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A nested cohort 5‑year Canadian 
surveillance of Gram‑negative 
antimicrobial resistance 
for optimized antimicrobial therapy
Joseph Blondeau 1, Marthe Kenny Charles 2, Vivian Loo 3, Heather Adam 4, 
Marcela Gonzalez Del Vecchio 5, Christiane Ghakis 6, Emma O’Callaghan 7 & Radwan El Ali 6*

We analyzed 5 years (2016–2020) of nested Canadian data from the Study for Monitoring Antimicrobial 
Resistance Trends (SMART) to identify pathogen predominance and antimicrobial resistance (AMR) 
patterns of adult Gram‑negative infections in Canadian health care and to complement other public 
surveillance programs and studies in Canada. A total of 6853 isolates were analyzed from medical 
(44%), surgical (18%), intensive care (22%) and emergency units (15%) and from respiratory tract 
(36%), intra‑abdominal (25%), urinary tract (24%) and bloodstream (15%) infections. Overall, E. 
coli (36%), P. aeruginosa (18%) and K. pneumoniae (12%) were the most frequent isolates and P. 
aeruginosa was the most common respiratory pathogen. 18% of Enterobacterales species were ESBL 
positive. Collective susceptibility profiles showed that P. aeruginosa isolates were highly susceptible 
(> 95%) to ceftolozane/tazobactam and colistin, though markedly less susceptible (58–74%) to other 
antimicrobials tested. Multi‑drug resistance (MDR) was present in 10% of P. aeruginosa isolates and 
was more frequent in those from respiratory infections and from ICU than non‑ICU locations. Of P. 
aeruginosa isolates that were resistant to combinations of ceftazidime, piperacillin/tazobactam and 
meropenem, 73–96% were susceptible to ceftolozane/tazobactam over the period of the study. These 
national data can now be combined with clinical prediction rules and genomic data to enable expert 
antimicrobial stewardship applications and guide treatment policies to optimize adult patient care.

Optimization of antimicrobial therapy requires the selection of appropriate treatment that must be adminis-
tered as quickly as  possible1. This is particularly challenging in the hospital setting, where antimicrobial resist-
ance (AMR) is a major barrier to effective treatment  selection2. To address this critical problem, Canada has 
developed a Federal Action  Plan3, a National Action Plan for  Stewardship4, has a Pan-Canadian Framework for 
 Action5 and rigorous professional guidelines on  AMR6, while the Canadian Institutes of Health Research have 
highlighted a priority program to define the incidence, epidemiology, consequences, costs and solutions to this 
growing  epidemic7.

Gram-negative organisms dominate the World Health Organization Priority Pathogens  List8 and the CDC 
2019 Antibiotic Resistance Threats  Report9 and represent a particular challenge by virtue of their opportunistic 
predilection for at-risk individuals, rapid colonization and nosocomial spread, high morbidity and mortality, 
rapid development of AMR and limited treatment  options10, 11. Pseudomonas aeruginosa and Enterobacterales 
species exhibit both chromosomal antimicrobial resistance related to restricted outer membrane permeability, 
efflux systems and antibiotic-inactivating enzymes, and acquired resistance through mutational changes or 
acquisition of plasmids conferring resistance  genes12. Empiric therapy for individual patients based on rigorous 
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knowledge of likely pathogens and local antibiograms should be re-assessed as soon as definitive susceptibility 
patterns are available which enable the selection of the optimal antimicrobial agent(s) and escalation or de-
escalation of  therapy13.

Appropriate antimicrobial treatment requires precise data of bacterial susceptibility, and the Study for Moni-
toring Antimicrobial Resistance Trends (SMART) integrates healthcare and pharmaceutical sectors to fill this 
urgent knowledge  gap14. Initiated in 2002, this surveillance study, one of the largest and longest running in the 
world, includes over 200 sites from more than 60 countries. This program is designed to monitor the in vitro 
susceptibility of clinical Gram-negative bacterial isolates to antimicrobials in complicated respiratory, urinary, 
and abdominal infections worldwide; to identify early changes in resistance patterns of community or hospital-
acquired organisms, including those that produce extended spectrum beta-lactamases (ESBLs), and to facilitate 
centralized molecular characterization of resistant bacterial isolates to better understand the mechanism of 
resistance.

Here, we present the first analysis of the data from a nested Canadian cohort of the SMART program which 
documents the antimicrobial resistance of Gram-negative infections in health institutions over the preceding 
5 years according to hospital unit and infection site. This dataset provides a foundation for the more detailed 
exploration of precision therapeutics and antibiotic stewardship in this setting.

Results
Sources and frequencies of Gram‑negative isolates. A total of 7180 Gram-negative isolates from 
adult patients were reported by Canadian hospitals to the SMART program from 2016 to 2020 (range 1300–1640 
per annum) as shown in Supplementary Table 1. Of these, 327 (4.5%) lacked information on the hospital unit, 
the site of infection or both and were excluded from further analysis. Of the remaining 6853 isolates analyzed 
here, 3036 (44%) were from general medical units, 1227 (18%) from general surgical units, 1530 (22%) from 
intensive care units (ICU), and 1060 (15%) from emergency rooms (ER). The sources of isolates were respiratory 
tract infection (RTI) in 2437 (36%) cases, intra-abdominal infection (IAI) in 1744 (25%), urinary tract infection 
(UTI) in 1665 (24%) and bloodstream or cardiovascular system infection (CVS) in 1007 (15%). There was a 
significant association (p < 0.001) between hospital ward and source of isolates from 2018 to 2020 since isolates 
from CVS sources were not included in prior years, but there were no consistent trends in the frequencies of 
isolates from the selected infections between the study years.

The most common Gram-negative isolates reported are shown overall and by year, hospital unit and infection 
site in Fig. 1. E. coli was the most frequent isolate (n = 2479, 36%), followed by P. aeruginosa (n = 1256, 18%), K. 
pneumoniae (n = 835, 12%), E. cloacae (n = 334, 5%), S. maltophilia (n = 305, 4%) and K. oxytoca (n = 290, 4%). 
The pattern of frequency was consistent over the reporting period. E. coli was the most common isolate in ICU, 
general medical, general surgical and ER facilities (Fig. 1c; overall p < 0.001). P. aeruginosa was the most com-
mon RTI pathogen in both ICU (n = 289, 26.3%) and non-ICU units (n = 574, 42.9%) while E. coli predominated 
in non-RTI infections in both ICU (n = 188, 43.5%) and non-ICU (n = 1975, 49.6%) facilities (Fig. 1e; overall 
p < 0.001). Other common isolates from RTI included K. pneumoniae, S. maltophilia, and S. marcescens with K. 
pneumoniae, E. cloacae and K. oxytoca predominating from non-RTI sources.

Of the Enterobacterales species isolates analyzed in this data set, 18.1% (928/5115) were ESBL positive with 
no evident trend in annual frequency (annual range: 15.1–19.2%, p = 0.091) or by hospital unit or infection site 
(Supplementary Table 2, Fig. 2). The proportion of ESBL positivity was higher in isolates from ICU facilities 
(25%, 254/1017) compared with non-ICU facilities (16%, 674/4098) (p < 0.001) and in isolates from RTI (22%, 
263/1199) compared with non-RTI sources (17%, 665/3916) (p < 0.001). Analysis of Enterobacterales showed 
a modest increase in the proportion of ESBL positive isolates over time (p = 0.042) with the following annual 
proportions: 2016: 15.1%; 2017: 19.2%; 2018: 17.7%; 2019: 19.1%; 2020: 19.1%.

Susceptibility profiles. The susceptibility profiles of P. aeruginosa and Enterobacterales throughout the 
period of study are shown in Table 1. Methods employed for determining susceptibility are provided in the 
“Methods” section. Over 95% of P. aeruginosa isolates were susceptible to ceftolozane/tazobactam and colistin, 
while only 58–74% were susceptible to other antimicrobials including meropenem (73%), imipenem (65%), 
cefepime (74%), ceftazidime (72%) and piperacillin/tazobactam (68%), the antimicrobials available in Canada. 
Enterobacterales isolates were in general highly susceptible to meropenem (> 95%) and cefepime (85–100%), but 
otherwise showed great species variability. Klebsiella, Morganella, Proteus, Raoultella, Salmonella and Serratia 
were highly susceptible to all antimicrobials tested except for colistin (0%) and showed a wide range of variability 
to imipenem (3–100%) and levofloxacin (0–73%). Enterobacter isolates were normally susceptible to merope-
nem, imipenem and cefepime, but less susceptibility varied to ceftolozane/tazobactam (64–83%), aztreonam 
(64–81%), ceftazidime (54–81%), colistin, levofloxacin (0–70%) and piperacillin/tazobactam (61% to 83%).

The susceptibility profile of ESBL-positive isolates is shown in Table 2. Between 99.5 and 100% of all taxo-
nomic groups investigated were susceptible to meropenem (except Pseudomonas where 73.2% of isolates were 
sensitive), and Citrobacter, Enterobacter, Escherichia, Hafnia, Klebsiella, Proteus vulgaris, Raoultella and Salmo‑
nella isolates were fully or partially sensitive to imipenem. Citrobacter koseri, Escherichia, Klebsiella oxytoca and 
variicola, Proteus, Pseudomonas, Raoultella and Salmonella isolates were also highly sensitive to ceftolozane/
tazobactam. The ESBL-positive isolates tested showed variable though generally lower susceptibility to aztreonam, 
ceftazidime, levofloxacin and piperacillin/tazobactam with the exception of Proteus vulgaris which was broadly 
sensitive to most of these agents.

Susceptibility patterns for Pseudomonas. Susceptibility of P. aeruginosa to first line anti‑pseudomonal 
agents. Antimicrobial susceptibility of P. aeruginosa is shown in Fig. 3. Between 94 and 96% of the isolates 
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were susceptible to ceftolozane/tazobactam during the period of observation, comparable to the susceptibil-
ity observed to amikacin (89%-97%) and colistin (99%-100%) during this same time period. Susceptibility to 
cefepime, ceftazidime, meropenem and piperacillin/tazobactam was substantially lower, ranging from 60%-80% 
across the period of study.

(a) Overall frequency of the 25 most common isolates reported.

(b) Isolates by year of repor�ng.

(c) Isolates by hospital unit. 

Figure 1.  Frequency of the most common Gram-negative isolates reported to the SMART registry; (a) overall, 
(b) by year, (c) by hospital unit, (d) by infection site and (e) by unit and infection.
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Susceptibility of P. aeruginosa according to hospital unit and infection source. Susceptibility of P. aeruginosa 
across the full study period and by infection site and hospital unit is shown in Fig.  4. Over 90% of isolates 
from all sources of infection (RTI, IAI, UTI and CVS) and hospital locations (ICU, general medicine, general 
surgery, emergency room) were susceptible to ceftolozane/tazobactam while they were substantially less suscep-
tible or resistant to cefepime, ceftazidime, meropenem and piperacillin/tazobactam (Fig. 4a, b). Isolates from 
RTI and ICU were generally less susceptible to cefepime, ceftazidime, meropenem and piperacillin/tazobactam 
than those from other infections or hospital location but remained highly susceptible to ceftolozane/tazobactam 
(Fig. 4a, b).

Multidrug resistance of P. aeruginosa. As shown in Fig. 5, the frequency of multidrug resistance (MDR) 
in P. aeruginosa isolates varied by year, by hospital location and by infection source. In almost 10% of isolates 
MDR was observed, overall with a peak frequency of 13.4% in 2018 and a nadir of 5.8% in 2020. Multidrug 
resistance was twice as common overall (16% vs 8%) in isolates from ICU compared with non-ICU locations 
(general medicine, surgery and emergency departments) though the proportion of isolates from both locations 
exhibiting MDR declined by the end of the study to 8% and 5% respectively in 2020 (Fig. 5). Also, MDR was 
more common in isolates from RTI than non-RTI infections (13% vs 3%) the former reaching a peak of 19% in 
2018 and declining to the end of the study.

Figure 6 shows the antimicrobial susceptibility of P. aeruginosa isolates which were not susceptible to com-
binations of ceftazidime, piperacillin/tazobactam and meropenem. Figure 6a shows that 70–75% of the isolates 
non-susceptible to all three of these antibiotics were susceptible to ceftolozane/tazobactam over the first 4 years 
of study, with greater susceptibility observed in 2020 to both amikacin (96%) and to ceftolozane/tazobactam 
(80%). Susceptibility to cefepime remained low between 2016 and 2020. Figure 6b shows similar data for those 
isolates that were not susceptible to both piperacillin/tazobactam and meropenem. Between 78 and 83% of these 
isolates were susceptible to ceftolozane/tazobactam and 78% to 97% to amikacin. Figure 6c shows isolates that 
were not susceptible to the individual antimicrobials piperacillin/tazobactam, meropenem or ceftazidime. Again, 
between 76 and 91% of these isolates were susceptible to ceftolozane/tazobactam with susceptibility rates rising 
gradually from 2016 gradually to 2020. Isolates that were non-susceptible to at least one β-lactam antibiotic were 
susceptible only to ceftolozane/tazobactam.

(d) Isolates by infec�on site.

(e) Isolates by unit and infec�on.

Figure 1.  (continued)
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Discussion
Antimicrobial resistance is a global public health  problem15 resulting in serious illness, prolonged hospitalization, 
increased mortality, and elevated healthcare  costs16, 17. It has a profound impact on health systems in advanced 
nations including Canada, the U.S. and  Europe18, as in many other regions of the world where resistance is 
driven by a lack of antimicrobial surveillance and antibiotic  misuse19. Healthcare-associated infections (HAI) 
and AMR increase patient morbidity mortality and healthcare  costs20. Healthcare-associated infections occur 
in approximately 8% of hospitalized patients in Canada and in a broad range (7–50%) in adult care units or ICU 
settings in other advanced  economies20–22. While the rise in infection rate may be slowing, infections caused by 
antimicrobial resistant organisms continue to  increase22. Precise knowledge of microbial susceptibility is there-
fore vital to enable the empiric selection of pathogen-specific antimicrobial therapy, and to adjust this quickly 
and effectively when required.

The SMART program provides a powerful international platform to monitor the frequency, characteristics, 
dynamic and geospatial trends of antimicrobial resistance across countries, hospitals, treatment facilities and 
sites of infection. This nested Canadian cohort provides robust adult data which enable longitudinal and regional 
mapping of AMR trends, and analysis of antimicrobial susceptibilities of individual isolates by hospital unit and 
infection site. The data shown highlight the frequency and site of the Gram-negative organisms encountered in 
adult patients in recent Canadian hospital practice and confirm their susceptibility profiles to current antimi-
crobial agents. E. coli, the most common isolate from all units including ICU, general medical, general surgical 
and ER facilities, predominated in isolates from abdominal, urinary tract and cardiovascular sources while P. 
aeruginosa, the second most prevalent organism, predominated in respiratory isolates. Deeper analysis showed 
that E. coli was the most common isolate in non-respiratory infections in both ICU (43%) and non-ICU settings 
(50%), while P. aeruginosa predominated in RTI in both these units (26% and 43% respectively). Other Critical 
Priority organisms including A. baumannii that were identified by the WHO in its 2017 report as major threats 
to optimal care were identified in less than 2% of isolates.

The collective susceptibility profile provides guidance for empirical treatment of the most common Gram-
negative infections in adults in Canadian hospitals. Over 95% of P. aeruginosa isolates were susceptible to ceftolo-
zane/tazobactam while the susceptibilities of Enterobacterales isolates were more variable. Klebsiella, Morganella, 
Proteus, Raoultella, Salmonella and Serratia were susceptible to most antimicrobials tested. Enterobacter isolates 
were normally susceptible to meropenem, imipenem and cefepime, and E. coli and Hafnia showed more vari-
able susceptibility to many of these agents. These findings are broadly consistent with the results of both the 
international report from the SMART  database23 and the Canadian CANWARD  program24–28. The latter parallels 
many aspects of this nested Canadian SMART cohort in both content and intent, linking from 10 to 15 hospitals 
across the country and accumulating isolates from medical and surgical wards, emergency and intensive care 

Figure 2.  Number and proportion of Enterobacterales isolates that were ESBL positive by study year, hospital 
unit and infection site (RTI, respiratory tract infection).
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units but also from hospital clinics. Data from these sources enable validation of the results reported here. E. coli, 
P. aeruginosa and K. pneumoniae were the most prevalent Gram-negative organisms overall in these registries, 
with Pseudomonas and Klebsiella predominating among ICU respiratory pathogens. Collective susceptibility 
profiles showed ceftolozane/tazobactam and meropenem to provide the most reliable in vitro activity against P. 
aeruginosa and Enterobacterales compared with other β-lactam antibiotics, and to offer in vitro coverage in over 
two-thirds of the resistant  pathogens23. Cross-referencing of such resources is particularly important to ensure 
validation and to guide clinical practice in view of the relative paucity of critical information in the current 
literature and ongoing surveillance and reporting is required to ensure that any changes in these susceptibility 
profiles are noted to further direct antimicrobial stewardship and drug selection.

Production of extended-spectrum beta-lactamase (ESBL) by Enterobacterales and P. aeruginosa is a serious 
and growing clinical problem, with increased virulence potential and important disease  burden29–31. The relatively 
high rates of ESBL positive Enterobacterales in Canadian institutions reported both here and in the CANWARD 
study are  concerning32. They may reflect both the increasing international trend over time and the high mobility 
of the Canadian  population33–36. The collective susceptibility profiles of P. aeruginosa and Enterobacterales con-
firmed the therapeutic challenge. While all organisms show high rates of susceptibility to amikacin, the response 
to other antimicrobial agents is variable and resistance is common. P. aeruginosa isolates were almost fully sus-
ceptible to amikacin, colistin and ceftolozane/tazobactam, but less susceptible to other first-line beta-lactams 
with intermediate susceptibility to meropenem and the 3rd and 4th generation cephalosporins ceftazidime and 
cefepime, and were resistant to aztreonam, imipenem, levofloxacin and piperacillin/tazobactam.

Delay in administering appropriate antimicrobial therapy has serious clinical consequences including 
increased mortality, hospital stay and healthcare  costs37, 38. Accurate susceptibility information is therefore criti-
cal to guide the selection of first-line antimicrobials and to inform early switching when there is poor clinical 

Table 1.  Collective antimicrobial susceptibility profile of P. aeruginosa and Enterobacterales isolates. Figures 
show the proportion of isolates for each organism which are susceptible to the antibiotic. The antimicrobial 
agents tested included: amikacin (AMK), aztreonam (ATM), cefepime (CEP), cefotaxime (CTX), cefoxitin 
(FOX), ceftazidime (CAZ), ceftolozane/tazobactam (C/T), ceftriaxone (CRO), ciprofloxacin (CIP), colistin 
(CST), ertapenem (ETP), imipenem (IPM), levofloxacin (LVX), meropenem (MEM) and piperacillin/
tazobactam (TZP). Green indicates that more than 85% of isolates were susceptible, yellow that 70–85% were 
susceptible and red less than 70% were susceptible to the antibiotics indicated.
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response to first-line  treatment39. The data presented here demonstrating non-susceptibility among the first-line 
beta lactams suggests it is not helpful to switch among these agents if there is no initial response. And while sus-
ceptibility is high for both amikacin and ceftolozane/tazobactam, concerns over aminoglycoside nephrotoxicity 
limit use of the former agent.

This study has certain limitations including selection bias, information bias and confounding which are 
inherent to observational design. To minimize selection bias, the study included first samples from adult patients 
at multiple participating hospitals across Canada, though the potential for time-varying differences in patient 
referral, case mix, unit services and care patterns remain. Further, sample sizes were defined for each category 
of infection and single isolates from sequential patients were reported within each category. While informa-
tion bias may occur from many sources, stringent efforts have also been made to reduce this, in particular by 
examining trends within sites of infection. Location of care was consolidated into four categories of medical, 
surgical, ICU and emergency room facilities to reduce the variable nomenclature and diversity of case mix which 
differ by institution, and the site of infection was restricted to common sources seen in these settings. Notably, 
COVID-19 may have influenced the clinical case mix and distribution of patients within these settings during 
2019–2020; however, this impact has not been thoroughly examined. Diagnostic microbiology procedures are 
standardized according to the Clinical Laboratory Standards Institute (CLSI)  guidelines40 though variability in 
certain procedures and definition of criteria (e.g. Extended-spectrum beta-lactamase status) remains and re-
testing is performed at a centralized location to ensure standardized reporting. However, and importantly, the 
microbiological data reported are not accompanied by clinical observations, treatments, or outcomes, thereby 
narrowing the interpretations which can be drawn from this data set.

The rising frequency, mortality and economic costs of  AMR41 underscore the urgency of incorporating preci-
sion diagnostics and therapeutics within carefully-structured integrated clinical practice  guidelines39. Vital to 
this approach is the rapid availability of the information required for the knowledgeable selection of first-line 
therapy. The SMART program offers a novel platform to begin to address this problem. First, by providing 
detailed information on microbial isolates and susceptibilities by institution, hospital unit and site of infection, 
it serves to inform local practice and evaluate national trends over time. Further, these data may be combined 

Table 2.  Collective antimicrobial susceptibility profile of ESBL-positive Enterobacterales isolates. Figures show 
the proportion of isolates for each organism which are susceptible to the antibiotic. The antimicrobial agents 
tested included: amikacin (AMK), aztreonam (ATM), cefepime (CEP), cefotaxime (CTX), cefoxitin (FOX), 
ceftazidime (CAZ), ceftolozane/tazobactam (C/T), ceftriaxone (CRO), ciprofloxacin (CIP), colistin (CST), 
ertapenem (ETP), imipenem (IPM), levofloxacin (LVX), meropenem (MEM) and piperacillin/tazobactam 
(TZP). Green indicates that more than 85% of isolates were susceptible, yellow that 70–85% were susceptible 
and red less than 70% were susceptible to the antibiotics indicated.
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with clinical prediction  rules42, genomic  data43 and artificial intelligence  programs44–47 to provide mobile expert 
antimicrobial stewardship  applications48 that can be incorporated into treatment policies to refine care. Such 
comprehensive data, complementary to the public surveillance program, would provide a unique foundation for 
both optimal patient care and structured research in a challenging field of modern medicine.

Methods
Study design and ethics approval. This real-world nested cohort study examined the susceptibility pat-
terns of Gram-negative bacilli in Canadian hospitals during the past 5 years (January 1, 2016 to December 31, 
2020 inclusive). The study design complied with regulations for observational healthcare research in Canada 
as documented by Article 2.4 of the Tri-Council Policy Statement for Ethical Conduct for Research Involving 
Humans. This specifies that Research Ethics Board review is not required for research that relies exclusively on 
secondary use of anonymous information, or anonymous human biological materials, so long as the process 
of data linkage or recording or dissemination of results does not generate identifiable information. Approval 
for use of the anonymized data was obtained from the Global Study for Monitoring Antimicrobial Resistance 
and Trends (SMART) coordinated by Merck & Co., Inc., Kenilworth, NJ, USA. While both pediatric and adult 
patients were included, only the latter are reported here. All research reported here was performed in accord-
ance with the Declaration of Helsinki and the Canadian Tri-Council Policy Statement for Ethical Conduct for 
Research Involving Humans (2018).

Clinical samples and testing. Eight hospitals from principal health regions of Canada (Vancouver, Brit-
ish Columbia; Edmonton, Alberta; Saskatoon, Saskatchewan; Winnipeg, Manitoba; Montreal, Quebec; Toronto, 
Ontario; Trois Rivieres, Quebec; St. John, New Brunswick) participated in this program. To ensure uniformity 
and minimize selection bias, each was asked to submit the first Gram-negative isolate from approximately 250 
sequentially infected patients per year, based on the specimen type criteria. For the years 2016 and 2017, the 
specimen type collection requirements consisted of 100 lower respiratory tract infections (RTI), 50 urinary tract 
infections (UTI) and 100 intra-abdominal infections (IAI). For 2018–2020, these were changed to 100 lower RTI, 
50 UTI, 50 IAI and 50 bloodstream infections (CVS). Susceptibility testing was performed at each institution 
according to Clinical and Laboratory Standards Institute (CLSI)  guidelines40, 49 and specimens were forwarded 
to the central reference laboratory at International Health Management Associates (IHMA, SA, Schaumburg, IL, 
USA) with anonymized clinical demographic data including patient age, sex, length of stay, type of hospital unit, 
organism and infection site.

Microbial identification and susceptibility testing. Microbial identification was confirmed at IHMA 
using matrix-assisted laser desorption/ionizing time of flight spectrometry (Bruker, Daltronics). Antimicrobial 
susceptibility testing was performed by broth microdilution methods using CLSI recommendations and cat-
egorical interpretation of susceptibility to antimicrobial agents was reported according to the CLSI M100 guide-
lines (Supplementary Table 3) for the respective  years50, 51. For ceftolozane/tazobactam, Pseudomonas aeruginosa 

Figure 3.  Susceptibility of P. aeruginosa to first line anti-pseudomonal agents from 2016 to 2020. The 
antimicrobial agents tested included: amikacin (AMK), aztreonam (ATM), cefepime (CEP), cefotaxime (CTX), 
cefoxitin (FOX), ceftazidime (CAZ), ceftolozane/tazobactam (C/T), ceftriaxone (CRO), ciprofloxacin (CIP), 
colistin (CST), ertapenem (ETP), imipenem (IPM), levofloxacin (LVX), meropenem (MEM) and piperacillin/
tazobactam (TZP).
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breakpoints were used to interpret MICs for Acinetobacter baumannii. The antimicrobial agents tested included: 
amikacin (AMK), aztreonam (ATM), cefepime (CEP), cefotaxime (CTX), cefoxitin (FOX), ceftazidime (CAZ), 

(a) Suscep�bility according to infec�on site.

(b) Suscep�bility according to hospital unit.

Figure 4.  Cumulative susceptibility from 2016 to 2020 of P. aeruginosa according to hospital unit and infection 
site with “traffic-light” indication of susceptibility, intermediate and resistance. The antimicrobial agents tested 
included: amikacin (AMK), aztreonam (ATM), cefepime (CEP), cefotaxime (CTX), cefoxitin (FOX), ceftazidime 
(CAZ), ceftolozane/tazobactam (C/T), ceftriaxone (CRO), ciprofloxacin (CIP), colistin (CST), ertapenem (ETP), 
imipenem (IPM), levofloxacin (LVX), meropenem (MEM) and piperacillin/tazobactam (TZP).
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ceftolozane/tazobactam (C/T), ceftriaxone (CRO), ciprofloxacin (CIP), colistin (CST), ertapenem (ETP), imipe-
nem (IPM), levofloxacin (LVX), meropenem (MEM) and piperacillin/tazobactam (TZP)52. Extended-spectrum 
beta-lactamase (ESBL) producing organisms were determined by the CLSI ESBL-phenotypic criteria for ESBL 
testing, defined as an MIC value > 2 mg/L for ceftriaxone. Multi-drug resistant (MDR) isolates were defined as 
isolates resistant to at least one antimicrobial agent from three or more of the seven different antimicrobial cat-
egories, extensively drug resistant (XDR) were non-susceptible to five or more of the antimicrobial categories, 
while pandrug-resistant (PDR) were resistant to all antimicrobial agents in all  categories53.

Data analysis. Nested Canadian cohort data from the SMART database was provided electronically by 
Merck Canada Inc., Kirkland, QC, Canada to Syreon Corporation, Canada, for analysis. Data quality review was 
performed using software packages R and Tableau (Seattle, USA) by inspection, visualization, tabulation, and 
other computational processes to identify discrepancies including missing data, implausible data, outliers and 
zero values for single-point data. Continuous variables were summarized using number of non-missing observa-
tions, mean, standard deviation (SD), median, minimum, and maximum values, and categorical variables using 
the number and percentage of participants belonging to each category. The significance of differences between 
nominal data was analyzed using the Chi-squared test. Annual proportions of isolates harbouring ESBL genes 
were assessed by the Cochran-Armitage test of trend. This test was performed on Enterobacterales in the entire 
observation period (2016–2020) stratified by either by infection site (RTI vs non-RTI) or by hospital unit (ICU 
vs non-ICU). Statistical significance was defined as a p value of < 0.05.

Figure 5.  Multidrug resistance rates of P. aeruginosa in ICU and non-ICU settings and from respiratory tract 
infection (RTI) and non-RTI samples for each year of study.
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The datasets used and/or analyzed during the current study are available from the corresponding author on 
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(a) Isolates not suscep�ble to CAZ, and TZP and MEM.

(b) Isolates not suscep�ble to TZP and MEM.

(c) Isolates not suscep�ble to TZP, or MEM, or CAZ.

Figure 6.  Susceptibility of P. aeruginosa isolates when non-susceptible (NS) to (a) CAZ, and TZP, and MEM, 
(b) TZP, and MEM, and (c) TZP, or MEM, or CAZ. The antimicrobial agents tested included: amikacin (AMK), 
aztreonam (ATM), cefepime (CEP), cefotaxime (CTX), cefoxitin (FOX), ceftazidime (CAZ), ceftolozane/
tazobactam (C/T), ceftriaxone (CRO), ciprofloxacin (CIP), colistin (CST), ertapenem (ETP), imipenem (IPM), 
levofloxacin (LVX), meropenem (MEM) and piperacillin/tazobactam (TZP).
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