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Abstract

(Current word count: 250)

Background: Quantifying the resource use and cost of antimicrobial resistance establishes
the magnitude of the problem and drives action.

Objectives: Assessment of resource use and cost associated with infections with six key
drug-resistant pathogens in Europe.

Methods: A systematic review and Bayesian meta-analysis.

Data sources: MEDLINE® (Ovid), Embase (Ovid), Econlit databases, and grey literature for
the period 1st January 1990 to 21st June 2022.

Study eligibility criteria: Resource use and cost outcomes (including excess length of stay,
overall costs and other excess in/outpatient costs) were compared between patients with
defined antibiotic-resistant infections caused by carbapenem resistant (CR) Pseudomonas
aeruginosa and Acinetobacter baumannii, CR or third generation cephalosporin Escherichia
coli (3GCREC) and Klebsiella pneumoniae, methicillin resistant Staphylococcus aureus
(MRSA) and vancomycin resistant Enterococcus faecium and patients with drug-susceptible
or no infection.

Participants: All patients diagnosed with drug-resistant bloodstream infections (BSIs).
Interventions: NA

Assessment of risk of bias: An adapted version of the Joanna-Briggs Institute assessment
tool, incorporating case-control, cohort, and economic assessment frameworks.

Methods of data synthesis: Hierarchical Bayesian meta-analyses were used to assess
pathogen-specific resource use estimates.

Results: Of 5,969 screened publications, 37 were included in the review. Data were sparse
and heterogeneous. Most studies estimated attributable burden, comparing resistant and
susceptible pathogens (32/37). Four studies analysed the excess cost of hospitalisation

attributable to 3GCREC bloodstream infections (BSls), ranging from -€ 2,465.50 to €
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6,402.81. Eight studies presented adjusted excess length of hospital stay estimates for
MRSA and 3GCREC BSls (4 each) allowing for Bayesian hierarchical analysis, estimating
means of 1.26 (95% credible interval (Crl): -0.72 — 4.17) and 1.78 (95% Crl. -0.02 — 3.38)
days, respectively.

Conclusions: Evidence on most cost and resource use outcomes and across most
pathogen-resistance combinations was severely lacking. Given the importance of this
evidence for rational policymaking, further research is urgently needed.

Keywords: Antimicrobial resistance, resource use, costs, length of stay, Bayesian meta-

analysis.



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

Background

Antimicrobial resistance (AMR) can be described as an underappreciated danger of our
time, threatening the advances to modern society that antibiotics, antivirals, and antifungals
have achieved. Murray et al. estimated that globally, in 2019, 1.27 million deaths were
attributable to antibiotic resistant (ABR) pathogens (1). However, consideration of death
outcome alone leads to an underestimation of the total economic consequences of antibiotic
resistant infections. Murray et al. also estimated that 47.9 million disability adjusted life-years
(DALYSs), or the loss of the equivalent of one full year of health, were due to AMR, of which
275,000 were years lived in disability (YLDs) (1). Similarly, Cassini et al. conducted a
modelling analysis for the European Economic Area (EEA), which suggested that in 2015

alone, 874,541 DALYs were lost due to ABR pathogens, of which 129,954 were YLDs (2).

Economically, future rises in AMR may present a significant challenge to how the modern
global economy functions. The World Bank reported that under a ‘high AMR scenario’ the
global economy would contract by an estimated 3.2% and lose 3.8% of gross domestic
product (GDP) — a magnitude of effect that is comparable to the 2008 financial crisis (3).
They also predict that by 2050, under the same scenario, global health expenditure could
increase by $1.2 trillion, representing an 8% increase compared to the base case scenario

(no AMR) (3).

A significant barrier to understanding the true effects of AMR is the lack of evidence in health
economic outcomes. Estimates of the cost of AMR will vary depending on the perspective
taken (patient, healthcare provider and societal or economic costs), with different outcomes
relevant to each (4). Costs from a patient perspective may focus on costs associated with
excess mortality, while costs from a healthcare provider perspective may consider costs of
excess hospital bed days, and wider societal or economic costs may consider productivity

losses or impact on gross domestic product. To estimate cost components across
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perspectives, large amounts of data, from different settings and sources, are required. The
Organisation for Economic Cooperation and Development (OECD) released its ‘Stemming
the Superbug Tide’ in 2018, which helped provide insights in possible AMR health
expenditure (5). However, there is a need for empirical data, as well as sharing of such data,

to improve the evidence-base for action in tackling AMR.

Excess hospital costs associated with resistant hospital infections are driven by length of
hospital stay (LoS) of infected patients and therefore can be represented by bed day costs,
(LoS) (6), with previous studies using this metric to estimate costs of hospital infection and
AMR in hospital (7, 8). The validity of performing meta-analyses on cost estimates is
debated (9), with meta-analyses of excess LoS (with users then applying a unit cost per bed-
day) reducing the likelihood of cost per case biases due to external economic factors not
directly influencing internal healthcare spending (such as market exchange rates).
Therefore, highlighting the importance of reviewing not only direct cost estimate literature,
but also resource use literature that can be tailored to country-specific settings in economic
evaluations. Having explicit estimates of resource use attributable to ABR (like LoS) is
essential to quantify the extent of the issue, estimate justified levels of resource use for
control, parameterise cost-effectiveness models to evaluate associated interventions, thus

maximising the efficiency in our spending tackling this issue.

A further consideration is that AMR is not a single disease entity, but rather covers multiple
pathogens with multiple resistance patterns, which cause a variety of different infection
types, and all have potentially different cost consequences. In 2008, Rice identified ABR
pathogens that were both highly virulent and resistant — the ESKAPE pathogens. These
pathogens are; Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp (10). Murray et
al. estimated that a similar subset of pathogens were responsible for 0.93 million of the 1.27
million deaths predicted through modelling in 2019 (1). From an economic perspective, in

2019 Zhen et al. conducted a systematic review to assess the economic burden of ABR
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infections in ESKAPE organisms and found evidence they were often associated with higher
costs. For example, the mean total hospital costs among inpatients with methicillin-resistant
S. aureus (MRSA) was between 1.12 and 6.25 times higher than for methicillin-susceptible
S. aureus (MSSA) cases (11). The authors suggested that lack of significant differences
between resistant and control groups (e.g. susceptible or no infection comparators) may be
due to problems with study design, and particularly highlighted large heterogeneities
between, as well as within, countries. Due to these heterogeneities and differences in

outcome types, no meta-analyses were performed.

The objective of this systematic review is to determine the resource use and cost impact
attributable to drug-resistant infections (compared to susceptible infections) and associated
with drug-resistant infections (compared to no-infection), with a focus on Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa and Escherichia coli, across infection types.
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Methods

Search strategy and inclusion

The systematic review is structured according to PRISMA guidance and is registered with

PROSPERO (registration number PROSPERO CRD42022331400), with details on search

strategy and inclusion criteria available (12-14). Ethical approval was not required as all data

was extracted from publicly available sources. For the inclusion and exclusion criteria

applied for the narrative review, please see Table 1 (12). No language exclusion criteria

were applied. Additionally, only publications which utilised statistical techniques attempting

to account for time-dependency bias and/or adjustment for potential confounding factors,

were included in the meta-analyses.

Table 1. Inclusion and exclusion criteria

Category
Population

Inclusion Criteria

Patients in European settings.

Patients of all ages diagnosed with one of
the above-mentioned infections caused by
one of the pathogens of interest expressing
one of the resistance mechanisms of
interest (or being a control for a relevant
resistant exposure, e.g. an antibiotic
susceptible urinary tract infection in a case-
control study being compared to those with
a resistant infection respectively).

Patients diagnosed with infections in
hospital, community and long-term care

settings.

‘ Exclusion Criteria

Patients with primary
infections in; Central nervous
system, Genital system,
Pelvic infections, Head and

neck infections

Patients with specific primary
infections; Endocarditis,
Upper respiratory tract
infections, Lung abscess
Patients with; Bacterial
infections not included in the
list of pathogens of interest,
Poly-microbial infections
except for intra-abdominal
infections, Fungal infections,
Parasitic infections, Viral

infections, Mycobacterial




infections, Sexually
transmitted diseases,

Zoonotic infections

Exposure

The exposures of interest are the
resistance patterns of the included
pathogens. For two pathogens more than
one resistance pattern will be included.
Susceptible, intermediate, colonised, and
resistant interpretations from studies will be
accepted, as long as these are based on
accepted guidelines (EUCAST, CLSI).
Resistance will include both resistant and
intermediate categories. Multi-drug
resistance profiles will be assessed only if
the specific resistance of interest is
explicitly included in the definition and
required to be resistant in all isolates.
Infection types included were bloodstream
infections (BSIs), urinary tract infections
(UTIs), lower respiratory tract infections
(LRTIs), skin and soft tissue infections
(SSTls), surgical site infections (SSls), and

intra-abdominal infections (lAls).

Studies which did not specify

the infections included.

Outcomes

Excess Length of Inpatient Stay (days),
stratified by ICU, non-ICU and “general”
(I.e., across all wards) days where possible,
Excess inpatient cost, Excess ICU cost,
Excess primary care cost, Excess

outpatient cost.

NA

Study Design

Observational cohort studies (prospective
or retrospective), Observational case-
control studies (prospective or
retrospective), Systematic reviews and
meta-analyses — for the purpose of

identifying studies only, Non-randomized

Studies reported in
conference abstracts only,
Trial registries, Editorials,
letters and comments,
Studies published before
1990.
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comparative studies, Non-systematic If a study cannot be accessed
reviews — for the purpose of identifying through journal subscription,
studies only. the author will be contacted.
Abstracts will not be used as
the only data sources, and if
only abstracts are available
during the extraction process,
these studies will be

excluded.

The literature search included published studies during the period of January 1, 1990 to
June 21, 2022 from MEDLINE® (Ovid); Embase (Ovid); and Econlit databases. Grey
literature was also searched, including that of the World Health Organisation (WHO),
Centers for Disease Control and Prevention (CDC) and the European Centre for Disease
Prevention and Control (ECDC). Additional publications were gathered from the references
of fully screened publications, systematic reviews, and articles from the sister review of
health outcomes. When full-text was unavailable the paper was marked as excluded.
Studies that were considered included prospective, or retrospective cohort studies, case-
control studies and non-randomized studies. The search strategy can be found in the
supplementary material (Table S2), along with full details of the selection process, data

extraction and quality, risk of bias and publication bias assessments.

In brief, selection, deduplication and assessment of agreement was conducted using
Covidence software (15). Data extracted and a sub-set checked: a copy of the dataset used
for the final meta-analyses can be found in the project repository on the EPI-Net website
(16). Risk of bias was conducted independently by 2 reviewers and followed a framework
adapted from the Joanna Briggs Institute (JBI) tools for bias assessment in cohort, case

control, and economics studies (see supplementary material, Table S3 (17-19).
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Data analysis

Data preparation

Where data were not provided in a mean + standard deviation format (e.g., only a median
and interquartile range were provided), these were estimated using formulas provided by

Wan et al. 2014 (see supplementary materials) (20).

Furthermore, due to the inflation of costs over time, all costs that were extracted were
inflated to their equivalent value in 2021 using the consumer price index for the EU, and then

converted to Euros (EUR) (21).

Statistical analysis and modelling

The summary mean difference and respective standard errors of the study estimates were
produced for further analysis. Pooling of estimates was done per drug-resistant pathogen-
infection combination, across all settings, types of infection acquisition, age groups, gender,
and all other potential variables. Pooled effect measures included mean excess length of
stay, in days. All analyses focused on resistant versus susceptible comparators, as there
was insufficient data to conduct analyses with resistant versus no infection comparators. The
heterogeneity among the included studies would ordinarily lead to a frequentist random-
effects analysis, furthermore, the extremely low sample size of studies meant a fixed effects

model would also not be useful.

To utilise the small amount of data collected, a Bayesian hierarchical model for meta-
analysis using an informative prior was used. This is an alternative to the standard
frequentist interpretation of the random effects meta-analysis. A detailed description of
methods and further specifications of model runs are provided in the supplementary
materials (S5) (22-37). Sensitivity analyses was conducted testing the effect of weak and

strong informative priors of the heterogeneity parameter on the summary estimate.

11
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Results

Study selection

The search strategy identified 5,969 references (deduplicated from 6,798 references). After
title/abstract screening, 323 publications were selected for full text review. Ultimately, 37
publications were included in the review. The PRISMA flow diagram can be seen in Figure 2.
The most frequent exclusion reasons included: conference abstracts (n = 84), inappropriate

comparison group (n = 58), and the study not being conducted in Europe (n = 48).

Study characteristics

The types of studies that were extracted were composed of; twelve case-control studies
(15/37, 35%), thirteen retrospective cohort studies (13/37, 38%), ten prospective cohort
studies (10/37, 29%), and two case-cohort studies (2/37, 6%). The median study duration,
i.e., data collection period, was 36 months (IQR: 12 months — 60 months). Regarding study
setting, all were hospital-based, of which twenty publications were set in a secondary /
tertiary care centre (20/37, 54%), fourteen in a tertiary centre (14/37, 38%) two in a primary /

tertiary care setting (2/37, 5%), and one in all settings (1/34, 3%).

Thirty-two publications compared infection due to resistant and susceptible pathogens
(32/37, 86%), eleven which compared to susceptible also compared resistant infection to no
infection (11/37, 32%), and seven compared susceptible infection to no infection (7/37,
19%). The infections under study were split over different acquisition sources, with fourteen
publications focusing on hospital-acquired infections (14/37, 38%), seven publications not
specifying the source of infections (7/37, 19%) and six publications specifying infections as
hospital- and community-acquired (6/37, 16%). Furthermore, the infections that were studied
were heavily weighted towards bloodstream infections (BSIs), which were analysed in twenty
publications (20/37, 54%), followed by respiratory tract infections (RTIs) with nine

publications (9/37, 24%), and urinary tract infections (UTIs) in five publications (5/37, 14%).

12
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A summary of the study characteristics and results can be seen in the supplementary

materials (Tables S4-6).

Of the publications selected, the types of outcomes that were reported varied widely (Figure
1). In addition, there were significant data gaps, with limited data on excess healthcare
resource use due to the included target pathogens. Overall, the grid is sparse, with a
maximum of six publications for any one outcome. Outcomes with sufficient data and
adjusted estimates to enable further analysis for any of the pathogen-infection-resistance
combinations were excess total costs per infection (13 publications) and excess length of
stay per infection (13 publications). Only two pathogen-resistance-infection combinations
yielded sufficient data for these outcomes: third-generation cephalosporin resistant E. coli
(3GCREC) and methicillin resistant Staphylococcus aureus (MRSA), with BSls being the
only infection type with enough data across both. For MRSA BSls, the number of
publications with adjusted and unadjusted excess length of stay estimates was four and five,

respectively. Whereas for 3GCREC BSis, this was four and six, respectively.

There was an uneven distribution of publications across European countries, where most of
the evidence is coming from Western, Southern, and Central Europe (Figure 3). The

countries with the highest number of publications were Spain (11) and Germany (11).

Thirteen publications in total evaluated excess costs of hospitalisation (defined as the
difference in costs between patients with resistant versus susceptible infections) per one
episode of the disease. Of these, five evaluated the impact of MRSA, which covered BSlIs

(2), non-specific infections (2), RTIs (1), SSTIs (1), and UTIs (1).

Five studies analysed the excess total cost of hospitalisation (from a payer/provider
perspective) associated with 3SGCREC, versus susceptible E. coli infections, four of which
gave estimates for BSIs which ranged from - € 2,465.50 to € 6,402.81 per case. A meta-

analysis of these costs was not performed as this was deemed inappropriate, due to the

13
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variability in costs, their definition, and methods of estimation across studies, settings and

particularly across countries.

Bayesian meta-analysis

The excess LOS values used for the meta-analyses can be found in Figures 4 and 5. For the
analysis of excess length of hospital stay attributable to MRSA infections (susceptible
infection comparator), five publications reported an adjusted estimate which evaluated BSlIs
(4), RTIs (1), SSTIs (1), UTls (1), and non-specific infections (1). For the Bayesian analysis,
only the BSI publications were used for our likelihood. For the posterior distribution of the
excess length of stay attributable to MRSA BSIs (compared to susceptible infection), the
weakly informative prior resulted in a mean of 1.26 (95% Crl: -1.72 — 4.17) days, with a

probability of a positive excess length of stay associated with MRSA BSls of 92% (Figure 6).

For excess length of hospital stay attributable to 3GCREC infections (susceptible infection
comparator), four publications were found which covered all searched for infections. BSls
had the largest number of estimates (N= 4 studies) and so were used for the analysis as our
likelihood. A weakly informative prior resulted in a mean excess length of stay (compared to
susceptible infection) of 1.78 (95% Crl: -0.02 — 3.38) days, and the probability of a positive

excess length of stay was 95% (Figure 7).

Sensitivity analysis

To assess the effect of the assumed prior values on the heterogeneity prior, weak and
strong informative priors were tested. For excess length of stay associated with MRSA BSils,
a strong informative prior resulted in a mean of 1.29 (95% credible interval (Crl): -0.11 —
2.71) days and the probability of a positive excess length of stay was 97%. For excess

length of stay associated with 3GCREC BSIs a mean of 1.76 (95% Crl: 1.14 — 2.42) days

14
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and 100% probability of a positive excess length of stay was seen with a strong informative

prior.

Assessment of bias

The risk of bias summary can be seen in the supplementary files (Table S7), separated into
case-control studies and cohort studies. We identified 28 studies with a ‘low’ and 9 with a
‘medium’ risk of bias. For the cohort studies, loss to follow up was the most common risk of
bias (75% of publications with incomplete or poorly described follow-up). For the case-
control studies, many of the outcomes were not costs e.g. length of stay estimates:
excluding inappropriate questions, the most poorly answered questions included “Were

confounding factors identified?” (Of which only 69% of publications were classified as “yes”).

The Bayesian meta-analysis on excess length of stay due to MRSA consisted of four
publications with a “low” risk of bias, and one paper with a “medium” risk of bias, while for

3GCREC, all four of the publications included had a “low” risk of bias.

Due to the low number of studies included in the final Bayesian meta-analyses, a full

assessment of publication bias e.g. using funnel plots was not possible.
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Discussion

This systematic review found 37 studies that estimated costs and resource use associated
with and attributable to AMR. However, out of these 37 studies, only eight studies, which
focus on BSIs, could be used to create pooled estimates of AMR impact. This was due to (i)
a spread of data across syndromes, outcome measures and drug-bug combinations and (ii)
a lack of studies estimating outcome (in this case excess length of stay) whilst accounting for
sources of confounding and bias. We therefore highlight that not only do more studies need
to be conducted on resource use and cost of AMR, but that these need to use appropriate
statistical techniques (4, 8), across key drug-bug-syndrome exposure groups of interest, in

order to fill the current research gap.

This study estimates, based on the appropriate, available evidence found through systematic
review methods, that the only high probability finding was for excess length of stay
associated with 3SGCREC BSils (95% probability), with MRSA BSIs having a 92% probability
of incurring an excess LoS. The lack of 100% certainty of a positive associated LoS could be
due to higher mortality leading to shorter stay and/or not enough statistical power provided
within the included studies. For none of the other relevant resistant-pathogen-infection
combinations were sufficient data available to reach similar conclusions. Though these
results are based on only a few studies that reported economic outcomes attributable to or
associated with ABR, unlike previous reviews, we had stringent inclusion based on
robustness of statistical methods and deal with heterogeniety by breaking down analyses by
clinical subgroups (11, 38). This study extended the work carried out by previous reviews
such as Zhen et al.,, who found 32 publications across the EU, EEA, and UK regions
focusing on costs associated with AMR and provided descriptive results, without a focus on
pathogen-specific AMR burden estimates(11). In this study we provided an analysis using
Bayesian hierarchical modelling. Bayesian analyses can provide more valid results in case

of sparse data and allow generalisation of the health economic outcomes to a wider
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population (39). We provide the first example of how this method can be applied in AMR-

attributable resource use estimation.

Our study estimates 1.26 (95% Crl: -1.72 — 4.17) and 1.78 (95% Crl: -0.02 — 3.38) excess
LoS in days for AMR, dependent on bug-syndrome combination, this is lower that the
estimated 7.4 days (95% CI: 3.4-11.4) in Poudel et al across bugs and syndromes (38). This
is likely due to Poudel et al. including studies that do not appropriately adjust for time-
dependency in their excess LoS estimation. The literature has consistently shown that using
statistical techniques accounting for time dependency and adjusting appropriately for
counfounding leads to shorter excess LoS estimates (4, 6, 40). Additionally, Poudel et al is a
global analysis, including data from countries such as Japan, which tends to have longer

average LoS values of inpatients in comparison to European countries (41).

Of the pathogen-infection-resistance combinations searched for, MRSA BSlIs and 3GCREC

BSls were most frequently reported, with 9 publications (26%) identified for each.

Allel et al. (42) conducted a similar systematic literature review and meta-analysis aiming to
guantify the excess mortality, length of hospital stay, ICU admission and economic cost
associated with resistant BSIs (with a sensitive infection comparator), but with a focus on
low- and middle-income countries. Again, ignoring the possible influence of confounding
factors, their findings indicated that antibiotic resistant BSIs was associated with
substantially longer stays in hospitals and ICUs, higher mortality, resulting in increased direct
medical and productivity costs. They additionally highlight the paucity of BSI data from low-
and lower-middle-income countries, and performing frequentist meta-analyses with a low

number of studies can result in incorrect effect estimation (43).

The higher frequency of studies reporting MRSA and drug-resistant E. coli BSI outcomes
is perhaps unsurprising given the relative prevalence of these pathogen-resistance-infection
combinations in Europe (44). However, drug-resistant pathogens causing the largest

epidemiological burden, do not necessarily have the highest economic cost per case.
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Certain resistance-pathogen-infection combinations may have very high excess costs per
case, for example due to a large impact on length of ICU stay, or indeed prevalent but less
severe infections (e.g. UTI) may have significant impacts on population morbidity. As such,
we lack data to establish what would be the most important targets for intervention to reduce

the economic burden of AMR.

A joint report by the ECDC and the WHO emphasises the growing threat due to
carbapenem-resistant pathogens such as E. coli and K. pneumoniae, in which they note
increases in resistant isolates in Europe (45), especially in Eastern Europe. In this study, we
found no data on the economic impact of carbapenem-resistant infections, and in general a
lack of data from Eastern Europe. This may partly be explained by the fact that, while

carbapenem resistance is increasing, the absolute number of infections is still relatively low.

This review highlights a striking lack of evidence across countries. Differences in cost and
cost burden of resistant infections between countries are important to understand: an
intervention that is cost-effective in one may not be in another, with price levels within
healthcare systems varying greatly across Europe (46). One approach to address this would
be for studies to report resource use (e.g., type/number of diagnostics, treatments, other
types of interventions, hospital readmissions, primary care consultations), rather than costs.
Arguably, these may be more useful than costs, which vary over geography and time. We
would propose that estimates of resource use associated with infection, even without
monetary cost values available, should be assessed in any clinical study on ABR burden. In
this way, appropriate setting-specific unit costs could then be applied to such resource use
estimates, thus providing improved evidence on the costs of drug-resistant infections across
settings to enable tailored cost-effectiveness evaluations to be conducted. For example,
using the WHO-Choice average bed-day cost in Central Europe ($255) and Western Europe
($573) (2010 International dollars) and combining this with our average excess L0S
attributable to 3GCR in E. coli estimated in our model, gives average, excess costs per case

of around I$ 450 and I$ 1,020 respectively (47).
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Similarly, no data was available from non-hospital settings. Cost outcomes from infections in
hospital only represent part of the burden; it is likely there is a considerable economic
burden due to resistant infections in the community. Outcomes such as healthcare utilisation
for primary care and outpatient settings and cost-consequences of morbidity need to be
quantified, with long-term care facilities a particularly neglected area. Moreover, we found a
lack of data enabling stratification for outcomes across different genders, age groups,
comorbidities, like obesity or diabetes, or other important risk groups. Such factors are
important to the successful design and implementation of efficient and effective targeted
interventions, such as vaccines and monoclonal antibodies. While a potential solution is
subgroup analyses, large amounts of data may be required for sufficiently powered
analyses, individual patient meta-analysis is likely to be a more fruitful route. Finally, there is
little evidence of comparison between resistant infections and a no-infection counterfactual,
which is needed to determine the total cost of drug-resistant infections. Research in all the
areas described is needed to determine optimal ABR-associated interventions across

populations, pathways and settings.

In addition to the paucity of evidence, the quality of literature reporting economic outcomes
was also low. Some estimates were unadjusted for confounding factors such as the severity
of the underlying disease, or comorbidities. The fact that severity of diseases changes over
time makes it particularly difficult, if this is not appropriately considered, it can result in time-
varying confounding, which previous research has shown to artificially increase the excess

length of stay associated with infection (48).

There are study limitations, for both the systematic review and the meta-analyses. The
primary limitation being the lack of data, which in turn limited findings, resulted in high levels
of uncertainty, hindered meta-analyses and precluded full risk of bias analyses. No evidence
was found for many infection types, pathogens, resistances and settings, and so results do
not represent the full extent of the burden of AMR e.g. no quantification of resource use or

cost of resistant infections in non-hospital settings was possible, where in reality there may
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be considerable burden. Therefore, highlighting the need for further evidence. Furthermore,
many of the studies that were identified failed to appropriately account for sources of bias or
confounding. By using only adjusted estimates for meta-analyses, grouped by drug-bug-
syndrome combinations where more than one study was available, we reduced the potential
pool of data further. However, this allowed for robust quantification of pooled effect
estimates, considering heterogeneity of exposure groups. Despite use of a structured and
inclusive approach, we may have missed papers providing evidence relevant to our
outcomes of interest. However, our approach identified a greater number of studies than
similar recent reviews with a global scale. As is common to systematic literature reviews,
inter-rater reliability could have influenced paper selection, however, double title/abstract
screening for 100 publications showed 100% inter-reviewer agreement. The JBI criteria used
for bias assessment comprised items that were difficult to assess in an objective and
reproducible way and few are internally or externally validated. As such, any assessment is

limited due to the subjectivity that is required in analysing the studies.
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Conclusion

This review summarises the current evidence on the cost and resource use impact of
resistant infections but yielded little usable evidence for many of the pathogen-resistance-
infection combinations investigated. Even for those with the greatest amount of evidence,
the ability to conclude with confidence that there is a net positive or negative effect of
resistance is limited. The novel use of hierarchical Bayesian statistics in this review supports
that there is likely a positive excess length of stay associated with 3GCREC infections when
compared to susceptible E. coli infections. We highlight the lack of studies that adjust for
confounding factors appropriately, and the lack of studies reporting on primary care and
community settings, across countries, whilst providing impact estimates by antibiotic,
syndrome, and patient characteristic subgroups. These data are needed to appropriately

parameterise cost-effectiveness models to efficiently tackle ABR.
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Figures and tables

Figure 1. Heatmap of number of studies reporting economic outcomes across
resistance-pathogen-infection combinations. Dark blue indicates a higher frequency,
pale blue indicates a lower frequency, white indicates no publications available. NSp = non-
specific. 3GCRE = third-generation cephalosporin resistant Enterobacteriaceae, 3GCREC =
third-generation cephalosporin resistant E. coli, 3GCRKP = third-generation cephalosporin
resistant K. pneumoniae, CRAB = carbapenem resistant A. baumannii, CRE = carbapenem
resistant Enterobacteriaceae, CREC = carbapenem resistant E. coli, CRKP = carbapenem
resistant K. pneumoniae, CRPA = carbapenem resistant P. aeruginosa, MRSA = methicillin

resistant S. aureus, VREF = vancomycin resistant E. faecium

Figure 2. PRISMA diagram of identified publications. Displays breakdown of the

publications eligible at each screening stage, and the publications included in analysis.

Figure 3. Geographical spread of analysed publications across Europe. Includes all
analysed pathogens, infections, and resistance patterns. Dark blue represents more

publications, light blue represents fewer publications.

Figure 4. Excess length of stay outcomes associated with methicillin resistant
Staphylococcus aureus infections compared to susceptible Staphylococcus aureus

infections.

Figure 5. Excess length of stay outcomes associated with third-generation

cephalosporin resistant E. coli infection, compared to susceptible E. coli infections.
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Figure 6. Bayesian hierarchical modelling of the excess length of stay attributable to
methicillin resistant Staphylococcus aureus bloodstream infections (compared to
susceptible infections). Grey shaded area is the probability density of a weakly informative
prior on the excess length of stay (mu). Yellow shaded area is the probability density of a
weakly informative prior on between group variation (tau). The blue shaded area is the

probability density for a strong informative prior on the tau parameter.

Figure 7. Bayesian hierarchical modelling of the excess length of stay attributable to
third-generation cephalosporin resistant E. coli bloodstream infections (compared to
susceptible infections). Grey shaded area is the probability density of a weakly informative
prior on the excess length of stay (mu). Yellow shaded area is the probability density of a
weakly informative prior on between group variation (tau). The blue shaded area is the

probability density for a strong informative prior on the tau parameter.

24



492

493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555

References

1. Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A, et al. Global burden of
bacterial antimicrobial resistance in 2019: a systematic analysis. The Lancet. 2022;399(10325):629-55.
2. Cassini A, Hogberg LD, Plachouras D, Quattrocchi A, Hoxha A, Simonsen 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. The Lancet Infectious Diseases.
2019;19(1):56-66.

3. Jonas OBI, Alec; Berthe, Franck Cesar Jean; Le Gall, Francois G.; Marquez, Patricio V. Drug-resistant
infections : a threat to our economic future (Vol. 2) : final report (English). Washington D. C.: HNP/Agriculture
Global Antimicrobial Resistance Initiative; 2017.

4. Naylor NR, Atun R, Zhu N, Kulasabanathan K, Silva S, Chatterjee A, et al. Estimating the burden of
antimicrobial resistance: a systematic literature review. Antimicrobial Resistance & Infection Control. 2018;7(1).

5. OECD. Stemming the Superbug Tide: Just A Few Dollars More. Paris: OECD Publishing; 2018.

6. Graves N, Harbarth S, Beyersmann J, Barnett A, Halton K, Cooper B. Estimating the cost of health care-
associated infections: mind your p's and g's. Clinical infectious diseases. 2010;50(7):1017-21.

7. Naylor NR, Pouwels KB, Hope R, Green N, Henderson KL, Knight GM, et al. The health and cost

burden of antibiotic resistant and susceptible Escherichia coli bacteraemia in the English hospital setting: A
national retrospective cohort study. PloS one. 2019;14(9):e0221944.

8. Jit M, Ng DHL, Luangasanatip N, Sandmann F, Atkins KE, Robotham JV, et al. Quantifying the
economic cost of antibiotic resistance and the impact of related interventions: rapid methodological review,
conceptual framework and recommendations for future studies. BMC medicine. 2020;18(1):1-14.

9. Higgins J, TJ CJ, Cumpston M, Li T, Page M, Welch V. Cochrane handbook for systematic reviews of
interventions version 6.2 (updated February 2021). Cochrane, 2021. 2021.

10. Rice Louis B. Federal Funding for the Study of Antimicrobial Resistance in Nosocomial Pathogens: No
ESKAPE. The Journal of Infectious Diseases. 2008;197(8):1079-81.

11. Zhen X, Lundborg CS, Sun X, Hu X, Dong H. Economic burden of antibiotic resistance in ESKAPE
organisms: a systematic review. Antimicrobial Resistance & Infection Control. 2019;8(1).

12. Morgan RL, Whaley P, Thayer KA, Schinemann HJ. Identifying the PECO: A framework for formulating

good questions to explore the association of environmental and other exposures with health outcomes.
Environment International. 2018;121:1027-31.

13. Robotham J, Naylor NR, Kingston R, Pouwels K, Abdullah El-Abasiri R, de Kraker M, et al. A systematic
review and meta-analysis of the incremental economic impact of antibiotic resistance and antibiotic resistant
infections in Europe. CRD42022331400. PROSPERO2022 [Available from:
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD4202233140.

14. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020
statement: an updated guideline for reporting systematic reviews. International journal of surgery.
2021;88:105906.

15. Covidence systematic review software. Melbourne, Australia: Veritas Health Innovation; 2023.

16. Net the epidemiology network [Internet]. COMBACTE-MAGNET; 2018 [cited 2023 Jun 30]. Available
from: https://epi-net.eu/ [

17. Joanna Briggs Institute. Checklist for Case Control Studies - Critical Appraisal tools for use in JBI

Systematic Reviews 2020 [Available from: https://jbi.global/sites/default/files/2021-
10/Checklist_for_Case_Control_Studies.docx.

18. Joanna Briggs Institute. Checklist for Cohort Studies - Critical Appraisal tools for use in JBI Systematic
Reviews 2020 [Available from: https://jbi.global/sites/default/files/2021-10/Checklist_for_Cohort_Studies.docx.
19. Joanna Briggs Institute. Checklist for Economic Evaluations - Critical Appraisal tools for use in JBI

Systematic Reviews 2020 [Available from: https://jbi.global/sites/default/files/2021-
10/Checklist_for_Economic_Evaluations.docx.

20. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard deviation from the sample
size, median, range and/or interquartile range. BMC medical research methodology. 2014;14:1-13.

21. Fund IM. Financial Sector: Exchange rates & prices. In: Fund IM, editor.: International Monetary Fund;
2023.

22. R Core Team. R: A language and environment for statistical computing. 4.2.1 ed. Vienna, Austria: R
Foundation for Statistical Computing; 2023.

23. Rinker TW, Kurkiewicz D. pacman: Package Management for R. 0.5.0 ed. Buffalo, New York2018.
24. Wickham H, Averick M, Bryan J, Chang W, McGowan L, Francois R, et al. Welcome to the Tidyverse.
Journal of Open Source Software. 2019;4(43).

25. Wickham HB, J. readxl: Read Excel Files. 1.4.2 ed2023.

26. Balduzzi S, Riicker G, Schwarzer G. How to perform a meta-analysis with R: a practical tutorial.
Evidence Based Mental Health. 2019;22(4):153-60.

27. Viechtbauer W. Conducting Meta-Analyses in R with the metafor Package. Journal of Statistical
Software. 2010;36(3).

28. Bivand R KT, Rowlingson B. rgdal: Bindings for the 'Geospatial' Data Abstraction Library. 1.6-2 ed2022.
29. Muller K. here: A Simpler Way to Find Your Files. 1.0.1 ed2020.

25



556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593

594

30. Pebesma E. Simple Features for R: Standardized Support for Spatial Vector Data. The R Journal.
2018;10(2).

31. Bivand R S PE, Gomez-Rubio V. Applied spatial data analysis with R, Second edition. New York:
Springer; 2013. Available from: https://asdar-book.org/.

32. Roéver C. Bayesian Random-Effects Meta-Analysis Using the bayesmeta R Package. Journal of
Statistical Software. 2020;93(6).

33. S C. priceR: Economics and Pricing Tools. 0.1.67 ed2022.

34. Grolemund G, Wickham H. Dates and Times Made Easy withlubridate. Journal of Statistical Software.
2011;40(3).

35. Arel-Bundock V, Enevoldsen N, Yetman CJ. countrycode: An R package to convert country names and
country codes. Journal of Open Source Software. 2018;3(28).

36. Team SD. Stan Modeling Language Users Guide and Reference Manual. 2.31 ed2023.

37. Birkner P-C. brms: An R Package for Bayesian Multilevel Models Using Stan. Journal of Statistical
Software. 2017;80(1).

38. Poudel AN, Zhu S, Cooper N, Little P, Tarrant C, Hickman M, et al. The economic burden of antibiotic
resistance: A systematic review and meta-analysis. Plos one. 2023;18(5):e0285170.

39. Haeussler K, den Hout Av, Baio G. A dynamic Bayesian Markov model for health economic evaluations
of interventions in infectious disease. BMC Medical Research Methodology. 2018;18(1).

40. Barnett AG, Batra R, Graves N, Edgeworth J, Robotham J, Cooper B. Using a longitudinal model to

estimate the effect of methicillin-resistant Staphylococcus aureus infection on length of stay in an intensive care
unit. American journal of epidemiology. 2009;170(9):1186-94.

41. OECD. Health at a Glance 20232023.

42, Allel K, Stone J, Undurraga EA, Day L, Moore CE, Lin L, et al. The impact of inpatient bloodstream
infections caused by antibiotic-resistant bacteria in low-and middle-income countries: A systematic review and
meta-analysis. Plos Medicine. 2023;20(6):e1004199.

43. Seide SE, Rover C, Friede T. Likelihood-based random-effects meta-analysis with few studies: empirical
and simulation studies. BMC medical research methodology. 2019;19:1-14.
44. Mestrovic T, Robles Aguilar G, Swetschinski LR, lkuta KS, Gray AP, Davis Weaver N, et al. The burden

of bacterial antimicrobial resistance in the WHO European region in 2019: a cross-country systematic analysis.
The Lancet Public Health. 2022;7(11):e897-e913.

45. European Centre for Disease Prevention & Control, World Health Organization. Antimicrobial resistance
surveillance in Europe : 2022 : 2020 data: Publications Office of the European Union; 2022.

46. Lorenzoni L, Koechlin F. International comparisons of health prices and volumes: new findings. Health
Division. 2017.

47. World Health Organization. WHO-CHOICE estimates of cost for inpatient and outpatient health service
delivery. 2021.

48. Barnett AG, Beyersmann J, Allignol A, Rosenthal VD, Graves N, Wolkewitz M. The Time-Dependent

Bias and its Effect on Extra Length of Stay due to Nosocomial Infection. Value in Health. 2011;14(2):381-6.

26



595
596
597
598
599
600
601
602
603

Figure 1. Heatmap of number of studies reporting economic outcomes across
resistance-pathogen-infection combinations. Dark blue indicates a higher frequency, pale
blue indicates a lower frequency, white indicates no publications available. NSp = non-specific.
3GCRE = third-generation cephalosporin resistant Enterobacteriaceae, 3GCREC = third-generation
cephalosporin resistant E. coli, 3GCRKP = third-generation cephalosporin resistant K. pneumoniae,

CRAB

carbapenem resistant A. baumannii, CRE = carbapenem resistant Enterobacteriaceae,

CREC

carbapenem resistant E. coli, CRKP = carbapenem resistant K. pneumoniae, CRPA =
carbapenem resistant P. aeruginosa, MRSA = methicillin resistant S. aureus, VREF = vancomycin

resistant E. faecium.
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Figure 2. PRISMA diagram of identified publications. Displays breakdown of the

publications eligible at each screening stage, and the publications included in analysis.

Identification of new studies via databases and registers

c Records removed before screening:
-.g Records identified from: Duplicate records (n=803)
= Databases (n = 6,798) Records marked as ineligible by automation
= Registers (n=0) tools (n= 26)
g Records removed for other reasons (n=10)
A J
Records screened Records excluded
(n =5,969) (n=5646)
A J
Reports sought for retrieval Reports not retrieved
= (n=323) (n=8)
[ =4
«
5
W
Reports excluded:
Conference abstract (n = 84)
Inappropriate comparison group (n= 59)
A Study notin Europe (n = 48)
Reports assessed for eligibility Inappropriate study design (n = 29)
(n=2315) Inappropriate outcome (n = 24)
Inappropriate resistance profile (n=17)
Review / systematic review (n = 13)
Inappropriate pathogen (n=2)
Inappropriate infection (n=2)
Y
= New studies included in review
g (n=37)
(_:; Reports of new included studies
£ (n=0)
Figure 3. Geographical spread of analysed publications across Europe. Includes all

analysed pathogens, infections, and resistance patterns. Dark blue represents more

publications, light blue represents fewer publications.
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616 Figure 4. Excess length of stay outcomes associated with methicillin resistant
617  Staphylococcus aureus infections compared to susceptible Staphylococcus aureus

618 infections.

study year infection Length of Stay (days)
Harbarth 1998 BSI -10(-63.67-43.67)

de Kraker 2011 BSI —_— 0.73(-3.77-5.23)
Stewardson 2016 BSI = 2.54(-3.19-8.27)

Touat 2018 BSI ‘—-— 1.3(-0.25-2.85)

Ott 2010 RTI E 3.33(-4.28-10.95)
Touat 2018 SSTI - 2.1(1.4-2.8)

Touat 2018 UTI —a— 1.9(0.9-2.9)

Touat 2018 Non-specific P 2(1.6-2.4)

\ I \ \ \ \ \
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Figure 5. Excess length of stay associated with third-generation cephalosporin

resistant E. coli infection, compared to susceptible E. coli infections.

study

de Kraker
Leistner
Touat
Naylor
Touat
Touat
Touat

year
2010
2014
2018
2019
2018
2018
2018

infection
BSI

BSI

BSI

BSI

1Al

UTI
Non-specific

-10

Length of Stay (days)

. 5(0.1-9.9)

-2.67(-8.58-3.25)
—— 2.3(0.9-3.7)

- 1.58(0.84-2.32)
- 1.3(0.5-2.1)

. 0.9(0.7-1.1)

T
5250

1.2(1-1.4)
\ \ |
25 5 10

32



638 Figure 6. Bayesian hierarchical modelling of the excess length of stay (days)
639 attributable to methicillin resistant Staphylococcus aureus bloodstream infections
640 (compared to susceptible infections). Grey shaded area is the probability density of a
641 weakly informative prior on the excess length of stay (mu). Yellow shaded area is the
642  probability density of a weakly informative prior on between group variation (tau). The blue

643 shaded area is the probability density for a strong informative prior on the tau parameter.

Inputs (Priors):

06 O u~ N, 6.1)

Outputs (Posteriors):

O Weak prior: T~ |N(O, 1)|
[ Strong prior: T ~ |[N(0, 0.1)]

M ﬂ

Probability density

0.2

0.0

20 -10 0 10 20
Mean Difference
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Figure 7. Bayesian hierarchical modelling of the excess length of stay (days)
attributable to third-generation cephalosporin resistant E. coli bloodstream infections
(compared to susceptible infections). Grey shaded area is the probability density of a
weakly informative prior on the excess length of stay (mu). Yellow shaded area is the
probability density of a weakly informative prior on between group variation (tau). The blue

shaded area is the probability density for a strong informative prior on the tau parameter.

Mu and tau priors
B Posterior: T~ [N(0, 0.3)|

Paosterior: 1~ |N(0, 3)]
O Prior p~ N(0, 6.1)

bt
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Probability density
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