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Objective: Some carbapenem-nonsusceptible Klebsiella pneumoniae (CnSKP) isolates are 
susceptible to β-lactams of narrower spectra. However, their clinical significance and molecular 
characterization are unknown.
Methods: CnSKPs were screened, and antimicrobial susceptibility test results were retrieved in 
the database of clinical microbiology laboratory from 2004 to 2019. Patient characteristics and 
outcomes were collected from the medical records. Polymerase chain reaction for β-lactamases 
and pulsed-field gel electrophoresis (PFGE) were performed.
Results: The overall prevalence of CnSKP was 0.96% (197/20,465). At least 37 of the 197 
isolates remained susceptible to β-lactams of narrower spectra, and a total of 34 CnSKP isolates 
were included. Carbapenemase genes were detected in nine isolates (26.5%), three of which were 
blaKPC, blaIMP-2, and blaNDM. A few isolates remained susceptible to β-lactams of narrower spectra, 
such as cefazolin (5.9%), ceftriaxone (5.9%), ceftazidime (5.9%), cefmetazole (11.8%), cefepime 
(26.5%), and piperacillin-tazobactam (20.6%). All these isolates had a meropenem minimum 
inhibitory concentration (MIC) ranging from 2 to 4 mg/L and were susceptible to ceftazidime-
avibactam. All these bacteria harbored extended-spectrum β-lactamase (ESBL) genes, and none 
had carbapenemase genes. The treatment outcomes of patients who carried these bacteria were 
not associated with appropriate antibiotic use but with the site of isolation. Hospital-acquired 
infection, nonsusceptibility to cefepime, and meropenem MIC ≥ 16 mg/L were associated 
with the detection of carbapenemase genes and 14-day mortality in univariate analyses. PFGE 
results suggested that carbapenemase genes disseminated more readily than ESBL and AmpC 
β-lactamase genes.
Conclusions: The CnSKP composition is complex. Carbapenemase-producing Klebsiella 
pneumoniae (CPKP) strains have different characteristics from non-CPKP strains.
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Introduction

Materials and Methods

Klebsiella pneumoniae (K. pneumoniae) is
the leading causative pathogen of health-

care-associated infections in Taiwan.1 As 
β-lactam antibiotics are often used to treat K. 
pneumoniae infections, the nonsusceptibility 
rates of many β-lactams against K. pneumoniae 
have been increasing in Taiwan.2-7 Although 
carbapenems are regarded as antibiotics of 
the last resort,8 the prevalence of carbape-
nem-nonsusceptible K. pneumoniae (CnSKP) 
in intensive care units (ICUs) in Taiwan has 
increased by more than twofold over the last 
decade.1 With treatment options dwindling, 
CnSKP is associated with increased morbidity 
and mortality.3,9-12

Two major mechanisms contribute to 
carbapenem nonsusceptibility. One is the pro-
duction of carbapenemases, and the other is the 
production of extended-spectrum β-lactamases 
(ESBLs) or AmpC β-lactamases with modifi-
cation of outer membrane permeability.8,10,13-15 
Carbapenemases represent a family of enzymes 
which can hydrolyze a broad spectrum of 
β-lactams; therefore, carbapenemase-producing 
K. pneumoniae (CPKP) is often nonsusceptible
to other β-lactams.15 In Taiwan, the proportion
of CPKP among CnSKP ranges from 20% to
70%,3,7,13 depending on the regions where the
bacteria were isolated. Compared to non-CPKP,
CPKP is more nonsusceptible to both β-lactams
and non-β-lactams,2,3,16 is more transmis-
sible,3,10 and contributes to increased mortal-
ity.16 Ceftazidime-avibactam, a novel β-lactam/
β-lactamase inhibitor, has been approved for
the treatment of complicated intra-abdominal
infections, complicated urinary tract infec-
tions, and nosocomial pneumonias in Taiwan.17

Ceftazidime-avibactam is active against multi-
drug-resistant Gram-negative bacteria produc-
ing ESBLs, K. pneumoniae carbapenemase
(KPC), AmpC β-lactamases, and some class D
β-lactamases (OXA-48).17

In our institution, a few clinical CnSKP 
isolates remained susceptible to β-lactams of 
narrower spectra and had more indeterminate 
results on the automated antimicrobial suscep-
tibility testing (AST) system. We postulated 
that these isolates were non-CPKP, but their 
clinical significance and treatment options were 
unknown. Herein, we studied the clinical and 
molecular characterization of CnSKP which 
remains susceptible to antibiotics of narrower 
spectra. Susceptibility to ceftazidime/avibac-
tam was also examined.

Hospital settings, isolates, and ethics 
This study was conducted in a 1,000-bed 

university-affiliated medical center in Taiwan 
and was approved by the Institutional Review 
Board of E-Da Hospital (EMRP-108-088). A 
database of the clinical microbiology labora-
tory was searched for K. pneumoniae isolates 
obtained between April 2004 and December 
2019. K. pneumoniae isolates that were in-
terpreted as nonsusceptible to imipenem or 
meropenem but susceptible to other antibiotics 
were screened (eFigure 1 in the supplement). 
All these isolates were stored as glycerol stocks 
at −80˚C until use. The need for informed 
consent was waived because this retrospective 
study involved no more than a minimal risk of 
harm to patients from which bacterial isolates 
were collected.

Data collection and definitions
Patient characteristics and clinical 

outcomes were collected from the medical 
records. An isolate was designated as hospital-
acquired if the patient had been hospitalized 
for > 48 hours before isolation. Polymicrobial 
infection was defined as the identification of 
more than one pathogen in the specimen of 
the same site within 24 hours. Comorbidities 
were assessed using the Charlson comorbidity 
index (CCI). The primary outcome was 14-day 
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all-cause mortality. Antibiotic treatment was 
considered inappropriate if the isolate was 
nonsusceptible to the treatment agent, based on 
reports from the clinical microbiology labora-
tory.

Clinical microbiology laboratory
During 2004 – 2013, API/ID32 GN Kits 

(bioMérieux, Marcy l’Etoile, France) were 
used for identification and the BD PhoenixTM 

System was used for AST. From 2014 onwards, 
the VITEK® MS System (bioMérieux) and 
the VITEK® 2 System (bioMérieux) were in-
troduced. When the automated AST system 
was unable to obtain the minimum inhibitory 
concentrations (MICs) of specific antibiotics, a 
disk diffusion method was employed to deter-
mine susceptibility. All laboratory procedures 
followed the Clinical and Laboratory Standards 
Institutes (CLSI) guidelines.18,19

Customized broth microdilution assay 
and Etest for ceftazidime-avibactam

For some isolates, MICs were not avail-
able in clinical microbiology laboratory reports. 
Therefore, a customized broth microdilution 
method was used to complement the MICs, 
with a repeat automated AST as a correlation at 
the time of this study. The MICs of carbapen-
ems (ertapenem, imipenem, meropenem, and 
doripenem) and other antibiotics (cefazolin, 
ceftriaxone, ceftazidime, cefepime, piperacil-
lin-tazobactam, levofloxacin, ciprofloxacin, 
amikacin, gentamicin, trimethoprim-sulfa-
methoxazole, and tigecycline) were determined 
in all isolates using Gram Negative GN4F AST 
Plate (Sensititre, Trek Diagnostic Systems, 
Cleveland, OH, USA). MICs for ceftazidime-
avibactam were obtained by Etest (bioMérieux), 
in which the range of ceftazidime concentration 
was 0.016 − 256 mg/L with a fixed avibac-
tam concentration of 4 mg/L. After overnight 
culture, bacterial isolates were prepared from a 
single colony and adjusted to a concentration of 
0.5 MacFarland for customized broth microdi-

lution assays and Etest. Mueller-Hinton broth 
was used in the Sensititre plates, and Etest for 
ceftazidime-avibactam was performed on Muel-
ler-Hinton agar. The MICs were read per the 
manufacturer’s instructions after incubation for 
20 – 22 hours at 37˚C, and susceptibility was 
determined based on CLSI M100 28th edition. 
Intermediate susceptibility and resistance were 
grouped as nonsusceptibility. 

DNA extract ion  and detect ion  of 
β-lactamase genes

After overnight subculture, DNA was 
extracted from included isolates using the 
Wizard® Genomic DNA Purification Kit 
(Promega, USA), followed by conventional 
polymerase chain reaction (PCR) or multiplex 
PCR assays to detect ESBL genes (encoding 
SHV, TEM, and CTX-M), AmpC genes 
(encoding CMY and DHA), and carbapene-
mase genes (encoding Ambler class A families 
KPC, NMC, IMI, SME, and GES; Ambler 
class B families IMP and NDM; and Ambler 
class D family OXA-48-type).4,20,21 The PCR 
primer sequences used in this study are listed 
in eTable 1 in the supplement. The amplicons 
were sequenced, and the entire sequences were 
compared to the National Center for Biotech-
nology Information (NCBI) database at https://
blast.ncbi.nlm.nih.gov/Blast.cgi. 

Pulsed-field gel electrophoresis (PFGE)
The bacterial chromosomal DNA of 

the included isolates was digested with 
XbaI (Promega, USA). Electrophoresis was 
carried out for 23 hours at 14˚C with pulse 
times ranging from 2.16 to 54.17 s at 6 V/cm 
using Bio-Rad CHEF MAPPER apparatus 
(Bio-Rad Laboratories, Richmond, CA, USA). 
The acquired restriction maps of each isolate 
were compared using GelCompare software 
(version 6.0; Applied Maths, Bionumerics). 
Isolates with ≥ 80% similarity in their respec-
tive banding patterns were considered closely 
related strains. 
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Results

Statistical analysis
Descriptive statistics for clinical features 

were calculated using the median and inter-
quartile range or frequency count (percentage), 
as appropriate. The Kolmogorov-Smirnov test 
was used to assess whether the continuous vari-
ables had a normal distribution, and parametric 
or nonparametric tests were chosen according-
ly. Continuous variables were analyzed using 
Student’s t-test or Mann-Whitney U test. Cat-
egorical variables were analyzed using the Chi-
square test or Fisher’s exact test if the expected 
values were less than five in any cell. To assess 
the clinical features associated with the detec-
tion of carbapenemase genes and 14-day mor-
tality, multivariate logistic regression analysis 
was performed, selecting variables with p ≤ 0.2 
on univariate analyses through backward elimi-
nation. The goodness-of-fit for the model was 
tested using the Hosmer-Lemeshow test. Two-
tailed p-values were calculated, and a p-value 
of less than 0.05 was regarded as statisti-
cally significant. SPSS software for Windows 
(Release 19.0; SPSS, Chicago, IL, USA) was 
used for the statistical analysis.

Epidemiology
The overall  prevalence of CnSKP 

among all K. pneumoniae isolates was 0.96% 
(197/20,465) during 2004 − 2019. The annual 
prevalence of CnSKP increased each year 
(R = 0.8, p < 0.01) and was marked by a 
twofold increase in 2014 (eFigure 2 in the 
supplement). At least 37 of the 197 isolates 
remained susceptible to β-lactams of narrower 
spectra, and a total of 34 CnSKP isolates were 
included (eFigure 1 in the supplement). Table 
1 shows the clinical features of the patients 
who carried these isolates stratified by the 
detection of carbapenemase genes. Most of 
the bacteria were hospital-acquired (64.7%) 
and were isolated from the urine (58.8%) and 
blood (23.5%). The rate of inappropriate an-

tibiotic treatment among these patients was 
91.2%. The 14-day all-cause mortality rate 
was 42.4%. Polymicrobial infections were 
observed in 52.9% of isolates. Carbapenemase 
genes were detected in nine of the 34 isolates 
(26.5%), three of which were blaKPC, blaIMP-2, 
and blaNDM. Bacterial isolates which harbored 
blaIMP-2 were isolated as early as 2009 − 2010 
(Fig. 1B). AmpC and ESBL β-lactamase 
genes were detected in 17 (50.0%) and all 
isolates, respectively. Table 2 shows the dis-
tribution of meropenem MICs among the 25 
non-CPKP isolates stratified by the combi-
nation of β-lactamase genes. The majority 
of these non-CPKP isolates had meropenem 
MICs ranging from 2 to 4 mg/L or exhibited 
intermediate susceptibility to meropenem or 
imipenem using the disk diffusion method.

Antibiogram
Table 3 shows the results of automated 

AST for K. pneumoniae isolates stratified by 
carbapenemase genes. Generally, CPKP has 
higher MICs for most antibiotics, including car-
bapenems. The difference in the susceptibility 
rate between CPKP and non-CPKP was most 
significant for gentamicin (p = 0.02), cefepime (p 
= 0.04), and ceftazidime-avibactam (p = 0.04). 
A few isolates remained susceptible to β-lactams 
of narrower spectra, such as cefazolin (5.9%), 
ceftriaxone (5.9%), ceftazidime (5.9%), ce-
fmetazole (11.8%), cefepime (26.5%), and piper-
acillin-tazobactam (20.6%). All these isolates 
were non-CPKPs. The overall susceptibility rate 
of ceftazidime-avibactam was 64.7% (22/34). 

Customized microdilution assay
Nine isolates, including the isolates which 

remained susceptible to narrow-spectrum 
β-lactams, were identified as susceptible to me-
ropenem in customized microdilution assays. 
Supplement eTable 2 shows the comparison 
of antibiograms by the automated AST system 
and the customized microdilution assay, treat-
ment outcomes, and β-lactamase genes in these 
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Characteristics Carbapenemase 
detected (n = 9)

Carbapenemase not 
detected (n = 25) All p-value*

Woman, n (%) 7 (77.8) 10 (40.0) 17 (50.0) 0.12

Age (range, median) 60 − 95, 72 2 − 91, 71 2 − 95, 71 0.51

Site of isolation, n (%)

  Blood 4 (44.4) 4 (16.0) 8 (23.5) 0.17

  Urine 4 (44.4) 16 (64.0) 20 (58.8) 0.44

  Pleural effusion 0 2 (8.0) 2 (5.9) 1.00

  Bile 1 (11.1) 3 (12.0) 4 (11.8) 1.00

Presumed source, n (%) 0.01

  Community-acquired 0 12 (48.0) 12 (35.3)

  Hospital-acquired 9 (100) 13 (52.0) 22 (64.7)

Polymicrobial infection, n (%) 6 (66.7) 12 (48.0) 18 (52.9) 0.45

  Blood 2 (33.3) 1 (8.3) 3 (16.7) 0.25

  Urine 3 (50.0) 6 (50.0) 9 (50.0) 1.00

  Pleural effusion 0 2 (16.7) 2 (11.1) 0.53

  Bile 1 (16.7) 3 (25.0) 4 (22.2) 1.00
Charlson comorbidity index (range, 
  median) 2 − 9, 4 0 − 11, 6 0 − 11, 5.5 0.67

Fourteen-day all-cause mortality, n (%)   
  (n = 33) 7 (77.8) (n = 9) 7 (29.2) (n = 24) 14 (42.4) 0.02

Inappropriate antibiotic treatment, n (%) 7 (77.8) 24 (96.0) 31 (91.2) 0.16

Admission, n (%) 9 (100) 20 (80.0) 29 (85.3) 0.29
  Days from admission to isolation ≥ 3 
    days, n (%) 9 (100) 9 (45.0) 18 (62.1) < 0.01

  Intensive care unit (ICU) stay, n (%) 8 (88.9) 5 (25.0) 13 (44.8) < 0.01
  Length of hospitalization ≥ 2 weeks, 
    n (%) 9 (100) 12 (60.0) 21 (72.4) 0.03

Mechanism of β-lactamase

  Carbapenemase 9 (100) 0 9 (26.5) NA

    KPC 3 (33.3) 0 3 (8.8) NA

    IMP-2 3 (33.3) 0 3 (8.8) NA

    NDM 3 (33.3) 0 3 (8.8) NA

  AmpC 3 (33.3) 14 (56.0) 17 (50.0) 0.44

    CMY 0 1 (4.0) 1 (2.9) 1.00

    DHA-1 3 (33.3) 14 (56.0) 17 (50.0) 0.44

  ESBL 9 (100) 25 (100) 34 (100) NA

    SHV 6 (66.7) 17 (68.0) 23 (67.6) 1.00

    TEM 7 (77.8) 15 (60.0) 22 (64.7) 0.44

    CTX-M 3 (33.3) 5 (20.0) 8 (23.5) 0.65

Table 1.  Clinical characteristics and β-lactamase mechanisms of included carbapenem-nonsusceptible Klebsiella 
pneumoniae isolates, stratified by detection of carbapenemase genes.

* Comparison between groups of carbapenemase genes detected and carbapenemase genes not detected. P-values ≤ 
0.05 were marked in bold.
ESBL: extended-spectrum β-lactamases; NA: not applicable.
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Fig. 1  Timelines of patients who had Klebsiella pneumoniae isolates harboring (A) blaKPC, (B) blaIMP-2, or (C) blaNDM. 
Hollow triangles indicate dates of isolation. The units highlighted in the boxes are presumed routes of gene 
dissemination. Six of the nine bacteria were isolated before discharge. ED: emergency department; MICU: 
medical intensive care unit; RCC: respiratory care unit; SICU: surgical intensive care unit.

Table 2.  Distribution of meropenem minimum inhibitory concentrations (MICs) among non-carbapenemase-
producing carbapenem-nonsusceptible Klebsiella pneumoniae isolates (n = 25).

Mechanism of β-lactamase No. of isolate Meropenem MIC (mg/L)
2 4 8 ≥ 16

Extended-spectrum β-lactamase (ESBL)
  SHV 6* 2 0 0 3
  SHV + TEM 1 0 0 0 1
  TEM + CTX-M 2 0 0 2 0
  SHV + TEM + CTX-M 2 0 2 0 0
ESBL + AmpC
  SHV + DHA-1 4† 1 1 1 0
  TEM + DHA-1 5§ 1 3 0 0
  SHV + TEM + DHA-1 3# 0 2 0 0
  SHV + TEM + CTX-M + DHA-1 1 0 1 0 0
  TEM + CMY + DHA-1 1 1 0 0 0
* One isolate had imipenem MIC > 8 mg/L.
† One isolate had intermediate susceptibility to imipenem in disk diffusion test.
§ One isolate had resistance to imipenem in disk diffusion test.
# One isolate had intermediate susceptibility to meropenem in disk diffusion test.

A

B

C

isolates. Eight of these nine isolates had inter-
mediate susceptibility to meropenem or had 
meropenem MICs ranging from 2 to 4 mg/L. 
Patient survival was observed in six patients 
(66.7%) who received inappropriate antibi-

otic treatments, but the sites of isolation in 
those cases were mostly from the urine. There 
were no CPKP among the nine K. pneumoniae 
isolates. All these isolates were susceptible to 
ceftazidime-avibactam.
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P re d i c t i o n  a n d  d i s s e m i n a t i o n  o f 
carbapenemase genes 

As shown in Table 1 and Table 3, hos-
pital-acquired infection (p = 0.01), days from 
admission to isolation ≥ 3 days (p < 0.01), ICU 
stay (p < 0.01), length of hospitalization ≥ 2 
weeks (p = 0.03), MICs of meropenem, and 
nonsusceptibility to gentamicin, cefepime, and 
ceftazidime-avibactam were associated with 
the detection of carbapenemase genes. In the 
multivariate logistic regression, none of these 
factors showed significant results. In this study, 
the reporting of meropenem MIC ≥ 16 mg/L 
and gentamicin nonsusceptibility in the auto-
mated AST system had a positive predictive 
value of 100% for the detection of any car-
bapenemase gene.

Table 3.  Results of automated antimicrobial susceptibility testing for included carbapenem-nonsusceptible Klebsiella 
pneumoniae isolates, stratified by detection of carbapenemase genes.

Antimicrobial 
agent

Carbapenemase genes detected (n = 9) Carbapenemase genes not detected (n = 25)
p-value*MIC (mg/L) Susceptibility, 

n (%)
MIC (mg/L) Susceptibility, 

n (%)Range 50%† 90%† Range 50%† 90%†

Amikacin ≤ 2 − ≥ 64 ≤ 2 ≥ 64 5 (55.6) ≤ 2 − ≥ 64 ≤ 2 ≥ 64 21 (84.0) 0.17
Gentamicin ≥ 16 − ≥ 16 ≥ 16 ≥ 16 0 ≤ 1 − ≥ 16 ≥ 16 ≥ 16 11 (44.0) 0.02
Cefazolin ≥ 64 − ≥ 64 ≥ 64 ≥ 64 0 ≤ 4 − ≥ 64 ≥ 64 ≥ 64 2 (8.0) 1.00
Ceftriaxone 16 − ≥ 64 ≥ 64 ≥ 64 0 ≤ 1 − ≥ 64 ≥ 64 ≥ 64 2 (8.0) 1.00
Ceftazidime ≥ 64 − ≥ 64 ≥ 64 ≥ 64 0 ≤ 1 − ≥ 64 ≥ 64 ≥ 64 2 (8.0) 1.00
Cefmetazole ≥ 64 − ≥ 64 ≥ 64 ≥ 64 0 ≤ 1 − ≥ 64 ≥ 64 ≥ 64 4 (16.0) 0.55
Cefepime 16 − ≥ 64 ≥ 64 ≥ 64 0 ≤ 1 − ≥ 64 4 ≥ 64 9 (36.0) 0.04§

Piperacillin- 
  tazobactam ≥ 128 − ≥ 128 ≥ 128 ≥ 128 0 ≤ 4 − ≥ 128 ≥ 128 ≥ 128 7 (28.0) 0.15

Ertapenem 2 − ≥ 8 ≥ 8 ≥ 8 0 ≤ 0.5 − ≥ 8 ≥ 8 ≥ 8 2 (8.0) 1.00
Meropenem ≥ 16 − ≥ 16 ≥ 16 ≥ 16 0 2 − ≥ 16 4 ≥ 16 0 NA
Levofloxacin ≤ 0.12 − ≥ 8 1 ≥ 8 6 (66.7) ≤ 0.12 − ≥ 8 1 ≥ 8 16 (64.0) 1.00
Trimethoprim-
  sulfamethoxazole ≤ 20 − ≥ 320 ≥ 320 ≥ 320 2 (22.2) ≤ 20 − ≥ 320 160 ≥ 320 8 (32.0) 0.69

Tigecycline 1 − 4 2 4 4 (44.4) ≤ 0.5 − ≥ 8 1 4 16 (64.0) 0.44

Ceftazidime-
  avibactam# 2 − > 256 > 256 > 256 3 (33.3) 0.19 − > 256 2 > 256 19 (76.0) 0.04

* Comparison of the susceptibility rates between two groups. P-values ≤ 0.05 were marked in bold.
† MICs at which 50% and 90% of the isolates tested are inhibited.
§ The number in one cell (25.0%) was expected to be less than 5. P = 0.04 by Chi-squared test and one-sided Fisher’s 
exact test. P = 0.07 by two-sided Fisher’s exact test.
# MICs for ceftazidime-avibactam were obtained by Etest. 
MIC: minimum inhibitory concentration; NA: not applicable.	

On pulsed-field gel electrophoresis 
(Fig. 2), three groups of isolates had iden-
tical or highly similar banding patterns, 
using 80% similarity as the cut-off. All 
these isolates harbored carbapenemase 
genes, suggesting a phenomenon of gene 
dissemination. Figure 1 shows the spatial 
and temporal distributions of patients who 
carried the CPKP isolates. In most cases, 
ICUs were presumed to be the routes of 
gene dissemination. Six of the nine bacteria 
were isolated before discharge. 

Outcome analysis 
In univariate analysis, isolation from the 

blood (p < 0.01), hospital-acquired infection (p 
< 0.01), CCI ≥ 5 (p = 0.04), meropenem MIC 
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Discussion

Fig. 2  Pulsed-field gel electrophoresis results of 34 included carbapenem-nonsusceptible Klebsiella pneumoniae 
isolates. Three groups of isolates have identical or highly similar banding patterns using 80% similarity as 
the cut-off. All these isolates were found to harbor carbapenemase genes. ER: emergency room; OPD: 
outpatient department; MICU: medical intensive care unit; SICU: surgical intensive care unit.

≥ 16 mg/L (p = 0.03), detection of carbapen-
emase genes (p = 0.02), nonsusceptibility to 
cefepime (p = 0.05), and nonsusceptibility to 
ceftazidime-avibactam (p = 0.02) significantly 
increased the odds of 14-day mortality (Table 
4). None of these factors showed significant 
results in the multivariate logistic regression 
analysis. Inappropriate antibiotic treatment was 
not associated with 14-day mortality in this 
study (p = 0.56).

This study highlighted the complexity 
of CnSKP, which encompasses one group of 
bacteria which remain susceptible to β-lactams 
of narrower spectra, as well as another group 
of bacteria which harbor carbapenemase 
genes and are generally nonsusceptible to 
most antibiotics. The strength of this study 
lies in the inclusion of clinical information 

and patient outcomes as a correlation between 
AST results and β-lactamase mechanisms. 
Presumed routes of carbapenemase gene dis-
semination may have implications for infec-
tion control policies. 

In this study, the susceptibility rates of 
CnSKP isolates to narrow-spectrum ß-lactams 
were higher than those reported in other studies 
in Taiwan.3-5,13,22 These results underscored 
the significance of non-CPKP and may reflect 
the complexity of developing antimicrobial 
resistance rather than merely an error in the 
automated AST system.14,16,23 To complement 
the missing data in the reports from the clinical 
microbiology laboratory, we performed cus-
tomized microdilution assays at the time of this 
study and incidentally found categorical dis-
agreement of meropenem nonsusceptibility in a 
few isolates (eTable 2 in the supplement). This 
phenomenon could be attributed to the loss of 
plasma-mediated ß-lactams during subculture, 
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such as AmpC.24 To our knowledge, no studies 
have investigated the clinical significance of 
CnSKP which remains susceptible to β-lactams 
of narrower spectra. In this study, most of these 
isolates exhibited only intermediate resistance 
to meropenem (MIC 2 mg/L), had a high 
susceptibility rate of ceftazidime-avibactam 
(> 90%), and had no carbapenemase genes 
detected. The factor determining the outcome 
of patients with these isolates was more likely 
to be the site of isolation rather than antibi-
otic appropriateness. However, these results 
should be interpreted with caution because of 
the scarcity of cases. The significance of these 
isolates may be focused more on antimicrobial 
stewardship and infection control measures, 
especially for the presence of plasma-mediated 
β-lactams.5

Another key finding was that cefepime 
plays an essential role in managing infec-
tions caused by non-CPKP. In this study, the 
susceptibility rate of cefepime (26.5%) was 
higher than that of piperacillin-tazobactam 
(20.6%), which was attributed to non-CPKP. 
This finding is compatible with local epidemio-
logical reports and US data.3,7,16 Lee et al. also 

Factors
Univariate analysis Multivariate analysis*

Odds ratio 95% confidence 
inter-val p-value Odds ratio 95% confidence 

interval p-value

Site of isolation
Non-blood (reference) 1.00
Blood 18.00 1.86 − 174.21 < 0.01 3.05 × 1015 < 0.01 − ∞ 1.00
Presumed source
Community-acquired (reference) 1.00
Hospital-acquired 17.88 1.93 − 166.00 < 0.01 0.55 0.02 − 15.05 0.72
Charlson comorbidity index ≥ 5 5.04 1.05 − 24.19 0.04 5.98 × 1015 < 0.01 − ∞ 1.00
Inappropriate antibiotic treatment 3.00 0.24 − 36.88 0.56
Meropenem MIC ≥ 16 mg/L 5.00 1.08 − 23.06 0.03 5.81 0.19 − 175.54 0.31
Detection of carbapenemase genes 8.50 1.40 − 51.48 0.02 1.43 × 1015 < 0.01 − ∞ 1.00
Nonsusceptibility to antibiotics
Cefepime 9.46 1.02 − 87.80 0.05 1.40 × 107 < 0.01 − ∞ 1.00
Ceftazidime-avibactam 7.11 1.40 − 36.12 0.02 2.22 0.17 − 28.54 0.54
* Cox & Snell R square = 0.58. P-value of Hosmer−Lemeshow test was 0.97.
MIC: minimum inhibitory concentration.

Table 4.  Univariate and multivariate analysis of clinical features associated with 14-day all-cause mortality.

found that cefepime-inclusive treatments were 
protective against 30-day mortality compared 
to other active agents in patients with carbapen-
em-resistant K. pneumoniae bacteremia.25 They 
further elaborated on the impact of cefepime 
MICs by finding lower mortality among the 
cefepime-susceptible (MIC ≤ 2 mg/L) category 
than the susceptible dose-dependent (MIC 4 − 
8 mg/L) category (16.7% vs. 27.8%). In this 
study, we found that cefepime nonsusceptibil-
ity and meropenem MIC values were related to 
the presence of carbapenemase genes (Table 3) 
and 14-day mortality (Table 4) in the univariate 
analyses. Both findings were consistent with 
those of previous reports.16,25,26 In the current 
automated AST reporting system, the presence 
of meropenem MIC ≥ 16 mg/L16 and nonsus-
ceptibility to cefepime or gentamicin, which 
had 100% positive predictive value in this 
study, may encourage an early molecular diag-
nosis of carbapenemase genes. This will lead to 
a timely AST for ceftazidime-avibactam, which 
is not included in the current automated AST 
system in Taiwan. Satlin et al. found that a 
rapid test for blaKPC and the use of ceftazidime-
avibactam decreased mortality in patients with 
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carbapenem-resistant Enterobacterales bacte-
remia.27

Many of our results were compatible 
with previous epidemiological studies in 
Taiwan, including the increasing prevalence of 
CnSKP,1,3 the site of isolation,3 the proportion 
of CPKP,3 the susceptibility rate of amikacin 
and tigecycline,1,3,7,28 and the presence of poly-
microbial infections.29 The susceptibility rate 
of ceftazidime-avibactam in this study (64.7%) 
was much lower than those in other local 
reports,6,7,28 which is probably attributable to 
sampling bias and undetected Ambler class B 
carbapenemases. A nonsusceptibility rate as 
high as 20% has been reported in carbapenem-
resistant K. pneumoniae.30 When managing in-
fections caused by CnSKP, an AST for ceftazi-
dime-avibactam is mandatory. 

PFGE results revealed the clonal spread 
of carbapenemase genes (Fig. 2), indicating 
that they disseminated more readily than ESBL 
and AmpC. We postulated that carbapenemase 
gene dissemination occurred in the ICUs (Fig. 
1), but we were unable to trace the index case. 
The inclination of isolation from patients with 
longer hospitalizations (Table 1) also suggests 
the dissemination of carbapenemase genes 
in healthcare settings. We speculate that the 
carbapenemase genes may persist in the en-
vironment because most of the bacteria with 
carbapenemase genes were isolated after pro-
longed hospitalization (Fig. 2). The fact that 
these isolates were isolated immediately before 
discharge also emphasizes the importance of 
terminal cleaning (Fig. 2).

This study has several limitations. First, 
the included isolates were selected and did 
not reflect the original population of CnSKP 
isolates. Second, we did not have enough 
isolates from blood to evaluate the effects of 
antimicrobial resistance genes and inappropri-
ate antibiotic treatment on patient survival. 
Third, no isolates underwent comprehensive 
molecular characterization, such as ESBL 
subtypes and sequence typing. A more in-depth 

comparison of the isolates on a molecular basis 
could not be performed. 

In summary, CnSKP which remain sus-
ceptible to β-lactams of narrower spectra 
exhibited only intermediate resistance to 
meropenem, had a high susceptibility rate of 
ceftazidime-avibactam, and had no carbapen-
emase genes detected. 
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Supplementary Materials

eFig. 1: Flow diagram of this study.
eFig. 2: Increasing prevalence of carbapenem 
nonsusceptibility among Klebsiella pneumoniae.
eTable 1: PCR primer sequences used for 
amplification of genes encoding ESBLs, AmpC 
β-lactamases, and carbapenemases.
eTable 2: Antibiograms, treatment outcomes 
and ß-lactamase genes of nine isolates which 
were identified as susceptible to meropenem 
in customized broth microdilution assays. 
In every column of antibiotics, the left 
panels are minim inhibitory concentrations 
(MICs) obtained by automated antimicrobial 
susceptibility testing at the time of isolation, 
and the right panels are MICs obtained by 
customized broth microdilution assays at the 
time of this study.
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