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Summary
Background Global estimates suggest millions of deaths annually are associated with antimicrobial resistance (AMR)
but these are generated from scarce data on the relative risk of death attributable to drug-resistant versus drug-
sensitive infections.

Methods We examined all episodes of E. coli bloodstream infection in Ontario, Canada between 2017 and 2020, and
measured 90 day mortality among those with resistant versus sensitive isolates for each of 8 commonly used anti-
biotic classes and a category of difficult to treat resistance (DTTR). We used multivariable logistic regression to
calculate an adjusted odds of mortality associated with AMR, after accounting for patient demographics, comor-
bidities, and prior healthcare exposure.

Findings Among 14,548 eligible episodes of E. coli bloodstream infection, resistance was most common to amino-
penicillins (46.8%), followed by first generation cephalosporins (38.8%), fluoroquinolones (26.5%), sulfonamides
(24.1%), third generation cephalosporins (13.8%), aminoglycosides (11.7%), beta-lactam-beta-lactamase-inhibitors
(9.1%) and carbapenems (0.2%). Only 18 (0.1%) episodes exhibited DTTR. For each antibiotic class, the
unadjusted odds of mortality (OR) were higher among resistant isolates, but after accounting for patient
characteristics the adjusted odds (aOR) of mortality were attenuated: aminopenicillins (OR 1.22, 95% CI
1.12–1.33; aOR 1.09, 95% CI 0.99–1.20), first generation cephalosporins (OR 1.24, 95% CI 1.14–1.35; aOR 1.07,
95% CI 0.97–1.18), third generation cephalosporins (OR 1.64, 95% CI 1.47–1.82; aOR 1.29, 95% CI 1.15–1.46),
beta-lactam-beta-lactamase-inhibitors (OR 1.69, 95% CI 1.52–1.89, aOR 1.28, 95% CI 1.13–1.45), carbapenems (OR
3.11, 95% CI 1.52–6.34; aOR 2.06, 95% CI 0.91–4.66), sulfonamides (OR 1.19, 95% CI 1.07–1.31, aOR 1.06, 95%
CI 0.95–1.18), fluoroquinolones (OR 1.49, 95% CI 1.36–1.64, aOR 1.16, 95% CI 1.05–1.29), aminoglycosides (OR
1.43, 95% CI 1.27–1.62; aOR 1.27, 95% CI 1.11–1.46), and DTTR (OR 3.71, 95% CI 1.46–9.41; aOR 2.58, 95% CI
0.87–7.66).

Interpretation AMR is associated with substantial increased mortality among patients with E. coli bloodstream
infection, particularly for resistance to classes commonly used as empiric treatment. Surveillance for AMR-associated
mortality should incorporate adjustment for patient characteristics and prior healthcare utilization.

Funding This work was supported by a project grant from CIHR (grant number 159503). This study was also sup-
ported by ICES, which is funded by an annual grant from Ontario Ministry of Health and Long-Term Care
(MOHLTC).

Copyright Crown Copyright © 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Antimicrobial resistance; Bloodstream infections; Bacteremia; Mortality; Escherichia coli
*Corresponding author.
E-mail address: nick.daneman@sunnybrook.ca (N. Daneman).

www.thelancet.com Vol 56 February, 2023 1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nick.daneman@sunnybrook.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eclinm.2022.101781&domain=pdf
https://doi.org/10.1016/j.eclinm.2022.101781
https://doi.org/10.1016/j.eclinm.2022.101781
https://doi.org/10.1016/j.eclinm.2022.101781
www.thelancet.com/digital-health


Research in context

Evidence before this study
The Antimicrobial Resistance Collaboration recently published
in the Lancet a comprehensive global estimate of the burden
of antimicrobial resistance (AMR) across 23 pathogens, 88
pathogen-drug combinations and 204 countries. This work
estimated that there are currently 4.95 million (3.62–6.57)
annual deaths associated with bacterial AMR, including 1.27
million (95% UI 0.911–1.71) deaths attributable to bacterial
AMR. The immense source data included 471 million
individual bacterial isolates, making it possible to precisely
estimate the prevalence of pathogens causing different
infections and the prevalence of resistance among those
pathogens. However, the global team of investigators learned
that data were relatively scarce for determining the relative
risk (RR) of death for drug-resistant compared with drug-
susceptible infection. Where possible the collaboration used a
modelling approach which accounted for age, admission
diagnosis, site of culture and hospital versus community
onset, but in some cases the primary literature provided only
a crude RR without adjustment for patient characteristics.
Seeking additional evidence to fill this gap, we searched OVID
MEDLINE from database inception until August 2022 using
the terms “Drug Resistance, Bacterial” and “Mortality” with a
filter for systematic reviews. Through that search we
uncovered one systematic review, which included 16 studies
assessing the impact of resistance on patient outcomes, but
was focused only on multi-drug resistance and healthcare-
associated infections. Among a subset of 14 eligible studies,
the pooled mortality was higher among patients infected
with multi-drug versus non-multi-drug resistant bacteria (RR
1.61, 95% CI 1.36–1.90), but this result was obtained by

pooling crude mortality rates without any adjustment for
patient characteristics.

Added value of this study
With access to linked microbiology test results and healthcare
administrative datasets across a large region, we were able to
study the adjusted odds of death among patients infected
with drug-resistant versus drug-susceptible pathogens,
allowing for a more accurate estimate of mortality associated
with bacterial drug resistance. We focused on bloodstream
infections with E. coli, the most common bloodstream
pathogen and the leading pathogen among AMR-associated
deaths, and detected substantial increased odds of mortality
with resistance to each common class of antimicrobial. After
accounting for patient characteristics, and in particular extent
of prior healthcare exposure, the adjusted odds of mortality
were greatly attenuated. However, there was a persistent and
large association between AMR and mortality for almost all
individual classes, and the association was strongest for
resistance to antibiotics commonly used as empiric treatment.

Implications of all the available evidence
The mortality following E. coli bloodstream infections is
significantly higher for strains resistant to each class of
common antimicrobial agents, and in particular those used
commonly in empiric treatment. Some of the current excess
mortality with AMR E. coli is explained by patient
characteristics, including extent of prior healthcare exposure
and so surveillance for AMR should incorporate adjustment
for these confounders to prevent over-estimation.
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Introduction
The Antimicrobial Resistance Collaboration recently
provided the most comprehensive global estimate of the
burden of antimicrobial resistance (AMR) across 23
pathogens, 88 pathogen-drug combinations and 204
countries.1 The collaboration amassed data from sys-
tematic literature reviews, healthcare systems, and sur-
veillance programs, and through a 10 step process
estimated that there were 4.95 million deaths in 2019
associated with bacterial AMR, including 1.27 million
deaths attributable to bacterial AMR. Escherichia coli
(E. coli) was the number one culprit pathogen, with
829,000 AMR associated deaths and 219,000 AMR
attributable deaths.1

The source data was massive and included 471
million individual bacterial isolates, making it possible
to precisely estimate the prevalence of pathogens
causing different infections and the prevalence of
resistance among those pathogens. However, the
investigators learned that data were relatively scarce for
determining the relative risk of death for drug-resistant
compared with drug-sensitive infection.1 This informa-
tion is crucial towards understanding the impact of
AMR on mortality, but is lacking in most regions of the
world because there are very few healthcare systems in
which microbiology results can be linked to patient
characteristics and outcomes.

In Ontario, Canada’s most populous province with
more than 14 million residents, we have recently linked
microbiology test results to healthcare administrative
datasets,2 such that it is now possible to study the rela-
tive risk of death among drug-resistant versus drug-
susceptible pathogens, after accounting for patient risk
factors allowing for a more accurate estimate of mor-
tality associated with bacterial drug resistance. In this
study, we focused on bloodstream infections with E. coli,
the most common bloodstream pathogen and the lead-
ing pathogen among AMR-associated deaths,1,2 to
www.thelancet.com Vol 56 February, 2023
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determine the extent to which AMR is associated with
an increased odds of death in the context of a well-
resourced healthcare system.
Methods
General study design and setting
We conducted a retrospective cohort study of all people
with E. coli bacteremia in Ontario, Canada between
January 1, 2017 and December 31, 2020, and examined
the odds of mortality associated with resistant versus
susceptible isolates after accounting for clinically rele-
vant patient characteristics.
Data sources
The study was made possible by the availability of
province-wide microbiology results from the Ontario
Laboratories Information System (OLIS), combining data
form more than 100 hospital, community and public
health laboratories into a single repository.2,3 OLIS is
linkable to administrative datasets from Ontario’s uni-
versal healthcare system, via a unique and confidential
identifier held at ICES (formerly, the Institute for Clinical
Evaluative Sciences). ICES is an independent, non-profit
research institute whose legal status under Ontario’s
health information privacy law allows it to collect and
analyze health care and demographic data, without con-
sent, for health system evaluation and improvement. The
relevant linked databases for this study included hospital
information from the Canadian Institute for Health In-
formation Discharge Abstract Database (CIHI-DAD),
emergency department data from the National Ambula-
tory Care Reporting System (NACRS), physician claims
data from theOntarioHealth InsurancePlan (OHIP), and
vital statistics and demographic data from the Registered
Persons Database (RPDB).4,5
Index event and inclusion/exclusion criteria
We included all unique episodes of E. coli bacteremia
from 2017 to 2020. A person could be included more
than once during the four year study period, but all
E. coli positive blood cultures within 7 days of an initial
blood culture were considered part of the same episode.2

The index date was the date of collection of the first
E. coli positive blood culture in the episode. We excluded
non-Ontario residents, the rare patients with missing
age, sex, or postal code, and episodes with polymicrobial
bacteremia, or no antibiotic susceptibility testing.
Primary predictor variables: Antimicrobial
resistance
The primary predictor in this study was antimicrobial
resistant as compared to antimicrobial susceptible
E. coli. We studied eight individual classes of agents
including: aminopenicillins (represented by ampicillin),
www.thelancet.com Vol 56 February, 2023
first generation cephalosporins (cefazolin), third
generation cephalosporins (ceftriaxone, ceftazidime),
beta-lactam beta-lactamase inhibitors (piperacillin-
tazobactam), carbapenems (ertapenem, meropenem),
fluoroquinolones (ciprofloxacin, levofloxacin, moxi-
floxacin), sulfonamides (trimethoprim-sulfamethoxa-
zole), and commonly used aminoglycosides (gentamicin,
tobramycin). In addition, we examined a special category
of difficult to treat resistance (DTTR) defined as resis-
tance to carbapenems, fluoroquinolones, and at least one
of third generation cephalosporins or beta-lactam beta-
lactamase inhibitors.6
Measurement of antimicrobial resistance
OLIS includes data from many laboratories, and not all
test and report the same panel of antibiotics.3 Even
within a laboratory, resistance reporting for E. coli could
be variably suppressed or released based on results of
other agents. Therefore, in addition to reported sus-
ceptibility results, we applied rule-based logic to impute
missing susceptibility results where they could be reli-
ably inferred from available results. For example, an
ampicillin susceptible isolate could be imputed to be
piperacillin-tazobactam susceptible, but not vice versa.
After rule-based imputation, we applied a logistic
regression model-based imputation approach for
remaining antibiotics. The multivariable model
accounted for the overall rate of susceptibility to that
agent (intercept) as well as patient age, sex, location at
time of culture collection, and the results of all other
classes (including those recorded as ‘missing’). In
sensitivity analyses we examined other approaches to
imputing these missing susceptibility results, including:
imputing all missing results as susceptible, imputing all
missing results as the proportion of susceptible results
among available data for that class, or deleting all or-
ganisms with missing results.
Primary outcome
The outcome of interest was 90 day mortality, defined
from the date of collection of the initial blood culture
yielding E. coli.
Patient characteristics for multivariable risk
adjustment
From the ICES databases we extracted patient charac-
teristics that could potentially be associated with AMR
and patient outcomes, including: age, sex, setting at the
time of blood culture draw (community, hospital ward,
intensive care unit (ICU), long term care), total days
spent in hospital in prior 12 months, total days spent in
ICU in prior 12 months, total days spent in long term
care in prior 12 months, total physician visits in prior
12 months, source of bacteremia (urinary tract versus
other/unknown), immunosuppressive illnesses, and
3
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18 individual comorbidities (osteoarthritis, cancer, ar-
rhythmias, mood disorders, mental health disorders,
osteoporosis, renal disease, stroke, coronary artery dis-
ease, myocardial infarction, asthma, congestive heart
failure, chronic obstructive pulmonary disease, demen-
tia, diabetes mellitus, hypertension, rheumatoid
arthritis, and chronic liver disease).
Statistical analysis
We used univariable logistic regression to examine the
crude association between AMR and 90 day mortality
following E. coli bloodstream infection, with separate
models for each of the 8 antibiotic classes, as well as
DTTR; results are reported as odds ratios and 95%
confidence intervals. Next, we used multivariable logis-
tic regression, adjusting for all patient characteristics
(listed above), again with separate models for each
resistance measure. In sensitivity analyses, we used
Generalized Estimating Equations to account for mul-
tiple E. coli bloodstream infections within patients, and
random effects to account for potential clustering by
treating facility. For facility random effects we used
unique institution numbers for each acute and long
term care facility; community onset infections were
categorized separately.

We conducted pre-specified sensitivity analyses in
which we used alternative approaches for imputing
missing susceptibility results (described above), and a
post-hoc sensitivity analysis examining 30 day rather
than 90 day mortality. In an additional post-hoc
sensitivity analysis we incorporated healthcare utiliza-
tion as non-linear covariates using cubic splines with 4
knots.

Lastly, we conducted subgroup analyses based on
setting of specimen collection (community, long term
care, hospital ward, intensive care). All analyses were
conducted in SAS version 9.4 (Cary, NC).
Role of the funding source
The sponsor of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full
access to all the data in the study and had final re-
sponsibility for the decision to submit for publication.
Results
Between 2017 and 2020 there were 15,843 episodes of
E. coli bloodstream infection among Ontario residents;
after excluding patients with missing age, sex or postal
code information (n = 14), non-Ontario residents (n = 8),
and patients with polymicrobial bloodstream infection
(n = 1273), there were 14,548 episodes of E. coli blood-
stream infection eligible for analysis, among 13,706
unique patients. These bloodstream infection episodes
were distributed across community (2382, 16.4%), acute
care hospital wards (10,233, 70.3%), intensive care units
(1784, 12.3%), and long term care facilities (149, 1.0%).
The treating facilities included 143 acute care hospitals
and 107 long term care facilities.

The median age of people across episodes of E. coli
bloodstream infections was 74 years and women out-
numbered men (8102; 55.7%) (Table 1, column 1). Pa-
tients had spent an average of 11.95 days in hospital in
the preceding year (median 1 day, interquartile range
0–11 days). Nearly half of the E. coli bloodstream in-
fections originated from a urinary tract source (6913;
47.5%). Overall, 2585 (17.8%) of episodes were associ-
ated with death within 90 days.

Among the 8 antibiotic classes of interest, resistance
was most common to aminopenicillins (6807; 46.8%),
followed by first generation cephalosporins (5647;
38.8%), fluoroquinolones (3856; 26.5%), sulfonamides
(3501; 24.1%), third generation cephalosporins (2012;
13.8%), aminoglycosides (1700; 11.7%), beta-lactam
beta-lactamase inhibitors (1323; 9.1%) and carbape-
nems (28; 0.2%). There were only (18; 0.1%) episodes
exhibiting a DTTR profile. Only a minority of suscepti-
bility results were missing after rule-based imputation
(ranging from 4.8% for carbapenems results to 19.8%
for beta-lactam beta-lactamase inhibitor results).
Furthermore, final resistance rates were robust across
multiple methods for imputing missing susceptibilities
(Fig. 1).

Patient demographic characteristics, healthcare
exposure histories, and comorbidities differed substan-
tially among resistant versus susceptible isolates
(Table 1). For example, the average (SD) number of days
admitted to hospital in the prior 12 months was 14.8
(34.7) for those with aminopenicillin resistance, 16.0
(36.0) for those with first generation cephalosporin
resistance, 23.8 (44.8) with third generation cephalo-
sporin resistance, 24.4 (44.6) for beta-lactamase inhibi-
tor resistance, 45.4 (52.7) for carbapenem resistance,
16.5 (37.2) for sulfonamide resistance, 19.6 (42.0) for
fluoroquinolone resistance, 19.7 (39.9) for aminoglyco-
side resistance, and 45.3 (60.8) days for DTTR (Table 1).

The 90 day mortality rate among resistant isolates
was higher than the mortality rate among overall isolates
(17.8%), including isolates with aminopenicillin resis-
tance (19.3%), first generation cephalosporin resistance
(19.7%), third generation cephalosporin resistance
(24.9%), beta-lactamase inhibitor resistance (25.2%),
carbapenem resistance (39.3%), sulfonamide resistance
(19.6%), fluoroquinolone resistance (22.2%), amino-
glycoside resistance (22.8%) and DTTR (44.4%). The
unadjusted odds ratio for 90 day mortality was signifi-
cantly greater than 1 for each antibiotic class (Fig. 2,
blue bars).

After adjusting for patient demographics, health care
exposure and comorbidities the association between
AMR and mortality was attenuated, but remained
www.thelancet.com Vol 56 February, 2023
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Characteristic Total Aminopenicillin
resistant

First gen.
cephalosporin
resistant

Third gen.
cephalosporin
resistant

Beta-lactam
beta-lactamase
inhibitor
resistant

Carbapenem
resistant

Sulfonamide
resistant

Fluoroquinolone
resistant

Aminoglycosidea

resistant
Difficult to
treat
resistanceb

N = 14,548 N = 6807 N = 5647 N = 2012 N = 1323 N = 28 N = 3501 N = 3856 N = 1700 N = 18

Sex (n, %)

Female 8102 (55.7%) 3688 (54.2%) 2953 (52.3%) 971 (48.3%) 622 (47.0%) 11 (39.3%) 1877 (53.6%) 1779 (46.1%) 875 (51.5%) 6 (33.3%)

Male 6446 (44.3%) 3119 (45.8%) 2694 (47.7%) 1041 (51.7%) 701 (53.0%) 17 (60.7%) 1624 (46.4%) 2077 (53.9%) 825 (48.5%) 12 (66.7%)

Age

Mean (SD) 70.57 (18.01) 69.97 (17.83) 70.12 (17.72) 70.81 (16.47) 70.35 (16.09) 64.21 (18.50) 69.67 (17.63) 72.09 (15.37) 70.67 (17.35) 66.61 (15.93)

Median (Q1-Q3) 74 (62–84) 73 (62–83) 73 (62–83) 74 (63–82) 72 (62–82) 70 (52–79) 72 (61–82) 74 (64–83) 73 (63–83) 68 (55–79)

Setting (n, %)

Community 2382 (16.4%) 1038 (15.2%) 842 (14.9%) 231 (11.5%) 131 (9.9%) 0 (0.0%) 544 (15.5%) 471 (12.2%) 230 (13.5%) 0 (0.0%)

Hospital 10,233 (70.3%) 4804 (70.6%) 3991 (70.7%) 1470 (73.1%) 991 (74.9%) 21 (75.0%) 2481 (70.9%) 2857 (74.1%) 1240 (72.9%) 13–17a

ICU 1784 (12.3%) 891 (13.1%) 746 (13.2%) 289 (14.4%) 195 (14.7%) 7 (25.0%) 432 (12.3%) 475 (12.3%) 209 (12.3%) 1–5a

LTC 149 (1.0%) 74 (1.1%) 68 (1.2%) 22 (1.1%) 6 (0.5%) 0 (0.0%) 44 (1.3%) 53 (1.4%) 21 (1.2%) 0 (0.0%)

Days spent in hospital in prior 12
months

Mean (SD) 11.95 (30.20) 14.80 (34.66) 15.97 (35.96) 23.80 (44.75) 24.38 (44.59) 45.43 (52.65) 16.46 (37.17) 19.56 (42.01) 19.65 (39.91) 45.28 (60.76)

Median (Q1-Q3) 1 (0–11) 2 (0–15) 3 (0–16) 7 (0–27) 8 (0–28) 29 (8–63) 3 (0–17) 4 (0–20) 4 (0–22) 24 (5–64)

Days spent in ICU in prior 12
months

Mean (SD) 1.03 (8.26) 1.40 (10.51) 1.56 (11.48) 2.72 (17.35) 3.26 (19.68) 5.86 (14.23) 1.38 (10.41) 1.98 (13.70) 1.37 (6.97) 2.67 (9.26)

Median (Q1-Q3) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–3) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0)

Number of physician visits in
prior 12 months

Mean (SD) 6.26 (6.30) 6.65 (6.65) 6.71 (6.69) 7.58 (7.30) 8.04 (7.94) 11.39 (9.81) 6.94 (6.90) 6.91 (7.05) 7.06 (6.77) 11.22 (8.17)

Median (Q1-Q3) 5 (2–9) 5 (2–9) 5 (2–9) 6 (2–11) 6 (3–11) 9 (4–16) 5 (2–9) 5 (2–9) 5 (2–10) 9 (4–16)

Days spent in LTC in prior 12
months

Mean (SD) 24.20 (86.44) 27.89 (91.67) 30.43 (95.51) 39.10 (105.53) 32.32 (96.62) 0.00 (0.00) 29.43 (94.26) 44.62 (113.48) 36.55 (102.28) 0.00 (0.00)

Median (Q1-Q3) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0)

Source of bacteremia (n, %)

Other 7635 (52.5%) 3526 (51.8%) 2942 (52.1%) 1095 (54.4%) 680 (51.4%) 19 (67.9%) 1740 (49.7%) 2001 (51.9%) 843 (49.6%) 11 (61

Urinary tract 6913 (47.5%) 3281 (48.2%) 2705 (47.9%) 917 (45.6%) 643 (48.6%) 9 (32.1%) 1761 (50.3%) 1855 (48.1%) 857 (50.4%) 7 (38.9%)

Immunosuppressive illness (n, %) 1267 (8.7%) 691 (10.2%) 570 (10.1%) 224 (11.1%) 163 (12.3%) 1–5a 473 (13.5%) 425 (11.0%) 180 (10.6%) 1–5a

Comorbidities (n, %)

Osteoarthritis 9776 (67.2%) 4625 (67.9%) 3835 (67.9%) 1388 (69.0%) 908 (68.6%) 17 (60.7%) 2355 (67.3%) 2655 (68.9%) 1147 (67.5%) 12 (66.7%)

Cancer 8344 (57.4%) 3855 (56.6%) 3213 (56.9%) 1101 (54.7%) 741 (56.0%) 15 (53.6%) 2039 (58.2%) 2227 (57.8%) 969 (57.0%) 10 (55.6%)

Arrhythmia 2733 (18.8%) 1291 (19.0%) 1073 (19.0%) 385 (19.1%) 246 (18.6%) 1–5a 653 (18.7%) 738 (19.1%) 311 (18.3%) 0 (0.0%)

Mood disorder 8036 (55.2%) 3724 (54.7%) 3062 (54.2%) 1056 (52.5%) 690 (52.2%) 9 (32.1%) 1922 (54.9%) 2084 (54.0%) 932 (54.8%) 1–5a

Mental health disorder 5198 (35.7%) 2542 (37.3%) 2124 (37.6%) 841 (41.8%) 537 (40.6%) 10 (35.7%) 1335 (38.1%) 1533 (39.8%) 644 (37.9%) 1–5a

Osteoporosis 1766 (12.1%) 825 (12.1%) 673 (11.9%) 244 (12.1%) 164 (12.4%) 1–5a 427 (12.2%) 468 (12.1%) 210 (12.4%) 1–5a

Renal disease 4410 (30.3%) 2293 (33.7%) 1959 (34.7%) 872 (43.3%) 551 (41.6%) 13 (46.4%) 1310 (37.4%) 1514 (39.3%) 657 (38.6%) 8 (44.4%)

Stroke 1631 (11.2%) 780 (11.5%) 680 (12.0%) 272 (13.5%) 184 (13.9%) 1–5a 418 (11.9%) 518 (13.4%) 207 (12.2%) 1–5a

Coronary artery disease 4278 (29.4%) 2057 (30.2%) 1733 (30.7%) 672 (33.4%) 413 (31.2%) 1–5a 1042 (29.8%) 1236 (32.1%) 520 (30.6%) 1–5a

Acute myocardial infarction 1148 (7.9%) 547 (8.0%) 447 (7.9%) 175 (8.7%) 108 (8.2%) 1–5a 277 (7.9%) 343 (8.9%) 140 (8.2%) 1–5a

Asthma 2616 (18.0%) 1307 (19.2%) 1069 (18.9%) 421 (20.9%) 280 (21.2%) 1–5a 700 (20.0%) 729 (18.9%) 347 (20.4%) 1–5a

(Table 1 continues on next page)
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statistically significant for many individual antibiotic
classes (Fig. 2, red bars). The point estimates for the
adjusted odds ratio (aOR) of AMR associated mortality
were highest for DTTR (aOR 2.58, 95% CI 0.87–7.66),
carbapenems (aOR 2.06, 95% CI 0.91–4.66), third gen-
eration cephalosporins (aOR 1.29, 95% CI 1.15–1.46),
and beta-lactam beta-lactamase inhibitors (aOR 1.28,
95% CI 1.13–1.45).

Fig. 3 displays subgroup analyses of blood culture
draws occurring in hospitals, ICUs, long term care fa-
cilities and the community. In post-hoc sensitivity ana-
lyses, there was a substantial attenuation in the
association of AMR and mortality when healthcare uti-
lization variables were added sequentially into the
models (Supplemental Fig. S1), a further strengthened
association of AMR with an earlier 30 day mortality
time-point (Supplemental Fig. S2), and minimal impact
of accounting for clustering at the patient or facility level
(Supplemental Fig. S3).
Discussion
Through population-wide linkable microbiology and
clinical databases we were able to study the association
of resistance and mortality among more than 14,000
episodes of E. coli bloodstream infection. For each class
of antimicrobial agents, we detected much higher crude
mortality associated with resistant versus susceptible
E. coli. After accounting for patient characteristics
including age, sex, comorbidities, test location, and
especially healthcare exposure, the associations between
resistance and mortality were greatly attenuated but
many remained statistically significant. The point esti-
mates for the adjusted odds ratio of AMR associated
mortality remained highest for DTTR and individual
antibiotic classes most commonly used in empiric
treatment (third generation cephalosporins, beta-lactam-
beta-lactamase inhibitors and carbapenems).

Our study findings bolster the Antimicrobial Resis-
tance Collaboration’s current estimate of 1 million
deaths per year attributable to AMR,1 by demonstrating
a strong association between AMR and mortality. There
are a number of prior large studies and systematic re-
views which have documented substantial increased
mortality associated with resistant isolates, but most of
these are crude estimates. For example, a nationwide
study of more than 11,000 E. coli bloodstream in-
fections in Israel, detected a higher case fatality rate
with multi-drug resistant (MDR) versus non-MDR
E. coli (47% versus 28%), but these were crude rates
derived from submissions to a national death registry.7

A systematic review of 16 studies involving MDR bac-
teria in hospitalized patients, detected increased mor-
tality compared to non-MDR bacteria (RR 1.61, 95% CI
1.36–1.90), but this involved pooling of crude mortality
rates without any adjustment for patient characeristics.8

Similarly, a systematic review pooling 15 studies of
www.thelancet.com Vol 56 February, 2023
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and at least one of third generation cephalosporins or beta-lactam beta-lactamase inhibitors.
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carbapenem-resistant versus sensitive Klebsiella pneu-
moniae infections calculated increased mortality in un-
adjusted analyses (OR 2.2, 95% CI 1.8–2.6), but was
unable to generate a pooled adjusted odds ratio because
too few studies undertook multivariable adjustment.9

Our study builds upon this work by establishing an
association between AMR and mortality, after adjusting
An�bio�c Class-Specific Resistance
Aminopenicil l in

First Gen. Cephalosporin

Third Gen. Cephalosporin

Beta-lactam Beta-lactamase Inhibitor

Carbapenem

Sulfonamide

Fluoroquinolone

Aminoglycoside*

Difficult to Treat Resistance**

0.5 1 1.5 2

Crude Model OR Es�mate

Fig. 2: Association of antibiotic resistance and 90-day mortality am
estimates). *Aminoglycosides refers to gentamicin and tobramycin. **D
fluoroquinolones, and at least one of third generation cephalosporins or be
for patient age, sex, setting, healthcare utilization, 18 individual comorb

www.thelancet.com Vol 56 February, 2023
for key patient characteristics available in linked data
sources.

Increases in mortality with AMR are unlikely to be
driven by increased virulence among resistant patho-
gens,10 but rather because it is well established that de-
lays in adequate antibiotic coverage are associated with
increased mortality among patients with serious
OR
1.22 1.12 1.33
1.09 0.99 1.19
1.24 1.14 1.35
1.07 0.97 1.18
1.64 1.47 1.82
1.29 1.15 1.46
1.69 1.51 1.89
1.28 1.13 1.44
3.11 1.52 6.34
2.06 0.91 4.66
1.18 1.07 1.31
1.06 0.95 1.18
1.49 1.36 1.64
1.16 1.05 1.29
1.43 1.27 1.62
1.27 1.11 1.46
3.71 1.46 9.41
2.58 0.87 7.66

95% CI

2.5 3 3.5 4

Adjusted Model OR Es�mate***

ong patients with E. coli bacteremia (crude and adjusted OR
ifficult to treat resistance is defined as resistance to carbapenems,
ta-lactam beta-lactamase inhibitors. ***The adjusted model accounts
idities, and source of bacteremia.
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bacterial infections.11–14 In a systematic review of seventy
studies evaluating the importance of adequate empiric
coverage for sepsis, among the subset of 26 studies ac-
counting for comorbidities and severity of illness,
inadequate coverage was associated with a pooled aOR
of 1.60 (95% CI 1.37–1.86) for mortality.11 This trans-
lated to a number needed to harm of 10 – one additional
fatality for each 10 patients receiving inadequate
coverage.11 Although antibiotic treatments are not
available in this cohort, a prior Canadian survey indi-
cated that empiric treatment recommendations for
sepsis are variable, but most commonly include ceftri-
axone, piperacillin-tazobactam or meropenem.15 This
likely explains why resistance to these three classes of
beta-lactam agents exhibited the strongest associations
with 90 day mortality. DTTR, although uncommon in
Ontario, was even more strongly associated with 90 day
mortality because it portends a lower likelihood of
adequate empiric coverage, and even after susceptibility
results become available DTTR treatment often requires
use of toxic agents such as aminoglycosides.6
The attenuation in odds ratios on multivariable
adjustment in our study suggests that many prior
studies over-estimate AMR attributable mortality by
failing to adjust for potential confounding patient
characteristics that could be associated with both the
acquisition of AMR and the likelihood of death –

including age, comorbidities and healthcare exposure
history. Incorporating unadjusted odds of death with
resistant versus susceptible organisms can lead to un-
realistic projections and predictions of the population
burden of AMR.16,17

Our study is potentially limited by the fact that
methods of antibiotic susceptibility testing and report-
ing, including the specific panels of antibiotics, are not
standardized across all laboratories. However, our re-
sults were robust across multiple imputation techniques
for missing susceptibilities. Our analyses are potentially
underpowered for carbapenem resistance and DTTR
because of low local rates of these resistance profiles.
Similarly, we are unable to study the impact of resis-
tance to reserve use agents (including older agents such
www.thelancet.com Vol 56 February, 2023
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as amikacin and colistin, and newer agents such as
ceftolozane-tazobactam) given that these are only rarely
tested and reported. A major limitation of this study is
lack of access to information on the empiric and tar-
geted antibiotic agents used to treat these bloodstream
infections. This information would have been helpful to
determine the extent to which selection of inadequate
treatment regimens mediates the impact of resistance
on outcomes. Ontario has a well-resourced healthcare
system with both easy access to therapeutics and low
prevalence of pan-drug resistance, and so the general-
izability of our findings is unclear to low- and middle-
income countries as well as regions with high prevalence
of resistance. Although we accounted for a rich array of
patient characteristics, there is still potential for unmea-
sured confounding by unavailable measures.

E. coli bloodstream infections are associated with a
high 90 day mortality rate, and the crude mortality is
significantly higher for strains resistant to each class
of common antimicrobial agents. Some of the current
elevated mortality with AMR E. coli is explained by
patient characteristics, and in particular confounding
by extent of prior healthcare exposure. Therefore
many estimates of the current mortality associated
with AMR may be over-estimates, and ongoing sur-
veillance for AMR-associated mortality should incor-
porate adjustment for patient characteristics. However,
our data detected strong signals of associated
increased mortality with AMR, even after multivari-
able adjustment. The association was strongest for the
most important empiric and therapeutic classes of
agents, and so future estimates will also need to take
into account antibiotic availability and treatment
practices in different regions. Ongoing global and
local efforts are essential to help curtail AMR, and
thereby minimize mortality among patients with
E. coli bloodstream infection and other common bac-
terial pathogens and syndromes.
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