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Purpose: In recent years, less options are available for treating carbapenem-resistant 
Acinetobacter baumannii and carbapenem-resistant Pseudomonas aeruginosa. The present 
study investigates the susceptibility rates to imipenem/relebactam for the treatment of intra- 
abdominal infections (IAIs), respiratory tract infections (RTIs) and urinary tract infections 
(UTIs) caused by A. baumannii and P. aeruginosa in China.
Patients and Methods: A total of 1886 P. aeruginosa and 1889 A. baumannii isolates were 
collected in 21 centers (7 regions) as a part of the global SMART surveillance program 
between 2015 and 2018. Antimicrobial susceptibility testing was performed according to the 
Clinical and Laboratory Standards Institute (CLSI) recommendations using the broth micro-
dilution methodology at Peking Union Medical College Hospital.
Results: For P. aeruginosa, overall susceptibility rates to imipenem/relebactam were 84.2% 
at a CLSI breakpoint of ≤2 mg/L compared to 55.7% for imipenem. Susceptibility rates of 
imipenem-non-susceptible P. aeruginosa to imipenem/relebactam were 64.4% and for multi-
drug-resistance (MDR) P. aeruginosa susceptibility rates were increased from 25.2% for 
imipenem to 65.8% for imipenem/relebactam. The susceptibilities of imipenem-non- 
susceptible and MDR P. aeruginosa strains were similarly restored by imipenem/relebactam 
in non-ICU and ICU wards. The rate of imipenem-non-susceptibilities A. baumannii isolates 
was 79.0%, whereas the MDR rate was 81.9%. Relebactam did not change the susceptibil-
ities of imipenem-non susceptible or MDR A. baumannii isolates.
Conclusion: Imipenem/relebactam provides a therapy option to treat infections caused by 
MDR or imipenem-non-susceptible P. aeruginosa but not A. baumannii infections in China.
Keywords: carbapenem-resistance, extended-spectrum β-lactamase, multidrug-resistance, β- 
lactamase inhibitor, carbapenemase

Introduction
Pseudomonas aeruginosa and Acinetobacter baumannii are included in the 
“ESKAPE” pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, A. baumannii, P. aeruginosa and Enterobacter species) and have been 
reported to be the major cause of nosocomial antimicrobial-resistant infections.1

A. baumannii is a Gram-negative bacterium, which can become an opportunistic 
pathogen for humans with mortality rates of up to 35%2 and is a common cause of 
nosocomial pneumonia in intensive care units (ICUs).3 The rate of carbapenem- and 
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ampicillin-sulbactam-resistance in nosocomial blood-
stream infections was 25% between 2006 and 2009 in 
the USA,4 but susceptibility of multidurg-resistance 
(MDR) A. baumannii to carbapenems or sulbactam in the 
USA have been estimated to be only 26% in a more recent 
study.5 In China, the prevalence of imipenem and exten-
sively drug-resistant A. baumannii strains increased from 
13.3% and 11.1% in 2004 to 70.5% and 60.4% in 2014.6

P. aeruginosa is also an opportunistic human pathogen 
frequently causing nosocomial bloodstream as well as 
respiratory and urinary tract or wound infections7 and 
was the sixth most commonly found pathogen in health-
care-associated infections.8 The World Health 
Organization categorized carbapenem-resistant 
P. aeruginosa and A. baumannii as critical-priority bacteria 
within 20 antimicrobial-resistant bacteria species.9

An approach to cope with carbapenem resistance is the 
combination of β-lactamase inhibitors with β-lactams.10 

Relebactam is a non-β-lactam bicyclic diazabicyclooctane 
β-lactamase inhibitor of class A including Klebsiella pneu-
moniae carbapenemase (KPC) and class C β-lactamases.11 

Relebactam does not inhibit class B metallo-β-lactamases 
or class D oxacillinase (OXA)-type β-lactamases.12

In 2020, the results of a multicenter, randomized, dou-
ble-blind trial (RESTORE-IMI 1 Study) that compared the 
efficacy and safety of imipenem/relebactam vs colistin 
plus imipenem in patients with imipenem-nonsusceptible 
bacterial infections revealed that imipenem/relebactam 
was an efficacious and well-tolerated therapy option for 
carbapenem-non-susceptible infections.13 Another rando-
mized, controlled, double-blind Phase 3 trial to evaluate 
the efficacy and safety of imipenem/relebactam in treating 
hospital-acquired/ventilator-associated bacterial pneumo-
nia (HABP/VABP) (RESTORE-IMI 2 Study)14 found 
that imipenem/relebactam was a new treatment option for 
HABP/VABP, including for high-risk patients. Also, dur-
ing in vitro tests, relebactam restored the imipenem activ-
ity against P. aeruginosa.15–17 The Study for Monitoring 
Antimicrobial Resistance Trends (SMART) revealed that 
in the USA that imipenem-relebactam and imipenem sus-
ceptibilities were 93.1% and 68.1%, respectively for 
P. aeruginosa for the treatment of lower respiratory tract 
infections (RTIs) in 2015, and susceptibility to imipenem/ 
relebactam was 82.2% for MDR isolates, while in 2016 
relebactam restored imipenem susceptibility to 80.5% 
(202/251) of imipenem-nonsusceptible P. aeruginosa 
isolates.18–20 Other SMART multicenter antimicrobial 
resistance results also reported for Europe revealed that 

the rates of susceptibility to imipenem and imipenem/rele-
bactam (minimum inhibitory concentration (MIC) ≤ 4 mg/ 
L) were 69.4% and 92.4%, respectively. Of all MDR 
isolates, 78.2% were susceptible to imipenem/relebactam 
and the susceptibility rates to imipenem/relebactam were 
similar for MDR isolates from lower RTIs (77.8% suscep-
tible), intraabdominal tract infections (IAIs) (80.3%) and 
urinary tract infections (UTIs) (76.4%) in Europe from 
2015 to 2017.21 Based on these results, imipenem/relebac-
tam has been shown to be a promising therapeutic option 
for treating patients with infections caused by antimicro-
bial-resistant Gram-negative bacilli in Europe and 
the USA.

SMART is a worldwide surveillance program for deter-
mining the susceptibilities to various antibiotic agents of 
Gram-negative bacteria isolated from IAIs, UTIs and RTIs. 
The aim of the present study was to assess the in vitro activity 
of imipenem/relebactam, imipenem and comparators against 
P. aeruginosa and A. baumannii strains in China from 2015 
to 2018 in order to provide useful reference data for future 
applications in Chinese clinical practice.

Patients and Methods
Clinical Isolates
In total, 1886 P. aeruginosa and 1889 A. baumannii sam-
ples were collected from IAI, lower RTI and UTI speci-
mens collected between 2015 and 2018 from 21 centers in 
7 Chinese regions (north, northeast, southwest, central, 
south, east non-Jiangzhe and east Jiangzhe), with a range 
of 77 to 250 facultative anaerobic and aerobic Gram- 
negative bacteria per year per hospital, which were con-
secutively collected. The collection only included unique 
bacterial isolates and excluded duplicate isolates. Most of 
the IAI specimens were obtained from the stomach, gall 
bladder, small intestine, colon, appendix, pancreas, liver, 
rectum abscesses or peritoneal fluid. UTI specimens were 
obtained from the urethra or urine. Most RTI specimens 
came from sputum, bronchoalveolar lavage, bronchial 
brushings or thoracentesis. P. aeruginosa and 
A. baumannii isolates were collected from patients in non- 
ICU or ICU wards. ICU wards included medicine, pedia-
tric, surgery and general unspecified. Non-ICU wards 
included the emergency room and general medicine, 
pediatric and surgery wards.

The isolated bacterial species were initially identified 
and confirmed as Gram-negative bacilli in local hospital 
laboratories before being sent to Peking Union Medical 
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College Hospital for re-identification confirmation using 
MALDITOF MS (Bruker Daltonics, MS, USA). Each 
ethics committee of a participating hospital gave approval 
for the protocols employed (Et. Number: S-K238).

Susceptibility of Bacteria to Antimicrobial 
Agents
Isolates were tested for antimicrobial susceptibility using Trek 
Diagnostic System (Thermo Fisher Scientific, Oakwood 
Village, OH, USA) with dehydrated broth microdilution 
panels according to the most recent clinical and laboratory 
standards institute (CLSI) guidelines at Peking Union Medical 
College Hospital. The antimicrobials imipenem/relebactam, 
imipenem, amikacin, cefepime, ceftazidime, aztreonam, cipro-
floxacin, piperacillin/tazobactam and colistin were investi-
gated. Relebactam at a fixed 4 mg/L combined with 2-fold 
imipenem dilutions was tested.

MICs were tested by using the CLSI breakpoints for the 
drugs, with the exception of imipenem/relebactam.22 Current 
FDA MIC break-points for imipenem/relebactam tested 
against P. aeruginosa (≤ 2 mg/mL, susceptible; 4 mg/mL, 
intermediate; ≥ 8 mg/mL, resistant) and A. baumannii (≤ 
2 mg/mL, susceptible; 4 mg/mL, intermediate; ≥ 8 mg/mL, 
resistant) were applied in our study.23 MDR of P. aeruginosa 
was defined as non-susceptibility (intermediate or resistant) to 
at least 3 of 7 sentinel antimicrobial drugs: amikacin, aztreo-
nam, cefepime, ciprofloxacin, colistin, imipenem and 
piperacillin/tazobactam.24 The MDR of A. baumannii was 
defined as non-susceptibility (intermediate or resistant) to at 
least 3 of 6 sentinel antimicrobial drugs: amikacin, cefepime, 
ciprofloxacin, colistin, imipenem and piperacillin/ 
tazobactam.24 Trends were assessed for statistical significance 
using the Cochrane-Armitage test.

Quality control testing (QC) was performed each day 
of testing using the CLSI recommended American Type 
Culture Collection (ATCC) in the Chinese SMART sur-
veillance program: E. coli ATCC 25922 and Pseudomonas 
aeruginosa ATCC 27853 were used as QC strains. Data 
were only included when the quality control test results 
were in acceptable ranges.

Results and Discussion
General Distribution of P. aeruginosa and 
A. baumannii from 2015 to 2018
In the present study, the isolates of P. aeruginosa from IAIs, 
RTIs and UTIs were 21.5%, 65.6% and 12.9%, respectively 
comprising a total of 1886 strains including 23.4% isolates 

from ICUs. From 1889 A. baumannii isolates 21.0%, 72.4% 
and 6.7% were collected from IAIs, RTIs and UTIs, respec-
tively and among them 38.1% were from ICUs.

For P. aeruginosa strains, MDR and imipenem-non- 
susceptible strains accounted for 44.3% and regarding 
different organs and clinical departments, RTIs and non- 
ICUs were the main sources of the collected specimens.

For A. baumannii strains, MDR and imipenem-non- 
susceptible strains accounted for 81.9% and 79.0%, 
respectively while the majority of specimens came from 
IAIs and RTIs collected in ICUs (Supplementary Table 1).

In vitro Activity of Imipenem/Relebactam 
Against P. aeruginosa and A. baumannii 
from 2015 to 2018
For P. aeruginosa, we found 84.2% susceptibility rates to 
imipenem/relebactam at a CLSI breakpoint of ≤ 2 mg/L com-
pared to 55.7% susceptibility rates to imipenem. The MIC90 of 
imipenem (32 mg/L) was 4-fold higher than that of imipenem/ 
relebactam (8 mg/L) (Table 1). These imipenem susceptibility 
rates were numerically lower than those in other countries as 
per published SMART reports, with 73% in the USA/Canada 
and 66.7% in Europe,25 which reflected the more serious 
resistant status of P. aeruginosa that China faces. In addition, 
the China Antimicrobial Surveillance Network (CHINET) 
Program reported that 63.7% of collected P. aeruginosa iso-
lates were susceptible to imipenem in 2017, higher than our 
findings. The difference between the two studies is likely 
derived from the difference of the collected isolates. 
CHINET strains were obtained from both inpatients and out-
patients whereas in our study isolates were only taken from 
hospitalized patients.26 The susceptibility rates of imipenem- 
non-susceptible P. aeruginosa and MDR P. aeruginosa to 
imipenem/relebactam were 64.4% and 65.8%, with suscept-
ibilities to imipenem of 0% and 25.2%, respectively (Table 1). 
The rate of imipenem susceptibility restoration by relebactam 
in the present study was somewhat lower than reported values 
for Europe in 2015 (81.1%),27 in the USA in 2015 (80.5%),20 

and in Europe 2015–2017 (75.2%),21 but closer to the global 
data between 2015–2016 of 70.3%.25

Adding relebactam did not improve the activity of imi-
penem against A. baumannii isolates, the susceptibility rate 
of imipenem and imipenem/relebactam being 21.0% and 
22.2% while the susceptibility rates to imipenem and imipe-
nem/relebactam were only 4.0% and 5.3% for MDR 
A. baumannii isolates, while relebactam yielded only 
a 1.8% susceptibility regain in imipenem non-susceptible 
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A. baumannii isolates (Table 1). The results from the 2015 
SMART surveillance program, involving 17 European coun-
tries, revealed that the overall susceptibility of A. baumannii 
to imipenem was only 10.1%27 and somewhat lower than 
found in the present study (21.0%). However, in both studies 
the imipenem non-susceptibilities could not be restored by 
relebactam in imipenem non-susceptible A. baumannii iso-
lates, which has also been reported in the USA15 and has 
been attributed to certain resistance mechanisms of 
A. baumannii strains,28,29 since a main mechanism of carba-
penem resistance in A. baumannii is expression of OXAs.30 

The A. baumannii percent susceptibilities to imipenem and 
imipenem/relebactam were virtually identical (both about 
20%), whereas for amikacin they were 16.5–32.7%, indicat-
ing amikacin resistance, which has been attributed to ami-
noglycoside-modifying enzyme expressions in 
A. baumannii.31

Of the comparator antibiotics, amikacin (89.7% suscep-
tible) demonstrated an in vitro rate of susceptibility ≥ 80% 
only for P. aeruginosa. However, susceptibility rates were 

high to colistin in all P. aeruginosa (94.5–94.9%) and 
A. baumannii (96.1–96.5%) isolates, including imipenem- 
non- susceptible and MDR isolates (Supplementary 
Table 2), which might be explained by the fact that in 
China colistin was used in veterinary medicine only until 
2014, probably due to its previously reported serious 
nephrotoxicity and neurotoxicity, which has limited its clin-
ical use.32

Given that relebactam did not restore susceptibility to 
imipenem for A. baumannii including MDR A. baumannii, 
we then focused our further analyses on P. aeruginosa.

MIC Frequency Distribution of Imipenem/ 
Relebactam to P. aeruginosa Including 
Imipenem-Non-Susceptible P. aeruginosa 
and MDR P. aeruginosa
The modal MIC value for imipenem was 1 mg/L (n = 583, 
30.9%) and for imipenem/relebactam 0.5 mg/L (n = 1143, 
60.6%) (Figure 1A). In addition, 15.6%, 21.3% and 27.5% of 

Table 1 In vitro Activity of Imipenem/Relebactam and Imipenem Against P. Aeruginosa and A. Baumannii Collected in China from 2015 
to 2018

Organism/Antimicrobial Agent MIC (mg/L) MIC Interpretation

MIC50 MIC90 MIC Range Susceptible 
Rate (%)

Intermediate 
Rate (%)

Resistant 
Rate (%)

P. aeruginosa (N = 1886)
Imipenem/relebactam 0.5 8 < 0.6 to > 32 84.2 5.0 10.8

Imipenem 2 32 < 0.12 to > 32 55.7 6.2 38.1

Imipenem-non-susceptible 
P. aeruginosa (N = 835)
Imipenem/relebactam 2 > 32 0.25 to > 32 64.4 11.1 24.4

Imipenem 16 > 32 4 to > 32 0.0 13.9 86.1

MDR P. aeruginosa (N = 835)
Imipenem/relebactam 2 > 32 < 0.06 to > 32 65.8 10.2 24.1

Imipenem 16 > 32 0.25 to > 32 25.2 6.7 68.1

A. baumannii (N = 1889)
Imipenem/relebactam 32 > 32 < 0.06 to > 32 22.2 0.6 77.2
Imipenem 32 > 32 < 0.12 to > 32 21.0 0.5 78.6

Imipenem-non-susceptible 
A. baumannii (N = 1493)
Imipenem/relebactam 32 > 32 0.25 to > 32 1.8 0.7 97.5

Imipenem 32 > 32 4 to > 32 0.0 0.6 99.4

MDR A. baumannii (N = 1547)
Imipenem/relebactam 32 > 32 < 0.06 to >32 5.3 0.7 94.1

Imipenem 32 > 32 0.25 to > 32 4.0 0.4 95.6

Abbreviations: MIC, minimum inhibitory concentrations; MDR, multidrug resistance.
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imipenem-non-susceptible P. aeruginosa strains were inhib-
ited at a concentration of ≤ 0.5 mg/L, 1 mg/L and 2 mg/L 
imipenem/relebactam (represented by imipenem concentra-
tion), respectively. The modal MiC value for imipenem was 
32 mg/L (32.9%) (Figure 1B). For the MDR P. aeruginosa 
isolates the MIC distributions of imipenem/relebactam were 
30.3%, 15.3% and 20.1% at ≤ 0.5 mg/L, 1 mg/L and 2 mg/L, 
respectively. The modal MICs were 32 mg/L for imipenem 
and 0.5 mg/L for imipenem/relebactam (Figure 1C).

Susceptibility Changes of P. aeruginosa, 
MDR P. aeruginosa and Imipenem-Non- 
Susceptible P. aeruginosa Isolates to 
Imipenem and Imipenem/Relebactam 
Obtained from Different Organs (IAIs, 
UTIs, RTIs) and Clinical Departments 
(ICU, Non-ICU), Year and Geographic 
Regions of China
The susceptibility rates of P. aeruginosa isolates from IAIs, 
RTIs and UTIs against imipenem/relebactam were all greater 
than 80% and among them the susceptibility rates of 
P. aeruginosa isolates from IAIs and UTIs were close to 
90%. For imipenem-non-susceptible P. aeruginosa isolates, 
the susceptibility rate of imipenem/relebactam to isolates from 
IAIs and RTIs were 71.9% and 63.5%, respectively, while for 
a relatively small number of UTI isolates, the susceptible rate 
was about 54.8% (Figure 2, Supplementary Table 3).

Imipenem/relebactam possessed high in vitro activity 
against P. aeruginosa not only for isolates from non-ICU 
wards (86.0% susceptible) but also against isolates from 
ICUs (78.2% susceptible). By adding relebactam, the 

susceptibility to imipenem for imipenem non-susceptible 
P. aeruginosa strains rose from 0.0% to 58.6% and 66.7% in 
ICU and non-ICU derived P. aeruginosa isolates, respectively, 
and that of MDR P. aeruginosa isolates rose from 21.0% to 
58.5% in ICU and from 26.7% to 68.5% in non-ICU isolates 
(Table 2). However, The percentages of imipenem non- 
susceptible P. aeruginosa and MDR P. aeruginosa isolates 
were numerically higher in ICU than in non-ICU samples, 
which is in agreement with previously published reports.33,34

The majority of P. aeruginosa isolates were obtained 
from RTIs (65.6%), with 26.5% collected in ICUs and 
73.5% in non-ICUs, followed by IAIs (21.5%) with 20.7% 
collected in ICUs and 79.3% in non-ICUs, and UTIs 
(12.9%) of which 11.9% were collected in ICUs and 
88.1% in non-ICUs. Since P. aeruginosa has been found to 
be the second most common organism causing health care- 
associated pneumonia infections, the high number of RTI 
isolates is in line with the literature.8 Imipenem susceptibil-
ities of ICU (59.5.%) and non-ICU (60.7%) isolates were 
similar for IAIs, but isolates collected in ICUs were less 
susceptible to imipenem compared to non-ICU isolates for 
RTIs (43.6% vs 53.0%) and UTIs (55.2% vs 77.1%) 
(Supplementary Table 4). The RTI and UTI data are in line 
with previously published literature in which the rate of 
carbapenem resistance was reported to be significantly 
higher in ICU vs non-ICU settings.35 However, the non- 
ICU IAI isolates had a higher rate of imipenem susceptibility 
compared to RTI and UTI isolates, which indicated that 
imipenem non-susceptibilities in IAIs have spread into non- 
ICU departments within hospitals.

Restoration of imipenem susceptibility by relebactam in 
imipenem non-susceptible P. aeruginosa isolates was similar 
in RTI isolates from ICUs (62.2%) and non-ICUs (64.0%), 

Figure 1 Effect of relebactam on MIC distribution of imipenem against: (A) P. aeruginosa isolates (n = 1886); (B) imipenem-non-susceptible P. aeruginosa (n = 835); (C) MDR 
P. aeruginosa isolates (n = 835). Dashed line represents the FDA identified susceptibility breakpoint of imipenem/relebactam of ≤ 2 mg/mL for P. aeruginosa. 
Abbreviations: MIC, minimum inhibitory concentrations; MDR, multidrug resistance.
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but essentially lower in ICU compared to non-ICU isolates 
collected from IAIs (50.0% vs 77.8%) and UTIs (30.8% vs 
61.2%), a trend which was also exhibited for MDR 
P. aeruginosa isolates with similar imipenem restoration 
rates (Supplementary Table 4). These data indicated that 
P. aeruginosa isolates from RTIs, though with a higher 
imipenem resistance rate in ICUs, could be restored by 
relebactam to similar levels as for isolates from non-ICUs, 
which was not the case for UTI and IAI P. aeruginosa 

isolates. These findings may indicate that different carbape-
nem resistance mechanism distributions occurred in various 
organs and in ICU vs non-ICU infections and that imipenem 
resistance in ICU departments is caused by mechanisms 
other than Amber A or C β-lactamases.36,37

However, the similar rates of imipenem susceptibility 
restoration in imipenem non-susceptible and MDR 
P. aeruginosa isolates suggest that relebactam can be used 
also for MDR P. aeruginosa strains with similar efficacy.

Figure 2 Comparison of P. aeruginosa strain susceptibilities. From IAIs, UTIs and RTIs isolated (A) total P. aeruginosa, (B) imipenem-non-susceptible P. aeruginosa and (C) 
MDR P. aeruginosa strain susceptibilities to imipenem/relebactam, and imipenem. From ICUs and non-ICU departments isolated (D) total P. aeruginosa, (E) imipenem-non- 
susceptible P. aeruginosa and (F) MDR P. aeruginosa strain susceptibilities to imipenem/relebactam, and imipenem. 
Abbreviations: IAIs, intra-abdominal infections; ICU, intensive care unit; MDR, multidrug-resistance; RTIs, respiratory tract infections; UTIs, urinary tract infections.

Table 2 In vitro Activity of Imipenem/Relebactam and Imipenem Against P. Aeruginosa Isolates from ICUs and Non-ICU Wards

Organism/Antimicrobial Agent ICU Origin (IAIs + UTIs + RTIs) Non-ICU Origin (IAIs + UTIs + RTIs)

N S% R% MIC90 N S% R% MIC90

P. aeruginosa
Imipenem/relebactam 441 345 (78.2) 72 (16.3) 32 1445 1243 (86.0) 132 (9.1) 4
Imipenem 441 209 (47.4) 208 (47.2) > 32 1445 842 (58.3) 511 (35.4) 32

Imipenem-non-susceptible P. aeruginosa
Imipenem/relebactam 232 136 (58.6) 72 (31.0) > 32 603 402 (66.7) 132 (21.9) 32

Imipenem 232 0 (0.0) 208 (89.7) > 32 603 0 (0.0) 511 (84.7) > 32

MDR P. aeruginosa
Imipenem/relebactam 229 134 (58.5) 72 (31.4) > 32 606 415 (68.5) 129 (21.3) 32

Imipenem 229 48 (21.0) 169 (73.8) > 32 606 162 (26.7) 400 (66.0) > 32

Abbreviations: IAIs, intra-abdominal infections; ICU, intensive care unit; MDR, multidrug-resistance; MIC, minimum inhibitory concentrations; N, number; R, resistant 
rate; RTIs, respiratory tract infections; S, susceptible rate; UTIs, urinary tract infections.
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Next, we investigated the susceptibility rates of 
P. aeruginosa, MDR P. aeruginosa and imipenem-non- 
susceptible P. aeruginosa to imipenem/relebactam in dif-
ferent regions of China between 2015 and 2018. The 
susceptibility rate of imipenem/relebactam against 
P. aeruginosa has slightly decreased since 2015 but was 
maintained above 80% across all regions, except for the 
east Jiangzhe area (Figure 3A). There were more annual 
fluctuations and local differences of imipenem/relebactam 
susceptibilities in MDR and imipenem-non-susceptible 
P. aeruginosa isolates during the years 2015 to 2018, but 
most MDR P. aeruginosa isolates were susceptible to 
imipenem/relebactam in a range of > 60% – < 80%, with 
the exception of the east Jiangzhe area with essentially 

lower susceptibilities in 2017 and 2018 (Figure 3B). For 
imipenem-non-susceptible P. aeruginosa isolates, suscept-
ibility rates to imipenem/relebactam were in the range of 
about ≥ 50% – < 80% between 2015 and 2018, with again 
the lowest susceptibilities in the east Jiangzhe area in 2017 
(< 50%) and 2018 (Figure 3C). Low susceptibility rates of 
MDR and imipenem-non-susceptible P. aeruginosa iso-
lates in the east Jiangzhe area correlated also with the 
highest incidences in this area (Figure 3D and E). 
Relebactam produced less improvement to the imipenem 
susceptibility in MDR P. aeruginosa isolates especially in 
the east Jiangzhe region where the MDR incidence rate 
was the highest. The reason for regional susceptibility 
differences of imipenem/relebactam needs further study, 

Figure 3 Changes in the susceptibility of (A) P. aeruginosa, (B) MDR P. aeruginosa and (C) imipenem-non-susceptible P. aeruginosa to imipenem/relebactam over time in 
different regions of China (2015, 2016, 2017, 2018). Country map to show the incidence (%) of (D) MDR P. aeruginosa and (E) imipenem-non-susceptible P. aeruginosa in 
different regions of China from 2015 to 2018. 
Abbreviation: MDR, multidrug-resistance.
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which should focus on resistance mechanisms in MDR 
isolates especially in areas with high resistance rates. 
However, relebactam cannot restore imipenem activity in 
strains producing metallo-β-lactamases,17,38 which has 
also been found for Chinese P. aeruginosa isolates36,37 

and might explain local differences of relebactam efficacy 
in imipenem-no-susceptible P. aeruginosa strains.

One major strength of the present study was the large 
sample size but one weakness is the inherent limitation 
that no molecular analyses were carried out.

Conclusions
In this study we found that relebactam was still an 
effective antimicrobial agent for the treatment of infec-
tions caused by P. aeruginosa, with susceptibility rates 
of 84.2% to imipenem/relebactam compared to 55.7% 
with solely imipenem. However, our study also echoes 
that carbapenem-resistant P. aeruginosa is a serious 
threat to public health in China, since relebactam could 
restore the rate of imipenem susceptibility by only 
64.4%. The susceptibilities of P. aeruginosa isolates to 
amikacin were 89.7% and to colistin 94.9%, and to all 
other antibiotics < 65%. For A. baumannii, relebactam 
had no effect on MDR or imipenem non-susceptible 
isolates. Except for amikacin (32.7%) and colistin 
(96.2%), the percent susceptibility of A. baumannii to 
other antibiotics was < 22.2%.
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