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Summary

Background—Carbapenem-resistant Pseudomonas aeruginosa (CRPA) is a global threat, but the
distribution and clinical significance of carbapenemases are unclear. The aim of this study was

to define characteristics and outcomes of CRPA infections and the global frequency and clinical
impact of carbapenemases harboured by CRPA.

Methods—We conducted an observational, prospective cohort study of CRPA isolated from
bloodstream, respiratory, urine, or wound cultures of patients at 44 hospitals (10 countries)
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between Dec 1, 2018, and Nov 30, 2019. Clinical data were abstracted from health records and
CRPA isolates were whole-genome sequenced. The primary outcome was 30-day mortality from
the day the index culture was collected. We compared outcomes of patients with CRPA infections
by infection type and across geographic regions and performed an inverse probability weighted
analysis to assess the association between carbapenemase production and 30-day mortality.

Findings—We enrolled 972 patients (USA n=527, China n=171, south and central America
n=127, Middle East n=91, Australia and Singapore n=56), of whom 581 (60%) had CRPA
infections. 30-day mortality differed by infection type (bloodstream 21 [30%] of 69, respiratory
69 [19%] of 358, wound nine [14%] of 66, urine six [7%] of 88; p=0-0012) and geographical
region (Middle East 15 [29%] of 52, south and central America 20 [27%] of 73, USA 60

[19%] of 308, Australia and Singapore three [11%] of 28, China seven [6%] of 120; p=0:0002).
Prevalence of carbapenemase genes among CRPA isolates also varied by region (south and central
America 88 [69%] of 127, Australia and Singapore 32 [57%] of 56, China 54 [32%] of 171,
Middle East 27 [30%] of 91, USA ten [2%] of 527; p<0-0001). KPC-2 (n=103 [49%]) and
VIM-2 (n=75 [36%]) were the most common carbapenemases in 211 carbapenemase-producing
isolates. After excluding USA patients, because few US isolates had carbapenemases, patients
with carbapenemase-producing CRPA infections had higher 30-day mortality than those with
non-carbapenemase-producing CRPA infections in both unadjusted (26 [22%] of 120 vs19 [12%]
of 153; difference 9%, 95% CI 3-16) and adjusted (difference 7%, 95% CI 1-14) analyses.

Interpretation—The emergence of different carbapenemases among CRPA isolates in different
geographical regions and the increased mortality associated with carbapenemase-producing CRPA
infections highlight the therapeutic challenges posed by these organisms.

Introduction

Pseudomonas aeruginosais a leading global pathogen.! Infections due to P aeruginosa are
common, associated with high mortality, and increasingly carbapenem resistant.2~ For this
reason, WHO designated carbapenem-resistant P aeruginosa (CRPA) as one of three Critical
Priority pathogens.® The Antibacterial Resistance Leadership Group therefore set about to
characterise the clinical and molecular epidemiology of CRPA.6

Non-enzymatic carbapenem resistance mechanisms are common in P aeruginosa.
Although the emergence of carbapenemases fuelled the expansion of carbapenem-resistant
Enterobacterales,’ the extent to which carbapenemases contribute to CRPA globally is
unclear. The emergence of carbapenemases in CRPA would have therapeutic implications,
because many carbapenemases confer resistance not only to carbapenems, but also to other
B-lactam drugs, including some novel B-lactam—p-lactamase inhibitors.8 This expanded
spectrum of resistance might be associated with worse outcomes among patients with
CRPA infections. Furthermore, most rapid diagnostic tests for carbapenem resistance rely
on detection of carbapenemase genes,® and thus the utility of these tests to detect CRPA
depends on the prevalence and types of carbapenemases harboured by these organisms.

Previous epidemiological investigations of CRPA were geographically limited or lacked
detailed clinical data or molecular characterisation of bacteria.8:10-16 To address these
knowledge gaps, we aimed to identify clinical characteristics of patients with CRPA isolates
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and outcomes of patients infected with CRPA across geographical regions, characterise
the genetic back-grounds and frequency and types of carbapenemases among CRPA
isolates across geographical regions, and compare outcomes of patients infected with
carbapenemase-producing CRPA with those infected with non-carbapenemase-producing
CRPA.

Methods

Study design and participants

The prospective observational Pseudomonas study (POP) was a cohort study that included
44 hospitals, including 16 in the USA, ten in south and central America (Colombia

n=5, Chile n=2, Argentina n=2, Nicaragua n=1), nine in China, five in Australia, two in
Singapore, one in Lebanon, and one in Saudi Arabia. Hospitalised patients with CRPA
isolated from a bloodstream, respiratory, urinary, or wound culture between Dec 1, 2018,
and Nov 30, 2019, and for whom 30-day outcome data were available, were eligible. Only
the first eligible CRPA culture episode per patient was included. Patients were initially
enrolled on the basis of detection of carbapenem resistance by the local clinical laboratory,
but only those whose isolates were meropenem resistant (minimum inhibitory concen tration
[MIC] =8 pg/mL) on the basis of broth microdilution testing in a central laboratory were
included.1’ Patients whose isolates were not confirmed to be P aeruginosa by whole-genome
sequencing were excluded. Ethical approval for the study was obtained through institutional
review boards of all health systems involved and the requirement to obtain informed consent
was waived.

Procedures

Clinical data were abstracted from electronic health records at study sites and reviewed
until 90 days after hospital discharge. Patients were presumed to be alive unless they were
known to have died. Infection and colonisation were defined by previously applied criteria,’
except for respiratory isolates, where the clinical diagnosis recorded by physicians in the
electronic health records was applied with supporting analyses using standardised criteria.”
Hospital-acquired infections were defined as those where the first positive culture was
collected more than 2 days after hospital admission.

CRPA isolates underwent antimicrobial susceptibility testing at each site’s local clinical
microbiology laboratory as per standard of care. Isolates were then sent to a central
laboratory (the Antibacterial Resistance Leadership Group Laboratory Center at the Mayo
Clinic [Rochester, MN, USA] for isolates not from China and the MDRO Regional Central
Laboratory at Huashan Hospital, Fudan University [Shanghai, China] for Chinese isolates)
where meropenem susceptibility was assessed by reference broth microdilution.” DNA
were extracted using the Wizard Genomic DNA Purification Kit (Promega; Madison, WI,
USA) or DNeasy Blood and Tissue Kit (QIAGEN; Venlo, Netherlands). We used Illumina
Nextera XT DNA sample preparation kits (Illumina; San Diego, CA, USA) to prepare
libraries for sequencing. Isolates underwent next-generation sequencing using an Illumina
HiSeq 4000, NextSeq 2000, or MiSeq, as previously described.1® We multiplexed and
sequenced samples to yield a sequence coverage of around 100x. Paired end-reads were
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either 150 bp or 300 bp, and the MiSeq Reagent Kit version 3 or HiSeq X Ten Reagent Kit
version 2.5 were used. Raw and quality trimmed fastq files were evaluated using Raspberry
version 0.3. Sequencing data were quality trimmed and Illumina Nextera indexes removed
using Trimmomatic version 0.39. Draft genomes were assembled using SPAdes version
3.13.0. Pseudomonas species were determined by fastANI version 1.32, using a 95% cutoff
for species identification.19-20 Ten genomes were also included that had 94-95% average
nucleotide identity with P aeruginosa but less than 86% average nucleotide identity with
other Pseudomonas species. Multilocus sequence typing was analysed using mlst version
2.19.0 and the PubMLST database.?! Resistance genes were identified by AMRFinderPlus
version 3.10.5 and ARIBA version 2.14.6.22:23 Core genome alignment was generated

by Snippy version 4.6.018 using the P aeruginosa PAO1 genome (accession number
NC_002516) as the reference. A maximum likelihood phylogenetic tree was constructed

in RAXML version 8.2.4.24 gprD and its promoter regions were examined by BLASTn
from BLAST+ 2.11.0,2° and those with a premature stop codon, frameshift, truncation, or
promoter region IS insertion were classified as gprD mutants.

The primary outcome was 30-day mortality from the day the index culture was collected.
Secondary outcomes were length of hospital stay from the day of the index culture,
disposition after hospital discharge, and the desirability of outcome ranking (DOOR)
analysis at 30 days.26 The DOOR outcome was defined a priori and assessed three
undesirable events (absence of clinical response, lack of discharge or hospital readmission,
and renal failure or Clostridioides difficile infection) and ordered outcomes based on the
number of events.” Clinical response was defined as symptomatic response, no additional
CRPA therapy after the initial treatment course, and no relapse within 30 days.

Statistical analysis

We compared characteristics of patients with CRPA isolates and outcomes of patients
with CRPA infections between five geographical regions (USA, China, south and central
America, the Middle East, and Australia and Singapore). We used the x 2 test, to compare
categorical variables, and the Kruskal-Wallis test, to compare continuous variables, in the
comparison of characteristics and outcomes of patients with carbapenemase-producing
CRPA infections with those with non-carbapenemase-producing CRPA infections. We
constructed 95% Wald Cls with pooled variance for differences in 30-day and 90-day
mortality. US patients were excluded from this analysis, because few US isolates harboured
a carbapenemase. To adjust for confounding in the association between carbapenemases
and mortality, we performed an inverse probability weighted analysis with adjustments
for geographical region, age-adjusted Charlson Comorbidity Index,2’ patient location
before hospitalisation, immunocompromised status, and anatomical source of infection.
We also performed an inverse probability weighted analysis within each geographical
region. We visualised 30-day mortality by geographical region and by presence of a
carbapenemase with Kaplan-Meier curves with administrative censoring at 30 days. We
estimated pairwise DOOR probabilities of a favourable outcome (ie, fewer undesirable
events of absence of clinical response, lack of discharge or hospital readmission, and
renal failure or Clostridioides difficile infection) for a randomly selected infected patient
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between geographical regions and between patients with carbapenemase-producing and
non-carbapenemase-producing CRPA infections. To further assess the association between
carbapenemases and mortality, we constructed a multivariate logistic regression model with
random effects for study site and a multivariate Cox proportional hazards model, using the
same covariates as the inverse probability weighted analysis. p values of 0-05 or less were
designated statistically significant and all tests were two-sided. Analyses were performed
using SAS version 9.4.

Role of the funding source

Results

The funder of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report.

Of 1443 patients enrolled in POP, 972 (67%) were eligible for this analysis, including 527
(59% of total) in the USA, 171 (18%) in China, 127 (13%) in south and central America, 91
(9%) in the Middle East, and 56 (6%) in Australia and Singapore (appendix p 11). Patients
in south and central America (median age 56 years, IQR 32-70) and China (59 years,
46-72) were younger than patients in the USA (63 years, 49-73), Middle East (66 years,
46-74), and Australia and Singapore (68 years, 59-79; p<0-0001; table 1), and had fewer
comorbidities (south and central America median Charlson Comorbidity Index 1, IQR 0-2;
China 1, 1-2; USA 2, 1-4; Middle East 2, 0-4, Australia and Singapore 3, 1-4; p<0:0001).
581 (60%) patients had CRPA infections and 391 (40%) had CRPA colonisation. 358 (62%)
of 581 infections were respiratory, 88 (15%) were urinary, 69 (12%) were bloodstream,

and 66 (11%) were wound infections (appendix p 2). Acuity of illness was higher among
infected patients in the USA compared with other regions (China median Pitt Bacteraemia
Score 2, IQR 0-4; Middle East 2, 1-6; Australia and Singapore 2, 0-4; south and central
America 3, 0-6; USA 4, 2-6; p<0:0001).

A carbapenemase gene was detected in 211 (22%) of 972 CRPA isolates, including

186 (19%) with one carbapenemase gene and 25 (3%) with two. Klebsiella pneumoniae
carbapenemase gene (b/akpc-2) was most common, present as the only carbapenemase

gene in 83 isolates (39% of carbapenemase-producing CRPA isolates) and combined with
blayim-2 in 20 (9% of carbapenemase-producing CRPA isolates). b/aym-2 was present

as the only carbapenemase gene in 52 isolates (25% of carbapenemase-producing CRPA
isolates). Other common carbapenemase genes were blaypm-1 (n=14, 7% of carbapenemase-
producing CRPA isolates), b/amp-1 (n=13, 6%), and blaggs.s (n=12, 6%). Only one isolate
had a class D carbapenemase gene (b/aoxa-23)-

88 (69%) of 127 CRPA isolates had a carbapenemase gene in south and central America,

32 (57%) of 56 in Australia and Singapore, 54 (32%) of 171 in China, 27 (30%) of 91 in

the Middle East, and 10 (2%) of 527 in the USA (p<0-0001; figure 1). In south and central
America, 41 (32%) of 127 isolates harboured blakpc-2, 22 (17%) harboured b/aypm-2,

and 20 (16%) harboured both blakpc.o and blayp-2. In China, 40 (23%) of 171 isolates
harboured blakpc-2 and six (4%) harboured blaypm-2- blayim-2 (16 [18%] of 91 isolates) and
blaces.s (seven [8%]) were the most common carbapenemase genes in the Middle East. By

Lancet Microbe. Author manuscript; available in PMC 2023 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Reyes et al.

Page 8

contrast, blanpm-1 (12 [21%] of 56 isolates) and blamp-1 (12 [21%]) were the most common
carbapenemase genes in Australia and Singapore. gprD mutations were identified in 670
(69%) of 972 isolates and were more frequently present in non-carbapenemase-producing
CRPA isolates than in carbapenemase-producing CRPA isolates (546 [72%] of 761 vs124
[59%] of 211; p=0-0003).

Carbapenemase-producing CRPA isolates had higher meropenem MIC values than
non-carbapenemase-producing CRPA isolates (appendix p 12). 169 (80%) of 211
carbapenemase-producing CRPA isolates had meropenem MIC values of more than 32
ug/mL, compared with 72 (9%) of 761 non-carbapenemase-producing CRPA isolates
(p<0:0001). Carbapenemase-producing CRPA isolates with gprD mutations were more
likely to have meropenem MIC values of more than 32 pg/mL than those without oprD
mutations (110 [89%] of 124 vs59 [68%] of 87; p=0-0002). All 13 isolates with blanpm,
11 (92%) of 12 isolates with blaggs, 75 (89%) of 84 isolates with blakpc, 16 (84%) of 19
isolates with b/ap, and 32 (57%) of 56 isolates with b/a,\m had meropenem MIC values
of more than 32 pg/mL. Local laboratory antimicrobial susceptibility testing indicated that
carbapenemase-producing CRPA isolates were less likely to be susceptible to cefepime (14
[7%] of 193 vs289 [42%] of 694), ceftazidime (6 [3%] of 176 vs172 [39%] of 439),
piperacillin-tazobactam (eight [5%] of 146 vs 252 [36%] of 700), ciprofloxacin (12 [6%]
of 202 v 256 [35%] of 730), and amikacin (77 [37%] of 206 vs500 [85%] of 590) than
non-carbapenemase-producing CRPA isolates (p<0-0001 for all comparisons; appendix p 3).

We found diverse genetic lineages among CRPA isolates (figure 2). The most common
clonal groups were CG235, representing 117 (12%) of 972 isolates (116 [99%] of 117
were ST235, and one [1%] was ST3746), and CG111, representing 79 (8%) of 972 isolates
(69 [87%] of 79 were ST111, nine [11%] were ST966, and one [1%] was other; appendix
p 4). No other clonal group represented more than 4% of isolates. CG235 was the most
common clonal group in south and central America (34 [27%] of 127 isolates), Australia
and Singapore (13 [23%] of 56), the Middle East (14 [15%] of 91), and the USA (50 [9%]
of 527). CG111 was the next most common clonal group in south and central America (26
[20%] of 127) and the Middle East (12 [13%] of 91), and 37 (97%) of 38 CG111 isolates
in these regions harboured b/aym-2. 14 (54%) of 26 CG111 isolates in south and central
America harboured both b/akpc.o and blayn-2. In China, CG463 (all ST463) was most
common (34 [20%] of 171 isolates), and 31 (91%) of 34 CG463 isolates harbored blakpc-o.
CG463 was not identified in any other region. CG308 (20 [95%] of 21 were ST308, and
one [5%] was ST2126) was most common in Australia and Singapore, where all 12 CG308
isolates harboured b/aypm-1-

105 (18%, 95% CI 15-21) of 581 patients infected with CRPA died within 30 days

and 148 (25%, 22-29) died within 90 days (table 2). 21 (30%, 20-41) of 69 patients

with bloodstream infections died within 30 days, 69 (19%, 15-23) of 358 patients with
respiratory infections, nine (14%, 5-22) of 66 patients with wound infections, and six (7%,
2-12) of 88 patients with urinary infections (p=0-0012; appendix p 13). 223 (38%, 95% ClI
34-42) of 581 infected patients were discharged to their home. 15 (29%, 17-41%) of 52
patients died within 30 days in the Middle East, 20 (27%, 17-38) of 73 in south and central
America, 60 (19%, 15-24) of 308 in the USA, three (11%, 0-22) of 28 in Australia and

Lancet Microbe. Author manuscript; available in PMC 2023 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Reyes et al.

Page 9

Singapore, and seven (6%, 2-10) of 120 in China (p=0:-0002; figure 3A, table 2). Similar
mortality was observed when applying a standardised definition of respiratory tract infection
instead of a physician-adjudicated definition (appendix p 5). Probabilities of favourable
DOOR outcomes were greater in China than in other geographical regions (table 2; appendix
p 14).

120 (44%) of 273 patients with CRPA infections outside of the USA were infected by
carbapenemase-producing CRPA. Patients with carbapenemase-producing CRPA infections
were more likely to be in south and central America (53 [44%] of 120 with carbapenemase-
producing CRPA vs20 [13%] of 153 with non-carbapenemase-producing CRPA),
immunocom promised (23 [19%] vs 11 [7%]), and have a bloodstream (25 [21%] vs15
[10%]) or urinary infection (36 [30%] vs5 [3%]) than patients with non-carbapenemase-
producing CRPA infections, and were less likely to be in China (30 [25%] v 90 [59%])
and have a respiratory (44 [37%] vs 120 [78%]) or polymicrobial infection (33 [28%] vs
66 [43%]; appendix p 6). Mortality was higher in patients with carbapenemase-producing
CRPA infections compared with non-carbapenemase-producing CRPA infections at 30 days
(26 [22%] of 120 vs19 [12%] of 153; unadjusted difference 9%, 95% CI 3-16; figure

3B) and at 90 days (33 [28%] of 120 vs28 [18%)] of 153; unadjusted difference 9%,

2-16). Carbapenemase-producing CRPA infections were also associated with increased
mortality compared with non-carbapenemase-producing CRPA in an inverse probability
weighted analysis (30-day difference 8%, 1-14; 90-day difference 8%, 0-15). Increased
30-day mortality after carbapenemase-producing CRPA infection was also observed within
each geographical region, except for south and central America (appendix p 7), and when
performing an analysis that applied a standardised definition of CRPA pneumonia (appendix
p 8). The multivariate logistic regression (adjusted odds ratio 2-:09, 95% CI 0-93-4-70)

and Cox proportional hazards models (adjusted hazard ratio 1-41, 95% CI 0-71-2-80)

also suggested increased 30-day mortality with carbapenemase production (appendix pp
9-10). DOOR outcomes, clinical response rates, and hospital length of stay were not
significantly different between carbapenemase-producing CRPA and non-carbapenemase-
producing CRPA infections (appendix p 6).

Discussion

In this international, prospective cohort study, we found differences in the prevalence and
types of carbapenemases harboured by CRPA across geographical regions. Although only
2% of CRPA isolates from the USA had a carbapenemase, 30-69% of CRPA isolates in
other regions had a carbapenemase, with the highest frequency in south and central America.
KPC-2 was the most common carbapenemase globally, followed by VIM-2, IMP-1, NDM-1,
and GES-5, but distinct carbapenemases predominated in different regions. Carbapenemase-
producing CRPA isolates were more likely to have high-level meropenem resistance

and resistance to other anti-pseudomonal drugs than non-carbapenemase-producing CRPA
isolates. Moreover, carbapenemase-producing CRPA infections were associated with
increased mortality compared with non-carbapenemase-producing CRPA infections (22%

vs 12%), with this difference persisting after adjusting for age, geographical region,
comorbidities, patient location before admission, immunocompromised status, and source

of infection.
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This work was conducted through the Multi-drug Resistant Organism Network. It was

a multinational study aimed at increasing understanding of the clinical and molecular
epidemiology of carbapenem-resistant Gram-negative pathogens, and adds to previous
analyses of carbapenem-resistant Enterobacterales and Acinetobacter baumannii from the
Multi-drug Resistant Organism Network.”-18:28 Most previous studies of carbapenemases

in P aeruginosa analysed isolates within a single country or region.8:10-15 An exception is
an analysis of CRPA isolates from 12 countries by Gill and colleagues.18 They found that
VIM and GES were the most common carbapenemases, which differs from our study, in
which KPC was most common. We believe that differences in geographical regions between
studies might explain these disparate findings. b/axpc has driven the global proliferation

of carbapenem resistance in Enterobacterales,’ so the emergence of KPC in P aeruginosa
poses a major public health threat, particularly because KPC-producing organisms are
resistant to the anti-pseudomonal drug ceftolozane-tazobactam.2® Moreover, we found that
P aeruginosa harbouring both b/akpc.o and blay .2 has emerged in south and central
America. The presence of both enzymes reduces treatment options because avibactam and
relebactam do not inhibit VIM carbapenemases, and thus these organisms are also resistant
to ceftazidime—avibactam and imipenem-relebactam.2930 We hypothesise that the expanded
resistance of carbapenemase-producing CRPA might have contributed to the increased
mortality observed among patients infected with carbapenemase-producing CRPA compared
with non-carbapenemase-producing CRPA.

Our finding that carbapenem resistance in P aeruginosa is rarely due to carbapenemases

in the USA corroborates work from the Centers for Disease Control and Prevention’s
Antibacterial Resistance Laboratory Network. They sampled CRPA isolates submitted to
USA public health laboratories, used targeted PCR or phenotypic methods to identify
carbapenemases, and found that 3% of CRPA isolates possessed a carbapenemase. !

We believe that identifying a similarly low prevalence of carbapenemases in our cohort
using whole-genome sequencing strengthens the conclusion that carbapenemase-producing
CRPA are rare in the USA. However, surveillance is needed to detect the emergence of
carbapenemase-producing CRPA in the USA, given their emergence in other regions.

We identified substantial differences in outcomes of patients with CRPA infection by
geographical region. 30-day mortality was 6% in China and 11% in Australia and Singapore,
but it was 19% in the USA, 27% in south and central America, and 29% in the Middle
East. The reasons for these mortality differences are unclear, but mortality was also lower
in China in an international study of infections caused by carbapenem-resistant K/ebsiella
pneumoniae.t® Patients from China had lower Pitt Bacteraemia Scores, indicating a lower
severity of acute illness, and were less likely to be immunocompromised than patients

from other regions. It is possible that differences in characteristics of health-care systems
and supportive care contributed to these mortality differences. Ceftolozane-tazobactam and
ceftazidime-avibactam were not available or not widely used during the study in south-
central American countries and China, but one or both drugs were frequently used in

other regions. The unavailability of these drugs in south and central America, combined
with the high prevalence of carbapenemase-producing CRPA that are resistant to traditional
anti-pseudomonal drugs, might have contributed to the high mortality observed in this
region. These geographical differences in outcomes have implications for clinical trials
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of treatments for CRPA infections. A clinical trial of ceftolozane-tazobactam might show
efficacy in the USA, where carbapenemase-producing CRPA is rare, but not in south and
central America, where KPC-producing and VIM-producing CRPA are common.

The genetic heterogeneity of CRPA isolates in this study contrasts with the clonal
dominance of ST258 and ST11 in carbapenem-resistant K pneumoniae or ST2 in
carbapenem-resistant A baumanniil828 Although CG235 was most common, it represented
only 12% of CRPA isolates in this study. Different clones within CG235 have acquired
different carbapenemase genes in different geographical regions. For example, although
CG235 did not harbour carbapenemases in the USA, a CG235 clone acquired blakpc-2

in south and central America, another CG235 clone acquired b/aggs.s5 in the Middle

East, and another acquired b/a\p-1 in Australia and Singapore. Although CG111 was
observed in most regions, only CG111 strains in south and central America acquired both
blakpc- and blay .. Additionally, certain clonal groups that acquired carbapenemase
genes have emerged within specific regions. For example, CG463 was only identified

in China and almost all isolates possessed b/akpc.o. CG308 was mostly identified in
Australia and Singapore, where it had acquired b/ayp-1- Although these emerging high-
risk carbapenemase-producing CRPA might currently be geographically limited, vigilance is
warranted to detect their emergence in new locations.

This study has limitations. Although it included hospitals from four continents, it did not
include sites from Europe or Africa. Furthermore, participating hospitals might not be
completely representative of their geographical region. The clinical data only included
data that were available through each hospital’s electronic health records. Thus, it is
possible that differences in documentation contributed to geographical variation in patient
characteristics. This approach was pursued to obtain a waiver of informed consent, which
permitted consecutive enrolment of patients with CRPA infections at study hospitals
without selection bias. Furthermore, our primary outcome of 30-day mortality does

not rely on extensive documentation in electronic health records. The in-vitro activity

of non-carbapenem antibiotics against CRPA isolates was assessed using antimicrobial
susceptibility testing results from local laboratories, not central laboratories. Although this
testing was not standardised, it represents real-world data that were available to providers.
It is a strength that whole-genome sequencing was performed on all CRPA isolates, but
even whole-genome sequencing is insufficient to identify all mechanisms of carbapenem
resistance in P aeruginosa, such as overexpression of efflux pumps and chromosomal §-
lactamases. We encourage additional studies of CRPA that assess gene expression to garner
additional insights. Although we adjusted for potential confounders using inverse probability
weighting, we might have been unable to adjust for all variables that might confound

the association between carbapenemase-producing CRPA and mortality. Furthermore, this
association might not apply to US patients, because they were excluded from this analysis
owing to a low prevalence of carbapenemases. We encourage additional investigations to
confirm our findings in other cohorts. Finally, we evaluated CRPA isolated from the four
most common anatomical sites, but our results might not apply to other anatomical sites.

In summary, this multinational study identified differences in the clinical characteristics and
outcomes of patients infected with CRPA across geographical regions. Carbapenemases
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were rare in CRPA isolates in the USA but common in isolates in other regions,
particularly KPC-2 and VIM-2. Carbapenemase-producing CRPA isolates exhibited higher
degrees of meropenem resistance than non-carbapenemase-producing CRPA isolates and
were more frequently resistant to other anti-pseudomonal drugs. Moreover, patients with
carbapenemase-producing CRPA infection had a higher 30-day mortality rate, even after
adjustment for confounders. These findings highlight that different strategies are needed to
combat CRPA in different parts of the world.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

We searched PubMed without language restrictions for articles published before May
17, 2022, using the terms “carbapenem resistant”, “Pseudomonas aeruginosa’, and
“carbapenemase”. The results of this search primarily identified studies of carbapenem-
resistant Pseudomonas aeruginosa (CRPA) epidemiology that were conducted in
individual centres or individual countries. For example, studies conducted by the Centers
for Disease Control and Prevention found that 2-3% of CRPA isolates submitted to
public health laboratories in the USA possessed a carbapenemase. We identified one
study that characterised CRPA isolates from 14 countries in the Asia-Pacific region

and found that VIM, NDM, VEB, and IMP were the most common carbapenemases
harboured by these organisms.

A second international study analysed CRPA isolates from17 medical centres in 12
countries in Europe, the Middle East, the USA, South America, and Africa, and

found that 33% of isolates possessed carbapenemases, of which VIM and GES were
most common. Both studies found that carbapenemase-producing CRPA isolates were
less likely to test susceptible to other anti-pseudomonal drugs than non-carbapenemase-
producing CRPA isolates. Neither of these studies used whole-genome sequencing to
provide a comprehensive evaluation of carbapenemase genes and detailed clinical data
to assess patient characteristics and outcomes were not available. We did not identify
any studies that compared outcomes of patients infected with CRPA across different
geographical regions or compared outcomes of patients infected with carbapenemase-
producing CRPA with those infected with non-carbapenemase-producing CRPA.

Added value of this study

We used a uniform protocol to characterise the clinical and bacterial characteristics of all
CRPA isolates from 972 patients hospitalised over a 1-year period at 44 medical centres
in10 countries. We made several observations not made in previous studies. First, 30-day
mortality after CRPA infection was highest in bloodstream infections (30%), followed by
infections of the respiratory tract (19%), wounds (14%), and urinary tract (7%). Second,
30-day mortality varied across geographical regions, with the highest mortality in the
Middle East (29%) and south and central America (27%), and the lowest in China (6%).
Third, 30-day mortality was higher in patients with carbapenemase-producing CRPA
infections compared with non-carbapenemase-producing CRPA infections (22% vs 12%)
and this mortality difference persisted even after adjusting for age, comorbidities,
geographical region, patient location before hospitalisation, immunocompromised status,
and anatomical source of infection. These new findings highlight the differences in the
role of carbapenemases and in clinical outcomes in CRPA infections across different
geographical regions.

Implications of all the available evidence

The differential emergence of carbapenemases among CRPA isolates across geographical
regions has diagnostic and therapeutic implications. Given that most rapid diagnostic
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tests for carbapenem resistance rely on detecting carbapenemase genes, the yield of
these assays to detect CRPA might be lower in the USA than in regions with a high
prevalence of carbapenemase-producing CRPA. Furthermore, the emergence of serine-
carbapenemases and metallo-carbapenemases in multiple geographical regions reduces
the clinical utility of new B-lactam—p-lactamase inhibitors for CRPA infections in these
areas, because these new drugs might not be effective against organisms with these
enzymes. These findings have implications for the design of clinical trials of new
antibacterial drugs for CRPA infections.
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Figure 1: Carbapenemase genesidentified in carbapenem-resistant Pseudomonas aeruginosa
infection and colonisation isolates

Isolates carried the followed carbapenemase genes: blaym-2 (N=5), blakpc-2 (n=2), blakpc-3
(n=1), blaypm-1 (n=1), and blaym-1 (N=1) in the USA; blakpc-2 (n=40), blayim-2 (n=6),
blaggs.s (n=2), blap\v (n=1), blap-14 (N=1), blaivp-45 (N=1), blapmp_sa (N=1), blav1m-24
(n=1), and blapgm-1 plus blapp-45 (N=1) in China; blakpc-2 (n=41), blayim-» (n=22),
blakpc-2 plus blayiv-2 (=20), blamp-18 + blaim-2 (n=3), blaoxa-23 (N=1), and blayim-11
(n=1) in south and central America; blaym-2 (n=16), blages.s (n=7), blapp-15 (N=2),
blapnp-1 (n=1), and blapp-13 (n=1) in the Middle East; and blapp.1 (n=12), blanpm-1
(n=12), blages-s (n=3), blayim-2 (n=3), blayim-6 (N=1), blavp-62 Plus blaypm-1 (N=1) in
Awustralia and Singapore. *blaypwm Was identified in one (<1%) of 527 isolates and is thus
not shown in the figure.
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30-day overall survival after carbapenem-resistant Pseudomonas aeruginosa infection (A)
30-day overall survival by region. (B) 30-day overall survival by presence of carbapenemase

for infections outside the USA.
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