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Purpose: MBL and OXA-48 genes in carbapenem-resistant Enterobacterales (CRE) have 
emerged as a major public health problem worldwide, including Thailand. Due to the lack of 
susceptibility data and dosing regimens of ceftazidime-avibactam (CZA) against CRE in 
Thailand, especially in colistin-resistant era, we aimed to demonstrate in vitro susceptibility 
data of CZA and optimal dose based on Monte Carlo simulation of CZA to expand the 
treatment options.
Patients and Methods: We collected 49 carbapenem-resistant Klebsiella pneumoniae (CRKP) 
clinical isolates from unique patients at Phramongkutklao Hospital (June–October 2020). CZA 
disk diffusion and E-test testing were performed to obtain minimum inhibitory concentration 
(MIC). Each drug regimen was simulated using the Monte Carlo technique to calculate the 
probability of target attainment (PTA) and the cumulative fraction of response (CFR).
Results: The most common genotypes of CRKP were blaOXA-48 (53.1%) and blaOXA-48 

+blaNDM (42.8%). CZA showed 47.7% and 90.5% susceptible rate against all genotypes of 
carbapenemases and OXA-48 type CRKP isolates. The MIC50 and MIC90 of CZA against 
CRKP were 2 and >256 µg/mL. The categorical agreement (CA) between disk diffusion and 
E-test testing of CZA against CRKP was 95.4%. The CZA dosing regimens of 2.5 g infused 
2–3 h every 8 h achieved ≥90% of the target of free ceftazidime plasma concentration over 
MIC (%fTime >MIC) ≥50% and 100% against isolates MICs of ≤8 and ≤8 µg/mL, respec
tively. The avibactam regimens also provided 100%fTime at 0.5 µg/mL. Based on CFR 
≥90%, no CZA regimens were effective against all of the studied CRKP isolates except 
CRKP carrying OXA-48.
Conclusion: CZA exhibited a fairly susceptible rate among the OXA-48-positive isolates in 
Thailand. The current suggested dose of CZA with prolonged infusion appears appropriate to 
achieve the pharmacokinetic/pharmacodynamic targets of ceftazidime and avibactam against 
CRKP carrying blaOXA-48.
Keywords: CRE, metallo-beta-lactamase, Monte Carlo, oxacillinase

Introduction
The carbapenemase-producing enzyme in carbapenem-resistant Enterobacterales 
(CRE) has been since 1990.1,2 The global spread of CRE has become a major 
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public health concern especially regarding limited treat
ment options, increasing challenges for clinicians.3–6 The 
principal mechanisms of CRE consist of β-lactamase 
activity combined with structural mutations and produc
tion of carbapenemases, enzymes that hydrolyze carbape
nem antibiotics.7 According to the Ambler classification 
system, carbapenemases are classified by their molecular 
structures in three classes of β-lactamases, ie, class A, eg, 
Klebsiella pneumoniae carbapenemases [KPCs], B, 
metallo-β-lactamases [MBLs], eg, New Delhi metallo-β- 
lactamase [NDM-1], and D, eg, OXA-48 type carbapene
mase. Class A and D carbapenemases enzyme require 
serine at their active sites, while class B, the MBLs, 
requires zinc for β-lactam hydrolysis. For this reason, the 
MBLs are uninhibited by commercially available β-lacta
mase inhibitors.7,8

The global spread of CRE has occurred involving 
different epidemic strains across the region.9 In Thailand, 
the prevalence of CRE rapidly increased from 1.4 to 2.2% 
from 2009 to 201110,11 to 10 to 15% from 2018 to 2019.12 

The main carbapenemase enzymes in Thailand were 
MBLs (blaIMP-14 and blaNDM) and OXA type (blaOXA).
10,11,13 A recent report from a Thai university hospital 
revealed the two most common genotypes among CRE 
isolates were blaNDM (blaNDM-1, −4, −5, −9) of 71.75% and 
blaOXA (blaOXA-48, −181, −232) of 50.22%.13

Ceftazidime-avibactam (CZA) is a combination anti
biotic composed of broad-spectrum cephalosporin ceftazi
dime (CAZ) and the β-lactamase inhibitor avibactam 
(AVI).14,15 AVI is a member of a novel class of nonβ- 
lactam β-lactamase inhibitors, the diazabicyclooctanes, 
and acts as a reversible, covalent inhibitor.16 AVI retrieves 
the activity of ceftazidime by inhibiting Ambler class A, 
class C, and some class D β-lactamases, including the 
KPC and OXA-48 carbapenemases. Nevertheless, CZA 
is inactive against MBLs, such as NDM.16,17 CZA is 
indicated for treating complicated urinary tract and com
plicated intra-abdominal infections (combined with metro
nidazole) among adults. CZA displayed promising clinical 
results in treating CRE with limited treatment options and 
was recommended as a preferable antibiotic to treat infec
tions caused by CRE in some guidelines.18,19

Data from the National Antimicrobial Resistance 
Surveillance Thailand Center (NARST), Klebsiella pneu
moniae was the second most common bacterium and sec
ond most common bacterium overall isolated from blood 
specimens in 2019. Unfortunately, around 10% of K. pneu
moniae isolates exhibit carbapenem resistance.20 

Moreover, in our setting, Santimaleeworagun et al reported 
17.3% of the studied 150 K. pneumoniae isolates from 
blood culture revealed colistin resistance.21

As described above, CZA seems an attractive agent for 
carbapenem resistant-K. pneumoniae (CRKP) treatment; 
however, the in vitro susceptibility data among CZA 
against CRKP in Thailand (either polymyxin susceptible 
or resistant clinical isolates) has never been reported. 
Thus, this study aimed to demonstrate in vitro CZA activ
ity against CRKP either polymyxin intermediate or resis
tant clinical isolates. Additionally, we developed a 
potentially appropriate CZA dosage regimen based on 
Monte Carlo simulation to achieve pharmacokinetic/phar
macodynamic (PK/PD) targets for efficacy to increase the 
treatment options in CRE, especially in various types of 
MBLs and OXA type CRKP with or without colistin 
resistance.

Materials and Methods
Bacterial Isolate

The CRKP clinical isolates from unique patients were 
collected by the microbiology laboratory at 
Phramongkutklao Hospital, a 1200-bed teaching hospital 
of Phramongkutklao College of Medicine, Royal Thai 
Army, Bangkok, Thailand from June to October 2020. 
All studied CRKP isolated from patients underwent spe
cies identification as K. pneumoniae using matrix-assisted 
laser desorption ionization time-of-flight mass spectrome
try (MALDI-TOF MS).

Antimicrobial susceptibility testing was performed 
using the broth microdilution method (Sensititre, TREK 
Diagnostic Systems, Inc., Cleveland, OH, USA) and was 
interpreted according to the recommendations of the 
Clinical and Laboratory Standards Institute (CLSI) 22 and 
the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST).23 The CRKP isolate was defined as K. 
pneumoniae being resistant to at least one of the antibio
tics imipenem, meropenem, doripenem or ertapenem.24 

Colistin resistant K. pneumoniae (CoRKP) was included 
in the studied isolates with an MIC ≥4 µg/mL to colistin 
using the broth microdilution method according to the 
CLSI guidelines.22

The clinical specimen was part of the routine hospital 
laboratory procedure. The use of cultured pathogens from 
human specimens was approved by the institutional review 
board of the Royal Thai Army (Ethics number: Q011h/63) 
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and was carried out in accordance with the approved 
guidelines.

Phenotypic Study of Antimicrobial 
Susceptibility Testing
CRKP isolates were subcultured on Mueller-Hinton agar 
(Becton, Dickinson and Company, Sparks, MD, USA). 
CAZ-AVI disk (30 µg/20 µg) (bioMérieux, Marcy- 
I’Etoile, France) as the Kirby–Bauer method was con
ducted following CLSI and EUCAST guidelines. E-test 
testing was also performed (Liofilchem, Teramo, Italy). 
CLSI criteria were used to interpret MICs and disk diffu
sion zone diameters.22,25 Categorical agreement (CA) was 
defined using standardized criteria. In the present study, 
CA was defined as a more than 90% agreement in inter
pretive results between the E-test and disk diffusion.26

Molecular Study of Resistant Genes in 
Carbapenem Resistant K. pneumoniae
All CRKP isolates were freshly cultured on Mueller- 
Hinton broth (Beckton Dickinson Company, Baltimore, 
MD, USA) at 35°C. Then the genomic DNA of the clinical 
CRKP isolate was extracted using a commercial kit 
(Thermo Fisher Scientific, Waltham, MA, USA). 
Multiplex-PCR as previously described was used to detect 
carbapenemase genes (IMP, VIM, KPC, NDM, and OXA- 
48) to confirm carbapenem resistance mechanisms via 
enzyme destroying carbapenems.27 PCR mixture and 
PCR condition for mcr-1 (305 bp) were as previously 
described.28 PCR was conducted using a Thermocycler 
(Biometra, Gottingen, Germany). The PCR amplicons 
were visualized using a UV light box after electrophoresis 
on a 1% agarose gel comparing the band of known carba
penemase and mcr-1 genes as positive control along with 
the 1 kb plus DNA ladder (Thermo Fisher Scientific)

Monte Carlo Simulation
All pharmacokinetic parameters obtained from published 
studies of ceftazidime and avibactam among critically ill 
patients were collected.29 The concentration versus time 
curve was generated using a one-compartment model for 
CAZ and AVI. The targeted PK and PD indexes of cefta
zidime were represented as the percentage of free drug 
time exceeding MIC (%fTime>MIC), and the target value 
was 50 and 100%. However, avibactam has free trough 
concentrations (fCtrough) exceeding 1 µg/mL at least 50% 
of the time interval between doses or had a fCtrough 

exceeding 0.5 µg/mL of the entire time interval of CZA 
administration for the remaining enzyme inhibitor 
activity.30

The optimized dosing regimens of ceftazidime and 
avibactam were identified using Monte Carlo simulations 
(Oracle Crystal Ball Classroom Faculty Edition-Oracle 1- 
Click Crystal Ball 201, Thailand). The Monte Carlo simu
lation produced 10,000 subjects based on the PK para
meters of the studied antibiotics to generate the drug 
concentration over 24 h. The %fTime>MIC (CAZ) and 
trough concentrations exceeding 0.5 and 1 µg/mL (AVI) 
were analyzed to indicate the efficacy in each regimen.

The simulation was conducted for various CAZ and 
AVI dosing regimens. The PTA was estimated at each 
MIC, and the CFR was calculated as the sum of each % 
PTA against the antibiotic MIC distributions for CRKP. 
Dosing regimens that reached above 90% of PTA and CFR 
were highly recommended for documented therapy and 
empirical therapy against CRAB, respectively.

Results
In vitro Susceptibility of Ceftazidime- 
Avibactam and Comparator Agents
Forty-nine strains of CRKP from unique patients were 
isolated. The susceptibility result of CZA and other com
parator agents are shown in Table 1. The most susceptible 
agents were amikacin (97.9%) and gentamicin (91.8%). 
Among these isolates, colistin MIC ≤2 µg/mL, which was 
interpreted as intermediate susceptible, exhibited only 
67.3%. Tigecycline displayed a very low MIC90 of 1 
µg/mL.

Among 44 isolates, CZA showed 47.7% (21 of 44 
isolates) and 90.5% (19 of 21 isolates) susceptible rate 
for all carbapenemase types and for OXA-48 type CRKP 
isolates, respectively. Whereas, CZA showed 100% and 
38.9% susceptible rate for colistin intermediate KP 
(CoIRKP) isolates and CoRKP, respectively. The MIC50 

and MIC90 of CZA against CRKP were 2 and >256 µg/ 
mL. The MIC distribution of CZA against CRKP isolates 
using the E-test method is shown in Table 2. All the CZA 
resistant K. pneumoniae strains exhibited an extremely 
high MIC of >256 µg/mL while the susceptible strains 
exhibited a low MIC of ≤2 µg/mL. The categorical agree
ment between the E-test and disk diffusion of CZA against 
CRKP isolates was 95.4% (42 of 44 isolates) for CLSI 
interpretation and 54.5% (24 of 44 isolates) for EUCAST 
interpretation.

Drug Design, Development and Therapy 2021:15                                                                             https://doi.org/10.2147/DDDT.S321147                                                                                                                                                                                                                       

DovePress                                                                                                                       
3097

Dovepress                                                                                                                                                    Nasomsong et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Genotypic Characterization of 
Carbapenem-Resistant
K. pneumoniae Isolates
The most common genotypes of 49 CRKP isolates in 
this study were blaOXA-48 (53.1%) and co-existence 
between blaOXA-48 and blaNDM (42.8%). The CRKP car
rying blaOXA-48 showed a promising susceptibility result 
of CZA at 90.5% susceptible. In contrast, in the pre
sence of blaNDM regardless of the co-existence of other 
genotypes, CZA usually revealed a resistant pattern 
(Table 2).

PTA
Regarding PTA for various CZA regimens, for pathogens 
with an MIC of 8 µg/mL (the current susceptibility break
point for CZA), the optimal PTA target of fTime>MIC 
≥50% was achieved in all studied regimens (Table 3). 
For ≥90% PTA target of fTime>MIC 100%, the current 
CZA recommended dose, namely, 2.5 g every 8 h, had to 
be infused longer up to 2 to 3 h to optimally cover CRKP 
with a CZA MIC of 8 µg/mL. Whereas, the regimen of 2.5 
g every 8 h with standard infusion time (0.5 h) was 
effective against only isolates with CZA MICs of ≤4 µg/ 
mL. This approach of prolonged infusion was also able to 
achieve a PK/PD index of AVI at a AVI fCtrough exceeding 
0.5 µg/mL the entire time interval of CZA administration 
(Table 3).

CFR
Based on a CFR of ≥90%, no CZA regimens were effec
tive against all studied CRKP isolates with various types 
of carbapenemase. Focusing on only CRKP isolates carry
ing only blaOXA-48, the optimal CFR target of fTime>MIC 
≥50% was achieved in all studied CZA regimens. 
Whereas, for fTime>MIC 100%, regimens of 2.5 g infused 
longer times up to 2 to 3 h every 8 h showing CFR ≥90% 
among critically ill patients with OXA-48 type CRKP 
infection or isolates exhibiting susceptibility to CZA 
using disk diffusion based on CLSI guidelines (Table 4).

Discussion
The treatment options against CRKP are very limited. The 
most frequently used active antimicrobials so far have 
been “second-line” agents, including polymyxins, tigecy
cline, and aminoglycosides.31 Regarding the new β-lacta
mase inhibitors, AVI inhibits KPC and also OXA-48 but 
not MBLs. Because the options are so limited, all poten
tially active drugs should be tested in vitro including 
CZA.18,32 In Thailand, which shows a high epidemic rate 
of MBLs and OXA type CRE, the in vitro susceptibility 
result of CZA against CRE has never been reported.

In the present study, we demonstrated one half of 
CRKP isolates in a Thai university hospital was suscepti
ble to CZA. Compared with other studies, the susceptible 
rate of CZA in CRE was diverse across the region, ranging 

Table 1 In vitro Susceptibility and Percentage of Susceptibility Among Ceftazidime-Avibactam (CZA) and Comparator Agents Against 
Carbapenem-Resistant Klebsiella pneumoniae (CRKP) Clinical Isolates

Agents MIC Range (µg/mL) MIC50 (µg/mL) MIC90 (µg/mL) Percentage of Susceptible Strains

Ceftazidime-avibactam 0.125->256 2 >256 47.7%

Ceftazidime 8- >32 >32 >32 0%

Cefepime 4 - >32 >32 >32 0%
Ertapenem 2 - > 4 >4 >4 0%

Imipenem ≤0.5 - >8 >8 >8 18.3%

Meropenem ≤0.5 - >8 >8 >8 12.2%
Piperacillin-tazobactam 64 - >64 >64 >64 0%

Amikacin ≤8–32 ≤8 ≤8 97.9%
Gentamicin ≤2 ->8 ≤2 4 91.8%

Ciprofloxacin 0.12 - >2 >2 >2 4%

Levofloxacin 1 - >8 >8 >8 0%
Tigecycline ≤0.25 – 4 0.5 1 79.6%*

Trimethoprim-sulfamethoxazole ≤1 - >4 >4 >4 10.2%

Colistin ≤1 - >4 ≤1 >4 67.3%

Notes: *Interpreted according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST).23 

Abbreviations: MIC, minimum inhibitory concentration; MIC50, minimum inhibitory concentration required to inhibit the growth of 50% of organisms; MIC90, minimum 
inhibitory concentration required to inhibit the growth of 90% of organisms.
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Table 2 CZA Minimum Inhibitory Concentration Values, Zone Inhibition of CZA and Interpretive Categories by CLSI and EUCAST 
Against Various Carbapenemase Types of CRKP Clinical Isolates (n=49)

No Types of Carbapenemase MIC Values (µg/mL) of CZA Zone Inhibition (mm.) of CZA Interpretive Categories

CLSI EUCAST

1 OXA-48 0.125 28 S S

2 OXA-48 0.19 31 S S

3 OXA-48 0.25 29 S S

4 OXA-48 0.38 26 S S

5 OXA-48 0.38 26 S S

6 OXA-48 0.5 27 S S

7 OXA-48 0.75 26 S S

8 OXA-48 0.75 30 S S

9 OXA-48 0.75 30 S S

10 OXA-48 0.75 27 S S

11 OXA-48 1 32 S S

12 OXA-48 1 31 S S

13 OXA-48 1 30 S S

14 OXA-48 1 25 S S

15 OXA-48 1 24 S S

16 OXA-48 1 25 S S

17 OXA-48 1 25 S S

18 OXA-48 1.5 24 S S

19 OXA-48 1.5 26 S S

20 OXA-48 >256 16 R S

21 OXA-48 >256 16 R S

22 NDM >256 16 R S

23 OXA-48 + NDM 2 14 R S

24 OXA-48 + NDM 2 15 R S

25 OXA-48 + NDM >256 15 R S

26 OXA-48 + NDM >256 14 R S

27 OXA-48 + NDM >256 15 R S

28 OXA-48 + NDM >256 13 R S

29 OXA-48 + NDM >256 14 R S

30 OXA-48 + NDM >256 14 R S

31 OXA-48 + NDM >256 15 R S

32 OXA-48 + NDM >256 14 R S

33 OXA-48 + NDM >256 15 R S

34 OXA-48 + NDM >256 15 R S

35 OXA-48 + NDM >256 14 R S

36 OXA-48 + NDM >256 16 R S

37 OXA-48 + NDM >256 14 R S

38 OXA-48 + NDM >256 15 R S

39 OXA-48 + NDM >256 13 R S

40 OXA-48 + NDM >256 14 R S

41 OXA-48 + NDM >256 15 R S

42 OXA-48 + NDM >256 12 R R

43 OXA-48 + NDM >256 6 R R

44 OXA-48 n/a 26 S S

45 OXA-48 n/a 26 S S

46 OXA-48 n/a 27 S S

47 OXA-48 n/a 26 S S

48 OXA-48 n/a 26 S S

49 NA 2 24 S S

Abbreviations: CLSI, the Clinical and Laboratory Standards Institute; CZA, ceftazidime-avibactam; EUCAST, the European Committee on Antimicrobial Susceptibility 
Testing; MIC, minimum inhibitory concentration; NA, nonapplicable for cabapenemase typing; n/a, non-applicable for MIC testing; NDM, New Delhi metallo-beta-lactamase; 
OXA-48, oxacillinase-48; S, susceptible; R, resistance.
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from 53.3 to 96.6%.15,33–35 The genotype of epidemic 
CRE strains in each region was the key contributor to 
the CZA susceptible rate. In regions with a high suscep
tible rate of CZA, KPCs was the major epidemic 
genotype.15,34,35 Whereas, in the study of the Arabian 
Peninsula a susceptible rate of CZA (53.3%) against 
CRE was observed and OXA was the most common 
CRE genotype similar to our result.33 Hence, in a KPC 
epidemic region, CZA are recommended in some guide
lines as the first-line antimicrobial agent against CRE.18

Categorical agreement between the E-test and disk 
diffusion of CAZ-AVI against CRKP was satisfactory, 
only based on CLSI guidelines. Verifications of the E-test 
and disk diffusion of CZA against CRKP, consisting of 
few strains of OXA and NDM type carbapenemase, have 
been studied, resulting in an acceptable essential and cate
gorical agreement.25,36 The present study indicated the 
acceptable performance of CAZ-AVI (30 µg/20 µg) using 
the disk diffusion test among OXA and NDM type CRE. 
This additional information supported the use of the CAZ- 
AVI disk diffusion test based on CLSI interpretation 
among CRE which is more available in clinical practice 
than using the broth microdilution method (BMD) or 
E-test in some institutes, especially in a resource limited 
country.

Interestingly, colistin, the mainstream of CRE treat
ment, revealed an extremely high rate of resistance 
(81.63%) in the studied CRKP isolates compared with 
other studies in which the resistance rate did not exceed 
15%.37,38 Increasing use of colistin to treat infections 
caused by Gram-negative bacteria as well as horizontal 
gene transfer between drug resistance Gram-negative bac
teria might be principal factors leading to the emergence of 
CoRKP worldwide.39 The molecular mechanisms of these 
clinical isolates should be further investigated.

For optimal CZA dosage regimens against CRKP iso
lates for fTime>MIC 100%, the current CZA recom
mended dose, 2.5 g every 8 h, was effective against 
isolates with CZA MICs of ≤4 µg/mL in spite of the 
CZA MIC susceptible breakpoint specified at ≤8 µg/mL. 
Additionally, this dosage was not only sufficient for all 
range of susceptible strains, particularly the nearest MIC 
susceptible breakpoint but it also did not reach ≥90% PTA 
of AVI at 100%fT ≥ 0.5 µg/mL. The critical threshold of 
AVI at 0.5 µg/mL was considered appropriate to comple
tely inhibit the various types of beta-lactamases in 
Enterobacterales.30 Thus, as our finding simulated CZA 
dosing regimens supported by a related report,40 the 

current recommended CZA dose of 2.5 g every 8 h has 
to be infused longer time up to 2 to 3 h to optimally cover 
CRKP with an CZA MIC of ≤8 µg/mL and also achieve 
the optimal PK/PD index of AVI.

Unfortunately, our data illustrated that no CZA regi
men achieved a CFR of ≥90% for fTime>MIC either ≥50 
or 100% against all studied carbapenemase types of CRKP 
isolates. Nevertheless, the role of CZA is hopefully for 
CRKP carrying OXA-48 showing a 90.5% susceptible 
rate. However, genotypic studies of carbapenemase types 
are not routinely used as treatment guidance for CRE 
infections. Fortunately, because the disk diffusion was 
the most frequently used technique in microbiology 
laboratories, we firstly showed the suitability of disk diffu
sion to define potential CZA use. The disk diffusion inter
preted by CLSI breakpoint was capable to guide CZA use 
for CRKP treatment with CFR of more than 98% for 
fTime>MIC either ≥50 or 100%. Whereas, the disk diffu
sion interpreted by EUCAST breakpoint lacked the ability 
to predict the opportunity of CZA use. Therefore, the disk 
diffusion method only according to CLSI criteria could be 
applied in practical use in case of unavailable genotypic 
carbapenemases. Similarly, we caution the use of disk 
diffusion based on the EUCAST interpretation for suscept
ibility of phenotypes of Enterobacterales due to high rate 
of discordance between disk diffusion and E-test results.

Regarding limitations, this study established the first in 
vitro susceptibility report of CZA against CRKP either 
CoIKP or CoRKP isolates in Thailand and only a few 
reports in OXA and NDM type CRE in an endemic region. 
Nevertheless, limitations were encountered. First, the 
BMD method, which is the gold standard of antimicrobial 
susceptibility testing, was not performed. However, the 
E-test method is a simple and accurate alternative method 
for susceptibility testing and the CZA E-test verification 
study showed very high CA compared with BMD.25 

Second, whole-genome sequencing of CRKP was not per
formed. Multiplex PCR could not fully describe the mole
cular basis of those resistant bacterial strains. Third, even 
though appropriate CZA doses were 2.5 g infused over 2 h 
every 8 h for critically ill patients based on with mean 
creatinine clearance of 103 mL/min,29 doses of CZA for 
patients with creatinine clearance less than 50 mL/min had 
to be adjusted for their renal function.17 Fourth, our study 
only recommended the possible dose of studied antibiotics 
to meet the PK/PD target in each drug. The clinical studies 
of our recommended dosing had to confirm the benefits of 
CZA-prolonged infusion against CRKP infections. Finally, 
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this involved a limited single-center experience. Thus, the 
less generalizable findings should be appraised and com
pared with other cohorts. A nationwide multicenter study 
using standardized antimicrobial susceptibility testing 
methods based on various types of carbapenemase should 
be further investigated.

Despite these limitations, this study provided important 
information useful for treating CRKP in clinical practice 
especially in an epidemic region of OXA type CRE, for 
which treatment options are very limited. CAZ-AVI by 
disk diffusion exhibited acceptable performance as a lead
ing treatment of OXA type CRE but only with susceptible 
interpretation based on CLSI criteria in the case of a lack 
of molecular carbapenemase typing confirmation. 
Furthermore, multilocus sequence typing with pulsed- 
field gel electrophoresis using K. pneumoniae isolates 
was not performed. Further study on clonal relatedness 
of tested strains should be investigated.

Conclusion
CZA exhibited 47.7 and 90.5% susceptible rate among all 
genotype and OXA type CRKP clinical isolates in a Thai 
university hospital. The CAZ-AVI disk diffusion test 
showed an acceptable performance in CRKP compared 
with the E-test method. From our result, CZA should be 
tested in vitro and considered as an alternative agent to 
treat CRE, especially in OXA type CRE endemic regions. 
Additionally, to fulfill both PK/PD indexes of CAZ and 
AVI, the current recommended dose, namely, 2.5 g 
infused over 2-3 h every 8 h, is considered an appropriate 
regimen to treat against CRE isolates showing suscept
ibility to CZA based on the current susceptibility 
breakpoint.
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