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Abstract

Background: Assessment of the burden of disease due to antimicrobial-resistant Escherichia coli infections facilitates
understanding the scale of the problem and potential impacts, and comparison to other diseases, which allows prior-
itization of research, surveillance, and funding. Using systematic review and meta-analysis methodology, the objec-
tives were to evaluate whether humans with antimicrobial-resistant £. coli infections experience increases in measures
of health or healthcare system burden when compared to susceptible E. coli infections.

Methods: Comprehensive literature searches were performed in four primary and seven grey literature databases.
Analytic observational studies of human E. coli infections that assessed the impact of resistance to third/fourth/fifth-
generation cephalosporins, resistance to quinolones, and/or multidrug resistance on mortality, treatment failure,
length of hospital stay and/or healthcare costs were included. Two researchers independently performed screening,
data extraction, and risk of bias assessment. When possible, random effect meta-analyses followed by assessment of
the confidence in the cumulative evidence were performed for mortality and length of hospital stay outcomes, and
narrative syntheses were performed for treatment failure and healthcare costs.

Results: Literature searches identified 14,759 de-duplicated records and 76 articles were included. Based on 30-day
and all-cause mortality meta-analyses, regardless of the type of resistance, there was a significant increase in the

odds of dying with resistant £. coli infections compared to susceptible infections. A summary mean difference was
not presented for total length of hospital stay meta-analyses due to substantial to considerable heterogeneity. Since
small numbers of studies contributed to meta-analyses for bacterium-attributable mortality and post-infection length
of hospital stay, the summary results should be considered with caution. Studies contributing results for treatment
failure and healthcare costs had considerable variability in definitions and reporting.

Conclusions: Overall, resistant E. coli infections were associated with significant 30-day and all-cause mortality
burden. More research and/or improved reporting are necessary to facilitate quantitative syntheses of bacterium-
attributable mortality, length of hospital stay, and hospital costs.
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Background

Antimicrobial resistance (AMR) is an exceedingly
important global public health problem that is jeop-
ardizing the advances made by modern medicine [1,
2]. A report commissioned by the Prime Minister of
the United Kingdom and chaired by Lord O’Neill of
Gatley predicted that by 2050, 10 million people will
die each year due to antimicrobial-resistant infections
[3]. In humans, Escherichia coli can be a commensal or
pathogenic organism. It is a common cause of a vari-
ety of community- and hospital-onset infections and
it is the most common cause of human blood stream
infections (BSI) [4, 5]. In E. coli, both resistance to criti-
cally important antimicrobials such as third/fourth/
fifth-generation cephalosporins and quinolones, and
multidrug resistance (MDR) are recognized globally [1,
6, 7]. Resistance to third/fourth/fifth-generation cepha-
losporins and MDR in E. coli infections can complicate
the treatment of invasive infections and lead to reliance
on carbapenems, an antimicrobial class of last resort
[1]. Quinolone-resistant E. coli infections can make the
treatment of complicated urinary tract infections more
difficult [1].

To fully understand the impact of antimicrobial-
resistant E. coli infections in people, different aspects
of the burden of disease must be analyzed. One aspect
of burden can be captured by quantifying the incidence
rate of antimicrobial-resistant E. coli infections using
studies with population-based designs. This approach
provides information on the absolute amount of anti-
microbial-resistant E. coli infections and after stand-
ardization, facilitates comparison between different
types of antimicrobial-resistant E. coli infections and
different human populations. When the same type of
quantification is available for other bacterial species
then they can be compared to the standardized inci-
dence rates of antimicrobial-resistant E. coli infections.
Another aspect of burden can be explored by assessing
the impact of antimicrobial-resistant E. coli infections
on patient and healthcare outcomes [8]. Burden from
the patient perspective (health burden) is commonly
described using measures of mortality or morbid-
ity, whereas, the burden from the payer and provider
perspective (healthcare system burden) is commonly
described using length of hospital stay and healthcare
costs [8]. Finally, burden from the societal perspective
can be described through quantification of the excess
costs, lost productivity, and summary measures of

population health including DALYs (disability-adjusted
life years) and QALYs (quality-adjusted life years) [8, 9].
Recently, DALYs were estimated for third-generation
cephalosporin E. coli infections in Europe; this was the
first comprehensive assessment of the societal burden
from antimicrobial-resistant E. coli infections [10].
Assessment of the burden of disease due to antimicro-
bial-resistant E. coli infections facilitates understand-
ing the scale of the problem and potential impacts, and
comparison to other diseases, which allows prioritiza-
tion of research, surveillance, and funding.

The World Health Organization (WHO) released a
global report on antimicrobial resistance surveillance
in 2014 and it included a systematic review and meta-
analysis addressing the health and healthcare system
burden from third-generation cephalosporin and fluo-
roquinolone resistance in human E. coli infections [1].
The WHO systematic review and meta-analyses found
that, compared to susceptible E. coli infections, third-
generation cephalosporin-resistant infections had
a significant twofold increase in risk using all three
mortality measures (all-cause, bacterium-attributable,
30-day mortality) [1]. Moreover, with fluoroquinolone-
resistant E. coli infections, a significant twofold increase
in risk of mortality (all-cause, 30-day mortality) was
also identified with the meta-analyses [1]. The litera-
ture searches for the WHO systematic review were per-
formed in March 2013 [1]; therefore, the current review
was undertaken to incorporate relevant literature pub-
lished since 2013 into a current and comprehensive sys-
tematic review and meta-analysis. Another important
aspect of resistance is MDR; to our knowledge there is
not a systematic review evaluating the health or health-
care system burden associated with multidrug resistant
E. coli infections in humans.

Objectives

Using systematic review and meta-analysis method-
ology, the objectives were to evaluate whether meas-
ures of health or healthcare system burden increase
in humans with antimicrobial-resistant E. coli infec-
tions when compared to those with susceptible E. coli
infections in analytic observational studies. The three
types of AMR assessed separately included resistance
to third/fourth/fifth-generation cephalosporins, resist-
ance to quinolones, and MDR (resistance to at least
three antimicrobial categories or classes).
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Methods

Protocol and registration

A protocol for this systematic review was registered
with the International Prospective Register of System-
atic Reviews (PROSPERO CRD42018111197) [11]. The
detailed time-stamped protocol is available as supple-
mentary material (Additional file 1). Preferred Report-
ing Items for Systematic Reviews and Meta-analyses
(PRISMA) guidelines were used to guide preparation of
the manuscript [12, 13].

Eligibility criteria

Any analytic observational studies published as manu-
scripts, reports, theses, or dissertations were included
[14]. Types of study designs and publications that were
excluded include descriptive observational studies,
review articles, commentaries, opinion pieces, editori-
als, newspaper articles, books, and conference proceed-
ings; these designs were excluded because either they do
not provide primary data with a concurrent comparator
group or sufficient detail for data extraction and risk of
bias. Relevant controlled trials have not been performed
due to the nature of the research question. Included stud-
ies evaluated E. coli infections (confirmed by culture) in
humans of any age. Studies were excluded if they were
non-human studies, exclusively evaluated bacterial infec-
tions other than E. coli, evaluated colonization with E.
coli instead of infection, or evaluated E. coli infections
that were not confirmed by culture. Infection was defined
as clinical signs and symptoms linked to culture of E.
coli from a diagnostic sample. Colonization was defined
as culture of E. coli from a diagnostic sample without
any clinical signs or symptoms. There were three types
of AMR that were included as the exposures of interest.
Studies had to evaluate resistance to third/fourth/fifth-
generation cephalosporins or the impact of extended
spectrum [-lactamases (ESBL; herein referred to as
third-generation cephalosporin resistance), resistance
to quinolones, or MDR [15]. Multidrug resistance was
defined as combined resistance to at least three antimi-
crobial categories or classes [16]. Studies were excluded if
they evaluated alternate types of AMR that did not meet
the above criteria. An appropriate comparator group was
required for a study to be included. There were two types
of acceptable comparator groups, either humans with E.
coli infections that were susceptible to the AMR type of
interest in the exposure group or humans with pansus-
ceptible E. coli infections. Other comparator groups,
such as humans with E. coli infections that were resist-
ant to a different antimicrobial or healthy non-infected
humans led to a study being excluded. For inclusion in
the systematic review, a study had to address at least one
of the following four measures of burden (outcomes).
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For health burden, the primary outcome was mortality
(including bacterium-attributable, all-cause and 30-day
mortality) and the secondary outcome was treatment
failure. For healthcare system burden, the primary out-
come was length of hospital stay (including total LOS
and post-infection LOS) and the secondary outcome
was the cost to the healthcare system. If a study failed
to address at least one of the outcomes above or did not
contain the outcome information specific to E. coli, then
it was excluded. Studies published with full-text avail-
able in English were included. The publication language
eligibility criterion was applied during primary eligibil-
ity screening with exclusion of non-English studies, due
to available resources. For the current review, litera-
ture searches were restricted to studies published after
December 31st, 1998. The date restriction was based on
the fact that the comprehensive literature searches with-
out any publication date restriction performed by the
WHO systematic review only identified relevant studies
that were published starting in 1999 [1]. No restrictions
based on country of study were applied.

Information sources

Four literature databases were searched: MEDLINE®
in Ovid (including in-process and other non-indexed
citations and daily—without revisions); Embase in
Ovid; Web of Science Current Contents Connect in Web
of Science; and Global Health in CAB Direct. Grey lit-
erature sources were searched from WHO (including
Global Index Medicus), Centers for Disease Control and
Prevention (CDC), European Centre for Disease Preven-
tion and Control (ECDC), European Medicines Agency
(EMA), Public Health Agency of Canada (PHAC), and
Health Canada. The first 250 results sorted based on rel-
evance from Google Scholar were also screened for eligi-
bility. The reference lists from the included studies were
reviewed to confirm saturation of the literature. The lit-
erature database searches were performed on September
17th, 2018 and the grey literature source searches were
performed between September 21st and 28th, 2018.

Search

Librarians with expertise in systematic reviews were
consulted during development of the search strategy
(Additional file 2). Based on the eligibility criteria, search
terms related to E. coli (population), cephalosporins, qui-
nolones and multidrug resistance (exposures), and the
outcomes of interest were included in the search strategy.
The search terms used a combination of medical subject
headings (MeSH) terms and keywords. The publication
date restriction from 1999 to the date the search was
performed was used in the search. The search strategy
for MEDLINE® in Ovid is available in Additional file 2.
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The search strategy was modified as required for each
literature database and grey literature source (additional
search strategies available upon request).

Study selection

EndNote X7 and X9 were used for citation manage-
ment and duplicate removal for articles identified in the
searches [17, 18]. The bibliographic citation information
for all remaining articles was uploaded to DistillerSR
and additional duplicates were removed [19]. DistillerSR
facilitated primary screening, secondary screening, data
extraction, and assessment of risk of bias [19].

Two researchers performed both primary and sec-
ondary screening independently. The answers were
compared, and disagreements were discussed until con-
sensus was achieved. If consensus was not achieved, a
third researcher arbitrated. The primary screening of
articles was conducted on the titles and abstracts of
each article using five questions based on the eligibil-
ity criteria (Additional file 3). Prior to starting primary
screening, the two researchers piloted 100 articles. The
possible answers were ‘yes, ‘no, or ‘unclear’ After consen-
sus, if one or more answers were ‘no, then the article was
excluded and any combination of ‘yes’ and ‘unclear’ led
to an article proceeding to secondary screening. For arti-
cles proceeding to secondary screening, full text articles
(PDF format) were obtained. Seven questions based on
the eligibility criteria were used for secondary screening
of the full text articles (Additional file 3). In deviation to
the protocol, a seventh question was added for second-
ary screening after completion of the pilot performed on
five articles. The question added was, “Does the study
have outcome data specific to E. coli infections?” The
possible answers were ‘yes’ or ‘no. After consensus, if one
or more answers were ‘no, then the article was excluded
and answers of ‘yes’ to all of the questions led to an article
being included in the systematic review and proceeding
to data extraction.

Data collection process

Data were extracted for the characteristics of the study
and study participants, and the results for the health
and healthcare system outcomes. The data extraction
form was piloted using five articles and finalized prior
to the extraction of data for the review. Two research-
ers performed the data extraction independently. Their
results were compared, and consensus was achieved
using the methods described for primary and secondary
screening. If there was insufficient detail present in the
study to allow complete data extraction and the study
was published within the previous 5 years, the corre-
sponding author was contacted in an attempt to acquire
the necessary data. If the study was published more than
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5 years ago or the author did not respond, then as much
data as possible were extracted from the study and miss-
ing data were noted.

Data items

DistillerSR [19] documented the researcher perform-
ing the extraction, the date of extraction, the unique
identifier for the article and the article citation. Related
to the characteristics of the study, the following data
were extracted: year of publication; type of document
(e.g., peer-reviewed article, report, dissertation); author
reported study design; year(s) data were collected; coun-
try or countries where study was performed; type of site
for data collection (e.g., hospital, community clinic); and
number of sites. The following data were extracted
related to the characteristics of the study participants:
underlying disease processes; definition of cases with
resistant (R) infections; number of cases with R infec-
tions; definition of cases with susceptible (S) infections
in comparator group; number of cases with S infections
in comparator group; details of R and S group selection;
mean age of R and S groups with measure of variability;
distribution of sex in R and S groups; source of samples;
type of infection; source/timing of participants’ infection
(community-onset (community-acquired and healthcare-
acquired) and hospital-onset); method used to summa-
rize co-morbidities; method used to summarize disease
severity; duration of follow-up; method for antimicrobial
susceptibility testing; and minimum inhibitory concen-
tration interpretive criteria used.

For all health and healthcare system burden outcomes,
data related to the statistical analysis methods, details of
adjustment for confounding, and any loss to follow-up
were extracted. For the three measures of mortality (all-
cause, 30-day, and bacterium-attributable), an adjusted
measure of association with measure of variability was
extracted from each manuscript. If an adjusted meas-
ure of association was not available, then a crude meas-
ure of association with measure of variability and/or raw
data were extracted. All-cause mortality included when a
patient died due to any cause with no restriction on the
length of follow-up. When the cause of death was con-
firmed to be due to the bacterial (E. coli) infection, with
no restriction on the length of follow-up, it was included
as bacterium-attributable mortality. The outcome was
extracted as 30-day mortality when the follow-up period
was 30-days after the culture was obtained and the death
was due to any cause. If a study reported 30-day mortal-
ity, those outcome data were also used for all-cause mor-
tality. In the literature, there is not a consistent definition
of treatment failure. Therefore, data related to the defi-
nition of treatment failure and associated raw data were
extracted. For both measures of LOS (total LOS and
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post-infection LOS), the mean difference (MD) or meas-
ure of central tendency (mean or median) with meas-
ure of variability were extracted (extraction of median
LOS was a deviation from the protocol). The total LOS
was the number of days in hospital from admission to
discharge. The post-infection LOS was the number of
days in hospital from collection of the positive sample
to discharge. In the literature, there is not a consistent
definition of healthcare system costs. Therefore, the data
extracted were a description of the components included,
the cost with measure of variability for the R and S
groups, and year and currency for the cost.

Risk of bias in individual studies

Prior to risk of bias assessment, the author-reported
study design for every study was verified or, if a study
design was not reported, it was established. This was
performed independently by two researchers and the
results were compared to ensure agreement. The risk
of bias assessment was performed separately for each
reported outcome in every study. The Cochrane tool for
Risk of Bias in Non-randomized Studies of Interventions
(ROBINS-I) modified for use with exposure studies was
used to assess risk of bias [20]. The five domains consid-
ered were: bias due to confounding; bias in selection of
participants into the study; bias in measurement of expo-
sures; bias due to missing data; and bias in measurement
of outcomes. Dependent on individual study design and
analysis, and the burden of disease measure, potentially
important confounders to consider could include co-
morbidities or severity of underlying disease measured at
least 48 h prior to infection, length of hospital stay prior
to infection, type of infection, source of bacteremia,
source/timing of infection, age and sex.

The options for risk of bias in each domain of bias were
low, moderate, serious, critical or no information. The
most severe level of risk of bias (closest to critical) in the
five domains determined the overall risk of bias for each
reported outcome in every study. The domain of bias
due to departures from intended intervention was not
assessed because it was not relevant in the context of
these exposure studies. In deviation from the protocol,
the domain of bias in selection of the reported results
was not assessed because none of the articles included
had a pre-registered protocol or available statistical plan.
Level of risk of bias was not used to determine eligibil-
ity for data synthesis.

Summary measures

The summary measure used for mortality was the odds
ration (OR) and for LOS measures was the MD. All sum-
mary measures were reported with a 95% confidence
interval (CI).
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Synthesis of results

The country’s income status according to the World Bank
Country Income Classification was determined for all
studies [21]. Data synthesis was performed separately for
studies assessing the impact of each of the three types
of AMR of interest. Each type of primary outcome was
synthesized separately. If outcome data for measures of
mortality were extracted as raw data, then a crude OR
and 95% CI was calculated to facilitate inclusion in the
meta-analysis. If there were at least two studies report-
ing the same measure of mortality, then a random effects
meta-analysis in R 3.6.2/RStudio 1.2.1335 with the pack-
age meta and function metagen was used to summa-
rize data by reporting a summary OR (sOR) [22-24]. If
the same measure of LOS was reported in at least two
studies, then a random-effects meta-analysis in R 3.6.2/
RStudio 1.2.1335 with the package meta and function
metacont was used to report a summary MD (sMD) [22—
24]. The inverse variance method and Hartung-Knapp
adjustment for random effects models were used. I* was
used to assess heterogeneity. If substantial to consider-
able heterogeneity was present (I*>50%), the summary
measure was not presented [25]. However, in deviation
from the protocol, one of our main outcomes had an 2
of 56.0% and the sOR was presented. The sOR was pre-
sented because it was a critical outcome and was slightly
above our arbitrary cut-off for I%. In general, due to the
small number of studies included in the meta-analyses,
I was prioritized over Cochrane’s Q for the assessment
of heterogeneity. If I>>50% with at least three stud-
ies and sufficient variation in the source of heterogene-
ity, then clinical and methodological heterogeneity were
explored using subgroup meta-analysis. Potentially rel-
evant sources of clinical heterogeneity included the type
of E. coli infection, mean age, proportion female, country
income status, and the type of comparator group (pansus-
ceptible vs. susceptible to the antimicrobial of interest).
Possibly relevant sources of methodological heterogene-
ity included level of bias due to confounding and overall
level of risk of bias. Forest plots were produced in R 3.6.2/
RStudio 1.2.1335 with the package meta and function for-
est to visualize the results of the meta-analyses [22—24]. A
narrative synthesis was used to summarize data for sec-
ondary outcomes and for primary outcomes when there
was only one article reporting the outcome, where calcu-
lation of a summary measure using meta-analysis was not
appropriate, or where subgroup meta-analysis was not
possible.

Risk of bias across studies

For each outcome synthesized using a meta-analysis with
least 10 studies included, publication bias/small study
effects were assessed using funnel plots produced in R
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3.6.2/RStudio 1.2.1335 with the package metaviz and
function viz_funnel [22, 23, 26].

Additional analyses

Where meta-analyses were performed at the outcome
level, the confidence in the cumulative evidence for
primary outcomes was assessed using the Grading of
Recommendations Assessment, Development, and Eval-
uation (GRADE) methodology [27, 28]. GRADE assess-
ment was performed collaboratively by two authors.
With GRADE, observational studies start at low level of
confidence [28]. The criteria evaluated which could result
in downgrading the quality of the evidence to very low
were risk of bias (based on previously described risk of
bias assessment), indirectness, inconsistency, publica-
tion bias, and imprecision [29-33]. The criteria evalu-
ated which could result in upgrading the quality of
evidence were large magnitude of effect, dose response
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and confounders likely minimized the effect [34]. The
threshold for evidence of a large magnitude of effect were
sOR>2 or sMD>5 days. GRADE summary of findings
tables were prepared using GRADEpro [35]. The baseline
risk was calculated from the overall risk in the antimicro-
bial susceptible group from the studies included in the
meta-analysis for each mortality outcome. Using GRA-
DEpro for each mortality outcome, the sOR from the
meta-analysis and calculated baseline risk were used to
estimate the risk difference, which was presented as the
absolute effect in the GRADE summary of findings table
[36].

Results

Study selection

After duplicates were removed, there were 14,759 records
for primary screening of the title and abstract (Fig. 1)
[12]. There were 14,216 records excluded during primary

)
c
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[
3
A A 4
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2
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) comparator=114; incorrect
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- analyses, with reasons (n =7:
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Fig. 1 PRISMA Flow Diagram demonstrating progression of articles through identification, screening and synthesis for systematic review
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screening, which included 13 records with full-text arti-
cles not published in English (5 published in Spanish; 3
in Chinese; 2 in Turkish; 1 in Korean; 1 in French; and
1 in German). These non-English articles were deemed
potentially relevant based on screening of their title and
abstract and would have proceeded to secondary screen-
ing if full-text was available in English. Secondary screen-
ing of full-text articles was performed on 543 articles and
76 articles that met the inclusion criteria were included
in the systematic review (Additional file 4). No additional
potentially relevant articles were identified when the
reference lists of the articles included in the systematic
review were reviewed.

Study characteristics

Methods of included study

Detailed individual study and participant characteristics
are available in Additional files 5 and 6. In the context of
the research question for this systematic review, the stud-
ies were all cohort study designs. Using the World Bank
Income Status classification, there were four studies per-
formed in lower-middle income countries (5.3%) [37-
40], eight studies from upper-middle income countries
(10.5%) [41-48], one multinational study that included
a combination of upper-middle and high income coun-
tries (1.3%) [49], and 63 studies from high income coun-
tries (82.9%). Included studies were performed in Europe,
Asia, North America, and Oceania. There were no stud-
ies from Africa or South America. All of the studies were
hospital or laboratory-based. The majority of studies (57,
75%) collected data from a single site, and 25% of studies
(19 studies) collected data from at least two sites, which
included 3 national studies [50-52], and 2 multi-national
studies [49, 53]. Most studies included patients with
both community-onset and hospital-onset E. coli infec-
tions (35 studies, 46.1%) or only community-onset E. coli
infection (19 studies, 25.0%). Five studies (6.6%) included
only hospital-onset E. coli infections [48, 53-56], and
17 studies (22.4%) did not report the timing of the E.
coli infections. Studies included different types of E. coli
infections, however, the majority of studies (46, 60.5%)
only included E. coli BSI.

Exposure and comparator

Of the 76 studies included, 96.1% provided outcome data
related to a single or two types of AMR of interest to
this review (69 studies and 4 studies [50, 57-59], respec-
tively), and 3.9% (3 studies) addressed all three types
of AMR of interest [41, 60, 61], There were 57 studies
(75.0%) that provided outcome data related to third-gen-
eration cephalosporin resistance, 21 studies (27.6%) that
provided outcome data related to quinolone resistance,
and 8 studies (10.5%) that provided multidrug resistant
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outcome data [39, 41, 45, 55, 60—63]. The total percent-
ages for types of AMR reported are more than 100% since
7 studies reported outcome data for two or three types
of resistance. Five of the MDR studies (62.5%) [45, 55,
61-63] defined MDR using the proposed standardized
definition from Magiorakos et al. in 2012 [16]. The other
three MDR studies defined MDR as an isolate that was
resistant to at least one antimicrobial in three or more
antimicrobial classes and one of these [60] was published
prior to the proposed standardized MDR definition [16].
The comparator group in all studies included patients
with E. coli infections that were susceptible to the defined
antimicrobial of interest; there were no studies with pan-
susceptible comparator groups.

Population

Studies that addressed third-generation cephalosporin
resistance included 6192 third-generation cephalo-
sporin-resistant E. coli infections out of a total of 42,543
third-generation cephalosporin-resistant and third-
generation cephalosporin-susceptible E. coli infections.
Studies that addressed quinolone resistance included
7556 quinolone-resistant E. coli infections out of a total
of 40,054 quinolone-resistant and quinolone-susceptible
E. coli infections. Studies that addressed MDR included
3171 multidrug-resistant E. coli infections out of a total
of 7632 multidrug-resistant and non-multidrug-resist-
ant E. coli infections. Most studies (48, 63.2%) did not
have selection criteria related to resistant and suscepti-
ble infections, instead they enrolled all patients with the
specified type of E. coli infection during the study period.
The second most common approach to selection used in
the studies was enrolment of all patients with resistant E.
coli infections during the study period and matching to
a given number of patients with susceptible E. coli infec-
tions (24, 31.2%). The criteria used for matching varied
between studies. Almost all of the studies either did not
have age restriction for sampling (43, 56.6%) or enrolled
adults and elderly patients (30, 39.5%). Both, the enrol-
ment criteria based on sex and the reporting of the sex
included varied between studies, and therefore it is dif-
ficult to provide a generalized statement regarding sex.

Outcomes

The studies included reported between one and four bur-
den of disease measures (outcomes). The most frequently
and consistently reported burden of disease measures
were all-cause mortality, followed by 30-day mortality
and treatment failure (Table 1). Bacterium-attributable
mortality, hospital costs and post-infection LOS were
reported least frequently and inconsistently (Table 1).
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Table 1 Number of studies in qualitative synthesis and meta-analysis for each burden of disease measure by AMR type

Burden of disease measure (outcome)

Number of studies in the qualitative synthesis

(number of studies included in the meta-analysis)

Third-generation cephalosporin Quinolone resistance Multidrug

resistance resistance
30-day mortality 23 (23) 9(8) 4(4)
All-cause mortality 51(51) 17 (16) 5(5)
Bacterial-attributable mortality 3(3) 0(0) 0(0)
Treatment failure 15 (n/a) 7 (n/a) 2 (n/a)
Total LOS 13(5) 403) 1(0)
Post-infection LOS 7(2) 0(0) 0(0)
Hospital costs 4 (n/a) 0 (n/a) 2 (n/a)

LOS, length of hospital stay; n/a, not applicable, meta-analysis not planned as per protocol; AMR, antimicrobial resistance

Risk of bias within studies

Summaries of the risk of bias analysis using ROBINS-I
for each combination of type of AMR and burden of dis-
ease outcome are available in Additional file 7. In gen-
eral, across all types of resistance and burden of disease
outcomes, moderate and serious were the most common
overall risk of bias levels assigned to the studies. The con-
founding domain of bias generally had the most influence
on the overall risk of bias level; it was the same level as
the overall risk of bias in 96.4% of study level assessments
(161/167).

Results of individual studies, synthesis of results,
risk of bias across studies, and additional analyses
30-day mortality

Third-generation cephalosporin resistance

Results related to 30-day mortality among third-gen-
eration cephalosporin-resistant E. coli infections were
reported in 23 studies and the detailed study-level results
are available in Additional file 8a [48-52, 56, 58—61, 64—
76]. Based on random effects meta-analysis of 23 studies,
patients with third-generation cephalosporin-resistant E.
coli infections had significantly increased odds of dying
within 30 days of the onset of their infection compared to
patients with third-generation cephalosporin-susceptible
E. coli infections (sOR 2.02, 95% CI 1.66-2.46, p <0.001;
Fig. 2). The results from the studies were relatively con-
sistent and there was moderate heterogeneity (I* 49.3%).
The funnel plot had evidence of publication bias/small
study effects because there was an absence of smaller
studies with null associations or associations less than
one (located in the lower left corner of the funnel plot;
Additional file 9). However, there were few small studies
in general. Due to the strong measure of association from
the meta-analysis, the confidence in the evidence was
moderate based on GRADE (Table 2).

Quinolone resistance

Results related to 30-day mortality among quinolone-
resistant E. coli infections were reported in nine stud-
ies and the detailed study-level results are available in
Additional file 8b [50, 54, 58—61, 77-79]. The results
from one study could not be included in the meta-anal-
ysis (details in Additional file 8b) [54]. Based on ran-
dom effects meta-analysis of eight studies, compared
to patients with quinolone-susceptible E. coli infections
those with quinolone-resistant E. coli infections had sig-
nificantly increased odds of dying within 30 days of the
onset of their infection (sOR 1.49, 95% CI 1.23-1.82,
p=0.002; Fig. 3). The results from the studies were rela-
tively consistent and there was moderate heterogeneity
(I 44.1%). The confidence in the evidence was low, based
on GRADE (Table 2).

Multidrug resistance

Results related to 30-day mortality and multidrug-resist-
ant E. coli infections were reported in four studies and
the detailed study-level results are available in Additional
file 8c [39, 45, 60, 61]. Based on random effects meta-
analysis of four studies, patients with multidrug-resistant
E. coli infections had significantly higher odds of dying
within 30 days of the onset of their infection compared
to patients with non-multidrug resistant E. coli infec-
tions (sOR 1.63, 95% CI 1.54-1.71, p<0.001; Additional
file 10). The results from the studies were very consistent
and there was no heterogeneity (I* 0.0%). GRADE assess-
ment revealed the confidence in the evidence was low
(Table 2).

All-cause mortality

Third-generation cephalosporin resistance

Results related to all-cause mortality and third-gener-
ation cephalosporin-resistant E. coli infections were
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Fig. 2 Forest plot of random-effects meta-analysis assessing impact of third-generation cephalosporin-resistant E. coli infections on 30-day
mortality

reported in 51 studies (Additional file 11a) and all of
the studies were included in the random effects meta-
analysis [37, 38, 42—44, 46, 48-53, 56—61, 64-76, 80—
99]. Based on the sOR, patients with third-generation
cephalosporin-resistant E. coli infections had signifi-
cantly higher odds of dying from any cause compared to
patients with third-generation cephalosporin-susceptible
E. coli infections (sOR 2.27, 95% CI 1.92-2.70, p<0.001;
Fig. 4). The results from the studies were relatively con-
sistent and there was moderate to substantial heteroge-
neity (I> 56.0%). Subgroup meta-analyses were unable
to determine a possible explanation for the moderate to
substantial heterogeneity. The possible sources that were
explored, but did not explain the heterogeneity, were the
type of E. coli infection, whether the study defined expo-
sure positive as ESBL E. coli or more broadly as third-
generation cephalosporin-resistant E. coli, the timing of
the E. coli infection, the number of sites included in the
study, the definition used for all-cause mortality, the level
of confounding bias in the study, and the overall risk of
bias in the study. The funnel plot was relatively symmetric

but there were few small studies in general (Additional
file 12). There were several small studies in the lower left
corner but an absence of small studies in the lower right
corner. The confidence in the evidence was moderate
with GRADE and this was due to the strong association
from the meta-analysis (Table 2).

Quinolone resistance

There were 17 studies that reported results related to
quinolone-resistant E. coli infections and all-cause mor-
tality and the detailed study-level results are available
in Additional file 11b [50, 54, 57-61, 77-79, 100-106].
One study could not be included in the meta-analysis
(details in Additional file 11b) [54]. Based on random
effects meta-analysis of 16 studies, compared to patients
with quinolone-susceptible E. coli infections those with
quinolone-resistant E. coli infections had significantly
higher odds of dying (sOR 1.72, 95% CI 1.40-2.12,
p<0.001; Fig. 5). The results from the studies were rela-
tively consistent and there was moderate heterogeneity
(I? 44.5%). There was evidence of publication bias/small
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Table 2 Summary of findings for mortality outcomes [35]
Burden of disease  Type Number Relative effect Absolute effect Risk Certainty Comment©
measure of antimicrobial of participants sOR(95%Cl)  difference (95% Cl) of the evidence
resistance (studies?) (GRADE)®
30-day mortality Third-generation 31,934 202 (1.66-246) 112 more deaths per @@®O Evidence to support
cephalosporin (23 studies) 1000 (from 76 to MODERATE upgrading due to
151 more) strong association
and no evidence
to support down-
grading
Quinolone 27,703 (8 studies)  1.49(1.23-1.82) 58 more deaths per @@ No evidence to sup-
1000 (from 28 to LOW port downgrading
93 more) or upgrading
MDR 6506 (4 studies) 163 (1.54-1.71) 96 more deaths per @D No evidence to sup-
1000 (from 83 to LOW port downgrading
106 more) or upgrading
All-cause mortality ~ Third-generation 40,623 (51 studies) 2.27 (1.92-2.70) 130 more deaths per @@ Evidence to support
cephalosporin 1000 (from 98 to MODERATE upgrading due to
166 more) strong association
and no evidence
to support down-
grading
Quinolone 31,324 (16 studies) 1.72(1.40-2.12) 82 more deaths per @@ No evidence to sup-
1000 (from 48 to LOW port downgrading
121 more)? or upgrading
MDR 6814 (5 studies) 163 (1.55-1.70) 92 more deaths per ~ @®CD No evidence to sup-
1000 (from 81 to LOW port downgrading
100 more) or upgrading
Bacterium-attributa- ~ Third-generation 327 (3 studies) 1.76 (0.84-3.70) 78 more deaths per ~ @D Downgraded
ble mortality cephalosporin 1000 (from 18 VERY LOW due to serious

Quinolone
MDR

fewer to 225 more)

inconsistency and

imprecision. No

evidence to sup-

port upgrading.
Not reported

Not reported

sOR, summary odds ratio

@ All studies were observational

b GRADE assessment began at low instead of high, since studies were observational
¢ Details of GRADE assessment available in Additional file 23

4 Raw data not available from one study and therefore did not contribute to calculation of baseline risk
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Fig. 3 Forest plot of random-effects meta-analysis assessing impact of quinolone-resistant E. coli infections on 30-day mortality
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Fig. 4 Forest plot of random-effects meta-analysis assessing impact of third-generation cephalosporin-resistant E. coli infections on all-cause
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Fig. 5 Forest plot of random-effects meta-analysis assessing impact of quinolone-resistant £. coli infections on all-cause mortality

study effects based on the funnel plot (Additional file 13).
There were few small studies overall and an absence of
small studies in the lower left corner of the funnel plot.
GRADE assessment revealed the confidence in the evi-
dence was low (Table 2).

Multidrug resistance

Results related to multidrug-resistant E. coli infections
and all-cause mortality were reported in five studies
and all five studies were included in the random effects
meta-analysis (Additional file 11c) [39, 45, 60—62]. Based
on random effects meta-analysis of five studies, patients
with multidrug-resistant E. coli infections had signifi-
cantly higher odds of dying compared to patients with
non-multidrug-resistant E. coli infections (sOR 1.63, 95%
CI 1.55-1.70, p<0.001; Additional file 14). The results
from the studies were very consistent and there was no
heterogeneity (I* 0.0%). The confidence in evidence was
low based on GRADE assessment (Table 2).

Bacterium-attributable mortality

Third-generation cephalosporin resistance

Results related to bacterium-attributable mortality and
third-generation cephalosporin-resistant E. coli infec-
tions were reported in three studies and the detailed
study-level results are available in Additional file 15 [44,
47, 93]. Random effects meta-analysis of three stud-
ies demonstrated a non-significant summary odds ratio

(sOR 1.76, 95% CI 0.84-3.70, p=0.082; Additional
file 16). The results from the studies were very consist-
ent and there was no heterogeneity (I> 0.0%). Due to
strong imprecision and inconsistency, the confidence in
the evidence was very low based on GRADE assessment
(Table 2).

Treatment failure

Third-generation cephalosporin resistance

Results related to treatment failure and third-genera-
tion cephalosporin resistance were reported in 15 stud-
ies and the detailed results are available in Additional
file 17a. Clinical treatment failure was reported in 14
studies [38, 40-42, 47, 51, 75, 81, 84, 93, 94, 107-109]
and microbiological treatment failure was reported
in 4 studies [40, 89, 93, 94]. The common elements
included in the definitions of clinical treatment fail-
ure included persistence of clinical signs, or absence
of improvement or resolution (9 studies [40-42, 51,
75, 84, 93, 107, 108]), requirement of a second antimi-
crobial prescription (5 studies [41, 75, 107-109]), and
discontinuation of peritoneal dialysis (2 studies [47,
81]). Death was explicitly included as clinical treat-
ment failure in seven studies [38, 47, 51, 75, 81, 84, 94],
and one study excluded deaths [42] (within 72 h) from
treatment failure analysis. The timeframes considered
for clinical treatment failure were variable. Seven stud-
ies assessed clinical treatment failure with 3-14 days
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after starting antimicrobial therapy [41, 42, 51, 75, 84,
107-109], three studies assessed it within 2—4 weeks
after completion of antimicrobial therapy [93, 94, 107],
and four studies did not provide a timeframe [38, 40,
47, 81]. Related to clinical treatment failure, eight stud-
ies reported a significant increase with third-generation
cephalosporin-resistant E. coli infections [41, 42, 75, 81,
84, 107-109], two studies reported a non-significant
increase with resistant infections [51, 93], two stud-
ies did not statistically test the difference between the
resistant and susceptible groups [38, 40] and two stud-
ies reported a non-significant increase with susceptible
infections [47, 94]. Microbiological treatment failure
definitions were based on bacterial growth on follow up
culture and the length of follow up ranged from 3 days
after starting antimicrobial therapy to 4 weeks after
completing antimicrobial therapy.

Quinolone resistance

Treatment failure results for quinolone resistance were
reported in seven studies (Additional file 17b). Clini-
cal treatment failure was reported in all 7 studies [41,
77,78, 104, 106, 110, 111] and one study also reported
microbiological treatment failure [110]. The definitions
used for clinical treatment failure included these com-
mon elements: persistence, worsening or recurrence of
clinical signs (6 studies [41, 77, 78, 104, 106, 110]), and
microbiological treatment failure (positive growth on
follow-up culture, studies [77, 78, 111]). The timeframe
for the assessment of clinical treatment failure varied
from 3 days to 30 days after starting antimicrobial ther-
apy to 10 days to 2 weeks after completing antimicro-
bial therapy. Related to clinical treatment failure, five
studies reported a significant increase with quinolone-
resistant E. coli infections [41, 77,78, 106, 111], and two
studies reported a non-significant increase with resist-
ant infections [104, 110]. The study that specifically
addressed microbiological treatment failure defined it
as, “identification of infection with a new pathogen or
persistence of the original pathogen from culture dur-
ing a follow-up visit” [110].

Multidrug resistance

Two studies reported results for treatment failure and
MDR (Additional file 17¢) [41, 62]. Both of the studies
reported clinical treatment failure. One study reported
a significant increase in clinical treatment failure with
multidrug-resistant E. coli infections [41], and one
study reported a non-significant increase with multid-
rug-resistant infections [62].
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Total length of hospital stay

Third-generation cephalosporin resistance

Results related to total LOS and third-generation ceph-
alosporin-resistant E. coli infections were reported
in 13 studies (Additional file 18a). However, only five
studies could be included in the meta-analysis; they
reported total LOS results as a mean with standard
deviation [40, 75, 89, 92, 95]. Eight studies could not
be included in the meta-analysis because they reported
total LOS using a median and interquartile range [74,
90, 94, 97, 99], or did not consistently report both a
measure of central tendency and variability [43, 88,
108]. The five included studies reported an increase in
the mean LOS in the third-generation cephalosporin-
resistant patients compared to third-generation cepha-
losporin-susceptible patients, and the mean difference
was significant in four of the five studies. The results
were not consistent between studies with the magni-
tude of the mean difference being considerably larger
in one of the studies (Additional file 19). The random
effects meta-analysis had considerable heterogeneity
and therefore the sMD is not reported (I> 97.0%). An
explanation for the considerable heterogeneity was not
discovered using subgroup meta-analysis. The possible
sources explored included type of infection, percent-
age of females in the study, World Bank income status
of the country, timing of infection, and number of sites
included in the study. Due to serious imprecision and
inconsistency, the confidence in the evidence was very
low with GRADE assessment (Table 3).

Quinolone resistance

Results related to total LOS and quinolone-resistant E.
coli infections were reported in four studies (Additional
file 18b) [54, 78, 106, 110]. Three studies provided the
data required for inclusion in the meta-analysis [78,
106, 110]. An increase in the mean LOS in the qui-
nolone-resistant patients compared to quinolone-sus-
ceptible patients was reported in all three studies, but
the mean difference was only significant in two of the
three studies. The magnitude of the mean difference
was larger in one of the studies compared to the other
two studies (Additional file 20). The random effects
meta-analysis had substantial to considerable heteroge-
neity so the sMD is not reported (I> 78.3%). Subgroup
meta-analysis did not provide insight into the reasons
for the substantial to considerable heterogeneity. The
percentage of females in the study, number of sites
included in the study, and level of confounding bias or
overall risk of bias were explored as possible sources of
heterogeneity. The confidence in the evidence based on
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Table 3 Summary of findings for length of hospital stay outcomes [35]
Burden of disease Type of antimicrobial Number Absolute effect, SsMD Certainty Comment©
measure resistance of participants (95% Cl) of the evidence
(studies?) (GRADE)®
Total LOS Third-generation cepha- 888 sMD not calculated due oD Downgraded due to seri-
losporin (5 studies) to considerable hetero-  VERY LOW ous inconsistency and
geneity imprecision
Quinolone 646 (8 studies) sMD not calculated due @G Downgraded due to seri-
to substantial to consid- VERY LOW ous inconsistency and
erable heterogeneity imprecision
MDR - - - Only reported in 1 study,
meta-analysis and
GRADE assessment not
performed
Post-infection LOS Third-generation cepha- 538 (2 studies) 7.16 days higher (2.76 oD Downgraded due to
losporin higherto 11.57 higher)  VERY LOW serious imprecision.
Evidence to support
upgrading outweighed
by evidence to support
downgrading.
Quinolone - - - Not reported
MDR - - - Not reported

LOS, length of hospital stay; sMD, summary mean difference

@ All studies were observational

b GRADE assessment began at low instead of high, since studies were observational
¢ Details of GRADE assessment available in Additional file 23

GRADE assessment was very low and this was due to
serious imprecision and inconsistency (Table 3).

Multidrug resistance

Only one study reported results for total LOS and mul-
tidrug-resistant E. coli infections (Additional file 18c)
[62]. The LOS results were reported as medians and
interquartile range (IQR) for each group and there was a
non-significant increase in the median LOS for the multi-
drug-resistant infection group.

Post-infection length of hospital stay

Third-generation cephalosporin resistance

Results related to third-generation cephalosporin-
resistant E. coli infections and post-infection LOS were

reported in 7 studies (Additional file 21). Two studies
provided the data required to be included in the meta-
analysis [68, 84]. Five studies could not be included in
the meta-analysis because they reported a median LOS
with interquartile range [49, 53, 112], or did not report
both a measure of central tendency and variability [42,
65]. Based on the sMD, patients with third-generation
cephalosporin-resistant E. coli infections had signifi-
cantly longer post-infection LOS compared to patients
with third-generation cephalosporin-susceptible E. coli
infections (sMD 7.16, 95% CI 2.76-11.57, p=0.031;
Fig. 6). The results from the two studies were consist-
ent and there was no heterogeneity (I* 0.0%). Due to
serious imprecision, the confidence in the evidence was
very low with GRADE assessment (Table 3).

Resistant
Total Mean

Susceptible

Study SD Total Mean SD

Hsieh CJ, 2010 (68) 19 21.00 27.10 385 13.10 13.00

Tumbarello M, 2010 (84) 37 20.00 17.00 97 13.00 9.00
Random effects model 56 482
Heterogeneity: >=0%

LOS (length of hospital stay, in days)

Mean Difference MD 95%-Cl Weight

7.90 [-4.35;20.15] 18.1%

7.00 [1.24;12.76] 81.9%

| IOI : 7.16 [ 2.76; 11.57] 100.0%
-5 0 5 10 15

Fig. 6 Forest plot of random-effects meta-analysis assessing impact of third-generation cephalosporin-resistant E. coli infections on post-infection
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Healthcare cost

Third-generation cephalosporin resistance

Results related to third-generation cephalosporin-resist-
ant E. coli infections and healthcare cost were reported
in 4 studies (Additional file 22a) [43, 75, 84, 112]. Total
cost of the episode was reported in all studies; however,
the definitions of total cost varied. In three studies, both
direct and indirect or other costs were mentioned [43,
84, 112]. Specific examples of the types of costs consid-
ered for inclusion in direct and indirect costs were listed
in two of the studies but varied between the two studies
[84, 112]. In one study, it was difficult to determine if the
cost of the episode included direct and indirect costs or
only direct costs [75]. Two studies reported median costs
with IQR [75, 112], one study reported median costs
with ranges [43], and one study reported mean costs
with standard deviations [84]. Euros were the currency
used in three studies [75, 84, 112], and the United States
dollar was used in one study [43]. The year used for the
currency was only reported in one study [84]. Related to
total cost: three studies reported a significant increase in
total costs when third-generation cephalosporin-resist-
ant E. coli infections were compared to third-generation
cephalosporin-susceptible E. coli infections; and one
study reported a non-significant increase in total costs
when third-generation cephalosporin-susceptible E. coli
infections were compared to third-generation cephalo-
sporin-resistant E. coli infections. In addition to total
cost, one study reported the sub-costs of the total cost of
hospitalization and cost of parenteral outpatient antimi-
crobial therapy [75], and one study reported the average
cost per day [112].

Multidrug resistance

Two studies reported results related to multidrug-resist-
ant E. coli infections and healthcare cost (Additional
file 22b) [55, 63]. Total cost was reported in both studies,
however, the definitions of total cost varied. In one study,
fixed and variable direct costs were mentioned with spe-
cific examples of the types of costs considered for inclu-
sion listed [63]. The definition provided in the other
study was not explicit [55]. One study reported mean
costs with standard deviations and median costs with
IQR [63], and the other study reported mean costs with-
out standard deviations [55]. The currency used in one
study was Euros [55], and the United States dollar was
used in the other study [63]. Both studies reported the
year used for the currency. One study reported a signifi-
cant increase in healthcare cost with multidrug-resistant
E. coli infections, and one study did not statistically test
the difference between the multidrug-resistant and non-
multidrug-resistant groups.
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Discussion

Summary of evidence

We conducted a systematic review and meta-analyses of
studies that assessed the impact of antimicrobial-resistant
E. coli infections compared to susceptible E. coli infec-
tions on measures of health or healthcare system burden.
Resistance to third-generation cephalosporins, resistance
to quinolones, and MDR were the types of resistance of
interest. The primary outcomes of interest used to assess
the health and healthcare system burden were measures
of mortality and LOS, respectively. Treatment failure and
healthcare costs were used as the secondary outcomes of
interest to assess the health and healthcare system bur-
den, respectively. Notably, based on the meta-analyses,
for 30-day and all-cause mortality, regardless of the type
of AMR, there were significantly higher odds of dying
with antimicrobial-resistant E. coli infections when com-
pared to susceptible infections. The strength of the asso-
ciation using a sOR was fairly consistent and ranged from
1.49 to 2.27 (95% CI, 1.23-1.82, 1.92-2.70, respectively).
These results translated into an estimate of the absolute
risk of mortality that ranged from 58 to 130 more peo-
ple per 1000 (95% CI, 28-93, 98-166, respectively) dying
due to resistant E. coli infections. There was substantial
to considerable heterogeneity when the results from the
total LOS studies were combined, and this precluded
presentation of a summary mean difference. Small num-
bers of studies contributed results for bacterium-attrib-
utable mortality and post-infection length of stay and
therefore, the summary results should be considered
with caution and the strength of the evidence was very
low. Across the studies, there was considerable variabil-
ity in definitions and reporting for treatment failure and
healthcare costs.

There was an increase in the volume of literature
included in the current systematic review (76 stud-
ies) compared to the 2014 WHO systematic review (34
studies) [1], which underscores the need for the current
systematic review. Compared to the WHO systematic
review, we added MDR as a type of resistance. However,
there were only six studies included that only addressed
MDR without an additional type of resistance, and, there-
fore, the inclusion of MDR was not the explanation for
the increased volume of literature in our review. All of
the articles included in the WHO systematic review
were based on data from high and upper-middle income
countries [1]. This is generally consistent with most
of the studies in our systematic review, however, 5.3%
of the articles (4/76) were performed in lower-middle
income countries. This is an improvement, but there is
still a need for more articles from lower-middle and low
income countries to allow global generalization. Another
factor that limits generalization of the findings is that
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there were no studies performed in countries in Africa or
South America. This is another gap in the literature that
deserves future research. Most of the studies included in
the current systematic review (75%) were based on data
from single centres, which limits their generalizability
when the studies are considered individually and not syn-
thesized in a systematic review. The most common type
of AMR reported was third-generation cephalosporin
resistance (57/76 articles) and this is consistent with the
WHO systematic review [1].

For all-cause and 30-day mortality, there was a signifi-
cant increase in mortality demonstrated with the meta-
analyses regardless of the type of AMR considered. The
summary measures from previous meta-analyses based
on combining smaller numbers of studies are consist-
ent with our results. In the WHO systematic review, the
associations between third-generation cephalosporin and
fluoroquinolone-resistant E. coli infections, and all-cause
and 30-day mortality resulted in summary risk ratios
(sRR) that ranged from 2.11 to 2.19 (95% CI 1.64-3.71,
1.78-2.68, respectively) [1]. Previous systematic reviews
that included all Enterobacteriacea BSI, and were not
restricted to E. coli BSI, also demonstrated a similar
impact of ESBL Enterobacteriacea on all-cause mortal-
ity, sRR 1.85 (95% CI 1.39-2.47) [113] and sOR 2.35 (95%
CI 1.90-2.91; sOR based on crude OR from the studies)
[114].

The mortality measure that would be the most inform-
ative regarding the impact of resistance is bacterium-
attributable mortality. However, there was a lack of
literature reporting that mortality measure with only
three studies for third-generation cephalosporin resist-
ance and none for quinolone resistance or MDR. It is
understandable why all-cause and 30-day mortality are
reported more commonly; it is difficult to fully attribute
the cause of the mortality to the bacterial infection when
the patients commonly have co-morbidities and the
assessment is often being performed based on medical
record review. Therefore, we are left with robust informa-
tion regarding all-cause and 30-day mortality but have to
consider that not all of the deaths are likely to be related
to the bacterial infection and/or AMR.

An issue highlighted with studies contributing to the
LOS analyses is that the distribution of the data needs
to be considered. The LOS results were commonly pre-
sented as either mean or median LOS for both the sus-
ceptible and resistant groups with the appropriate
measure of variability. We would need information on
the distribution of the data to determine which measure
of central tendency was appropriate and that is rarely
reported in published studies. Based on the lack of infor-
mation, we assumed that the studies reported the cor-
rect measure of central tendency for the distribution of
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the LOS data. All of the studies that reported LOS as a
median and IQR were excluded from the meta-analyses,
which greatly reduced the number of studies contributing
data to the meta-analyses. In the three LOS meta-analy-
ses performed, a total of only ten studies were included.
Another factor that led to several studies being excluded
from the meta-analyses was failure to consistently report
both a measure of central tendency and variability. Mini-
mal evidence demonstrating the impact that resistant E.
coli infections have on LOS was generated by the meta-
analyses in this systematic review. There was a significant
increase in the post-infection LOS with third-generation
cephalosporin-resistant infections, however, this sMD
was only based on two studies. The results of the meta-
analyses related to total LOS for both third-generation
cephalosporin resistance and quinolone resistance had
substantial to considerable heterogeneity; therefore, the
sMD were not presented. Measures of LOS are important
representations of the healthcare system burden [8] and
future research in this area is needed. The results of the
systematic review highlighted several areas where studies
with LOS outcomes could benefit from improved report-
ing, including: providing details on the distribution of the
LOS data to ensure that the appropriate data are being
combined in meta-analyses and consistently reporting
both the appropriate measure of central tendency and
associated measure of variability.

A narrative synthesis was planned and undertaken for
the treatment failure and healthcare costs outcomes due
to the anticipated substantial variability between study
methodologies. Evaluation of the definitions for treat-
ment failure and healthcare costs used in the studies con-
firmed the substantial variability and lack of standardized
definitions. Ideally, we would have standardized defini-
tions that are developed collaboratively by researchers
working in the area, and are adopted and utilized by both
researchers preparing manuscripts and publishers. Then,
meaningful comparisons between studies could be per-
formed, including meta-analyses. In the meantime, we
encourage authors to be explicit and fully define how they
have used treatment failure and healthcare costs in their
studies. It is also important that authors reliably report
the currency and year used for healthcare cost outcomes.
Consistent with the findings from previous systematic
reviews, studies addressing the impact of antimicrobial-
resistant E. coli infections on healthcare costs are lacking
[1,8].

Assessment of risk of bias is an important aspect of sys-
tematic reviews and it provides the end-user with critical
information on the strengths and limitations related to
bias of the studies included in the systematic review. The
domain of bias that had the largest impact on the level of
overall risk of bias was bias due to confounding, in which
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the studies failed to appropriately consider and manage
all of the potentially important confounders. Previous
review studies have been critical of the lack of appropri-
ate control of confounders and have demonstrated the
impact of both failure to adjust for confounders, and
inappropriately adjusting for intermediate variables when
they should not be included in the multivariable regres-
sion model (improperly considering an intervening varia-
ble as a confounder) [114, 115]. When crude and adjusted
measures of association were compared, the crude meas-
ures of association consistently demonstrated a stronger
strength of association than the adjusted measures of
association [114]. When measures of association were
compared with and without adjustment for intervening
variables, the measure of association with adjustment for
intervening variables demonstrated a weaker strength of
association compared to those without adjustment for
intervening variables [114, 115]. The intervening vari-
ables that are relevant to the relationship between resist-
ant E. coli infections and burden of disease outcomes are
inappropriate initial antimicrobial therapy, severity of
disease, and septic shock and severe sepsis [114, 115]. All
three of these intervening variables can be influenced by
the presence of resistant E. coli infections and lie on the
causal pathway between the resistant E. coli infections
and burden of disease outcomes; therefore, if interven-
ing variables are improperly considered as confounders,
the resulting measure of association will likely be biased
towards the null value [114, 115]. An important aspect
that is not routinely discussed when considering bias due
to confounding, is that appropriate control of confound-
ing can be achieved through restricting enrolment to one
level of a confounder and matching patients with resist-
ant and susceptible infections based on confounders, not
solely through analytical methods to control confound-
ing. Therefore, for each study included in a systematic
review, the intricacies of their study design and approach
to analysis need to be carefully considered during assess-
ment of bias due to confounding and other domains of
bias. During assessment of bias due to confounding for
studies in this systematic review, we identified the poten-
tially relevant confounders and assessed whether they
were appropriately controlled for using restricted enrol-
ment, matching or analytic methods. We also noted
if any intervening variables were controlled for, which
could bias the reported measure of association.

GRADE is an accepted method for characterizing the
confidence in the cumulative evidence, which is another
important feature of systematic reviews [27]. Due to the
observational nature of the study designs included in
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this systematic review, the assessment of quality of evi-
dence for each outcome begins at low. Interestingly, since
the completion of this systematic review, GRADE has
released guidance that if ROBINS-I is used for risk of bias
then the assessment of quality of evidence for each out-
come can begin at high [116]. They report that in most
cases whether an assessment of a body of evidence from
non-randomized studies begins at low or high ultimately
they will arrive at the same overall level due to issues with
risk of bias [116]. When we re-examined our GRADE
assessments following the new guidance, we arrived at
the same overall levels in each case. In the context of the
research question for this systematic review and many
research questions in public health, randomized con-
trolled trials are not performed for valid ethical reasons.
When observational study designs are the appropriate
and ethical study design, then it would be ideal to com-
pare the body of evidence to a well performed collection
of observational studies instead of a well performed col-
lection of randomized controlled trials. However, since
evidence from randomized controlled trials is common
in other areas of healthcare research, it is not realistic or
reasonable to detach observational studies from compari-
son to randomized controlled trials [116]. Confusion and
communication issues may be created when the quality
of evidence for outcomes are overwhelmingly or entirely
low and very low, such as in this systematic review and
the WHO systematic review [1]. Therefore, continued
consideration and guidance from the GRADE working
group on the value of evidence from observational stud-
ies and how to effectively communicate the confidence
in evidence from observational studies is needed. In the
future, we encourage researchers to design individual
observational studies rigorously with particular attention
to minimizing selection and confounding bias because
this will help to increase the level of the quality of evi-
dence for systematic reviews based on data from obser-
vational studies.

Limitations

There were some limitations both at the study and sys-
tematic review level. We did have some deviations from
the protocol. They were all minor changes, which were
clearly documented in the final systematic review. As
previously noted, the domain of bias that was the most
problematic for the studies included was bias due to con-
founding and this limitation was conveyed in the sum-
mary of the risk of bias assessments. Unfortunately, a
number of studies with LOS data could not be included
in the associated meta-analyses because they did not



MacKinnon et al. Antimicrob Resist Infect Control (2020) 9:200

report the LOS data using a mean and standard devia-
tion. As a result, our LOS meta-analyses were based on
fewer studies and had high heterogeneity and decreased
precision. We only had three meta-analyses that com-
bined more than ten studies (among a total of ten meta-
analyses performed) and therefore, allowed assessment
of publication bias/small study effects using funnel plots.
For the three meta-analyses where funnel plots were con-
structed, there was some evidence of publication bias/
small study effects, but there was a general lack of stud-
ies with small sample sizes. The global generalizability of
the results from our systematic review is limited because
there were no studies from Africa or South America, and
none from low income countries.

Conclusions

Using rigorous systematic review methodology, this
manuscript comprehensively synthesized the literature
evaluating the impact of select antimicrobial-resistant
E. coli infections on measures of health and healthcare
system burden. All of the meta-analyses for 30-day and
all-cause mortality were fairly consistent and, regard-
less of the type of AMR considered (third-generation
cephalosporin, quinolone or MDR), there was a sig-
nificant increase in the odds of dying when patients had
antimicrobial-resistant E. coli infections compared to
susceptible infections. Of particular public health impor-
tance, it was estimated that an extra 58 to 130 people per
1000 (95% CI, 28-93, 98—166, respectively) die because
they have resistant E. coli infections. There is a need for
future E. coli infection research addressing the impact of
AMR on bacterium-attributable mortality, post-infection
LOS, total LOS, and hospital costs. Evaluation of the
studies that contributed data for the treatment failure
and healthcare costs outcomes revealed a lack of con-
sistency in the definitions used and highlighted oppor-
tunities for development of standardized collaborative
definitions. In order to facilitate quantitative synthesis
of results, and, therefore, more definitive statements on
the impact antimicrobial-resistant E. coli infections on
measures of health and healthcare system burden beyond
30-day and all-cause mortality, we challenge researchers
to improve reporting of their studies. By using the appro-
priate reporting guideline for their study design such as
STROBE (Strengthening the Reporting of Observational
Studies in Epidemiology) [117], the data necessary to
support risk of bias assessment and meta-analysis will
be present in their studies. This systematic review pro-
vides important evidence of the impact of resistant E. coli
infections on mortality, and highlights areas that could
benefit from future research, standardized collaborative
definitions, and improved reporting.

Page 18 of 22

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513756-020-00863-x.

Additional file 1: A protocol for a systematic review and meta-analysis
of the health and healthcare system burden due to human Escherichia
coli infections resistant to third/fourth/fifth generation cephalosporins or
quinolones, or with multidrug resistance (Signed and timestamped)

Additional file 2: Ovid MEDLINE® search strategy for systematic review
evaluating burden of disease in antimicrobial-resistant £. coli infections

Additional file 3: Screening questions using for the systematic review

Additional file 4: Reference list for studies that met inclusion criteria and
were included in the systematic review

Additional file 5: Characteristics of the studies and participants included
in the systematic review

Additional file 6: Characteristics of E. coli infections in studies included in
the systematic review

Additional file 7: Summaries of risk of bias for studies assessing specified
burden of disease measure and type of antimicrobial resistance

Additional file 8: Results for 30-day mortality and the type of antimicro-
bial resistance of interest for the systematic review

Additional file 9: Funnel plot of the results from the random-effects
meta-analysis assessing the impact of third-generation cephalosporin-
resistant E. coli infections on 30-day mortality

Additional file 10: Forest plot for the random-effects meta-analysis
assessing the impacts of MDR E. coli infections on 30-day mortality

Additional file 11: Results for all-cause mortality and the type of antimi-
crobial resistance of interest for the systematic review

Additional file 12: Funnel plot of the results from the random-effects
meta-analysis assessing the impact of third-generation cephalosporin-
resistant E. coli infections on all-cause mortality

Additional file 13: Funnel plot of the results from the random-effects
meta-analysis assessing the impact of quinolone-resistant E. coli infections
on all-cause mortality

Additional file 14: Forest plot for the random-effects meta-analysis
assessing the impacts of MDR E. coli infections on all-cause mortality

Additional file 15: Results for bacterium-attributable mortality and third-
generation cephalosporin-resistant E. coli infections for the systematic
review

Additional file 16: Forest plot for the random-effects meta-analysis
assessing the impacts of third-generation cephalosporin-resistant £. coli
infections on bacterium-attributable mortality

Additional file 17: Results for treatment failure and the type of antimicro-
bial resistance of interest for the systematic review

Additional file 18: Results for total length of hospital stay and the type of
antimicrobial resistance of interest for the systematic review

Additional file 19: Forest plot for the random-effects meta-analysis
assessing the impacts of third-generation cephalosporin-resistant E. coli
infections on total length of hospital stay

Additional file 20: Forest plot for the random-effects meta-analysis
assessing the impacts of quinolone-resistant £. coli infections on total
length of hospital stay

Additional file 21: Results for post-infection length of hospital stay and
third-generation cephalosporin-resistant £. coli infections for the system-
atic review

Additional file 22: Results for healthcare costs and the type of antimicro-
bial resistance of interest for the systematic review

Additional file 23: Detailed results of GRADE assessment of primary

outcome for the systematic review



https://doi.org/10.1186/s13756-020-00863-x
https://doi.org/10.1186/s13756-020-00863-x

MacKinnon et al. Antimicrob Resist Infect Control (2020) 9:200

Abbreviations

AMR: Antimicrobial resistance; BSI: Bloodstream infection; CDC: Center for
Disease Control and Prevention; Cl: Confidence interval; DALYs: Disability-
adjusted life years; ECDC: European Centre for Disease Prevention and Control;
EMA: European Medicines Agency; ESBL: Extended spectrum f-lactamases;
GRADE: Grading of Recommendations Assessment, Development and
Evaluation; IQR: Interquartile range; LOS: Length of hospital stay; MD: Mean
difference; MeSH: Medical subject headings; MDR: Multidrug resistance; OR:
Odds ratio; PHAC: Public Health Agency of Canada; PRISMA: Preferred Report-
ing Items for Systematic Reviews and Meta-analyses; PROSPERO: International
Prospective Register of Systematic Reviews; QALYs: Quality-adjusted life years;
R: Resistant; ROBINS-I: Risk of Bias in Non-randomized Studies of Interventions;
S: Susceptible; SMD: Summary mean difference; SOR: Summary odds ratio; sRR:
Summary risk ratio; WHO: World Health Organization.

Acknowledgements

The authors would like to acknowledge Ali Versluis and Lucia Costanzo
(University of Guelph Librarians) for their input during the development of
the search strategy. The authors are grateful to Kathryn L. McDonald for her
assistance with article screening and data extraction.

Authors’ contributions

MCM: co-ordinated completion of the systematic review; conceptualized

and designed the systematic review protocol; completed the literature
searches; performed the screening, data extraction, risk of bias assessment,
meta-analyses and GRADE assessment; drafted and edited the manuscript.
SAM: provided content expertise for the systematic review; contributed to the
systematic review protocol; completed risk of bias assessment; provided edits
for the manuscript. JMS: provided methodologic expertise for the systematic
review; contributed to the systematic review protocol; provided consensus as
required during screening and data extraction; provided edits for the manu-
script. DLP, RJRS, CAC, and EJP: provided content expertise for the systematic
review; contributed to the systematic review protocol; provided edits for the
manuscript. All authors read and approved the final manuscript.

Funding

MCM'’s PhD program is supported by a Banting and Charles Best Canadian
Graduate Scholarship Doctoral Award from the Canadian Institutes of Health
Research, a Brock Doctoral Scholarship from the University of Guelph, an
OVC Scholarship from the Ontario Veterinary College (OVC) at the University
of Guelph and funding from the Genome Research Development Initiative
through the Government of Canada. The funding organizations were not
involved in any stage of the systematic review.

Availability of data and materials
All data generated and analysed during this study are included in this pub-
lished article or its' supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

SAM: reports contracts from Health Canada, Public Health Agency of Canada
and Ontario Ministry of Agriculture, Food and Rural Affairs, all outside the
scope of the submitted work. All other authors declare that they have no
competing interests.

Author details

! Department of Population Medicine, University of Guelph, Guelph, ON,
Canada. ? Food-Borne Disease and Antimicrobial Resistance Surveillance Divi-
sion, Centre of Food-borne Environmental and Zoonotic Infectious Diseases,
Public Health Agency of Canada, Guelph, ON, Canada. * Centre for Public
Health and Zoonoses, University of Guelph, Guelph, ON, Canada.

Received: 28 April 2020 Accepted: 24 November 2020
Published online: 10 December 2020

17.
18.
19.

Page 19 of 22

References
1.

World Health Organization. Antimicrobial Resistance: Global Report
on Surveillance. France 2014. https://apps.who.int/iris/bitstream/
handle/10665/112642/9789241564748_eng.pdf;jsessionid=5F0C8
940E15B88912F38DB2241A97A9%4?sequence=1. Accessed 21 Jan
2018.

Gandra S, Barter DM, Laxminarayan R. Economic burden of antibiotic
resistance: how much do we really know? Clin Microbiol Infect.
2014;20(10):973-80.

O'Neill J. Review on Antimicrobial Resistance. Antimicrobial Resist-
ance: Tackling a crisis for the health and wealth of nations. 2014.
https://amr-review.org/sites/default/files/AMR%20Review%20Pap
er%20-%20Tackling%20a%20crisis%20for%20the%20health%20and
%20wealth%200f%20nations_1.pdf. Accessed 29 Jun 2018.
Skogberg K, Lyytikainen O, Oligren J, Nuorti JP, Ruutu P. Population-
based burden of bloodstream infections in Finland. Clin Microbiol
Infect. 2012;18(6):E170-6.

Nielsen SL, Pedersen C, Jensen TG, Gradel KO, Kolmos HJ, Lassen AT.
Decreasing incidence rates of bacteremia: a 9-year population-based
study. J Infect. 2014;69(1):51-9.

World Health Organization. Critically important antimicrobials for
human medicine, 6th revision. Switzerland 2019. https://apps.who.
int/iris/bitstream/handle/10665/312266/9789241515528-eng.pdf.
Accessed 13 Sep 2019.

Ramirez-Castillo FY, Moreno-Flores AC, Avelar-Gonzalez FJ, Marquez-
Diaz F, Harel J, Guerrero-Barrera AL. An evaluation of multidrug-resist-
ant Escherichia coli isolates in urinary tract infections from Aguascali-
entes, Mexico: cross-sectional study. Ann Clin Microbiol Antimicrob.
2018;17(1):34.

Naylor NR, Atun R, Zhu N, Kulasabanathan K, Silva S, Chatterjee A,

et al. Estimating the burden of antimicrobial resistance: a systematic
literature review. Antimicrob Resist Infect Control. 2018;7:58.

Gold MR, Stevenson D, Fryback DG. HALYS and QALYS and DALYS, Oh
My: similarities and differences in summary measures of population
Health. Annu Rev Public Health. 2002;23:115-34.

Cassini A, Hogberg LD, Plachouras D, Quattrocchi A, Hoxha A, Simon-
sen GS, et al. Attributable deaths and disability-adjusted life-years
caused by infections with antibiotic-resistant bacteria in the EU and
the European Economic Area in 2015: a population-level modelling
analysis. Lancet Infect Dis. 2019;19(1):56-66.

MacKinnon MC, Sargeant JM, Pearl DL, Reid-Smith RJ, Carson CA, Par-
mley EJ, et al. A protocol for a systematic review and meta-analysis of
the health and healthcare system burden due to human Escherichia
coli infections resistant to third/fourth/fifth generation cephalospor-
ins or quinolones, or with multidrug resistance. CRD42018111197
PROSPERO. 2018. https://www.crd.york.ac.uk/prospero/display_recor
d.php?RecordiD=111197.

Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement.
PLoS Med. 2009;6(7):e1000097.

Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, loannidis

JP, et al. The PRISMA statement for reporting systematic reviews and
meta-analyses of studies that evaluate healthcare interventions:
explanation and elaboration. BMJ. 2009;339:62700.

Dohoo IR, Stryhn H, Martin SW. Veterinary Epidemiologic Research,
2nd ed.: VER Inc,; 2012.

World Health Organization. Critically important antimicrobials for
human medicine, 5th revision. Switzerland 2017. https://apps.who.
int/iris/bitstream/handle/10665/255027/9789241512220-eng.
pdf?sequence=1. Accessed 20 Jun 2018.

Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME,

Giske CG, et al. Multidrug-resistant, extensively drug-resistant and
pandrug-resistant bacteria: an international expert proposal for
interim standard definitions for acquired resistance. Clin Microbiol
Infect. 2012;18(3):268-81.

Clarivate Anaytics. EndNote X7.2016.

Clarivate Analytics. EndNote X9. 2018.

Evidence Partners. DistillerSR. Ottawa, Canada.


https://apps.who.int/iris/bitstream/handle/10665/112642/9789241564748_eng.pdf%3bjsessionid%3d5F0C8940E15B88912F38DB2241A97A94%3fsequence%3d1
https://apps.who.int/iris/bitstream/handle/10665/112642/9789241564748_eng.pdf%3bjsessionid%3d5F0C8940E15B88912F38DB2241A97A94%3fsequence%3d1
https://apps.who.int/iris/bitstream/handle/10665/112642/9789241564748_eng.pdf%3bjsessionid%3d5F0C8940E15B88912F38DB2241A97A94%3fsequence%3d1
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://apps.who.int/iris/bitstream/handle/10665/312266/9789241515528-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/312266/9789241515528-eng.pdf
https://www.crd.york.ac.uk/prospero/display_record.php%3fRecordID%3d111197
https://www.crd.york.ac.uk/prospero/display_record.php%3fRecordID%3d111197
https://apps.who.int/iris/bitstream/handle/10665/255027/9789241512220-eng.pdf%3fsequence%3d1
https://apps.who.int/iris/bitstream/handle/10665/255027/9789241512220-eng.pdf%3fsequence%3d1
https://apps.who.int/iris/bitstream/handle/10665/255027/9789241512220-eng.pdf%3fsequence%3d1

MacKinnon et al. Antimicrob Resist Infect Control

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

(2020) 9:200

Sterne JA, Hernan MA, Reeves BC, Savovic J, Berkman ND, Viswanathan
M, et al. ROBINS-I: a tool for assessing risk of bias in non-randomised
studies of interventions. BMJ. 2016;355:14919.

. The World Bank. World Bank Country and Lending Groups: Classification

2018 https://apps.who.int/iris/bitstream/handle/10665/255027/97892
41512220-eng.pdf?sequence=1. Accessed 20 Jun 2018.

R Core Team. R: A language and environment for statistical computing.
R Foundation for Statistical Computing. Vienna, Austria: R Foundation
for Statistical Computing; 2019.

RStudio Team. RStudio: Integrated Development for R. RStudio, Inc.
Boston, MA2018.

Balduzzi S, Rucker G, Schwarzer G. How to perform a meta-analysis with
R: a practical tutorial. Evid Based Ment Health. 2019;22(4):153-60.
Deeks JJ, Higgins JPT, Altman DG, (editors). Analysing data and under-
taking meta-analyses. 2019. In: Cochrane handbook for systematic
reviews of interventions version 60 (updated July 2019) Cochrane.
www.training.cochrane.org/handbook.

Kossmeier M, Tran US, Voracek M. metaviz: Forest Plots, Funnel Plots,
and Visual Funnel Plot Inference for Meta-Analysis. R package version
0.3.0.2019.

Guyatt G, Oxman AD, Akl EA, Kunz R, Vist G, Brozek J, et al. GRADE
guidelines: 1. Introduction-GRADE evidence profiles and summary of
findings tables. J Clin Epidemiol. 2011;64(4):383-94.

Balshem H, Helfand M, Schunemann HJ, Oxman AD, Kunz R, Brozek J,
et al. GRADE guidelines: 3. Rating the quality of evidence. J Clin Epide-
miol. 2011;64(4):401-6.

Guyatt GH, Oxman AD, Vist G, Kunz R, Brozek J, Alonso-Coello P, et al.
GRADE guidelines: 4. Rating the quality of evidence-study limitations
(risk of bias). J Clin Epidemiol. 2011,64(4):407-15.

Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al.
GRADE guidelines: 8. Rating the quality of evidence-indirectness. J Clin
Epidemiol. 2011;64(12):1303-10.

Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al.
GRADE guidelines: 7. Rating the quality of evidence-inconsistency. J
Clin Epidemiol. 2011,64(12):1294-302.

Guyatt GH, Oxman AD, MontoriV, Vist G, Kunz R, Brozek J, et al. GRADE
guidelines: 5. Rating the quality of evidence-publication bias. J Clin
Epidemiol. 2011;64(12):1277-82.

Guyatt GH, Oxman AD, Kunz R, Brozek J, Alonso-Coello P, Rind D, et al.
GRADE guidelines 6. Rating the quality of evidence-imprecision. J Clin
Epidemiol. 2011;64(12):1283-93.

Guyatt GH, Oxman AD, Sultan S, Glasziou P, Akl EA, Alonso-Coello P,

et al. GRADE guidelines: 9. Rating up the quality of evidence. J Clin
Epidemiol. 2011;64(12):1311-6.

Evidence Prime Inc. GRADEpro GDT: GRADEpro Guideline Development
Tool. McMaster University; 2015. https://gradepro.org/. Accessed 20 Oct
2019.

Guyatt GH, Oxman AD, Santesso N, Helfand M, Vist G, Kunz R, et al.
GRADE guidelines: 12. Preparing summary of findings tables-binary
outcomes. J Clin Epidemiol. 2013;66(2):158-72.

Alvarez-Uria G, Priyadarshini U, Naik PK, Midde M, Reddy R. Mortality
associated with community-acquired cephalosporin-resistant Escheri-
chia coli in patients admitted to a district hospital in a resource-limited
setting. Clin Pract. 2012,2(3):e76.

Chakraborty A, Adhikari P, Shenoy S, Baliga S, Rao S, Dhanashree B.
Extra-intestinal beta-lactamase producing Escherichia coli infection-an
emerging infection in a South Indian tertiary care hospital. J Clin Diagn
Res. 2012;6(7 SUPPL.):1210-4.

Parveen A, Sultan F, Raza A, Zafar W, Nizamuddin S, Mahboob A, et al.
Bacteraemia caused by Escherichia coli in cancer patients at a specialist
center in Pakistan. J Pak Med Assoc. 2015;65(12):1271-6.

Chauhan S. Evaluation of risk factors and clinical outcome related to
ESBL-producing E. coli infection among hospitalized patients. IOSR-
JDMS. 2015;14(6):100-4.

Can F, Azap OK, Seref C, Ispir P, Arslan H, Ergonul O. Emerging Escheri-
chia coli O25b/ST131 clone predicts treatment failure in urinary tract
infections. Clin Infect Dis. 2015;60(4):523-7.

Anunnatsiri S, Towiwat P, Chaimanee P. Risk factors and clinical
outcomes of extended spectrum beta-lactamase (ESBL)-producing
Escherichia coli septicemia at Srinagarind University Hospital, Thailand.
Southeast Asian J Trop Med Public Health. 2012;43(5):1169-77.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 20 of 22

Apisarnthanarak A, Kiratisin P, Saifon P, Kitphati R, Dejsirilert S, Mundy
LM. Predictors of mortality among patients with community-onset
infection due to extended-spectrum beta-lactamase-producing Escher-
ichia coli in Thailand. Infect Control Hosp Epidemiol. 2008;29(1):80-2.
Cornejo-Juarez P, Perez-Jimenez C, Silva-Sanchez J, Velazquez-Acosta C,
Gonzalez-Lara F, Reyna-Flores F, et al. Molecular analysis and risk factors
for Escherichia coli producing extended-spectrum beta-lactamase
bloodstream infection in hematological malignancies. PLoS ONE.
2012;7(4):235780.

Lim C, Takahashi E, Hongsuwan M, Wuthiekanun V, Thamlikitkul V, Hin-
joy S, et al. Epidemiology and burden of multidrug-resistant bacterial
infection in a developing country. elife. 2016;5(09):e18082.

Kaya O, Akcam FZ, Gonen |, Unal O, Ceylan T. Risk factors for bacteremia
due to extended-spectrum beta-lactamase-producing Escherichia coli
in a Turkish hospital. J Infect Dev Ctries. 2013;7(7):507-12.

Feng XR, Yang X, Yi CY, Guo QY, Mao HP, Jiang ZP, et al. Escherichia coli
peritonitis in peritoneal dialysis: the prevalence, antibiotic resistance
and clinical outcomes in a south China dialysis center. Perit Dial Int.
2014;34(3):308-16.

Ma J, Li N, Liu YJ, Wang C, Liu XY, Chen SM, et al. Antimicrobial resistance
patterns, clinical features, and risk factors for septic shock and death of
nosocomial E. coli bacteremia in adult patients with hematological dis-
ease: a monocenter retrospective study in China. Medicine (Baltimore).
2017,96(21):E6959.

de Kraker ME, Wolkewitz M, Davey PG, Koller W, Berger J, Nagler J, et al.
Burden of antimicrobial resistance in European hospitals: excess mortal-
ity and length of hospital stay associated with bloodstream infections
due to Escherichia coli resistant to third-generation cephalosporins. J
Antimicrob Chemother. 2011,66(2):398-407.

Abernethy JK, Johnson AP, Guy R, Hinton N, Sheridan EA, Hope RJ. Thirty
day all-cause mortality in patients with Escherichia coli bacteraemia in
England. Clin Microbiol Infect. 2015;21(3):251.e1-8.

Kang Cl, Song JH, Chung DR, Peck KR, Ko KS, Yeom JS, et al. Risk factors
and treatment outcomes of community-onset bacteraemia caused by
extended-spectrum beta-lactamase-producing Escherichia coli. Int J
Antimicrob Agents. 2010;36(3):284-7.

Kang Cl, Chung DR, Ko KS, Peck KR, Song JH, Korean Network for the
Study of Infectious Diseases. Risk factors for mortality and impact of
broad-spectrum cephalosporin resistance on outcome in bacteraemic
intra-abdominal infections caused by Gram-negative bacilli. Scand J
Infect Dis. 2011;43(3):202-8.

Lambert ML, Suetens C, Savey A, Palomar M, Hiesmayr M, Morales |,

et al. Clinical outcomes of health-care-associated infections and antimi-
crobial resistance in patients admitted to European intensive-care units:
a cohort study. Lancet Infect Dis. 2011;11(1):30-8.

Huotari K, Tarkka E, Valtonen V, Kolho E. Incidence and risk factors for
nosocomial infections caused by fluoroquinolone-resistant Escherichia
coli. Eur J Clin Microbiol Infect Dis. 2003;22(8):492-5.

Riu M, Chiarello P, Terradas R, Sala M, Garcia-Alzorriz E, Castells X, et al.
Cost attributable to nosocomial bacteremia. Analysis according to
microorganism and antimicrobial sensitivity in a university hospital in
Barcelona. PLoS ONE. 2016;11(4):e0153076.

Martelius T, Jalava J, Karki T, Mottonen T, Ollgren J, Lyytikainen O, et al.
Nosocomial bloodstream infections caused by Escherichia coli and
Klebsiella pneumoniae resistant to third-generation cephalosporins,
Finland, 1999-2013: trends, patient characteristics and mortality. Infect
Dis (Lond). 2016;48(3):229-34.

Peralta G, Sanchez MB, Garrido JC, De Benito |, Cano ME, Martinez-Mar-
tinez L, et al. Impact of antibiotic resistance and of adequate empirical
antibiotic treatment in the prognosis of patients with Escherichia coli
bacteraemia. J Antimicrob Chemother. 2007;60(4):855-63.

Ortega M, Marco F, Soriano A, Almela M, Martinez JA, Munoz A, et al.
Analysis of 4758 Escherichia coli bacteraemia episodes: predictive fac-
tors for isolation of an antibiotic-resistant strain and their impact on the
outcome. J Antimicrob Chemother. 2009;63(3):568-74.

Trecarichi EM, Tumbarello M, Spanu T, Caira M, Fianchi L, Chiusolo P,

et al. Incidence and clinical impact of extended-spectrum-beta-lacta-
mase (ESBL) production and fluoroquinolone resistance in bloodstream
infections caused by Escherichia coli in patients with hematological
malignancies. J Infect. 2009;58(4):299-307.


https://apps.who.int/iris/bitstream/handle/10665/255027/9789241512220-eng.pdf%3fsequence%3d1
https://apps.who.int/iris/bitstream/handle/10665/255027/9789241512220-eng.pdf%3fsequence%3d1
http://www.training.cochrane.org/handbook
https://gradepro.org/

MacKinnon et al. Antimicrob Resist Infect Control

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

(2020) 9:200

Cheong HS, Kang Cl, Kwon KT, Heo ST, Wi YM, Kim ES, et al. Clinical
significance of healthcare-associated infections in community-

onset Escherichia coli bacteraemia. J Antimicrob Chemother.
2007,60(6):1355-60.

Yoon EJ, Choi MH, Park YS, Lee HS, Kim D, Lee H, et al. Impact of
host-pathogen-treatment tripartite components on early mortality

of patients with Escherichia coli bloodstream infection: prospective
observational study. EBioMedicine. 2018;35:76-86.

Uzodi AS, Lohse CM, Banerjee R. Risk factors for and outcomes of
multidrug-resistant Escherichia coli infections in children. Infect Dis Ther.
2017,6(2):245-57.

Thaden JT, Li YH, Ruffin F, Maskarinec SA, Hill-Rorie JM, Wanda LC,

et al. Increased costs associated with bloodstream infections caused
by multidrug-resistant gram-negative bacteria are due primarily to
patients with hospital-acquired infections. Antimicrob Agents Chem-
other. 2017;61(3):e01709-16.

Ho PL, Chan WM, Tsang KWT, Wong SSY, Young K. Bacteremia caused
by Escherichia coli producing extended-spectrum beta-lactamase: a
case-control study of risk factors and outcomes. Scand J Infect Dis.
2002;34(8):567-73.

Melzer M, Petersen I. Mortality following bacteraemic infection caused
by extended spectrum beta-lactamase (ESBL) producing E. coli com-
pared to non-ESBL producing E. coli. J Infect. 2007;55(3):254-9.

Pena C, Gudiol C, Calatayud L, Tubau F, Dominguez MA, Pujol M, et al.
Infections due to Escherichia coli producing extended-spectrum beta-
lactamase among hospitalised patients: factors influencing mortality. J
Hosp Infect. 2008;68(2):116-22.

Gudiol C, Calatayud L, Garcia-Vidal C, Lora-Tamayo J, Cisnal M, Duarte R,
et al. Bacteraemia due to extended-spectrum beta-lactamase-produc-
ing Escherichia coli (ESBL-EC) in cancer patients: clinical features, risk fac-
tors, molecular epidemiology and outcome. J Antimicrob Chemother.
2010;65(2):333-41.

Hsieh CJ, Shen YH, Hwang KP. Clinical implications, risk factors and
mortality following community-onset bacteremia caused by extended-
spectrum beta-lactamase (ESBL) and non-ESBL producing Escherichia
coli. ) Microbiol Immunol Infect. 2010;43(3):240-8.

Park SH, Choi SM, Lee DG, Kim J, Choi JH, Kim SH, et al. Emergence of
extended-spectrum beta-lactamase-producing Escherichia coli as a
cause of community-onset bacteremia in South Korea: Risk factors and
clinical outcomes. Microb Drug Resist. 2011;17(4):537-44.

Freeman JT, McBride SJ, Nisbet MS, Gamble GD, Williamson DA, Taylor
SL, et al. Bloodstream infection with extended-spectrum beta-lacta-
mase-producing Enterobacteriaceae at a tertiary care hospital in New
Zealand: risk factors and outcomes. Int J Infect Dis. 2012;16(5):e371-4.
Kang Cl, Wi YM, Lee MY, Ko KS, Chung DR, Peck KR, et al. Epidemiology
and risk factors of community onset infections caused by extended-
spectrum beta-lactamase-producing Escherichia coli strains. J Clin
Microbiol. 2012;50(2):312-7.

Ha YE, Kang Cl, Cha MK, Park SY, Wi YM, Chung DR, et al. Epidemiology
and clinical outcomes of bloodstream infections caused by extended-
spectrum beta-lactamase-producing Escherichia coli in patients with
cancer. Int J Antimicrob Agents. 2013;42(5):403-9.

Kim SH, Kwon JC, Choi SM, Lee DG, Park SH, Choi JH, et al. Escherichia
coli and Klebsiella pneumoniae bacteremia in patients with neutropenic
fever: factors associated with extended-spectrum beta-lactamase pro-
duction and its impact on outcome. Ann Hematol. 2013;92(4):533-41.
Denis B, Lafaurie M, Donay JL, Fontaine JP, Oksenhendler E, Raffoux

E, et al. Prevalence, risk factors, and impact on clinical outcome of
extended-spectrum beta-lactamase-producing Escherichia coli bacte-
raemia: a five-year study. Int J Infect Dis. 2015;39:1-6.

Esteve-Palau E, Solande G, Sanchez F, Sorli L, Montero M, Guerri R, et al.
Clinical and economic impact of urinary tract infections caused by
ESBL-producing Escherichia coli requiring hospitalization: a matched
cohort study. J Infect. 2015;71(6):667-74.

Haruki'Y, Hagiya H, Haruki M, Sugiyama T. Clinical characteristics and
outcome of critically ill patients with bacteremia caused by extended-
spectrum beta-lactamase-producing and non-producing Escherichia
coli. J Infect Chemother. 2018;24:944-7.

Eom JS, Hwang BY, Sohn JW, Kim WJ, Kim MJ, Park SC, et al. Clinical and
molecular epidemiology of quinolone-resistant Escherichia coli isolated
from urinary tract infection. Microb Drug Resist. 2002;8(3):227-34.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Page 21 of 22

Camins BC, Marschall J, DeVader SR, Maker DE, Hoffman MW, Fraser VJ.
The clinical impact of fluoroquinolone resistance in patients with E. coli
bacteremia. J Hosp Med. 2011,6(6):344-9.

Kim J, Kang Cl, Joo EJ, Ha YE, Cho SY, Gwak GY, et al. Risk factor of
community-onset spontaneous bacterial peritonitis caused by
fluoroquinolone-resistant Escherichia coli in patients with cirrhosis. Liver
Int. 2014;34(5):695-9.

Henshke-Bar-Meir R, Yinnon AM, Rudensky B, Attias D, Schlesinger

Y, Raveh D. Assessment of the clinical significance of production of
extended-spectrum beta-lactamases (ESBL) by Enterobacteriaceae.
Infection. 2006;34(2):66-74.

Yip T, Tse KC, Lam MF, Tang S, Li FK, Choy BY, et al. Risk factors and
outcomes of extended-spectrum beta-lactamase-producing E-coli
peritonitis in CAPD patients. Perit Dial Int. 2006;26(2):191-7.

Khan FY, Elshafie SS, AiImaslamani M, Abu-Khattab M, El Hiday AH,
Errayes M, et al. Epidemiology of bacteraemia in Hamad general
hospital, Qatar: a one year hospital-based study. Travel Med Infect Dis.
2010;8(6):377-87.

Rodriguez-Bano J, Picon E, Gijon P, Hernandez JR, Ruiz M, Pena C, et al.
Community-onset bacteremia due to extended-spectrum beta-lacta-
mase-producing Escherichia coli: risk factors and prognosis. Clin Infect
Dis. 2010;50(1):40-8.

Tumbarello M, Spanu T, Di Bidino R, Marchetti M, Ruggeri M, Trecarichi
EM, et al. Costs of bloodstream infections caused by Escherichia coli
and influence of extended-spectrum-beta-lactamase production and
inadequate initial antibiotic therapy. Antimicrob Agents Chemother.
2010;54(10):4085-91.

Courpon-Claudinon A, Lefort A, Panhard X, Clermont O, Dornic Q,
Fantin B, et al. Bacteraemia caused by third-generation cephalosporin-
resistant Escherichia coli in France: prevalence, molecular epidemiology
and clinical features. Clin Microbiol Infect. 2011;17(4):557-65.
Nicolas-Chanoine MH, Jarlier V, Robert J, Arlet G, Drieux L, Leflon-
Guibout V, et al. Patient’s origin and lifestyle associated with CTX-M-
producing Escherichia coli: a case—control-control study. PLoS ONE.
2012;7(1):230498.

Al-Otaibi FE, Bukhari EE. Clinical and laboratory profiles of urinary tract
infections caused by extended-spectrum beta-lactamase-producing
Escherichia coliin a tertiary care center in central Saudi Arabia. Saudi
Med J. 2013;34(2):171-6.

Nussbaum A, Mariano N, Colon-Urban R, Modeste RA, Zahid S, Wehbeh
W, et al. Microbiologic and clinical comparison of patients harboring
Escherichia coli blood isolates with and without extended-spectrum
-lactamases. Adv Infect Dis. 2013;3:50-4.

Lee S, Song DY, Cho SH, Kwon KT. Impact of extended-spectrum beta-
lactamase on acute pyelonephritis teated with empirical ceftriaxone.
Microb Drug Resist. 2014;20(1):39-44.

Leistner R, Sakellariou C, Gurntke S, Kola A, Steinmetz |, Kohler C, et al.
Mortality and molecular epidemiology associated with extended-spec-
trum beta-lactamase production in Escherichia coli from bloodstream
infection. Infect Drug Resist. 2014;7:57-62.

Leistner R, Gurntke S, Sakellariou C, Denkel LA, Bloch A, Gastmeier P,

et al. Bloodstream infection due to extended-spectrum beta-lactamase
(ESBL)-positive K. pneumoniae and E. coli: an analysis of the disease
burden in a large cohort. Infection. 2014;42(6):991-7.

Van Aken S, Lund N, Ahl J, Odenholt I, Tham J. Risk factors, outcome
and impact of empirical antimicrobial treatment in extended-spectrum
beta-lactamase-producing Escherichia coli bacteraemia. Scand J Infect
Dis. 2014;46(11):753-62.

Maslikowska JA, Walker SAN, Elligsen M, Mittmann N, Palmay L, Dane-
man N, et al. Impact of infection with extended-spectrum beta-lacta-
mase-producing Escherichia coli or Klebsiella species on outcome and
hospitalization costs. J Hosp Infect. 2016;92(1):33-41.

Park SH, Choi SM, Lee DG, Cho SY, Lee HJ, Choi JK; et al. Impact of
extended-spectrum beta-lactamase production on treatment out-
comes of acute pyelonephritis caused by Escherichia coli in patients
without health care-associated risk factors. Antimicrob Agents Chem-
other. 2015;59(4):1962-8.

Artero A, Esparcia A, Alberola J, Madrazo M, Nogueira JM, Eiros JM.
Prospective cohort study of risk factors for extended-spectrum
B-lactamase-producing Escherichia coli urinary tract infections in elderly
patients admitted to hospital. Int J Clin Pract. 2017;71(9):e13001.



MacKinnon et al. Antimicrob Resist Infect Control

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

(2020) 9:200

Namikawa H, Yamada K, Fujimoto H, Oinuma KI, Tochino Y, Takemoto Y,
et al. Clinical characteristics of bacteremia caused by extended-spec-
trum beta-lactamase-producing Escherichia coli at a tertiary hospital.
Intern Med. 2017,56(14):1807-15.

Huang YY, Alleyne A, Leung V, Chapman M. Urosepsis due to extended-
spectrum beta-lactamase-producing Escherichia coli- a retrospective,
single-centre review of risk factors and clinical outcomes. Can J Hosp
Pharm. 2018;71(2):119-27.

Komatsu Y, Kasahara K, Inoue T, Lee ST, Muratani T, Yano H, et al. Molecu-
lar epidemiology and clinical features of extended-spectrum beta-
lactamase- or carbapenemase-producing Escherichia coli bacteremia in
Japan. PLoS ONE. 2018;13(8):e0202276.

Lee H, Han SB, Kim JH, Kang S, Durey A. Risk factors of urinary tract
infection caused by extended spectrum beta-lactamase-producing
Escherichia coli in emergency department. Am J Emerg Med.
2018;36(9):1608-12.

Garau J, Xercavins M, Rodriguez-Carballeira M, Gomez-Vera JR, Coll I,
Vidal D, et al. Emergence and dissemination of quinolone-resistant
Escherichia coli in the community. Antimicrob Agents Chemother.
1999;43(11):2736-41.

Cheong HJ, Yoo CW, Sohn JW, Kim WJ, Kim MJ, Park SC. Bacteremia due
to quinolone-resistant Escherichia coli in a teaching hospital in South
Korea. Clin Infect Dis. 2001;33(1):48-53.

Cereto F, Molina |, Gonzalez A, Del Valle O, Esteban R, Guardia J, et al.
Role of immunosuppression in the development of quinolone-resistant
Escherichia coli spontaneous bacterial peritonitis and in the mortality
of E. coli spontaneous bacterial peritonitis. Aliment Pharmacol Ther.
2003;17(5):695-701.

Bert F, Panhard X, Johnson J, Lecuyer H, Moreau R, Le Grand J, et al.
Genetic background of Escherichia coli isolates from patients with
spontaneous bacterial peritonitis: relationship with host factors and
prognosis. Clin Microbiol Infect. 2008;14(11):1034-40.

Cereto F, Herranz X, Moreno E, Andreu A, Vergara M, Fontanals D, et al.
Role of host and bacterial virulence factors in Escherichia coli spontane-
ous bacterial peritonitis. Eur J Gastroenterol Hepatol. 2008;20(9):924-9.
Laupland KB, Gregson DB, Church DL, Ross T, Pitout JDD. Incidence, risk
factors and outcomes of Escherichia coli bloodstream infections in a
large Canadian region. Clin Microbiol Infect. 2008;14(11):1041-7.

Shin J, Kim J, Wie SH, Cho YK, Lim SK, Shin SY, et al. Fluoroquinolone
resistance in uncomplicated acute pyelonephritis: epidemiology and
clinical impact. Microb Drug Resist. 2012;18(2):169-75.

Bollestad M, Grude N, Solhaug S, Raffelsberger N, Handal N, Nilsen HS,
et al. Clinical and bacteriological efficacy of pivmecillinam treatment
for uncomplicated urinary tract infections caused by ESBL-producing
Escherichia coli: a prospective, multicentre, observational cohort study. J
Antimicrob Chemother. 2018;73(9):2503-9.

108.

109.

110.

114.

115.

116.

117.

Page 22 of 22

Fan NC, Chen HH, Chen CL, Ou LS, Lin TY, Tsai MH, et al. Rise of
community-onset urinary tract infection caused by extended-spectrum
beta-lactamase-producing Escherichia coli in children. J Microbiol
Immunol Infect. 2014;47(5):399-405.

Soraas A, Sundsfjord A, Jorgensen SB, Liestol K, Jenum PA. High rate of
per oral mecillinam treatment failure in community-acquired urinary
tract infections caused by ESBL-producing Escherichia coli. PLoS ONE.
2014,9(1):e85889.

Jeon JH, Kim K, Han WD, Song SH, Park KU, Rhee JE, et al. Empiri-

cal use of ciprofloxacin for acute uncomplicated pyelonephritis

caused by Escherichia coli in communities where the prevalence of
fluoroquinolone resistance is high. Antimicrob Agents Chemother.
2012;56(6):3043-6.

Gagliotti C, Buttazzi R, Sforza S, Moro ML, Emilia-Romagna Antibiotic
Resistance Study Group. Resistance to fluoroquinolones and treatment
failure/short-term relapse of community-acquired urinary tract infec-
tions caused by Escherichia coli. J Infect. 2008;57(3):179-84.

Leistner R, Bloch A, Sakellariou C, Gastmeier P, Schwab F. Costs and
length of stay associated with extended-spectrum beta-lactamase
production in cases of Escherichia coli bloodstream infection. J Glob
Antimicrob Resist. 2014;2(2):107-9.

Schwaber MJ, Carmeli Y. Mortality and delay in effective therapy associ-
ated with extended-spectrum beta-lactamase production in Entero-
bacteriaceae bacteraemia: a systematic review and meta-analysis. J
Antimicrob Chemother. 2007;60(5):913-20.

Rottier WC, Ammerlaan HS, Bonten MJ. Effects of confounders

and intermediates on the association of bacteraemia caused by
extended-spectrum beta-lactamase-producing Enterobacteriaceae
and patient outcome: a meta-analysis. J Antimicrob Chemother.
2012,67(6):1311-20.

Schwaber MJ, Carmeli Y. Antimicrobial resistance and patient outcomes:
the hazards of adjustment. Crit Care. 2006;10(5):164.

Schunemann HJ, Cuello C, Akl EA, Mustafa RA, Meerpohl JJ, Thayer K,
et al. GRADE guidelines: 18. How ROBINS-I and other tools to assess risk
of bias in nonrandomized studies should be used to rate the certainty
of a body of evidence. J Clin Epidemiol. 2019;111:105-14.

von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC, Vandenb-
roucke JP. The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement: guidelines for reporting observa-
tional studies. Lancet. 2007;370(9596):1453-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Evaluation of the health and healthcare system burden due to antimicrobial-resistant Escherichia coli infections in humans: a systematic review and meta-analysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Objectives

	Methods
	Protocol and registration
	Eligibility criteria
	Information sources
	Search
	Study selection
	Data collection process
	Data items
	Risk of bias in individual studies
	Summary measures
	Synthesis of results
	Risk of bias across studies
	Additional analyses

	Results
	Study selection
	Study characteristics
	Methods of included study
	Exposure and comparator
	Population
	Outcomes

	Risk of bias within studies

	Results of individual studies, synthesis of results, risk of bias across studies, and additional analyses
	30-day mortality
	Third-generation cephalosporin resistance
	Quinolone resistance
	Multidrug resistance

	All-cause mortality
	Third-generation cephalosporin resistance
	Quinolone resistance
	Multidrug resistance

	Bacterium-attributable mortality
	Third-generation cephalosporin resistance

	Treatment failure
	Third-generation cephalosporin resistance
	Quinolone resistance
	Multidrug resistance

	Total length of hospital stay
	Third-generation cephalosporin resistance
	Quinolone resistance
	Multidrug resistance

	Post-infection length of hospital stay
	Third-generation cephalosporin resistance

	Healthcare cost
	Third-generation cephalosporin resistance
	Multidrug resistance


	Discussion
	Summary of evidence
	Limitations

	Conclusions
	Acknowledgements
	References


