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Abstract  43 

(Current word count: 250) 44 

Background: Quantifying the resource use and cost of antimicrobial resistance establishes 45 

the magnitude of the problem and drives action. 46 

Objectives: Assessment of resource use and cost associated with infections with six key 47 

drug-resistant pathogens in Europe. 48 

Methods: A systematic review and Bayesian meta-analysis. 49 

Data sources: MEDLINE® (Ovid), Embase (Ovid), Econlit databases, and grey literature for 50 

the period 1st January 1990 to 21st June 2022. 51 

Study eligibility criteria: Resource use and cost outcomes (including excess length of stay, 52 

overall costs and other excess in/outpatient costs) were compared between patients with 53 

defined antibiotic-resistant infections caused by carbapenem resistant (CR) Pseudomonas 54 

aeruginosa and Acinetobacter baumannii, CR or third generation cephalosporin Escherichia 55 

coli (3GCREC) and Klebsiella pneumoniae, methicillin resistant Staphylococcus aureus 56 

(MRSA) and vancomycin resistant Enterococcus faecium and patients with drug-susceptible 57 

or no infection. 58 

Participants: All patients diagnosed with drug-resistant bloodstream infections (BSIs). 59 

Interventions: NA 60 

Assessment of risk of bias: An adapted version of the Joanna-Briggs Institute assessment 61 

tool, incorporating case-control, cohort, and economic assessment frameworks. 62 

Methods of data synthesis: Hierarchical Bayesian meta-analyses were used to assess 63 

pathogen-specific resource use estimates. 64 

Results: Of 5,969 screened publications, 37 were included in the review. Data were sparse 65 

and heterogeneous. Most studies estimated attributable burden, comparing resistant and 66 

susceptible pathogens (32/37). Four studies analysed the excess cost of hospitalisation 67 

attributable to 3GCREC bloodstream infections (BSIs), ranging from -€ 2,465.50 to € 68 
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6,402.81. Eight studies presented adjusted excess length of hospital stay estimates for 69 

MRSA and 3GCREC BSIs (4 each) allowing for Bayesian hierarchical analysis, estimating 70 

means of 1.26 (95% credible interval (CrI): -0.72 – 4.17) and 1.78 (95% CrI: -0.02 – 3.38) 71 

days, respectively.  72 

Conclusions:  Evidence on most cost and resource use outcomes and across most 73 

pathogen-resistance combinations was severely lacking. Given the importance of this 74 

evidence for rational policymaking, further research is urgently needed. 75 

Keywords: Antimicrobial resistance, resource use, costs, length of stay, Bayesian meta-76 

analysis. 77 
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Background 78 

Antimicrobial resistance (AMR) can be described as an underappreciated danger of our 79 

time, threatening the advances to modern society that antibiotics, antivirals, and antifungals 80 

have achieved. Murray et al. estimated that globally, in 2019, 1.27 million deaths were 81 

attributable to antibiotic resistant (ABR) pathogens (1). However, consideration of death 82 

outcome alone leads to an underestimation of the total economic consequences of antibiotic 83 

resistant infections. Murray et al. also estimated that 47.9 million disability adjusted life-years 84 

(DALYs), or the loss of the equivalent of one full year of health, were due to AMR, of which 85 

275,000 were years lived in disability (YLDs) (1). Similarly, Cassini et al. conducted a 86 

modelling analysis for the European Economic Area (EEA), which suggested that in 2015 87 

alone, 874,541 DALYs were lost due to ABR pathogens, of which 129,954 were YLDs (2). 88 

Economically, future rises in AMR may present a significant challenge to how the modern 89 

global economy functions. The World Bank reported that under a ‘high AMR scenario’ the 90 

global economy would contract by an estimated 3.2% and lose 3.8% of gross domestic 91 

product (GDP) – a magnitude of effect that is comparable to the 2008 financial crisis (3). 92 

They also predict that by 2050, under the same scenario, global health expenditure could 93 

increase by $1.2 trillion, representing an 8% increase compared to the base case scenario 94 

(no AMR) (3).  95 

A significant barrier to understanding the true effects of AMR is the lack of evidence in health 96 

economic outcomes. Estimates of the cost of AMR will vary depending on the perspective 97 

taken (patient, healthcare provider and societal or economic costs), with different outcomes 98 

relevant to each (4). Costs from a patient perspective may focus on costs associated with 99 

excess mortality, while costs from a healthcare provider perspective may consider costs of 100 

excess hospital bed days, and wider societal or economic costs may consider productivity 101 

losses or impact on gross domestic product. To estimate cost components across 102 
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perspectives, large amounts of data, from different settings and sources, are required. The 103 

Organisation for Economic Cooperation and Development (OECD) released its ‘Stemming 104 

the Superbug Tide’ in 2018, which helped provide insights in possible AMR health 105 

expenditure (5). However, there is a need for empirical data, as well as sharing of such data, 106 

to improve the evidence-base for action in tackling AMR.  107 

Excess hospital costs associated with resistant hospital infections are driven by length of 108 

hospital stay (LoS) of infected patients and therefore can be represented by bed day costs, 109 

(LoS) (6), with previous studies using this metric to estimate costs of hospital infection and 110 

AMR in hospital (7, 8). The validity of performing meta-analyses on cost estimates is 111 

debated (9), with meta-analyses of excess LoS (with users then applying a unit cost per bed-112 

day) reducing the likelihood of cost per case biases due to external economic factors not 113 

directly influencing internal healthcare spending (such as market exchange rates). 114 

Therefore, highlighting the importance of reviewing not only direct cost estimate literature, 115 

but also resource use literature that can be tailored to country-specific settings in economic 116 

evaluations. Having explicit estimates of resource use attributable to ABR (like LoS) is 117 

essential to quantify the extent of the issue, estimate justified levels of resource use for 118 

control, parameterise cost-effectiveness models to evaluate associated interventions, thus 119 

maximising the efficiency in our spending tackling this issue. 120 

A further consideration is that AMR is not a single disease entity, but rather covers multiple 121 

pathogens with multiple resistance patterns, which cause a variety of different infection 122 

types, and all have potentially different cost consequences.  In 2008, Rice identified ABR 123 

pathogens that were both highly virulent and resistant – the ESKAPE pathogens. These 124 

pathogens are; Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 125 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp (10). Murray et 126 

al. estimated that a similar subset of pathogens were responsible for 0.93 million of the 1.27 127 

million deaths predicted through modelling in 2019 (1). From an economic perspective, in 128 

2019 Zhen et al. conducted a systematic review to assess the economic burden of ABR 129 
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infections in ESKAPE organisms and found evidence they were often associated with higher 130 

costs. For example, the mean total hospital costs among inpatients with methicillin-resistant 131 

S. aureus (MRSA) was between 1.12 and 6.25 times higher than for methicillin-susceptible 132 

S. aureus (MSSA) cases (11). The authors suggested that lack of significant differences 133 

between resistant and control groups (e.g. susceptible or no infection comparators) may be 134 

due to problems with study design, and particularly highlighted large heterogeneities 135 

between, as well as within, countries. Due to these heterogeneities and differences in 136 

outcome types, no meta-analyses were performed.  137 

The objective of this systematic review is to determine the resource use and cost impact 138 

attributable to drug-resistant infections (compared to susceptible infections) and associated 139 

with drug-resistant infections (compared to no-infection), with a focus on Enterococcus 140 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 141 

Pseudomonas aeruginosa and Escherichia coli, across infection types.   142 
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Methods 143 

Search strategy and inclusion 144 

The systematic review is structured according to PRISMA guidance and is registered with 145 

PROSPERO (registration number PROSPERO CRD42022331400), with details on search 146 

strategy and inclusion criteria available (12-14). Ethical approval was not required as all data 147 

was extracted from publicly available sources. For the inclusion and exclusion criteria 148 

applied for the narrative review, please see Table 1 (12). No language exclusion criteria 149 

were applied. Additionally, only publications which utilised statistical techniques attempting 150 

to account for time-dependency bias and/or adjustment for potential confounding factors, 151 

were included in the meta-analyses.  152 

Table 1. Inclusion and exclusion criteria 153 

Category Inclusion Criteria Exclusion Criteria 

Population 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.  

 

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 
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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 

(SSTIs), surgical site infections (SSIs), and 

intra-abdominal infections (IAIs). 

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 

reviews – for the purpose of identifying 

studies only. 

If a study cannot be accessed 

through journal subscription, 

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. 

 154 

The literature search included published studies during the period of January 1, 1990 to 155 

June 21, 2022 from MEDLINE® (Ovid); Embase (Ovid); and Econlit databases. Grey 156 

literature was also searched, including that of the World Health Organisation (WHO), 157 

Centers for Disease Control and Prevention (CDC) and the European Centre for Disease 158 

Prevention and Control (ECDC). Additional publications were gathered from the references 159 

of fully screened publications, systematic reviews, and articles from the sister review of 160 

health outcomes. When full-text was unavailable the paper was marked as excluded.  161 

Studies that were considered included prospective, or retrospective cohort studies, case-162 

control studies and non-randomized studies. The search strategy can be found in the 163 

supplementary material (Table S2), along with full details of the selection process, data 164 

extraction and quality, risk of bias and publication bias assessments. 165 

In brief, selection, deduplication and assessment of agreement was conducted using 166 

Covidence software (15). Data extracted and a sub-set checked: a copy of the dataset used 167 

for the final meta-analyses can be found in the project repository on the EPI-Net website 168 

(16). Risk of bias was conducted independently by 2 reviewers and followed a framework 169 

adapted from the Joanna Briggs Institute (JBI) tools for bias assessment in cohort, case 170 

control, and economics studies (see supplementary material, Table S3 (17-19). 171 
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Data analysis 172 

Data preparation 173 

Where data were not provided in a mean ± standard deviation format (e.g., only a median 174 

and interquartile range were provided), these were estimated using formulas provided by 175 

Wan et al. 2014 (see supplementary materials) (20). 176 

Furthermore, due to the inflation of costs over time, all costs that were extracted were 177 

inflated to their equivalent value in 2021 using the consumer price index for the EU, and then 178 

converted to Euros (EUR) (21).  179 

Statistical analysis and modelling 180 

The summary mean difference and respective standard errors of the study estimates were 181 

produced for further analysis. Pooling of estimates was done per drug-resistant pathogen-182 

infection combination, across all settings, types of infection acquisition, age groups, gender, 183 

and all other potential variables. Pooled effect measures included mean excess length of 184 

stay, in days. All analyses focused on resistant versus susceptible comparators, as there 185 

was insufficient data to conduct analyses with resistant versus no infection comparators. The 186 

heterogeneity among the included studies would ordinarily lead to a frequentist random-187 

effects analysis, furthermore, the extremely low sample size of studies meant a fixed effects 188 

model would also not be useful.  189 

To utilise the small amount of data collected, a Bayesian hierarchical model for meta-190 

analysis using an informative prior was used. This is an alternative to the standard 191 

frequentist interpretation of the random effects meta-analysis.  A detailed description of 192 

methods and further specifications of model runs are provided in the supplementary 193 

materials (S5) (22-37). Sensitivity analyses was conducted testing the effect of weak and 194 

strong informative priors of the heterogeneity parameter on the summary estimate. 195 
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Results 196 

Study selection 197 

The search strategy identified 5,969 references (deduplicated from 6,798 references). After 198 

title/abstract screening, 323 publications were selected for full text review. Ultimately, 37 199 

publications were included in the review. The PRISMA flow diagram can be seen in Figure 2. 200 

The most frequent exclusion reasons included: conference abstracts (n = 84), inappropriate 201 

comparison group (n = 58), and the study not being conducted in Europe (n = 48). 202 

Study characteristics 203 

The types of studies that were extracted were composed of; twelve case-control studies 204 

(15/37, 35%), thirteen retrospective cohort studies (13/37, 38%), ten prospective cohort 205 

studies (10/37, 29%), and two case-cohort studies (2/37, 6%). The median study duration, 206 

i.e., data collection period, was 36 months (IQR: 12 months – 60 months). Regarding study 207 

setting, all were hospital-based, of which twenty publications were set in a secondary / 208 

tertiary care centre (20/37, 54%), fourteen in a tertiary centre (14/37, 38%) two in a primary / 209 

tertiary care setting (2/37, 5%), and one in all settings (1/34, 3%). 210 

Thirty-two publications compared infection due to resistant and susceptible pathogens 211 

(32/37, 86%), eleven which compared to susceptible also compared resistant infection to no 212 

infection (11/37, 32%), and seven compared susceptible infection to no infection (7/37, 213 

19%). The infections under study were split over different acquisition sources, with fourteen 214 

publications focusing on hospital-acquired infections (14/37, 38%), seven publications not 215 

specifying the source of infections (7/37, 19%) and six publications specifying infections as 216 

hospital- and community-acquired (6/37, 16%). Furthermore, the infections that were studied 217 

were heavily weighted towards bloodstream infections (BSIs), which were analysed in twenty 218 

publications (20/37, 54%), followed by respiratory tract infections (RTIs) with nine 219 

publications (9/37, 24%), and urinary tract infections (UTIs) in five publications (5/37, 14%). 220 
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A summary of the study characteristics and results can be seen in the supplementary 221 

materials (Tables S4-6). 222 

Of the publications selected, the types of outcomes that were reported varied widely (Figure 223 

1). In addition, there were significant data gaps, with limited data on excess healthcare 224 

resource use due to the included target pathogens. Overall, the grid is sparse, with a 225 

maximum of six publications for any one outcome. Outcomes with sufficient data and 226 

adjusted estimates to enable further analysis for any of the pathogen-infection-resistance 227 

combinations were excess total costs per infection (13 publications) and excess length of 228 

stay per infection (13 publications). Only two pathogen-resistance-infection combinations 229 

yielded sufficient data for these outcomes: third-generation cephalosporin resistant E. coli 230 

(3GCREC) and methicillin resistant Staphylococcus aureus (MRSA), with BSIs being the 231 

only infection type with enough data across both. For MRSA BSIs, the number of 232 

publications with adjusted and unadjusted excess length of stay estimates was four and five, 233 

respectively. Whereas for 3GCREC BSIs, this was four and six, respectively.   234 

There was an uneven distribution of publications across European countries, where most of 235 

the evidence is coming from Western, Southern, and Central Europe (Figure 3). The 236 

countries with the highest number of publications were Spain (11) and Germany (11).  237 

Thirteen publications in total evaluated excess costs of hospitalisation (defined as the 238 

difference in costs between patients with resistant versus susceptible infections) per one 239 

episode of the disease.  Of these, five evaluated the impact of MRSA, which covered BSIs 240 

(2), non-specific infections (2), RTIs (1), SSTIs (1), and UTIs (1). 241 

Five studies analysed the excess total cost of hospitalisation (from a payer/provider 242 

perspective) associated with 3GCREC, versus susceptible E. coli infections, four of which 243 

gave estimates for BSIs which ranged from - € 2,465.50 to € 6,402.81 per case. A meta-244 

analysis of these costs was not performed as this was deemed inappropriate, due to the 245 
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variability in costs, their definition, and methods of estimation across studies, settings and 246 

particularly across countries.  247 

  248 

Bayesian meta-analysis 249 

The excess LOS values used for the meta-analyses can be found in Figures 4 and 5. For the 250 

analysis of excess length of hospital stay attributable to MRSA infections (susceptible 251 

infection comparator), five publications reported an adjusted estimate which evaluated BSIs 252 

(4), RTIs (1), SSTIs (1), UTIs (1), and non-specific infections (1). For the Bayesian analysis, 253 

only the BSI publications were used for our likelihood. For the posterior distribution of the 254 

excess length of stay attributable to MRSA BSIs (compared to susceptible infection), the 255 

weakly informative prior resulted in a mean of 1.26 (95% CrI: -1.72 – 4.17) days, with a 256 

probability of a positive excess length of stay associated with MRSA BSIs of 92% (Figure 6).  257 

For excess length of hospital stay attributable to 3GCREC infections (susceptible infection 258 

comparator), four publications were found which covered all searched for infections. BSIs 259 

had the largest number of estimates (N= 4 studies) and so were used for the analysis as our 260 

likelihood. A weakly informative prior resulted in a mean excess length of stay (compared to 261 

susceptible infection) of 1.78 (95% CrI: -0.02 – 3.38) days, and the probability of a positive 262 

excess length of stay was 95% (Figure 7). 263 

Sensitivity analysis 264 

 265 

To assess the effect of the assumed prior values on the heterogeneity prior, weak and 266 

strong informative priors were tested. For excess length of stay associated with MRSA BSIs, 267 

a strong informative prior resulted in a mean of 1.29 (95% credible interval (CrI): -0.11 – 268 

2.71) days and the probability of a positive excess length of stay was 97%. For excess 269 

length of stay associated with 3GCREC BSIs a mean of 1.76 (95% CrI: 1.14 – 2.42) days 270 
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and 100% probability of a positive excess length of stay was seen with a strong informative 271 

prior.  272 

Assessment of bias 273 

The risk of bias summary can be seen in the supplementary files (Table S7), separated into 274 

case-control studies and cohort studies. We identified 28 studies with a ‘low’ and 9 with a 275 

‘medium’ risk of bias.  For the cohort studies, loss to follow up was the most common risk of 276 

bias (75% of publications with incomplete or poorly described follow-up). For the case-277 

control studies, many of the outcomes were not costs e.g. length of stay estimates: 278 

excluding inappropriate questions, the most poorly answered questions included “Were 279 

confounding factors identified?” (Of which only 69% of publications were classified as “yes”).  280 

The Bayesian meta-analysis on excess length of stay due to MRSA consisted of four 281 

publications with a “low” risk of bias, and one paper with a “medium” risk of bias, while for 282 

3GCREC, all four of the publications included had a “low” risk of bias.  283 

Due to the low number of studies included in the final Bayesian meta-analyses, a full 284 

assessment of publication bias e.g. using funnel plots was not possible. 285 
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Discussion 286 

This systematic review found 37 studies that estimated costs and resource use associated 287 

with and attributable to AMR. However, out of these 37 studies, only eight studies, which 288 

focus on BSIs, could be used to create pooled estimates of AMR impact. This was due to (i) 289 

a spread of data across syndromes, outcome measures and drug-bug combinations and (ii) 290 

a lack of studies estimating outcome (in this case excess length of stay) whilst accounting for 291 

sources of confounding and bias. We therefore highlight that not only do more studies need 292 

to be conducted on resource use and cost of AMR, but that these need to use appropriate 293 

statistical techniques (4, 8), across key drug-bug-syndrome exposure groups of interest, in 294 

order to fill the current research gap.  295 

This study estimates, based on the appropriate, available evidence found through systematic 296 

review methods, that the only high probability finding was for excess length of stay 297 

associated with 3GCREC BSIs (95% probability), with MRSA BSIs having a 92% probability 298 

of incurring an excess LoS. The lack of 100% certainty of a positive associated LoS could be 299 

due to higher mortality leading to shorter stay and/or not enough statistical power provided 300 

within the included studies. For none of the other relevant resistant-pathogen-infection 301 

combinations were sufficient  data available to reach similar conclusions. Though these 302 

results are based on only a few studies that reported economic outcomes attributable to or 303 

associated with ABR, unlike previous reviews, we had stringent inclusion based on 304 

robustness of statistical methods and deal with heterogeniety by breaking down analyses by 305 

clinical subgroups (11, 38). This study extended the work carried out by previous reviews 306 

such as Zhen et al., who found 32 publications across the EU, EEA, and UK regions 307 

focusing on costs associated with AMR and provided descriptive results, without a focus on 308 

pathogen-specific AMR burden estimates(11). In this study we provided an analysis using 309 

Bayesian hierarchical modelling. Bayesian analyses can provide more valid results in case 310 

of sparse data and allow generalisation of the health economic outcomes to a wider 311 

Jo
urn

al 
Pre-

pro
of



17 
 

population (39). We provide the first example of how this method can be applied in AMR-312 

attributable resource use estimation. 313 

Our study estimates 1.26 (95% CrI: -1.72 – 4.17) and 1.78 (95% CrI: -0.02 – 3.38) excess 314 

LoS in days for AMR, dependent on bug-syndrome combination, this is lower that the 315 

estimated 7.4 days (95% CI: 3.4–11.4) in Poudel et al across bugs and syndromes (38). This 316 

is likely due to Poudel et al. including studies that do not appropriately adjust for time-317 

dependency in their excess LoS estimation. The literature has consistently shown that using 318 

statistical techniques accounting for time dependency and adjusting appropriately for 319 

counfounding leads to shorter excess LoS estimates (4, 6, 40). Additionally, Poudel et al is a 320 

global analysis, including data from countries such as Japan, which tends to have longer 321 

average LoS values of inpatients in comparison to European countries (41).  322 

Of the pathogen-infection-resistance combinations searched for, MRSA BSIs and 3GCREC 323 

BSIs were most frequently reported, with 9 publications (26%) identified for each.  324 

Allel et al. (42) conducted a similar systematic literature review and meta-analysis aiming to 325 

quantify the excess mortality, length of hospital stay, ICU admission and economic cost 326 

associated with resistant BSIs (with a sensitive infection comparator), but with a focus on 327 

low- and middle-income countries. Again, ignoring the possible influence of confounding 328 

factors, their findings indicated that antibiotic resistant BSIs was associated with 329 

substantially longer stays in hospitals and ICUs, higher mortality, resulting in increased direct 330 

medical and productivity costs. They additionally highlight the paucity of BSI data from low- 331 

and lower-middle-income countries, and performing frequentist meta-analyses with a low 332 

number of studies can result in incorrect effect estimation (43).  333 

The higher frequency of studies reporting MRSA and drug-resistant E. coli BSI outcomes     334 

is perhaps unsurprising given the relative prevalence of these pathogen-resistance-infection 335 

combinations in Europe (44). However, drug-resistant pathogens causing the largest 336 

epidemiological burden, do not necessarily have the highest economic cost per case. 337 
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Certain resistance-pathogen-infection combinations may have very high excess costs per 338 

case, for example due to a large impact on length of ICU stay, or indeed prevalent but less 339 

severe infections (e.g. UTI) may have significant impacts on population morbidity. As such, 340 

we lack data to establish what would be the most important targets for intervention to reduce 341 

the economic burden of AMR. 342 

A joint report by the ECDC and the WHO emphasises the growing threat due to 343 

carbapenem-resistant pathogens such as E. coli and K. pneumoniae, in which they note 344 

increases in resistant isolates in Europe (45), especially in Eastern Europe. In this study, we 345 

found no data on the economic impact of carbapenem-resistant infections, and in general a 346 

lack of data from Eastern Europe. This may partly be explained by the fact that, while 347 

carbapenem resistance is increasing, the absolute number of infections is still relatively low. 348 

This review highlights a striking lack of evidence across countries. Differences in cost and 349 

cost burden of resistant infections between countries are important to understand: an 350 

intervention that is cost-effective in one may not be in another, with price levels within 351 

healthcare systems varying greatly across Europe (46). One approach to address this would 352 

be for studies to report resource use (e.g., type/number of diagnostics, treatments, other 353 

types of interventions, hospital readmissions, primary care consultations), rather than costs. 354 

Arguably, these may be more useful than costs, which vary over geography and time. We 355 

would propose that estimates of resource use associated with infection, even without 356 

monetary cost values available, should be assessed in any clinical study on ABR burden. In 357 

this way, appropriate setting-specific unit costs could then be applied to such resource use 358 

estimates, thus providing improved evidence on the costs of drug-resistant infections across 359 

settings to enable tailored cost-effectiveness evaluations to be conducted. For example, 360 

using the WHO-Choice average bed-day cost in Central Europe ($255) and Western Europe 361 

($573) (2010 International dollars) and combining this with our average excess LoS 362 

attributable to 3GCR in E. coli estimated in our model, gives average, excess costs per case 363 

of around I$ 450 and I$ 1,020 respectively (47).  364 
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Similarly, no data was available from non-hospital settings. Cost outcomes from infections in 365 

hospital only represent part of the burden; it is likely there is a considerable economic 366 

burden due to resistant infections in the community. Outcomes such as healthcare utilisation 367 

for primary care and outpatient settings and cost-consequences of morbidity need to be 368 

quantified, with long-term care facilities a particularly neglected area. Moreover, we found a 369 

lack of data enabling stratification for outcomes across different genders, age groups, 370 

comorbidities, like obesity or diabetes, or other important risk groups. Such factors are 371 

important to the successful design and implementation of efficient and effective targeted 372 

interventions, such as vaccines and monoclonal antibodies.  While a potential solution is 373 

subgroup analyses, large amounts of data may be required for sufficiently powered 374 

analyses, individual patient meta-analysis is likely to be a more fruitful route. Finally, there is 375 

little evidence of comparison between resistant infections and a no-infection counterfactual, 376 

which is needed to determine the total cost of drug-resistant infections.  Research in all the 377 

areas described is needed to determine optimal ABR-associated interventions across 378 

populations, pathways and settings.  379 

In addition to the paucity of evidence, the quality of literature reporting economic outcomes 380 

was also low. Some estimates were unadjusted for confounding factors such as the severity 381 

of the underlying disease, or comorbidities. The fact that severity of diseases changes over 382 

time makes it particularly difficult, if this is not appropriately considered, it can result in time-383 

varying confounding, which previous research has shown to artificially increase the excess 384 

length of stay associated with infection (48).  385 

There are study limitations, for both the systematic review and the meta-analyses. The 386 

primary limitation being the lack of data, which in turn limited findings, resulted in high levels 387 

of uncertainty, hindered meta-analyses and precluded full risk of bias analyses. No evidence 388 

was found for many infection types, pathogens, resistances and settings, and so results do 389 

not represent the full extent of the burden of AMR e.g. no quantification of resource use or 390 

cost of resistant infections in non-hospital settings was possible, where in reality there may 391 
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be considerable burden. Therefore, highlighting the need for further evidence. Furthermore, 392 

many of the studies that were identified failed to appropriately account for sources of bias or 393 

confounding.  By using only adjusted estimates for meta-analyses, grouped by drug-bug-394 

syndrome combinations where more than one study was available, we reduced the potential 395 

pool of data further. However, this allowed for robust quantification of pooled effect 396 

estimates, considering heterogeneity of exposure groups. Despite use of a structured and 397 

inclusive approach, we may have missed papers providing evidence relevant to our 398 

outcomes of interest. However, our approach identified a greater number of studies than 399 

similar recent reviews with a global scale. As is common to systematic literature reviews, 400 

inter-rater reliability could have influenced paper selection, however, double title/abstract 401 

screening for 100 publications showed 100% inter-reviewer agreement. The JBI criteria used 402 

for bias assessment comprised items that were difficult to assess in an objective and 403 

reproducible way and few are internally or externally validated. As such, any assessment is 404 

limited due to the subjectivity that is required in analysing the studies.  405 
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Conclusion 406 

This review summarises the current evidence on the cost and resource use impact of 407 

resistant infections but yielded little usable evidence for many of the pathogen-resistance-408 

infection combinations investigated. Even for those with the greatest amount of evidence, 409 

the ability to conclude with confidence that there is a net positive or negative effect of 410 

resistance is limited. The novel use of hierarchical Bayesian statistics in this review supports 411 

that there is likely a positive excess length of stay associated with 3GCREC infections when 412 

compared to susceptible E. coli infections. We highlight the lack of studies that adjust for 413 

confounding factors appropriately, and the lack of studies reporting on primary care and 414 

community settings, across countries, whilst providing impact estimates by antibiotic, 415 

syndrome, and patient characteristic subgroups. These data are needed to appropriately 416 

parameterise cost-effectiveness models to efficiently tackle ABR. 417 
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Figures and tables 460 

Figure 1. Heatmap of number of studies reporting economic outcomes across 461 

resistance-pathogen-infection combinations. Dark blue indicates a higher frequency, 462 

pale blue indicates a lower frequency, white indicates no publications available. NSp = non-463 

specific. 3GCRE = third-generation cephalosporin resistant Enterobacteriaceae, 3GCREC = 464 

third-generation cephalosporin resistant E. coli, 3GCRKP = third-generation cephalosporin 465 

resistant K. pneumoniae, CRAB = carbapenem resistant A. baumannii, CRE = carbapenem 466 

resistant Enterobacteriaceae, CREC = carbapenem resistant E. coli, CRKP = carbapenem 467 

resistant K. pneumoniae, CRPA = carbapenem resistant P. aeruginosa, MRSA = methicillin 468 

resistant S. aureus, VREF = vancomycin resistant E. faecium 469 

Figure 2. PRISMA diagram of identified publications.  Displays breakdown of the 470 

publications eligible at each screening stage, and the publications included in analysis. 471 

Figure 3. Geographical spread of analysed publications across Europe. Includes all 472 

analysed pathogens, infections, and resistance patterns. Dark blue represents more 473 

publications, light blue represents fewer publications. 474 

Figure 4. Excess length of stay outcomes associated with methicillin resistant 475 

Staphylococcus aureus infections compared to susceptible Staphylococcus aureus 476 

infections. 477 

Figure 5. Excess length of stay outcomes associated with third-generation 478 

cephalosporin resistant E. coli infection, compared to susceptible E. coli infections. 479 
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Figure 6. Bayesian hierarchical modelling of the excess length of stay attributable to 480 

methicillin resistant Staphylococcus aureus bloodstream infections (compared to 481 

susceptible infections). Grey shaded area is the probability density of a weakly informative 482 

prior on the excess length of stay (mu). Yellow shaded area is the probability density of a 483 

weakly informative prior on between group variation (tau). The blue shaded area is the 484 

probability density for a strong informative prior on the tau parameter. 485 

Figure 7. Bayesian hierarchical modelling of the excess length of stay attributable to 486 

third-generation cephalosporin resistant E. coli bloodstream infections (compared to 487 

susceptible infections). Grey shaded area is the probability density of a weakly informative 488 

prior on the excess length of stay (mu). Yellow shaded area is the probability density of a 489 

weakly informative prior on between group variation (tau). The blue shaded area is the 490 

probability density for a strong informative prior on the tau parameter. 491 
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Figure 1. Heatmap of number of studies reporting economic outcomes across 595 

resistance-pathogen-infection combinations. Dark blue indicates a higher frequency, pale 596 

blue indicates a lower frequency, white indicates no publications available. NSp = non-specific. 597 

3GCRE = third-generation cephalosporin resistant Enterobacteriaceae, 3GCREC = third-generation 598 

cephalosporin resistant E. coli, 3GCRKP = third-generation cephalosporin resistant K. pneumoniae, 599 

CRAB = carbapenem resistant A. baumannii, CRE = carbapenem resistant Enterobacteriaceae, 600 

CREC = carbapenem resistant E. coli, CRKP = carbapenem resistant K. pneumoniae, CRPA = 601 

carbapenem resistant P. aeruginosa, MRSA = methicillin resistant S. aureus, VREF = vancomycin 602 

resistant E. faecium. 603 
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Figure 2. PRISMA diagram of identified publications.  Displays breakdown of the 605 

publications eligible at each screening stage, and the publications included in analysis. 606 

 607 

 608 

 609 

 610 

 611 

Figure 3. Geographical spread of analysed publications across Europe. Includes all 612 

analysed pathogens, infections, and resistance patterns. Dark blue represents more 613 

publications, light blue represents fewer publications. 614 
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Figure 4. Excess length of stay outcomes associated with methicillin resistant 616 

Staphylococcus aureus infections compared to susceptible Staphylococcus aureus 617 

infections.618 
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Figure 5. Excess length of stay associated with third-generation cephalosporin 620 

resistant E. coli infection, compared to susceptible E. coli infections. 621 
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Figure 6. Bayesian hierarchical modelling of the excess length of stay (days) 638 

attributable to methicillin resistant Staphylococcus aureus bloodstream infections 639 

(compared to susceptible infections). Grey shaded area is the probability density of a 640 

weakly informative prior on the excess length of stay (mu). Yellow shaded area is the 641 

probability density of a weakly informative prior on between group variation (tau). The blue 642 

shaded area is the probability density for a strong informative prior on the tau parameter. 643 
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Figure 7. Bayesian hierarchical modelling of the excess length of stay (days) 644 

attributable to third-generation cephalosporin resistant E. coli bloodstream infections 645 

(compared to susceptible infections). Grey shaded area is the probability density of a 646 

weakly informative prior on the excess length of stay (mu). Yellow shaded area is the 647 

probability density of a weakly informative prior on between group variation (tau). The blue 648 

shaded area is the probability density for a strong informative prior on the tau parameter.  649 
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