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Background: Antimicrobial resistance is a global threat, which requires novel intervention strategies, for
which priority pathogens and settings need to be determined.
Objectives: We evaluated pathogen-specific excess health burden of drug-resistant bloodstream in-
fections (BSIs) in Europe.
Methods: A systematic review and meta-analysis.
Data sources: MEDLINE, Embase, and grey literature for the period January 1990 to May 2022.
Study eligibility criteria: Studies that reported burden data for six key drug-resistant pathogens:
carbapenem-resistant (CR) Pseudomonas aeruginosa and Acinetobacter baumannii, third-generation
cephalosporin or CR Escherichia coli and Klebsiella pneumoniae, methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant Enterococcus faecium. Excess health outcomes compared with
drug-susceptible BSIs or uninfected patients. For MRSA and third-generation cephalosporin E. coli and
K. pneumoniae BSIs, five or more European studies were identified. For all others, the search was
extended to high-income countries.
Participants: Paediatric and adult patients diagnosed with drug-resistant BSI.
Interventions: Not applicable.
Assessment of risk of bias: An adapted version of the Joanna-Briggs Institute assessment tool.
Methods of data synthesis: Random-effect models were used to pool pathogen-specific burden estimates.
Results: We screened 7154 titles, 1078 full-texts and found 56 studies on BSIs. Most studies compared
outcomes of drug-resistant to drug-susceptible BSIs (46/56, 82.1%), and reported mortality (55/56
studies, 98.6%). The pooled crude estimate for excess all-cause mortality of drug-resistant versus drug-
susceptible BSIs ranged from OR 1.31 (95% CI 1.03e1.68) for CR P. aeruginosa to OR 3.44 (95% CI 1.62
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e7.32) for CR K. pneumoniae. Pooled crude estimates comparing mortality to uninfected patients were
available for vancomycin-resistant Enterococcus and MRSA BSIs (OR of 11.19 [95% CI 6.92e18.09] and OR
6.18 [95% CI 2.10e18.17], respectively).
Conclusions: Drug-resistant BSIs are associated with increased mortality, with the magnitude of the
effect influenced by pathogen type and comparator. Future research should address crucial knowledge
gaps in pathogen- and infection-specific burdens to guide development of novel interventions.
Nasreen Hassoun-Kheir, Clin Microbiol Infect 2023;▪:1
© 2023 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and

Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Antimicrobial resistance (AMR) is a global threat with severe
implications for patient safety [1]. For drug-resistant bloodstream
infections (BSIs), 47 000 AMR attributable deaths and 195 000
AMR-associated deaths were estimated in Europe in 2019; corre-
sponding to incidence rates of 21 associated deaths (95% uncer-
tainty interval 11e36) and five attributable deaths (95% uncertainty
interval 3e9) per 100 000 population [2]. Considering all infection
types, the highest AMR burden was found for multi-drug-resistant
Escherichia coli (27.3% of attributable deaths) and Staphylococcus
aureus (14.4% of attributable deaths) [2]. Over time, the number of
difficult-to-treat infections and their clinical burden have been
increasing [3]. The increasing threat of AMR combined with the
complexities of developing and marketing novel antibiotics, has
stimulated the search for alternative preventive and therapeutic
strategies to reduce the burden of AMR, such as vaccination and
humanized monoclonal antibodies (mAbs). Vaccines have the po-
tential to reduce the number of drug-resistant, as well as drug-
susceptible, infections, and subsequently decrease antibiotic use
and emergence of antibiotic resistance [4]. mAbs could reduce the
burden of AMR by prevention of infections through pre-emptive
treatment strategies in specific risk groups, or by increasing treat-
ment efficacy once an infection occurs [5]. To date, there are several
novel vaccines and mAbs at different stages in the clinical devel-
opment pipeline [6].

To guide prioritization in research and development, and sub-
sequent implementation strategies for novel vaccines and mAbs,
detailed and stratified AMR burden data are required to determine
the most critical drug-resistant pathogens, infection types, and the
possible target populations. Most studies, so far, either focused on
the clinical impact of a single pathogen and infection type [7], on
one specific pathogen causing multiple infection types [8], or on a
specific infection type associated with different pathogens [9].
Little empirical data is available comparing the clinical impact of
different drug-resistant pathogens stratified by infection type, or
population, whereas these data are crucial to support clinical
development of vaccines and mAbs. In addition, this information
will support the effective implementation of proven infection
prevention and control strategies, as well as antimicrobial stew-
ardship programmes.

Predicting the Impact of Monoclonal Antibodies & Vaccines on
Antimicrobial Resistance (PrIMAVeRa, https://www.primavera-
amr.eu/), is a European project funded by the Innovative Medi-
cines Initiative 2. Its main goal is to develop mathematical models
to study the efficacy of different implementation strategies for
specific vaccines and mAbs, aiming to reduce the burden of AMR at
population level. These models will be able to inform data-driven
decisions regarding the prioritization of development and imple-
mentation of specific vaccines and mAbs. For parametrization of
the models, three systematic reviews were completed on AMR
frequency measures, excess health risks, and incremental costs
t al., A systematic review on t
iology and Infection, https:/
associated with six frequent infection types caused by six key drug-
resistant pathogens in Europe. Here, we report on the systematic
review and meta-analysis, which assessed the excess health risks
associated with drug-resistant BSIs. Data about excess health risks
associated with other infection types was heterogeneous and
scarce and will be reported elsewhere.

Methods

Search strategy and selection criteria

A detailed study protocol was published on the PROSPERO
website (CRD42022322586, publication date 6 May 2022) [10]. In
short, we searched MEDLINE® (PubMed), Embase (Ovid), and grey
literature including the Global Index Medicus, and websites from
the Center for Disease Prevention and Control (CDC) and the Eu-
ropean CDC for articles published between 1 January 1990 and 3
May 2022, with no language restriction. We completed a reference
check of identified systematic reviews in the search, as well as
important previous publications on the topic [1,3,11,12]. The
MEDLINE search included a combination of MeSH terms and key-
words combining infection type, pathogen, resistance profile,
health outcomes, and an extensive European geographical filter.
The search terms were modified as required for each of the other
databases (Supplement 1, Search strategies).

The population included adult patients with bloodstream, res-
piratory tract, urinary tract, skin and soft tissue, surgical site, or
intraabdominal infections caused by the selected drug-resistant
pathogens. The exposures of interest were carbapenem-resistant
Pseudomonas aeruginosa and Acinetobacter baumannii, third-
generation cephalosporin- (3GCR) or carbapenem-resistant E. coli
and Klebsiella pneumoniae, methicillin-resistant S. aureus (MRSA)
and vancomycin-resistant Enterococcus faecium (VRE). This priori-
tization was based on ranking of relevance by the CDC, the priority
pathogen list from WHO, previous AMR burden estimates [3],
prevalence of resistance [13], and availability of vaccines or mAbs in
the clinical development pipeline [6]. Comparator groups included
patients with a similar drug-susceptible pathogen-infection com-
bination or uninfected patients. Our primary outcome was
pathogen-specific, excess all-cause mortality. Secondary outcomes
included mortality at specific time-points, infection-related mor-
tality, cognitive or physical impairment, organ failure, recurrence of
infection, ICU admission, and infection-specific complications
(Supplement 1, Review outcomes).

Eligibility criteria included: cohort studies, case-control studies,
and secondary analysis of randomized controlled trials, reporting
on relevant health outcomes for at least 40 patients with a specific
drug-resistant-pathogen-infection combination compared with
patients with drug-susceptible-infections or uninfected patients.
We excluded studies without pathogen-infection-specific data,
studies with other comparators, without health outcomes, and
studies conducted outside of Europe. Single reviewing of titles and
he excess health risk of antibiotic-resistant bloodstream infections for
/doi.org/10.1016/j.cmi.2023.09.001
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abstracts and double reviewing of full-texts was completed by
three independent reviewers (NHK, MTNN, and MG) using Covi-
dence [14]. Disagreements were resolved by an additional reviewer
(MEAdK).

For S. aureus, (3GCR) K. pneumoniae, and E. coli BSIs, five or more
European studies reporting relevant outcome data were identified.
For all the other resistant pathogens-infection combinations, we
extended the search to all high-income countries to improve
sample size, as pre-specified in the protocol.

Data collection and analysis

Single data extraction was completed by two independent re-
viewers (NHK and MG) using REDCap electronic data capture tools
hosted by the University Hospital of Verona [15]. Study design,
setting, and population characteristics were recorded. Information
on diagnosis, infection onset, presence of catheters, infection
source, and clinical outcomes were also collected. For all outcomes,
crude results per study arm (numerator, denominator, pro-
portions), unadjusted and adjusted hazard ratios, OR, and/or risk
ratios were recorded, whenever available. Information on the
analytical methods and adjustment for confounders, including
antibiotic treatment appropriateness, was collected. Single assess-
ment of risk-of-bias (ROB) was performed using an adapted version
of the Joanna Briggs Institute (JBI) risk-of-bias assessment tool by
two reviewers (NHK and MG) (Supplement 1, Risk of bias assess-
ment tools) [16]. Specific ROB items on methods and variables used
to reduce confounding were assigned as critical items required for
high-quality assignment. As pre-specified in the protocol, double
full-text data extraction, and ROB assessment of 15% randomly
selected studies was completed to verify quality, no major dis-
agreements were identified, thus no further verification was
performed.

We defined a minimum of five studies reporting on the same
pathogen-infection combination per outcome to be pooled in a
meta-analysis in the protocol, which was ultimately reduced to
three studies because of data scarcity. Estimates were pooled
separately according to the comparator group (no infection and
infection by drug-susceptible pathogens, respectively). On the basis
of outcome data availability, we performed the following meta-
analyses: (a) crude analysis pooling unadjusted effect estimates, if
needed calculated from crude data; (b) combined analysis,
including adjusted effect estimates if reported, and unadjusted ef-
fect estimates otherwise; and (c) adjusted analysisdpooling only
adjusted effect estimates. On the basis of data availability, we
pooled OR estimates. Estimates from matched case-control studies
were regarded as crude estimates, a post-hoc sensitivity analysis
excluding these studies from the crude analyses estimates was
done. For the primary mortality outcome, different time-points
(e.g. 30-day mortality, in-hospital mortality) were combined in
one meta-analysis. When more than three studies reported mor-
tality for a specific timepoint for one pathogen, we reported
separately specific-timepoint pooled mortality estimates as well.
For secondary outcomes, only crude data were pooled.

All meta-analyses were conducted and reported using random-
effects models, assuming a priori significant heterogeneity result-
ing from diverse study populations and statistical methods. A
sensitivity analysis was provided for pooled estimates including
only three studies, using fixed-effects (Peto) models, assuming that
different studies have indeed different effect sizes, but estimating
the weighted average of the included studies only, ignoring the
distribution of effect sizes beyond the included studies. We
assessed statistical heterogeneity using the I2 statistic measure and
prediction intervals (PrIs, reported for >3 studies), and non-
Please cite this article as: Hassoun-Kheir N et al., A systematic review on th
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reporting bias using Funnel plots (�10 studies) [17,18]. Suspected
Funnel plot asymmetry was interpreted through visual inspection
and Egger's test. We also completed stratified analysis for different
subgroups to address heterogeneity, if at least three studies re-
ported on similar subgroups. Analysis was completed using Rstudio
(Version 1.3.1093), packages ‘meta’, ‘robvis’, and ‘highcharter’ [19].

Results

Study selection and characteristics

For the full review, including all six infection types, we screened
7153 non-duplicate records (4013 from Europe and 3140 fromhigh-
income countries). Of these, 1078 full text reports were assessed for
inclusion. Ninety-eight studies fulfilled the inclusion criteria, and
56 included clinical outcome data for BSIs and were included in this
review (Fig. 1). The main reasons for exclusion were aggregate
reporting on outcomes of multiple infection types/pathogens
(n ¼ 275), comparator groups not of interest (n ¼ 136), and lack of
outcome data (n ¼ 125).

Most included studies evaluated clinical BSI outcomes among
hospitalized patients (54/56, 96.4%), and were reported as cohort
studies (45/56, 80.4%), with 25 retrospective and 20 prospective
studies (Table 1) [20e67]. Half of the studies were multicentre
studies (28/56, 50%), which had a median of two sites (interquartile
range [IQR] 1e10), and seven studies were multinational studies
(median of nine countries, IQR 6e11 countries). Overall, 31 of 56
studies (55.4%) included at least one European site, and 25 of 56
(44.6% of studies) included only non-European high-income
countries site(s). In Europe, the United Kingdom was the country
contributing most data (n ¼ 14 studies), followed by Spain (n ¼ 9),
and Italy and Germany (n ¼ 8 each, Fig. 2). For MRSA, (3GCR)
K. pneumoniae, and E. coli BSIs, the review included only European
studies, for the other pathogens studies from other high-income
countries were added to overcome data scarcity.

Excess health risks of drug-resistant BSIs were compared only to
drug-susceptible BSIs in 46 of 56 (82.1%) studies, only to uninfected
patients in two studies (2/56, 3.6%), and to both control groups in
eight studies (8/56, 14.3%). Ten studies (10/56, 17.9%) reported
pathogen-specific BSI health outcomes for more than one selected
pathogen. Overall, from 56 studies, we extracted data on 75
different comparisons (combinations of resistant-pathogen and
comparator group). We were able to include data on BSIs caused by
carbapenem-resistant P. aeruginosa (8 comparisons), A. baumannii
(7 comparisons), and K. pneumoniae (5 comparisons), and 3GCR E.
coli (13 comparisons), K. pneumoniae (3 comparisons), and Enter-
obacterales BSI (3 comparisons), MRSA (18 comparisons) and VRE
(18 comparisons). No studies on carbapenem-resistant E. coli were
identified (Supplement 2, Table S1). In total, for the different
comparisons, 122 outcome records were collected evaluating
different health outcomes.

Overall, the 56 studies included 15 210 patients infected with a
key drug-resistant pathogen, 149 487 infected with a susceptible
pathogen, and 703 758 uninfected controls (mainly driven by three
large studies [68e70]), with a median of 100 (IQR 62e167), 222
(IQR 100e599), and 552 (IQR 223e15 823) per study, respectively.
Most of the included patients were male (median percentage 57.9%,
IQR 51.0e63.6%). Resistant and susceptible BSI patients had a
similar mean age, 60.0 (standard deviation 7.6) vs. 60.9 (standard
deviation 8.9) years (18 comparisons, p 0.76), but drug-resistant BSI
patients more frequently had a vascular device (mean percentage
62.9% versus 48.3%, 23 comparisons, p 0.24), and a haemato-
oncological malignancy (mean percentage of 34.2% vs. 25.5%, 15
comparisons, p 0.083) (Supplement 2, Table S3 and S4).
e excess health risk of antibiotic-resistant bloodstream infections for
/doi.org/10.1016/j.cmi.2023.09.001



Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart for the systematic review.
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Review outcomes

Mortality was the outcome most frequently evaluated (55/56
studies, 98.2%). From these studies, a total of 98 mortality outcome
records were collected, including all-cause mortality (86/98 re-
cords, 87.8%) and infection-related mortality (12/98 records, 12.2%),
mostly measured at 3e4 weeks after infection (35/98 records,
35.7%) or on hospital-discharge (31/98 records, 31.6%). For VRE BSI,
clinical failure/recurrence were also reported, compared with
vancomycin-susceptible E. faecium BSI (n¼ 3 studies). Other review
outcomes were completely absent or reported only in 1e2 studies
per pathogen, precluding meta-analysis (Supplement 2, Table S2).

Meta-analysis results

Of 56 reviewed studies, 50 studies provided data for the meta-
analysis (see Supplement 3, Table S8). Pooled, all-cause mortality
amongpatientswith the selecteddrug-resistantBSIs rangedbetween
20.9% and 46.6%, as compared with 13.0% and 27.7% in patients with
drug-susceptible BSIs and 1.7% and 5.3% in uninfected controls
(Table 2). In crude analysis, the pooled, excess all-cause mortality
Please cite this article as: Hassoun-Kheir N et al., A systematic review on t
six key pathogens in Europe, Clinical Microbiology and Infection, https:/
associatedwith drug-resistance rangedbetweenanORof 1.31 (95%CI
1.03e1.68) for carbapenem-resistant P. aeruginosa to an OR of 3.44
(95% CI 1.62e7.32) for carbapenem-resistant K. pneumoniae, both
compared with susceptible infections (Table 2). Pooled estimates, on
the basis of crude data, comparing mortality to uninfected patients
were available for VRE and MRSA BSIs only (Table 2). Forest plots of
studies reporting all-causemortality because ofMRSA and 3GC E. coli
each comparedwith susceptible infection, on the basis of crude data,
are shown in Fig.. 3(a) and (b). Other Forest plots are reported in the
supplement per pathogen type (Supplement 3), including specific
pooled estimates for in-hospital and 3e4weeksmortality, if available
(Supplement 3, Table S9).

For clinical failure/infection recurrence for VRE BSI, the pooled
estimate compared with vancomycin-susceptible E. faeciumwas OR
2.38 (95% CI 1.60e3.54, three studies, I2 ¼ 24%).

For those estimates with a high degree of heterogeneity, we
excluded two studies from the meta-analysis (one study that
included only haemato-oncological patients and another clear
outlier [71,72]), and assessed outcomes per specific mortality
timepoint. However, this did not reduce heterogeneity levels
(Supplement 3, Table S9).
he excess health risk of antibiotic-resistant bloodstream infections for
/doi.org/10.1016/j.cmi.2023.09.001



Table 1
Characteristics of included studies reporting on health outcomes of drug-resistant bloodstream infections (BSI) compared with susceptible infection or uninfected patients

Study Reported design Study sites Countrya Study period Overall
study sizeb

Pathogen(s) Comparisonc Reported outcomes

Abernethy 2015 [20] National registrydEuropean Multicentre United Kingdom 2011e2012 28 616 3GC-resistant E. coli S Mortality
Abu-Lybdeh 2022 [21] Cohort-retrospective Multicentre Israel 2009e2020 282 VRE S Mortality, LOS
Ammerlaan 2009 [22] Cohort-retrospective Multicentre European 2007e2007 334 MRSA S Mortality
Aviv 2018 [23] Case-control Single centre Israel 2007e2012 255 Carbapenem-resistant P. aeruginosa S, N Mortality, LOS, Functional

deterioration
Balkhair 2019 [72]d Cohort-retrospective Single centre Oman 2007e2016 775 Carbapenem-resistant P. aeruginosa, A.

baumannii, and K. pneumoniae
S Mortality

Bassetti 2017 [24] Cohort-retrospective Multicentre Italy 2011e2014 337 MRSA S Mortality
Ben-David 2011 [25] Cohort-retrospective Single centre Israel 2006 192 Carbapenem-resistant K. pneumoniae S Mortality, LOS
Bhavnani 2000 [26] Case-control Multicentre United States 1995e1997 300 VRE S Mortality, Clinical failure
Blandy 2019 [27] Cohort-retrospective Multicentre United Kingdom 2011e2015 978 3GC-resistant E. coli S Mortality, LOS, ICU admission
Butler 2010 [68] Cohort-retrospective Single centre United States 2002e2003 21 154 VRE S, N Mortality, LOS, ICU admission,

Costs
Cheah 2014 [28] Case-control Multicentre Australia 2002e2010 348 VRE S, N Mortality, LOS
Contreras 2022 [29] Cohort-prospective Multicentre United States 2016e2018 232 VRE S Mortality, ICU admission
Daikos 2009 [30] Cohort-prospective Multicentre Greece 2004e2006 162 Carbapenem-resistant K. pneumoniae S Mortality
Das 2007 [31] Cohort-prospective Single centre United Kingdom 2001e2002 140 MRSA S Mortality, Relapse
De Kraker 2011 [32] Cohort-prospective Multicentre European 2007e2008 2489 MRSA S, N Mortality, LOS
De Kraker 2011 [33] Cohort-prospective Multicentre European 2007e2008 3509 3GC-resistant E. coli S, N Mortality, LOS
Evans 2020 [34] Cohort-prospective Multicentre United Kingdom 2010e2012 1676 3GC-resistant E. coli S Mortality
Holmbom 2020 [35] Cohort-retrospective Multicentre Sweden 2008e2016 9268 3GC-resistant E. coli S Mortality
Huang 2012 [36] Cohort-retrospective Single centre Taiwan 2002e2007 226 Carbapenem-resistant A. baumannii S Mortality
Hussein 2013 [37] Cohort-retrospective Single centre Israel 2006e2008 317 Carbapenem-resistant K. pneumoniae S Mortality
Johnstone 2018 [38] Case-control Multicentre Canada 2009e2013 868 VRE N Mortality, LOS, ICU admission
Joo 2011 [39] Cohort-retrospective Single centre Korea 2006e2009 202 Carbapenem-resistant P. aeruginosa S Mortality, LOS, Clinical failure
Kang 2021 [40] Cohort-retrospective Single centre Korea 2009e2020 295 Carbapenem-resistant P. aeruginosa S Mortality, LOS
Kim 2020 [41] Cohort-prospective Multicentre Korea 2016e2018 509 VRE S Mortality
Kim 2012 [42]d Cohort-retrospective Single centre Korea 2007e2010 95 Carbapenem-resistant A. baumannii S Mortality
Kim 2014 [43] Cohort-retrospective Single centre Korea 2010e2012 234 Carbapenem-resistant P. aeruginosa S Mortality, LOS
Kwon 2007 [44] Cohort-retrospective Multicentre Korea 2000e2005 80 Carbapenem-resistant A. baumannii S Mortality
Lambert 2011 [9] Cohort-prospective Multicentre European 2005e2008 119 699 3GC-resistant E. coli, MRSA S Mortality, LOS
Lautenbach 1999 [45] Cohort-retrospective Single centre United States 1993e1995 260 VRE S Mortality
Lee 2021 [69] Case-control Multicentre Australia 2012e2016 92 025 MRSA, VRE, 3GC-resistant E. coli S, N Mortality, LOS, Costs
Leistner 2014 [46] Cohort-retrospective Single centre Germany 2008e2010 1098 3GC-resistant E. coli S Mortality, LOS, Costs
Martinez 2010 [47] Cohort-prospective Single centre Spain 1997e2008 4863 3GC-resistant E. coli and K. pneumoniae S Mortality
Melzer 2003 [48] Cohort-prospective Single centre United Kingdom 1995e2000 815 MRSA S Mortality, deep seated infection
Melzer 2007 [49] Cohort-prospective Single centre United Kingdom 2003e2005 354 3GC-resistant E. coli S Mortality, LOS
Nambiar 2018 [50]d Cohort-prospective Multicentre Global 2013e2015 1851 MRSA S Mortality
Pena 2012 [51] Cohort-prospective Multicentre Spain 2008e2009 632 Carbapenem-resistant P. aeruginosa S Mortality
Pogue 2022 [52] Cohort-retrospective Multicentre United States 2014e2019 5523 Carbapenem-resistant A. baumannii S Mortality, LOS, ICU admission
Richelsen 2020 [53] Cohort-retrospective Multicentre Denmark 2007e2017 22 350 3GC-resistant E. coli S Mortality, LOS
Rodreigues Bano 2010 [54] Case-control Multicentre Spain 2004e2006 95 3GC-resistant E. coli S Mortality
Romero-Vivas 1995 [74] Cohort-prospective Single centre Spain 1990e1993 184 MRSA S Mortality
Rubio-Terr�es 2010 [55] Cohort-retrospective Multicentre Spain 2005 366 MRSA S Mortality, LOS, ICU admission,

Costs
Schneider 2020 [56] Cohort-retrospective Single centre Germany 2012e2015 467 MRSA S Mortality, LOS, Other
Shay 1995 [57] Case-control Single centre United States 1992e1993 46 VRE S Mortality
Sheng 2010 [58]d Cohort-prospective Multicentre Taiwan 2004e2006 148 Carbapenem-resistant A. baumannii S Mortality, LOS
Smolyakov 2003 [59] Cohort-retrospective Single centre Israel 2000 94 Carbapenem-resistant A. baumannii S Mortality, LOS
Stewardson 2016 [70] Cohort-retrospective Multicentre European 2010e2011 606 649 MRSA, 3GC-resistant Enterobacterlaes S, N Mortality, LOS, Costs
Szil�agyi 2009 [60] Cohort-retrospective Multicentre Hungary 2005e2008 200 3GC-resistant K. pneumoniae S Mortality, Other
Thompson 2008 [61] Case-control Single centre United Kingdom 1996e2006 Not reported MRSA N Mortality
Tom 2014 [73] Cohort-prospective Multicentre Global 2000e2008 5356 MRSA S Mortality
Trecarich 2019 [62] Cohort-prospective Multicentre Italy 2016e2017 342 3GC-resistant E. coli S Mortality
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Subgroup analyses

Only limited, stratified outcome data were found in the identi-
fied papers, relating to infection onset (community- or hospital-
acquired), and age groups. The pooled estimate for crude, all-
cause mortality compared with susceptible S. aureus BSI in
studies including only hospital-acquired MRSAwas OR 2.03 (95% CI
1.43e2.90, I2 ¼ 63%, PrI 0.48e8.62, four studies) compared with OR
1.74 (95% CI 1.47e2.06, I2 ¼ 12%, PrI 1.38e2.19, eight studies) for
studies including both community- and hospital-acquired MRSA
BSI. Estimate of community-acquired MRSA BSI mortality was only
reported in one study [73]. There were not enough studies
reporting specific age group mortality estimates for meta-analysis
(one study each for children with VRE BSIs and elderly with
MRSA BSI [71,74]).

Methodological aspects of included studies

Meta-analysis of adjusted estimates was only possible for excess
mortality of VRE (five studies), MRSA, and 3GCR E. coli (four studies
each) compared with susceptible BSI. For most pathogens, pooled
estimates in combined analyses were slightly lower than in crude
analyses except for 3GCR-resistant K. pneumoniae (Supplement 3,
Table S10).

In studies assessing mortality, 45 of 48 applied multivariable
analysis, of which 44.4% (20/45 studies) adjusted for antibiotic
treatment inappropriateness. Subgroup meta-analysis could be
performed for MRSA BSI mortality, by adjustment for inappropriate
antibiotic treatment, yielding an OR of 1.75 (95% CI 1.45e2.10, ten
studies, I2 ¼ 56%) and 1.82 (95% CI 0.97e3.43, three studies,
I2 ¼ 61%) including and excluding inappropriateness, respectively
(p 0.88 for subgroup differences).

Risk of bias assessment

Risk of bias assessment indicated an overall low quality of
evidence, only 7 of 56 studies (12.5%) were judged as having low
risk of bias (three MRSA studies, two 3GCR E. coli, one VRE, and
one carbapenem-resistant A. baumannii, Supplement 3, Fig. S11).
With regard to the critical elements of ROB; adjustment for
confounding, 48 of 56 studies (86.7%) adjusted for confounders,
and 43 of 48 studies (95.6%) clearly reported on adjustment
methods. Seventeen studies properly addressed time from
admission to infection onset (17/48, 35.4%), 20 of 48 studies
(41.7%) included only time-fixed confounders measured before
infection onset, and 32 of 48 studies (66.7%) adjusted for a
minimum set of confounders. Most considered confounders were
age, specific comorbidities, severity score, and antibiotic treat-
ment appropriateness (Supplement 3, Table S11). In general, few
studies had low risk of bias in domains assessing loss-to-follow-
up (31/56 studies, 55.4%) and handling of missing data (21/56
studies, 37.5%). No publication bias was observed in Funnel plots
for VRE, 3GCR E. coli, and MRSA BSI (Supplement 3, Figs S3D, S9C,
and S10C, respectively). Adequacy of follow up was judged as low
risk of bias, measuring either in-hospital mortality or specific day
mortality, with post-discharge follow-up in 33 of 56 studies
(58.9%).

Discussion

In this systematic review, we used a pathogen-infection-specific
approach to study the clinical burden of AMR in the European
setting to assess availability of data for prioritization and health
technology assessment of AMR-prevention strategies, like vaccines
or mAbs. We focused on six key drug-resistant pathogens and
he excess health risk of antibiotic-resistant bloodstream infections for
/doi.org/10.1016/j.cmi.2023.09.001



Fig. 2. Number of studies (N ¼ 31) per European country that estimated the excess health risks associated with drug-resistant bloodstream infections for six critical pathogens and
were included in the systematic review. Multinational studies were counted for each country. Non-European studies (N ¼ 25).
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reviewed studies reporting on excess health risks compared with
drug-susceptible infections and/or uninfected patients. By applying
the same criteria to evaluate the clinical impact of resistance for BSI
by the different pathogens, we could provide a comprehensive
overview of current evidence.

Pooled effect estimates indicated that drug-resistance was
associated with an excess mortality risk for all assessed pathogens.
The highest impact of resistance was observed for carbapenem-
resistant K. pneumoniae BSIs, followed by carbapenem-resistant
A. baumannii. These pathogens were also identified as priority
pathogens in the recent study on the global burden of AMR, ranking
them 3rd and 5th, respectively, for resistance associated deaths
across all infection types [1]. European estimates from the same
modelling study showed a similar ranking [2]. Of note,
carbapenem-resistant K. pneumoniae was associated with the
largest increase in resistance-attributable deaths from 2007 to 2015
in Europe [3]. On the other hand, the impact of carbapenem-
resistant P. aeruginosa and 3GCR-resistant K. pneumoniae
appearedmarginal, as pooled estimates for crudemortality risk had
CIs close to an OR of 1, which was reflected in estimates from the
individual studies as well.

The focus of most published studies included in this review
was on the excess mortality of drug-resistant versus drug-
susceptible infections, but this provides only part of the picture
Please cite this article as: Hassoun-Kheir N et al., A systematic review on th
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of the burden of drug-resistant infections. To assess the burden of
AMR, two different counterfactual scenarios can be applied:
comparison of health outcomes of patients with drug-resistant
infections versus those with drug-susceptible infections
(replacement scenario) or compared with those with no infection
(addition scenario) [75]. The excess health risk of drug-resistant
infections compared with having no infection is especially
important when assessing the potential cost-effectiveness of a
bacterial vaccine, which prevents drug-resistant and drug-
susceptible infections. Sufficient evidence to generate such esti-
mates was detected only for BSIs because of VRE and MRSA. For
other pathogens either one or no studies comparing outcomes to
uninfected patients were found, precluding meta-analysis.

The scarcity of AMR burden data was evident in our review;
many studies only included aggregated data for either a single
infectious syndrome caused by various pathogens, or multiple
infection types by the same pathogen, precluding collection of
pathogen-infection-specific data. Over a period of more than
30 years, we only found a total of 31 European studies reporting
on pathogen-specific excess health risks associated with drug-
resistant BSIs. For MRSA, 3GCR E. coli, and K. pneumonia, a
range of 3e13 European studies were available per each resistant
pathogen, and we could provide pooled European estimates. For
all other pathogens, we needed to combine European and non-
e excess health risk of antibiotic-resistant bloodstream infections for
/doi.org/10.1016/j.cmi.2023.09.001



Table 2
Pooled estimates for crude OR of mortality associated with bloodstream infections, stratified by drug-resistant pathogen, comparator group, and mortality definition

Pathogen Geographic
studies' scope

No.
studies

Deaths/Total
in resistant (%)

Deaths/total
in control (%)

OR 95% CI 95% Prediction
intervals

I2 (%)

Overall all-cause mortality compared with susceptible
Carbapenem-resistant A. baumannii HIC 4 138/329 (41.9%) 132/827 (16.0%) 2.63 1.34e5.17 0.14e49.76 78
Carbapenem-resistant P. aeruginosa HIC 5 162/467 (34.7%) 295/1066 (27.7%) 1.31 1.03e1.68 0.87e1.99 21
Vancomycin-resistant E. faecium HIC 9 417/1014 (41.1%) 289/1412 (20.5%) 2.46 1.96e3.09 1.48e4.11 27
Carbapenem-resistant K. pneumoniae HIC 4 174/373 (46.6%) 114/511 (22.3%) 3.44 1.62e7.32 0.12e101.95 81
3GC-resistant K. pneumoniaea Europe 3 70/245 (28.6%) 89/683 (13.0%) 1.95 1.02e3.74 NA 65
3GC-resistant E. coli Europe 12 663/3167 (20.9%) 4549/30 466 (14.9%) 1.9 1.43e2.54 0.7e5.18 78
Methicillin-resistant S. aureus Europe 13 715/2211 (32.3%) 1886/9177 (20.6%) 1.75 1.46e2.10 0.99e3.08 58
Overall infection-related mortality compared with susceptible
Vancomycin-resistant E. faecium HIC 4 152/450 (33.8%) 108/484 (22.3%) 2.28 1.45e3.60 0.43e12.17 52
Methicillin-resistant S. aureus Europe 4 131/671 (19.5%) 88/834 (10.6%) 2.19 1.61e2.97 1.11e4.30 0
Overall all-cause mortality compared with uninfected
VRE HIC 4 169/470 (36.0%) 5184/97 280 (5.3%) 11.19 6.92e18.09 1.65e76.04 58
MRSAb Europe 3 151/458 (33.0%) 10 291/605 523 (1.7%) 6.18 2.10e18.17 NA 94

HIC, high-income countries; MRSA, methicillin-resistant S. aureus; NA, not applicable; VRE, vancomycin-resistant Enterococci; 3GC, 3rd-generation cephalosporin.
a Fixed effects (Peto) model pooled estimate 2.16 (95% CI 1.45e3.23).
b Fixed effects (Peto) model pooled estimate 9.93 (95% CI 7.19e13.71).

Fig. 3. (a) Forest plot of studies reporting overall, all-cause mortality of patients with bloodstream infection because of third-generation cephalosporin-resistant E. coli compared
with susceptible E. coli bloodstream infection, reported as ORs based on crude data. Time refers to period between infection onset and mortality assessment. (b) Forest plot of
studies reporting overall, all-cause mortality of patients with bloodstream infection because of methicillin-resistant S. aureus compared with methicillin susceptible S. aureus
bloodstream infection, reported as ORs based on crude data. Time refers to period between infection onset and mortality assessment.

N. Hassoun-Kheir et al. / Clinical Microbiology and Infection xxx (xxxx) xxx8
European data. For carbapenem-resistant E. coli BSI zero studies
were identified, most probably because of the still, relatively low
level of resistance. Furthermore, most of the reviewed literature
focused on the tip of the iceberg and only reported mortality
outcomes. Yet, from a patient-perspective, additional outcome
types would be highly relevant. On the basis of the available data,
we could only generate a pooled estimate for clinical failure/
recurrence of infection associated with vancomycin resistance in
E. faecium BSI. There was barely any stratified outcome data
Please cite this article as: Hassoun-Kheir N et al., A systematic review on t
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reported per risk group, including basic subdivisions like age/
gender. Consequently, large uncertainties remain about the
excess health risk of AMR per pathogen, infection type, or risk
group.

High ROB was observed for most of the included studies; thus,
we could not perform a subgroup analysis of high-quality studies
as planned. However, we evaluated different analysis strategies
by pooling only crude estimates, only adjusted estimates, and a
combination of both. For most pathogens, the pooled estimates
he excess health risk of antibiotic-resistant bloodstream infections for
/doi.org/10.1016/j.cmi.2023.09.001



Fig. 3. (continued).
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from the combined analyses were slightly lower than those from
the crude analyses, but the direction of the effects remained the
same. Immortal time bias and incomplete follow-up were
frequently identified and could have biased the primary study
estimates. Therefore, some uncertainty is expected in the pooled
estimates. In addition, a large variability was observed in the
study methodology and handling of confounding, which could
have increased heterogeneity across studies. For example, anti-
biotic treatment appropriateness, on the pathway from drug-
resistant infection to clinical outcomes, was adjusted for in a
minority of the studies. However, we observed that adding
treatment appropriateness to multivariable analysis only
slightly changed pooled effect estimates for mortality following
MRSA BSI.

There are some limitations of the current systematic review.
European excess health risks were only available for MRSA, 3GCR-
K. pneumonia, and E. coli BSI. For all other pathogens data from
high-income countries had to be used, for which generalizability to
the European setting may be limited, because of large variation in
antibiotic stewardship, infection prevention practices, and health
system structure in general [76]. A high degree of heterogeneity in
the pathogen-specific, pooled estimates was evident, resulting in
large prediction intervals. This is probably related to clinical and
methodological diversity in the primary studies, including different
infection-onsets, timing of mortality assessments, and analytical
methods. Unfortunately, because of data scarcity, the options for
subgroup analysis were limited. Sensitivity analysis pooling
Please cite this article as: Hassoun-Kheir N et al., A systematic review on th
six key pathogens in Europe, Clinical Microbiology and Infection, https:/
timepoint-specific mortality data, whenever available, did not give
very different results.

Overall, we screened all publicly available evidence in the sci-
entific literature from 1990 to 2022 for excess health risks associ-
ated with BSIs caused by six key drug-resistant pathogens in
Europe. We extracted effect estimates, evaluated methodological
approaches, and assessed heterogeneity and ROB. In parallel, a
similar approach was used to evaluate the frequency of drug-
resistant infections and the economic burden of these infections
within PrIMAVeRa WP1. On the basis of data from 56 studies, we
can conclude that drug-resistant BSIs are associated with an excess
health risk, however, mortality varies widely per pathogen and
comparator groups. Moreover, large knowledge gaps remain for
AMR burden among risk groups, and for relevant health outcomes
other than mortality, and a large part of the data comes from set-
tings outside of Europe. With the current data availability, it will be
challenging to guide the prioritisation and promote the develop-
ment of potential vaccines and mAbs to reduce the burden of AMR
in Europe.
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