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Objectives: To describe the in vitro activity of imipenem/relebactam against non-Morganellaceae Enterobacterales 
(NME) and Pseudomonas aeruginosa recently isolated from lower respiratory tract infection samples by hospital 
laboratories in Western Europe.

Methods: From 2018 to 2020, 29 hospital laboratories in six countries in Western Europe participated in the 
SMART global surveillance programme and contributed 4414 NME and 1995 P. aeruginosa isolates. MICs were 
determined using the CLSI broth microdilution method and interpreted by EUCAST (2021) breakpoints. 
β-Lactamase genes were identified in selected isolate subsets (2018–20) and oprD sequenced in molecularly 
characterized P. aeruginosa (2020).

Results: Imipenem/relebactam (99.1% susceptible), amikacin (97.2%), meropenem (96.1%) and imipenem 
(95.9%) were the most active agents tested against NME; by country, relebactam increased imipenem suscep
tibility from <1% (France, Germany, UK) to 11.0% (Italy). A total of 96.0% of piperacillin/tazobactam-resistant 
(n = 990) and 81.1% of meropenem-resistant (n = 106) NME were imipenem/relebactam-susceptible. Only 0.5% 
of NME were MBL positive, 0.9% were OXA-48-like-positive (MBL negative) and 2.8% were KPC positive (MBL 
negative). Amikacin (91.5% susceptible) and imipenem/relebactam (91.4%) were the most active agents 
against P. aeruginosa; 72.3% of isolates were imipenem-susceptible. Relebactam increased susceptibility to 
imipenem by 34.4% (range by country, 39.1%–73.5%) in piperacillin/tazobactam-resistant and by 37.4% 
(3.1%–40.5%) in meropenem-resistant P. aeruginosa. Only 1.8% of P. aeruginosa isolates were MBL positive. 
Among molecularly characterized imipenem/relebactam-resistant P. aeruginosa isolates from 2020, 90.9% 
(30/33) were oprD deficient.

Conclusions: Imipenem/relebactam appears to be a potential treatment option for lower respiratory tract infec
tions caused by piperacillin/tazobactam- and meropenem-resistant NME and P. aeruginosa in Western Europe.
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Introduction
Hospital-acquired pneumonia (HAP) and ventilator-associated 
pneumonia (VAP) remain important causes of morbidity and 
mortality.1,2 HAP is the second most common hospital-acquired 

infection.1 Most cases of HAP arise in non-ventilated patients; 
however, the highest risk for HAP is in patients following endo
tracheal intubation and in those receiving mechanical ventila
tion.1 Enterobacterales and Pseudomonas aeruginosa are 
common pathogens in HAP and VAP.1,2
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In February 2020, the EMA approved imipenem/relebactam for: 
the treatment of HAP, including VAP, in adults; the treatment of 
bacteraemia that occurs in association with, or is suspected to be 
associated with HAP or VAP, in adults; and the treatment of infec
tions due to aerobic Gram-negative organisms in adults with lim
ited treatment options.3 Imipenem/relebactam combines the 
carbapenem imipenem with the non-β-lactam diazabicyclooctane 
(DBO) inhibitor relebactam, and restores activity to imipenem in 
most isolates of Enterobacterales and P. aeruginosa that carry 
Ambler class A (ESBLs, KPCs) and class C (AmpC) β-lactamases as 
well as carbapenem-resistant P. aeruginosa resulting from porin 
loss or efflux combined with Pseudomonas-derived cephalospori
nase (PDC) overexpression.4,5

The objectives of the current study were to determine the in vi
tro activity of imipenem/relebactam against lower respiratory 
tract isolates of non-Morganellaceae Enterobacterales (NME) 
and P. aeruginosa collected from patients attending hospitals in 
Western Europe, including piperacillin/tazobactam-resistant and 
carbapenem-resistant isolates, and to identify β-lactamases 
among resistant isolate subsets.

Materials and methods
Bacterial isolates and antimicrobial susceptibility testing
From 2018 to 2020, 29 hospital laboratory sites in six countries in Western 
Europe participated in the SMART global surveillance programme (France, 
4 sites; Germany, 6 sites; Italy, 5 sites; Portugal, 3 sites; Spain, 6 sites; UK, 5 
sites). Each site was asked to collect 100 consecutive, clinically significant 
isolates of aerobic or facultatively anaerobic Gram-negative bacilli from 
lower respiratory tract infection (RTI) samples per year and to transport 
them to a central laboratory (IHMA, Monthey, Switzerland or 
Schaumburg, IL, USA), where organism identity was confirmed using 
MALDI-TOF mass spectrometry (Bruker Daltonics, Billerica, MA, USA) and 
antimicrobial susceptibility testing was performed by the CLSI reference 
broth microdilution method.6 Isolates were restricted to one isolate per 
patient per year. Species-specific quotas are not used in the collection 
of isolates by the SMART global surveillance programme. Species in the 
genera Proteus, Providencia and Morganella (Morganellaceae) frequently 
demonstrate elevated MICs of imipenem (and imipenem/relebactam) by 
mechanisms other than by carbapenemases7 and were excluded from 
the analyses for Enterobacterales isolates. A total of 4414 NME isolates 
[91.7% of all (n = 4811) Enterobacterales isolates collected] and 1995 
P. aeruginosa isolates were received by the SMART global surveillance pro
gramme from the 29 hospital laboratory sites from 2018 to 2020. 
Carbapenem resistance was defined using meropenem (i.e. merope
nem-resistant). Table S1 (available as Supplementary data at JAC-AMR 
Online) summarizes the species distribution among all, piperacillin/ 
tazobactam-resistant, and meropenem-resistant NME isolates tested. 
MICs were interpreted using 2021 EUCAST v11 breakpoints.8

Screening for β-lactamase genes
Isolates meeting the following phenotypic criteria were screened for 
β-lactamase genes: NME isolates (excluding Serratia spp.) testing with 
imipenem or imipenem/relebactam MIC values of ≥2 mg/L and P. aerugi
nosa isolates testing with imipenem or imipenem/relebactam MIC values 
of ≥4 mg/L collected during 2018–20; isolates of NME and Serratia spp. 
testing with ertapenem MIC values of ≥1 mg/L collected in 2018 only; iso
lates of Serratia spp. testing with imipenem MIC values of ≥4 mg/L col
lected in 2018 only; and Enterobacterales and P. aeruginosa isolates 
testing with ceftolozane/tazobactam MIC values of ≥4 and ≥8 mg/L, re
spectively, collected during 2018–20. Published multiplex PCR assays 

were used to screen for the following β-lactamase genes: ESBLs (CTX-M, 
GES, PER, SHV, TEM, VEB); acquired AmpC β-lactamases (ACC, ACT, 
CMY, DHA, FOX, MIR, MOX) and the chromosomal AmpC intrinsic to 
P. aeruginosa (PDC); serine carbapenemases [GES, KPC, OXA-48-like 
(Enterobacterales), OXA-24-like (P. aeruginosa)]; and MBLs (GIM, IMP, 
NDM, SPM, VIM).9,10 All detected genes encoding carbapenemases, 
ESBLs and PDC were amplified using gene-flanking primers and se
quenced (Sanger). For P. aeruginosa collected in 2020 only, isolates 
with ceftolozane/tazobactam MIC values ≥8 mg/L, imipenem MIC values 
≥4 mg/L and imipenem/relebactam MIC values ≥4 mg/L were character
ized by short-read WGS (Illumina HiSeq 2 × 150 bp reads) to a targeted 
coverage depth of 100×11 and analysed using the CLC Genomics 
Workbench (QIAGEN, Germantown, MD, USA). The ResFinder database 
was used to detect β-lactamase genes.12 The oprD gene from each as
sembly was queried for deficiency by pairwise alignment to a reference 
sequence from P. aeruginosa strain PAO1 (accession: NC_002516, locus 
tag: PA0958). For the purpose of this study, a deficiency was defined as 
any frameshift mutation, nonsense mutation, ablation of the reference 
start or stop codons without a replacement immediately adjacent, or 
an in-frame insertion or deletion of at least 20 codons. A total of 86 
NME and 110 P. aeruginosa isolates collected in 2018 (1.9% of 4414 
NME and 5.5% of 1995 P. aeruginosa isolates) were not available for mo
lecular characterization and were not included in the denominators used 
for carbapenemase rate calculations. This included 55 NME and 22 P. aer
uginosa isolates collected in Portugal, all 31 NME and all 51 P. aeruginosa 
isolates collected at one site in the UK in 2018, and all 37 P. aeruginosa 
isolates collected at one site in Spain. In addition, 72 randomly selected 
P. aeruginosa isolates collected in 2020 that met the testing criteria 
were also not molecularly characterized (30.8% of 234 P. aeruginosa iso
lates collected in 2020 that qualified for molecular characterization). For 
each country, the percentage of qualified isolates collected in 2020 that 
were not characterized was considered when calculating carbapene
mase rates.

Results
The most active antimicrobial agents tested against all NME iso
lates were imipenem/relebactam (99.1% susceptible), amikacin 
(97.2%), meropenem (96.1%) and imipenem (95.9%); percent 
susceptible values were >17% lower for cefepime (81.6% sus
ceptible), levofloxacin (79.8%), piperacillin/tazobactam (77.6%) 
and ceftazidime (75.0%) than for imipenem/relebactam 
(Table 1). Greater than 98% of NME isolates from participating 
hospital laboratory sites in all six Western European countries 
were imipenem/relebactam susceptible. Overall, relebactam in
creased the susceptibility of NME isolates to imipenem by 3.2% 
(compared with imipenem alone) with increases ranging from 
11.0% in Italy to increases of <1% in France, Germany and the 
UK.

Against the subset of piperacillin/tazobactam-resistant NME 
isolates (n = 990), the percent susceptible value for imipenem/re
lebactam was 96.0% overall, ranging from 99.3% susceptible for 
isolates from France to 90.3% susceptible for isolates from Spain; 
81.8% of isolates were susceptible to imipenem (percent suscep
tible range by country, 99.3%–57.8%) and 82.7% of isolates were 
susceptible to meropenem (99.3%–57.8%) (Table 1). Relebactam 
increased the percent susceptible value to imipenem against 
piperacillin/tazobactam-resistant NME by as much as 37.9% in 
isolates from Italy, while for isolates from France the percent sus
ceptible values for imipenem/relebactam and imipenem were 
identical (99.3%).
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Against the subset of meropenem-resistant NME isolates (n =  
106), the percent susceptible value for imipenem/relebactam 
was 81.1% (Table 1). Most meropenem-resistant NME isolates 
(80.2%; 85/106) were from only two countries (Italy, 92.2% imi
penem/relebactam susceptible; Portugal, 95.2%). Very low num
bers of meropenem-resistant isolates (<1.5% of isolates) were 
identified in the remaining countries: France (n = 0); Germany 
(n = 5); Spain (n = 15); and the UK (n = 1).

Overall, an estimated 0.5% of all NME isolates from Western 
Europe carried an MBL, 0.9% carried an OXA-48-like carbapene
mase (without a co-carried MBL) and 2.8% carried a KPC 
(without other co-carried carbapenemases) (Figure 1). MBL and 
OXA-48-like carbapenemase carriage rates were highest in iso
lates from Spain (1.3% and 2.1%) and Italy (1.0% and 1.1%). 
KPC carriage rates were highest in Italy (10.6%) and Portugal 
(5.9%). MBLs were not identified in isolates from France and 
Portugal, OXA-48-like carbapenemases were not identified in iso
lates from France and the UK, and KPCs were not identified in iso
lates from Germany. MBLs were identified in 50.0% (19/38) and 
OXA-48-like enzymes (without co-carried MBL) in 39.5% (15/38) 
of molecularly characterized imipenem/relebactam-resistant 
NME isolates; acquired β-lactamases were not identified in only 
7.9% (3/38) of molecularly characterized imipenem/relebactam- 
resistant isolates (Figure 2).

Among molecularly characterized piperacillin/tazobactam- 
resistant NME isolates, 43% carried a carbapenemase (29% 
KPC, 9% OXA-48-like and 5% MBL) and 15% were ESBL positive 
and/or AmpC positive (no carbapenemase); acquired 
β-lactamase genes were not identified in 42% of isolates 
(Figure S1). Marked variation was observed across countries in 
the percentages of molecularly characterized piperacillin/ 
tazobactam-resistant NME isolates with serine carbapenemases 
or MBLs (2.3% in France to 74.0% in Italy), with only ESBLs and/or 
AmpCs (4.3% in the UK to 34.7% in Portugal), and without 
β-lactamase genes identified (range 12.2% in Italy to 82.6% in 
the UK). In comparison, almost every molecularly characterized 
meropenem-resistant NME isolate was carbapenemase positive 
(>99%; 100/101) with 83% of carbapenemase-positive isolates 
carrying KPC (Figure S2).

For all isolates from Western Europe, imipenem/relebactam 
was equally active (99% susceptible) against ICU and non-ICU 
isolates of NME (Table S2). Percent susceptible values for all other 
agents were lower than for imipenem/relebactam and, unex
pectedly, higher in isolates from ICU than non-ICU patients, 
with differences of >5% observed for levofloxacin (10.2%) and 
cefepime (6.6%). Imipenem/relebactam was also equally active 
(99% susceptible or higher) against isolates collected from pa
tients hospitalized for <48 and ≥48 h at the time of specimen 

Table 1. In vitro susceptibility of all isolates of NME and isolates with β-lactam-resistant phenotypes collected by the SMART global surveillance 
programme from 2018 to 2020 in Western Europe

Percentage of isolates susceptible (number of susceptible isolates in TZP- and MEM-resistant isolate subsets)

Phenotype/country/region (n) IMR IMP MEM FEP CAZ TZP LVX AMK

All isolates
France (612) 99.8 99.8 99.8 84.2 74.2 76.8 86.0 98.0
Germany (1020) 99.2 98.8 99.3 89.8 82.1 83.3 90.7 99.3
Italy (715) 98.7 87.7 87.8 70.8 65.6 71.2 69.7 90.9
Portugal (482) 99.4 92.5 92.1 65.4 56.2 60.0 68.3 97.5
Spain (1021) 98.1 96.0 96.7 83.5 79.4 80.9 74.3 97.6
UK (564) 99.8 99.1 99.3 88.1 83.3 85.1 85.6 99.7

Western Europe (4414) 99.1 95.9 96.1 81.6 75.0 77.6 79.8 97.2

TZP-resistant isolates
France (142) 99.3 (141) 99.3 (141) 99.3 (141) 57.0 (81) 31.0 (44) 0 (0) 67.6 (96) 94.4 (134)
Germany (170) 95.9 (163) 94.1 (160) 95.9 (163) 72.4 (123) 38.2 (65) 0 (0) 78.8 (134) 96.5 (164)
Italy (206) 95.6 (197) 57.8 (119) 57.8 (119) 27.2 (56) 17.0 (35) 0 (0) 30.1 (62) 72.3 (149)
Portugal (193) 98.5 (190) 81.4 (157) 80.3 (155) 32.1 (62) 13.5 (26) 0 (0) 39.4 (76) 94.8 (183)
Spain (195) 90.3 (176) 79.0 (154) 82.6 (161) 46.2 (90) 28.2 (55) 0 (0) 39.0 (76) 90.8 (177)
UK (84) 98.8 (83) 94.1 (79) 95.2 (80) 63.1 (53) 39.3 (33) 0 (0) 71.4 (60) 98.8 (83)

Western Europe (990) 96.0 (950) 81.8 (810) 82.7 (819) 47.0 (465) 26.1 (258) 0 (0) 50.9 (504) 89.9 (890)

MEM-resistant isolatesa

Italy (64) 92.2 (59) 0 (0) 0 (0) 1.6 (1) 0 (0) 0 (0) 0 (0) 34.4 (22)
Portugal (21) 95.2 (20) 0 (0) 0 (0) 0.0 (0) 0 (0) 0 (0) 9.5 (2) 85.7 (18)

Western Europe (106) 81.1 (86) 0 (0) 0 (0) 0.9 (1) 0 (0) 0 (0) 1.9 (2) 49.1 (52)

IMR, imipenem/relebactam; IMP, imipenem; MEM, meropenem; FEP, cefepime; CAZ, ceftazidime; TZP, piperacillin/tazobactam; LVX, levofloxacin; AMK, 
amikacin. 
aOnly countries with at least 20 meropenem-resistant isolates are shown (not shown: France, n = 0; Germany, n = 5; Spain, n = 15; UK, n = 1).
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collection. Overall, percent susceptible values for all other agents 
tested were higher in Western Europe isolates from patients hos
pitalized <48 h at the time of specimen collection, with differ
ences of >5% observed for ceftazidime (10.5%), piperacillin/ 
tazobactam (10.2%) and cefepime (7.5%). Some individual 
country-to-country variation was observed in percent susceptible 
values for NME isolates for both ward type and length of stay at 
the time of specimen collection parameters. For instance, for 
the carbapenems, the difference between ward types was due 
primarily to isolates from Italy showing a >10% lower percent 
susceptible value in non-ICU than ICU isolates. Isolates from all 
other countries showed similar carbapenem-susceptible rates 
in ICU and non-ICU isolates or isolates from ICUs were slightly 
less susceptible.

The most active agents against all isolates of P. aeruginosa 
were amikacin (91.5% susceptible) and imipenem/relebactam 
(91.4%); all other agents had a percent susceptible value of 

approximately 80% or less. (Table 2). The imipenem/relebactam 
percent susceptible values were 73.5% for piperacillin/ 
tazobactam-resistant and 40.5% for meropenem-resistant 
P. aeruginosa. The imipenem/relebactam percent susceptible va
lue was highest in isolates from Germany (96.8%) and France 
(96.1%); isolates from patients in all six countries were ≥88% sus
ceptible. Overall, relebactam increased the susceptibility to imi
penem of all isolates of P. aeruginosa by 19.1% compared with 
imipenem alone (increases ranged from 27.3% in isolates from 
Germany to 13.1% in isolates from the UK), by 34.4% for all 
piperacillin/tazobactam-resistant isolates (n = 514) (increases 
ranged from 50.0% in isolates from Germany to 25.5% in isolates 
from Italy) and by 37.4% for all meropenem-resistant isolates 
(n = 227) (increases ranged from 61.9% in isolates from 
Germany to 21.3% in isolates from the UK).

Overall, MBLs were carried by 1.8% of all P. aeruginosa isolates 
and 1.2% carried a GES carbapenemase (Figure 3). MBLs were 
carried by 4.0% and 2.0% of isolates from Italy and Spain, re
spectively, and were identified in every country. In Portugal, 
GES carbapenemases (carried by 5.5% of all isolates) were 
more common than MBLs (1.4%), unlike P. aeruginosa isolates 
from other countries. However, these isolates were all collected 
by one hospital laboratory site (of three sites) in Portugal and 
this rate may not reflect the actual prevalence in that country. 
Overall, MBLs were identified in 21.4% and GES carbapenemases 
in 12.1% of molecularly characterized imipenem/relebactam- 
resistant P. aeruginosa isolates (Figure 4). Acquired 
β-lactamases were not identified in 62.9% of molecularly charac
terized imipenem/relebactam-resistant isolates overall. Higher 
percentages of imipenem/relebactam-resistant isolates with no 
β-lactamases detected were found in the UK (93%) and Spain 
(66%) than in Portugal (38%) and Italy (34%), where carbapene
mases were more prevalent.

Acquired β-lactamases were not detected in 83% of all mo
lecularly characterized piperacillin/tazobactam-resistant P. aeru
ginosa. This proportion was high for molecularly characterized 
piperacillin/tazobactam-resistant P. aeruginosa isolates from 
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every country [range 95% (UK) to 67% (Italy)] (Figure S3). Similar 
to piperacillin/tazobactam-resistant isolates, 72% of 
meropenem-resistant isolates of P. aeruginosa from all countries 
did not have an identifiable β-lactamase resistance mechanism 
identified [range 94% (UK) to 50% (Portugal)], suggesting other 
mechanisms (e.g. PDC derepression in combination with up- 
regulated efflux) were present in most isolates (Figure S4).

Against ICU and non-ICU P. aeruginosa isolates, differences in 
percent susceptible values were <5% for imipenem/relebactam 
and all other agents except levofloxacin (10.1%) and amikacin 
(7.1%) (Table S3). A uniformity or pattern in the differences in 
percent susceptible values was not evident for ICU and non-ICU 
patient isolates. Against isolates collected from patients 
hospitalized for <48 and ≥48 h at the time of specimen collec
tion, differences of <5% were also observed in imipenem/ 
relebactam percent susceptible values. For the other agents, dif
ferences were larger for this stratification (than patient location 
at the time of sample collection), with meropenem (9.2%), imipe
nem (8.8%), piperacillin/tazobactam (8.1%) and ceftazidime 

(6.2%) showing differences of >5%. Overall, percent susceptible 
values for all agents were higher in Western Europe isolates 
from patients hospitalized <48 h at the time of specimen collec
tion, with the exception of levofloxacin and amikacin. Again, 
some individual country-to-country variation was observed in 
percent susceptible values for P. aeruginosa isolates for both 
ward type and length of stay at the time of specimen collection 
parameters.

Of the P. aeruginosa isolates collected in 2020, 6.9% (49/708) 
were imipenem/relebactam resistant. Of these imipenem/ 
relebactam-resistant isolates, 67% were molecularly character
ized (33/49). Figure S5 shows acquired β-lactamases and oprD 
status among molecularly characterized imipenem/relebactam- 
resistant P. aeruginosa isolates collected in 2020; 90.9% (30/33) 
of imipenem/relebactam-resistant isolates were OprD deficient. 
Isolates in which no acquired β-lactamases were detected and 
OprD deficiency was not identified made up only 6.1% of all char
acterized imipenem/relebactam-resistant isolates collected in 
2020.

Table 2. In vitro susceptibility of all and β-lactam-resistant phenotypes of P. aeruginosa collected by the SMART global surveillance programme from 
2018 to 2020 in Western Europe

Percentage of isolates susceptible (number of susceptible isolates in TZP- and MEM-resistant isolate subsets)

Phenotype/country/region (n) IMR IMPa MEM FEPa CAZa TZPa LVXa AMK

All isolates
France (360) 96.1 78.6 84.2 86.7 83.3 82.5 76.1 93.3
Germany (282) 96.8 69.5 73.4 84.4 78.7 78.0 70.2 96.8
Italy (328) 89.6 73.2 74.4 80.2 72.6 68.9 65.2 89.9
Portugal (165) 87.9 67.9 69.7 73.9 67.3 68.5 69.1 92.1
Spain (494) 89.3 67.8 69.4 75.5 72.7 70.5 54.5 92.3
UK (366) 88.8 75.7 77.3 77.6 73.8 75.7 68.6 85.5

Western Europe (1995) 91.4 72.3 74.9 79.8 75.2 74.2 66.2 91.5

TZP-resistant isolates
France (63) 84.1 (53) 49.2 (31) 46.0 (29) 38.1 (24) 20.6 (13) 0 (0) 50.8 (32) 81.0 (51)
Germany (62) 91.9 (57) 41.9 (26) 38.7 (24) 35.5 (22) 11.3 (7) 0 (0) 56.5 (35) 87.1 (54)
Italy (102) 71.6 (73) 46.1 (47) 42.2 (43) 39.2 (40) 20.6 (21) 0 (0) 37.3 (38) 70.6 (72)
Portugal (52) 69.2 (36) 32.7 (17) 38.5 (20) 25.0 (13) 3.9 (2) 0 (0) 34.6 (18) 80.8 (42)
Spain (146) 71.2 (104) 32.9 (48) 29.5 (43) 26.0 (38) 18.5 (27) 0 (0) 19.2 (28) 80.8 (118)
UK (89) 61.8 (55) 36.0 (32) 34.8 (31) 25.8 (23) 13.5 (12) 0 (0) 36.0 (32) 61.8 (55)

Western Europe (514) 73.5 (378) 39.1 (201) 37.0 (190) 31.1 (160) 16.0 (82) 0 (0) 35.6 (183) 76.3 (392)

MEM-resistant isolates
France (20) 55.0 (11) 0.0 (0) 0 (0) 20.0 (4) 35.0 (7) 25.0 (5) 10.0 (2) 50.0 (10)
Germany (21) 71.4 (15) 9.5 (2) 0 (0) 28.6 (6) 33.3 (7) 23.8 (5) 23.8 (5) 76.2 (16)
Italy (49) 40.8 (20) 0.0 (0) 0 (0) 30.6 (15) 22.5 (11) 18.4 (9) 8.2 (4) 46.9 (23)
Portugal (21) 33.3 (7) 4.8 (1) 0 (0) 14.3 (3) 9.5 (2) 4.8 (1) 9.5 (2) 61.9 (13)
Spain (69) 42.0 (29) 5.8 (4) 0 (0) 17.4 (12) 21.7 (15) 17.4 (12) 5.8 (4) 75.4 (52)
UK (47) 21.3 (10) 0.0 (0) 0 (0) 8.5 (4) 14.9 (7) 12.8 (6) 14.9 (7) 42.6 (20)

Western Europe (227) 40.5 (92) 3.1 (7) 0 (0) 19.4 (44) 21.6 (49) 16.7 (38) 10.6 (24) 59.0 (134)

IMR, imipenem/relebactam; IMP, imipenem; MEM, meropenem; FEP, cefepime; CAZ, ceftazidime; TZP, piperacillin/tazobactam; LVX, levofloxacin; AMK, 
amikacin. 
aThe results represent % ‘susceptible, increased exposure’ (SIE).
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Discussion
In 2018–20, 99% of 4414 NME isolates and 91% of 1995 P. aeru
ginosa isolates collected through the SMART global surveillance 
programme from patients with lower RTIs in Western Europe 
were imipenem/relebactam susceptible (Table 1, Table 2). 
Relebactam increased the susceptibility to imipenem for all iso
lates of NME by 3.2% and for all isolates of P. aeruginosa by 
19.1% compared with imipenem alone; by 14.1% (NME) and 
34.4% (P. aeruginosa) for piperacillin/tazobactam-resistant iso
lates; and by 81.1% (NME) and 37.4% (P. aeruginosa) for 
meropenem-resistant isolates.

The frequency of carbapenem-resistant, MDR and difficult- 
to-treat resistant (DTR) Enterobacterales and P. aeruginosa caus
ing HAP, VAP and other infections is increasing globally but may 
vary between countries, regions, hospitals, different patient po
pulations within a hospital (e.g. inside versus outside ICUs), and 
may depend upon the patient length of stay in a hos
pital.9,10,13–17 In the current study of lower RTI isolates collected 
by hospital laboratories in six Western European countries during 
2018–20, 2.4% of NME isolates were meropenem-resistant; most 
meropenem-resistant NME isolates (80.2%) were from only 
two countries [Italy (9.0% of NME isolates were meropenem- 
resistant); Portugal (4.4%)] (Table 1). Very low numbers of 
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Figure 3. Estimated carbapenemase rates among P. aeruginosa isolates. aExcludes 110 isolates collected in 2018 in Portugal (n = 22), Spain (n = 37) 
and the UK (n = 51) that were not available for molecular characterization. bAll isolates carrying GES carbapenemases were collected at one hospital 
laboratory site (of three) in Portugal.
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Figure 4. β-Lactamase gene carriage among imipenem/relebactam (IMR)-resistant P. aeruginosa isolates. Original-spectrum β-lactamases (e.g. 
TEM-1) and intrinsic AmpC found in P. aeruginosa (PDC) are not shown. aNo acquired β-lactamases detected. bOnly countries with at least 20 imipe
nem/relebactam-resistant isolates are shown (not shown: France, n = 14; Germany, n = 9). cAll isolates carrying GES carbapenemases were collected at 
one hospital laboratory site (of three) in Portugal.
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meropenem-resistant NME isolates (<1.5% of isolates) were 
identified in the other four countries (France, Germany, Spain, 
UK). Meropenem-resistant P. aeruginosa were more common 
than meropenem-resistant NME, and ranged from 5.6% of iso
lates from France to 14.9% of isolates from Italy (Table 2).

Carbapenem-resistant Enterobacterales and carbapenem- 
resistant P. aeruginosa most commonly result from acquired 
carbapenemases (serine-β-lactamases or MBLs) and/or from a 
combination of AmpC and/or ESBL expression and porin loss 
and/or up-regulated efflux.4,5,13,14,18–22 Carbapenemases fre
quently demonstrate geographical variation in prevalence and 
composition.9,13–16,18,19,21,22 In the current study, an estimated 
0.5% of all NME isolates from Western Europe carried an MBL, 
0.9% carried an OXA-48-like carbapenemase (without a co- 
carried MBL) and 2.8% carried a KPC (without other co-carried 
carbapenemases) (Figure 1). The very high percentage of suscep
tibility of NME to imipenem/relebactam (99%) is attributable to 
the low numbers of isolates carrying Ambler class B and class D 
carbapenemases, against which relebactam is inactive.4 MBL 
and OXA-48-like carbapenemase carriage rates were highest in 
isolates from Spain (1.3% and 2.1%, respectively) and Italy 
(1.0% and 1.1%). KPC carriage rates were highest in Italy 
(10.6%) and Portugal (5.9%). MBLs were carried by 1.8% of all 
P. aeruginosa isolates and 1.2% carried GES carbapenemases 
(Figure 3); GES carbapenemases have been observed in both imi
penem/relebactam-susceptible and imipenem/relebactam- 
resistant isolates of P. aeruginosa.5 MBLs were most commonly 
carried by P. aeruginosa isolates from Italy (4.0%) and Spain 
(2.0%) but were identified in every country.

In P. aeruginosa, resistance to imipenem is more commonly 
associated with derepression of PDC (AmpC) together with 
OprD (porin) loss whereas resistance to meropenem arises due 
to up-regulation of efflux pumps (e.g. MexAB-OprM) in combin
ation with PDC derepression.9,19,20 Imipenem is not subject to 
efflux. Imipenem/relebactam inhibits carbapenem-resistant 
P. aeruginosa resulting from porin loss or efflux combined with 
PDC overexpression.4,5 In the current study, the majority (63%) 
of characterized imipenem/relebactam-resistant P. aeruginosa 
isolates did not carry an acquired β-lactamase (and the mechan
ism of resistance remained undefined); 34% of characterized iso
lates carried a carbapenemase (Figure 4). However, when 
imipenem/relebactam-resistant P. aeruginosa from 2020 were 
studied using WGS, 91% of imipenem/relebactam-resistant iso
lates were OprD deficient (Figure S5) suggesting that loss of 
OprD likely contributed to imipenem/relebactam non- 
susceptibility in the majority of imipenem/relebactam-resistant 
isolates. Given that imipenem is known to be a strong inducer 
of PDC, the imipenem/relebactam-resistant isolates with no 
other mechanisms could be the result of OprD loss coupled 
with elevated PDC expression. Unidentified class B or class D 
β-lactamases may have also contributed to imipenem/ 
relebactam-resistant phenotypes but this is unlikely.

The strengths of the current study are that it collected isolates 
from at least three sites in six countries according to a consistent 
protocol and employed reference broth microdilution antimicro
bial susceptibility testing and molecular testing performed in a 
central laboratory. Its limitations include that the limited number 
of medical centres participating in each country was not neces
sarily representative of the whole country. Furthermore, the 

number of sites and collected isolates varied across countries 
and did not necessarily reflect the country’s population size. 
Changes in study participation by individual medical centres 
over the 3 years surveyed also occurred. PDC gene expression le
vels were not assessed.

In conclusion, in 2018–20, 99% of NME and 91% of P. aerugi
nosa from Western Europe were imipenem/relebactam suscep
tible, 96% (NME) and 75% (P. aeruginosa) were meropenem 
susceptible, and 78% (NME) and 74% of (P. aeruginosa) were 
piperacillin/tazobactam susceptible. MBL carriage rates among 
NME (0.5%) and P. aeruginosa (1.8%) were very low and only 
0.9% of NME carried an OXA-48-like carbapenemase (without a 
co-carried MBL). Imipenem/relebactam appears to be a potential 
treatment option for lower RTIs caused by piperacillin/ 
tazobactam- and meropenem-resistant NME and P. aeruginosa 
in Western Europe.
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