rates of E. coli-DTR and E. coli-CR in our study are consistent with those in the United States (0.04% and 0.1%,
respectively) and South Korea (1.5% and 0%, respectively).4,5 The resistance rates of E. coli to fluoroquinolones and
cephalosporins in our region were higher than those reported in the United States and South Korea, which may be
attributable to the extensive use of fluoroquinolones and cephalosporins in our region. Research at a teaching hospital in
China showed that from 2010 to 2016, the outpatient prescription rate for fluoroquinolones decreased from 19.38% to
13.21%, and that for inpatients decreased from 64.34% to 34.65%.9 Between 2011 and 2016, the resistance rate of E. coli
to levofloxacin decreased from 61.3% to 53.9% and that to ciprofloxacin decreased from 64.3% to 58.2%.9 Therefore, the
reduction in E. coli resistance to fluoroquinolones correlated positively with the reduced use of antimicrobial agents.
Analogously, the high resistance of E. coli to carbapenems may be related to the overuse of these antimicrobials. A study

Table 1 Results of Statistical Analysis on the Trend of Specific Drug Resistance Phenotypes

Specific Drug Resistance Phenotypes Z P P<0.05

CR-ECO 2.1894 0.02857 +
DTR-ECO 1.9809 0.0476 +

ECR-ECO −1.3553 0.1753 -

FQR-ECO 1.1468 0.2515 -
CR-KPN 0.52129 0.6022 -

DTR-KPN 1.0483 0.2945 -

ECR-KPN 0.7298 0.4655 -
FQR-KPN 1.5639 0.1179 -

CR-ABA −0.31277 0.7545 -
DTR-ABA −0.10426 0.917 -

ECR-ABA −0.10426 0.917 -

FQR-ABA −0.10426 0.917 -
CR-PAE −1.7724 0.07633 -

DTR-PAE −2.3979 0.01649 +

ECR-PAE −2.3979 0.01649 +
FQR-PAE −1.7724 0.07633 -

Abbreviations: DTR, Difficult to treat resistance; FQR, Fluoroquinolone resistance; CR, carbapenem resistance; ECR,
Extended-spectrum cephalosporin resistant; ECO, E. coli; KPN, K. pneumoniae; ABA, A. baumannii; PAE, P. aeruginosa.
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of the effects of an antimicrobial restriction system to curb the inappropriate use of carbapenem indicated that
antimicrobial restriction systems can increase the appropriate prescription of carbapenem antibiotics and effectively
reduce the production of carbapenem-resistant bacterial strains.10

In the present study, the prevalence rates of FQR, ECR, CR, and DTR in K. pneumoniae were similar, at 48.13%,
50.00%, 38.83%, and 35.94%, respectively, but were significantly higher than those in the United States (9.7%, 8.9%,
2.1%, and 1.7%, respectively) and South Korea (19.2%, 21.2%, 2.1%, and 1.4%, respectively).4,5 Carbapenemases,
extended-spectrum β-lactamases, and AmpC β-lactamases are the main mechanisms of K. pneumoniae resistance to a
variety of antibiotics. The high prevalence of CR is mainly responsible for the high prevalence of DTR. CR is prevalent
in many countries, but the resistance mechanism of CR differs in different regions. In China, blaKPC-2 is the main
carbapenemase producer, whereas blaKPC-16 is most widely distributed in Japan and blaKPC-15 in Singapore.11 IMP-11-
and IMP-6- producing CR-K. pneumoniae are most commonly reported in Japan.12 blaOX-48 is mainly distributed in
Turkey, but was recently also reported in China, the United States, and several European countries (Spain, France,
Germany, and Switzerland).11,12 In a previous study of the CR genotypes in our hospital, blakpc-2 mainly colonized the
infected group of patients, accounting for 72.4% of infections, whereas blaNDM-1 mainly colonized the noninfected
patient group, accounting for 42.2% of infections.13 The high prevalence of CR-K. pneumoniae in our hospital may be
related to the simultaneous expression of multidrug-resistance genes. The mechanism of resistance to carbapenems in K.
pneumoniae in this region remains to be clarified.

In this study, the prevalence rates for FQR, ECR, CR, and DTR in A. baumannii were all > 80%, and were
significantly higher than those reported in the United States (49.5%, 55.4%, 29.4%, and 18.3%, respectively) and
South Korea (65.5%, 70.0%, 63.4%, and 59.4%, respectively).4,5 However, the drug resistance of P. aeruginosa showed
a gradual downward trend. The detection rates of FQR, ECR, CR, and DTR were 18.18%, 16.76%, 26.99%, and 11.36%,
respectively, whereas the corresponding data reported from the United States were 18.5%, 9.1%, 10.4%, and 2.3%,
respectively, and those from South Korea were 33.0%, 28.1%, 28.1%, and 9.0%, respectively.4,5 The high drug resistance
rates for A. baumannii may be related to the simultaneous expression of multiple drug resistance mechanisms, such as a
change in the antibiotic target, the expression of an efflux pump, the production of various enzymes that hydrolyze
antibiotics, and so on.14 A study by Wei Feng indicated that the mutational inactivation of OprD was the main factor
responsible for CR-P. aeruginosa.15 The molecular mechanisms of drug resistance in A. baumannii and P. aeruginosa in
this region warrant further research.

Clinical experts have been investigating new antimicrobial agents for the treatment of CR-A. baumannii infections. A
study by Wasan Katip indicated that a nonloading dose of colistin methane sulfonate increased the opportunity to achieve
a favorable outcome, but also increased nephrotoxicity in patients.16 In another study, Wasan Katip demonstrated that the
addition of meropenem to colistin reduced the 30-day mortality rate, achieved greater clinical and microbiological
responses, and did not increase the nephrotoxicity compared with colistin monotherapy.17 However, colistin plus
vancomycin showed no significant differences in the 30-day mortality, clinical response, or microbiological response
compared with colistin alone in treating infections of CR-A. baumannii.18

The present study had several limitations. First, the use of a study design in which a tertiary hospital was used as the
reference, rather than a geographical design that included all bacterial data from a given population, greatly limited the
representativeness of the data. The fact that no information was available on the number of blood cultures taken per year
during the study period, on the positivity rates of the blood cultures, or on the patient population of the hospital also
limits the generalizability of our findings. Second, the mechanisms of resistance were not investigated in this study,
including the resistance to cephalosporins, fluoroquinolones, and carbapenems. We look forward to examining these
mechanisms of drug resistance in subsequent studies.

Conclusions
The drug resistance monitoring data from a single center from 2013 to 2021 showed that CR-E. coli, DTR-E. coli, FQR-
E. coli, CR-K. pneumoniae, DTR-K. pneumoniae, ECR-K. pneumonia, and FQR-K. pneumoniae showed upward trends,
whereas ECR-E. coli, CR-A. baumannii, DTR-A. baumannii, ECR-A. baumannii, FQR-A. baumannii, DTR-P. aerugi-
nosa, CR-P. aeruginosa, ECR-P. aeruginosa, and FQR-P. aeruginosa showed downward trends. Among these trends, the
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upward trends in CR-E. coli and DTR-E. coli and the downward trends in DTR-P. aeruginosa and ECR-P. aeruginosa
were significant.

Abbreviations
AMR, antimicrobial resistance; BSI, Bacterial bloodstream infection; MDR, Multidrug resistance; XDR, extensive drug
resistance; PDR, pandrug-resistance; CDC, Center for Disease Control and Prevention; ECDC, European Centre for
Disease Prevention and Control; DTR, Difficult to treat resistance; FQR, Fluoroquinolone resistance; CR, carbapenem
resistance; ECR, Extended-spectrum cephalosporin resistant.
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