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Objectives: Metallo- β-lactamase (MBL)-producing Enterobacterales are a major challenge worldwide due 

to limited treatment options. Aztreonam-avibactam (ATM-AVI), which is under clinical development, has 

shown activity against MBL-positive isolates. This study evaluated the prevalence of MBL producers and 

the nature of enzymes among a global collection of clinical isolates of Enterobacterales from the Antimi- 

crobial Testing Leadership and Surveillance program (ATLAS) surveillance program (2016–2020), and the 

antimicrobial activity of ATM-AVI and comparators against this collection. 

Methods: Non-duplicate clinical isolates of Enterobacterales ( N = 106 686) collected across 63 coun- 

tries were analysed. Antimicrobial susceptibility was performed using broth microdilution. Minimum 

inhibitory concentrations (MICs) were interpreted using Clinical and Laboratory Standards Institute 

and European Committee on Antimicrobial Susceptibility Testing breakpoints. Provisional pharmacoki- 

netic/pharmacodynamic breakpoint of ≤8 mg/L was considered for ATM-AVI. β-lactamase genes were 

characterized by polymerase chain reaction and sequencing. The Cochran Armitage Trend test was used 

to determine significant trends in percentage of isolates over time. 

Results: Overall, MBL-positive isolates were 1.6% of total Enterobacterales isolates globally, with a signifi- 

cant increasing trend observed over time, globally and across regions ( P < 0.05). New Delhi MBL (NDM) 

was the most common MBL (83.3%). ATM-AVI demonstrated potent activity against MBL-positive isolates 

(MIC ≤8 mg/L: 99.4% isolates inhibited; MIC90 , 1 mg/L). Consistent activity was also noted across differ- 

ent regions. Potent activity was demonstrated against different NDM variants and MBL-positive isolates 

co-carrying other carbapenemases (98.1% and 99.7% isolates inhibited at ≤8 mg/L, respectively). About 

0.6% MBL-positive isolates (10/1707) had MICs > 8 mg/L for ATM-AVI. 

Conclusion: ATM-AVI demonstrated potent activity against MBL-positive isolates, including NDM variants 

and MBL-positive isolates co-carrying other carbapenemases, and may represent a good option for treat- 

ing infections caused by MBL-positive Enterobacterales. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Carbapenems remain one of the preferred choices of treat- 

ent for severe infections caused by Enterobacterales resistant to 

rst-line agents (e.g. expanded-spectrum cephalosporins and older 
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-lactam and β-lactamase inhibitor combinations) [1 , 2] . However, 

ver recent years, carbapenem resistance has emerged among 

nterobacterales, mostly due to the acquisition of carbapenemases 

ncoded by transferable plasmids, and currently represents a 

ajor public health problem [1 –3] . A recent systematic review 

nd meta-analysis reported prevalence of carbapenem-resistant 

lebsiella pneumoniae (CRKp) colonization ranging from 0.13%–

2% among patients tested at hospital admission, and incidence 

f CRKp colonization ranging from 2%–73% among hospitalized 

atients who were negative on admission in different settings 
iety for Antimicrobial Chemotherapy. This is an open access article under the CC 
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[

4] . Another systematic review and meta-analysis of infections 

aused by carbapenem-resistant Enterobacterales (CRE) reported 

eath rates of 26%–44%, which were overall higher than those of 

nfections caused by carbapenem-susceptible strains (relative risk 

.05, 95% CI 1.56–2.69; P < 0.1) [5] . 

A diversity of carbapenemases has emerged in Enterobacterales 

ncluding both serine-enzymes of Ambler’s class A (e.g. KPC, IMI) 

nd class D (e.g. OXA-48-like) and metallo-enzymes of class B (e.g. 

MP, VIM, NDM) [6] . Among these, metallo- β-lactamases (MBLs) 

epresent molecularly the most diverse carbapenemases [7] . New 

ntibiotics active against CRE exhibit different activity profile de- 

ending on the resistance mechanism [8] . Hence, the discernment 

f the nature of CRE and their resistance mechanisms is crucial to 

etermine the most appropriate therapeutic option [6] . 

There exists geographic variability in the prevalence of MBLs 

orldwide, with a higher prevalence in Southeast Asia com- 

ared to other geographic areas [6] . A systematic review and 

eta-analysis in South Asia conducted between 2010 and 2019, 

howed a high prevalence of MBLs among Escherichia coli isolates 

 N = 60 6 6; pooled prevalence, 17% [95% CI, 12%–24%]) and re-

orted NDM as the most prevalent carbapenemases (35%, 95% CI: 

3%–49%) followed by VIM (7%, 95% CI: 3%–13%) and IMP (5%, 95% 

I 2%–16%). Among the NDM-positive isolates, the NDM-1 variant 

as the most prevalent (33%, 95% CI: 20%–50%) [9] . 

MBLs have a unique zinc ion-based catalytic mechanism. MBLs 

NDM, VIM, and IMP) exhibit a broad substrate specificity includ- 

ng penicillins, carbapenems, and cephalosporins. Moreover, MBLs 

re not inhibited by currently available β-lactamase inhibitors 

amely clavulanate, sulbactam, tazobactam, avibactam, relebactam, 

nd vaborbactam [2] . Furthermore, MBL genes are often linked 

o other antibiotic resistant genes on plasmids or other mobile 

enetic elements and may be associated with bacterial clones 

hich have already accumulated additional resistance mecha- 

isms [2 , 10] . Consequently, treatment of infections caused by MBL- 

ositive strains is challenging, with few remaining options that 

etain variable activity including aminoglycosides (e.g. gentam- 

cin, amikacin, plazomicin), polymyxins (colistin), fosfomycin, tetra- 

yclines (eravacycline, tigecycline), and cefiderocol [2] . However, 

ome of these agents, especially aminoglycosides and polymyxins, 

re associated with safety concerns and poor diffusion in some 

ody sites [11 , 12] , while clinical experience with cefiderocol is still 

imited [2] . 

Aztreonam (a monobactam) is stable for hydrolysis by MBLs. 

owever, since MBL-positive strains commonly coproduce other β- 

actamases, aztreonam alone is often inactive against these strains. 

vibactam, a non- β-lactam β-lactamase inhibitor, has the potential 

o inhibit Ambler class A, class C, and some class D β-lactamases 

2] . Hence, the novel antimicrobial combination of aztreonam- 

vibactam (ATM-AVI) may be a potential treatment option against 

BL-positive strains [13 , 14] . 

Previous global studies have reported potent antimicrobial ac- 

ivity of ATM-AVI against clinical isolates of Enterobacterales carry- 

ng MBL genes [13 , 15] , including MBL-positive isolates co-carrying 

ther carbapenemases (KPC and OXA-48) [13 , 16] . Recent stud- 

es confirmed consistent activity for ATM-AVI across various ge- 

graphic regions and infection types [14 , 16 , 17] . However, these 

tudies covered periods of 1–2 years [13] or specific geographi- 

al regions [14 , 16 , 17] . Moreover, there are limited studies report-

ng global data on ATM-AVI activity against MBL-positive isolates 

ith a focus on NDM-variants and isolates co-producing other car- 

apenemases [13] . 

In this work, we conducted a detailed analysis over a 5-year pe- 

iod (2016–2020) using data from the Antimicrobial Testing Leader- 

hip and Surveillance program (ATLAS) surveillance program [18] . 

ur study evaluated the distribution of MBL-positive isolates of En- 

erobacterales collected globally and across different geographical 
124
egions, as well as the activity of ATM-AVI and comparators against 

BL-positive isolates at global as well as regional levels, with a 

ocus also on NDM-variants and MBL-positive isolates co-carrying 

ther carbapenemases. 

. Methods 

.1. Bacterial isolates 

Non-duplicate clinical isolates of Enterobacterales were col- 

ected from the participating centres globally between 2016 and 

020 across different regions (Africa and Middle East [AfME], Eu- 

ope, Asia Pacific [APAC], Latin America [LATAM], and North Amer- 

ca) as part of the ATLAS surveillance program. This program col- 

ected a predefined set of isolates from each participating cen- 

re annually across selected bacterial species and infection types, 

imiting collection to one isolate per patient every year indepen- 

ent of patient’s hospital location [19] . As part of the ATLAS pro- 

ocol, the participating centres and the number of isolates col- 

ected from individual countries or regions varied across the years 

Supplemental Table S1). The following species were included: Es- 

herichia coli, Citrobacter freundii, Citrobacter koseri, Enterobacter as- 

uriae, Enterobacter cloacae, Enterobacter hormaechei, Enterobacter 

obei, Enterobacter ludwigii, Klebsiella aerogenes, Klebsiella oxytoca, 

lebsiella pneumoniae, Proteus mirabilis, and Serratia marcescens . 

mong E. cloacae complex [20] , E. nimipressuralis was excluded as 

one of the sites on ATLAS program contributed isolates of this 

pecies. Isolates from various sources across patients of all ages 

ere identified at each participating centre. These isolates were 

hereafter shipped to International Health Management Associates, 

nc. (IHMA; Schaumburg, IL) for species confirmation using matrix- 

ssisted laser desorption/ionization time-of-flight mass spectrome- 

ry (Bruker Biotyper MALDITOF; Bruker Daltonics, Billerica, MA). 

.2. Antimicrobial susceptibility 

MICs were evaluated by IHMA using the broth microdilution 

ethod according to the Clinical and Laboratory Standards Insti- 

ute (CLSI) [21] and European Committee on Antimicrobial Sus- 

eptibility Testing (EUCAST) [22] recommendations. ATM-AVI was 

ompared to the following panel of antimicrobial agents: amikacin, 

ztreonam (ATM), colistin, gentamicin, meropenem, and tigecy- 

line. The comparator antimicrobial panel selected for this study 

xcluded β-lactam agents that are known to be inactive against 

BL-positive isolates, except meropenem [2 , 23] . Cefiderocol was 

ot included because data was unavailable in the antimicrobial 

anel on ATLAS during initiation of this study. Of note, not all 

rugs in the panel were tested every year which resulted in 

ome variation in the total number of isolates tested with each 

rug. 

Susceptibility of antimicrobial agents were interpreted using 

LSI M100 (33rd ed.) [24] and EUCAST version 13.0 [22] break- 

oints, wherever applicable. ATM-AVI was tested with avibactam 

t 4 mg/L (fixed concentration). For comparative reasons, a provi- 

ional pharmacokinetic/pharmacodynamic breakpoint of ≤8 mg/L 

as considered for the susceptibility of ATM-AVI since there are 

o defined clinical breakpoints approved [13] . Proteus mirabilis 

nd S. marcescens were excluded from evaluation of antimicro- 

ial susceptibility to colistin due to their inherent resistance to 

hese antimicrobials [25 , 26] . Proteus mirabilis was also excluded 

rom evaluation of antimicrobial susceptibility to tigecycline for 

he same reason [25] . Since the CLSI breakpoints for susceptible 

solates were not available for colistin, only EUCAST data were re- 

orted. For tigecycline, susceptibility rates were determined based 

n FDA approved breakpoints (in the absence of CLSI breakpoints) 

27] , and on EUCAST breakpoints for E. coli and C. koseri only [22] . 
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.3. Resistance phenotype and genotype definitions 

In this study, CRE was defined as isolates of any Enterobac- 

erales species resistant to meropenem per both CLSI and EUCAST 

reakpoints (i.e. MIC > 8 mg/L). Molecular screening by multiplex 

olymerase chain reaction and sequencing was conducted for all 

solates of Enterobacterales with a meropenem MIC > 1 mg/L, a 

eftazidime/avibactam MIC > 8 mg/L (ceftazidime/avibactam resis- 

ant), or an ATM-AVI MIC > 8 mg/L for the presence of β-lactamase 

enes [28] . Isolates with the presence of one or more of the ma- 

or MBL genes (NDM, IMP, VIM [29] ) were considered MBL-positive 

solates. The current analysis also included MBL-positive isolates 

o-carrying other carbapenemase genes such as KPC and OXA-48- 

ike. Genotypic variants of NDM genes were considered for sub- 

nalysis when the isolate numbers were ≥15. 

.3.1. Statistical methods 

Data for Enterobacterales, CRE, and MBL-positive isolates col- 

ected between 2016 and 2020 were categorized based on regions 

global, AfME, Europe, APAC, LATAM, and North America). The dis- 

ribution of isolates was determined as percentages of the total 

umber of Enterobacterales, CRE, and MBL-positive isolates col- 

ected (global and across various regions). To evaluate significant 

rends in the percentage of isolates over time, the Cochran Ar- 

itage Trend test was used. Only P values of < 0.05 were regarded 

s significant. 

. Results 

.1. Distribution of Enterobacterales and MBL-positive isolates 

Overall, a total of 106,686 isolates of Enterobacterales were col- 

ected from 1117 sites across 63 countries between 2016 and 2020, 

lobally (Supplementary Table 1). Among all species of Enterobac- 

erales, isolates of E. coli (33.4%) were the most prevalent followed 

y K. pneumoniae (29.4%) and E. cloacae (10.6%), with lower num- 

ers of other species (Supplementary Table 2). 

Among all Enterobacterales collected globally, CRE isolates 

ere 5.0% and 4.0% per CLSI and EUCAST, respectively. Com- 

aratively higher rates were observed in APAC (CLSI/EUCAST, 

.2%/7.4%) and LATAM (7.1%/5.5%), followed by Europe (4.2%/3.1%) 

nd AfME (3.8%/2.9%), and lowest rate in North America (1.4%/0.7%) 

 Table 1 ). 

A total of 1707 isolates (1.6%) were MBL-positive, with higher 

umbers collected from APAC (3.5%), AfME (2.1%), and LATAM 

1.9%) ( Table 1 ). The majority of the MBL-positive isolates belonged 
Table 1 

Distribution of Enterobacterales isolates collected globally and 

Region Enterobacterales a 

N 

CRE (CL

n (%) b 

Global 106,686 (100) 5356 (5

AfME 8235 (7.7) (100) 315 (3.8

APAC 19,905 (100) 1628 (8

Europe 51,115 (100) 2164 (4

LATAM 15,244 (100) 1083 (7

North America 12,187 (100) 166 (1.4

AfME, Africa and Middle East; APAC, Asia Pacific; EUCAST, Euro

CLSI, Clinical and Laboratory Standards Institute; CRE, carbape

MBL, metallo- β-lactamase; N, total number of Enterobacterale

number of CRE and MBL-positive isolates collected globally and
a Escherichia coli, Citrobacter freundii, Citrobacter koseri, Ente

maechei, Enterobacter kobei, Enterobacter ludwigii, Klebsiella aer

mirabilis, Serratia marcescens . 
b % indicates n/N. 
c Presence of at least one of the major MBL genes (blaNDM , b

125
o K. pneumoniae (62.3%), followed by E. coli (13.6%) and E. cloacae 

13.2%) (Supplementary Table 2). 

Globally, both CRE and MBL-positive isolates exhibited a sig- 

ificant increasing trend over time ( P < 0.0 0 01) (Supplementary 

able 3). The distribution of MBL-positive isolates showed a sig- 

ificant increasing trend across all regions (AfME, 0.4%–3.4%, P 

 0.0 0 01; APAC, 1.1%–7.2%, P < 0.0 0 01; Europe, 0.5%–1.6%, P <

.0 0 01; LATAM, 0.7%–4.4%, P < 0.0 0 01; North America, 0.0%–0.2%, 

 = 0.008) (Supplementary Table 3). 

Among MBL-positive isolates, NDM-positive was the most com- 

on genotype collected globally (83.3%) and in different regions 

59.1%–93.8%) as compared to VIM- and IMP-positive isolates. The 

ajority of NDM-positive isolates (98%) were constituted by NDM- 

 (61.4%; 872/1421), NDM-5 (32.4%; 460/1421), and NDM-7 (4.2%; 

9/1421). The remaining 2% was constituted by NDM-4, NDM- 

, NDM-9, NDM-16, NDM-19, NDM-24, and NDM-TYPE (data not 

hown). Globally, NDM-1 was the most frequent variant (51.1%) fol- 

owed by NDM-5 (27%) and NDM-7 (3.5%) ( Table 2 ). Highest fre- 

uency of NDM-1 was evident across regions (31.6%–80.6%) ex- 

ept in the APAC region where NDM-5 (55.2%) was predominant 

 Table 2 ). With respect to species distribution, the majority of NDM 

roducers belonged to K. pneumoniae , among all three NDM vari- 

nts, globally and across different regions (Supplementary Table 4). 

Among the MBL-positive isolates co-carrying other carbapene- 

ases genes, MBL + OXA-48-like isolates were more prevalent than 

BL + KPC isolates globally (19.5 % vs. 3.0%) and across different re- 

ions (8.9%–37.2% vs. 0.0%–4.1%), except in LATAM (0.7 % vs. 9.2%) 

 Table 2 ). 

.2. Antimicrobial activity of ATM-AVI and comparators against 

nterobacterales and MBL-positive isolates 

ATM-AVI demonstrated potent antimicrobial activity against all 

nterobacterales, with MIC50 and MIC90 values of 0.06 mg/L and 

.25 mg/L, respectively; 99.9% isolates were inhibited at the tenta- 

ive breakpoint of ≤8 mg/L. Variable susceptibility rates were ob- 

erved for the comparators with rates > 90% for amikacin, tigecy- 

line, meropenem, and colistin ( Table 3 ). 

ATM-AVI retained potent antimicrobial activity against MBL- 

ositive isolates, with MIC50 and MIC90 values of 0.12 and 1 

g/L, respectively; 99.4% of isolates were inhibited at the tentative 

reakpoint of ≤8 mg/L. Among the comparators, only tigecycline 

nd colistin exhibited susceptibility rates > 90% against the MBL- 

ositive isolates ( Table 3 ). 

ATM-AVI demonstrated consistent activity against MBL- 

roducing isolates from different regions (98.6% inhibited at 

he tentative breakpoint of ≤8 mg/L) (Supplementary Table 5). 
across different regions from 2016 to 2020. 

SI) CRE (EUCAST) 

n (%) b 
MBL-Positive b,c 

n (%) 

.0) 4251 (4.0) 1707 (1.6) 

) 241 (2.9) 169 (2.1) 

.2) 1481 (7.4) 694 (3.5) 

.2) 1605 (3.1) 539 (1.1) 

.1) 835 (5.5) 283 (1.9) 

) 89 (0.7) 22 (0.2) 

pean Committee on Antimicrobial Susceptibility Testing; 

nem-resistant Enterobacterales; LATAM, Latin America; 

s isolates collected globally and in various regions; n, 

 in various geographical regions. 

robacter asburiae, Enterobacter cloacae, Enterobacter hor- 

ogenes, Klebsiella oxytoca, Klebsiella pneumoniae, Proteus 

laVIM , blaIMP ). 
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Table 2 

Distribution of MBL-positive Enterobacterales isolates collected globally and across different regions from 2016 to 2020. 

MBL-positive Enterobacterales a 
Global 

( N = 1707) 

AfME 

( N = 169) 

APAC 

( N = 694) 

Europe 

( N = 539) 

LATAM 

( N = 283) 

North America 

( N = 22) 

VIM, n (%) 242 (14.2) 16 (10.5) 2 (0.3) 197 (36.6) 19 (6.7) 8 (36.4) 

IMP, n (%) 49 (2.9) 0 (0.0) 41 (5.9) 2 (0.4) 5 (1.8) 1 (4.6) 

NDM, n (%) 1421 (83.3) 153 (90.5) 651 (93.8) 341 (63.3) 263 (92.9) 13 (59.1) 

NDM-1, n (%) 872 (51.1) 101 (59.8) 219 (31.6) 313 (58.1) 228 (80.6) 11 (50.0) 

NDM-5, n (%) 460 (27.0) 29 (17.2) 383 (55.2) 25 (4.6) 22 (7.8) 1 (4.6) 

NDM-7, n (%) 59 (3.5) 21 (12.4) 36 (5.2) 0 (0.0) 1 (0.4) 1 (4.6) 

MBL + KPC b , n (%) 51 (3.0) 0 (0.0) 3 (0.4) 22 (4.1) 26 (9.2) 0 (0.0) 

MBL + OXA-48-like c , n (%) 333 (19.5) 19 (11.2) 258 (37.2) 48 (8.9) 2 (0.7) 6 (27.3) 

AfME, Africa and Middle East; APAC, Asia Pacific; LATAM, Latin America; MBL, metallo- β -lactamase; N, total number of isolates; n, number 

of MBL-positive isolates collected globally and in various geographical regions (major MBL genotypes, NDM variants, and MBL-positive 

isolates co-carrying other carbapenemases). 
a % indicates n/N. 
b KPC-2 and KPC-3. 
c OXA- 162, OXA-181, OXA-232, and OXA-48. 

Table 3 

Antimicrobial activity of ATM-AVI and comparator agents tested against Enterobacterales isolates collected globally from 2016 to 2020. 

Antimicrobials n a %S MIC (mg/L) 

CLSI EUCAST b MIC50 MIC90 MIC range 

All Enterobacterales c , N = 106,686 

ATM-AVI d 82,775 99.9 0.06 0.25 0.015–128 

Aztreonam 85,482 70.9 70.9 0.12 128 0.015–> 128 

Meropenem 106,685 94.4 96.0 0.06 0.12 0.004–32 

Amikacin 106,686 96.6 94.7 2 8 0.25–128 

Gentamicin 56,648 81.2 80.4 0.5 32 0.12–32 

Colistin e 77,285 NA 97.1 0.25 1 0.06–16 

Tigecycline f 102,488 98.2 g 98.2 h 0.25 1 0.008–16 

MBL-positive Enterobacterales i , N = 1707 

ATM-AVI d 1628 99.4 0.12 1 0.015–128 

Aztreonam 1693 14.9 14.9 128 256 0.015–> 128 

Meropenem 1707 3.8 21.7 32 32 0.06–32 

Amikacin 1707 50.0 39.5 32 128 0.25–128 

Gentamicin 1418 29.0 27.3 32 32 0.12–32 

Colistin e 1622 NA 91.1 0.5 2 0.06–16 

Tigecycline f 1674 94.0 g 92.8 h 0.5 2 0.06–16 

ATM-AVI, aztreonam/avibactam; MBL, metallo- β-lactamase; MIC, minimum inhibitory concentration; MIC50 minimum inhibitory concentra- 

tion required to inhibit 50% of the organisms; MIC90 minimum inhibitory concentration required to inhibit 90% of the organisms; N, total 

number of isolates; n, number of isolates tested every year; NA, not available. 
a Not all drugs in the panel were tested every year. 
b Data includes percentage isolates susceptible at increased exposure. 
c Escherichia coli, Citrobacter freundii, Citrobacter koseri, Enterobacter asburiae, Enterobacter cloacae, Enterobacter hormaechei, Enterobacter 

kobei, Enterobacter ludwigii, Klebsiella aerogenes, Klebsiella oxytoca, Klebsiella pneumoniae, Proteus mirabilis, Serratia marcescens . 
d No breakpoints available from CLSI and EUCAST. Values expressed are indicative of the cumulative percentage of isolates inhibited at 

≤8 mg/L of aztreonam, tested at fixed 4 mg/L avibactam concentration, for comparison purposes. 
e For colistin, CLSI breakpoints for susceptible isolates are not available. EUCAST data for colistin do not include isolates of P. mirabilis 

and S. marcescens . 
f Tigecycline data do not include P. mirabilis . 
g Data for tigecycline were calculated based on FDA approved breakpoints. 
h EUCAST data for susceptibility to tigecycline are limited to E. coli and C. koseri ; denominator (n): All isolates = 38,457, MBL-positive = 235. 
i Presence of at least one of the major MBL genes (blaNDM , blaVIM , blaIMP ). 
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.3. Antimicrobial activity of ATM-AVI and comparators against 

arious genotypes of MBL-positive isolates 

MIC90 values of ATM-AVI against different MBL-positive geno- 

ypes (NDM, VIM, and IMP) ranged from 0.5 to 1 mg/L, while those 

f aztreonam were ≥128 mg/L. Among NDM variants, the MIC90 

f ATM-AVI ranged from 0.5 to 4 mg/L, and those of aztreonam 

ere > 128 mg/L. At the tentative breakpoint of ≤8 mg/L‘, ATM- 

VI inhibited 99.8% of isolates producing NDM-1 or NDM-7 (MIC90 , 

.5 mg/L), and 98.1% of isolates producing NDM-5 (MIC90 , 4 mg/L) 

 Table 4 ). 

A total of 10 of 1707 MBL-positive isolates (0.6%) exhibited 

TM-AVI MICs of > 8 mg/L (2019: n = 2; 2020: n = 8) ( Table 4 ). Of

hese, 9 were from the APAC region and 1 was from Europe (Sup- 
126
lementary Table 6). All the 10 isolates were NDM-positive; the 

ajority reported as NDM-5 ( n = 8: E. coli, n = 7, K. pneumoniae,

 = 1; APAC, n = 7, Europe, n = 1) and the remaining reported as

DM-1 ( n = 2: P. mirabilis, n = 2; APAC, n = 2) ( Table 4 ). 

For MBL-positive isolates co-carrying OXA-48-like ( N = 333) or 

PC genes ( N = 51), the MIC90 values of ATM-AVI were 0.5 mg/L 

nd 1 mg/L, respectively, as compared to those of aztreonam which 

ere > 128 mg/L. Among these, only 1/384 of the co-carriers had 

TM-AVI MIC > 8 mg/L ( Table 4 ). 

Among comparators, tigecycline and colistin showed an over- 

ll high antimicrobial activity ( ≥80% susceptibility) against various 

BL-positive genotypes, with some variability observed. Addition- 

lly, higher susceptibility to amikacin was observed among NDM- 

-positive, VIM-positive, and IMP-positive isolates ( Table 5 ). 
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Table 4 

Percentage MIC (mg/L) frequency distribution for Enterobacterales collected globally from 2016 to 2020. 

Organism/organism group Antimicrobial N Cumulative percentage of isolates at each MIC (mg/L) (absolute n at MIC) 

≤0.015 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16 32 64 128 > 128 

All Enterobacterales a ATM-AVI 106,686 16.5 

(13,687) 

47.1 

(25,320) 

76.9 

(24,667) 

89.8 

(10,689) 

95.4 

( 4599 ) 

97.8 

(2029) 

98.9 

(841) 

99.5 

(512) 

99.8 

(288) 

99.9 

(70) 

99.9 

(39) 

99.9 

(9) 

99.9 

(14) 

100.0 

(11) 

ATM 4.6 

(3905) 

14.4 

(8392) 

39.9 

(21,764) 

58.5 

(15,906) 

64.6 

(5250) 

66.7 

(1821) 

68.1 

(1175) 

69.3 

(1050) 

70.9 

(1364) 

73.4 

(2153) 

77.1 

(3131) 

83.5 

(5472) 

89.6 

(5210) 

96.0 

(5487) 

100.0 

(3402) 

MBL-positive 

Enterobacterales 

ATM-AVI 1707 2.6 

(42) 

8.1 

(90) 

23.5 

(250) 

51.5 

(456) 

77.3 

(420) 

87.8 

(171) 

92.2 

(72) 

95.8 

(59) 

98.4 

(42) 

99.4 

(16) 

99.8 

(7) 

99.9 

(1) 

99.9 

(0) 

100.0 

(2) 

ATM 0.3 

(5) 

1.0 

(11) 

2.6 

(28) 

5.6 

(50) 

8.5 

(49) 

10.9 

(42) 

11.8 

(15) 

13.4 

(26) 

14.9 

(27) 

17.5 

(43) 

20.7 

(54) 

27.4 

(113) 

42.7 

(259) 

83.6 

(694) 

100.0 

(277) 

VIM ATM-AVI 242 3.8 

(9) 

15.0 

(27) 

38.3 

(56) 

57.1 

(45) 

74.2 

(41) 

89.2 

(36) 

98.3 

(22) 

100.0 

(4) 

ATM 0.0 

(0) 

2.1 

(5) 

6.7 

(11) 

12.1 

(13) 

15.8 

(9) 

19.2 

(8) 

19.6 

(1) 

24.2 

(11) 

28.3 

(10) 

34.6 

(15) 

40.8 

(15) 

48.8 

(19) 

70.4 

(52) 

92.5 

(53) 

100.0 

(18) 

IMP ATM-AVI 49 2.1 

(1) 

6.4 

(2) 

29.8 

(11) 

59.6 

(14) 

85.1 

(12) 

93.6 

(4) 

93.6 

(0) 

100.0 

(3) 

ATM 0.0 

(0) 

0.0 

(0) 

8.5 

(4) 

12.8 

(2) 

23.4 

(5) 

25.5 

(1) 

27.7 

(1) 

34.0 

(3) 

40.4 

(3) 

44.7 

(2) 

53.2 

(4) 

61.7 

(4) 

80.9 

(9) 

93.6 

(6) 

100.0 

(3) 

NDM ATM-AVI 1421 2.4 

(32) 

7.0 

(62) 

20.7 

(185) 

50.2 

(397) 

77.6 

(368) 

87.4 

(132) 

91.1 

(50) 

95.0 

(52) 

98.1 

(42) 

99.3 

(16) 

99.8 

(7) 

99.9 

(1) 

99.9 

(0) 

100.0 

(2) 

ATM 0.4 

(5) 

0.8 

(6) 

1.7 

(13) 

4.2 

(35) 

6.7 

(35) 

9.1 

(34) 

10.0 

(13) 

10.8 

(12) 

12.1 

(17) 

13.9 

(26) 

16.4 

(35) 

22.8 

(90) 

36.9 

(199) 

81.9 

(635) 

100.0 

(256 ) 

NDM-1 ATM-AVI 872 2.9 

(24) 

8.6 

(48) 

26.0 

(146) 

63.7 

(317) 

87.9 

(203) 

96.6 

(73) 

98.2 

(14) 

99.2 

(8) 

99.6 

(4) 

99.8 

(1) 

100.0 

(2) 

ATM 0.5 

(4) 

0.9 

(4) 

2.2 

(11) 

5.6 

(29) 

9.2 

(31) 

11.5 

(20) 

12.0 

(4) 

12.9 

(8) 

14.4 

(13) 

16.8 

(21) 

19.4 

(22) 

25.8 

(55) 

41.2 

(133) 

84.1 

(370) 

100.0 

(137) 

NDM-5 ATM-AVI 460 1.2 

(5) 

3.1 

(8) 

8.3 

(22) 

21.0 

(53) 

55.2 

(144) 

67.1 

(50) 

75.5 

(35) 

86.0 

(44) 

95.0 

(38) 

98.1 

(13) 

99.3 

(5) 

99.5 

(1) 

99.5 

(0) 

100.0 

(2) 

ATM 0.2 

(1) 

0.2 

(0) 

0.4 

(1) 

0.7 

(1) 

1.5 

(4) 

3.7 

(10) 

5.7 

(9) 

6.5 

(4) 

7.0 

(2) 

8.0 

(5) 

10.2 

(10) 

16.3 

(28) 

28.0 

(54) 

77.8 

(229) 

100.0 

(102) 

NDM-7 ATM-AVI 59 0.0 

(0) 

7.0 

(4) 

26.3 

(11) 

59.7 

(19) 

86.0 

(15) 

96.5 

(6) 

96.5 

(0) 

96.5 

(0) 

96.5 

(0) 

100.0 

(2) 

ATM 1.7 

(1) 

3.4 

(1) 

8.5 

(3) 

8.5 

(0) 

13.6 

(3) 

13.6 

(0) 

13.6 

(0) 

17.0 

(2) 

17.0 

(0) 

18.7 

(1) 

25.4 

(4) 

39.0 

(8) 

76.3 

(22) 

100.0 

(14) 

MBL + KPC b ATM-AVI 51 0.0 

(0) 

8.0 

(4) 

26.0 

(9) 

54.0 

(14) 

70.0 

(8) 

86.0 

(8) 

100.0 

(7) 

ATM 0.0 

(0) 

0.0 

(0) 

0.0 

(0) 

2.0 

(1) 

2.0 

(0) 

2.0 

(0) 

2.0 

(0) 

2.0 

(0) 

6.0 

(2) 

6.0 

(0) 

10.0 

(2) 

16.0 

(3) 

28.0 

(6) 

84.0 

(28) 

100.0 

(8) 

MBL + OXA-48-like c ATM-AVI 333 0.3 

(1) 

1.3 

(3) 

4.6 

(10) 

20.9 

(50) 

72.9 

(159) 

91.8 

(58) 

94.4 

(8) 

96.4 

(6) 

99.4 

(9) 

99.7 

(1) 

99.7 

(0) 

99.7 

(0) 

99.7 

(0) 

100.0 

(1) 

ATM 0.0 

(0) 

0.3 

(1) 

0.6 

(1) 

0.9 

(1) 

1.8 

(3) 

5.4 

(12) 

6.3 

(3) 

6.6 

(1) 

6.9 

(1) 

7.8 

(3) 

8.7 

(3) 

11.2 

(8) 

22.3 

(37) 

75.0 

(175) 

100.0 

(83) 

ATM, aztreonam; ATM-AVI, aztreonam/avibactam; MBL, metallo- β-lactamase; N, total number of isolates. 
a Escherichia coli, Citrobacter freundii, Citrobacter koseri, Enterobacter asburiae, Enterobacter cloacae, Enterobacter hormaechei, Enterobacter kobei, Enterobacter ludwigii, Klebsiella aerogenes, Klebsiella oxytoca, Klebsiella pneumoniae, 

Proteus mirabilis, Serratia marcescens . 
b KPC-2 and KPC-3. 
c OXA- 162, OXA-181, OXA-232, and OXA-48. 

MIC90 values are in bold. 

1
2
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. Discussion 

Our study highlighted the distribution of MBL-positive Enter- 

bacterales collected globally and across different regions over a 

ve-year period (2016–2020) from the ATLAS surveillance system 

18] , and the antimicrobial activity of ATM-AVI and comparator 
able 5 

ntimicrobial activity of ATM-AVI and comparator agents tested against MBL-positive Ente

Antimicrobials n a %S 

CLSI EUCAST b 

VIM, N = 242 

ATM-AVI c 240 100 

Aztreonam 240 28.3 28.3 

Meropenem 242 16.9 65.3 

Amikacin 242 88.4 72.3 

Gentamicin 168 60.7 52.4 

Colistin d 224 NA 93.3 

Tigecycline e 237 91.1 f 100 g 

IMP, N = 49 

ATM-AVI c 47 100 

Aztreonam 47 40.4 40.4 

Meropenem 49 28.6 87.8 

Amikacin 49 87.8 81.6 

Gentamicin 17 35.3 23.5 

Colistin d 45 NA 100 

Tigecycline e 49 93.9 f 100 g 

NDM, N = 1421 

ATM-AVI c 1346 99.3 

Aztreonam 1411 12.1 12.1 

Meropenem 1421 0.7 12.0 

Amikacin 1421 41.9 32.3 

Gentamicin 1238 24.7 24.1 

Colistin d 1357 NA 90.5 

Tigecycline e 1393 94.5 f 92.5 g 

NDM-1, N = 872 

ATM-AVI c 840 99.8 

Aztreonam 862 14.4 14.4 

Meropenem 872 0.6 16.6 

Amikacin 872 45.2 32.2 

Gentamicin 725 28.0 26.9 

Colistin d 815 NA 88.1 

Tigecycline e 848 93.0 f 88.9 g 

NDM-5, N = 460 

ATM-AVI c 420 98.1 

Aztreonam 460 7.0 7.0 

Meropenem 460 0.7 4.1 

Amikacin 460 27.2 24.1 

Gentamicin 446 16.8 16.8 

Colistin d 457 NA 93.7 

Tigecycline e 459 97.0 f 93.9 g 

NDM-7, N = 59 

ATM-AVI c 57 100 

Aztreonam 59 17.0 17.0 

Meropenem 59 1.7 5.1 

Amikacin 59 94.9 84.8 

Gentamicin 38 39.5 39.5 

Colistin d 58 NA 96.6 

Tigecycline e 59 94.9 f 66.7 g 

MBL + KPC h , N = 51 

ATM-AVI c 50 100 

Aztreonam 50 6.0 6.0 

Meropenem 51 0 7.8 

Amikacin 51 60.8 54.9 

Gentamicin 47 27.7 23.4 

Colistin d 50 NA 80.0 

Tigecycline e 51 92.2 f 100 g 

MBL + OXA-48-like i , N = 333 

ATM-AVI c 306 99.7 

Aztreonam 332 6.9 6.9 

Meropenem 333 0.6 3.9 

Amikacin 333 19.5 15.3 

Gentamicin 310 12.9 12.6 

Colistin d 330 NA 86.1 

128
gents tested against these isolates. To the best of our knowledge, 

his is the largest collection of isolates investigated so far for ATM- 

VI studies. 

Globally, our study identified 4.0/5.0% (CLSI/EUCAST criteria) 

RE and 1.6% MBL-positive isolates among total Enterobacterales 

ollected. The MBL-positive isolates were notably higher than those 
robacterales isolates collected globally from 2016 to 2020. 

MIC (mg/L) 

MIC50 MIC90 MIC range 

0.12 1 0.015–2 

64 128 0.03–> 128 

8 32 0.06–32 

8 32 0.25–128 

2 32 0.5–32 

0.5 1 0.06–16 

0.5 2 0.12–16 

0.12 0.5 0.015–2 

16 128 0.06–> 128 

4 16 0.25–32 

2 64 0.5–128 

32 32 0.5–32 

0.25 0.5 0.12–2 

0.5 2 0.12–4 

0.12 1 0.015–128 

128 256 0.015–> 128 

32 32 0.06–32 

64 128 0.25–128 

32 32 0.12–32 

0.5 2 0.06–16 

0.5 2 0.06–16 

0.12 0.5 0.015–16 

128 256 0.015–> 128 

32 32 0.06–32 

32 128 0.5–128 

32 32 0.12–32 

0.5 8 0.06–16 

0.5 2 0.06–16 

0.25 4 0.015–128 

128 256 0.015–> 128 

32 32 0.06–32 

128 128 0.25–> 128 

32 32 0.12–32 

0.25 1 0.12–16 

0.5 2 0.06–16 

0.12 0.5 0.03–8 

128 256 0.03–> 128 

32 32 0.06–32 

4 16 1–64 

32 32 0.25–32 

0.5 1 0.06–16 

0.5 2 0.12–16 

0.12 1 0.03–1 

128 256 0.12–> 128 

32 32 2–32 

8 128 1–128 

32 32 0.25–32 

0.5 16 0.06–16 

0.5 2 0.12–16 

0.25 0.5 0.015–128 

128 256 0.03–> 128 

32 32 0.5–32 

128 128 0.25–128 

32 32 0.12–32 

0.5 8 0.06–16 

( continued on next page ) 
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Table 5 ( continued ) 

Antimicrobials n a %S MIC (mg/L) 

CLSI EUCAST b MIC50 MIC90 MIC range 

Tigecycline e 332 95.5 f 95.7 g 1 2 0.06–4 

ATM-AVI, aztreonam/avibactam; MBL, metallo- β-lactamase; MIC, minimum inhibitory concentration; MIC50 minimum inhibitory concentration required to inhibit 50% of the 

organisms; MIC90 minimum inhibitory concentration required to inhibit 90% of the organisms; N, total number of isolates; n, number of isolates tested every year; NA, not 

available. 
a Not all drugs in the panel were tested every year. 
b Data includes percentage isolates susceptible at increased exposure. 
c No breakpoints available from CLSI and EUCAST. Values expressed are indicative of the cumulative percentage of isolates inhibited at ≤8 mg/L of aztreonam, tested at 

fixed 4 mg/L avibactam concentration, for comparison purposes. 
d For colistin, CLSI breakpoints for susceptible isolates are not available. EUCAST data for colistin do not include isolates of P. mirabilis and S. marcescens . 
e Tigecycline data do not include P. mirabilis . 
f Data for tigecycline were calculated based on FDA approved breakpoints. 
g EUCAST data for susceptibility to tigecycline are limited to E. coli and C. koseri ; denominator (n): NDM = 227; VIM = 8; IMP = 1; NDM-1 = 36; NDM-5 = 181; NDM-7 = 6; 

MBL + KPC = 3;MBL + OXA-48-like = 23. 
h KPC-2 and KPC-3. 
i OXA- 162, OXA-181, OXA-232, and OXA-48. 
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eported previously from global surveillance studies by Karlowsky 

t al. (AstraZeneca surveillance program; 208 medical centres in 40 

ountries, 2012–2015) [ 15 ] and by Kazmierczak et al. (202 medical 

entres in 40 countries, 2012–2014) [30] , which reported MBL rates 

f 0.5% (267/51,352) and 0.4% (163/38,266), respectively. In our 

tudy, a significant increasing trend of MBL-positive isolates was 

dentified globally and across all regions. A recent study trend (IN- 

ORM surveillance program, 2019–2021) conducted in the United 

tates also reported an increase in MBL-positive isolates over the 

ears (2019, 3/9686 [0.03%]; 2021, 20/8916 [0.2%]) [31] . Notably, 

he highest proportion of MBL-positive isolates in our study was 

ontributed by the APAC region (3.5%). These findings were cor- 

oborated by another global study by Sader et al. [ 16 ] (SENTRY 

urveillance program; 64 medical centers in Europe, APAC, and 

ATAM) conducted in 2019 (overall MBLs, 1.5%, 132/8787; APAC, 

.2%, 47/1456; Europe, 1.2%, 73/6170). However, contrary to these 

ndings, Karlowsky et al. [ 15 ] reported a lower proportion of 

BLs during 2012–2015 (overall MBLS, 0.5%, 267/51,352; APAC, 

.8%, 74/9149; Europe, 0.5%, 131/24,826). Therefore, our study im- 

lies a longitudinal increase in MBL incidence by year. Recent data 

rom a regional multicentre study conducted in 8 APAC countries 

2015–2018) showed an even higher proportion of MBL-positive 

solates (8.5%, 71/832) among Enterobacterales collected [32] , com- 

ared to our study (3.5%, 694/19,905). Taken together, these find- 

ngs suggest a variation in the distribution of MBL-positive isolates 

cross the globe underscoring the need for reinforcing surveil- 

ance both at global and regional levels, and for implementation 

f robust infection control. This also warrants an imperative need 

or therapeutic strategies that may be critical in limiting further 

pread. 

Among the MBL-positive isolates in our study, NDM-positive 

solates were the most common (83.3%) with NDM-1 isolates as 

he majority (61.4% of NDMs), especially in Europe (NDM/NDM- 

, 63.3%/91.8% [313/341]). This was consistent with the recently 

ublished studies from the SENTRY database: 2019 (global): 87.1% 

78.3% [16] ; 2019–2020 (Europe): 77.1% /96.4% [14] . Previous 

tudies also reported a higher frequency of NDM-positive iso- 

ates (global studies: 2012–2015, 53.18%, 142/267 [15] ; 2012–2014, 

4.2%, 72/163 [30] ). In contrast, a global study by Biedenbach et al. 

 33 ] showed majority of VIM-positive isolates (66.5%, 141/212) with 

nly 16.0% (34/212) NDM-positive isolates among Enterobacterales, 

cinetobacter baumannii , and Pseudomonas aeruginosa collected be- 

ween 2012 and 2013. Additionally, our study identified that NDM- 

 was the predominant NDM in the APAC region (55.2%). The 

mergence and spread of NDM-5 in the APAC region are sup- 

orted by other studies and possibly attributed to dissemination 

echanism as well as nosocomial transmission [34] . Therefore, 
129
hese findings suggest a global spread of NDM-positive isolates and 

ariations in NDM-positive subtypes across regions over the last 

ecade. 

Our study demonstrated MBL-positive isolates co-carrying OXA- 

8-like genes (19.5%) and KPC genes (3.0%). Similar findings were 

eported by a global SENTRY study (2019, MBL + OXA-48-like, 14.4% 

19/132] and MBL + KPC, 3.0% [4/132]) [16] , and by Karlowsky et al. 

 15 ] (2012–2015, MBL + OXA-48-like, 11.2% [30/267] and MBL + KPC, 

.0% [8/267]). This suggests an increase of MBL + OXA-48-like iso- 

ates over the years, which is a serious concern with the current 

cenario of limited treatment options. 

Overall, ATM-AVI demonstrated a potent antimicrobial activity 

gainst all Enterobacterales (MIC90 , 0.25 mg/L) and MBL-positive 

solates (MIC90 , 1 mg/L) in comparison to aztreonam (MIC90 , ≥128 

g/L). At the tentative breakpoint of ≤8 mg/L, ATM/AVI was able to 

nhibit 99.9% of Enterobacterales and 99.4% of MBL-positive Enter- 

bacterales, respectively. These findings are consistent with those 

rom the recent global SENTRY study (2019) showing 99.9% of 

nterobacterales (MIC90 , 0.12 mg/L) and all MBL-positive isolates 

MIC90 , 0.5 mg/L) inhibited at MIC ≤8 mg/L for ATM-AVI [16] . This 

as further corroborated by another global study conducted be- 

ween 2012 and 2015 (MIC90 : Enterobacterales, 0.12 mg/L; MBL- 

ositive isolates, 1 mg/L) [15] . Additionally, although the global 

ctivity of ATM-AVI was sustained across regions in our study, 

he MIC values against MBL-positive isolates in the APAC region 

MIC90 , 2 mg/L) were higher compared to those observed with iso- 

ates from other regions (MIC90 , 0.25 mg/L in LATAM; MIC90 , 0.5 

g/L in other regions). A previous study by Karlowsky et al. [ 15 ]

2012–2015) showed an MIC90 of 0.5 mg/L in APAC. In our study, 

TM-AVI inhibited 98.1% of the NDM-5 isolates at MIC of ≤8 mg/L 

nd had an MIC90 value of 4 mg/L, which was almost 3–4 dilu- 

ions higher than the other isolates tested. The higher MIC values 

bserved in the APAC region could be related with higher preva- 

ence of isolates producing NDM-5, which showed higher MIC val- 

es. Altogether, these results support the sustained in vitro activ- 

ty of ATM-AVI against MBL-positive isolates over the recent years, 

lthough increasing MIC levels of ATM-AVI against some isolates 

ust be monitored closely. 

Our study also demonstrated high potency of ATM-AVI (99.7% at 

he tentative breakpoint of ≤8 mg/L) against MBL-positive isolates 

o-carrying either KPC or OXA-48-like genes (MIC90 , 0.5–1 mg/L 

s. aztreonam MIC90 , > 128 mg/L). This is corroborated by global 

tudies conducted previously [15 , 33 , 35] . In our study, isolates car- 

ying triple carbapenemase genes (MBL + KPC + OXA-48-like) were 

ot identified. 

Our study identified 10 MBL-positive isolates with MIC > 8 mg/L 

or ATM-AVI, with majority of them from the APAC region and har- 
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[

ouring NDM-5. A previous study by Vasoo et al. [ 36 ] reported 

n NDM-7-positive isolate from Singapore with elevated MIC of 

6 mg/L for ATM-AVI among 177 Gram-negative isolates collected 

cross United States, Singapore, and United Kingdom. A recent 

tudy by Livermore et al. [ 37 ] conducted in the United Kingdom 

2015, 2017, 2019) found 14.8% of NDM-positive E. coli isolates 

18/122) with MIC of ATM-AVI > 8 mg/L and 47.2% NDM-5 iso- 

ates ( n = 42) among 89 E.coli NDM-positive isolates with MIC 

etween 8 and 32 mg/L. Elevated MIC of ATM-AVI may be due 

o various potential resistance mechanisms including alteration in 

enicillin-binding protein-3 target [38] , presence of some AmpC- 

ype β-lactamases [37] , loss of outer membrane proteins [39] , and 

verexpression of efflux pumps [36] . 

Our study has some limitations. The inherent design of the AT- 

AS program with the majority of centres from Europe ( n = 533) 

ompared to other regions (AfME, n = 87) could lead to bias in 

ata interpretation. Additionally, variations in the number of par- 

icipating centres and of collected isolates in different years from 

ifferent regions (including those with high MBL prevalence) may 

estrict generalisation of results and should be considered while 

nterpreting the study data. Due to the predefined number of iso- 

ates collected by each centre, the study results may not be in- 

erpreted as general epidemiological data. Further, sample size for 

 few geographical regions were low for conclusive evidence. Ad- 

itionally, the 2023 version for CLSI and EUCAST were used for 

nterpretation of antimicrobial susceptibility testing results, which 

hould be taken into consideration while interpreting susceptibil- 

ty data based on any other clinical breakpoint systems (e.g. the 

nited States Committee on Antimicrobial Susceptibility Testing 

40] ). This study investigated the major MBL genotypes and did 

ot include other MBL genes such as SPM, GIM, and FIM [29] . 

ince the study focuses on MBL active agents, other antimicrobials 

nown to be inactive against MBL-positive isolates were excluded 

2] . Due to unavailability of data in the ATLAS platform, the fol- 

owing datasets could not be captured and were not reported in 

his paper: (i) data analysis for MBL isolates that exclusively har- 

oured the dual genotypes (e.g. a NDM + VIM isolate were included 

n NDM or VIM without a separate category for dual genotype); 

ii) susceptibility to some antimicrobials (e.g. fosfomycin, cefidero- 

ol) [2] ; and (iii) data analysis based on the type of MBL-positive 

solates co-carrying other carbapenemases (NDM/VIM/IMP isolates 

o-carrying KPC or OXA-48-like genes). Furthermore, this study did 

ot molecularly characterize the isolates with elevated ATM-AVI 

ICs ( > 8 mg/L) and elucidate the underlying mechanism(s). 

To conclude, this study demonstrated potent antimicrobial ac- 

ivity of ATM-AVI against MBL-positive isolates (including MBL 

ubtypes and variants of NDM-positive isolates) globally and across 

arious regions between 2016 and 2020. Moreover, sustained in 

itro activity was observed with those MBL-positive isolates co- 

arrying other carbapenemases genes (KPC and OXA-48-like). With 

imited therapeutic options available at present, the combination of 

ztreonam and avibactam (phase 3 trials completed, NCT03580044, 

CT03329092, both results not yet published; paediatric trial on- 

oing, NCT05639647) may represent a good option for treating in- 

ections caused by MBL-positive isolates. 
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