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Abstract  
The rise of antimicrobial resistance (AMR) poses a critical global health challenge. 

Bloodstream infections contribute significantly to global morbidity and mortality, 

exacerbated in low- and middle-income countries (LMICs) by insufficient healthcare 

access and quality. Recognising this, the United Nations has prioritised combating 

AMR and bloodstream infections within its Sustainable Development Goals, aiming 

to bolster LMICs' healthcare capacities by 2050. Despite their significance, studies 

on the disease burden in LMICs remain limited, and there is an urgent need to 

update in-hospital AMR management guidelines. 

My PhD project focused on enhancing the epidemiological understanding of AMR-

related bloodstream infections in LMICs, with a particular case study in Chile utilising 

patient-level data. Starting with a comprehensive global analysis of AMR, I examined 

its association with various factors through a One Health lens. A meta-analysis was 

performed to quantify the disease's burden in terms of mortality, hospital stay 

lengths, ICU admissions, and economic impacts. 

In Chile, an epidemiological analysis of in-hospital AMR trends over time was 

conducted, identifying key pathogens and risk factors relevant across different 

settings and regions. By analysing patient-level data on bloodstream infections, the 

additional health and economic burdens posed by AMR from a national cohort of 

1,218 patients with bloodstream infections was estimated. Through mathematical 

modelling, I assessed potential intervention strategies, reviewing their financial 

implications and projected their cost-effectiveness. These findings culminated in 

recommendations for improving infection control practices. Focusing on Chile 

provided a precedent for healthcare improvements in regions where data remains 

scarce and AMR a growing threat. 
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Document structure 
 

Chapter 1 introduces the antimicrobial-resistance issue, setting the stage for the research 

conducted in this PhD study. Chapter 2 outlines the aims and objectives of my PhD. 

Chapter 3 explores the main One-health factors related to global antimicrobial-resistance in 

humans and animals. Chapter 4 describes a systematic literature review and meta-analysis 

of the excess health and economic burden of bloodstream infections produced by 

antimicrobial-resistant bacteria in low- and middle-income countries. Chapter 5 displays a 

systematic literature review of the cost-effectiveness of pharmaceutical and non-

pharmaceutical interventions to reduce antimicrobial-resistance in hospitals. Chapter 6 

displays our hospital-level study analysing antimicrobial-resistance trends in Chile over time. 

Chapter 7 presents a case-study in Chile utilising primary data collection to delve into the 

health and economic effects of antimicrobial-resistant bacteria in hospital patients with 

bloodstream infections. Chapter 8 describes a proposed mathematical model of 

antimicrobial-resistance transmission dynamics calibrated to Chilean data and evaluates 

cost-effectiveness of national-scale interventions. Chapter 9 compiles a discussion that 

includes all the previously analysed chapters. Chapter 10 summarises the main conclusions 

and takeaway message.  
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The emergence and spread of antimicrobial resistance (AMR) are among the most urgent 

global public health threats in the 21st century.1-5 These pathogens are increasingly 

ubiquitous among animals, humans, food and the environment.6-8 Infections caused by 

resistant bacteria produce greater morbidity and mortality, complicate treatments, and often 

result in longer hospitalisations, imposing high costs to the health system and society as a 

whole 5,9. Global estimates suggest that about 700,000 people die annually from infections 

by resistant bacteria; without preventive actions, 10 million annual deaths are projected by 

2050, with accumulated global costs of US$100 trillion.10 A recent report from the US 

Centres for Disease Control and Prevention (CDC) estimated that antibiotic resistance 

underlie at least two million illnesses and 23,000 deaths annually in the United States.11 

Inadequate antimicrobial use and insufficient infection control have accelerated the 

emergence and spread of AMR.12 Global increases in antibiotic use in humans, animals 

(e.g., food production), and agriculture (e.g., bactericides), have increased selective 

pressures that drive the development of resistance.13,14 Estimates show that the 

consumption of antibiotics (in defined daily doses, DDD) increased by approximately 65% 

between 2000 and 2015, an increase largely driven by low- and middle-income countries.15  

A lack of incentives has limited the development of new antibiotics; the process is expensive, 

and the expected gains are limited compared to other drugs, largely because the clinical 

benefits of antibiotics has diminished over time and the use of new drugs would be restricted 

to prevent resistance.16,17  

 

Antimicrobial-resistance drivers: a wicked problem 

The global escalation of AMR is a multifaceted issue, deeply intertwined with governance, 

politics, anthropogenic actions, geographical and sociodemographic factors. Ineffective 

regulatory frameworks and insufficient enforcement lead to rampant overuse and misuse of 

antibiotics in humans, animals, and agriculture.18-20 For instance, countries with weak 

healthcare systems lack the necessary infrastructure for monitoring and controlling antibiotic 

use and surveillance of AMR pathogens.21 Institutional-political commitment and 

international cooperation are often inconsistent, with variations in policy implementation and 

resource allocation, which hampers these contexts further.22 Additionally, human activities, 

notably in agriculture and aquaculture,23,24 contribute significantly to AMR through excessive 

and inappropriate use of antimicrobials. Pollution from pharmaceutical manufacturing and 

healthcare waste exacerbates the problem by releasing antimicrobials into the 

environment.25 Finally, population density, urbanization, and migration affect the spread of 

AMR. High-density living conditions, particularly in low-resource settings, facilitate the 
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transmission of these pathogens.26 That is why AMR is often considered as a ‘wicked’27 

problem requiring a holistic, One Health approach for effective management (Figure 1).7 

 

Figure 1. Illustration of the interconnectedness among human, animal, and environmental 

factors in reducing antimicrobial resistance 

 
Source: Made by Laith Yakob. 

 

The burden of antimicrobial-resistant bacteria: overview and measurement 

Compared with antibiotic-susceptible infections, infections with resistant bacteria not only 

produce greater morbidity and mortality in patients, but result in longer hospitalizations, 

increase the cost of treatment, and compromise clinical procedures that depend on the use 

of ineffective antibiotics, generating higher costs for the hospital and the health system as a 

whole.28,29 Cost increases are mostly related to three phenomena. First, AMR increases 

patient hospitalization duration, particularly in ICUs.29,30 Second, patients typically require 

more resources at higher cost e.g., second-line antibiotics, invasive procedures.16,31,32 
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Finally, AMR can make medical interventions, such as chemotherapy or transplants, more 

complex or risky to perform.28 

Quantifying the effects of AMR in the clinical outcomes of patients is a crucial step for 

assessing its disease and economic burden.29,30 Recent reviews have highlighted several 

challenges in estimating the disease burden attributable to AMR, including important 

adjustments for the severity of illness, hospital stay with antibiotic-susceptible infections, 

presence of comorbidities, or specific antibiotic therapy.30,33 Other challenges relate to 

heterogeneity in the study population and controls, which can require using matching 

techniques34,35, or time-dependent bias corrections.36,37 

Economic burden studies have primarily focused on high-income countries, mainly Europe 

and the United States.30,34-36,38 Compared to susceptible infections, the economic burden 

associated with AMR is usually defined as excess costs incurred by hospitals and/or 

patients, depending on the economic perspective used.39 Direct costs include excess costs 

related to longer lengths of stay (LOS), differential treatment, infection control, diagnostics, 

and healthcare personnel. So far, the studies have typically not considered societal (total 

health care costs and benefits), health system (hospital morbidity, mortality, and costs), and 

patient (illness, productivity) perspectives, as recent recommendations and guidelines for 

economic evaluations suggest.40 Therefore, these studies have underestimated the effects 

of AMR by, for example, overlooking productivity losses from premature death or 

absenteeism, or lifetime costs following hospital discharge.32 

Reliable estimates of the disease and economic burden associated with AMR in hospitals is 

essential for making public health decisions, defining research and funding priorities, and 

evaluating the impact of disease prevention and control programs.2 Disease burden studies 

are essential for decision-making and are promoted by the World Health Organization 

(WHO) through the Global Burden of Disease (GBD) studies.41 The GBD studies are 

important in defining global and local priorities in public health and scientific research, 

including quantifying the morbidity and mortality associated with different diseases and the 

ability of health systems to reduce preventable deaths.42 Nevertheless, these studies on 

disease burden should be complemented by economic and financial component analyses.43 

Economic analyses allow us to quantify spending, compare alternative interventions using 

cost-effectiveness analyses, and prioritise research and program funding 39, in addition to 

supporting a systematic evaluation of disease control and prevention progress. 
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Epidemiology and burden of bloodstream infections caused by antimicrobial-resistant 

bacteria 

Bloodstream infections (BSI), meaning the presence of bacteria in the bloodstream that is 

tested through a blood culture, and related organ dysfunctions (named as sepsis shock or 

severe sepsis), constitute a significant cause of morbidity and mortality worldwide.44-47 BSI is 

amongst one of the deadliest health conditions with mortality rates of about 30%, surpassing 

other primary sources of infection (urine, wound, etc.).47 The patterns of pathogens causing 

BSIs have changed during recent years. Gram-negative bacteria are currently the most 

critical AMR priorities.48 Pathogens producing enzymes called extended spectrum beta-

lactamase (ESBLs), which inhibit the effect of 3rd generation cephalosporins, are extremely 

difficult to control, especially among hospital inpatients.48 Additionally, the production of 

enzymes of the metallo-beta-lactamase or carbapenems types that confer the bacterium the 

ability to hydrolyse antibiotics including penicillin, cephalosporins, monobactams, and 

carbapenems are of increasing concern to clinicians. For instance, BSIs due to carbapenem- 

or colistin-resistant Klebsiella pneumonia are extremely restrictive in the drugs which remain 

effective, resulting in a crude mortality rate of between 30-60% (even as high as 80% among 

patients with comorbidities).44,48  

 

Generally, BSIs occur in three different groups of people that should be targeted for 

prevention and surveillance control. 

(1) In immunologically normal hosts who have intact defences but who develop BSIs, 

commonly as community-onset infections, through different types of bacterial 

exposures. Bacterial exposures could be defined as any infected wound in the skin 

and infections produced in the respiratory/urinary/gastrointestinal tracts whose 

causative bacterium might spread into the lymphatic system gaining access to the 

bloodstream. For instance, N. meningitidis (affecting the respiratory and central 

nervous system), S. pyogenes diseases (caused by respiratory and skin infections), 

streptococcus species (occurring at the respiratory tract as primary source) causing 

BSI endocarditis involving heart valves, post-influenza S. pneumoniae (compromised 

respiratory system), S. aureus bacteraemia (wound infection), and Salmonella typhi 

bacteraemia (contaminated food causing gastrointestinal diseases) in some LMICs, 

tend to be commonly acquired in the community 48. Most of these infections are 

defined as secondary source or extravascular types. 

(2) In patients with impaired immunological defences (new-borns and the elderly). These 

individuals are more susceptible to infections if exposed to bacterial diseases through 
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different vectors/reservoirs, such as streptococcal and pneumococcal infections, 

Escherichia coli, Klebsiella spp. and Candida species typically found in contaminated 

food or water within the community settings. 

(3) In patients who have pathological or pharmacological predisposition. Patients with 

immunodeficiencies due to underlying health conditions (e.g., diabetes, cancer, 

transplants) and those undergoing highly invasive surgeries (indwelling devices and 

the use of catheters, or any operation involving the mucus membranes) are at 

significantly increased risk of BSIs. For those infections occurring directly into the 

blood vessels or bacterial endocarditis (affecting heart valves), the source of infection 

is primary because it is originated within the cardiovascular system. This is highly 

prevalent in individuals experiencing intravenous drug use, heart valve or rheumatic 

diseases, kidney failure, heart transplants, among other conditions that generally 

weaken the immune system. 

 

The dynamics, symptoms, and consequences of bloodstream infections 

Bacteria can enter the bloodstream through primary (cardiovascular) or secondary sources 

(extravascular). Once in the bloodstream, also known as bacteraemia (simple presence of 

bacteria in the blood), it could be transient (the immune system destroys bacterium), or they 

can be multiplied, causing the systemic manifestation of infection and potentially causing life-

threatening damages (commonly understood as blood poisoning and septicaemia/sepsis).49 

While bacteraemia produces null or only mild symptoms (e.g., slight fever), sepsis might 

produce inflammation, chills, prostration, fever, rapid heart, and respiration rates, falling 

blood pressure, etc. If sepsis is not rapidly treated, it can present severe consequences due 

to the organ damage and inflammatory response including organ dysfunction, hypotension, 

among others, leading to septic shocks (strokes and heart attacks), and therefore, 

mortality.47 These patients are usually treated at the Intensive Care Units and represent the 

sickest patients within the hospital settings. Sepsis kills 11 million people worldwide each 

year (1 in 5 deaths), and it disproportionately affects vulnerable populations: pregnant 

women, new-borns, and people living in low-resource settings (e.g., LMICs).47,50 

Approximately 85% of sepsis-related cases and deaths occur in these settings, of which 

50% are hospital-acquired.50 Thus, AMR constitutes a major threat to public health, 

complicating the treatment of infections and posing a significant challenge, particularly in 

LMICs where access to preventive measures and treatments is limited.50,51 

 

Interventions to reduce antimicrobial-resistance levels in hospitals 
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Effective interventions to control AMR in hospital settings have included stringent infection 

control practices such as hand hygiene and use of personal protective equipment, alongside 

comprehensive antimicrobial stewardship programs to ensure judicious use of antibiotics.52-

55 Routine surveillance for AMR pathogens, coupled with rapid diagnostic testing (e.g., 

polymerase chain reaction, whole-genome sequencing, etc), enables timely and targeted 

treatments, reducing unnecessary antibiotic use.56 Educating healthcare workers and 

patients about AMR and promoting a culture of safety and responsibility are also crucial. 

Finally, environmental cleaning and disinfection, along with isolation procedures for infected 

or colonised patients, help prevent the spread of resistant bacteria within healthcare 

facilities.57 Integrating these strategies, coupled with decolonisation treatments,58 can 

significantly reduce the prevalence and impact of AMR in hospitals. 

 

Antimicrobial resistance in Chile 

Chile has a nominal gross-domestic product (GDP) per capita of ≈$16,000, with poverty 

rates (less than US$6.9 a day) equal to 4.8% in 2022. Chile is classified as a high-income 

country by the World Bank based on the GDP’s lower bound equal to $13,846 per capita.59 

However, the country has the second highest level of income inequality in the OECD, as 

measured by the Gini index,60 suggesting that the classification of income is misleading 

when considering the country's internal economic disparities. Chile's healthcare system is 

mixed, with both public and private sectors. The public system, known as FONASA, provides 

coverage for most of the population (≈70%).61 The health system provides universal 

coverage, but challenges remain in ensuring equal access to quality care for all 

socioeconomic groups.62 Since 1999, Chile has regulated antimicrobial prescriptions to 

reduce the escalating threat of AMR, with current OECD estimates revealing a concerning 

21% resistance rate (i.e., average proportion of resistance for eight priority antibiotic-

bacterium pairs),1 comparable to regional figures in Argentina (31.6%), Brazil (33.8%), 

Colombia (33.8%), Costa Rica (29.7%), Peru (39.2%), and Mexico (34.1%) in 2013. Despite 

launching the National Plan Against Antimicrobial Resistance in 2015,63 aiming for inter-

sectoral coordination and control, significant gaps persist. Coordination among key 

stakeholders remains fragmented, and detailed impact assessments of AMR on the national 

health framework are lacking, perpetuating the AMR surge. Although the Public Health 

Institute mandates biennial AMR surveillance focusing on prevalent hospital bacteria 

(Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii, Enterococcus 

faecium and Enterococcus faecalis), compliance with prevention and control standards 

varies across hospitals, undermining effective AMR management.64 
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This PhD by publication aims to understand and investigate the burden of BSIs caused by 

AMR bacteria in LMICs, and the cost-effectiveness of intervention strategies to reduce its 

burden using Chile as a case study. The research aims/objectives and specific sub-

objectives are listed below (in bold and bullet points, respectively). Table 1 presents the 

status of each research chapter (i.e., publication status). 

 

1. To understand the global drivers of antibiotic resistant bacteria considering the 
intersectionality between One Health components 

• To evidence ecological relationships between sociodemographic, anthropological, 

political, and environmental factors with AMR levels globally in humans and animals 

• To evaluate regional variations and WHO-defined pathogen severity impacts 
 

2. To evaluate, quantify and critically review the excess burden of bloodstream 
infections caused by antibiotic resistant bacteria in LMIC hospital inpatients 

• To quantify the burden by different burden outcomes (mortality, ICU admission, 

costs, and length of stays) 

• To assess whether the burden of BSIs caused by AMR bacteria vary by pathogens, 

antibiotic type, or geographical region 

 

3. To understand the cost-effectiveness of different interventions to reduce 
antimicrobial resistance in hospital patients globally 

• To characterise and classify interventions as pharmaceutical or non-pharmaceutical 

and outline advanced technologies mitigating AMR in hospital contexts and 

pathogens 

• To quantify the excess costs and health gains per interventions while assessing 

setting’s willingness-to-pay (WTP) thresholds 

 

4. To estimate the trends of antimicrobial resistance rates in Chile and main drivers 
associated 

• To assess the prevalence of critical and high-priority antibiotic-resistant bacteria 

across Chile and its administrative divisions. 
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• To analyse the main sociodemographic, anthropological, and environmental factors 

moderating AMR rates in the country over time 

 

5. To estimate the burden of bloodstream infections in Chile attributable to AMR 
using observational patient-level data  

• To quantify the excess morbidity, mortality, and economic costs attributable to BSIs 

caused by AMR, compared to antibiotic susceptible bacteria, in Chilean 

representative hospitals 

• To identify the main risk factors (previous underlying conditions, sociodemographic 

characteristics, among others) affecting BSIs caused by AMR  

 

6. To model cost-effectiveness of different interventions for reducing AMR burden in 
Chile 

• To stratify risk factors underlying critical AMR pathogen transmission and estimate 

the burden among these different groups with BSIs 

• To estimate cost-effectiveness of alternative simulated interventions in reducing the 

burden of infections caused by AMR in Chile while exploring feasibility in net benefits at 

a national scale 
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Table 1. Overview of data collection, methods, and anticipated outputs for each research 
objective 

Aims/ 
objectives Data source Methods Output Report 

chapter 

 
 
1 
 
 

 
Global data from One 
Health Trust, United 
Nations, WHO, among 
other sources 

 
Cross-sectional regression 
analyses to understand 
main risk factors towards 
human and animal AMR, 
while exploring 
intersectionality 

Published. 
 
Lancet Planetary 
Health 
 
LINK here 

3 

2 

 
 
 
 
Published literature 

Literature review and 
estimates of the burden 
using meta-analytical 
techniques by comparing 
BSIs caused by AMR and 
antimicrobial-susceptible 
bacteria. 
Mapping the burden of 
BSIs attributed to AMR 
identified in literature. 

Published. 
 
PloS Medicine 
 
LINK here 4 

 
 
 
3 
 
 
 

 
 
Published literature 

Literature review and 
estimates of cost-
effectiveness including 
incremental health gains 
and economic costs per 
pharmaceutical and non-
pharmaceutical 
interventions. 

Published. 
 
BMJ Global 
Health 
 
LINK here 

5 

4 

 
National hospital-level 
data per year 
including 39 hospitals 
between 2008-2017 

National estimates of the 
prevalence of AMR in Chile 
utilising regression 
methods including time-
variations and geographical 
components 

Published 
 
Lancet Regional 
Health Americas 
 
LINK here 

6 

5 

Case study for the 
burden of BSIs 
caused by AMR 
bacteria in Chilean 
hospitals using 
patient-level data 
 

Retrospective analysis 
utilising a parallel matched 
cohort design to estimate 
the adjusted burden of 
BSIs caused by AMR 
bacteria in patients 

Under review 
 
Pre-print 
available 
 
LINK here 

7 

6 

Published literature 
and previous PhD 
chapters informing the 
model schematic, 
including sex-stratified 
patient-level data for 
AMR-infected patients 

Mathematical modelling of 
AMR in Chile with risk 
stratification informed from 
the literature review and 
patient data. 
Recommendations of cost-
effective policies to be 
taken. 

Not yet 
submitted 
 
Draft available in 
the present 
thesis 

8 

 

  

https://onehealthtrust.org/
https://onehealthtrust.org/
https://doi.org/10.1016/S2542-5196(23)00026-8
https://doi.org/10.1371/journal.pmed.1004199
https://doi.org/10.1136/bmjgh-2023-013205
https://doi.org/10.1016/j.lana.2023.100484
https://dx.doi.org/10.2139/ssrn.4676961
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Chapter 3: 

Global antimicrobial-resistance 

drivers: an ecological country-level 

study at the human–animal 

interface
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Summary
Background Antimicrobial resistance (AMR) is a pressing, holistic, and multisectoral challenge facing contemporary 
global health. In this study we assessed the associations between socioeconomic, anthropogenic, and environmental 
indicators and country-level rates of AMR in humans and food-producing animals.

Methods In this modelling study, we obtained data on Carbapenem-resistant Acinetobacter baumanii and Pseudomonas 
aeruginosa, third generation cephalosporins-resistant Escherichia coli and Klebsiella pneumoniae, oxacillin-resistant 
Staphylococcus aureus and vancomycin-resistant Enterococcus faecium AMR in humans and food-producing animals 
from publicly available sources, including WHO, World Bank, and Center for Disease Dynamics Economics and 
Policy. AMR in food-producing animals presented a combined prevalence of AMR exposure in cattle, pigs, 
and chickens. We used multivariable β regression models to determine the adjusted association between human and 
food-producing animal AMR rates and an array of ecological country-level indicators. Human AMR rates were 
classified according to the WHO priority pathogens list and antibiotic–bacterium pairs.

Findings Significant associations were identified between animal antimicrobial consumption and AMR in food-
producing animals (OR 1·05 [95% CI 1·01–1·10]; p=0·013), and between human antimicrobial consumption and 
AMR specifically in WHO critical priority (1·06 [1·00–1·12]; p=0·035) and high priority (1·22 [1·09–1·37]; p<0·0001) 
pathogens. Bidirectional associations were also found: animal antibiotic consumption was positively linked with 
resistance in critical priority human pathogens (1·07 [1·01–1·13]; p=0·020) and human antibiotic consumption was 
positively linked with animal AMR (1·05 [1·01–1·09]; p=0·010). Carbapenem-resistant Acinetobacter baumanii, third 
generation cephalosporins-resistant Escherichia coli, and oxacillin-resistant Staphylococcus aureus all had significant 
associations with animal antibiotic consumption. Analyses also suggested significant roles of socioeconomics, 
including governance on AMR rates in humans and animals.

Interpretation Reduced rates of antibiotic consumption alone will not be sufficient to combat the rising worldwide 
prevalence of AMR. Control methods should focus on poverty reduction and aim to prevent AMR transmission 
across different One Health domains while accounting for domain-specific risk factors. The levelling up of livestock 
surveillance systems to better match those reporting on human AMR, and, strengthening all surveillance efforts, 
particularly in low-income and middle-income countries, are pressing priorities.

Funding None.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 
license.

Introduction
Rising antimicrobial resistance (AMR) presents a major 
threat to global health.1,2 An estimated 1·27 million deaths 
attributable to bacterial AMR occurred globally in 2019.3 
AMR contributes to an increased number of deaths, 
health complications, and increased health expen diture 
in all countries, irrespective of socio economic status.2,4 
Bacterial AMR is a natural phe nomenon that can arise 
through de-novo mutations or the transfer of genetic 
material encoding resistant phenotypes through 
processes, such as horizontal gene transfer.5 Exposure of 
pathogens to antimicrobials is known to encourage 
selective proliferation of resistant bacteria.6 Hence, 
indiscriminate use of antimicrobials is a primary driver of 
the global spread of AMR.7 Misuse and excessive use of 

antimicrobials is not exclusive to human consumption. 
In 2017, an estimated 93 309 tonnes of antibiotics were 
sold for use in food-producing animals globally. This 
figure is projected to reach 104 079 tonnes by 2030.8 
This increase in antibiotic use is a consequence of the 
rising demand for meat-products and over-the-counter 
sales, particularly in low-income and middle-income 
countries (LMICs), in which populations are continuing 
to grow and become more economically developed.

Complex and interlinked socioeconomic and envi-
ronmental factors also have a significant role on the 
contagion and spread of resistance genes. The quality of 
health-care systems, water sanitation and hygiene (WASH) 
infrastructure, gross domestic product (GDP) per capita, 
and climate have been identified as fundamental risk 
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factors for the emergence and transmission of AMR.9,10 
Behavioural factors, such as unnecessary antibiotic use for 
the treatment of viral infections, and patient-related 
factors, including under lying health conditions (eg, 
obesity, smoking, and alcohol consumption), might also 
affect the spread of AMR by predisposing individuals to 
infection or reducing the effectiveness of antimicrobial 
drugs.11,12 AMR spreads rapidly between environments, 
driven by a multitude of factors, including human and 
animal movement, surface water run-off, and exchange of 
agricultural products.13 The magnitude of the influence 
that these diverse multisectoral drivers have on AMR 
globally is poorly understood, but evidence for a strong 
link between humans and food-producing animals is 
burgeoning.14 A study across 11 European countries found 
strong, between-species, positive correlations (r coefficient 
between 0·68 and 0·94) of resistance to numerous 
antimicrobials (ampicillin, aminoglycosides, third-gener-
ation cephalosporins, and fluoroquinolones) in Escherichia 
coli isolated from food-producing animals and from 
humans.15 A subsequent systematic review substantiated 
this link by showing that interventions targeting drug 
consumption in food-producing animals affected 
resistance rates in humans and animals.16 Through 
increased demand for animal-based food and products, 
several anthropogenic factors, such as pop ulation growth 
(urban density) and rising incomes, have been reported to 
contribute to AMR at the human–animal interface.17,18

We sought to analyse the associations between different 
socioeconomic, environmental, and anthropogenic 
indicators and country-level AMR rates in humans and 
food-producing animals.

Methods
Study design
In this global multivariable β regression modelling study 
we used country-level data from as close to 2018 as available 
to examine the associations between global rates of AMR 
in human and food-producing animals (dependent 
variables) and an array of independent variables, including 
antibiotic consumption, and sociodemographic, health-
related, and environmental risk factors. Variable definitions 
and data sources are listed in the appendix (pp 4–11). The 
countries included in our analyses represented every 
WHO region (appendix pp 12–15) and World Bank income 
class (appendix p 17).  The aim of the study is to identify 
the main global determinants of AMR in humans and 
food-producing animals.

Procedures
We searched existing literature from PubMed to identify 
the main global risk factors associated with AMR. We 
extracted country-level data of the risk factors, if available,  
using global data repositories. We then computed 
univariate and multivariable β regression models to 
identify the association between human or food-producing 

Research in context

Evidence before this study
To identify which factors were associated with AMR levels in 
humans and food-producing animals, we searched PubMed and 
the grey literature for published studies that either quantified the 
magnitude of, or reviewed the potential association between, 
different sociodemographic, environmental, and anthropogenic 
variables, and global AMR levels in humans or food-producing 
animals. We searched the evidence between Jan 1, 2000, and 
Nov 1, 2022. We used keywords related to “global antimicrobial 
resistance” OR “antibiotic resistance” combined with any of the 
following MeSH terms: “infrastructure” OR “socioeconomic” 
OR “sanitation and hygiene” OR “governance” OR “environment” 
OR “monitoring and surveillance” OR “antibiotic/antimicrobial 
consumption”. Articles containing keywords such as “HIV/AIDS”, 
“tuberculosis”, “virus”, “fungus”, and “parasites” were excluded. 
After assessing the articles, we found that variables pertaining to 
climatic, demographic, epidemiological, governmental, and 
industrial features have all been shown to have associations with 
resistance. However, no existing study has employed a global 
ecological analysis looking at AMR levels at the human–animal 
interface using a One Health approach.

Added value of this study
We collated AMR data from the Centre for Disease Dynamics, 
Economics and Policy (CDDEP), Global Antimicrobial 

Resistance and Use Surveillance System, Pan American Health 
Organisation, ResistanceBank, and published articles, 
providing the most holistic AMR database to date. 
Independent variables included antibiotic consumption data 
(from CDDEP), socioeconomic, environmental, and 
anthropological data obtained from the World Bank, WHO, 
and UN databases. β regression models examined country-
level univariate and multivariable associations between rates 
of resistance in humans and animals and the independent 
variables. For the first time, we identified global bidirectional 
associations of antibiotic consumption and AMR between 
humans and animals, crystallising the necessity for a 
multisectorial framing of this problem to inform optimal 
interventions. Even after adjusting for other covariates, 
significant associations with both animal and human AMR 
were shown for factors pertaining to socioeconomics, 
including governance.

Implications of all the available evidence
Our results show the necessity for an integrated approach to 
tackling the spread of AMR that spans across different One Health 
domains and focuses on social development and poverty 
reduction as well as more stringent antibiotic consumption 
practices in humans and animals.

See Online for appendix
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animal AMR with antibiotic consumption in humans and 
animals, accounting for identified, additional risk factors.

We searched PubMed from Jan 1, 2000, until 
Dec 1, 2022, for articles using keywords related to 

“global antimi crobial resistance” OR “antibiotic 
resistance” AND (“infras tructure” OR “socioeconomic” 
OR “sanitation and hygiene” OR “governance” OR “envi-
ronment” OR “moni toring and surveillance” OR 

Countries 
with data 
available

Median (IQR) Minimum Maximum Definition Expected 
association 
with AMR

Antimicrobial resistance (dependent variables)

Critical priority human 
pathogens (%)

98 39·89 (23·09–45·68) 6·00 98·00 Average resistance observed in pathogen-antibiotic pairs defined as of 
critical importance to human health by WHO (carbapenem-resistant 
Acinetobacter baumannii, carbapenem-resistant Escherichia coli, third 
generation cephalosporins-resistant E coli, carbapenem-resistant Klebsiella 
pneumoniae, third generation cephalosporins-resistant K pneumoniae, and 
carbapenem-resistant Pseudomonas aeruginosa), all of which are Gram-
negative bacteria

NA

Carbapenem-resistant 
A baumanii (%)

66 54·68 (28·00–82·00) 1·00 98·00 Average resistance to carbapenems observed for A baumanii isolates NA

Third generation 
cephalosporins-resistant
E coli (%)

89 38·31 (17·00–58·00) 6·00 89·00 Average resistance to third generation cephalosporins observed for E coli 
isolates

NA

Third generation 
cephalosporins-resistant
K pneumoniae (%)

92 53·11 (27·00–77·00) 6·00 98·00 Average resistance to third generation cephalosporins observed for 
K pneumoniae isolates

NA

Carbapenem-resistant
P aeruginosa (%)

41 27·00 (13·00–39·00) 4·00 87·00 Average resistance to carbapenems observed for P aeruginosa isolates NA

High priority human pathogens 
(%)

80 24·00 (15·00–41·00) 1·00 94·26 Average resistance observed in pathogen-antibiotic pairs defined as of high 
importance to human health by WHO (oxacillin-resistant Staphylococcus 
aureus and vancomycin-resistant Enterococcus faecium)

NA

Oxacillin-resistant
S aureus (%)

80 22·50 (11·50–40·00) 1·00 88·00 Average resistance to oxacillin observed for S aureus isolates NA

Vancomycin-resistant
E faecium (%)

37 22·00 (4·00–37·00) 1·00 69·00 Average resistance to vancomycin observed for E faecium isolates NA

Medium priority human 
pathogens (%)

50 16·00 (6·00–29·00) 1·00 82·35 Average resistance observed in pathogen-antibiotic pairs defined as 
of medium importance to human health by WHO (penicillin-resistant 
Streptococcus pneumoniae)

NA

Food-producing animals (%) 164 24·80 (21·45–30·30) 5·35 48·36 Average resistance observed in isolates obtained from food-producing animals NA

Antibiotic consumption (main independent variables)

Third generation 
cephalosporins consumption in 
humans (in DDDs)

73 807·92 (440·52–1365·27) 83·34 5280·11 Annual third generation cephalosporins consumption, DDD per 
1000 individuals

Positive 
associations 
with AMR

Carbapenems consumption in 
humans (in DDDs)

71 15·41 (3·69–30·62) 0·50 90·85 Annual third generation cephalosporins consumption, DDD per 
1000 individuals

Positive 
associations 
with AMR

Oxacillins consumption in 
humans (in DDDs)

65 1·86 (0·48–3·11) 1·90 24·68 Annual oxacillin consumption, DDD per 1000 individuals Positive 
associations 
with AMR

Glycopeptides consumption in 
humans (in DDDs)

72 4·81 (0·63–12·20) 0·25 72·51 Annual glycopeptide consumption, DDD per 1000 individuals Positive 
associations 
with AMR

Penicillins consumption in 
humans (in DDDs)

72 137·88 (43·64–357·63) 0·86 3281·86 Annual penicillin consumption, DDD per 1000 individuals Positive 
associations 
with AMR

Antibiotic consumption in 
animals (mg per PCU)

166 45·13 (39·57–61·53) 7·05 318·59 Estimated antibiotic consumption in livestock, 2013. Expressed in 
mg per PCU*

Positive 
associations 
with AMR

Positive association caused an increase in AMR. A full description of the variables used and country details and their classification by WHO region and World Bank income group is included in the appendix 
(pp 4–17). The full descriptive statistics for our raw, analytical, and imputed samples are reported in the appendix (pp 33–35). Longitudinal global rates of resistance and antibiotic consumption are shown in the 
appendix (pp 60–61). The crude relationship between GDP and AMR among humans and animals are reported in the appendix (p 62). AMR=Antimicrobial resistance. DDD=defined daily dose. GDP=gross 
domestic product. NA=not applicable. PCU=population correction unit. *PCU represents the total number of food-producing animals in a country (alive or slaughtered) that considers the differences between 
countries regarding animal weight and number of production cycles annually.

Table 1: Raw descriptive statistics of the dependent and main independent variables included in the final regression models
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“antibiotic/antimicrobial consumption”). Our search 
was restricted to articles written in English. Articles 
containing keywords “HIV/AIDS”, “tuberculosis”, 
“virus”, “fungus”, and “parasites” were excluded 
because we focused on WHO’s bacterial priority 
pathogens list.19 From the search, we extracted main 
global variables associated with AMR, detailed in the 
appendix (pp 4–11).

We included human and food-producing animal AMR 
rates as dependent variables. Human AMR rate 
comprised three different sublevels created based on 
average country-level resistance rates of pathogen 
and antibiotic com binations described by WHO 
as requiring urgent action due to the threat they 
pose to human health (table 1).19 We also present 
a subanalysis by antibiotic–bacterium specific pairs, 
including carbapenem-resistant Acinetobacter baumanii, 
carbapenem-resistant Pseudomonas aeruginosa, third 
generation cephalosporins-resistant Escherichia coli, 
third generation cephalosporins-resistant Klebsiella 
pneumoniae, oxacillin-resistant Staphylococcus aureus, 
and vancomycin-resistant Enterococcus faecium rates in 
humans. Human AMR data were obtained from the 
Centre for Disease Dynamics, Economics and Policy’s 
ResistanceMap.20 When possible, missing human 
AMR rates were imported from the WHO’s Global 
Antimicrobial Resistance and Surveillance System 
(GLASS)21 and the Pan American Health Organisation 
(PAHO).22 Countries that had data imported from 
GLASS and PAHO are listed in the appendix (p 11).

Animal AMR rates were generated based on average 
country-level resistance rates in food-producing animals. 
Animal AMR data were obtained from ResistanceBank.23 
Missing animal AMR rates were imported 
from the European Food Safety Authority (EFSA) 
national zoonoses country reports24 and other published 
reports.25–33 Missing animal AMR data were extracted 
from sources following the inclusion criteria used to 
create ResistanceBank.23,34 Details regarding the 
inclusion criteria for animal AMR data are reported in 
the appendix (p 11). Kernel density figures for the 
distribution of animal AMR data by species (cattle, 
chicken, and pig) are available in the appendix (p 18).

Human data were available from 1998 to 2017 and animal 
data were available from 2000 to 2019. Data from the most 
recent year provided by each country with available data 
were used to create the human and animal AMR variables.

The main independent variable was antibiotic 
consumption data for humans and animals; data obtained 
from ResistanceMap.20,35 Human antibiotic consumption 
data were available from 2000 to 2015, depending on 
country, and were expressed in defined daily doses per 
1000 individuals. Data from the most recent year provided 
by each country were used for all analyses. Animal 
antibiotic consumption data were from 2013 only and were 
modelled estimates measured in mg per population 
correction units.

Additional independent variables were on 
socioe conomic, environmental, antibiotic policy and 
regulation in humans and animals, and health-related 
indicators, extracted from the World Bank, UN, WHO, 
Global Burden of Disease, and National Centres for 
Environ mental Information databases (table 2).53–61

Statistical analysis
First, we estimated the crude associations between AMR 
rates in humans and animals and our main independent 
variables with multiple β regressions. We tested different 
link functions for the conditional mean (eg, logit, probit, 
loglog, and cloglog) and determined that the best fit 
was given by the cloglog function based on the 
models’ Akaike information criterion values.62 Second, 
we employed univariate analyses by calculating Pearson’s 
correlation between our dependent variables and all the 
additional independent variables (appendix pp 25–32); 
variables with statistically significant Pearson’s values 
(p value less than 0·1) were included in subsequent 
analyses. Third, we tested the remaining explanatory 
variables for multicollinearity by using all remaining 
socioeconomic factors that had been significantly 
associated with at least one of the animal or human AMR 
variables (critical, high, or medium priority, 
and antibiotic–bacterium pairs). Highly correlated 
variables displaying a variance inflation fac-
tor of more than five were removed from the analysis. 
Fourth, a forward stepwise selection regression approach 
determined which of the remaining independent vari-
ables should be included in each of the final models. 
Beginning with each null model, independent variables 
were added one at a time, with the aim of improving the 
fit until the best performance ratio was found according 
to the models’ Akaike information criterion values. We 
calculated global descriptive statistics of the dependent 
and independent variables that were included in the 
models (sample-restricted) and generated subgroup 
boxplots by WHO region and World Bank income groups 
for AMR rates. Finally, we set a multivariable β regression 
model for each dependent variable. The full multivariable 
model followed the structure detailed in the equation.

β equals (βi=1,…,βi=k)T and is a vector of unknown 
regression parameters for each independent variable (ʃ; 
β � IR+), and xt,i=1,...,xt,i=k are observations on ʃ for each 
country (t). ut

 represents the mean of our AMR rate 
variables (falling between 0 and 1) whereby conditional 
variance (dispersion parameter) follows the β density 
function (to model the mean of the response variable). 
The g(ut ) term is monotonic and twice differentiable link 
function that maps variables whose values fall between 
0 and 1 into IR. More details on multivariable β regression 
models and their specifications have been reported by 
Ferrari and Cribari-Neto.63

For more on the human and 
AMR variables see http://www.

resistancemap.cddep.org

g(ut) = Σi =1 xti  
k

βi
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Definition Expected association with AMR

Socioeconomic and demographic indicators

GDP based on purchasing power parity GDP purchasing power parity by country; continuous variable presented in 2018 US$ Negative associations with AMR9

GINI index The extent to which the distribution of income between individuals or households 
within an economy deviates from a perfectly equal distribution

Positive associations with AMR36

Current health expenditure Percentage of gross domestic product spent on health care by country in 2016 Negative associations with AMR9

Hospital beds per 10 000 people Number of hospital beds per 10 000 people by country Negative associations with AMR36

Mortality rate attributable to unsafe 
WASH

Deaths attributable to unsafe WASH focusing on inadequate WASH services, 
expressed per 100 000 population

Positive associations with AMR37

Population density Number of people divided by land area measured in km², most recent year 
available

Positive associations with AMR38

Net migration rate Annual difference in number of immigrants and emigrants, most recent year 
available around 2018

Positive associations with AMR39

Median age of population Median age of the population, UN projections for 2020 Positive associations with AMR40

Homeless people Annual average number of homeless people due to natural disasters per 
1 000 000 people, 2008–18

Positive associations with AMR41

Population in work Percentage of population aged 15 years or older in the labour force, 2018 Negative associations with AMR42

Environmental indicators

PM2·5 Annual mean concentration of PM2·5 (micrograms of gaseous pollutant per cubic 
meter of ambient air µg/m³) in urban areas (2016)

Positive associations with AMR43

Average temperature (°C) Average 12 monthly temperature in Celsius, 2016 Positive associations with AMR10

Health-related indicators

Cardiovascular death rate per 100 000 Annual number of deaths per 100 000 people due to cardiovascular disease in 2017 Positive associations with AMR44

Obesity prevalence Crude prevalence of obesity in adults (BMI ≥30 kg/m²), 2016 Positive associations with AMR45

Governance indicators

Control of corruption Control of corruption captures perceptions of the extent to which public power 
is exercised for private gain, including both petty and grand forms of corruption, 
as well as capture of the state by elites and private interests*

Negative associations with AMR46

Voice and accountability Voice and accountability captures perceptions of the extent to which a country’s 
citizens are able to participate in selecting their government, as well as freedom of 
expression, freedom of association, and a free media*

Negative associations with AMR46

Rule of law Rule of law captures perceptions of the extent to which agents have confidence in 
and abide by the rules of society, and in particular the quality of contract 
enforcement, property rights, the police, and the courts, as well as the likelihood 
of crime and violence*

Negative associations with AMR46

Regulatory quality Regulatory quality captures perceptions of the ability of the government to 
formulate and implement sound policies and regulations that permit and 
promote private sector development*

Negative associations with AMR46

Antibiotic policy and regulation in humans and animals

National monitoring systems for sales, 
prescription, and consumption of 
antibiotics in humans

Dummy variable indicating whether the country has a national monitoring 
system for the control of any of the following areas: antibiotic sales, antibiotic 
consumption, and antibiotic prescribing in humans in 2018 from the Tripartite 
AMR Country Self-Assessment Survey, 2018

Negative associations with AMR47

Country policies and regulation on 
antimicrobial use in humans

Country has policies and regulation on antimicrobial use (laws or regulations on 
prescription and sale of antimicrobials, for human use); it is a binary (yes vs no) 
question from the Tripartite AMR Country Self-Assessment Survey, 2018

Negative associations with AMR48

Country policies and regulation on 
antimicrobial use for growth 
promotion in animals

Country has laws or regulations that prohibits the use of antibiotics for growth 
promotion in the absence of risk analysis (binary [yes vs no] outcome) from the 
Tripartite AMR Country Self-Assessment Survey, 2018

Negative associations with AMR47

Arable land (percentage of land area) Percentage of land area that is under temporary crops, temporary meadows for 
mowing or for pasture, land under market or kitchen gardens, and land 
temporarily fallow, 2018

Positive associations with AMR49

Cattle density Global distribution of cattle expressed in total number of cattle per pixel 
(5 minute of arc), 201050,51

Positive associations with AMR52

Positive association caused an increase in AMR; negative associations caused a decrease in AMR. Definitions and sources for the final independent variables used and all 
auxiliary independent variables tested but not included in multivariable analyses are reported in the appendix (p 4). Descriptive statistics of the independent variables by 
model analysed (per dependent variable) and sample (non-imputed raw model, analytical sample considering all raw independent variables, and model with imputed data) 
are included in the appendix (pp 33–53). AMR=Antimicrobial resistance. GDP=gross domestic product. WASH= water, sanitation, and hygiene. *Estimate gives the country’s 
score on the aggregate indicator, in units of a standard normal distribution (ie, ranging from approximately –2·5 to 2·5), 2018.

Table 2: Definition of the independent variables included in any of the final multivariable models
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Each multivariable model included its respective 
antibiotic consumption data as a forced variable because 
it has been shown to be the main predictor of AMR rates 
in previous studies.7,64 GDP was also incorporated for 
cross-country comparisons. Continuous variables were 
standardised (ie, mean subtracted and divided by the 
variable’s SD) for better interpretability and comparability 
of the estimates in multivariable analyses. Pseudo R² is 
reported as goodness-of-fit for every model.

We assessed the validity of our findings by employing 
a leave-one-out cross-validation approach to determine the 
R², root mean squared errors, and mean absolute errors of 
our models after eliminating the i – 1th observation from 
the model. We did a separate analyses for observed data 
only (excluding imputed observations) and eliminat-
ing highly influential countries as deter mined by their 
Cook’s Distance values.65 To ensure our model was 
consistent with recent estimates for antimicrobial sales 
volume in animals, we tested our model adding countries’ 

amount of sales per kg obtained from Tiseo and 
colleagues.8 This dataset provides the most recent data; 
however, it is restricted to only 41 countries, most of which 
were high income. We reran our animal model including 
species-specific AMR data as the dependent variable to 
assess whether there are differences by food-producing 
animal group. Finally, to retain statistical power in the 
multi variable analysis, all remaining independent 
variables were imputed to restrict the number of missing 
observations and to compare fully imputed with non-
imputed models. We used a multivariable linear 
regression imputing approach for independent variables 
and with bootstrap sampling (n=1000 repetitions) using 
income class, urban population (%), life expectancy, mean 
years of schooling, population using at least basic 
sanitation services (%), population (total number), and 
human development index, as reference variables. All 
statistical analyses were done in Stata 17 and R studio 
(version 1.4.1106).

Figure 1: Critical pathogen antibiotic resistance rates and carbapenem and cephalosporin consumption by country
(A) Antibiotic-resistance rate in humans for the critical pathogens in humans (96 observations). (B) Antibiotic consumption (in DDDs) in humans for carbapenems 
and cephalosporins (73 observations). Countries in white represent those with missing data. Pearson’s correlation between antibiotic resistance and consumption in 
humans was 0·30 (p=0·021). DDD=defined daily doses per 1000 individuals.

Minimum 5·6%

Median 36·9%

Maximum 94·0%

Minimum 44·7

Median 540·1

Maximum 2658·9

A

B

Critical pathogen 
antibiotic resistance rates

Carbapenem and cephalosporin
consumption
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Role of the funding source
There was no funding source for this study.

Results
Table 1 shows the raw descriptive statistics of the 
dependent and main independent variables included 
in the final regression models. The median preva-
lence of human pathogen resistance was 39·89% 
(IQR 23·09–45·68) for critical pathogens, 24·00% 
(15·00–41·00) for high priority pathogen, and 16·00% 
(6·00–29·00) for medium priority pathogens (penicillin-
resistant Streptococcus pneumoniae) across all countries. 
For food-producing animals’ median resistance 
prevalence was 24·80% (21·34–30·30). Carbapenem-
resistant A baumanii (55·68%) and third generation 
cephalosporins-resistant K pneumoniae (53·11%) were 
the two highest prevalence antibiotic–bacterium 
combination pairs, whereas oxacillin-resistant S aureus 
(22·50%) and vancomycin-resistant E faecium (22·00%) 

were the two lowest. Figure 1 shows the levels of 
critical priority pathogen’s AMR and carbapenem and 
cephalosporin consumption in humans. Figure 2 shows 
AMR and carbapenem and  cephalosporin consumption 
in food-producing animals. Detailed AMR rates and 
antibiotic con sumption levels for humans and animals 
by World Bank income class and WHO region are shown 
in the appendix (pp 19–24). The highest rates of 
resistance for all human pathogens were observed in 
LMICs, whereas the lowest rates of resistance were 
found in HICs. Yet, HICs reported the greatest 
proportion of AMR in food-producing animals, and 
LMICs the lowest (appendix p 22). The European region 
consistently reported the lowest average human AMR 
rates compared with other regions (appendix p 21). 
Charts per specific antibiotic–bacterium combinations 
showed large differences in human AMR levels for 
LMICs among oxacillin-resistant S aureus and penicillin-
resistant S pneumoniae from the Eastern Mediterranean 

Figure 2: Antibiotic resistance rates and antibiotic consumption in food-producing animals by country
(A) Antibiotic resistance rate in animals (166 observations). (B) Estimated antibiotic consumption (mg per PCU) in animals (164 observations). Countries in white 
represent those with missing data. Pearson’s correlation between antibiotic resistance and consumption in food-producing animals was 0·28 (p<0·0001). 
PCU=population correction unit.
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region (appendix pp 23–24). Rates of Enterobacteriaceae 
resistant to third generation cephalosporins or 
carbapenems were between 2-times and 2·5-times 
higher for LMICs compared with HICs. Carbapenem-
resistant P aeruginosa and A baumanii were highly 
prevalent in upper-middle-income coun tries from the 
European region, compared with the other World Bank 
income groups and WHO regions. Descriptive statistics 
of the additional independent variables are included in 
the appendix (pp 33–55). A full list of the countries 
included in final analyses (analytical sample) by 
independent variable is included in the appendix (p 56).

Consumption of carbapenems and cephalosporins was 
significantly associated with increased AMR in critical 
human pathogens (appendix p 59). Similarly, antibiotic 
consumption and AMR levels in food-producing animals 
were positively associated. AMR levels in high and 
medium priority pathogens were not associated with 
oxacillin and glycopeptide consumption and penicillin 
consumption. Third generation cephalosporins and 
oxacillin consumption were significantly associated with 
higher AMR levels in K pneumoniae, E coli, and S aureus 
(appendix p 59).

Table 3 shows the final β regression model outputs by 
WHO priority pathogens list and table 4 shows the final 
β regression by specific antibiotic–bacterium pairs. In 
the critical human pathogen model, carbapenem and  
cephalosporin con sumption in humans (OR 1·06 
[95% CI 1·00–1·12]; p=0·035), antibiotic consumption 
in food-producing animals (1·07 [1·01–1·13]; p=0·020), 
cardiovascular death rate, GINI index, and PM2·5 were 
associated with an increase in AMR (positively associated 
with AMR; R² 86·4%). For instance, a change of one 
standard deviation in PM2·5 resulted in a 1·11 SD increase 
in critical human pathogen AMR (appendix p 67).

In the high priority human pathogens model, AMR was 
positively associated with oxacillin and glycopeptides 
consumption in humans (OR 1·22 [95% CI 1·09–1·37]; 
p<0·0001), average temperature, and population density, 
but inversely associated with GDP (purchasing power 
parity), countries’ voice and accountability, and median 
age of the population (R² 58·4%). In the medium priority 
pathogens model, countries’ regulatory quality was 
associated with a decrease in AMR (negatively associated), 
but mortality rate attributable to unsafe WASH and PM2·5 
was positively associated with AMR (R² 70·8%). 
Antibiotic consumption in animals (OR 1·05 
[95% CI 1·01–1·10]; p=0·013), carbapenems and 
third generation cephalosporins consumption in humans 
(1·05 [1·01–1·09]; p=0·010), countries’ percentage of 
arable land, and GINI index were positively associated 
with resistance in food-producing animals, whereas rule 
of law was negatively associated with AMR (R² 49·6%).

The results of the predictive analysis that compared 
rates of AMR in food-producing animals and critical 
human pathogens after adjusting for the independent 
variables are reported in the appendix (p 77). LMICs, 

OR (95% CI) p value

WHO critical human pathogen AMR (n=60; R² 86·4%)

Consumption of carbapenems and cephalosporins in humans (DDDs)* 1·06 (1·00–1·12) 0·035

Antibiotic consumption in animals (mg per PCU)* 1·07 (1·01–1·13) 0·020

GDP (ppp)* 0·88 (0·76–1·02) 0·081

Control of corruption* 0·65 (0·54–0·79) <0·0001

Cardiovascular death rate per 100 000 people* 1·18 (1·08–1·28) <0·0001

Current health expenditure (percentage of GDP)* 0·96 (0·88–1·04) 0·34

GINI index* 1·13 (1·07–1·19) <0·0001

PM2·5* 1·11 (1·04–1·18) <0·0001

National monitoring systems for sales, prescription, and consumption 
of antibiotics in humans

0·89 (0·78–1·00) 0·043

Constant term 0·01 (0·01–0·01) <0·0001

WHO high priority human pathogen AMR (n=56; R² 58·4%)

Consumption of oxacillin and glycopeptides in humans (DDDs)* 1·22 (1·09–1·37) <0·0001

Antibiotic consumption in animals (total sales in kg)* 1·15 (1·00–1·32) 0·049

Median age of population* 0·96 (0·93–0·99) 0·0071

Average temperature (°C)* 1·20 (1·03–1·39) 0·017

GDP (ppp)* 0·72 (0·63–0·82) <0·0001

Voice and accountability* 0·83 (0·73–0·95) 0·0062

National monitoring systems for sales, prescription, and consumption 
of antibiotics in humans

0·78 (0·80–1·03) 0·080

Population density* 1·11 (1·06–1·16) <0.0001

Constant term 0·05 (0·02–0·14) <0·0001

WHO medium priority human pathogen AMR† (N=40; R² 70·8%)

Consumption of penicillin in humans (DDDs)* 0·96 (0·80–1·15) 0·65

Antibiotic consumption in animals (mg per PCU)* 1·05 (0·87–1·26) 0·60

GDP (ppp)* 1·32 (0·94–1·84) 0·11

PM2·5* 1·30 (1·01–1·67) 0·040

Regulatory quality* 0·42 (0·28–0·63) <0·0001

Mortality rate attributable to unsafe WASH* 1·17 (1·02–1·36) 0·029

Constant term 0·01 (0·00–0·01) <0·0001

AMR in food-producing animals (n=63; R² 49·6%)

Antibiotic consumption in animals (mg per PCU)* 1·05 (1·01–1·10) 0·013

Consumption of carbapenems and cephalosporins in humans (DDDs)* 1·05 (1·01–1·09) 0·010

GDP (ppp)* 1·04 (0·93–1·16) 0·49

Average temperature (°C)* 0·97 (0·89–1·06) 0·54

Current health expenditure (percentage of GDP)* 0·91 (0·83–0·99) 0·037

Rule of law* 0·82 (0·69–0·98) 0·027

Cattle density* 1·02 (0·97–1·08) 0·38

Country policies and regulation on antimicrobial use for growth 
promotion in animals

0·83 (0·69–1·02) 0·078

Arable land (percentage of land area)* 1·04 (0·96–1·12) 0·31

GINI index* 1·01 (0·94–1·10) 0·74

Constant term 0·01 (0·01–0·01) <0·0001

Data are OR (95% CI). n is the number of countries. p values were derived from the Wald test. Pseudo R² were 
calculated. An illustrative explanation of the marginal association between PM2·5 and GDP ppp with AMR critical 
priority levels is reported in the appendix (p 67). Same models containing imputed data are included in the appendix 
(p 71). DDD=defined daily doses per 1000 individuals. GDP=gross domestic product. OR=odds ratio. PCU=population 
correction units. ppp=purchasing power parity. *Variables were standardised (ie, mean subtracted and divided by their 
SD). †WHO medium priority human pathogen classification only included penicillin-resistant Streptococcus 
pneumoniae.

Table 3: Multivariable β regression model results for the association between AMR in human pathogens 
and associated risk factors, and AMR in food-producing animals and associated risk factors
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particularly from the Eastern Mediterranean and South-
East Asia regions, were predicted to have the highest AMR 
rates in humans and animals.

Higher antibiotic consumption in humans was asso-
ciated with greater resistance in almost every antibiotic–
bacterium respective pair (table 4). Antibiotic consump tion 
in animals was positively associated with rates of 
third generation cephalosporins-resistant E coli (OR 1·09 
[95% CI 1·01–1·19]; p=0·041), oxacillin-resistant S aureus 
(1·11 [1·01–1·21]; p=0·023), and carbapenem-resistant 
A baumanii (1·24 [1·12–1·37]; p<0·0001). Governance 
indicators (eg, rule of law, voice and accountability, 
regulatory quality, and control of corruption) and countries 
policies to monitor and control AMR were consistently 
associated with lower AMR.

We did not find significant changes in our estimates 
after using the leave-one-out approach (appendix p 68). 
The results of our analysis that restricted the dependent 
variable of the animal model by food-producing animal 
species are detailed in the appendix (p 69); no substantial 
change was observed. Our models were consistent with 
Tiseo and colleagues8 after using antimicrobial sales as 
a proxy of antibiotic consumption (appendix p 70). 
Additionally, most estimates were consistent with our 
study results after the sensitivity analyses with fully 
imputed data and by removing highly influential data 
points (appendix pp 71–76).

Discussion
AMR is crucial to a complex network of stakeholders 
with different priorities, which restricts the means with 
which to frame the challenge and drive a response.66 For 
instance, important gaps remain in our knowledge of 
similarities and differences between risk factors for AMR 
in humans and in animals. We collated data for variables 
that had identified associations with either human or 
animal AMR. Analysing these together for country-level 
associations has provided an important step in 
elucidating these knowledge gaps.

Antimicrobial consumption is routinely implicated as 
the key driver for AMR, with compelling evidence for 
dose dependence in populations of animals and 
humans.7,67 We showed that, even after adjusting for 
other covariates as identified from reviewing the 
literature, there were significant associations between 
animal antimicrobial consumption and AMR in food-
producing animals, and between human antimicrobial 
consumption and AMR specifically in WHO critical and 
high priority pathogens. The WHO global priority list of 
antibiotic-resistant bacteria was formulated in 2017 with 
the intention of guiding research, discovery, and 
development of new drugs,19 but it has also informed 
intervention policies targeting these priorities.68 
The human drug–pathogen pairings with the most 
increased odds of resistance were carbapenem (and 
cephalosporins) and P aeruginosa and carbapenem (and 
cephalosporins) and A baumanii; both of which feature 

in the 2022 Global Burden of Disease report’s leading 
pathogens for deaths associated with resistance.3 Data 
were too scarce to specify equiv alently prominent 

OR (95% CI) p value

Carbapenem-resistant Acinetobacter baumanii (n=50; R² 84·0%)

Consumption of carbapenems and cephalosporins in humans (in DDDs)* 1·14 (1·06–1·24) <0·0001

Antibiotic consumption in animals (mg per PCU)* 1·24 (1·12–1·37) <0·0001

GDP (ppp)* 1·13 (0·95–1·35) 0·17

Control of corruption* 0·48 (0·38–0·60) <0·0001

Net migration rate* 0·76 (0·68–0·84) <0·0001

Labour force participation rate* 0·87 (0·80–0·95) 0·011

National monitoring systems for sales, prescription, and consumption 
of antibiotics in humans

0·67 (0·56–0·81) <0·0001

Obesity prevalence* 1·01 (0·89–1·14) 0·89

Average temperature (°C)* 1·23 (1·08–1·39) <0·0001

Hospital beds per 10 000 people* 1·01 (0·88–1·15) 0·89

Population density* 0·96 (0·84–1·09) 0·70

Constant term 0·02 (0·02–0·02) <0·0001

Carbapenem-resistant Pseudomonas aeruginosa (n=35; R² 60·3%)

Consumption of carbapenems and cephalosporins in humans (in DDDs)* 1·29 (1·09–1·53) 0·0039

Antibiotic consumption in animals (mg per PCU)* 1·10 (0·88–1·38) 0·39

GDP (ppp)* 1·04 (0·81–1·34) 0·74

Median age of population* 1·06 (0·78–1·44) 0·71

Hospital beds per 10 000 people* 1·05 (0·85–1·30) 0·64

Cardiovascular death rate per 100 000 people* 1·43 (1·00–2·06) 0·042

Mortality rate attributable to unsafe WASH* 1·09 (0·90–1·33) 0·37

National monitoring systems for sales, prescription, and consumption 
of antibiotics in humans

1·42 (0·84–2·39) 0·19

Voice and accountability* 0·55 (0·35–0·85) 0·0083

Constant term 0·01 (0·00–0·01) <0·0001

Third generation cephalosporins-resistant Escherichia coli (n=57; R² 85·6%)

Consumption of cephalosporins in humans (in DDDs)* 1·10 (1·00–1·21) 0·061

Antibiotic consumption in animals (mg per PCU)* 1·09 (1·01–1·19) 0·041

GDP (ppp)* 1·02 (0·88–1·18) 0·83

Regulatory quality* 0·50 (0·44–0·58) <0·0001

Mortality rate attributable to unsafe WASH* 1·10 (1·03–1·17) 0·0049

Country policies and regulation on antimicrobial use in humans 0·90 (0·87–0·92) <0·0001

Population density* 1·17 (1·12–1·23) <0·0001

GINI index* 1·09 (0·99–1·20) 0·074

National monitoring systems for sales, prescription, and consumption 
of antibiotics in humans

0·66 (0·50–0·85) 0·0048

Constant term 0·01 (0·01–0·01) <0·0001

Third generation cephalosporins-resistant Klebsiella pneumoniae (n=59; R² 79·1%)

Consumption of cephalosporins in humans (in DDDs)* 1·07 (0·98–1·18) 0·13

Antibiotic consumption in animals (mg per PCU)* 1·08 (0·96–1·20) 0·19

GDP (ppp)* 0·83 (0·69–1·01) 0·058

Regulatory quality* 0·69 (0·58–0·82) <0·0001

Cardiovascular death rate per 100 000 people* 1·27 (1·13–1·43) <0·0001

GINI index* 1·17 (1·05–1·31) 0·0051

National monitoring systems for sales, prescription, and consumption 
of antibiotics in humans

0·86 (0·71–1·04) 0·13

Hospital beds per 10 000 people* 1·00 (0·91–1·09) 0·92

Constant term 0·01 (0·01–0·02) <0·0001

(Table 4 continues on next page)
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drug–pathogen pairings for animals, highlighting 
a reconcilable dis parity in routine AMR reporting 
between these One Health sectors.

Antimicrobial consumption in animals was sig-
nificantly associated with resistance in WHO critical 
priority human pathogens, and antimicrobial con-
sumption in humans was significantly associated with 
animal AMR rates. A joint interagency report on 
integrated analysis of antimi crobial consumption and 
occurrence of AMR in bacteria from humans and food-
producing animals sought to establish associations 
between data from Europe,69 but did not find a link 
between antimi crobial consumption in humans and 
AMR in animals. Whereas their univariate analysis did 
find an association between consumption in animals 
and AMR in humans, statistical significance was not 
retained following multivariable analysis. To the best 
our knowledge, our study is the first to identify these 
bidirectional animal–human associations globally. 
Retained sig nificance of bidirectionality at this scale, 
and after adjusting for other covariates, contributes 
important evidence to the One Health paradigm. Not 
all implications are necessarily pessimistic. Tang and 
colleagues16 describe the benefits to human health of 
livestock-based stewardship pro grammes, highlighting 
the potential for targeting single One Health 

components with interventions but having system-wide 
effects.

We found significant associations between AMR and 
several socioeconomic factors. Results from the multi-
variable analysis showed significant positive asso-
ciations between human AMR and the GINI index 
(WHO critical priority), and increased mortality rate 
attributable to either unsafe WASH (WHO medium 
priority) or to car diovascular complications (WHO 
critical priority). Significant negative associations were 
found with GDP (WHO high priority), and national 
monitoring systems for sales, prescription, and 
consumption of antibiotics in humans (WHO critical 
priority). Therefore, our models are consistent with 
previous literature, showing that factors indicative of 
lower socioeconomic status are associated with higher 
levels of AMR in humans.9 These associations are 
probably explained by the uncontrolled dissemination 
of resistant bacteria that can occur in settings in which 
sanitation services are inadequate and access to health 
care is reduced.

Governance indicators were closely, and intuitively, 
linked with AMR in animals and humans. Significant 
negative associations were found with rule of law 
(animal), regulatory quality (WHO medium priority), 
voice and accountability (WHO high priority), and control 
of corruption (WHO critical priority). The order of mag-
nitude of effect was considerable, with halved odds of 
carbapenem-resistant A baumanii, carbapenem-resistant 
P aeruginosa, and third generation cephalosporins-
resistant E coli, all associated with more reliable 
governance. This corroborates earlier reports describing 
the contributions of poor governance and corruption to 
human AMR,46 but our results expand their importance to 
the One Health context.

This study had some limitations. Crucially, there were 
a lot of missing data: the small number of AMR datasets 
available for LMICs might have biased our results. Data 
paucity was worse for the components of animal health 
meaning that potentially important risk factors, such as 
wild animal AMR reservoirs, could not be included. It 
also meant we used modelled estimates of antibiotic 
consumption in animals, which potentially risked 
biasing our results. Country-level data on rates of AMR 
in food-producing animals were also scarce, and the 
data available for different animal species and zoonotic 
pathogens differed by country. Data on food-producing 
animals were all grouped together in our analysis. 
When these data become more refined, a more species-
specific analysis will provide improved granularity to 
our understanding.

Even though we used the best available data, there 
remained inconsistencies in the exact year of data 
collection, the numbers of included countries by WHO 
region and World Bank income groups, and bacteria 
reported. There were also limitations in the analytical 
component of this work. The effectiveness of stepwise 

OR (95% CI) p value

(Continued from previous page)

Oxacillin-resistant Staphylococcus aureus (n=48; R² 79·9%)

Consumption of oxacillin in humans (in DDDs)* 1·17 (1·03–1·28) 0·040

Antibiotic consumption in animals (mg per PCU)* 1·11 (1·01–1·21) 0·023

GDP (ppp)* 0·73 (0·59–0·91) 0·0047

National surveillance system for AMR in humans 0·70 (0·60–0·82) <0·0001

Homeless people* 1·16 (1·10–1·22) <0·0001

PM2·5* 1·10 (0·93–1·29) 0·26

Average temperature (°C)* 1·30 (1·08–1·57) <0·0001

Population density* 1·12 (1·01–1·25) 0·040

Constant term 0·01 (0·01–0·01) <0·0001

Vancomycin-resistant Enterococcus faecium (n=33; R² 54·3%)

Consumption of glycopeptides in humans (in DDDs)* 1·52 (1·15–2·01) 0·0059

Antibiotic consumption in animals (mg per PCU)* 0·91 (0·72–1·15) 0·43

GDP (ppp)* 0·66 (0·34–1·28) 0·22

National surveillance system for AMR in humans 0·58 (0·43–0·78) <0·0001

Voice and accountability* 1·03 (0·68–1·57) 0·88

PM2·5 (scale ×10)* 1·41 (1·01–1·98) 0·043

Hospital beds per 10 000 people* 1·21 (0·89–1·63) 0·22

Constant term 0·01 (0·01–0·01) <0·0001

Data are OR (95% CI). n is the number of countries. Pseudo R2 were calculated. Same models containing imputed data 
are reported in the appendix (p 72). p value derived from the Wald test. Robust standard errors were used. 
DDD=defined daily doses per 1000 individuals. GDP=gross domestic product. n=number of countries. OR=odds ratio. 
PCU=population correction units. ppp=purchasing power parity. *Variables were standardised (ie, mean subtracted 
and divided by their standard deviation).

Table 4: Multivariable β regression model results for the association between AMR in human pathogens 
and associated risk factors, by specific bacterium–antibiotic pairs
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regression as a method of variable selection can 
some times be compromised when a large number 
of predictor variables are considered.70 Additionally, 
β regression models do not correct estimates for skewed 
data.63 For example, β-binomial regression accounts for 
the diff erence in the availability of testing between 
countries, particularly between HICs and LMICs.71 
However, for most countries, the isolate-level data 
required for this alternative approach was unavailable. 
Finally, because this was an ecological country-level 
study, any inter pretation should be taken with caution 
because the results might be affected by the absence of 
variation over aggregated data usage (ie, ecological 
fallacy).

Our findings suggest that socioeconomic factors play 
an underappreciated role in the spread of AMR, and 
antibiotic consumption is potentially only a secondary 
risk factor in certain regions of the world in which 
antimicrobial drug consumption is low and resistance 
rates are high. Preventing spread of AMR will require 
national action plans beyond the reduction in antibiotic 
misuse and must involve efforts to improve governance 
and sanitation infrastructure. Bidirectionality between 
animals and humans in antimicrobial consumption and 
resistance emphasises the need for integrated control 
methods that aim to prevent transmission across 
different One Health domains. LMICs, particularly in 
Asia (eg, Bangladesh, China, and India), were shown to 
have the highest AMR rates in food-producing animals 
after adjusting for other variables in this study. This 
finding highlights the pressing need for better AMR 
surveillance and control efforts in LMICs.
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Abstract

Background

Bloodstream infections (BSIs) produced by antibiotic-resistant bacteria (ARB) cause a sub-

stantial disease burden worldwide. However, most estimates come from high-income set-

tings and thus are not globally representative. This study quantifies the excess mortality,

length of hospital stay (LOS), intensive care unit (ICU) admission, and economic costs asso-

ciated with ARB BSIs, compared to antibiotic-sensitive bacteria (ASB), among adult inpa-

tients in low- and middle-income countries (LMICs).

Methods and findings

We conducted a systematic review by searching 4 medical databases (PubMed, SCIELO,

Scopus, and WHO’s Global Index Medicus; initial search n = 13,012 from their inception to

August 1, 2022). We only included quantitative studies. Our final sample consisted of n =

109 articles, excluding studies from high-income countries, without our outcomes of interest,

or without a clear source of bloodstream infection. Crude mortality, ICU admission, and LOS

were meta-analysed using the inverse variance heterogeneity model for the general and

subgroup analyses including bacterial Gram type, family, and resistance type. For economic

costs, direct medical costs per bed-day were sourced from WHO-CHOICE. Mortality costs
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were estimated based on productivity loss from years of potential life lost due to premature

mortality. All costs were in 2020 USD. We assessed studies’ quality and risk of publication

bias using the MASTER framework. Multivariable meta-regressions were employed for the

mortality and ICU admission outcomes only. Most included studies showed a significant

increase in crude mortality (odds ratio (OR) 1.58, 95% CI [1.35 to 1.80], p < 0.001), total

LOS (standardised mean difference “SMD” 0.49, 95% CI [0.20 to 0.78], p < 0.001), and ICU

admission (OR 1.96, 95% CI [1.56 to 2.47], p < 0.001) for ARB versus ASB BSIs. Studies

analysing Enterobacteriaceae, Acinetobacter baumanii, and Staphylococcus aureus in

upper-middle-income countries from the African and Western Pacific regions showed the

highest excess mortality, LOS, and ICU admission for ARB versus ASB BSIs per patient.

Multivariable meta-regressions indicated that patients with resistant Acinetobacter baumanii

BSIs had higher mortality odds when comparing ARB versus ASB BSI patients (OR 1.67,

95% CI [1.18 to 2.36], p 0.004). Excess direct medical costs were estimated at $12,442

(95% CI [$6,693 to $18,191]) for ARB versus ASB BSI per patient, with an average cost of

$41,103 (95% CI [$30,931 to $51,274]) due to premature mortality. Limitations included the

poor quality of some of the reviewed studies regarding the high risk of selective sampling or

failure to adequately account for relevant confounders.

Conclusions

We provide an overview of the impact ARB BSIs in limited resource settings derived from

the existing literature. Drug resistance was associated with a substantial disease and eco-

nomic burden in LMICs. Although, our results show wide heterogeneity between WHO

regions, income groups, and pathogen–drug combinations. Overall, there is a paucity of BSI

data from LMICs, which hinders implementation of country-specific policies and tracking of

health progress.

Author summary

Why was this study done?

• Bloodstream infections (BSIs) caused by antibiotic-resistant bacteria (ARB) have multi-
faceted impacts, including higher admission to intensive care units (ICUs), prolonged
hospitalisations, and high economic and societal costs worldwide.

• Despite the global burden, most evidence on the excess burden of ARB BSIs has been
derived from high-income countries; comparatively, there are limited data from low-
and middle-income countries (LMICs).

What did the researchers do and find?

• We employed a systematic literature review and subsequent meta-analysis of 109 indi-
vidual studies to quantify the impact of ARB BSIs in hospitalised patients from LMICs.

• Based mostly on crude data comparisons ignoring the possible influence of confounding
factors, we found that ARB BSIs, compared to BSIs caused by antibiotic-sensitive
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bacteria (ASB), were associated with substantially longer stays in hospitals and ICUs,
higher mortality, and increased direct medical and productivity costs.

What do these findings mean?

• Our findings highlight the excess morbidity, mortality, and costs associated with ARB
BSIs and the sparsity of data from LMICs.

• Targeted strategies to improve the prevention, detection, and treatment of resistant BSIs
in LMICs are required to reduce the economic and disease burden.

Introduction

Antibiotic-resistant bacteria (ARB) constitute a global health priority, particularly where resis-
tance proportion is highest in low- and middle-income countries (LMICs) [1]. Resource-lim-
ited hospital infrastructure, poor health system capacity, and inadequate sanitation and
hygiene infrastructure partly explain the spread and impact of ARB in LMICs [1,2]. Ameliorat-
ing health inequities is hampered by the feedback caused by ARB infections resulting in
increased morbidity and mortality, more complicated treatments due to the use of reserved
antibiotics, and prolonged hospitalisations, all of which exacerbate costs to countries’ health
systems and society [1,3]. Recent figures from the World Health Organization (WHO) Global
Antimicrobial Resistance and Surveillance System (GLASS) report show that the proportion of
Escherichia coli bloodstream infections (BSIs) caused by third-generation cephalosporins resis-
tant E. coli was more than triple in LMICs compared to high-income countries, (58.3% and
17.53%, respectively) [4]. A similar trend was observed for other WHO critical- and high-pri-
ority BSI pathogens, including Klebsiella pneumoniae and Staphylococcus aureus [4,5].

BSIs are one of the most lethal infections, having an estimated overall crude mortality of 15%
to 30% [4,6]. BSIs are intrinsically more deadly as pathogens can spread quickly via blood, pro-
ducing multiple infections and leading to organ damage and dysfunction. Extensive literature
has examined the excess burden of ARB BSIs in specific locations [7–13]. For example, com-
pared to their sensitive counterparts, carbapenem-resistant Klebsiella spp. [12] and methicillin-
resistant Staphylococcus aureus (MRSA) [11] BSIs are associated with 9.08 (95% CI [1.17 to
70.51]) and 2.23 (95% CI [1.14 to 4.37]) times greater mortality, respectively. Higher admission
to the intensive care units (ICUs), (OR 8.57; 95% CI [3.99 to 18.38]), greater length of hospital
stay (LOS), (4.89 additional days; 95% CI [0.56 to 11.52]) and sizeable hospital costs ($23,318,
95% CI [$858 to $57,090]) have been linked to vancomycin-resistant versus -sensitive Entero-
cocci BSIs [13]. Studies conducted in high-income countries contribute disproportionately to
these estimates [14–16]; data from LMICs are scant. This comprises a critical gap in our under-
standing of the impact of drug-resistant BSI in countries with higher underlying health risks
(e.g., cancer, neutropenia and haematological malignancies, pneumonia, and diabetes) [17].

Here, we present a systematic review and meta-analysis of the literature on the impact (i.e.,
LOS, mortality, and ICU admission) and excess economic costs per patient associated with
ARB BSI compared with antibiotic-sensitive (ASB) BSI among hospitalised patients in LMICs.

Methods

This study is reported as per the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guideline (S1 Checklist) [18] and was prospectively registered with PROS-
PERO (id number: CRD42021264056).

PLOS MEDICINE The impact of bloodstream infections caused by antimicrobial resistance in LMICs
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Search strategy

We searched the literature for studies examining the burden of ARB BSIs compared with ASB
BSIs among inpatients from LMICs. PubMed, SCIELO, Scopus, and WHO’s Global Index
Medicus (Latin American and Caribbean Health Sciences Literature “LILACs” and African
Index Medicus “AIM”) were searched without restrictions to language or year of publication
using a family of keywords related to antibiotic/drug-resistance, bloodstream infections/bac-
teraemia, and burden measures among inpatients. We searched articles published through
August 1, 2022. The complete list of terms, abbreviations, and Boolean connectors used by
search engine can be found in the Supporting information (S1 Text, section 1).

Study selection

We selected articles according to a step-guided protocol. First, articles were excluded if carried
out in high-income countries; these were defined according to the 2021 World Bank classifica-
tion list (i.e., gross national income “GNI” per capita> $12,696) [19]. Second, studies were
only included if BSIs were presented based on laboratory-confirmed positive blood cultures.
Either primary or secondary BSIs were included. Articles that analysed patients with different
culture types (e.g., blood, urine, wound, nasal) were removed unless BSI episodes were clearly
detailed. Third, articles were included if the ASB and ARB groups were identified among adult
patients presenting BSIs in the hospital. Fourth, participants with chronic or severe diseases
(e.g., HIV, cancer) were removed unless they were present in the ARB and ASB groups (e.g.,
studies were withdrawn if HIV–positive patients having ARB BSIs were compared with HIV–
negative patients having ASB BSIs). Finally, studies were removed if they did not present our
selected outcomes (i.e., mortality, ICU admission, LOS, or costs). Experimental and observa-
tional articles were included. We removed correspondence letters or opinions, short reports
without data analysis, literature reviews, and single-case studies.

Studies were analysed only when the number of patients was reported. We only included
the adult population (average�18 years of age) because (i) the number of studies focusing on
children was limited (n = 4) after looking at the provisional results; and (ii) children’s inherent
behaviour and exposure level differ from adults [3]. Only data on WHO-priority pathogens
were retained [20]. The Results section (PRISMA chart) and Table A in S1 Text present the
complete list of search criteria used.

To avoid our study hinging only on published articles’ results, we systematically reviewed
the grey literature and other current literature reviews analysing similar topics. Four referees
resolved any disagreement presented at any stage of study selection through scholarly discus-
sion. Two native Spanish speakers fluent in Portuguese and English, a native English speaker,
and a native Chinese speaker fluent in English conducted the screening and consecutive data
extraction. Papers written in any other language were translated to English using Google
Translate PDF (<1% of the included articles). We used the Rayyan free online tool (https://
rayyan.ai/) to screen, select, and decide which articles were included. Double article screening
for eligibility was employed, and discrepancies were resolved via scholarly dialogue.

Data extraction

We extracted data including authors, publication year, country, study setting, population char-
acteristics, bacterium type, resistance type, and sample sizes (for cases and control groups).
We classified pathogen resistance based on the specific pathogen-resistance profiles evaluated
in each study (e.g., cephalosporin-resistant Acinetobacter baumanii). For completeness, we
also collated data on ESBL+ and non-ESBL (ESBL-) groups for gram-negative pathogens. For
the analysis, the case group comprised infections with resistant strains (ARB), whereas the

PLOS MEDICINE The impact of bloodstream infections caused by antimicrobial resistance in LMICs
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control group comprised sensitive-strain infections (ASB). Selected studies were organised
using unique identifiers (e.g., 1, 2, 3), and sub-studies within the primary articles were classi-
fied using consecutive numbers separated by a dot (e.g., 1.1, 1.2, 1.3) if they presented bacte-
rium- or resistance type-specific information (S1 Data).

We extracted the following outcomes by case/control group: mortality (crude 30-day mor-
tality, whenever available, or overall crude mortality if timing was not reported), LOS (average
total days and standard deviation), and ICU admission (patients admitted). We also collected
data on demographics and underlying conditions: average age, previous surgery and hospitali-
sation, community- or hospital-acquired BSI, any underlying condition (diabetes, hyperten-
sion, cardiovascular or heart diseases, solid tumour or malignancy, liver or kidney disease,
pulmonary/respiratory diseases, and any hematologic disease), and BSI source (urinary tract,
intravenous or catheter, pulmonary, and intrabdominal or gastrointestinal). Pitt bacteraemia
score, APACHE II, and CHARLSON scores were collected if presented. We compared ARB
and ASB groups by comparing variables’ proportion or mean using McNemar’s χ2 or T-tests
for binary and continuous data, respectively. Additionally, we classified the studies by World
Bank income level, WHO region, WHO Global Priority Pathogens List, bacterium family and
antibiotic class, pathogen strain, and bacterium Gram type. We used Microsoft Excel 2022 to
compile and extract included articles’ data. We used double data extraction reviewing, and
inconsistencies (14% disagreement) were resolved through scholarly discussion.

Study quality and risk assessment

We used a unified framework to evaluate the methodological quality of analytic study designs
(MASTER scale) [21]. This framework comprises 36 questions classified into 7 domains con-
cerning equal recruitment, retention, implementation, prognosis, ascertainment, sufficient
analysis, and temporal precedence. Each question was scored independently by 2 reviewers as
1 if the study complied with the domain or 0 if it did not. Therefore, a higher score indicates
higher study quality. Two independent reviewers performed a risk of bias assessment. Con-
flicts were addressed through scholarly discussion.

Statistical analysis

Firstly, we employed population-weighted descriptive statistics of the health and demographic
characteristics collated by studies’ patients having ARB and ASB BSIs to contrast both groups
and check whether mean differences across patient features existed. Secondly, the overall esti-
mates for excess mortality, ICU admission, and LOS associated with resistant strains compared
to their sensitive counterparts were meta-analysed using the inverse variance heterogeneity
model [22]. The heterogeneity was calculated using the I2 statistics; I2 values were classified as
high (>75%), moderate (50% to 75%), and low (<50%) heterogeneity. All results were com-
puted using odds ratios (ORs) for mortality and ICU admission rates, and the standardised
mean difference (SMD) for LOS. We estimated ORs based on studies’ crude numbers or unad-
justed ORs provided. Forest plots and meta-analyses were computed by outcome and sub-
groups of variables, including bacterial family, Gram type, reported resistance type, most
common antibiotic-resistant microbial strains, World Bank income group, and WHO region.
P-values (p) were reported using a two-tailed t test (p< 0.05) for the ORs for mortality and
ICU admissions and LOS’s standardised mean difference. We also analysed and compared,
whenever reported, the unadjusted and confounder-adjusted ORs, for studies reporting uni-
variate and multivariable regression analyses.

As a secondary analysis, we used univariate and multivariable meta-regressions to explore
the main determinants of mortality and ICU admission (LOS was not included because of a
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small sample size). We included the bacterial family and resistance profile, demographics, and
underlying health condition variables in the univariate regression. Variables were transformed
to odds between ARB and ASB groups. We evaluated the associations with the original and
fully imputed observations. Multiple imputations were performed using fully completed data
as factors and with 1,000 repetitions following a multivariable normal regression design. Vari-
ables associated with our outcomes in the univariate analysis with p< 0.05 using non-imputed
data were included in the fully imputed multivariable model.

Excess economic costs per patient (i.e., costs associated with ARB BSI minus costs associ-
ated with ASB BSI) were computed only for excess length of stay, separated by ICU and non-
ICU wards. Hospital-day costs included all the inpatient hospitality costs per patient stay for
primary and secondary level and teaching hospitals and were calculated based on WHO--
CHOICE costs [23]. ICU costs were calculated per patient stay for tertiary/teaching hospitals
and were retrieved from the literature for countries with available information [24–36], or by
using an approximation ratio between hospital and ICU costs [37–39]. Direct medical costs
comprised hospital-day and ICU admission costs per patient, adjusted to their respective
patients’ LOS in the hospitalised or ICU services. We also calculated excess productivity losses
per patient associated with premature mortality from ARB BSIs (compared to ASB BSIs) using
the life expectancy at death and human capital approaches [40]. Excess productivity losses
associated with premature mortality costs were computed by multiplying the years of life lost,
based on the reference standard life expectancy at the average age of death [41] from ARB BSI
(i.e., costs associated with ARB BSI minus costs associated with ASB BSI), using the study-
weighted average age for all patients over all studies, without age-weights and a 5% time dis-
count [42]. All costs were expressed in 2020 USDs, adjusting for inflation using US GDP
implicit price deflators. Due to a lack of data, we excluded direct and indirect nonmedical
costs (e.g., travel). Cost computations and methods are detailed in S1 Text, section 4.

Small-study effects

The Doi [43] plots and the LFK index were used to evaluate small-study effects when there
were at least 5 studies in the meta-analysis. Leave-one-out cross-validation [44] was used to
estimate the generalisation performance of our main meta-analyses to cross-validate the
results’ sensitivity.

Sensitivity analyses

We evaluated whether our main meta-analysis results varied by location. Due to the large pro-
portion of studies from China (N = 41), we assessed our meta-analyses by separating our sam-
pled studies into those performed in China and other LMICs.

All statistical analyses included studies and sub-studies according to their specific popula-
tion features and were performed in Stata 17, College Station, TX: StataCorp LLC.

Results

Yield of the search strategy

Our search strategy identified 13,012 articles: 4,720 through PubMed, 8,193 in Scopus, 55 in
SCIELO, and 44 in AIM and LILACs (Fig 1). Of these, 1,076 were duplicated (8.3%; 1,076/
13,012), and 10,948 were performed in high-income countries (84.1%; 10,948/13,012) and
hence removed. In total, 988 articles were full-text screened, resulting in the inclusion of 109
studies (N = 22,756 patients).
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Characteristics of included studies

Of the 109 articles, 100 (91.7%; 100/109) studies reported the impacts of ARB BSIs on mortal-
ity, 42 on hospital LOS, but only 18 displayed the average LOS with its standard deviation
(16.5%; 18/109) and 52 (47.7%; 52/109) reported on ICU admission (Table 1). Studies were
primarily conducted in China (44.9%; 49/109, N = 12,092 patients), Brazil (11.9%; 13/109,
N = 1,559 patients), and Turkey (8.3%; 9/109, N = 2,190 patients) (Fig 2). Most studies

Fig 1. Flowchart detailing systematic review according to PRISMA guidelines. PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines [18]. HICs: High-income countries. PRISMA checklist is provided in S1 Text. ARB, antibiotic-resistant bacteria; ASB, antibiotic-sensitive
bacteria; BSI, bloodstream infections; WHO, World Health Organization.

https://doi.org/10.1371/journal.pmed.1004199.g001
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Table 1. Details of all studies included in the systematic literature review (N = 109).

ID⁂ Author/year Country
setting

Bacterium family Group comparison Group N of
obs.

Mortality, n (%) LOS (mean) ICU admission,
n (%)

Case Control Case Control Case Control Case Control Case Control

1 Abhilash, 2010 [46] India Enterobacteriaceae ESBL+ ESBL- 96 35 24(25) 9(26)

2 Abolghasemi, 2018
[47]

Iran Moraxellaceae XDR non-XDR 16 14 13(81) 1(7) 8(50) 0(0)

3 Akhtar, 2016 [48] Pakistan Enterococcus spp. VRE VSE 46 65 29(63) 28(43) 28.5 13.2 23(50) 9(14)

4 Anggraini, 2022
[49]

Indonesia Moraxellaceae CRAB CSAB 72 72 41(57) 35(49) 17 13 60(83) 49(68)

5 Anunnatsiri, 2011
[50]

Thailand Moraxellaceae MDR non-MDR 24 25 22(92) 12(48) 21.5 14 9(38) 3(12)

6 Arias-Ortiz, 2016
[51]

Colombia Staphylococcaceae MRSA MSSA 186 186 105
(56)

89(48)

7 Atmaca, 2014 [52] Turkey Staphylococcaceae MRSA MSSA 99 99 70.84 14 25(25) 6(6)

8 Barrero, 2014 [53] Colombia Staphylococcaceae MRSA MSSA 102 102 62(61) 46(45) 30 21 64(63) 54(53)

9.1 Braga, 2013 [54] Brazil Staphylococcacea MRSA MSSA 12 44 7(58) 25(57)

9.2 Braga, 2013 [54] Brazil Pseudomonadaceae CRPA CSPA 14 42 13(93) 19(45)

9.3 Braga, 2013 [54] Brazil Enterobacteriaceae CREN CSEN 3 53 2(67) 30(57)

9.4 Braga, 2013 [54] Brazil Enterobacteriaceae CERKP CESKP 5 51 4(80) 28(55)

10 Castillo 2012 [55] Colombia Staphylococcaceae MRSA MSSA 186 186 62(33) 48(26) 105
(56)

90(48)

11 Carena, 2020 [56] Argentina Multiple MDR non-MDR 168 226 58(35) 36(16) 54(32) 43(19)

12 Cetin, 2021 [57] Turkey Multiple gram-
negative

CRGN CSGN 54 157 29(54) 31(20) 45 20

13 Chang, 2020 [58] China Enterobacteriaceae CRKP CSKP 46 239 27(59) 37(15) 26(57) 33(14)

14 Chen, 2022 [59] China Enterobacteriaceae CRKP CSKP 29 223 14(48) 13(6) 21(72) 38(17)

15 Chen, 2012 [60] China Staphylococcaceae MRSA MSSA 75 43 25(33) 8(19) 55 38.7

16 Chusri 2019 [61] Thailand Moraxellaceae CRAB CSAB 31 11 20(65) 2(18) 89 57 20(65) 6(55)

17 Conterno 1998 [62] Brazil Staphylococcaceae MRSA MSSA 90 46 44(49) 9(20) 54(60) 13(28)

18 Dantas 2017 [63] Brazil Pseudomonadaceae MDR non-MDR 67 90 39(58) 35(39)

19 Deodhar 2015 [64] India Staphylococcaceae MRSA MSSA 40 61 8(20) 13(21)

20 De-Oliveira 2002
[65]

Brazil Staphylococcaceae MRSA MSSA 159 92 73(46) 19(21)

21 Deris, 2011 [66] Malaysia Moraxellaceae IRAB ISAB 15 41 6(40) 9(22) 32.3 32.8 11(73) 20(49)

22 Dramowski, 2022
[67]

South Africa Enterobacteriaceae CEREN CESEN 62 115 27(44) 33(29) 10.5 9

23 Durdu, 2016 [68] Turkey Enterobacteriaceae CRKP CRSKP 46 63 23(50) 23(37)

24 Ergönül, 2016 [69] Turkey Multiple CRGN CSGN 379 452 236
(62)

135(30)

25 Ferreira, 2018 [70] Brazil Multiple MDR non-MDR 25 37 10(40) 3(8)

26 Fu, 2015 [71] China Moraxellaceae XDR non-XDR 39 86 31(79) 38(44) 36.7 36.1 31(79) 45(52)

27 Furtado, 2006 [72] Brazil Enterococcus spp. VRE VSE 34 55 57.7 29 13(38) 18(33)

28 Garnica, 2009 [73] Brazil Multiple MDR non-MDR 10 44 4(40) 4(9)

29 Gaytán, 2006 [74] Mexico Enterobacteriaceae CiREC CiSEC 26 24 4(15) 3(13)

30 Ghafur, 2014 [75] India Multiple MDR non-MDR 44 97 28(64) 37(38)

31.1 Goda, 2022 [76] India Multiple MDR non-MDR 8 22 1(13) 8(36)

31.2 Goda, 2022 [76] India Multiple XDR non-XDR 20 10 8(40) 1(10)

32 González, 2014 [77] Colombia Pseudomonadaceae MDR non-MDR 92 141

33 Guo, 2016 [78] China Moraxellaceae MDR non-MDR 64 23 38(59) 1(4) 51(80) 5(22)

34 Hincapié, 2020 [45] Colombia Staphylococcaceae MRSA MSSA 292 909 219
(75)

71(8) 239
(82)

84(9)

(Continued)
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Table 1. (Continued)

ID⁂ Author/year Country
setting

Bacterium family Group comparison Group N of
obs.

Mortality, n (%) LOS (mean) ICU admission,
n (%)

Case Control Case Control Case Control Case Control Case Control

35.1 Islas-Muñoz, 2018
[79]

Mexico Enterobacteriaceae ESBL+ ESBL- 123 148 37(30) 35(24)

35.2 Islas-Muñoz, 2018
[79]

Mexico Multiple gram-
negative

MDR non-MDR 9 34 6(67) 5(15)

35.3 Islas-Muñoz, 2018
[79]

Mexico Multiple gram-
positive

MDR non-MDR 6 43 2(33) 4(9)

36 Jafari, 2020 [80] Iran Enterococcus spp. VRE VSE 52 21 30(57) 6(29) 36.6 22.32 30(58) 5(24)

37 Jamulitrat, 2009
[81]

Thailand Moraxellaceae IRAB ISAB 67 131 35(52) 26(20) 37 27

38 Kalam, 2014 [82] Pakistan Multiple MDR non-MDR 117 126 54(46) 34(27) 32(27) 36(29)

39 Li, 2019 [83] China Enterobacteriaceae CRKP CSKP 19 21 8(42) 2(10) 21 18 11(58) 5(24)

40 Li, 2017 [84] China Enterobacteriaceae MDR non-MDR 76 28 23(30) 3(11)

41 Li, 2018 [85] China Pseudomonadaceae CRPA CSPA 63 63 17(27) 8(13) 30 21

42 Li, 2017 [86] China Enterobacteriaceae CREN CSEN 26 122 17(65) 21(17) 25.4 21 20(77) 10(8)

43 Li, 2020 [87] China Enterobacteriaceae CRKP CSKP 164 328 72(44) 49(15) 31 19 116
(71)

58(18)

44 Liang, 2021 China Enterobacteriaceae CRKP CSKP 56 47 22(39) 9(19) 28.5 28 20(36) 13(28)

45.1 Lim, 2016 [88] Thailand Staphylococcaceae MDR non-MDR 2017 299*
45.2 Lim, 2016 [88] Thailand Enterobacteriaceae MDR non-MDR 144 20*
45.3 Lim, 2016 [88] Thailand Enterobacteriaceae MDR non-MDR 288 7*
45.4 Lim, 2016 [88] Thailand Pseudomonadaceae MDR non-MDR 94 4*
45.5 Lim, 2016 [88] Thailand Moraxellaceae MDR non-MDR 864 351*
46 Lima, 2020 [89] Brazil Multiple CR CS 60 30 30(50) 12(40) 26.5 15

47 Lipari, 2020 [90] Argentina Enterobacteriaceae CREN CSEN 42 42 22(52) 7(17) 32(76) 12(29)

48 Liu, 2019 [91] China Enterobacteriaceae CRKP CSKP 20 69 11(55) 11(16)

49 Liu, 2015 [92] China Moraxellaceae MDR non-MDR 182 59 50(27) 3(5) 109
(60)

7(12)

50 Liu, 2019 [93] China Enterobacteriaceae CRKP CSKP 70 28 30(43) 12(43)

51 Liu, 2020 [94] China Moraxellaceae CRAB CSAB 229 88 60(26) 4(5) 129
(56)

26(30)

52 Loftus, 2022 [95] Fiji Enterobacteriaceae CREN CSEN 66 96 20(30) 16(17) 13 8

53.1 Lopez-Luis, 2020
[96]

Mexico Enterococcus spp VRE VSE 107 85 34(32) 11(13) 41(38) 11(13)

53.2 Lopez-Luis, 2020
[96]

Mexico Enterococcus spp ARE ASE 18 129 5(28) 23(18) 4(22) 22(17)

54 Ma, 2017 [97] China Enterobacteriaceae ESBL+ ESBL- 70 43 15(21) 6(14)

55 Marra, 2006 [98] Brazil Enterobacteriaceae ESBL+ ESBL- 56 52 18(32) 8(15) 31(55) 18(35)

56 Meneküe 2019 [99] Turkey Enterobacteriaceae CRKP CSKP 111 99 77(69) 44(44)

57 Metan, 2009 [100] Turkey Moraxellaceae CRAB CSAB 54 46 41(76) 22(48)

58 Moghnieh, 2015
[101]

Lebanon Multiple MDR non-MDR 7 68 4(57) 3(4)

59 Moreira, 1998 [102] Brazil Staphylococcaceae ORSA OSSA 71 71 40(56) 8(11) 32.7 29.7

60 Najmi, 2019 [103] India Enterobacteriaceae ESBL+ ESBL- 101 81 29(29) 19(24)

61 Niu, 2018 [104] China Moraxellaceae CRAB CSAB 242 51 84(35) 2(4)

62.1 Palavutitotai, 2018
[105]

Thailand Pseudomonadaceae MDR non-MDR 32 167 12(38) 38(23)

62.2 Palavutitotai, 2018
[105]

Thailand Pseudomonadaceae XDR non-XDR 56 199 23(41) 50(25) 53.5 45.5 8(14) 42(21)

(Continued)
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Table 1. (Continued)

ID⁂ Author/year Country
setting

Bacterium family Group comparison Group N of
obs.

Mortality, n (%) LOS (mean) ICU admission,
n (%)

Case Control Case Control Case Control Case Control Case Control

63 Porto, 2013 [106] Brazil Staphylococcaceae MRSA MSSA 61 169 44(71) 36(21) 43.2 20.5

64 Rao 2020 [107] India Enterococcus spp. VRE VSE 73 100 27(37) 33(33) 34.47 26.25 21(29) 41(41)

65 Seboxa, 2015 [108] Ethiopia Enterobacteriaceae CEREC CESEC 10 6 10
(100)

0(0)

66 Serefhanoglu 2009
[109]

Turkey Enterobacteriaceae MDR non-MDR 30 64 7(23) 12(19)

67 Shi, 2009 [110] China Multiple MDR non-MDR 70 82 27(39) 12(15)

68.1 Shi, 2022 [111] China Multiple CRGN CSGN 65 953 29(45) 79(8)

68.2 Shi, 2022 [111] China Multiple ESBL+ ESBL- 347 671 33(10) 75(11)

68.3 Shi, 2022 [111] China Multiple MDR non-MDR 412 606 56(14) 52(9)

69.1 Sirijatuphat, 2018
[112]

Thailand Enterobacteriaceae CREC CSEC 106 100 23(22) 18(18)

69.2 Sirijatuphat, 2018
[112]

Thailand Enterobacteriaceae CRKP CSKP 45 65 23(51) 22(34)

69.3 Sirijatuphat, 2018
[112]

Thailand Pseudomonadaceae CRPA CSPA 21 47 10(48) 19(40)

69.4 Sirijatuphat, 2018
[112]

Thailand Moraxellaceae CRAB CSAB 57 24 38(67) 3(13)

69.5 Sirijatuphat, 2018
[112]

Thailand Enterobacteriaceae FRS FSS 2 2 0(0) 1(50)

69.6 Sirijatuphat, 2018
[112]

Thailand Staphylococcaceae MRSA MSSA 16 47 9(56) 13(28)

69.7 Sirijatuphat, 2018
[112]

Thailand Enterococcus spp. VRE VSE 9 20 6(67) 12(60)

70 Soares, 2022 [113] ⍴ Brazil Enterobacteriaceae CRKP CSKP 28 79

71 Steinhaus, 2018
[114] a

South Africa Staphylococcaceae MRSA MSSA 23 75

72 Stewardson, 2019
[115]

Multiple
LMICs ☨

Enterobacteriaceae CREN CSEN 123 174 43(35) 35(20) 3.7* 54(44) 51(29)

73.1 Stoma, 2016 [116] Belarus Multiple CR CS 23 112 17(74) 25(22)

73.2 Stoma, 2016 [116] Belarus Enterobacteriaceae ESBL+ ESBL- 24 111 6(25) 36(32)

73.3 Stoma, 2016 [116] Belarus Staphylococcaceae MRSA MSSA 15 120 4(27) 38(32)

74 Tang, 2021 [117] China Multiple CRGN CSGN 78 757 27(35) 79(10)

75 Tian, 2016 [118] China Enterobacteriaceae CRKP CSKP 33 81 14(42) 16(20) 50 24

76 Topeli, 2000 [119] Turkey Staphylococcaceae MRSA MSSA 46 55 27(59) 17(31) 50.3 32.7 20(43) 13(24)

77 Traverso, 2010
[120]

Argentina Staphylococcaceae MRSA MSSA 17 22 12(71) 8(36)

78 Tu, 2018 [121] China Enterobacteriaceae MDR non-MDR 55 145 9(16) 19(13) 16(29) 18(12)

79 Tuon, 2012 [122] Brazil Pseudomonadaceae CRPA CSPA 29 48 13(45) 26(54) 43 43.1 24(83) 25(52)

80 Valderrama, 2016
[123]

Colombia Pseudomonadaceae CRPA CSPA 42 126 24(57) 45(36) 26 16 26(62) 73(58)

81 Wang, 2016 [124] China Enterobacteriaceae CREN CSEN 94 93 33(35) 11(12) 40 26 49(52) 33(35)

82 Wang, 2018 [125] China Enterobacteriaceae CRKP CSKP 48 48 23(48) 2(4) 84 33 25(52) 3(6)

83 Wei, 2020 [126] China Pseudomonadaceae CRPA CSPA 23 58 14(61) 10(17)

84.1 Wu, 2021 [127] China Enterobacteriaceae CRKP CSKP 24 55 10(42) 12(22)

84.2 Wu, 2021 [127] China Enterobacteriaceae ESBL+ ESBL- 24 55 9(38) 15(27)

84.3 Wu, 2021 [127] China Enterobacteriaceae MDR non-MDR 36 43 12(33) 12(28)

85 Xiao, 2018 [128] China Enterobacteriaceae CRKP CSKP 135 293 52(39) 26(9)

(Continued)
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 Table 1. (Continued)

ID⁂ Author/year Country
setting

Bacterium family Group comparison Group N of
obs.

Mortality, n (%) LOS (mean) ICU admission,
n (%)

Case Control Case Control Case Control Case Control Case Control

86 Xiao, 2020 [129] China Enterobacteriaceae CRKP CSKP 104 267 58(56) 37(14) 35 23

87 Xie, 2018 [130] China Multiple MDR non-MDR 186 322 59(32) 72(22) 42(23) 40(12)

88 Xu, 2015 [131] China Enterococcus spp. VRE VSE 31 54 21(68) 24(44)

89 Yang, 2018 [132] China Moraxellaceae CRAB CSAB 84 34 23(27) 2(6) 55(65) 6(18)

90 Yang, 2021 [133] China Pseudomonadaceae CRPA CSPA 65 155 17(26) 29(19) 38 24 34(52) 46(30)

91 Ye, 2014 [134] China Multiple rESKAPE sESKAPE 39 32 22(56) 12(38)

92 Yilmaz, 2016 [135] Turkey Staphylococcaceae MRSA MSSA 100 145 22(22) 7(5)

93 Yuan, 2020 [136] China Enterobacteriaceae CRKP CSKP 98 141 7(7) 2(1) 55 51 82(84) 44(31)

94 Zhang, 2020 [137] China Enterobacteriaceae CRKP CSKP 108 388 41(38) 34(9) 24.5 26 85(79) 155(40)

95 Zhang, 2019 [138] China Enterobacteriaceae ESBL+ ESBL- 160 164 39(24) 32(20)

96 Zhang, 2017 [139] China Enterobacteriaceae CEREC CESEC 51 197 13(25) 24(12) 29.88 30.98 4(8) 23(12)

97 Zhang, 2017 [140] China Enterococcus spp. VRE VSE 7 217 2(29) 52(24)

98 Zhang, 2020 [141] China Pseudomonadaceae CRPA CSPA 40 29 30(75) 12(41)

99 Zhao, 2022 [142] China Enterobacteriaceae ESBL+ ESBL- 159 205 29(18) 24(12)

100.1 Zhao, 2020 [143] China Pseudomonadaceae CRPA CSPA 55 238 11(20) 14(6) 29 26

100.2 Zhao, 2020 [143] China Pseudomonadaceae MDR non-MDR 38 255 11(29) 14(5) 27 26

101 Zheng, 2018 [144] China Enterobacteriaceae CRKP CSKP 59 230 32(54) 45(20) 28(47) 47(20)

102 Zheng, 2017 [145] China Enterobacteriaceae CRKP CSKP 31 17 19(61) 8(47) 31.74 21.47

103 Zhou, 2019 [146] China Moraxellaceae MDR non-MDR 274 64 161
(59)

8(13) 29 22.5 184
(67)

12(19)

104 Zhu, 2016 [147] China Staphylococcaceae MRSA MSSA 22 42 6(27) 6(14) 25.7 15.3

105 Zhu, 2021 [148] China Enterobacteriaceae CREN CSEN 152 727 87(57) 133(18) 35 20 98(64) 135(19)

106 Zlatian, 2018 [149] Romania Staphylococcaceae MRSA MSSA 23 40 14(61) 19(48)

107 Zou, 2020 [150] China Enterobacteriaceae CREC CSEC 31 367 17(55) 39(11) 20(65) 61(17)

108 Zhang, 2018 [151] China Enterobacteriaceae MDR non-MDR 77 33 10(13) 10(30)

109 Zhang, 2017 [152] China Moraxellaceae CRAB CSAB 49 29 40(82) 6(21) 10(20) 12(41)

Full information can be found in S1 Data.

*Reported as excess mortality or length of stay. Empty cells did not reported values for the outcomes.
aThis study reported unadjusted and adjusted ORs rather than raw values for outcome variables.
⁂Studies ID comprised the main articles and articles’ sub-studies if information on the outcomes by comparison group was reported separately for more than 1

bacterium or resistance-type according to their specific populations.

☨LMICs included in the study were India, Egypt, Nigeria, Colombia, Ghana, Pakistan, Lebanon, Vietnam, and Bangladesh.
⍴Odds ratios were reported only.

MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-sensitive Staphylococcus aureus; MDR, multi-drug resistance; CRKP, carbapenem-resistant

Klebsiella pneumoniae; CSKP, carbapenem-sensitive Klebsiella pneumoniae; CRPA, carbapenem-resistant Pseudomonas aeruginosa; CSPA, carbapenem-sensitive

Pseudomonas aeruginosa; CRAB, carbapenem-resistant Acinetobacter baumannii; CSAB, carbapenem-sensitive Acinetobacter baumannii; CREC, carbapenem-resistant

Escherichia coli; CSEC, carbapenem-sensitive Escherichia coli; IRAB, imipenem-resistant Acinetobacter baumannii; ISAB, imipenem-sensitive Acinetobacter baumannii;
ESBL, extended-spectrum β-lactamases; VRE, Vancomycin-resistant Enterococcus spp; VRE, Vancomycin-sensitive Enterococcus spp.; CERKP, Cephalosporins-resistant

Klebsiella pneumoniae; CESKP, Cephalosporins-sensitive Klebsiella pneumoniae; CiREC, Ciprofloxacin-resistant Escherichia coli; CiSEC, Ciprofloxacin-sensitive

Escherichia coli; CRGN, Carbapenem-resistant gram-negative bacteria; CSGN, Carbapenem sensitive gram-negative bacteria; CR, Carbapenem resistance; CS,

Carbapenem sensitive; CREN, Carbapenem-resistant Enterobacteriaceae; CSEN, Carbapenem-sensitive Enterobacteriaceae; ARE, Ampicillin-resistant Enterococcus spp.;

ASE, Ampicillin-sensitive Enterococcus spp.; ORSA, Oxacillin-resistant Staphylococcus aureus; OSSA, Oxacillin-sensitive Staphylococcus aureus; CEREC,

Cephalosporins-resistant Escherichia coli; CESEC, Cephalosporins-sensitive Escherichia coli; FRS, Fluoroquinolone-resistant Salmonella spp.; FSS, Fluoroquinolone-

sensitive Salmonella spp.; XDR, Extensive drug-resistance. rESKAPE: Vancomycin-resistant E. faecium, methicillin-resistant S. aureus (MRSA), extended-spectrum β-

lactamase (ESBL)-producing K. pneumoniae, carbapenem-resistant A. baumannii, carbapenem- and quinolone-resistant P. aeruginosa, and de-repressed chromosomal

β-lactam and ESBL-producing Enterobacter species. sESKAPE: sensitive ESKAPE; ICU: intensive care unit; LOS: length of stay.

https://doi.org/10.1371/journal.pmed.1004199.t001
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collected data from the Western Pacific region according to the WHO classification (46.8%;
51/109) and 88% (96/109) were from upper-middle-income countries (S1 Text, section 2). The
majority of the studies reported on gram-negative bacteria, mainly Enterobacteriaceae (41.3%;
45/109), Moraxellaceae or Acinetobacter baumanii (15.6%; 17/109), and Pseudomonas aerugi-
nosa (11.9%, 13/109) (Fig 3). The main gram-positive pathogens reported were Staphylococcus
aureus (19.3%; 21/109) and Enterococcus spp. (7.3%; 8/109); 75.2% (82/109) of the pathogens
reported were classified as a critical priority following the WHO criteria (Fig 3). β-lactam anti-
biotics were among the most tested antibiotic class within the studies (67.9%; 74/109), 71.6%
(53/74) of which were carbapenems or cephalosporins (Fig 3). The total number of patients
and most prevalent features per country’s studies are reported in Table E in S1 Text. Table F in
S1 Text presents the weighted unadjusted differences for sociodemographic and health vari-
ables among ARB and ASB groups. We found no statistically significant difference between
ARB and ASB groups for most of these variables (χ2 test p> 0.05). S1 Text section 2 describes
the distribution of our studies by WHO region, World Bank income group, year, and out-
comes densities per ARB/ASB group.

Quantitative results

The odds of health outcomes. The crude OR for mortality of ARB versus ASB BSIs was
1.58 (95% CI [1.35 to 1.80], p< 0.001); we obtained similar values for gram-negative or WHO
critical priority pathogens (OR 1.59, 95% CI [1.34 to 1.83], p< 0.001) (Table 2, section I). The
highest OR of crude mortality for resistant pathogens was for carbapenem-resistant Entero-
bacteriaceae (OR 1.97, 95% CI [1.37 to 2.56], p< 0.001) (Table 3). The impact seemed to be
lower among gram-positive bacteria, with an OR of 1.51 (95% CI [0.76 to 2.26], p 0.13) for
MRSA and an OR of 1.31 (95% CI [1.01 to 1.60], p 0.02) for vancomycin-resistant Enterococ-
cus species. Compared to ASB BSIs, ARB BSIs in upper-middle-income countries (OR 1.64,
95% CI [1.36 to 1.92], p< 0.001) from Europe and Western Pacific WHO regions (OR 1.79,
95% CI [1.49 to 2.11], p< 0.001, and OR 1.66, 95% CI [1.18 to 2.14], p< 0.001, respectively)
had the highest excess mortality (Table G in S1 Text). Among priority pathogens defined by

Fig 2. Distribution of the included studies according to country (N = 109 articles). Maps indicate the country where studies came from with their respective
number (N) of studies included and the percentage of studies per country of the total studies analysed. Joint studies used cross-country designs (i.e., analysed
ARB BSIs in more than 1 country). White areas represent high-income countries or missing LMICs. Maps were computed in QGIS Development Team (2020),
Geographic Information System, version 3.16: Open-Source Geospatial Foundation Project. http://qgis.osgeo.org. ARB, antibiotic-resistant bacteria; BSI,
bloodstream infection; LMIC, low- and middle-income country; QGIS, Quantum Geographic Information System.

https://doi.org/10.1371/journal.pmed.1004199.g002
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the WHO, crude excess mortality from carbapenem-resistant K. pneumoniae was substantially
higher than for other pathogens (OR 1.79, 95% CI [1.15 to 2.43], p 0.002; Table 3), compared
to sensitive counterparts. Among studies reporting both adjusted and unadjusted ORs for
mortality (N = 12), we found 1.35 and 1.57 times higher unadjusted and adjusted mortality fig-
ures, respectively, for patients having BSIs caused by ARB versus ASB (Fig AJ in S1 Text). We
found lower mortality estimates among studies reporting adjusted ORs for gram-negative
ARB BSIs (OR = 1.88), specifically for Enterobacteriaceae and Moraxellaceae species (OR 1.91
and OR 1.73, respectively), compared to the same unadjusted estimates (OR 2.95 and OR 3.28,
respectively) (Figs AK and AL in S1 Text). However, and surprisingly for the most part,
adjusted ORs for mortality among ARB versus ASB BSI patients reflected greater odds com-
pared to unadjusted ORs. This is explained by a single, highly influential study [45] among
unadjusted estimates displaying a smaller OR (although confidence intervals overlap between
unadjusted and adjusted ORs, and study’s weight is lower among adjusted estimates).

Overall, the crude odds of ICU admission were 1.96 times higher for ARB compared to
ASB BSIs (95% CI [1.56 to 2.47], p< 0.001) (Table 2, section II). Patients with WHO critical
priority pathogens resistant to antibiotics were twice as likely to be admitted to ICU (OR 2.02,

Fig 3. Number of included studies categorised by microbiological features †. (A) Number of included studies by bacterial family
(B) Number of included studies by antimicrobial susceptibility of interest (C) Number of included studies by bacterial Gram-type (D)
Number of included studies by WHO priority pathogen list. Enterobacteriaceae included Escherichia coli and Klebsiella pneumoniae.
Enterococcus spp. stands for Enterococcus species pluralis (multiple species), which included Enterococcus faecalis and faecium. The
multiple categories stand for either multiple bacteria or antibiotics analysed throughout our selected studies, which were not reported
disaggregated by bacterial family, biological strain, gram type, or WHO priority pathogen list. † Studies could include more than 1
subcategory per biological feature (i.e., a study might report Enterobacteriaceae and Pseudomonadaceae species separately in their
analyses, or altogether, in which case it was classified as “Multiple,” meaning no clear distinction between subcategories). Categories
might not be exclusive per study. WHO, World Health Organization.

https://doi.org/10.1371/journal.pmed.1004199.g003
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Table 2. Main results of the meta-analysis comparing outcomes between patients with drug-resistant and drug-sensitive infections, overall and per bacterial family
and WHO priority list classification (N = 109 studies‡).

Outcome variables OR/SMD 95% CI P-value tau2 N of patients N of studies

I. Mortalitya OR

Overall 1.58 1.35, 1.80 <0.001 0.39 19,597 93

WHO classification

Critical priority pathogens (gram-negative) 1.59 1.34, 1.83 <0.001 0.36 15,206 72

High-priority pathogens (gram-positive) 1.47 0.94, 2.00 0.045 0.48 4,472 22

Bacterial family

Enterobacteriaceae 1.49 1.09, 1.90 0.005 0.61 8,646 40

Enterococcus spp. 1.32 1.02, 1.61 0.017 0.00 949 6

Moraxellaceae 1.59 1.16, 2.02 <0.001 0.12 2,297 16

Pseudomonadaceae 1.37 1.04, 1.69 0.011 0.10 1,353 10

Staphylococcaceae 1.52 0.76, 2.28 0.135 0.80 3,566 17

II. ICU admissionb OR

Overall 1.96 1.56, 2.47 <0.001 0.33 12,005 52

WHO classification

Critical priority pathogens (gram-negative) 2.02 1.62, 2.52 <0.001 0.21 8,488 38

High-priority pathogens (gram-positive) 1.82 0.99, 3.37 0.055 0.68 3,517 14

Bacterial family

Enterobacteriaceae 2.59 1.95, 3.45 <0.001 0.16 4,841 18

Enterococcus spp. 1.48 0.90, 2.41 0.119 0.27 870 6

Moraxellaceae 1.57 1.02, 2.41 0.039 0.20 1,625 12

Pseudomonadaceae 1.37 1.05, 1.77 0.018 0.05 877 5

Staphylococcaceae 1.91 0.86, 4.25 0.112 0.82 2,647 8

III. LOSc SMD

Overall 0.49 0.20, 0.78 <0.001 0.27 3,185 18

WHO classification

Critical priority pathogens (gram-negative) 0.37 0.17, 0.57 <0.001 0.06 2,097 11

High-priority pathogens (gram-positive) 0.71 0.03, 1.39 0.040 0.66 1,088 7

Bacterial family

Enterobacteriaceae 0.43 0.14, 0.73 0.004 0.06 1,175 5

Enterococcus spp. 0.25 −0.05, 0.55 0.102 - 173 1

Moraxellaceae 0.16 −0.06, 0.38 0.155 0.00 379 3

Pseudomonadaceae 0.14 −0.11, 0.39 0.276 0.00 332 2

Staphylococcaceae 0.82 0.01, 1.63 0.047 0.78 915 6

WHO, World Health Organization. Where the numbers of studies seem inconsistent, this is attributable to several studies reporting on multiple categories (WHO) or

combined pathogens simultaneously. ICU stands for intensive care unit. Fully disaggregated results, including their respective forest plots, are shown in S1 Text, section

3. OR, odds ratio; SMD, standardised mean difference; CI, Confidence interval; N, number.
aFrom the total 109 studies included in the systematic review, 9 were excluded as they had missing data; one study was excluded as it only reported excess deaths for

ARB BSIs at the country level [88]; and, 6 studies evaluated mortality by comparison group but reported different bacteria for the sample of individuals and therefore

were excluded from the overall analysis but had sufficient information to be retained for the subgroup analyses.
bOne study [96] reported data on demographics and ARB BSI for 2 different pathogens and with non-duplicate episodes, which were included as separate sub-studies.
cThe number of studies/sub-studies differs from Table F in S1 Text because some studies did not report the standard deviation of LOS, so the SMD could not be

computed.
‡One study was excluded from the N = 109 initial sample because it only reported excess mortality. P-values (p) were reported using a two-sided z-test (α = 5%) for the

log-transformed mortality and ICU admission ratios and LOS’s SMD.

ARB, antibiotic-resistant bacteria; BSI, bloodstream infection; LOS, length of hospital stay.

https://doi.org/10.1371/journal.pmed.1004199.t002
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95% CI [1.62 to 2.52], p< 0.001), with the highest observed ratio for gram-negative BSIs
caused by antibiotic-resistant Enterobacteriaceae (OR 2.59, 95% CI [1.95 to 3.45], p< 0.001).
Carbapenem-resistant Enterobacteriaceae in general (OR 2.66, 95% CI [1.98 to 3.57],
p< 0.001), and specifically Escherichia coli (OR 3.88, 95% CI [2.74 to 5.49], p< 0.001),
accounted for the highest figures (Table 3). Among gram-positive bacteria, Methicillin-resis-
tant Staphylococcus aureus had an OR of 1.91 for ICU admission rate (95% CI [0.86 to 4.25], p
0.11), and vancomycin-resistant Enterococcus faecium/faecalis had an OR of 1.48 (95% CI
[0.87 to 2.54], p 0.15) (Table 3). The Western Pacific region had the highest increase in ICU
odds (OR 2.42, 95% CI [1.88 to 3.12], p< 0.001), followed by the Americas (OR 1.77, 95% CI
[1.08 to 2.89], p 0.02), whereas the Southeast Asia region had the lowest odds of ICU admission
of ARB BSIs compared to ASB BSIs (Table G in S1 Text).

The crude SMD for LOS was 0.49 (95% CI [0.20 to 0.78], p< 0.001; Table 2, section III). In
other words, the curve representing the distribution of LOS times was shifted to the right by
0.49 standard deviations for the ARB BSIs group (i.e., LOS is approximately 7 days longer for

Table 3. Meta-analysis subgroup results by the most common antibiotic-resistant microbial strains according to the WHO global priority list of antibiotic-resistant
bacteria.

Outcome Most common antibiotic-resistant microbial strains* OR/SMD 95% CI P-value N of studies

I. Mortality OR

CRAB 1.46 0.80, 2.11 0.120 10

CREN 1.97 1.37, 2.56 <0.001 26

CREC 1.54 0.00, 6.37 0.857 2

CRKP 1.79 1.15, 2.43 0.002 19

CRPA 1.36 0.89, 1.82 0.088 9

MRSA 1.51 0.76, 2.26 0.132 16

VRE 1.31 1.01, 1.60 0.021 6

II. ICU admission OR

CRAB 1.36 0.85, 2.16 0.198 6

CREN 2.66 1.98, 3.57 <0.001 15

CREC‡ 3.88 2.74, 5.49 <0.001 1

CRKP 2.60 1.81, 3.75 <0.001 9

CRPA 1.39 1.02, 1.90 <0.001 3

MRSA 1.91 0.86, 4.25 0.112 8

VRE 1.48 0.87, 2.54 0.152 6

III. LOS SMD

CRAB 0.22 −0.04, 0.49 0.104 2

CREN 0.53 0.39, 0.67 <0.001 4

CREC‡ - - - -

CRKP 0.56 0.41, 0.71 <0.001 3

CRPA‡ 0.00 −0.46, 0.46 1.000 1

MRSA 0.82 0.00, 1.63 0.048 6

VRE‡ 0.25 −0.05, 0.55 0.102 1

*All comparisons and ORs/SMD computations were made concerning their sensitive-specific counterpart. CRAB, Carbapenem-resistant Acinetobacter baumanii;
CREN, Carbapenem-resistant Enterobacteriaceae; CREC, Carbapenem-resistant Escherichia coli; CRKP, Carbapenem-resistant Klebsiella pneumoniae; CRPA,

Carbapenem-resistant Pseudomonas aeruginosa; MRSA, Methicillin-resistant Staphylococcus aureus; VRE, Vancomycin-resistant Enterococcus faecium/faecalis.
‡Either non or only study-reported estimates for the specific antibiotic-bacterium pair. Full charts, including the studies, can be found in S1 Text, section 7. P-values (p)

were reported using a two-sided z-test (α = 5%) for the log-transformed mortality and ICU admission ratios and LOS’s SMD.

ARB, antibiotic-resistant bacteria; CI, confidence interval; ICU, intensive care unit; LOS, length of hospital stay; OR, odds ratio; SMD, standardised mean difference;

WHO, World Health Organization.

https://doi.org/10.1371/journal.pmed.1004199.t003
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the ARB group; derived from multiplying SMD by LOS’s standard deviation among all
patients [0.49*13.91]). The SMD was higher for resistant pathogens classified as WHO high-
priority pathogens (or gram-positive, SMD 0.71, 95% CI [0.03 to 1.39], p 0.04) compared with
WHO critical priority pathogens (or gram-negative, SMD 0.37, 95% CI [0.17 to 0.57], p 0.13).
Studies reporting MRSA accounted for the greatest excess LOS estimated (SMD 0.82; Table 3),
compared to methicillin-sensitive S. aureus. The highest excess LOS was observed in studies
from Turkey (SMD 1.29). Studies from Europe (SMD 1.29) and Brazil (SMD 0.43) contributed
substantially to the greater LOS in ARB BSI patients (Table G in S1 Text).

Full details on the meta-analysis main and subgroup results, including their respective for-
est plots, can be found in S1 Text, section 3.

Tables W and X in S1 Text show the results of the univariate and multivariable meta-regres-
sions for mortality and ICU admission, respectively. Among the variables selected from the
univariate analyses, our multivariable meta-regression showed that patients with resistant
Moraxellaceae BSIs and hypertension had higher mortality odds when ARB versus ASB BSI
patients were compared (OR 1.67, 95% CI [1.18 to 2.36], p 0.004; OR 1.13, 95% CI [1.00 to
1.28], p 0.035, respectively). Yet, countries from the Southeast Asia WHO region displayed
lower mortality odds (OR 0.62, 95% CI [0.46 to 0.85], p 0.004). For the ICU admission multi-
variable meta-regression, we found a weak negative association between BSIs originating as a
secondary infection from the urinary tract and the odds of mortality between patients having
ARB and ASB BSIs (OR 0.72, 95% CI [0.51 to 1.02], p 0.06).

Estimated excess costs

The average excess hospital bed-days cost per ARB BSI patient in tertiary/teaching hospitals,
adjusted by the calculated excess LOS from Table 2 and excluding drugs and tests costs, was
$812.5 (95% CI [$331.6 to $1,293.3]) (Table J in S1 Text). The excess costs per patient varied
considerably between countries, ranging from $30.9, $95.9, and $131.7 (Ethiopia, Pakistan,
and India, respectively) to $1,681.7 and $1,683.2 (Mexico and Turkey) (Fig 4, panel A).

We estimated an average excess of productivity loss (indirect costs associated with ARB BSI
for an average patient) from years of potential life lost due to premature mortality of $41,102
(95% CI = $30,931 to $51,274) for all bacteria combined (Table L in S1 Text). Romania pre-
sented the highest excess producitivity lossess attributed to years of potential life-lost costs per
patient, while Ethiopia had the lowest ($86,217 and $6,070, respectively). Mortality costs due to
premature mortality using the life expectancy approach had an observed average of $132,560
per patient (95% CI [$99,753 to $165,363]) among all sampled countries (Table L in S1 Text).

The average excess ICU admission costs per patient, multiplied by the calculated ICU LOS,
was $11,629 (95% CI [$6,016 to $17,243]) (Table O in S1 Text) for all bacteria combined. The
estimates varied, with a middle data dispersion of $5,669 (i.e., third quartile–second quartile).
Mexico had the highest costs per patient ($53,747), and Ethiopia had the lowest ($188)
(Table O in S1 Text).

Fig 4 displays the direct medical and productivity loss due to premature mortality costs per
patient by country (panel B). Direct medical costs (i.e., hospital bed-day costs and bed-day
ICU costs per day multiplied by the average hospital and ICU respective LOS) were estimated
at $12,442 (95% CI [$6,693 to $18,191]). The average total excess costs for a patient with ARB
compared to ASB BSI, comprising direct medical and years of potential life lost, were $53,545
(95% CI [$39,838 to $67,251]). Excess costs for ICU adjusted to ICU’s length of stay were 14
times higher compared with hospital-bed LOS-adjusted among patients with ARB BSIs. Lower
middle-income countries had the lowest economic burdens per patient; however, we found
substantial between-country differences.
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Fig 4. Excess costs (in 2020 USD) associated with productivity loss or excess length of stay per patient with a drug-resistant versus a drug-
sensitive bloodstream infection. (A) Direct excess medical costs dissagreggated by ICU and hospital-bed days and by country (B) Total excess
costs and productivity lossess due to premature mortality by country. ARB, antibiotic-resistant bacteria; BSI, bloodstream infection; YPLL,
years of potential life lost from premature mortality; LOS, length of stay; USD, United States dollars. Full information and data are provided in
S1 Text, section 4. ☨ Total excess costs incurred including YPLL and hospital-derived costs per patient with ARB BSI. “k” = thousands. Costs of
productivity loss are found in Table L in S1 Text.

https://doi.org/10.1371/journal.pmed.1004199.g004
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Full details on cost calculation can be found in S1 Text, section 4.

Quality and risk assessment

Using the MASTER scale for methodological assessment, we calculated, on average, 25.1, 23.7,
and 23.6 points (out of 36) for the mortality, ICU admission, and length of hospital stay out-
comes, respectively (Table 4). Our scores reflect that few studies addressed key confounders
(e.g., using statistical methods to control for other correlated risk factors) to account for differ-
ent prognoses and equal ascertainment (especially for participants, analysts, and caregivers’
blindness towards evaluation; <2% of included studies). Only 37%, 11%, and 13% of the stud-
ies incorporated statistical techniques (e.g., regression analyses, stratification, matching,
among others) for an equal prognosis for the mortality, ICU admission, and LOS outcomes,
respectively (Table 4, equal prognosis scores). Most studies achieved equal retention (e.g., low
missing data and null attrition) and sufficient analyses safeguards (e.g., absence of numerical
contradictions and data dredging), regardless of the outcome analysed. Full results are found
in S1 Text sections 8 and 9 and S1 Data, Master Scale spreadsheet.

Small-study effects

We found a medium level of heterogeneity between studies for the mortality outcome (I2 69%,
95% CI [52% to 78%]), and high variation for ICU admission (I2 91%, 95% CI [83% to 94%])
and LOS (I2 90%, 95% CI [75%, 95%]) for the meta-analysis run by specific groups (S1 Text,
section 5). Studies reporting ICU admission and LOS were either symmetrical (LFK index1)
or slightly asymmetrical (LFK index<3) (Figs AM and AN in S1 Text).

Sensitivity analyses

General mortality estimates from studies in China were not different from studies conducted
elsewhere. However, we found larger disaggregated estimates for subgroup meta-analyses,
such as Enterobacteriaceae, Moraxellaceae, Pseudomonaceae, and Staphylococcaceae species
(8%, 25%, 26%, and 20%, respectively) compared to the average mortality estimates reported
in Table 2 for the same subgroups. General LOS SMD was 16% higher among countries other
than China, compared to the estimates reported in Table 2, specifically driven by Moraxella-
ceae and Staphylococcaceae species. Finally, the odds for excess ICU admission were 25%
greater in China, with respect to average ICU admission found in all included studies, driven
by 27% elevated odds among patients having BSIs caused by gram-negative bacteria. Full
results in Tables U and V in S1 Text.

When applying the leave-one-out method to our meta-analyses, we observed that after
assessing the effect of every single study on the overall estimates, the numbers presented a rela-
tive variation with respect to overall estimates ranging between −2% and 4% for mortality (OR
95% CI [1.57 to 1.58]), −8% and 4% for ICU admission (OR 95% CI [1.95 to 1.97]), and −10%
and 4% for LOS (SMD 95% CI [0.48 to 0.50]) (S1 Text, section 6). These results suggest a mod-
erate influence of our studies in the overall estimates if relative variations are compared, espe-
cially for ICU admission and LOS.

Discussion

Antibiotic resistance imposes substantial morbidity, mortality, and societal costs in LMICs
[153]. Bloodstream infections with ARB are among the most lethal, imposing a large disease
burden. Examining all available data for hospitalised patients in LMICs, we found that ARB
BSIs with WHO critical- and high-priority pathogens were associated with increased mortality
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Table 4. Assessment of study quality and risk of bias using the MASTER scale.

Safeguard items and sub-items Outcomes

Mortality ICU
admission

LOS

Equal recruitment 60.4% 58.9% 60.6%

1. Data collected after the start of the study was not used to exclude participants or to select them for the analysis 38.8% 39.6% 40.0%

2. Participants in all comparison groups met the same eligibility requirements and were from the same population and
timeframe

100.0% 100.0% 100.0%

3. Determination of eligibility and assignment to treatment group/exposure strategy were synchronised 17.5% 11.3% 12.5%

4. None of the eligibility criteria were common effects of exposure and outcome 85.4% 84.9% 90.0%

Equal retention 96.9% 97.4% 96.5%

5. Any attrition (or exclusions after entry) was less than 20% of total participant numbers 92.2% 94.3% 87.5%

6. Missing data was less than 20% 97.1% 96.2% 97.5%

7. Analysis accounted for missing data 96.1% 96.2% 97.5%

8. Exposure variations/treatment deviations were less than 20% 100.0% 100.0% 100.0%

9. The analysis addressed variations in exposure or withdrawals after start of the study 99.0% 100.0% 100.0%

Equal ascertainment 57.1% 57.4% 57.1%

10. Procedures for data collection of covariates were reliable and the same for all participants 100.0% 100.0% 100.0%

11. The outcome was objective and/or reliably measured 100.0% 100.0% 100.0%

12. Exposures/interventions were objectively and/or reliably measured 100.0% 100.0% 100.0%

13. Outcome assessor(s) were blinded 100.0% 100.0% 100.0%

14. Participants were blinded 0.0% 0.0% 0.0%

15. Caregivers were blinded 0.0% 0.0% 0.0%

16. Analyst(s) were blinded 0.0% 1.9% 0.0%

Equal implementation 64.6% 66.4% 66.3%

17. Care was delivered equally to all participants 0.0% 0.0% 0.0%

18. Cointerventions that could impact the outcome were comparable between groups or avoided 0.9% 0.0% 0.0%

19. Control and active interventions/exposures were sufficiently distinct 100.0% 100.0% 100.0%

20. Exposure/intervention definition was consistently applied to all participants 87.4% 98.1% 97.5%

21. Outcome definition was consistently applied to all participants 100.0% 100.0% 100.0%

22. The period between exposure and outcome was similar across patients and between groups or the analyses adjusted for
different lengths of follow-up of patients

99.0% 100.0% 100.0%

Equal prognosis 37.6% 11.0% 12.5%

23. Design and/or analysis strategies were in place that addressed potential confounding 84.5% 0.0% 0.0%

24. Key confounders addressed through design or analysis were not common effects of exposure and outcome 69.9% 0.0% 0.0%

25. Key baseline characteristics/prognostic indicators for the study were comparable across groups 3.9% 0.0% 2.6%

26. Participants were randomly allocated to groups with an adequate randomisation process 4.9% 9.4% 10.0%

27. Allocation procedure was adequately concealed 0.0% 0.0% 0.0%

28. Conflict of interests were declared and absent 62.1% 56.6% 62.5%

Sufficient analysis 89.9% 92.3% 92.5%

29. Analytic method was justified by study design or data requirements 84.2% 88.5% 90.0%

30. Computation errors or contradictions were absent 93.2% 94.3% 90.0%

31. There was no discernible data dredging or selective reporting of the outcomes 92.2% 94.2% 97.4%

Temporal precedence 100.0% 100.0% 100.0%

32. All subjects were selected prior to intervention/exposure and evaluated prospectively 100.0% 100.0% 100.0%

33. Carry-over or refractory effects were avoided or considered in the design of the study or were not relevant 100.0% 100.0% 100.0%

34. The intervention/exposure period was long enough to have influenced the study outcome 100.0% 100.0% 100.0%

35. Dose of intervention/exposure was sufficient to influence the outcome 100.0% 100.0% 100.0%

36. Length of follow-up was not too long or too short in relation to the outcome assessment 100.0% 100.0% 100.0%

Average count of safeguard items (raw score out of 36 items) 25.1 23.6 23.7

(Continued)
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  (OR 1.58, 95% CI [1.35 to 1.80]), overall length of stay (SMD 0.49, 95% CI [0.20 to 0.78]), and
ICU admission (OR 1.96, 95% CI [1.56 to 2.47]).

Our findings on mortality are consistent with the recent estimates by the Global Burden of
Disease study [154]. The largest mortality impact was associated with resistant A. baumannii
and Enterobacteriaceae. Both bacteria featured in the global top 5 contributors to resistance-
associated and -attributable deaths in 2019 [154]. Between a quarter and half of the patients
with ARB BSIs caused by Enterobacteriaceae, A. baumannii or P. aureginosa die, corroborating
findings from different country settings for Enterobacteriaceae [8,67], P. aeruginosa [155], and
large university hospitals in Israel and the US for A. baumanii [156,157].

Our results suggest that patients who acquired ARB BSIs during their hospital stay had an
overall hospital stay that is about a week longer than patients that acquired ASB BSIs. However,
in our study, we could not distinguish between excess length of stay before or after BSI, and as
such this is likely an overestimation. Depending on the pathogen, resistant infections have pre-
viously been shown to increase LOS typically by 2.0 to 12.7 days [158]. Longer hospital stay,
especially before BSI onset, is a primary risk factor for acquiring a resistant infection due to the
cumulative risk of hospital transmission of ARBs [158,159]. We found that MRSA had the
greatest impact on LOS (extending stay by 14 days relative to sensitive S. aureus). Others have
also shown considerably increased LOS as a result of MRSA compared with sensitive S. aureus:
Tsuzuki and colleagues [160] showed an excess overall LOS and LOS after BSI onset of 20 and
7 days, respectively; similarly, Graffunder and colleagues [161] showed MRSA patients pre-
sented an overall LOS of 3 weeks longer. Resistant infections are more difficult to treat and
increase the rate of ICU admissions. Our analysis showed that resistant Enterobacteriaceae
infections more than doubled the odds of ICU admission. This finding is comparable with the
2.69 higher odds of ICU admission previously shown among patients with carbapenem-resis-
tant K. pneumoniae BSIs [162]. Our exploratory analysis for studies performed in China and
LMICs other than China exhibited divergent results. We found that China’s patients with anti-
biotic-resistant gram-negative BSIs (A. baumanii, Enterobacteriaceae, and P. aeruginosa) dis-
played higher excess mortality, ICU admission, and LOS, compared to the other LMICs with
reported data. Large increases in antibiotic consumption and resistance levels over the last 20
years and the rapid development or acquisition of drug resistance among gram-negative path-
ogens might explain the greater excess mortality and morbidity for ARB BSIs in China
[1,163,164]. Correspondingly, inappropriate administration of empirical treatments and low
testing rates could increase the burden outcomes for patients with ARB BSIs in these settings
[165].

Despite being fundamental to resource allocation for healthcare provision, we found very
little data on excess costs associated with ARB BSIs among the reviewed studies. One study
conducted in Thailand, reported excess costs associated with hospital-acquired carbapenem-
resistant A. baumannii of $5,682 [61]. A study conducted in Colombia, reported excess

Table 4. (Continued)

Safeguard items and sub-items Outcomes

Mortality ICU
admission

LOS

Average percentage of sufficiency considering all 36 items (i.e., average raw score/36) 69.6% 65.6% 65.9%

Percentage of fulfilment among all included studies, and per outcome, is presented by MASTER’s scale safeguard and items [21].

ICU, intensive care unit; LOS, length of hospital stay. Full results are reported in S1 Data, Master Scale spreadsheet. See S1 Text, section 9, for a subgroup meta-analysis

according to quality scores.

https://doi.org/10.1371/journal.pmed.1004199.t004
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hospitalisation costs associated with MRSA BSI of $10,212, compared to sensitive S. aureus
[53]. We estimated costs associated with mortality, LOS, and ICU admissions from the pro-
vider and societal perspective following the WHO-CHOICE standards and human capital
approach. We found that the average hospital-related 2020 USD excess costs were $12,442
(95% CI [$6,693 to $18,190]) per ARB BSI patient, compared to ASB, ranging between Ethio-
pia, with the lowest figures, to Mexico, with the highest. These differences are partly explained
by the countries’ disparate economies (Pearson correlation = 0.27 between GDP and hospital
costs). Several LMIC-setting studies detailing excess costs of resistant infections were excluded
from our review because they did not meet specific inclusion criteria. Cost estimates from
these studies include 1 from Turkey in which excess hospital stay and treatment costs were
$10,002 [166]. Our estimate for Turkey of $10,403 is similar; however, our estimates did not
include therapy/treatment costs. Our estimate for China ($12,516) was higher than a previous
study including BSI treatment costs for carbapenem-resistant K. pneumoniae ($10,763) [167].
The average excess total costs comprising direct medical costs and years of potential life lost
associated with premature mortality were $53,545 (95% CI [$39,838 to $67,251]) per patient
with ARB BSI. WHO [168] recently reported that 58.3% of 22,371 isolates were identified as
ARB E. coli, while 33.3% of 23,031 isolates were ARB S. aureus in LMICs, indicating the high
relevance of these costs.

This study has limitations. First, the most important limitation is consistent with conclu-
sions from the Global Burden of Diseases study [154]: there is a sparsity of data on ARB from
LMICs. Only 18 of the 137 (13%) LMICs published any AMR outcome study. Consistent anti-
biotic resistance surveillance puts demands on clinical bacteriology, quality control, and data
linkage between culture test results and clinical outcomes, which is beyond the capabilities of
many LMICs. Applying the leave-one-out method to our meta-analyses (S1 Text, section 6)
showed a minor-to-moderate influence of individual studies likely due to the heterogeneity in
clinical settings, indicating that our model’s results are robust (assuming countries’ missing
information and selection biases are heterogeneously distributed). Future efforts to improve
coverage should prioritise WHO’s Africa region, where data were remarkably absent, with no
estimates for resistance-associated LOS or ICU admissions. Our results indicate that the stud-
ies from the Western Pacific and European areas show the highest excess mortality from ARB
BSIs. Studies from Africa show among the lowest but this region has limited data and substan-
tial uncertainty; it is essential to improve epidemiological surveillance of ARB BSIs in this
region in particular [169]. Second, some articles were of low quality or reported limited data.
Studies often failed to account for confounding factors; hence our analyses relied upon crude
estimates. ARB surveillance networks vary in blood culture sampling, potentially overestimat-
ing the number of severe cases if selective sampling among patients fulfilling the case defini-
tion is present. Third, we did not estimate the total relative harm of ARB BSIs relative to where
such infections were prevented (compared to non-infected patients) [170], primarily because
of the limited number of studies [171]. While we accounted for some key risk factors when
comparing antibiotic-sensitive and antibiotic-resistant groups in the metaregression, others
were unavailable. We could not match comparison groups by factors known to impact
patients’ underlying health conditions, such as illness severity, prolonged previous hospital
stays, or the use of invasive devices. The reported LOS does not distinguish between total LOS
and LOS following BSI infection, thus risking reverse causality [172]. This ecological study was
designed to identify associations; consequently, our results should be interpreted cautiously.
Also, we adjusted WHO-CHOICE country estimates using US GPD implicit price deflators,
which may not necessarily reflect price changes in some LMICs, particularly for non-tradable
cost components of healthcare. Finally, we may have overestimated the true effect size of the
association between ARB BSIs and mortality as indicated by the exploratory analysis of studies’

PLOS MEDICINE The impact of bloodstream infections caused by antimicrobial resistance in LMICs

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004199 June 22, 2023 21 / 34

 
  



 60 

 
  

adjusted—compared to unadjusted—ORs reporting both estimates, specifically among gram-
negative species.

Here, we described an updated evaluation of the health impact and excess economic costs
of resistant BSIs in low-resourced settings. Our results highlight regions where improved sur-
veillance, expanding microbiology laboratory capacity, and data collection systems are most
needed and where the current evidence indicates WHO critical and high-priority drug-resis-
tant pathogens exert the greatest toll on morbidity and mortality.
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and SD for the length of stay at the hospital by income level. Fig M. Subgroup meta-analysis
using all the studies reporting the mean and SD for the length of stay at the hospital by WHO
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33. Olivera COE, Urrego KAG, Duque MG, Góngora EM. Costos de atención en UCI de un Hospital uni-
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ABSTRACT
Introduction Limited information on costs and the cost- 
effectiveness of hospital interventions to reduce antibiotic 
resistance (ABR) hinder efficient resource allocation.
Methods We conducted a systematic literature review 
for studies evaluating the costs and cost- effectiveness 
of pharmaceutical and non- pharmaceutical interventions 
aimed at reducing, monitoring and controlling ABR in 
patients. Articles published until 12 December 2023 
were explored using EconLit, EMBASE and PubMed. We 
focused on critical or high- priority bacteria, as defined by 
the WHO, and intervention costs and incremental cost- 
effectiveness ratio (ICER). Following Preferred Reporting 
Items for Systematic review and Meta- Analysis guidelines, 
we extracted unit costs, ICERs and essential study 
information including country, intervention, bacteria- drug 
combination, discount rates, type of model and outcomes. 
Costs were reported in 2022 US dollars ($), adopting 
the healthcare system perspective. Country willingness- 
to- pay (WTP) thresholds from Woods et al 2016 guided 
cost- effectiveness assessments. We assessed the studies 
reporting checklist using Drummond’s method.
Results Among 20 958 articles, 59 (32 pharmaceutical 
and 27 non- pharmaceutical interventions) met the 
inclusion criteria. Non- pharmaceutical interventions, such 
as hygiene measures, had unit costs as low as $1 per 
patient, contrasting with generally higher pharmaceutical 
intervention costs. Several studies found that linezolid- 
based treatments for methicillin- resistant Staphylococcus 
aureus were cost- effective compared with vancomycin 
(ICER up to $21 488 per treatment success, all 16 
studies’ ICERs<WTP). Infection control measures such 
as hand hygiene and gown usage (ICER=$1160/QALY or 
$4949 per ABR case averted, all ICERs<WTP) and PCR or 
chromogenic agar screening for ABR detection were highly 
cost- effective (eg, ICER=$1206 and $1115 per life- year 
saved in Europe and the USA). Comparisons were hindered 
by within- study differences.

Conclusion Robust information on ABR interventions 
is critical for efficient resource allocation. We highlight 
cost- effective strategies for mitigating ABR in hospitals, 
emphasising substantial knowledge gaps, especially in 
low- income and middle- income countries. Our study 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Pharmaceutical and non- pharmaceutical interven-
tions play a crucial role in global antibiotic resistance 
(ABR) control and prevention.

 ⇒ There is a paucity of data on the comprehensive 
health economic costs and outcomes, with most ex-
isting literature reviews targeting specific interven-
tions, such as antimicrobial stewardship.

WHAT THIS STUDY ADDS
 ⇒ We synthesised global literature on unit costs and ef-

fectiveness of pharmaceutical and non- pharmaceutical 
interventions among hospitalised patients.

 ⇒ Despite substantial heterogeneity and some stud-
ies lacking fundamental cost and methodological 
considerations (eg, discounting, risk scenarios and 
outcomes including hospital stay or mortality), we 
identified several interventions with robust evidence 
supporting their benefit, translated into cost or 
utility- adjusted life years averted.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our results aid decision- making by guiding the alloca-
tion of scarce resources for combating ABR in hospitals.

 ⇒ Further investigations, empirical and methodological, 
are essential to advance the economic evaluation of 
interventions to progress toward optimising antibiotic 
usage and reducing ABB rates in hospitals, especially in 
low- income and middle- income countries.
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serves as a resource for guiding future cost- effectiveness study design 
and analyses.
PROSPERO registration number CRD42020341827 and 
CRD42022340064

INTRODUCTION
Antibiotic resistance (ABR) causes an enormous burden 
on health systems and the global economy.1–4 According 
to a recent study by the Global Burden of Disease, approx-
imately 1.27 million deaths worldwide in 2019 were 
attributable to ABR if all ABR infections were replaced 
by drug- susceptible infections.2 The World Bank projects 
an annual global cost of up to $3.4 trillion by 2030 if no 
action is taken.5 The US Centers for Disease Control 
and Prevention has estimated an annual impact of ABR 
infections on healthcare and societal costs of approxi-
mately $25 billion in the USA.6 While these estimates are 
based on limited data, they underscore the severity of 
ABR. Setting- specific and population- specific strategies 
designed to alleviate ABR burden by reducing antibiotic 
usage and resistance transmission are crucial to reducing 
loss of life and minimising costs.

Economic evaluations provide critical insights for 
decision- makers about how to allocate limited health-
care budgets to optimise overall population health. 
Despite finances underlying healthcare management 
strategy,7 economic evaluations of alternative interven-
tions are surprisingly scarce. Those that are conducted 
often fail to capture key costs and outcomes required 
to decide whether to retain the status quo or take 
up a novel alternative. For example, daptomycin was 
the first cyclic lipopeptide with demonstrable activity 
against vancomycin- resistant gram- positive pathogens. 
It was shown to have equivalent clinical effectiveness in 
treating complicated skin infections compared with semi- 
synthetic penicillin while resulting in shorter hospital 
stays for patients.8 Even in this economic evaluation of 
daptomycin compared with penicillin, however, treat-
ment costs were not explicitly considered, so ambiguity 
remained over daptomycin’s economic dominance.

Studies synthesising the economic evidence base for 
alternative ABR- mitigating strategies are equally rare. 
Previous reviews reporting on economic evaluations of 
interventions to prevent and control ABR are limited.9–12 
Naylor et al reviewed the cost- effectiveness of antimicro-
bial stewardship programmes, with estimates ranging 
from $540 in inpatient net savings to $24 231 for each 
prevented death.9 In a similar review, Huebner et al found 
that targeted control of appropriate antimicrobial agents 
could save up to $2403 in total antibiotic costs per 100 
patient- days.12 Niewiadomska et al reviewed mathematical 
modelling studies on the population- level transmission 
of ABR; however, only 9% of reviewed models included 
details of cost- effectiveness analyses.10 Among these, 
universal surveillance and decolonisation programmes 
were cost- saving in patients with methicillin- resistant 

Staphylococcus aureus (MRSA) infections.12 Wilton et al’s 
review of studies of the (cost- )effectiveness of interven-
tions for ABR control, including restricting antimicro-
bials use, prescriber education, use of guidelines for ABR, 
combination therapies and vaccination,11 highlighted the 
paucity of evidence as a key limitation in delivering defin-
itive and actionable recommendations for ABR control.11

Our study aims to systematically synthesise the economic 
evidence for pharmaceutical and non- pharmaceutical 
interventions to reduce, monitor and control ABR of 
critical or high- priority bacteria, as defined by the WHO, 
including colonisation, infection and antibiotic usage, in 
hospital settings globally from a health system or payer 
perspective.13 To our knowledge, this is the first review 
contrasting all available economic and effectiveness 
components for both intervention types while focusing 
on key ABR pathogens. By formalising costs and effec-
tiveness for both intervention types in hospital patients, 
we offer a comprehensive synthesis of ABR interventions 
conducted within healthcare settings.

METHODS
We conducted a systematic literature review of the 
costs and cost- effectiveness of pharmaceutical and non- 
pharmaceutical interventions to reduce, monitor and 
control ABR levels in hospitalised patients. We followed 
the Preferred Reporting Items for Systematic Reviews and 
Meta- Analyses (PRISMA)14 and the ISPOR (The Profes-
sional Society for Health Economics and Outcomes 
Research)15 guidelines, and our study was prospectively 
registered with PROSPERO.14 The search was conducted 
on EconLit, EMBASE and PubMed concluding on 12 
December 2023.

Search strategy
We used three key concepts to perform our literature 
search: (1) ‘Interventions for antibiotic resistance’, (2) 
‘Hospital’ and (3) ‘Cost- effectiveness and Economic 
evaluation’. Economic evaluation filters from Inter-
TASC Information Specialists’ Sub- Group search filters 
were used to capture the cost- effectiveness aspect of the 
search. The final literature search strategy and details of 
studies from the initial screening are presented in online 
supplemental tables SM1–4.

Study selection—inclusion and exclusion criteria
We followed the Patient Population, Intervention, 
Comparator, Outcome, Setting, Timing (PICOST) 
framework to present our inclusion and exclusion 
criteria16 (online supplemental tables SM1 and 2). Titles 
and abstracts of identified articles were screened using 
Rayyan (https://www.rayyan.ai) by two reviewers for eligi-
bility, and a third reviewer checked them for final inclu-
sion. We contrasted our results with the ‘ASReview’ tool 
for potential misclassification.17 The study population 
was limited to hospital settings; community settings and 
acquired infections were excluded. We did not restrict 
our search by language and years. Studies were included 
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only if the intervention targeted antibiotic- resistant 
bacterial pathogens listed as critical or high priority by 
the WHO18 (online supplemental table SM3). Bacterial 
pathogens not on the WHO’s list were excluded. Pharma-
ceutical interventions were defined as those that directly 
involved the use of medication, while all other interven-
tions were classified as non- pharmaceutical. Economic 
evaluations included only complete evaluations (eg, cost- 
effectiveness, cost- utility, cost- benefit) and were defined 
as a comparative analysis of the costs and reported the 
effectiveness of alternative programmes, following Drum-
mond et al.19 Only evaluations using a healthcare or 
payer perspective were included; very few studies used a 
societal perspective (n=2). While both perspectives are 
similar, the healthcare perspective focuses on the costs 
incurred by providers in delivering medical care and 
health services to patients and the payer perspective 
includes the financial aspects of healthcare from the 
viewpoint of the organisation that funds or reimburses 
costs to providers. Conference abstracts, editorials and 
systematic literature reviews were excluded. Papers had 
to present measures of costs and an incremental cost- 
effectiveness ratio ‘ICER’ or incremental net monetary 
and health benefit analyses (ie, a comparison between 
strategies presenting an ICER).

Data extraction
We extracted study characteristics and outcomes, 
including unit costs, effectiveness and cost- effectiveness 
rates following the Campbell and Cochrane Economic 
Methods group and a recent protocol for economic 
appraisal to address ABR which includes specific guid-
ance on reporting health economic data in systematic 
reviews.13 20 For study characteristics, we retrieved the 
study’s year, author, title, perspective, country, currency, 
pathogen, intervention, comparator, type of economic 
evaluation, source of effectiveness data, source of costing 
and primary outcome. Implementation costs, such as 
training, were excluded. We also extracted information 
on the analytical model used, time horizon, discount 
rate, measure of effectiveness, results of the base- case 
analysis (eg, ICER) and sensitivity analyses (eg, univar-
iate or multivariate analyses and parameter effects on 
outcomes). Costs were first converted to US dollars 
(using currency- specific exchange rates) and inflated to 
2022 US dollars based on Gross Domestic Product defla-
tors.21 We used the reported costs year, or, if absent, using 
the publication year instead for exchange rate conver-
sion and subsequent inflation.

Data synthesis and analysis
We summarise the included data by providing disaggre-
gated unit costs and effectiveness per study and inter-
vention type (pharmaceutical and non- pharmaceutical). 
Cost- effectiveness estimates were primarily characterised 
as ICER, including (1) $/(quality- adjusted life- years 
‘QALY’ gained), (2) $/(disability- adjusted life- years 
‘DALYs’ gained), (3) $/ABR infection averted or (4) $/

life- year gained. A dominant strategy refers to a scenario 
where the incremental cost of the intervention is less 
than the comparator, and the incremental efficacy is 
greater than the comparator. Willingness- to- pay (WTP) 
thresholds per efficiency outcomes were also included, 
if provided. We identified the gap between individuals’ 
WTP and the intervention’s real cost- effectiveness to 
determine the feasibility of the programme in the setting 
where it was evaluated. Cost- effectiveness thresholds, 
based on countries' opportunity costs, were employed 
for strategy comparative purposes and to define resource 
gaps following Woods et al.22

Assessment of quality of reporting and risk of bias
We used Drummond et al’s checklist for assessing 
economic evaluations.23 The checklist comprises 10 ques-
tions for evaluating reporting quality in economic evalu-
ations, assigning a 1 (or 0) to each question if the article 
included the safeguard (online supplemental table SM5). 
The aggregate results provided an economic reporting 
quality appraisal of below average (1–7 points), average 
(8 points), and above average (9–10 points).

Microsoft Excel was used to create a database of 
the study characteristics, unit costs and appraisal of 
studies following the checklist (see https://bit.ly/SR_ 
amrCEingredients).

Patient and public involvement
The patients and the public were not involved in the 
design, conduct, or reporting of our research.

RESULTS
Study identification and selection
Figure 1 describes the PRISMA chart for the results of 
our literature review. We found 20 958 articles in EconLit, 
EMBASE and PubMed, of which 1744 were duplicated. 
We excluded 18 811 records due to not fulfilling our 
inclusion criteria (figure 1). Finally, 403 studies were 
assessed for full eligibility and 59 (32 on pharmaceutical 
and 27 on non- pharmaceutical interventions) presented 
a complete cost- effectiveness analysis and were included 
in our analytical sample.

Characterisation of studies included
Most reports on pharmaceutical interventions were 
focused on MRSA (20 of 32 studies, 63%). The 
remaining studies analysed carbapenem- resistant gram- 
negative pathogens contrasting ceftazidime avibactam 
versus colistin or alternative drug- based treatments. 
MRSA interventions were focused on comparing line-
zolid, or any relatively new drug (eg, daptomycin), 
with vancomycin, the established treatment. Studies on 
non- pharmaceutical interventions were wide- ranging 
but most explored surveillance or screening methods. 
Reports included improved surveillance and wide PCR 
or chromogenic- based surveillance and testing (n=11), 
multiple surveillance schemes including testing, decol-
onisation and/or isolation (n=8), infection control 
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and hygiene including use of gowns and hand hygiene 
practices (n=3) and miscellaneous (n=5; eg, antibi-
otic stewardship, pre- emptive isolation, whole- genome 
sequencing). Generally, these interventions targeted 
MRSA (n=16, 59%), carbapenem- resistant Enterobac-
teriaceae (CRE) (n=4, 13%) and vancomycin- resistant 
Enterococci (VRE) (n=4), and compared the interven-
tion’s effectiveness with current practice, which was typi-
cally the absence of the intervention. Most studies were 
conducted in high- income countries, mainly the USA 
(n=26, 44%; see figure 2). We found two regional studies; 
one using European data and the second in Africa. Deci-
sion analytical models were usually employed for the anal-
yses (eg, decision trees, Markov and stochastic simulation 
models), often using a one- way sensitivity analysis. Time 
horizons and discount rates were reported inconsistently, 
and target populations usually consisted of all hospital 
patients and patients with pneumonia. See online supple-
mental tables SM6 and 7 for a full description of the 
studies’ characteristics.

Unit costs of interventions
Online supplemental table SM8 provides a cost breakdown 
for pharmaceutical interventions. Economic costs varied 
based on factors such as drug components, dosage, length 
of hospital stay (LOS) and study scale. Bed- day expenses, 
associated with admissions to general wards and intensive 
care unit (ICU), constituted the largest portion of total 
economic costs (~50%–90%). Drugs represented about 
10% of total costs (adjacent therapies, rehabilitation and 
diagnostic were costlier), with drugs like daptomycin and 
linezolid being notably more expensive, approximately 
200% greater than vancomycin24 25 (online supplemental 
table SM8). For instance, Niederman et al reported the 
cost of intravenous linezolid (600 mg) as $107 per dose, 
while vancomycin costed $5.8 for 1 g intravenous admin-
istration.26

Online supplemental table SM9 shows an itemised 
breakdown of the non- pharmaceutical interventions’ 
unit costs. Hospitalisation and additional costs were the 
highest cost component. Test or intervention unit costs 

Figure 1 Preferred Reporting Items for Systematic review and Meta- Analysis flowchart for the inclusion and exclusion of 
relevant studies. ‘n’ stands for the number of articles included/excluded at each stage. ABR, antibiotic resistance; ICER, 
incremental cost- effectiveness ratio. Source: Moher et al 2009.
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varied widely, ranging from $1 per patient (eg, use of gown 
or gloves27) to as high as $108 for genome sequencing,28 
$103 for decolonisation,29 $598 for isolation30 and $652 
for infection control bundles31 per patient. The lowest 
costs among non- pharmaceutical interventions were also 
those involving screening or surveillance, due to their 
being single- step procedures incurring no overhead or 
operating costs (eg, PCRs, chromogenic agar or elec-
tronic registry).

Cost-effectiveness and outcomes
Online supplemental Table SM6 displays studies’ strate-
gies and cost- effectiveness (eg, ICERs) of the pharmaceu-
tical (I) and non- pharmaceutical (II) interventions.

Pharmaceutical interventions
Linezolid versus vancomycin
For patients with complicated skin and skin structure 
infections (cSSSI), linezolid consistently emerged as 
a cost- effective and dominant strategy compared with 
vancomycin (online supplemental table SM6, panel 
I).24 32–35 For instance, McKinnon et al32 reported a mean 
cost of $7077 (SD=$5752) for linezolid versus $8709 
(SD=$7307) for vancomycin treatment among patients 
with cSSSI reporting MRSA infections, with a mean cost 
difference of $2756 (p value=0.041) due a 2.5 days longer 
LOS for vancomycin- treated patients. Bounthavong et 
al.,34 De Cock et al33 and Schürmann et al35 estimated lower 
hospitalisation costs for linezolid (incremental costs were 
−$7791, −$1827 and −$1749, respectively) along with 
higher cure rates (incremental cure rates for first- line 
MRSA were 13%, 10% and 10%, respectively), compared 
with vancomycin in patients with cSSSI. Differences were 

explained by reduced LOS and improved treatment fail-
ures due to linezolid oral formulation compared with 
intravenous vancomycin therapy.

In studies focusing on nosocomial pneumonia,25 26 36–43 
linezolid showed a dominant ICER or ICER ranging from 
$5726 to $84 823 per death averted or life saved, and 
between $3179 and $21 488 per cure or treatment success 
among MRSA- infected patients, compared with vanco-
mycin (online supplemental table SM6, section I). Vari-
ations in LOS and its associated economic costs across 
study settings accounted for differences in ICER. Daniel 
Mullins et al predicted an ICER of $5726 for linezolid 
per life saved, balancing the higher acquisition costs with 
enhanced survival rates.36 De Cock et al designed a deci-
sion–analytical model using clinical trial data that again 
favoured linezolid over vancomycin with greater clinical 
cure (+8.7%) and survival (+13.2%) rates at an additional 
incremental cost of $420 per treatment cycle.37 However, 
Collins et al25 reported a higher ICER per life saved ($84 
823) due to limited variation in incremental mortality 
(≈1%) between linezolid and vancomycin.

Figure 3A shows that the linezolid strategy is benefi-
cial compared with vancomycin at country- specific WTP 
thresholds (ICER<WTP).

Ceftazidime avibactam versus colistin or other drugs
Six studies evaluated the use of ceftazidime avibactam 
(CZA) versus colistin or other drugs (online supple-
mental table SM6).44–49 ICERs ranged between $693 and 
$113 423 per QALY gained. Goudarzi et al45 and Simon 
et al47 calculated ICERs equal to $798 and $113 423 
per QALY gained among patients infected with CRE, 

Figure 2 Geographical distribution of the included studies (N=59) Notes: Geographical Information System Open- Source 
Geospatial Foundation Project (QGIS) V.2022 was used for map visualisation.
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respectively, comparing CZA versus colistin therapy. 
Incremental QALYs were similar (≈0.5) in both studies, 
but costs differed. In Goudarzi et al, CZA therapy costs 

were 1.5- times greater for CZA compared with colistin 
according to Iran health system tariffs. Simon et al 
employed a healthcare system perspective in the USA, 

Figure 3 Incremental cost- effectiveness ratios and willingness- to- pay country thresholds among pharmaceutical 
interventions (in 2022 US dollars, ‘$’), by study†. Notes: †Studies with letters in brackets (eg, (a)) indicate different strategy 
evaluations, detailed in online supplemental table SM6 under the strategy column. K=thousands or 1000 units. Interpretation 
of the incremental cost- effectiveness ratio ‘ICER‘ should be taken with caution as outcomes (eg, deaths averted, cured 
patients, quality- adjusted life years ‘QALYs’) used to calculate ICERs varied from study to study. Online supplemental table 
SM6 contains detailed information by study and outcomes used. ⁂WTP thresholds were extracted from country estimates 
provided by Woods et al22 and adjusted to 2022 US dollars. A dominant strategy means that interventions are more effective 
and less costly (ICER<0). We excluded ICER per life saved from Collins et al25 and only ICER$ per QALY was included (ICER 
per life saved was far beyond the WTP threshold for this study, see online supplemental table SM6). + ICERs were capped 
at US$75 000 but values are higher (see online supplemental table SM6). CZA, ceftazidime avibactam; ‘vs’, versus; WTP, 
willingness- to- pay.
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estimating four times greater daily therapy costs for CZA 
compared with colistin after accounting for LOS, which 
increased the ICER. In comparison to colistin+mero-
penem, Gutiérrez and Fandiño48 and Varón- Vega et al49 
reported ICERs of $1340 and $3797 per QALY gained 
for CZA, respectively. This difference is attributed to 
CZA showing increased incremental QALYs (+2.3 and 
+1.8, respectively), while incremental costs were similar 
($3151 and $2886, respectively). The slight variation in 
additional concomitant treatments reported (amikacin+-
fosfomycin and tigecycline+fosfomycin) played a minor 
role.

Four studies presented an ICER below the WTP 
threshold (figure 3B), except Bolaños- Diaz et al44 and 
Simon et al.47

Miscellaneous: other combination drug comparison types
Laohavaleeson et al50 found an estimated 0.5- day shorter 
LOS and savings of $478 favouring telavancin (domi-
nant strategy compared with vancomycin) among MRSA 
patients, regardless of sensitivity analyses on MRSA drug 
acquisition costs. Favourable results were shown for 
IMI/REL (imipenem/cilastatin/relebactam) compared 
with CMS+IMI (colistin plus imipenem) usage for gram- 
negative infections (+3.7 QALYs and lower mortality 
rates; 15.2% compared with 39%). However, the clin-
ical response rate was limited among the IMI/REL 
group.51 Additionally, treating patients with complicated 
intra- abdominal infections following ceftolozane/tazo-
bactam+metronidazole was found to be cost- effective 
(ICER=$8551 per QALY gained), compared with piper-
acillin/tazobactam.52 Mennini et al53 and Vlachaki et 
al54 assessed meropenem- vaborbactam versus the best 
available treatment for CRE patients, revealing ICERs of 
$11 813 and $20 486 per QALY, respectively. The disparity 
arises from three times higher drug costs for meropenem- 
vaborbactam compared with the best available therapy in 
the UK,54 while in the Italy- based study,53 it was only 1.5 
times higher. Furthermore, the UK- based study attrib-
uted higher costs to long- term care tariffs associated with 
increased survivability among meropenem- vaborbactam.

All miscellaneous interventions presented ICERs below 
country- specific WTP thresholds (figure 3C).

Non-pharmaceutical interventions
Testing schemes: chromogenic-based agar or PCR
Rapid PCR testing for MRSA detection compared with 
standard hospital treatments was found to be cost- 
effective (ICER=$55 and $39 per life- year saved in 
Europe and the USA, respectively55), with ICER=$20 401 
per hospital- acquired MRSA case detected in the USA,27 
ICER=$38 911 per MRSA infection averted in Switzer-
land56 and ICER=$243 per life year saved in Spain.57 
Single- culture of an anterior nares specimen for universal 
screening of MRSA patients resulted in an ICER of $14 766 
per QALY gained, compared with a ‘change nothing’ 
scenario, producing better MRSA control and lower 
losses attributed to hospital bed- day costs.58 One study 

showed that screening for carbapenemase- producing 
Enterobacteriaceae was cost- saving (ICER=$32 049 per 
QALY gained) at prevalence levels above 0.3% or if one 
additional patient were exposed for every infected patient 
(ie, highly dependent on local transmission settings).59 
Similarly, active PCR among CRE patients, compared 
with do nothing, was cost- effective at $100 per QALY 
gained in surgical ICU patients in Hong Kong60 due to 
cheaper PCR unit costs compared with an inadequate 
empirical antibiotic treatment for CRE. Hubben et al61 
found selective chromogenic- based agar cost- effective for 
MRSA detection compared with taking no action (ICER= 
$5787–$14 538, with 622 infections averted in a moderate 
MRSA prevalence scenario). Selective PCR was also cost- 
effective versus chromogenic agar (ICER= $18 349–$51 
095). However, universal screening was not cost- effective, 
as it incurred substantial costs for screening and isola-
tion ($9.2 million incremental costs, with only 28 infec-
tions averted; ICER= $184 902–$328 448), surpassing the 
country WTP threshold (figure 4A).

Hygiene and sanitation
Interventions including proactive infection control, hand 
hygiene and gown usage were cost- effective at country 
WTP thresholds (figure 4B).62–64 For instance, Luan-
gasanatip et al found that 20% compliance in health-
care hygiene protocol, versus 10%, was associated with 
reductions in MRSA bloodstream infections (BSIs) and 
ICERs of $1160 and $835 per QALY in paediatric and 
adult ICUs, respectively.62 Gown usage for 18 months was 
linked to 58 VRE cases averted in a hospital ICU in the 
USA (ICER=$2939 per case averted).64

Using a combination of multiple surveillance schemes and other 
methods
Combination schemes containing decolonisation, isolation, 
testing and surveillance were evaluated.29 30 65–70 Robotham 
et al combined screening, decolonisation and isolation tech-
niques versus a do- nothing scenario.29 Universal PCR/chro-
mogenic agar plus decolonisation with mupirocin was cost- 
effective finding up to $11 005 per QALY gained; however, 
most interventions involving patient isolation plus PCR 
for identification were costly due to infrastructure require-
ments (online supplemental table SM6, panel II; figure 4C). 
Universal decolonisation for ICU patients with MRSA infec-
tions emerged as a dominant strategy in the USA68 and in 
Hong Kong,69 leading to cost savings of $737 and reductions 
in infection and mortality rates by 0.9% and 0.2%, respec-
tively. Similarly, Nelson et al30 estimated that PCR screening 
and decolonisation (dominant strategy), had cost- savings of 
$14 433 and $47 762 and reduced 0.38 and 3.13 MRSA infec-
tions per 100 patients compared with PCR screening alone 
or do- nothing scenarios, respectively. However, in the same 
veteran hospital in the USA, more comprehensive strategies, 
comprising screening, contact precautions and infection 
control combined were more cost- effective, particularly in 
scenarios with high MRSA transmission rates rather than low 
transmission in subsequent periods (ICER= $13 90466 and 
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Figure 4 Incremental cost- effectiveness ratios and willingness- to- pay country thresholds among non- pharmaceutical 
interventions (in 2022 US dollars, ‘$’), by study†. Notes: †Studies with letters in brackets (eg, (a)) indicate different strategy 
evaluations, detailed in online supplemental table SM6 under the strategy column. K=thousands or 1000 units. Interpretation of 
the incremental cost- effectiveness ratio ‘ICER’ should be taken with caution as outcomes (eg, deaths averted, cured patients, 
quality- adjusted life years ‘QALYs’) used to calculate ICERs varied from study to study. Online supplemental table SM6 
contains detailed information by study and outcomes used. ⁂WTP thresholds were extracted from country estimates provided 
by Woods et al22 and adjusted to 2022 US dollars. A dominant strategy means that interventions is more effective and less 
costly (ICER<0). + ICERs were capped at US$75 000 but values are higher (see online supplemental table SM6). PCR, PCR 
chain reaction; ‘vs’, versus; WTP, willingness- to- pay.
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$34 20167 per life years gained; as shown in online supple-
mental table SM6, panel II, and figure 4C). Last, real- time 
blood culturing and evidence- based antimicrobial consump-
tion among ampicillin- resistant Salmonella enterica and Strep-
tococcus pneumoniae infections were cost- effective in Africa 
(ICER=$3531 per life saved, averting 934 deaths per 100 000 
patients), compared with generic antimicrobial manage-
ment.70

Most of these strategies were cost- effective based on 
country WTP thresholds (figure 3C), but consideration 
of local costs was essential in scenarios with low MRSA 
prevalence and transmission.65

Miscellaneous single strategies
Interventions in this category included antibiotic steward-
ship, single surveillance schemes, test- guided decontami-
nation and pre- emptive isolation.28 31 71–73 Voermans et al 
estimated that procalcitonin- led antibiotic stewardship 
reduced average expenses per patient, specifically, a 49% 
reduction from standard care for sepsis and 23% reduc-
tion for lower respiratory tract infections associated with 
ABR (cost savings of $29 197 and $4138 per each group).72 
Active surveillance (current standards and screening of 
previously hospitalised) for patients with VRE was the 
most medically and economically beneficial, resulting in 
a $4 screening cost per patient admitted, lowering admis-
sion costs ($792) and improving survival rates.71 Whole 
genome sequencing as a surveillance alternative resulted 
in 14.3 additional QALYs gained among MRSA patients.28 
The use of a state- wide electronic registry reduced CRE 
by 18.8 cases per year (95% CI=5.8 to 31.7) and by 6.3% 
(95% CI=2.0% to 10.6%; p value<0.05) compared with 
the ‘do nothing’ scenario (ICER=$27 000 per infection 
averted).31 Test- guided selective digestive decontamina-
tion among CRE patients in the ICU was cost- effective 
in reducing CRE (ICER=$688 per QALY, reduction 
of 0.2% and 0.3% in CRE cases and mortality, respec-
tively).73 Most strategies were cost- effective according to 
country- specific WTP thresholds (figure 4D), except for 
Robotham et al’s study on universal pre- emptive isolation 
in the UK’s hospital ICU for high MRSA risk patients,29 
which reported substantial hospital costs due to neces-
sary infrastructure investments.

Quality of reporting and risk of bias
A substantial proportion of the pharmaceutical (25%) 
and non- pharmaceutical studies (33%) failed to report 
important costs and their potential consequences 
(online supplemental table SM10). The type of costing 
methodology was dissimilar in studies, resulting in costs 
for drug acquisition reported, for instance, in cost per 
day, patient or dose. Discounting varied among studies in 
magnitude and usage (61% failed to report discounting 
online supplemental table SM10). Despite most studies 
achieving average high- quality scores of 8.2 and 8.0 out 
of 10 for pharmaceutical and non- pharmaceutical inter-
ventions,74 time frames and years of economic evaluation 
were not always reported.

DISCUSSION
We identified 59 studies investigating the cost- effectiveness 
of pharmaceutical or non- pharmaceutical interventions 
reducing ABR among WHO’s global priority pathogen list in 
hospital settings.18 We flag the reduced data among critical 
pathogens, such as Acinetobacter baumannii and Pseudomonas 
aeruginosa, and the scarcity of standardised cost- effectiveness 
methods, ingredient costs and limited data from low- income 
and middle- income countries indicated the need for more 
consistent approaches in the future.

More studies found that, compared with vancomycin, 
linezolid was more effective and less costly for the treat-
ment of MRSA infections. Despite pharmaceutical costs 
being a highly predictable line item in hospital budgets 
(eg, diagnostic tests, treatment), LOS often constitutes 
a higher proportion of the cost for hospital stay and 
should be considered in cost- effectiveness analyses and 
decisions related to formulary and drug reimbursement. 
For example, Kauf et al reported that drug costs drove 
6.4% of the total inpatient cost compared with LOS 
accounting for 85.9% of total inpatient cost for patients 
with cSSSI.75 Treatment resulting in expedited infec-
tion resolution will likely be more cost- effective even 
when drug costs are much higher. This is also seen with 
linezolid compared with vancomycin. Vancomycin can be 
taken orally (as opposed to intravenously) meaning that 
patients can be discharged earlier, potentially offsetting 
higher drug acquisition costs.36 De Cock et al noted that 
in a scenario analysis between linezolid and vancomycin, 
when the most conservative treatment durations were 
applied rather than those estimated by the physician 
panel, linezolid was dominant over vancomycin based on 
the shorter LOS.33

The appropriateness of initial antibiotic therapy and 
the possibility of switching treatments during hospi-
talisation also play crucial roles, by affecting length of 
hospital stay and treatment outcome. One key question is 
whether being on vancomycin during hospitalisation and 
switching to linezolid for outpatient care is cost- saving.36 
De Cock et al suggest that most patients are cured after 
treatment with two lines of antibiotic therapy.37 Empirical 
therapy with linezolid was considered most cost- effective 
in unconfirmed MRSA patients, as LOS for unconfirmed 
patients is lower.33

A recent meta- analysis indicates that ceftazidime- 
avibactam offers advantages over colistin, including lower 
mortality rates, improved clinical cure rates and reduced 
kidney deterioration in CRE infections.76 Comparing 
ceftazidime- avibactam to colistin plus meropenem 
revealed high efficacy and lower nephrotoxicity in CRE 
patients in Chile48 and Colombia49 (ICER=$1340 and 
$3797 per QALY gained, both falling below the coun-
try’s WTP thresholds). This finding holds relevance for a 
region where the kidney disease burden is substantial.77 
Moreover, considering the complex dosing require-
ments and close monitoring associated with colistin plus 
meropenem, along with the region’s higher prevalence 
of carbapenemase- producing Enterobacterales78 79 and 
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antibiotic- resistant gram- negative pathogens,80 the poten-
tial for expanded treatment coverage is substantial.

Non- pharmaceutical interventions were generally less 
cost- effective than pharmaceutical interventions. For 
instance, one of the most expensive non- pharmaceutical 
interventions was a mandatory full National Health Service- 
level screening programme modelled by Robotham and 
colleagues.65 Other infrastructure- demanding interven-
tions, such as whole genome sequencing (WGS), were 
only cost- effective if applied at a specific UK tertiary 
research hospital where MRSA prevalence was signifi-
cant and sequencing infrastructure already existed.28 
Although the effectiveness of WGS surveillance is highly 
dependent on infrastructure, the study’s modelling esti-
mate found that WGS was not sensitive to simulated 
reduced efficacy in colonisation/mortality reduction.28 
Nevertheless, the limited evidence renders universal 
screening strategies for reducing MRSA inconclusive.81 
Literature on MRSA demonstrates the limited capacity 
to account for confounding and temporal trends when 
assessing the burden of disease and resource utilisation 
associated with MRSA screening.

Costs associated with the required professional training 
often lead to the perception that antimicrobial steward-
ship is not cost- effective. However, there might be unac-
counted outcomes and positive spillover effects not 
captured by economic evaluations. Although not specif-
ically targeting ABR, Scheetz, et al82 presented an ICER 
of $3219 per QALY gained in antimicrobial stewardship 
programmes attributed to substantial fixed operating 
costs required to maintain the stewardship team and the 
reduction in patient inflow. Antimicrobial stewardship 
proves more economically efficient in larger hospitals 
with higher inpatient volume, presenting increased risks 
and expanded economic returns of scale, specifically 
for persuasive and structural programmes.9 Notwith-
standing, some studies have shown mixed results, with 
increased consumption of antibiotics not targeted or 
restricted by the antimicrobial stewardship programme 
leading to higher global ABR rates and worsening patient 
outcomes.83 Decreased resistance may not be expected if 
antimicrobial stewardships only target certain antibiotics. 
LOS and mortality could be affected beyond antibiotic 
control, changes in preintervention and post- intervention 
populations, including existing comorbidities and disease 
severity, might lead to poorer health outcomes despite 
the stewardship programme.83 Comprehensive antimi-
crobial stewardship programmes, including physiological 
monitoring, therapy review and antibiotic restrictions are 
essential to avoid ABR and associated disease burden.

Procalcitonin (PCT) has demonstrated the ability to 
increase specificity and sensitivity for different bacte-
rial infections at the point of care, even in the earliest 
phases of inflammation. PCT has been shown to reduce 
LOS and improve the appropriateness of antibiotic treat-
ment at low costs compared with no- PCT.72 84–86 Similar 
to a study in Europe avoiding antibiotic days in European 
settings,85 we found support for PCT- guided healthcare in 

the USA, contributing to halving sepsis with cost- savings 
of $29 197 compared with costs for standard care.72 These 
results are mainly driven by the associated reduction in 
ICU- admitted patients, which results in shorter antibiotic 
treatment and exposure time. These findings are corrob-
orated by studies by Mewes et al, Harrison and Collins 
and Huang et al, showing PCT to be a cost- saving strategy 
in hospitalised patients with lower respiratory tract 
infections or suspected sepsis,87–89 although not specifi-
cally targeting ABR pathogens. Furthermore, a recent 
study suggests that these interventions among emer-
gency departments in low- resource settings are feasible 
if PCT is applied simultaneously with C- reactive protein 
through a fluorescence reader- based duplex lateral flow 
assay.90 This has direct implications for applications in 
low- income and middle- income countries for rapid and 
accurate viral and bacterial infection differentiation, with 
an estimated rounded cost per patient below $70.90

Reducing the time interval between a positive test for 
MRSA and the implementation of appropriate infec-
tion control measures during hospitalisation is achiev-
able using diagnostic technologies such as PCR.91 PCR 
assays were cost- effective in Europe and the UK, with the 
lowest ICER values per life- saved, ranging from $1100 to 
$1200, compared with standard treatment.55 Although 
the costs are low, PCR is only feasible as an intervention 
when the hospital has appropriate facilities and when 
the additional delay incurred poses little- to- no threat 
to patient well- being. PCR- based interventions may 
only be cost- effective in highly endemic settings where 
targeted screening is likely to detect a large number of 
MRSA cases.27 Despite potential drawbacks, studies have 
shown that PCR may prevent adverse events and toxicity 
due to treating patients empirically,92 reducing LOS and 
economic costs.93 94

Limitations
Our review has highlighted important deficiencies in 
the health economics literature pertaining to pharma-
ceutical and non- pharmaceutical interventions aimed 
at reducing, monitoring and controlling ABR levels, 
particularly concerning critical or high- priority bacteria. 
We included literature from three major search engines, 
potentially overlooking publications in interdisciplinary 
journals and grey literature like government reports, 
particularly from low- income and middle- income coun-
tries. Our primary sources were PubMed, which compre-
hensively indexes biomedical and life sciences literature, 
including health economics; Embase, which specialises in 
biomedical and pharmacological content, with a specific 
emphasis on drug and pharmaceutical research; and 
EconLit, which is dedicated to economics. Second, we 
found significant heterogeneity in the costs and effective-
ness units reported across studies, which may have been 
affected by the lack of standardisation in analysis, illus-
trated by the scarcity of cost- utility analyses considering 
the difficulty of measuring quality of life for acute events. 
Therefore, comparing results was challenging given the 
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range of resistant bacterial types, intervention types, 
populations studied and the lack of consistency in study 
design. Our study focused on the health systems perspec-
tive to report unit costs and cost- effectiveness, which fails 
to take account of a societal perspective. However, most 
studies did not report a specific perspective of analysis. 
Finally, many articles failed to report discounting and a 
risk scenario for the associated consequences. This may 
be explained because due to the short time horizons used, 
often under a year and mostly under a month, which may 
not capture all relevant costs and benefits of the inter-
ventions. While we used Woods et al’s cost- effectiveness or 
WTP thresholds,22 some literature suggests wider thresh-
olds, such as $100 000 or $150 000 per QALY, as more 
appropriate for evaluating interventions in the USA. 
This variation might impact the generalisability of our 
results.95 96 It is relevant to recall that cost- effectiveness 
thresholds are contingent on the locally- relevant WTP 
thresholds.

CONCLUSION
Most economic evaluations on ABR interventions have 
focused on MRSA, revealing a significant gap for other 
priority pathogens. Even when available, most studies 
lack a comprehensive economic analysis, even though 
such analysis would require readily available compo-
nents such as intervention costs, bed- day expenses 
and patient outcomes, such as LOS or ICU admission. 
Data on bed- day expenses for primary, secondary and 
tertiary hospitals are freely available for most countries 
from the WHO- CHOICE.97 This is important because, 
as Nathwani et al83 showed, more effective antimicrobial 
control does not necessarily translate into improved cost- 
effectiveness due to population heterogeneity and deci-
sions in resource allocation. Many studies were based on 
non- randomised designs that did not adequately account 
for potential confounders and antimicrobial regula-
tions or guidelines (eg, stewardship programmes could 
reduce antibiotic consumption of a targeted component 
while increasing others). This issue could be rectified 
by strengthening intervention designs through a priori 
examination of biases and ensuring consistency. We have 
synthesised evidence supporting pharmacological and 
non- pharmacological interventions from the limited 
available scientific literature using economic analysis. 
Still, for many interventions, hospital- level considera-
tions (eg, laboratory capacity, the prevalence of resist-
ance in the local community, therapy review and popula-
tion features) need to be considered to optimise health-
care expenditure and address the costs of inaction. We 
recommend future economic evaluations consider the 
Consolidated Health Economic Evaluation Reporting 
Standards checklist98 using the healthcare sector and 
societal perspectives simultaneously as benchmarks99 and 
for consistency across studies.
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Summary
Background Antimicrobial resistance (AMR) is among the most critical global health threats of the 21st century. AMR
is primarily driven by the use and misuse of antibiotics but can be affected by socioeconomic and environmental
factors. Reliable and comparable estimates of AMR over time are essential to making public health decisions,
defining research priorities, and evaluating interventions. However, estimates for developing regions are scant. We
describe the evolution of AMR for critical priority antibiotic-bacterium pairs in Chile and examine their association
with hospital and community-level characteristics using multivariate rate-adjusted regressions.

Methods Drawing on multiple data sources, we assembled a longitudinal national dataset to analyse AMR levels for
critical priority antibiotic-bacterium combinations in 39 private and public hospitals (2008–2017) throughout the
country and characterize the population at the municipality level. We first described trends of AMR in Chile.
Second, we used multivariate regressions to examine the association of AMR with hospital characteristics and
community-level socioeconomic, demographic, and environmental factors. Last, we estimated the expected
distribution of AMR by region in Chile.

Findings Our results show that AMR for priority antibiotic-bacterium pairs steadily increased between 2008 and 2017
in Chile, driven primarily by Klebsiella pneumoniae resistant to third-generation cephalosporins and carbapenems, and
vancomycin-resistant Enterococcus faecium. Higher hospital complexity, a proxy for antibiotic use, and poorer local
community infrastructure were significantly associated with greater AMR.

Interpretation Consistent with research in other countries in the region, our results show a worrisome increase in
clinically relevant AMR in Chile and suggest that hospital complexity and living conditions in the community may
affect the emergence and spread of AMR. Our results highlight the importance of understanding AMR in hospitals
and their interaction with the community and the environment to curtail this ongoing public health crisis.

Abbreviations: AMR, Antimicrobial resistance; OECD, Organization for Economic Cooperation and Development; LMICs, Low and middle income
countries; eCDC, European Centre for Disease Prevention and Control; WHO, World Health Organization; CDC, Centers for Disease Control and
Prevention; GDP, Gross domestic product; SES, Socioeconomic status; USD, United States dollars; ICU, Intensive care unit; CASEN, Chilean National
Socioeconomic Characterization Survey
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Introduction
Antimicrobial resistance (AMR) is among the most
critical global health threats of the 21st century.1–4

Modern healthcare relies on effective antibiotics to
treat and prevent infections. Infections caused by
resistant bacteria produce greater morbidity and mor-
tality, complicate treatments, and often result in pro-
longed hospitalizations, increasing healthcare costs
globally.5–8 A lack of incentives has limited the devel-
opment of new antibiotics. The process is expensive,

and the expected gains are limited compared to other
drugs, mainly because antibiotic courses are comparably
short, and the clinical activity of antibiotics diminishes
over time due to resistance. AMR occurs naturally as an
adaptative mechanism of bacteria, wherefore infectious
diseases specialists frequently set to restrict the use of
novel antimicrobials to prevent AMR.7,9

Increases in overall antibiotic consumption, obsta-
cles in the development of antibiotics, and insufficient
surveillance, among other factors, are key areas to draw

Research in context

Evidence before this study
There is limited documented evidence of antimicrobial
resistance (AMR) outside northern High-Income countries.
Reliable and comparable estimates over time of AMR are
essential for making public health decisions, defining research
priorities, and evaluating the impact of disease prevention
and infection control programs. We reviewed articles
published in the Web of Science, Medline-PubMed, and
SCIELO from 2000 to 2020 on factors associated with AMR
and found 109 articles. Antibiotic consumption has
substantially increased in the past decades. Evidence suggests
antibiotic consumption in low- and middle-income countries
is substantially lower than in high-income countries; however,
AMR is often higher. Surveillance and laboratory capabilities
are inadequate, antibiotics are often available without a
prescription, and access to novel compounds is limited. AMR
transmission is affected by socioeconomic and environmental
factors, including water and sanitation infrastructure,
education, living conditions, access to healthcare, human
mobility, and contact with other vectors, such as animals.
Using country-level data, two recent articles found a
statistically significant association between better
infrastructure and governance and lower AMR. In Latin
American and Caribbean countries, a study in Chile reported
an association between socioeconomic factors and AMR, and
a study in informal settlements in El Salvador and Peru
characterized resistance dissemination networks across
interconnected habitats. While limited, evidence suggests that
the transmission of resistant bacterial organisms and
transferable resistance genes may affect global AMR spread.

Added value of this study
We assembled a longitudinal dataset using multiple sources to
analyze AMR in 39 hospitals (2008–2017). We provide
updated estimates of the evolution of AMR critical, high, and
medium-priority antibiotic-bacterium pairs in Chile. We show
a steady AMR increase driven primarily by Klebsiella
pneumoniae resistant to third-generation cephalosporins,
carbapenems, and vancomycin-resistant Enterococcus faecium.
AMR levels in Chile were more prominent than the
Organisation for Economic Cooperation and Development
(OECD) estimates. Higher hospital complexity, a proxy for
antibiotic use, and poor local community infrastructure were
associated with higher AMR. Last, we projected our estimates
at the regional level to estimate the geographical distribution
of AMR in Chile. Our study undertakes a comprehensive
country-level analysis of the trends in AMR resistance over
time and their association with sociodemographic factors.

Implications of all the available evidence
Our main results are consistent with previous findings that
suggest that frequently overlooked factors associated with
the spread of resistant bacteria and genetic determinants of
resistance, such as water and sewage infrastructure,
overcrowding, and pollution, are probably essential drivers of
AMR. Improved spatiotemporal estimates of AMR and a
greater understanding of the sociodemographic and
environmental factors associated with the emergence and
spread of AMR are essential to prevent and control this
growing global public health threat. Overall, available
evidence suggests that improving sanitation and local
infrastructure, as well as known controls on antimicrobial use,
are important components of strategies to reduce global AMR
levels.
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the government’s attention to avoid a global health
backlash.7 Specifically, a global increase in antibiotic use
and misuse in humans, animals, and agriculture and
insufficient infection control policies have accelerated
the emergence and spread of resistance.10–15 Antibiotic
consumption has substantially increased in the past
decades, mostly in low- and middle-income countries.
While reported antibiotic consumption low- and middle-
income countries is substantially lower than in high-
income countries, AMR is often higher. However, an-
tibiotics are often sold without prescriptions and over
the counter, and surveillance systems have many
limitations.13

Although often overlooked, AMR is also affected by
socioeconomic and environmental factors, including
inadequate water, sanitation, and hygiene infrastruc-
ture, living conditions, waste management, education
and awareness, human mobility, and other factors such
as access to healthcare and medicine.15–20 The relative
importance of the spread of resistant strains and genes
through human and non-human animals, water, agri-
culture, and the environment is underscored by the high
proportion of resistant bacteria in countries with lower
consumption of antibiotics per capita.13,16,21 Collignon
et al.16 examined factors that affect average resistance
prevalence for Escherichia coli, Klebsiella spp., and
Staphylococcus aureus in 73 countries, and found a sta-
tistically significant association of better infrastructure
and governance with lower AMR. A study in 28 Euro-
pean countries found that a large proportion of the
variation in AMR was explained by country-level gover-
nance, possibly due to variations in the control of anti-
biotic use.22 A study in Chile found an association
between socioeconomic factors (income, education,
occupation) and AMR profiles of Pseudomonas aerugi-
nosa and S. aureus.23 A study in two low-income informal
settlements in El Salvador and Peru characterized bac-
terial communities and resistance dissemination net-
works across interconnected habitats, highlighting
potential routes of spread of resistant bacteria in areas
with unregulated access to antibiotics and inadequate
water and sewage infrastructure.24 Additional details in
the Supplementary Material (Section 1, Fig. S1 and
Table S1).

Previous studies from high-income western coun-
tries have estimated the proportion of resistant bacteria
at the national level for high-priority antibiotic-bacte-
rium combinations.1,2,25,26 These reports often rely on
data from surveillance networks gathering information
from multiple laboratories, which may use different
testing standards or guidelines, hampering compara-
bility.2 Despite their importance, estimates of AMR
from developing regions are scant, most likely due to
limited epidemiologic surveillance and laboratory re-
sources.27 Having reliable and comparable estimates of
AMR over time is essential to inform public health
policy, define research priorities, and evaluate the

impact of disease prevention and infection control
programs.3,28,29

Here we provide a country-wide estimation of the
proportion of antibiotic resistance for high-priority
antibiotic-bacterium combinations in Chile and use
official national data to factor in the socioeconomic,
demographic, and environmental factors possibly
contributing to AMR dissemination. Our estimates are
based on the critical, high, and medium priority
bacterium-antibiotic pairs, as classified by the World
Health Organization (WHO), aggregated following
recent reports by the Organization of Economic Coop-
eration and Development (OECD) and the European
Centre for Disease Prevention and Control (eCDC).2,26

We draw on multiple data sources, including annual
susceptibility reports from a country-wide network of 39
public and private hospitals from 2008 to 2017, official
national surveillance reports, and socioeconomic, de-
mographic, and environmental data from administrative
records and national surveys.

Chilean context
In 2017, Chile had a GDP per capita of about USD
15,000, high income inequality (GINI index of 44.4),
and about 17% of households lived in multidimen-
sional poverty, as defined by the World Bank.30 About
42% of the Chilean population live in the Región
Metropolitana, which includes Santiago, the capital
city. Chile has a hybrid public-private health system,
including service and insurance, with high coverage
(∼98% of the population). A global comparison put
Chile in the 74th percentile in effective universal
healthcare coverage, between other countries in South
America, such as Brazil (65th) and Uruguay (69th), and
high-income countries, such as Israel (81st) and the
United States (82nd).31 Approximately 80% of the
population is affiliated to the Fondo Nacional de Salud
(FONASA), a health insurance program that collects,
administers, and distributes funds for the public
healthcare system. The rest of the population is affili-
ated to private insurance (∼14%) or the armed forces
and police subsystems.32 Health care is available
nationwide through a network of primary care centers
and referral hospitals.

There were 194 public hospitals in Chile in 2018. Of
these, 63 (32%) were classified as high complexity, 30
(15%) of median complexity, including only some
medical specialties, and the rest (n = 101, 52%) were
classified as low complexity, including primary care
services in rural and isolated places. Private hospitals
totalled 76. Of these, eight (11%) had more than 200
beds, 13 (17%) had between 100 and 200 beds, and the
rest (n = 55, 72%) were smaller hospitals with less than
100 beds.33 About 70% of beds in the health system
correspond to public hospitals; private hospitals and
armed forces represent approximately 18% and 8% of
beds. Individuals can choose to receive healthcare
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  services through public or private providers. Outpatient
services have the highest demand in the private sector,
primarily diagnostic exams (45% of services).32,33

Since 1984, antibiotics in Chile have been available to
the public in pharmacies only by medical prescription.
Recent regulations include control of public and private
hospitals for microbial isolation (1999), restrictions of
the use of antibiotics in clinical care (1999), critical
bacteria included as notifiable communicable diseases
(2004), and the launch of a National Plan Against
Antimicrobial Resistance,34 focusing on awareness
among people and professionals, surveillance, preven-
tion and control of healthcare associated infections, and
scientific research (Supplementary Material, Tables S2
and S3).

Methods
Study design and data
We employed a longitudinal hospital-level ecological
study in Chile, drawing on multiple data sources. We
assembled a national dataset including the proportion of
resistant bacteria for high and critical-priority antibiotic-
bacterium combinations in 39 Chilean hospitals
(2008–2017), and socioeconomic and demographic
characteristics by municipality (the smallest adminis-
trative division in Chile). Critical, high, and medium-
priority pathogens are those in urgent need of new an-
tibiotics because of the resistance mechanism they
might develop, which pose a significant health threat in
hospitals, nursing homes, and communities.35 We esti-
mated the proportion of antibiotic-bacterium combina-
tions using data from a collaborative AMR surveillance
network (GCRB) encompassing public (82%) and pri-
vate (18%) tertiary hospitals (Supplementary Material,
Table S4). Hospitals in the GCRB network represent
about half of the public tertiary hospitals in Chile. Half
of these hospitals were located in Región Metropolitana,
and the rest were located in 10 of 15 regions in Chile.
Most private hospitals were based in Santiago (N = 6),
and one in Valparaiso.

Participant institutions annually report the suscepti-
bility of selected antibiotic-bacterium pairs obtained
from clinical samples from patients hospitalized in
medical, surgical, and Intensive Care Unit (ICU) ser-
vices. Susceptibility testing is performed locally at each
institution following Clinical and Laboratory Standards
Institute recommendations.36 We focused on eight
antibiotic-bacterium combinations included in OECD
and eCDC surveillance reports.2,26 Specifically, Acineto-
bacter baumannii, Pseudomonas aeruginosa, and Enter-
obacterales (Klebsiella pneumoniae and Escherichia coli)
resistant to carbapenems, vancomycin-resistant
Enterococcus faecium and Enterococcus faecalis, and
methicillin-resistant Staphylococcus aureus. Penicillin-
resistant Streptococcus pneumoniae data were also ob-
tained, at the regional level, from the Chilean Institute
of Public Health.

We combined various data sources to characterize
the population attended by each hospital at the mu-
nicipality level. Individuals could receive healthcare
from different providers, so characteristics at the mu-
nicipality level are a proxy. We used data from the
National Socioeconomic Characterization Survey
(CASEN) (2008–2017),37 a country-wide representative
household survey emphasizing poverty and social
vulnerability, which collects data on education, health,
housing, work, and income. We used hospital man-
agement reports and administrative data from the
Department of Statistics and Health Information from
the Ministry of Health to characterize hospitals and
census data to characterize the hospital catchment
population demographically. A description of the vari-
ables and datasets used is provided in the Supple-
mentary Material (Table S5).

Analysis
We performed a three-tiered analysis approach. First, we
described the trends of AMR for high-priority antibiotic-
bacterium combinations throughout Chile between
2008 and 2017, as defined by OECD and eCDC, for
comparability with other countries.2,26

Second, we used multivariate regression analyses to
examine the association between AMR and socioeco-
nomic, demographic, and environmental covariates.
We used data from the CASEN survey to characterize
the population at the municipality level based on the
hospital’s location. Because the survey is carried out
every two years, we interpolated the variables’ values
from CASEN using nearest neighbour and natural
cubic spline interpolation. To reduce the risk of over-
fitting and multicollinearity, we reduced the dimen-
sionality of our dataset by creating index variables
based on the expected characteristics of the population
attended by each of the hospitals. Indexes were
computed based on a two-step method: i) each variable
was standardized by subtracting its overall mean and
dividing it by the overall standard deviation (SD), and
ii) standardised variables were summed correspond-
ingly to quantify each index.

We created five indexes (variable definitions in
Table S5, Supplementary Material). First, a hospital
complexity index that encompassed annual hospital dis-
charges, the average stay of patients, hospital expendi-
ture, percentage of uninsured population, and the
number of years since hospital construction. Greater
index values suggest higher hospital complexity. Sec-
ond, we created a household infrastructure index to char-
acterize people’s living conditions. This index included
inadequate sanitation, overcrowding, material depriva-
tion, and the inverse of municipal expenditures per
capita. Higher index values indicate a poorer household
infrastructure. Third, the socioeconomic status (SES) in-
dex comprises educational level, primary occupation,
and the inverse of poverty and dependency rates. Higher
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values show a higher SES. Fourth, the environmental
index comprises the annual average temperature and
humidity. Fifth, the territorial index contains the pro-
portion of people living in a rural area and population
density.

We estimated the association between the proportion
of AMR and our indexes using two linear regression
models, including fixed effects by year and municipality
and bootstrapping (random sampling with substitution)
using hospital-level clustered standard errors. Two
linear models were fitted to the data to identify the
factors that most affected AMR (M1 and M2), as follows:

Linear model (M1):

AMRihmt = α+βHht+γMmt+δm+τt+εihmt

Linear model using a logarithmic function as
dependent variable (M2):

log( AMRihmt

100−AMRit
)= α+ βHht + γMmt + δm + τt+εihmt

where AMRihmt corresponds to the proportion of resis-
tant antibiotic-bacterium pairs i in hospital h, in the
municipality m, in year t. AMRihmt was measured in
percentage points and could range between 0 and 100.
AMRihmt was calculated for each of the eight antibiotic–
bacteria pairs analyzed and as an altogether measure as
per the OECD suggests. M contains four municipality-
level variables (household infrastructure, socioeco-
nomic status, territory, environment), H is the hospital
complexity index, and δm , τt are municipality and time
fixed-effects. εihmt is an error term. The model’s co-
efficients (α, β, δ, τ) are understood as the direct impact
of the explanatory variable on AMR proportion points in
M1. In M2, these coefficients represent the percentage
change in the odds ratio (OR) of AMR proportion for a
unit change in the explanatory variable. We did not add
antibiotic-bacterium fixed effects because we employed
different models to account for subgroup variability
(bacterium-specificWe used a significance level of
α = 0.10.

Third, based on the regression results, we estimated
the expected AMR proportion for hospitals not included
in the GCRB to obtain an approximate country-wide
spatial distribution of AMR based on hospitals and
communities’ characteristics. All analyses were done
using Stata 15.1 (College Station, TX), R 3.6.2 (R
Foundation, Vienna), and Excel 16.39 (Microsoft Cor-
poration, WA).

Ethics statement
The research protocol was approved by the Unidad de
Ética y Seguridad en Investigación, Pontificia Uni-
versidad Católica de Chile, project 181205019. The study
was considered exempt from informed consent, no
human health risks were identified.

Role of the funding source
The funders of the study had no role in study design,
data collection, analysis, or interpretation, in the writing
of the report, or in the decision to submit the paper for
publication.

Results
Using longitudinal data from a country-wide network of
39 public and private tertiary hospitals, we examined the
proportion and trends of AMR in Chile. Table 1 shows
the proportion of AMR (%) for priority antibiotic-
bacterium combinations in Chile 2008–2017. For
comparability, the combinations of antibiotic-bacterium
used were based on those used in surveillance reports by
the OECD and eCDC.2,26 Our results showed an average
resistance proportion of 28.5% across all antibiotic-
bacterium combinations based on eCDC pairs and
27.8% according to OECD pairs (Table 1, bottom panel).

Fig. 1 shows a violin plot representing the overall 10-
year AMR trends between 2008 and 2017 following the
bacterium-antibiotic combinations used by the OECD.2

Fig. 2 shows the 10-year trends for each of the studied
combinations. Overall, the results suggest there has
been a significant increase in the proportion of resistant
bacteria in 2008–2017 (Fig. 1). Importantly, this increase
appears to be primarily driven by a rise in the proportion
of third-generation cephalosporin- and carbapenem-
resistant K. pneumoniae and vancomycin-resistant
E. faecium, both of which are among the most worri-
some multidrug-resistant organisms worldwide. In
contrast, we found stable AMR rates over time using the
eCDC classification due to the reduced reported
amikacin-resistance among E. coli, K. pneumoniae and
Pseudomonas aureginosa (Figs S2 and S3).

Next, we examined the association between AMR
and covariates of interest. Table S6 (Supplementary
Material) shows the descriptive statistics for the socio-
economic, demographic, hospital, and environmental
indexes potentially associated with AMR’s emergence
and spread and their comparison with national averages.
The national distribution of these factors is shown in
Fig. S4, the average proportion of resistance for
antibiotic-bacterium pairs is shown in Fig. S5 and the
distribution densities and range are shown in Fig. S6
(Supplementary Material). Overall, socioeconomic fac-
tors in the municipalities served by hospitals in our
sample showed relatively low poverty rates (9.0%,
SD = 0.06), few households with inadequate sanitation
(2.2%, SD = 0.02), and an average of 12 years of
schooling (SD = 2.3) over 2008–2017. We observed mi-
nor differences from the national averages except for
inadequate sanitation (6.2%, SD = 0.24). Figs. S7 and S8
(Supplementary Material) display the number of hospi-
tals included over time and by antibiotic-bacterium pair;
and Table S7 shows Pearson’s bivariate correlation
(ranging from −1 to 1) between AMR rate and
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socioeconomic and demographic factors of the com-
munity and hospitals. We found a greater positive cor-
relation between the total proportion of AMR and
hospital characteristics as compared to the other factors,
particularly for the number of discharges of older adults
(ρ = 0.29), the average length of stay (ρ = 0.29), and the

proportion of the population with public health insur-
ance (ρ = 0.20).

Table 2 shows the results from the multivariate re-
gressions. The rows show OECD antibiotic-bacterium
pairs (results using eCDC pairs are comparable; Sup-
plementary Material, Table S8). The coefficient of

Antibiotic Acinetobacter
baumannii

Escherichia coli Enterococcus
faecalis

Enterococcus
faecium

Klebsiella
pneumoniae

Pseudomonas
aeruginosa

Staphylococcus
aureus

Streptococcus
pneumoniae

Total

Amikacin 51.4 (32.6)a 2.4 (4.6)a 10.8 (11.3)a 13.84 (10.73)a

Gentamicin 36.3 (27.9)a 40.8 (16.4)a 24.48 (13.36)a

Cefotaxime or ceftriaxone 16.8 (11.4)a,b 65.2 (17.6)b

Piperacillin/Tazobactam 31.48 (14.44)a

Ciprofloxacin 70.4 (27.6)a 28.7 (12.2)a,b 57.7 (17.4)a 32.78 (15.09)a

Ertapenem 1.4 (6.1)a 24.3 (15.9)a,b

Imipenem 50.9 (30.6)a 0.6 (4.1)a 2.7 (8.8)a,b 34.14 (15.73)b

Meropenem 53.9 (31.2)a 1.1 (7.1)a 8.5 (11.1)b 32.59 (15.20)b

Methicillin 39.8 (19.3)a,b

Vancomycin 2.48 (7.6)a,b 62.8 (25.9)a,b –

Penicillin 7.99 (14.99)a,b

aeCDC standard 51.23 (31.90) 8.6 (13.6) 2.48 (7.6) 62.8 (25.9) 27.71 (26.8) 28.29 (15.8) 39.8 (19.3) 7.99 (14.99) 28.49 (19.49)
bOECD standard - 22.8 (11.8) 2.48 (7.6) 62.8 (25.9) 25.17 (13.4) 33.37 (15.5) 39.9 (19.3) 7.99 (14.99) 27.79 (15.50)

Average years of hospital
data

5.46 5.64 5.26 5.28 5.64 5.59 5.23 c 5.44

Notes. Average proportion of antimicrobial resistant bacteria, standard deviation in parentheses. Average resistance across antibiotic-bacterium combinations between 2008 and 2017, as defined by eCDC
and OECD. Bold letters indicate the average resistance rates by bacteria and accross bacterias based on eCDC and OECD estimates. aAntibiotic-bacterium combinations considered by eCDC.26 bAntibiotic-
bacterium combinations considered by OECD.2 cStreptococcus pneumoniae was reported by the Chilean Institute of Public Health aggregated at the regional level, not by hospital. All other antibiotic-
bacterium combinations are reported annually by participant hospitals, based on clinical samples of hospitalized patients in medical, surgical, and ICU services following Clinical and Laboratory Standards
Institute guidelines.36

Table 1: Proportion of antibiotic resistant bacteria (%) for high-priority antibiotic-bacterium combinations in Chile in 2008–2017, averaged according to eCDC and OECD
standards.

Fig. 1: Average proportion of resistance across antibiotic-bacterium pairs, based on annual reports from 39 participating hospitals in
Chile (2008–2017). Notes: Antibiotic-bacterium pairs as defined by the OECD.2 Violin plots present the probability density (distribution) of
AMR rates at their different values. Density is smoothed by a kernel density estimator. The diamond marker represents the AMR rates’ median,
while the thick black box shows the interquartile range (the difference between 75th and 25th percentiles). The thin grey line indicates 95% CI.
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determination (R2) suggests that our model explained
about half of the variance of AMR. The hospital
complexity index had the largest and more consistent
association with AMR, most likely because the variables
composing such index are probably a proxy of heavy
antibiotic use (Supplementary Material, Tables S9 and
S10). For the linear model, one standard deviation in-
crease in the hospital complexity index was associated
with a 3.81 percentage points in the overall AMR rate
(Table 2, upper panel, β = 3.81, p < 0.001). Consistently,
for the logistic model, one standard deviation in the
hospital complexity index was associated with a 22%
increase in the overall AMR rate (Table 2, lower panel,
OR = 1.22, p < 0.001). An increase in the hospital
complexity index was also significantly associated with a
higher proportion of A. baumannii (Table 2, upper
panel, β = 11.85, p < 0.001; lower panel β = 0.55, p <
0.001), E. coli (Table 2, upper panel, β = 3.78, p < 0.001;
lower panel ORβ = 1.73, p < 0.001), K. pneumoniae,
P. aeruginosa, and S. aureus (Table 2, upper panel,
β = 3.33, p < 0.001, β = 2.90, p = 0.02; β = 10.70, p <
0.001, respectively; results in the lower panel were
comparable).

Our results also suggest there was a significant as-
sociation between household infrastructure and fluo-
roquinolone– and cephalosporin-resistant E. coli and
methicillin-resistant S. aureus and vancomycin-resistant
enterococci (Table 2, upper panel, γ = 3.68, p < 0.001;
lower panel, ORγ = 1.17, p < 0.001; and upper panel,

γ = 2.58, p = 0.03; lower panel, ORγ = 1.22, p = 0.03). We
tested our estimates for specification error (omitted
variables), multicollinearity, and normality of residuals
using the Ramsey test, variance inflation factor (VIF),
and normal probability plots. Models were adequately
specified (Ramsey test p > 0.10), had no substantial
multicollinearity (VIF<10), and residuals were approxi-
mately normally distributed (Supplementary Material,
Figs. S9 and S10 and Table S11).

As a robustness check, we predicted estimated
changes in AMR for specific and aggregate antibiotic-
bacterium pairs adjusting by socioeconomic, de-
mographic, and environmental factors. The results,
shown in the Supplementary Material Fig. S11 and
Table S12, suggest that, on average, there is an upward
overall trend in aggregate AMR estimates and for A
baumanii, E. coli, K. pneumoniae, and E. faecium.
Table S13, Supplementary Material, shows the per-
centage change in estimated AMR resistance rate
compared to baseline (2008) for specific and aggregate
antibiotic-bacterium pairs. Most pairs show increases
compared to baseline, except for P. aeruginosa and
S. aureus that show consistent decreases over time.

Last, based on the regression results, we estimated
the expected AMR for tertiary hospitals not included in
the GCRB dataset for 2017 and aggregated these esti-
mates at the regional level to estimate the spatial dis-
tribution of AMR in Chile. Fig. 3 shows the expected
country-wide spatial distribution of AMR for selected

Fig. 2: Trends in the average proportion of resistance for antibiotic-bacterium pairs (2008–2017). Proportion of resistant bacteria for the
following antibiotics based on OECD criteria:2 (A) E. coli resistant to third-generation cephalosporins and quinolones, (B) K. pneumoniae resistant
to third-generation cephalosporins and carbapenems, (C) P. aeruginosa resistant to carbapenems, (D) E. faecalis resistant to vancomycin, (E)
E. faecium resistant to vancomycin, and (F) S. aureus resistant to oxacillin. X-symbol stands for the average proportion while hollow-circles for
outliers.
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antibiotic-bacterium pairs considered critical by the
OECD.2 The numerical results are shown in Supple-
mentary Material, Tables S14 and S15.

Discussion
Drawing from various data sources, including data from
39 hospitals in Chile, we estimated an overall proportion
of resistant bacteria (2008–2017) of 27.8% for selected

antibiotic-bacterium pairs considered critical by the
OECD and 28.5% according to eCDC high priority
antibiotic-bacterium pairs. We found a steady increase
in overall AMR in 2008–2017 in Chile, which was
particularly driven by substantial increases in
K. pneumoniae resistant to third-generation cephalo-
sporins and carbapenems, and vancomycin-resistant
E. faecium. Our estimates for Chile are similar to the

AMR Hospital Complexity Community characteristics R2 AIC BIC N

Infrastructure SES Environment Territory

Linear model 1 β (SE) γ (SE) γ (SE) γ (SE) γ (SE)

Alla 3.81*** 1.58 −1.09 −0.73 −0.80 0.52 1463 1542 225

(0.64) (0.96) (0.99) (0.54) (1.05)

A. baumaniib 11.85*** −6.58* −1.28 2.05 −0.72 0.50 1877 1955 213

(2.49) (3.50) (5.15) (2.35) (2.26)

E. colia 3.78*** 3.68*** −2.4 −1.44 1.19 0.50 1491 1569 220

(0.81) (1.28) (1.93) (1.37) (1.21)

E. faecalisa,b −0.34 −1.20 −0.35 −0.67 −0.65 0.35 1357 1430 205

(0.54) (1.49) (1.36) (0.87) (1.3)

E. faeciuma,b 3.81 2.02 3.87 −0.39 4.93 0.39 1828 1901 206

(3.26) (4.07) (4.56) (2.99) (3.6)

K. pneumoniaea 3.33*** −0.55 0.09 −0.86 −1.47 0.63 1582 1659 220

(0.58) (1.83) (2.32) (1.08) (2.18)

P. aeruginosaa 2.90** 2.70 −4.22* 0.38 −2.51 0.49 1621 1699 218

(1.15) (1.77) (2.50) (0.96) (2.60)

S. aureusa,b 10.70*** 2.58** 1.68 −1.20 −1.85 0.64 1597 1670 204

(1.46) (2.00) (3.36) (1.74) (1.69)

S. pneumoniaea,b −0.16 −0.27 0.35 −1.00 −0.59 0.36 1963 2053 301

(0.20) (0.44) (0.53) (1.51) (0.69)

Logistic model 2 ORβ/(SE) ORγ/(SE) ORγ/(SE) ORγ/(SE) ORγ/(SE)

Alla 1.22*** 1.08 0.95 0.97 0.95 0.52 147 226 225

(0.04) (0.05) (0.06) (0.03) (0.06)

A. baumaniib 1.73*** 0.74 0.98 1.12 1.06 0.46 574 646 213

(0.13) (0.23) (0.25) (0.13) (0.17)

E. colia 1.22*** 1.17*** 0.86 0.97 1.07 0.48 239 317 220

(0.05) (0.07) (0.11) (0.07) (0.06)

E. faecalisa,b 1.06 0.78 0.96 0.99 1.04 0.31 528 601 205

(0.10) (0.19) (0.27) (0.15) (0.21)

E. faeciuma,b 1.31** 1.19 1.12 0.90 1.40* 0.50 504 576 206

(0.11) (0.18) (0.21) (0.14) (0.17)

K. pneumoniaea 1.27*** 0.99 1.15 1.00 0.86 0.67 457 534 220

(0.06) (0.13) (0.23) (0.16) (0.14)

P. aeruginosaa 1.14* 0.79 0.79** 0.79 0.79 0.46 343 421 218

(0.07) (0.10) (0.14) (0.04) (0.13)

S. aureusa,b 1.67*** 1.22** 1.06 0.92 0.96 0.64 363 436 204

(0.07) (0.09) (0.18) (0.08) (0.08)

S. pneumoniaea,b 0.99 0.99 1.03 1.11 0.82** 0.38 692 781 301

(0.02) (0.04) (0.05) (0.19) (0.10)

Notes. *p < 0.1, **p < 0.05, ***p < 0.01. Standard errors are shown in parenthesis (SE). OR stands for odds ratio. M1: Linear model, M2: Linear model with logistic ratio as
dependent variable. All regressions include fixed effects by municipality and year (δm + τt), standard errors were clustered at the hospital-level. Bootstrapping techniques
(random sampling with replacement) with 50 replications were used. N stands for number of observations. AIC presents the Akaike fit criterion, BIC the Bayesian
information fit criterion, and, R2 is the coefficient of determination that calculates the overall fit of the model. S. pneumoniae models used regional average values for each
hospital. SES means socioeconomic status. aAMR estimated according to bacterial–antibiotic combinations considered critical by OECD.2 bAMR was estimated according to
eCDC.26 Variable definition in web appendix, Table S2.

Table 2: Association between AMR and socioeconomic and demographic factors in the 39 hospitals in Chile, 2008–2017.
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2013 OECD AMR estimates for countries of similar
income in South America, such as Argentina (31.6%),
Brazil (33.8%), and Colombia (33.8%), and comparable
to the average reported for the G20 countries (29.2%).2

The OECD estimated an average AMR prevalence of
21% in Chile in 2013.2 Nonetheless, almost all
antibiotic-bacterium pairs presented in that report were
missing for Chile except for E. coli in 2014, which was
not classified as a priority pathogen by the WHO.35

Interestingly, we observed stable AMR rates after 2009
based on eCDC classification, based upon different
antibiotic-susceptibility types, such as aminoglycosides
for E. coli, K. pneumoniae, and P. aeruginosa. The WHO
has not considered these combinations a critical priority,
and their burden is relatively low, compared to 3rd-
generation cephalosporins and carbapenems1,2 Our
study is novel in having included eight antibiotic-
bacterium pairs, classified as either medium, high, or
critical priority by the WHO.35 Moreover, we included
relevant community- and hospital-level characteristics to
estimate AMR proportion using a significant sample of
hospitals over time. Above all, our results highlight the
potential for a regional and global health crisis.2,7

AMR occurs because of the development of novel
mutations, the horizontal spread of resistance genes, and
the successful dissemination of resistant strains in
various settings – hospitals, communities, and

environments.16 We reviewed the association between
AMR and socioeconomic factors in high-income and low-
and middle-income countries. The factors commonly
associated with AMR included income inequality, poor
housing, low socioeconomic status, being from a
marginalized group, inadequate sanitation and hygiene
infrastructure, lack of clean water, and lack of strong
governance (Supplementary Material). AMR is a partic-
ularly relevant public health challenge in Latin America
because a substantial proportion of the population lives
under such conditions, providing a suitable environment
for the development and spread of resistant bacteria.

Our multivariate analysis showed that, in Chile, most
of the AMR variation was explained by differences in the
hospital complexity index. This is most likely explained
because hospital complexity significantly correlates with
antibiotic use. In the absence of a direct antibiotic
consumption measure, the use of antibiotics is, on
average, more prevalent in patients with medical com-
plexities (i.e., higher disease burden, older age, poor
functional status) who have been treated at hospitals.
We also found evidence to support the association be-
tween AMR and deprivation, as measured by our
household infrastructure index. Even though previous
literature has suggested that climate factors contribute
to the spread of AMR,2 we found no evidence in our
data.

Fig. 3: Proportion of antibiotic resistant bacteria in 2017 according to bacterial–antibiotic combinations considered critical by OECD.
Data were aggregated by region. Graph includes expected AMR based on the characteristics of the hospitals and the population of the
community. Expected values are based on regression results in Table 2.
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  These results should be interpreted with caution, as
our analysis has limitations. First, despite including
about 50% of tertiary hospitals in Chile, our sample is
relatively small and presented a reduced number of
hospitals providing information during 2008–2011,
which resulted in large standard errors. We attempted to
address this limitation by creating indexes to summa-
rize the relevant covariates found in the literature and
using bootstrapping techniques to estimate the sam-
pling distribution of our standard errors more precisely.
Nonetheless, our results are consistent with the inter-
national literature suggesting that examining factors
that affect the emergence and spread of resistance,
beyond the inadequate use of antibiotics and infection
control in hospitals, are a fitting complement to help
prevent and control AMR locally. Second, we did not use
a probabilistic sample of hospitals from Chile but rather
a convenience sample based on healthcare centers
participating in the GCRB network. These hospitals
could, in theory, systematically differ from non-
participant hospitals, for example, in their complexity.
However, our sample represented about 50% of Chile’s
high-complexity public hospitals, and included hospitals
from 11 of the 16 regions of the country, with about half
of the centers from Región Metropolitana, the most
populated region in Chile. Our sample included a small
number (n = 7, 18%) of private hospitals. While this
number is proportional to the share of beds in the private
sector at the national level, it is possible that having most
private hospitals in Región Metropolitana (n = 6) may
have resulted in an underestimation of AMR in that re-
gion and an overestimation of AMR in the rest of the
country. Third, our aggregate AMR measures include
bacteria that occupy different ecological niches, such as
E. coli and S. aureus. While it is safe to assume many
factors driving the evolution and spread of resistant bac-
teria are common, some are likely to be more specific
within individual species or ecological niche.38 Moreover,
while most of the antibiotic-bacterium pairs corre-
sponded to combinations usually observed in the hospital
environment, it is possible that some cases, such as third-
generation cephalosporin-resistant E. coli and
methicillin-resistant S. aureus, could correspond to
community-acquired organisms. However, it is worth
noting that a large part of ourfindings weremainly driven
by an increase in vancomycin-resistant Enterococci and
carbapenem-resistant K. pneumoniae, which are typically
found within hospitals. Fourth, we lacked data to directly
examine antibiotic consumption at the hospital level in
every healthcare center included in our study. A cross-
country study showed that antibiotic consumption
explained about one-third of the variation in AMR.22 To
avoid omitting such a relevant factor, we created an index
of hospital complexity which we show had a high corre-
lation with antibiotic consumption in our data using a
small sample of 11 hospitals. This proxy probably resulted
in less precise estimates than a measure of actual

antibiotic consumption. Finally, our estimates should be
interpreted as associations and not as causal effects.

Our findings underscore some of the limitations in
AMR surveillance in Chile and the urgency to improve
surveillance and infection control, at least among high
and medium-complexity healthcare centers in the coun-
try. Surveillance should continue to focus onhigh-priority
bacteria, as defined by the WHO. It would be essential to
include, as suggested by the eCDC, the monitoring of
aminoglycosides (amikacin and gentamicin) for E. coli, K.
pneumoniae, P. aeruginosa and A. baumannii. It is also
essential to characterize the impact of bacterial resistance
in the community. For example, we should include the
surveillance of E. coli resistance as a causative agent of
urinary tract infection for oral antimicrobials such asfirst-
generation cephalosporins, quinolones, cotrimoxazole,
nitrofurantoin, and fosfomycin.

Last, there are limitations in the strategies to prevent
and control the emergence and spread of AMR in Chile
(Supplementary Material, Tables S2 and S3). Strength-
ening the National Plan Against AMR, particularly by
generating cutting-edge research, requires more active
collaboration between the government, the private
sector, and academia. Furthermore, it is crucial to un-
derstand the relation of AMR with antimicrobial con-
sumption at the hospital and community levels. This
would improve our understanding of the impact of the
policies and regulations to decrease antimicrobial use
and its effects on resistance levels. Additionally, incor-
porating a One Health approach by integrating the hu-
man, animal, and environmental medicine sectors is
essential to broadly understand the emergence and
spread of AMR. It is essential to understand AMR as a
phenomenon within the hospital environment while
considering its interaction with the community, the
environment, and other relevant factors, such as the
hospital’s complexity and social development.

We expect that improved spatiotemporal AMR esti-
mates and a greater understanding of the socioeco-
nomic factors associated with bacterial resistance will
contribute to informing policy decisions and research
priorities. More broadly, reliable AMR estimates should
contribute to developing an international commitment
and public health strategies to address the growing
threat of bacterial AMR.
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ABSTRACT 

Background 

Antibiotic-resistant bloodstream infections (ARB BSI) cause an enormous disease and 

economic burden. We assessed the impact of ARB BSI caused by high- and critical-priority 

pathogens in hospitalised Chilean patients compared to BSI caused by susceptible bacteria. 

Methods  

We conducted a retrospective cohort study from 2018 to 2022 in three Chilean hospitals and 

measured the impact of ARB BSI on in-hospital mortality, length of hospitalisation (LOS), 

and intensive care unit (ICU) admission. We focused on BSI caused by Acinetobacter 

baumannii, Enterobacterales, Staphylococcus aureus, Enterococcus species, and 

Pseudomonas aeruginosa. We addressed confounding using propensity scores, inverse 

probability weighting, and multivariable regressions. We stratified by community- and 

hospital-acquired BSI and assessed total hospital and productivity costs.  

Findings 

We studied 1,218 adult patients experiencing 1,349 BSI episodes, with 47·3% attributed to 

ARB. Predominant pathogens were Staphylococcus aureus (33% Methicillin-resistant 

'MRSA'), Enterobacterales (50% Carbapenem-resistant 'CRE'), and Pseudomonas 

aeruginosa (65% Carbapenem-resistant 'CRPA'). 80% of BSI were hospital-acquired. ARB 

was associated with IRR=1·14 (95%CI=1·05-1·24), OR=1·25 (1·07-1·46), and OR=1·42 

(1·20-1·68) greater LOS, ICU admission, and mortality after index blood culture among 

hospital- and community-acquired infected patients. Mortality risk was 1.35-fold higher (1·16-

1·58) for ARB patients, notably among hospital-acquired MRSA and CRE (1·37- and 1·48-

greater hazards ratios). We found $10,300 excess hospital costs per patient for ARB and 

estimated a national burden of 2270 DALYs and USD53 million in hospital and productivity 

losses.  
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Interpretation 

It is urgent to develop and implement interventions to reduce ARB BSIs' burden, particularly 

from MRSA and CRE. 

Funding: Agencia Nacional de Investigación y Desarrollo ANID, Chile.  

Keywords: Antibiotic resistance; bloodstream infections; disease burden; mortality; Latin 

America.  
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Research in context 

Evidence before this study 

Antibiotic-resistant bacteria (ARB) have surged globally, demanding robust estimates of the 

disease and economic burden associated with ARB in hospitals. Such data are crucial for 

informed public health decisions, research prioritization, and program evaluation. However, 

evidence is scarce. We searched PubMed, SCIELO, and WHO's Global Index Medicus 

comprehensively from January 1, 2000, to September 14, 2023, for patient-level studies 

examining ARB's impact on hospitalized adults with bloodstream infections (BSI). We 

combined terms such as ((burden) OR (mortality) OR (length of hospital stay, ‘LOS’) OR 

(intensive care unit, ‘ICU’) OR (economic costs)) AND (bloodstream infection)). The search 

yielded recent studies, including global, regional, and country-level estimates from the 

Global Burden of Disease collaborators. These estimates show that infections associated 

with ARB impose an enormous disease burden, particularly Staphylococcus aureus, 

Escherichia coli, Klebsiella pneumoniae, Streptococcus pneumoniae, Pseudomonas 

aeruginosa, and Acinetobacter baumannii. Previous studies have primarily focused on 

disease burden, are based on pre-pandemic data, lack hospital-level data, and often neglect 

economic burden. Studies in Argentina, Brazil, Colombia, and Mexico have noted variations 

in mortality rates among patients with susceptible and resistant BSI. However, these studies 

have relatively small sample sizes, focus on a single pathogen, do not stratify infection 

acquisition, and have not adjusted the sociodemographic and clinical characteristics of 

previous BSI diagnoses. No study, at the patient level, has simultaneously assessed the 

impact of ARB on mortality, LOS, and ICU admission or has examined economic costs 

associated with ARB BSI. 

 

Added value of this study 
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We conducted a comprehensive assessment of BSIs caused by critical and high-priority 

pathogens among adults, as designated by the WHO, including carbapenem-resistant 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacterales, methicillin-

resistant Staphylococcus aureus and vancomycin-resistant Enterococcus species. We 

estimated excess mortality, LOS, ICU admission, hospital costs, and productivity losses 

associated with ARB BSIs compared to antibiotic susceptible (ASB) BSIs. We conducted our 

research at the patient level in three prominent hospitals in Chile, from the north, centre, and 

south of the country. We stratified our sample into two categories: community-acquired and 

hospital-acquired BSIs. This stratification was introduced to reduce the underestimation of 

the impact of ABR BSI due to the possibility that a proportion of patients are hospitalised 

because the causative bacteria are resistant, leading to biased estimates when grouping 

community-acquired and hospital-acquired infections. This is often named collider 

stratification bias, which could occur when conditioning on a variable influenced by both the 

exposure (e.g., AMR) and outcome (e.g., disease severity), leading to a spurious 

association. In our study, hospital admission is the collider, affected by both resistance 

phenotype and infection severity, creating a non-causal link between resistance and health 

outcomes. Analysing hospital-acquired infections separately avoids this bias for those types 

of infections. However, our results for community-acquired infections may still be biased due 

to conditioning on hospital admission. This variable potentially lies on the causal pathway 

from ARB BSI to health-economic outcomes and simultaneously induces collider 

stratification bias. Only if antibiotic resistance had no or negligible influence on the 

probability of being admitted to the hospital would our results for community-acquired 

infections potentially be reliable; hence, estimates for community-acquired infections should 

be interpreted cautiously.  

 

By analysing hospital-acquired infections separately, we can account for varying treatment 

histories and avoid potential comparisons between strains exclusively circulating in hospitals 
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and community settings. We provide empirical evidence on the impact of ARB BSIs, 

revealing substantially higher mortality rates, LOS, ICU admission, and economic costs 

among these patients compared to individually weighted patients with BSI with antibiotic-

susceptible bacteria. The greatest health and economic burdens were attributed to S. aureus 

and Enterobacterales. Finally, we adjusted the estimates to national ARB BSI death 

incidence using the Global Burden of Disease data. The research additionally offers pivotal 

global perspectives on methodological strategies for assessing the burden of ARB. This 

encompasses economic evaluations from both healthcare and societal perspectives, utilising 

patient background data collated before the BSI onset to determine the subsequent health 

outcomes accurately. 

 

Implications of all the available evidence 

Hospital patients with BSIs face life-threatening short and long-term consequences, with an 

alarming case mortality rate of 38% throughout the study. Most of these infections were 

hospital-acquired. Interventions to strengthen early detection of BSIs and improve infection 

measures within hospital settings are crucial to reduce in-hospital transmission of these 

pathogens. We hope these results will help set priorities in resource allocation, ultimately 

enhancing the quality of care provided to patients.  
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Background 

Infections produced by antibiotic-resistant bacteria (ARB) represent one of the most pressing 

challenges to global public health with significant clinical and economic consequences.1-5 A 

recent study by Murray et al. estimated 1·27 million annual deaths attributable to ARB 

worldwide in 2019.1 A substantial burden exists in the Americas, with an estimated annual 

toll of 141 thousand deaths attributed to ARB.6 Among these, bloodstream infections (BSI) 

were responsible for a substantial portion of ARB-attributed fatalities in the region, with 43 

thousand deaths. Hospital infrastructure and infection control, health-system access, and 

sanitation and hygiene standards remain limited in this region.7  

 

ARB BSIs pose a substantial burden to the healthcare system and patients. They often 

require complex treatment regimens, which can exhibit diminished therapeutic efficacy, 

resulting in accelerated disease progression.2 Estimating the disease and subsequent 

economic burden among BSI patients is critical for optimising resource allocation and 

utilisation, aiding in setting priorities for national policies.3 However, most studies are not 

based on patient-level data and do not adjust for hospital stays before the onset of BSI. 

Further, they rarely include more than one economic perspective and do not adequately 

adjust for inflation.4,5 A recent systematic review and meta-analysis in low- and middle-

income countries, including Argentina, Brazil, Colombia, and Mexico, found that ARB BSI 

were associated with 1·58-fold higher crude mortality, a seven-day longer length of hospital 

stay (LOS), and 1·96-fold higher intensive care unit (ICU) admission rate compared to 

antibiotic-susceptible bacteria (ASB) BSI.8 This review underscored the limited availability of 

data on the disease and economic burden of ARB BSIs in the Americas, with insufficient 

multi-pathogen evidence and incomplete consideration of health outcomes, particularly LOS 

and ICU admissions following BSI onset. Previous articles analysed community- and 

hospital-acquired BSI among hospitalised patients together in one analysis, potentially 

removing part of the true impact of community-acquired ARB BSI by conditioning on hospital 
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admission, which could potentially reside on the causal pathway between ARB BSI acquired 

in the community and health-economic outcomes. Importantly, conditioning on hospital 

admission, a potential consequence of acquiring an ARB antibiotic-resistant infection in the 

community, may induce collider stratification bias, which may even cause artificial 

associations where none exist.9-11  

 

Herein, we provide estimates of the health and economic burden of ARB BSIs using patient-

level data from three major hospitals in Chile. We expect these comprehensive estimates will 

offer valuable insights to policymakers and health officials and assist in making informed 

decisions regarding infection prevention and control measures, antibiotic stewardship, and 

resource allocation in Chile and globally. 

 

Methods 

Study design and settings 

We conducted a retrospective parallel matched cohort study of adult inpatients over 15 years 

who presented with BSIs in three major tertiary-care healthcare centres from Chile (Iquique, 

Santiago, and Puerto Montt) between January 1, 2018, and December 31, 2022. 

Participating hospitals had an estimated annual discharge rate of about ~20,000-30,000 

patients and 400-500 hospital beds each (Supplementary Material S2-S3). All centres were 

public hospitals and used automated blood culturing systems (i.e., BD PhoenixTM) and 

susceptibility testing techniques and followed to the Clinical Laboratories Standard Institute 

(CLSI) guidelines. Enrolment in the study was defined as the date of collection of the index 

blood culture. 

 

Our analysis focused on WHO’s high- or critical-priority ARBs, along with their susceptible 

counterparts.12 Specifically, we included carbapenem-resistant Acinetobacter baumannii 
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(CRAB), carbapenem-resistant Pseudomonas aeruginosa (CRPA), carbapenem-resistant 

Enterobacterales (CRE), methicillin-resistant Staphylococcus aureus (MRSA), and 

vancomycin-resistant Enterococcus spp. (VRE). All positive blood cultures more than seven 

days apart from the index BSI reporting a different pathogen from the first observation were 

considered a separate BSI episode.13 We excluded polymicrobial BSIs. 

 

Data sources 

Patient data were retrieved from hospital’s clinical records and included two sets of 

variables: baseline information and time-varying attributes. Baseline variables included 

patient demographics, such as age and gender, and pre-existing underlying health 

conditions assessed using the Charlson Comorbidity Index (CCI). Hospitalisations, antibiotic 

usage and surgical procedures during the 3 months previous to the current admission were 

also recorded. Variables related to the BSI episode encompassed source of the BSI (e.g., 

primary, catheter, respiratory, gastrointestinal, as defined by the primary team14), hospital- or 

community-acquired infections (i.e. cultures obtained <48 or >48 hours after admission, 

respectively14), mechanical ventilation (yes/no), and antibiotic usage, measured in daily 

defined doses (DDD per 1,000 hospital bed-days) per antibiotic family adhering to WHO 

ATC/DDD index standards and adjusted for frequency and dosage.15 BSI treatment followed 

the Infectious Diseases Society of America clinical protocols.16-18 

 

Clinical outcomes 

Main outcomes included in-hospital mortality, hospital LOS (in days), and ICU admission; all 

of which were measured after the index culture. We used overall in-hospital mortality and at 

30 days following the BSI diagnosis. ICU admission was included as a dichotomous variable. 

We measured the total hospital’s LOS following the index blood culture and ICU LOS based 

on the admission and discharge dates. 



 116 

 

Hospital costs 

We used an ingredient approach to estimate hospital costs (Supplementary Material S4-5). 

Hospital costs considered hospital bed-day in general wards and the ICU, antibiotic usage, 

infectious disease consultation fees, and diagnostic costs associated with each blood culture 

bottle in an automated system, including antimicrobial susceptibility testing. Costs per 

hospital bed-day, consultation with an infectious disease specialist, and diagnostics were 

extracted from the Fondo Nacional de Salud (FONASA), the national public health insurance 

program.19 Antibiotic costs, homologated to DDDs, were extracted from the Central de 

Abastecimiento (CENABAST)20, the government unit in charge of acquiring and distributing 

drugs and medical supplies. 

 

Statistical and health burden analyses 

We followed a structured approach based on GLASS methods for estimating the burden of 

ARB BSIs (Supplementary Material S4 for details).21 First, we evaluated the incidence of 

ARB BSIs and their susceptible counterparts, analysing each group's main crude clinical and 

background characteristics.  Second, we computed propensity scores using inverse 

probability weighting (IPW) to control for potential confounders associated with ARB before 

hospitalisation or BSI onset.22 Additionally, we separately estimated IPW and propensity 

scores for hospital-acquired and community-acquired BSIs to identify the primary risk factors 

associated with ARB (Supplementary Material S7). This stratified analysis allowed us to 

relax the assumption that antibiotic susceptibility had no impact on the risk of hospital 

admission and that treatment history was uniform across community-acquired BSIs and 

strains that are more prevalent among hospital-acquired BSIs. Third, we performed weighted 

multivariable regression analyses using the whole hospital population and stratified by 

community-acquired and hospital-acquired BSIs. We evaluated 30-day and overall in-

hospital mortality, ICU admission, and LOS after the index blood culture using logistic and 
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negative binomial models, depending upon the distribution of the variable. We computed 

both aggregate ARB and pathogen-specific models. Fourth, we used an extended Cox 

regression for competing events among the entire hospital population with BSI and 

community- and hospital-acquired BSIs to analyse the impacts of ARB BSIs on mortality.23 

We generated pathogen-specific cumulative incidence graphs using cause-specific hazard 

models, considering discharge alive and in-hospital mortality as endpoints.24,25 We analysed 

the impact of IPW-adjusted single ARB effects on in-hospital mortality (a), and then 

incorporated (b) year and pathogen fixed-effects, and (c) time-varying covariates such as 

surgery and ICU admissions post-AMR culture. Although ICU admissions could mediate the 

effect between AMR and mortality, we included them because they often dictate subsequent 

treatment specifics—type, intensity, and timing—that directly affect patient outcomes. 

Moreover, ICU admissions indicate patient severity, closely linked to mortality risk. We 

analysed these variables in a separate model to distinguish between main AMR effects and 

ICU adjustments that may(not) potentially lie in the causal pathway. We analysed BSI 

episodes as independent events and applied clustered standard errors at the individual level. 

For missing data (15% missingness tolerance), we used predictive mean matching to 

preserve raw’s data distributions. 

All statistical analyses were performed in Stata SE 17 and R version 4·3·1. 

 

Economic burden and cost analyses 

First, we calculated pathogen-specific excess direct and indirect costs attributed to ARB 

BSIs from both healthcare system and societal perspectives.26 Hospital-day costs included 

all inpatient admission (i.e., ICU and non-ICU wards costs, adjusted to their respective LOS), 

antibiotics received, consultation, and microbiological test costs. Using the human capital 

approach, we also calculated indirect costs, including the excess mortality associated with 

premature mortality resulting from ARB BSIs, compared to ASB BSIs. All costs were 

expressed in 2022 USDs, adjusting for inflation using US GDP implicit price deflators and a 
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0%-time discount (we present results with a 5% discount rate are presented in the 

Supplementary Material S10). Second, we estimated disease burden based on disability-

adjusted life years (DALYs). Last, we estimated the excess burden attributable to ARB BSI 

deaths in Chile, extrapolating our results to the national level using Monte Carlo simulations 

(n=1,000 repetitions from a random negative binomial distribution) and using mortality 

incidence attributed to ARB BSIs obtained from the most recent Global Burden of Disease 

(GBD) study estimates.6  We present upper and lower bound uncertainty estimates following 

mortality incidences CIs. See details in Supplementary Material S5-S6. 

 

Results 

I. Description of BSI events and incidence 

We identified 1,218 patients experiencing a BSI, resulting in 1,349 BSI episodes (47·3% of 

which fulfilled our definition of an ARB) from 2018 until 2022 in the three hospitals (23·3%, 

32·7 and 44·0% in each hospital). Table S4 shows sample details by pathogen and 

resistance pattern. A total of 1,072 BSI episodes (80%) were categorised as hospital-

acquired and only 277 as community-acquired (Table S4). Figure 1 shows the overall 

incidence of BSI over time, revealing a significant peak in 2021, primarily driven by 

Enterobacterales and Staphylococcus aureus. Gram-negative bacteria (Figure 1B) reported 

the highest ARB rate among cultures, with 92% for CRAB/(CRAB+CSAB)= 56/61; 65%, 

CRPA/(CRPA+CSPA)= 154/238; and 50%, CRE/(CSE+CRE)= 233/468, respectively). S. 

aureus comprised most isolates among Gram-positive species (404/582, MRSA rate 33%). 

 

2. Patient characteristics  

Most patients were men (women=41·6% and 35·3% among ASB and ARB, p=0·017, Table 

1), aged 62 (33-85) and 59 (31, 84) years among ASB and ARB groups (Mann-Whitney U-

test p<0·001, Table 1 and Figure S5).  
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Table 1 shows that ARB BSI patients showed higher mortality (37·5%, vs. 29·4%; p<0·001), 

full LOS (47·3 (8-125), vs. 34·2 (5-95)) and full ICU admission (62·7% versus 51·9%) than 

ASB patients, including LOS and ICU outcomes before BSI diagnostic (Mann-Whitney U-test 

or χ2  were <0·001 for both outcomes, respectively). Overall, in-hospital mortality rates were 

consistently higher across all ARB pathogens (Figure 2) when compared to ASB BSIs, 

regardless of BSI acquisition (Tables S4, S5). After the BSI diagnostic, more patients were 

admitted to ICU wards for CRE, CRPA and MRSA (χ2 <0·001, vs. their susceptible 

counterparts). LOS was higher for CRE and CRPA than their susceptible counterparts 

(Figure 2).  

 

In the context of hospital- and community-acquired infections, we noted a less detrimental 

CCI score among hospital-acquired ARB BSIs, compared to ASB (CCImean= 2·7 and 3·3, 

respectively, Mann-Whitney U-test p<0·001), although we found the opposite among 

community-acquired BSIs (Tables S4, S5). Patients with hospital-acquired ARB BSIs were 

more exposed to catheter usage before index culture (61·3 vs. 40·7% among ASB, 

compared to 19·5% and 25·5% among ASB and ARB community-acquired BSIs, 

respectively) (Table S4).  

 

Overall, antibiotic consumption was greater among ARB patients, compared to ASB (260·3 

and 196·4 DDDs per 1,000 hospital bed-days, respectively, Table 1). MRSA, VRE, CRE, 

CRAB, and CRPA patients consumed approximately 1.8, 1·1, 1·2, 3·8, and 1·2 times more 

antibiotics (especially glycopeptides and carbapenems), respectively, compared to their 

corresponding susceptible groups (Figure S5). Tables S4-5 illustrate that community-

acquired BSIs exhibited greater antibiotic consumption (358·2 vs. 248·8 DDDs per 1,000 

hospital bed-days) for ARB, compared to hospital-acquired BSIs. 
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3. Association between burden variables and ARB BSIs 

The IPW-adjusted association of ARB on 30-day in-hospital mortality and overall hospital 

mortality was OR=1·42 (1·20-1·69, p<0·001) among all bacteria, with similar estimates for 

Gram-positives and Gram-negatives (Table 2). The IPW-adjusted impact of hospital-

acquired ARB BSIs on mortality was OR=1·38 (1·14-1·65, p=0·001), with the most 

substantial impacts among patients harbouring Gram-negative ARB (OR=1·49, 1·15-1·92, 

p=0·002). 

 

ARB BSIs were associated with increased overall ICU admissions (OR=1·25, 1·07-1·46, 

p=0·005) among all patients, but greater among those with Gram-negative ARB (OR=1·41, 

1·14-1·75, p<0·001). The overall impact of ARB on LOS after BSI diagnostic was IRR=1·14 

(1·05-1·24, p=0·001) among all bacteria, but predominantly among Gram-positive 

(IRR=1·22, 1·09-1·36, p=0·015). The impact of ARB BSIs on LOS indicated a 1·25-fold 

prolonged stay among patients with community-acquired BSIs. 

 

Pathogen-specific analyses (Table S23) revealed MRSA and CRE-associated overall 

mortality were among the highest (OR=1·59, 1·2-2·2, p=0·003; OR=1·44, 1·1-1·9, p=0·018, 

respectively). Although MRSA and CRE impacts on overall mortality were OR=1·44 (1·02-

2·03, p=0·036) and OR=1·60 (1·12-2·28, p=0·009) among patients with hospital-acquired 

BSIs, but most significant impact were found among community-acquired MRSA (OR=2·29, 

1·03-4·52, p=0·040). 

 

Overall, admission to the ICU after BSI diagnostic was 1·58 times higher among all CRE 

patients (1·2-2·1, p<0·001), compared to CSE, with consistent impact estimates among 

hospital-acquired infections (Tables S22.2, S22.5). Contrarily, hospital-acquired VRE BSI 

episodes were less likely to be admitted into the ICU (OR=0·34, 0·2-0·6, p=0·001) compared 
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to VSE (Table S22.2). Among all hospital patients, LOS after BSI diagnostic was 1·17-times 

longer among CRE BSI episodes (1·1-1·3, p=0·018), compared to CSE, but CRPA 

presented the most extended (IRR=1·36, 1·1-1·6, p=0·003). The impacts of CRPA on LOS 

among hospital-acquired BSIs were more significant (IRR=1·40, 1·1-1·7, p=0·003). Patients 

with community-acquired CRE presented 1.61-fold higher LOS (1·2-2·1, p<0·001) than CSE. 

 

No substantial ARB impacts on mortality, ICU admission, and LOS were found among the 

remaining pathogens. Models with added fixed effects (i.e., hospital, pathogen, and year) 

were mostly consistent with the main estimates. (Full model results in Supplementary 

Material S7-S8).  

 

4. Survival analysis using the competing risk model 

Table 3 shows the impact of ARB on hospital mortality using a Cox survival hazard model 

with competing risks. After accounting for potential time-varying and baseline confounders, 

the overall IPW-adjusted HR for in-hospital mortality was 1·35 (1·16-1·58, p<0·001) times 

higher among ARB BSI episodes, compared to ASB (Table 3, model 1C). The HR was 1·34 

(1·08-1·67, p=0·009) among Gram-negative, whereas similar among Gram-positive 

pathogens (HR=1·33, 1·07-1·66, p=0·008) (Table 3, models 2C and 3C). Figure 3 illustrates 

the IPW-adjusted impacts of the pathogen-specific ARB on hospital mortality among 

hospital-acquired BSIs over time while accounting for hospital discharge as a competing risk. 

Most patients with hospital-acquired ARB BSIs died in the hospital within the first 30 days 

after the index blood culture, with significantly different cumulative incidence curves for the 

ARB and ASB groups (Figure 3). Cumulative mortality for hospital-acquired MRSA and CRE 

was 1·37 (1·04-1·79, p=0·025) and 1·48-times (1·10-2·00, p=0·013) higher compared to 

MSSA and CSE, respectively (Figure 3). Non-significant results were found among 
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community-acquired ARB BSIs. Tables 24.1-24.3 and Figures S9-S10 contain the complete 

results among all stratified models. 

 

5. Costs and morbidity losses associated with ARB hospitalisation and premature mortality 

Average direct hospital costs per patient ranged from $3,373 to $7,691 among all ARB and 

ABS BSIs (Table S26.1). The highest average excess costs related to ARB BSIs were found 

among CRPA ($2,564 excess), followed by CRE ($2,301 excess; $5,674-$3,373) and MRSA 

($1,682 excess; $4,848-$3,167). Hospital bed-day costs usually represented 98% of total 

healthcare spending per patient. Excess hospital costs associated with ARB accounted for 

$2,244 ($123-$3,792) per patient in our sample. 

 

In our study cohort, indirect or total ARB excess costs associated with premature mortality 

across pathogens were estimated at $10,313 per patient (Table S26.2). MRSA presented 

the most significant excess cost per patient associated with premature mortality, $14,288, 

followed by VRE and CRE ($10,169 and $9,933 per patient, respectively).  

 

Excess morbidity and mortality costs derived from DALYs ranged between 1·6 (CRE) and 

7·1 (CRAB) DALYs per patient, with an average excess DALYs associated with ARB of 2.96 

per patient (Table S26.2). 

 

6. DALYs and economic burden at the national level 

The societal economic burden attributable to ARB BSI deaths (hospital costs+ productivity 

loss) was projected at about $53,725,000 ($27,914,566-$91,178,230), with hospitalisation 

costs accounting for $13,406,500 (Table S26.2). DALYs were projected at 2,270 (1,179-

3,853) among national deaths attributed to ARB BSIs. 
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Discussion 

We evaluated the burden associated (and attributed among hospital- and community-

acquired BSIs) with ARB infections compared to ASB BSI. We found a substantial health 

burden associated with ARB BSIs, including a higher number of deaths driven by hospital-

acquired BSIs, extended hospital stays, and more admissions to the ICU. MRSA and CRE 

accounted for substantial health burdens, reiterating the pressing need to reduce these 

infections, as indicated by the UN’s SDG target 3.d. The economic burden associated with 

BSIs, including hospital spending and productivity losses, were substantial.  

 

We found that 65% of BSI episodes in our study were associated with S. aureus and 

Enterobacterales, consistent with recent findings from GBD 2019.1 Our results suggest that 

hospital patients with ARB BSIs are 1·42 times more likely to die, with the most substantial 

mortality attributable burdens produced by hospital-acquired MRSA and CRE (1·60 and 

1·44, respectively). Our results are comparable to those produced by a recent global meta-

analysis that found 1·52 (0·76-2·28) and 1·49-times (1·09-1·90) greater mortality.8  

 

Our estimates are lower than those from studies in Europe24 (OR=1·80, 1·04-3·2) and Latin 

America27 (RR=1·94, 1·38-2·73) for MRSA BSIs. Research on CRE-infected patients has 

generally reported approximately twice the mortality rate when compared to CSE.28,29 

Several factors may explain these differences. We stratified our sample based on BSI 

acquisition, whereas previous studies8,27 have grouped hospital patients without considering 

potential cofounders influencing ARB acquisition and development.9,10 Consistent with 

previous studies, we found substantial mortality impacts associated with hospital-acquired 

ARB BSIs compared to community-acquired ARB BSIs.30 This difference could be explained 

by the epidemiological characteristics of the pathogens included, limited data for community-
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acquired BSIs, and unobservable accumulated vulnerability (i.e., exposure to complex and 

toxic treatments and high disease severity) among patients with hospital-acquired BSIs.30 

Our estimates for community-acquired infections may be biased due to conditioning on 

hospital admission. This variable potentially lies on the causal pathway from ARB BSI to 

health-economic outcomes and simultaneously induces collider stratification bias. Only if 

ARB had a negligible influence on the probability of hospital admission would our results for 

community-acquired infections be accurate. 

 

ARB infections are complex and often increase the risk of admission to the ICU and 

hospital’s LOS. Recent estimates have suggested a 1·77-times higher risk of ICU admission 

(1·08-2·89, p=0·023) for ARB BSI patients from LMICs in the Americas.8 We found 1·25 and 

1·41 higher odds of ICU admission for ARB and CRE species among hospital patients, 

respectively, with hospital-acquired CRE presenting 1·36 times greater ICU admissions. 

These disparities can be partly attributed to adjusting estimates for background factors, as 

crude estimates could potentially overestimate the number of admissions.8,31  

 

ARB infections have been associated with longer LOS, typically 2-12 days longer than ASB 

infections.8,32 We observed crude median differences in hospital LOS between ARB and 

ASB BSIs after BSI diagnostic, ranging between 3-10 days among CRPA, MRSA, VRE, and 

CRE. After utilising IPW-adjusted estimates, we found that ARB, and specifically community-

acquired CRE, was associated with significantly longer LOS (IRR=1·61), with hospital-

acquired BSIs presenting 1·36 and 1·40-times higher LOS risk ratios for CRE and CRPA, 

respectively. Hospital-acquired BSIs often yield worse health outcomes compared to 

community-acquired BSIs.33 MRSA was not associated with longer LOS, as in previous 

research.24 This null finding may relate to factors such as BSI complications, which can vary 

across populations.27 Our analysis of MRSA hospital survival dynamics, using competing risk 

methods to account for individuals who do not die at the hospital, revealed that the majority 
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of MRSA-infected patients in our study died within the first 30 days of hospitalization, 

consistent with previous findings.34 

 

Excess hospital (direct) costs attributed to ARB BSIs were estimated at $10,313 compared 

to ASB BSIs,8 consistent with recent studies. Researchers in Colombia found excess 

hospitalisation costs of $10,212 associated with MRSA BSIs, and estimates for CRAB in 

China and CRE in Italy and Turkey have been reported at $10,763,35 $19,300,36 and 

$10,002,37 respectively. However, prior studies did not include costs associated with therapy, 

treatment, and professional staff.4,5 Our estimates based on FONASA and CENABAST 

reflect health-system opportunity costs for BSI treatment. However, we believe our estimates 

are conservative because health outcomes related to disease severity, such as invasive 

device replacement, need for physical therapy, and vasoactive drug, among others, could 

increase economic costs but could not be included due to data availability.38 

 

Following Daroudi et al.’s39 approach for monetising DALYs based on GDP per capita (1·2 

times GDP per capita times DALYs), our estimate of 2,270 excess DALYs attributed to ARB 

BSIs translates to additional costs of ~$44·3 million. These costs are associated with the 

increased mortality and morbidity resulting from ARB among BSI patients. Including hospital 

expenses and productivity losses, we found a total cost of $53·7 million attributed to ARB 

BSI-related mortality, representing an substantial economic burden. The estimated DALYs 

attributed to ARB surpass those previously calculated for HIV (n=149), tuberculosis (n=65), 

lower respiratory infections (n=375), mounting to ~9% (2270 out of 24,829) of the total 

estimated DALYs in Chile in 2019.40  

 

Heightened host vulnerability, inadequate empirical antibiotic treatment, excessive antibiotic 

usage following culture results, and reduced efficacy of reserve antibiotics contribute to this 
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ARB burden.28,41 A meta-analysis reported that CRE patients were consistently less likely to 

receive appropriate initial antibiotic therapy.28 We found that ARB patients had more 

substantial DDDs per 1,000 hospital bed-days, compared to patients with ASB. This 

increased burden of ARB pathogens may be associated with delays in administering 

appropriate treatment. Additionally, conventional treatments for MRSA and 

Enterobacterales, such as vancomycin or levofloxacin, may not be as rapidly effective as 

beta-lactam antibiotics against their susceptible counterparts. In an exploratory analysis, we 

estimated that ~32.0% of all BSI episodes (n=432) were exposed to antibiotics within 48 

hours after the index blood culture that did not align with their corresponding treatment. ASB 

BSI episodes accounted for 26·2% wrong exposure to antibiotic treatment versus 39·1% 

among ARB (χ² test p<0.001), with the largest differences among MRSA and CRE, 

compared to MSSA and CSE, respectively (14·0% versus 42·9%, χ² test p<0·001; and 

26·4% versus 37·8%, χ² test p<0·001, Table S27). Early identification of BSI pathogens, 

especially Enterobacterales and S. aureus, could improve outcomes in patients with BSIs at 

a population level.42 

 

Consistent with previous studies,43-45 we found that VRE BSIs are more costly and harder to 

control than VSE. However, we did not find significant differences in the health burdens 

caused by VRE. This finding could be explained by the limited sample size or the uniform 

antibiotic exposures between the VSE and VRE groups in the study period (215·7 and 236·0 

DDDs per 1,000 hospital bed-days, respectively, χ2 p=0·59). Factors such as in-hospital 

mortality and LOS associated with VRE may be more affected by the specific Enterococcus 

species, concurrent underlying conditions, or the use of invasive medical devices,11 rather 

than solely by resistance to vancomycin.46,47 In contrast, although A. baumannii is 

recognized for its high pathogenicity48 and is notably prevalent in colonization in tertiary care 

hospitals in Chile,49 the incidence of A. baumannii BSI episodes in our study sample was 

very low. We found significant resistance, consistent with other findings in the region.6 
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This study has some shortcomings. We used IPW methods, which may reduce the efficiency 

of our estimates and rely on observed variables, potentially concealing results. However, we 

included a wide range of host risk factors, encompassing LOS before the onset of infection, 

underlying health conditions, and sociodemographic factors, which might help mitigate the 

increased vulnerability following BSI diagnosis in hospital wards. We found large confidence 

intervals and small pathogen-specific analytical sample sizes. Additionally, hospitals can 

exhibit variations in blood culture sampling techniques and clinical management, which could 

affect the comparability of our estimates. We sought to mitigate this risk by selecting 

hospitals with similar equipment and infrastructure (e.g., automated blood culture system 

and antimicrobial susceptibility guidelines). Nevertheless, other factors, such as operational 

staff and day-to-day practices, may have introduced some unobserved data variability. Last, 

we did not perform genomic analyses. For instance, new lineages of MRSA clones 

harbouring enhanced pathogenicity50 and emerging prevalence of carbapenemases among 

Enterobacterales51,52 in Latin America could have hampered appropriate treatments. We did 

not include COVID-19 infections. However, our analysis revealed a surge in BSIs during 

2020 and 2021, likely due to the pandemic's influence, manifesting in increased antibiotic 

usage and possibly relaxed stewardship practices, as supported by literature.52,53 Finally, the 

virulence of strains (specifically MSSA)54 and definition for community-acquired BSIs55 may 

impact health-status and true prevalence of individuals with community-acquired BSIs, thus 

warranting cautious interpretation of these estimates.  

 

Our study evaluated the health and economic impact of ARB BSIs in Chile, offering 

comprehensive estimates that underscore the need for improved prevention and surveillance 

strategies. This should include molecular epidemiology, monitoring selective pressure, and 

implementing rigorous control measures for patients colonised with ARB upon hospital 

admission (hygiene, contact precaution and isolation, stewardship of antimicrobials 
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protocols).56-58 Emphasizing these practices is essential to mitigate the severe health and 

economic consequences associated with ARB in hospital settings. 
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Table 1. Descriptive statistics among patients presenting with bloodstream infections 
produced by antibiotic-susceptible (ASB) or antibiotic-resistant bacteria (ARB) 

Variables ASB (N= 711) ARB (N= 638) χ2 or M-
WU‡ test 

 
Mean (%)  95%CI IQR Mean  95%CI IQR p 

Outcome variables 
       

Overall mortality (%) 29·40 26—33 - 37·46 34—41 - 0·002 

Mortality up until 30-days after BC (%) 25·67 22—29 - 33·02 29—37 - 0·003 

Full hospital LOS (days) 34·23 5—95 26 47·34 8—125 38 <0·001 

LOS before BC (days) 11·55 0—36 12 21·28 0—61 21 <0·001 

LOS after BC (days) 23·06 1—71 19 27·75 1—91 26 0·011 

Full ICU admission (%) 51·90 48—56 - 62·70 59—66 - <0·001 

ICU admission (%) before BC 6·33 5—8 - 1·88 1—3 - <0·001 

ICU admission (%) after BC 41·49 38—45 - 55·96 52—60 - <0·001 

Full ICU LOS (days) 10·27 0—42 15 18·87 0—63 30 <0·001 

ICU LOS after BC (days) 9·46 0—42 14 18·50 0—63 30 <0·001 

Independent variables 
       

Age (years) 61·53 33—85 21 58·78 31—84 19 0·001 

Female (%) 41·63 38—45 - 35·27 32—39 - 0·017 

Hospitalisation in last three months (%) 23·98 21—27 - 20·31 17—24 - 0·119 

Antibiotic consumption in last three 
months (%) 12·97 10—16 - 15·05 12—18 - 0·303 

CCI (mean) 3·41 0—8 4 2·85 0—8 3 <0·001 

   Null, CCI = 0 (%) 13·50 11—16 - 19·44 16—23 - 0·003 

   Mild, CCI = 1 or 2 (%) 28·69 25—32 - 34·33 31—38 - 0·026 

   Moderate, CCI = 3 or 4 (%) 27·43 24—31 - 22·73 20—26 - 0·047 

   Severe, CCI ≥ 5 (%) 30·38 27—34 - 23·51 20—27 - 0·005 

Source of the BSI 
      

<0·001 

Primary (%) 31·67 28—36 - 38·38 34—43 - 0·021 

Catheter (%) 16·12 13—20 - 14·23 11—17 - 0·388 

Pneumonia/respiratory (%) 23·80 20—28 - 20·00 17—24 - 0·132 
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Gastrointestinal (%) 9·02 7—12 - 8·65 6—11 - 0·830 

Abdomen (%) 13·24 10—16 - 12·97 10—16 - 0·896 

Bones and joints (%) 2·88 2—5 - 1·98 1—4 - 0·339 

Skin and soft tissue (%) 2·69 1—4 - 3·24 2—5 - 0·592 

Meningitis (%) 0·58 0—2 - 0·54 0—2 - 0·938 

Community-acquired infection (%) 27·75 24—31 - 12·32 10—15 - <0·001 

Indwelling catheter (%) 36·43 33—40 - 56·27 52—60 - <0·001 

Kidney therapy before BC (%) 10·15 8—13 - 4·92 3—7 - 0·001 

Transfer from another hospital (%) 19·21 16—22 - 14·06 11—17 - 0·012 

ID specialist consultation (%) 26·90 23—31 - 69·09 65—73 - <0·001 

Mechanical ventilation before BC (%) 4·64 3—6 - 5·33 4—7 - 0·562 

Mechanical ventilation after BC (%) 28·83 26—32 - 53·92 50—58 - <0·001 

Surgery previous BC (%) 0·70 0—2 - 0·63 0—2 - 0·864 

Surgery after BC (%) 6·47 5—9 - 15·05 12—18 - <0·001 

Antibiotic consumption in daily defined doses ‘DDDs’ per treatment course after BC (in 1,000 hospital bed-
days) 

   Total consumption 196·44 0—645 273·9 260·34 0—765 253·87 <0·001 

   Carbapenems 1·71 0—10 1·54 3·47 0—11 4·96 <0·001 

   Cephalosporins  7·37 0—29 8·69 6·98 0—25 9·52 0·643 

   Macrolides 0·32 0—0 0·00 0·80 0—5 0·00 0·006 

   Fluoroquinolones  0·51 0—3 0·00 0·59 0—4 0·00 0·554 

   Aminoglycoside  1·19 0—8 0·00 2·22 0—11 2·78 0·006 

   Tetracyclines  0·04 0—0 0·00 0·22 0—1 0·00 <0·001 

   Penicillin  3·43 0—21 1·73 3·08 0—15 3·66 0·471 

   Glycopeptides  2·75 0—14 3·85 5·15 0—20 6·64 <0·001 

LOT (days) 16·11 0—64 22 36·26 0—6 2 <0·001 

NOA (number) 2·60 0—9 4 5·18 0—101 39 <0·001 

Notes: ARB= Antibiotic resistance. ASB= Antibiotic sensitive. BSI= Bloodstream infection. LOT= length of therapy defined as 
number of days a patient receives any antibiotic. NOA= Number of antibiotics used for treating a patient. CCI= Charlson 
comorbidity index. 95% CI for proportion variables were estimated59.  BC= index Blood culture. ID= Infectious disease. ICU= 
Intensive care unit. LOS= Length of hospital stay. IQR= 75th percentile – 25th percentile. bχ2 or Mann-Whitney U-test were 
employed according to each variable’s distribution (α=0.05). Descriptive statistics among community and hospital-acquired 
infections are shown in Supplementary Material, section 3. ‡ Mann-Whitney U statistics were used to test differences between 
two independent groups among continuous variables.
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Table 2. Results of the adjusted multivariate models for the average treatment effects of antibiotic-resistant bacteria blood stream infections (ARB 
BSI), compared to antibiotic susceptible bacteria (ASB), among all patients, and by hospital- or community-acquired BSI 

Outcome Model☨ 
All hospital patients Hospital-acquired BSIs  Community-acquired BSIs 

OR/IRR 95% CI p OR/IRR 95% CI p OR/IRR 95% CI p 

All bacteria (N=1,349 all hospital patients, N=1,072 among hospital-acquired BSIs, N= 277 among community-acquired BSIs) 

30-day mortality after 
index blood culture 

(A) ARB only 1·42 1·20—1·69 <0·001 1·37 1·13—1·66 0·001 1·40 0·87—2·24 0·170 

(B) A + FEH,Y,P 1·43 1·20—1·71 <0·001 1·39 1·15—1·69 0·001 1·57 0·95—2·60 0·078 

Overall mortality after 
index blood culture 

(A) ARB only 1·42 1·20—1·68 <0·001 1·38 1·14—1·65 0·001 1·27 0·80—2·00 0·305 

(B) A + FEH,Y,P 1·44 1·22—1·71 <0·001 1·41 1·17—1·70 0·000 1·38 0·86—2·23 0·187 

ICU admission after index 
blood culture 

(A) ARB only 1·25 1·07—1·46 0·005 1·04 0·87—1·24 0·668  ⁑ Omitted  

(B) A + FEH,Y,P 1·05 0·89—1·25 0·560 0·88 0·73—1·07 0·192  ⁑ Omitted  

LOS after index blood 
culture 

(A) ARB only 1·14 1·05—1·24 0·001 1·08 0·99—1·19 0·088 1·25 1·03—1·51 0·026 

(B) A + FEH,Y,P 1·13 1·04—1·22 0·004 1·05 0·96—1·15 0·326 1·31 1·08—1·59 0·005 

Gram-positive (N=582 all hospital patients, N=443 among hospital-acquired BSIs, N= 139 among community-acquired BSIs) 

30-day mortality after 
index blood culture 

(A) ARB only 1·45 1·12—1·88 0·005 1·29 0·98—1·71 0·069 1·76 0·87—3·55 0·115 

(B) A + FEH,Y,P 1·41 1·07—1·85 0·015 1·31 0·98—1·77 0·071 1·19 0·53—2·67 0·669 

Overall mortality after 
index blood culture 

(A) ARB only 1·45 1·13—1·86 0·003 1·30 0·99—1·70 0·058 1·55 0·81—2·95 0·188 

(B) A + FEH,Y,P 1·46 1·12—1·91 0·005 1·40 1·04—1·87 0·024 1·00 0·48—2·08 0·999 

(A) ARB only 0·96 0·76—1·22 0·738 0·80 0·62—1·04 0·093 ⁑ Omitted 
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ICU admission after index 
blood culture (B) A + FEH,Y,P 0·83 0·64—1·09 0·188 0·71 0·53—0·95 0·023 ⁑ Omitted 

LOS after index blood 
culture 

  

(A) ARB only 1·22 1·09—1·36 0·015 1·04 0·91—1·19 0·547 1·21 0·91—1·6 0·189 

(B) A + FEH,Y,P 1·14 1·01—1·29 0·030 1·07 0·94—1·23 0·304 1·69 1·26—2·25 0·000 

Gram-negative (N=767 all hospital patients, N=629 among hospital-acquired BSIs, N= 138 mong community-acquired BSIs) 

30-day mortality after 
index blood culture 

(A) ARB only 1·42 1·12—1·79 0·004 1·46 1·12—1·91 0·005 1·13 0·59—2·16 0·711 

(B) A + FEH,Y,P 1·46 1·13—1·87 0·003 1·65 1·24—2·19 0·001 1·17 0·57—2·4 0·673 

Overall mortality after 
index blood culture 

(A) ARB only 1·45 1·15—1·82 0·002 1·49 1·15—1·92 0·002 1·07 0·56—2·03 0·839 

(B) A + FEH,Y,P 1·45 1·14—1·85 0·003 1·61 1·23—2·12 0·001 1·11 0·54—2·27 0·778 

ICU admission after index 
blood culture 

(A) ARB only 1·41 1·14—1·75 0·001 1·20 0·94—1·54 0·138  ⁑ Omitted  

(B) A + FEH,Y,P 1·46 1·15—1·86 0·002 1·32 0·99—1·75 0·049  ⁑ Omitted  

LOS after index blood 
culture 

(A) ARB only 1·08 0·95—1·22 0·237 1·11 0·98—1·25 0·115 1·43 1·11—1·84 0·006 

(B) A + FEH,Y,P 1·16 1·02—1·32 0·023 1·01 0·87—1·15 0·959 1·41 1·08—1·85 0·012 

Notes: Individual-clustered standard errors were estimated, and all models incorporated a constant term. Logistic regression models were computed for mortality and ICU admission outcomes. 
Poisson regression models were used for LOS. ☨Three (A, B, C) models were performed: (A) only considered ARB, compared to ASB BSI, as an independent variable; (B) considered ARB, 
compared to ASB BSI, and three variables as fixed effects (hospital, year, and pathogen); *Gram-positive bacteria included Staphylococcus aureus and Enterococcus spp.; Gram-negative bacteria 
included Acinetobacter baumannii, Enterobacterales, and Pseudomonas aeruginosa. See Tables S13-S20 for the full models of mortality, LOS, and ICU admission. Table S23 summarizes the 
pathogen-specific analysis. . ⁑ Models were omitted due to a lack of variability in the outcome (only two patients with community-acquired ARB BSIs were admitted to the ICU). ARB Antibiotic-
resistant bacteria. BSI= Bloodstream infection. CI= Confidence interval. FE= Fixed effect. ICU= Intensive care unit. BC= blood culture. LOS= Length of hospital stay. 
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Table 3. Adjusted survival analysis results in the presence of competing risks for antibiotic 
resistant bacteria blood stream infections (ARB BSIs), compared to antibiotic susceptible 
bacteria (ASB), among all hospital patients’ BSI episodes and those with hospital-acquired 
infections. 

Pathogen Model☨ 
IPW-adjusted survival model 

HR 95% CI p 

All hospital patients      

(A) All bacteria  

         (N=1,349) 
 

1.A ARB only 1·34 1·15—1·55 <0·001 

1.B 1.A + FEH,Y,P 1·37 1·18—1·59 <0·001 

1.C 1.B + IV 1·35 1·16—1·58 <0·001 

  (B) Gram-positive 

        (N=582) 

 

2.A ARB only 1·35 1·10—1·67 0·004 

2.B 2.A + FEH,Y,P 1·34 1·09—1·67 0·007 

2.C 2.B + IV 1·33 1·07—1·66 0·008 

  (C) Gram-negative 

        (N=767) 

 

3.A ARB only 1·33 1·09—1·63 0·004 

3.B 3.A + FEH,Y,P 1·37 1·10—1·70 0·005 

3.C 3.B + IV 1·34 1·08—1·67 0·009 

Hospital-acquired BSIs     

(A) All bacteria  

        (N=1,072) 

 

1.A ARB only 1·30 1·11—1·52 0·001 

1.B 1.A + FEH,Y,P 1·32 1·12—1·55 <0·001 

1.C 1.B + IV 1·34 1·14—1·58 <0·001 

  (B) Gram-positive 

        (N=443) 

 

2.A ARB only 1·24 0·99—1·54 0·050 

2.B 2.A + FEH,Y,P 1·30 1·03—1·63 0·024 

2.C 2.B + IV 1·29 1·03—1·63 0·030 

  (C) Gram-negative 

        (N=629) 

 

3.A ARB only 1·38 1·11—1·71 0·004 

3.B 3.A + FEH,Y,P 1·50 1·18—1·91 <0·001 

3.C 3.B + IV 1·49 1·17—1·92 <0·001 

Community-acquired BSIs     

(A) All bacteria  

        (N=277) 

 

1.A ARB only 1·21 0·81—1·81 0·349 

1.B 1.A + FEH,Y,P 1·28 0·85—1·91 0·239 

1.C 1.B + IV 1·38 0·90—2·10 0·139 

  (B) Gram-positive 2.A ARB only 1·45 0·83—2·56 0·195 
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        (N=139) 

 
2.B 2.A + FEH,Y,P 1·04 0·61—1·76 0·886 

2.C 2.B + IV 1·12 0·65—1·93 0·693 

  (C) Gram-negative 

        (N=138) 

 

3.A ARB only 1·03 0·59—1·81 0·919 

3.B 3.A + FEH,Y,P 0·98 0·54—1·80 0·956 

3.C 3.B + IV 1·04 0·55—1·98 0·894 

Notes: ARB= Antibiotic-resistant bacteria. ASB= Antibiotic-sensitive bacteria. IPW= Inverse-probability weighting. HR= Hazard 
ratios. ☨Three (A, B, C) models were performed: (A) only considered ARB as an independent variable, compared to ASB BSIs; 
(B) considered ARB versus ASB BSIs, and three variables as fixed effects (hospital, year, and pathogen); (C) considered (B) + 
additional time-varying independent variables where consistent. CRE= Carbapenem resistant Enterobacterales. MRSA/MRSA= 
Methicillin- susceptible or resistant Staphylococcus aureus. CSPA/CRPA= Carbapenem- susceptible or resistant Pseudomonas 
aeruginosa. CSAB/CRAB= Carbapenem- susceptible or resistant Acinetobacter baumannii. VSE/VRE= Vancomycin- 
susceptible or resistant Enterococcus spp. Table S21 contains the full results for all bacteria and Gram-types. BSI= 
Bloodstream infection. CI= Confidence interval. FE= Fixed effect. IV= independent variables. Supplementary Table S24.4 
displays the cumulative number of deaths per model.

1 
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Figure 1. Incidence of ARB and ASB BSI episodes and resistance levels over time by 
pathogen. 

(A) Incidence of BSIs and ARB BSIs observed in sampled hospitals (in counts) over time 
and by pathogen. (B) Total proportion of ARB bacteria over time, by pathogen.  
Notes: ARB= Antibiotic resistance. ASB= Antibiotic sensitive. CRE= Carbapenem/cephalosporin resistant 
Enterobacterales. MRSA= Methicillin-resistant Staphylococcus aureus. CRPA= Carbapenem-resistant 
Pseudomonas aeruginosa. CRAB= Carbapenem-resistant Acinetobacter baumannii. VRE= Vancomycin-resistant 
Enterococcus spp. Total isolates; CRPA=154, CSPA=84; CRAB=56, CSAB=5, CRE=233, CSE=235,  VRE= 62, 
VSE=116, MRSA= 133, MSSA=271.
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Figure 2.  Unadjusted distribution of the main outcomes by pathogen and resistance levels. 
(A) Mortality proportions by pathogen and resistance level among sampled patients. (B) ICU 
admission proportions by pathogen and resistance level among sampled patients. (C) 
Length of hospital stay by pathogen and resistance level among sampled patients. (D) Total 
hospital economic costs by pathogen and resistance levels. 

Notes: LOS= Length of hospital stay. ICU= Intensive care unit. ARB= Antibiotic resistance. ASB= Antibiotic 
sensitive. Pathogen-specific antibiotic resistance and susceptibility included carbapenem/cephalosporin resistant 
Enterobacterales, methicillin- susceptible or resistant Staphylococcus aureus, carbapenem- susceptible or 
resistant Pseudomonas aeruginosa, carbapenem- susceptible or resistant Acinetobacter baumannii, and 
vancomycin- susceptible or resistant Enterococcus spp. Whiskers/error bars present 95% confidence intervals 
(CI). For proportions, we estimated 95% CIs using Wald’s margin of error.
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Figure 3. Cumulative incidence of in-hospital mortality over time among hospital-acquired 
blood stream infections using an adjusted competing-risk model by pathogen.  
Notes: ARB= Antibiotic-resistant bacteria, ASB= Antibiotic-susceptible bacteria. Each model was adjusted by 
resistance level, and individual-clustered standard errors were used. Pathogen-specific antibiotic resistance and 
susceptibility included carbapenem/cephalosporin resistant Enterobacterales, methicillin- susceptible or resistant 
Staphylococcus aureus, carbapenem- susceptible or resistant Pseudomonas aeruginosa, carbapenem- 
susceptible or resistant Acinetobacter baumannii, and vancomycin- susceptible or resistant Enterococcus spp. 
IPW=Inverse probability weighting. HR= Hazard ratio. CI= Confidence interval. Figure S9 displays the entire 
period, while it was restricted to 100 days in this picture. Models were only weighted using IPW; no additional 
independent variables were added. Supplementary Table S25.1 shows the number of patients at risk and 
cumulative deaths by period.  
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Abstract 

 

Background. Methicillin-resistant Staphylococcus aureus (MRSA) and carbapenem-

resistant Enterobacterales (CRE) incur greatest burden among WHO critical pathogens. 

Evidence for sex differences among antibiotic resistant bacterial infections, including MRSA 

and CRE, is burgeoning but its influence on policy remains nascent. 

Methods. We assessed excess length of hospital stay, ICU admission and mortality burdens 

by sex from CRE/MRSA from a cohort study of 469 patients with Enterobacterales and 404 

with Staphylococcus aureus symptomatic infections in Chilean hospitals, 2018-2021. We 

used propensity scores to balance patient characteristics and inverse-probability weighting 

combined with descriptive, logistic, and competing-risks analyses. Next, we developed a 

sex-stratified deterministic compartmental model to analyse hospital transmission dynamics 

and the cost-effectiveness of nine interventions against CRE and MRSA, including pre-

emptive measures for new admissions and chromogenic agar and PCR tests, alongside 

decolonisation and contact precautions. Parametrizing the model with the hospital data, we 

estimated the projected benefit of targeting interventions. We assessed these interventions 

based on the incremental cost-effectiveness ratio (ICER) per quality-adjusted life year 

(QALY) gained, setting the ICER threshold at $16,230 per QALY over one year. Net benefits 

(NB) across varying hospital-bed coverage rates were calculated using estimated ICERs and 

willingness to pay (WTP). 

Findings. After accounting for underlying health-conditions, the probability of women 

presenting CRE and MRSA were 0·44 (95% CI= 0·48-1·01, p=0·050) and 0·73 (95% CI= 

0·28-0·70, p=0·001), respectively. Competing-risk models indicated higher mortality rates 

among women, compared to men. Mathematical model projections showed that pre-emptive 

isolation across all newly admitted high-risk men was the most cost-effective intervention 

(ICER=$1,366 and 1,083/QALY for CRE and MRSA model, respectively). Chromogenic agar 

coupled with MRSA decolonisation was second most cost-effective with $2,099/QALY, 
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followed by screening plus isolation or pre-emptive isolation strategies (ICER ranging 

between $2,411 and $4,216/QALY across CRE and MRSA models). Probabilistic sensitivity 

analysis showed that strategies were ICER<WTP in 80% of simulations, except for testing 

plus digestive decolonisation for CRE. At a 20% national hospital coverage, the healthcare 

system could save at least $12·2 million under any of the intervention scenarios. 

Interpretation. Targeted infection control strategies are urgently needed to address rising 

CRE and MRSA rates. The greatest health-economic gains can be expected from prioritising 

burden reduction in women, which, counterintuitively, requires targeting men with 

interventions as they contribute disproportionately to transmission. 

 

Keywords: Mathematical modelling, Antibiotic resistance, Transmission dynamics, 

Interventions, Cost-effectiveness 
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Research in context 

 

Evidence before this study 

Studies have established the effectiveness of various interventions, such as screening, 

isolation, and decolonisation, in controlling the spread of Methicillin-resistant Staphylococcus 

aureus (MRSA) and carbapenem-resistant Enterobacterales (CRE). Interventions are 

typically applied to whole hospital populations, failing to take advantage of our 

understanding that risk factors for CRE/MRSA stem from local, epidemiologically driven 

processes. The literature on tailoring interventions to these specific risk factors remains 

limited. 

 

Added value of this study 

Using the most comprehensive CRE/MRSA survey conducted in Chilean hospitals to date, 

we identified significantly fewer infections among women but showed that their infection 

burden was higher than men’s.  Accounting for these important sex differences in a new 

mathematical model of both CRE and MRSA, we used the hospital data to inform the 

projected benefit of a suite of alternative interventions. Our model demonstrates a clear 

advantage to targeting men with pre-emptive interventions and the level of gains achievable 

are 519 QALYs per year in a 1,000-bed hospital, compared to standard-of-care. Our analysis 

highlights substantial net benefits at the national level, scaling from $12·12 million with 20% 

of hospital-beds targeted with the least cost-effective strategy to $346·15 million when 100% 

hospital-beds are covered with the most cost-effective strategy. Additionally, in determining 

sensitivity trade-offs with timeliness of diagnosis, we developed a target product profile for 

future development of diagnostics. 

 

Implications of all the available evidence 
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This study's findings are pivotal for shaping public health policies and refining hospital 

infection control measures. Implementing strategies customised to the unique risk profiles, 

health impacts, transmission dynamics, and intervention responses across diverse patient 

cohorts promises to amplify the efficacy of infection control efforts, thereby enhancing net 

monetary benefits.  
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Introduction 

 

Antibiotic-resistant bacteria (ARB) represent a pressing global health challenge.1 

Sociodemographic and anthropogenic factors are key in facilitating their spread.2 Limited 

information on costs and the cost-effectiveness of hospital interventions to reduce antibiotic 

resistance (ABR) hinders efficient resource allocation.3 Recent evidence suggests that, in 

certain contexts, pharmaceutical and non-pharmaceutical interventions have emerged as the 

most cost-effective measures.4 Decolonisation (e.g., using topical agents or selective 

digestive decontamination)5-9, diagnostics (e.g., chromogenic agar, polymerase chain 

reaction)10-15, and isolation via contact precaution (e.g., use of gowns and gloves)7,9,16,17 were 

primary measures for infection control, with numerous interventions outperforming standard 

care by being both less costly and more efficient.6-9,17 However, the majority of the literature 

has concentrated on unit-based or whole-hospital populations. This approach is likely 

suboptimal, given the existing heterogeneities in ARB infections and the risk factors 

associated with higher rates.7,15,18,19 Accommodating heterogeneity in ARB infections 

requires adapting control to local demographics and disease ecologies.4 Importantly, 

variations have been reported in terms of disease impact and dynamics between sexes20-24 

but these have not translated into optimising cost-effective interventions.20-22  Despite men 

typically having higher ARB incidence, women generally have a worse prognosis—

attributable to hormonal, behavioural, and genetic characteristics affecting the expression of 

virulence factors.22-26 Comprehensive sex-based analyses of ARB are needed for improved 

infection control and health outcomes.27-39  

In South America, Methicillin-resistant Staphylococcus aureus (MRSA) and carbapenem-

resistant Enterobacterales (CRE), constitute 22·0% (12·2 per 100,000) and 33·9% (19·1 per 

100,000) of ARB cases, respectively.1 While these rates align with worldwide prevalence, 

mortality rates are particularly high in this region, with age-standardised deaths reported at 

56·3 (40·2–76·3) per 100,000 individuals.40 Our study was conducted in Chile including 



 153 

1,218 infected patients, either associated with ARB or antibiotic-susceptible bacteria, and 

their clinical (e.g., mortality, intensive care unit admission), and sociodemographic data (e.g., 

age and sex). Full details have been described in a previous study.41 In this setting, CRE 

and MRSA infections demonstrated notable prevalence rates of 49·8% and 33·1%, 

respectively, responsible for $10,300 excess hospital costs per patient.41 Yet, Chile's 

National Action Plan (NAP42) for ARB currently provides insufficient guidance on screening, 

decolonisation treatments and isolation at the point of care. The plan primarily focuses on 

embracing standard precautions, such as early identification and the prompt implementation 

of additional safety measures, including the use of personal protective equipment and hand 

hygiene. However, this hinders effective prevention of CRE/MRSA transmission and falls 

short in stating specific screening tools and decolonisation treatments.43  

This study aims to identify differences between sexes in terms of incidence and health 

outcomes in Chilean hospitals, and to capitalise on these differences to inform optimised 

health-economic targeting of interventions for CRE and MRSA. 

 

Methods 

 

We used a pathogen-specific sex-structured deterministic model of MRSA and CRE, 

adapted from previous literature27-37,44, to assess in-hospital transmission dynamics. We 

computed parameters from statistical analyses of patient data collected from three large 

Chilean hospitals (first stage), then integrated these into a novel compartmental model to 

determine the impact of alternative approaches and targeting strategies in reducing disease 

burden (second stage). 

 

First stage: Statistical analyses of CRE/MRSA data 
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Drawing upon data from a retrospective matched-parallel cohort study in tertiary 

hospitals41,45, we used descriptive analysis (subgroup means and standard deviations) and 

inverse probability weighting (IPW) techniques46 to analyse the burden of MRSA or CRE in 

symptomatic hospital patients with positive blood cultures (469 and 404 for CRE and MRSA, 

respectively). We estimated a propensity score to match MRSA with MSSA and CRE with 

CSE populations according to their baseline characteristics prior to infection (e.g., antibiotic 

consumption, prior hospitalisation, community-acquired infection, age). These characteristics 

were selected upon improved Bayesian Information Criterion (BIC), correlation analysis 

(using Pearson X2), while keeping a Variance Inflation Factor (VIF) <10. Subsequently, we 

computed pathogen-specific IPW-adjusted logistic regressions for ICU admission, and 

survival regressions accounting for competing-risks (i.e., mortality and discharge)47 to 

determine the co-hazards associated with sex, ARB (e.g., MRSA/MSSA or CRE/CSE) and 

disease severity (e.g., general wards or ICU admission). Marginal effects were computed for 

sex-specific estimates. Additionally, we collated data on prior antibiotic usage (i.e., methicillin 

or carbapenems), and length of hospital stays, across pathogens and patient sex. A more 

detailed description of the study is found in Supplementary Box A1.41 

 

Second stage: Mathematical model  

We created two deterministic models, each separately capturing the progression of CRE or 

MRSA transmission in hospitals through epidemiological states. We included men and 

women patients uncolonised (U), colonised but asymptomatic (by either 

carbapenem/methicillin-resistant ‘CR’ or -susceptible ‘CS’ Enterobacterales/S. aureus), 

symptomatic with mild or severe infections (IRMil and IRSev for CRE/MRSA and ISMil and ISSev 

for CSE/MSSA) and dead or recovered (DR or DS  and RR or RS, repectively, and depending 

upon antibiotic susceptibility) (Supplementary Figure A1). Dual-carriage of susceptible and 

resistant strains was not incorporated following the assumption that mixed carriage is 

predominantly sensitive-colonised (CSE or MSSA) and do not further transmit the resistant 
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strain in the absence of antibiotics.48 A stable hospital inpatient population was maintained 

by adjusting daily admissions to daily deaths and discharges. Recovery and treatment were 

adjusted to the pathogen-specific data. Treatment metrics showed the proportion of patients 

receiving antibiotics in compliance with pathogen’s susceptibility guidelines.29 Risk-group 

specific length of hospital stay, discharge rates, and patient’s movement between risk-

severity groups within healthcare setting were also included. Individuals could transition 

health states daily. See Supplementary Tables A1-2 for full description of the baseline 

conditions and parameters used to calibrate the model. The ordinary differential equations 

used to describe system dynamics are in Supplementary Text. 

 

Computational simulations 

We computed the transmission parameter by fitting our model to the most recent prevalence 

rates for CRE/MRSA49 utilising the Runge-Kutta50 optimisation method. Relative 

transmission from men and women was informed by the propensity score estimates 

obtained from the first stage (in the form of odds ratios; OR comparing men relative to 

women). We did a global sensitivity analysis to identify the parameters that had greatest 

influence on both CRE/MRSA transmission. Parameter uncertainty was incorporated using 

the Latin hypercube sampling method with 1,000 simulations51 and calculated the partial 

rank correlation coefficient (PRCC).51 

 

Intervention strategies 

We evaluated screening (using chromogenic agars and polymerase chain reaction methods 

‘PCR’52), isolation via enhanced contact precaution (e.g., monitoring and use of gloves and 

gowns16,53), and decolonisation strategies (mupirocin54 and digestive decontamination55 for 

MRSA and CRE, respectively) per pathogen model (see Supplementary Table A3), informed 

from a recent systematic literature review of the most cost-effective testing-treatment 
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combination strategies.4 After computing our base scenario with no intervention (S0), we 

simulated 9 strategies for transmission prevention (S1-S9). S1, S2, and S3 included 

screening all newly admitted patients using chromogenic agar 48 hours, chromogenic agar 

24 hours, and PCR, respectively, + decolonisation among CRE/MRSA+. S4, S5 and S6 

comprised the same screening diagnostics plus isolation (contact precaution) among 

CRE/MRSA positives. S7, S8 and S9 involved pre-emptive isolation among all new 

admissions, and only men or women, respectively. Efficiency parameters for diagnostics, 

isolation and treatments are detailed in Supplementary Table A4. We simulated a range of 

intervention coverage levels. We accommodated differential risk of infection between sexes 

by adjusting the success rates of pre-emptive isolation. For example, pre-emptively isolating 

only men would isolate 1·37-fold more MRSA infectious individuals relative to isolating an 

equivalent number of mixed-sex patients because the OR of MRSA infections among 

women was 0·73 (equivalent to 1·37 among men, if reference group was reversed, i.e., 

1/0.73). 

 

Health economics 

We evaluated cost-effectiveness by calculating the incremental cost-effectiveness ratio 

(ICER) comparing the 9 strategies versus a ‘do-nothing’ base scenario using the healthcare 

perspective. We followed the WHO best practices for AMR prevention and control and the 

Consolidated health economic evaluation reporting standards (CHEERs).56,57  We also 

evaluated the number of averted infected and dead patients associated with CRE/MRSA , 

and quality-adjusted life years (QALYs) associated with health states. Economic costs 

included diagnostic, hospital bed-days (general wards, intermediate care and intensive care 

units ‘ICU’) and drug (i.e., colistin, gentamicin, mupirocin, and chlorhexidine). Hospital bed-

days and diagnostic tests’ costs were sourced from Chile’s public health insurance 

program.58 Antibiotic costs for decolonisation schemes were extracted from Chile’s 

government unit in charge of acquiring and distributing drugs and medical supplies.59 All 
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costs were expressed in 2022 USDs and no discount rate was applied due to 1-year time 

horizon. We reported the ICER per QALY gained for each strategy. See Supplementary 

Tables A4-5 for more information. Finally, we extrapolated our results to the national level 

accounting for 37,397 hospital beds in the country.60 Willingness-to-pay ‘WTP’ was defined 

following Chile’s gross-domestic product (GDP) per capita ($16,265). We calculated the net 

benefit (‘NB’= (WTP per QALY – cost per QALY)*QALYs gained) of each intervention, 

compared to base scenario, and following coverage at 20, 40, 60, 80 and 100% of total 

country’s hospital beds (n=30,000 beds, those used for psychiatric care were excluded).60 

Uncertainty intervals for QALYs gained and NB were computed adjusting our models to 

pathogen’s prevalence lower and upper bounds.49 

Probability sensitivity analyses were performed for intervention parameters using 1,000 

random samples. We varied diagnostic sensitivities, test turnaround time, isolation and 

decolonisation efficiency, and health utilities, utilising a beta distribution for rates and gamma 

distribution for costs and turnaround time. Due to uncertainty in parameter’s confidence 

interval, we assumed a sample size of N=100 for parameters reporting rates, allowing us to 

derive the alpha (α) and beta (β) parameters of a beta distribution to approximate the 

confidence interval based on the known mean. For modelling economic costs and 

turnaround times, we selected a k parameter of 0.5 for the gamma distribution, appropriate 

due to the skewness observed in cost distribution, with a high concentration of values near 

the lower end. We estimated the percentage of cost-effective (ICER<WTP) simulations per 

strategy at different WTP thresholds. 

 

All statistical analyses were performed in R version 3.3.4. Full code is available at 

https://bit.ly/3sgnmrU. 

 

https://bit.ly/3sgnmrU
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Role of the funding source 

 

The funder of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. Authors had full access to all the data in the study and 

had final responsibility for the decision to submit for publication. 

 

Results 

 

First stage: Epidemiology of sex-stratified CRE/MRSA 

Supplementary Tables A6-7 and Figure 1 display the sex-stratified incidence and main 

characteristics of symptomatic infection for Enterobacterales (56·1% and 40·8% with CRE 

among 278 men and 157 women, respectively; χ² p<0·001) and Staphylococcus aureus 

(35·2% and 29·3% with CRE among 247 men and 157 women, respectively, χ² p=0·042). 

Higher mortality and ICU admissions after diagnosis were found among women with MRSA, 

compared to men (45·6% versus 34·5%, χ² p=0·034; and 45·7% versus 37·9%, χ² p=0·038, 

respectively). Although similar mortality rate was experienced, extended length of hospital 

stay (LOS) was found among women with CRE, compared to men (29·9 versus 24·3, 

respectively; χ² p=0·049). Our propensity score estimation indicated that women were 0·44 

(95% CI= 0·48-1·01, p=0·050) and 0·73 (95% CI= 0·28-0·70, p=0·001) times less likely to 

acquire CRE and MRSA under baseline conditions , respectively (Supplementary Tables A8-

9 and Figures A3-4 for density checks). Our IPW-adjusted models suggested greater ICU 

admissions among women with MRSA and men with CRE, compared to men and women 

with their susceptible counterparts (Supplementary Table A10 and Figures A5-6 for sex-

marginal effects). Supplementary Table A11 and Figures A7-8 show that women had the 

highest mortality rate associated with CRE and MRSA in survival models with competing 

risks (hazard ratio ‘HR’=2·40, 95% CI= 1·5-3·9, p<0·001 and HR=2·34, 95% CI=1·3-4·1, 
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p=0·003 for women in the ICU if compared to the lowest mortality rate exhibited in men with 

CSE or MSSA in general wards, respectively). 

 

Second stage: Mathematical model 

Pre-emptive isolation and testing + isolation strategies improved health outcomes and 

reduced costs the most, regardless of pathogen (Figure 2 and Supplementary Figures A9-

11). The best strategy for CRE was pre-emptively isolating men, averting 1,700 infections 

and 36 CRE-associated deaths per year, producing an ICER equal to $1,366 per QALY 

gained. The most cost-effective CRE-screening strategy used PCR (ICER=3,156) and 

chromogenic agar enriched with carbapenems (ICER=3,157), although the former strategy 

averted double the number of infections and associated deaths. All CRE decolonisation 

strategies had ICER>WTP due to the low efficacy of this treatment coupled with its 

prolonged duration. For MRSA, chromogenic agar enriched with salt and oxacillin was 

preferred for screening carriers and resulted in better value for money. Testing plus MRSA 

decolonisation among all new admissions, totalled ICERs of $2,099, $1,900, and $1,850 per 

QALY gained, respectively, reducing annual deaths per 1,000 hospital beds (i.e., [number of 

deaths/1,000 hospital beds]*365) by 9·9, 3·7, and 5·8, respectively. This strategy was cost-

effective and preferred to all test + isolation interventions because isolated patients continue 

to contribute to within-hospital transmission (e.g. via healthcare workers) whereas 

decolonised patients do not. The most cost-effective strategy for MRSA was pre-emptive 

isolation of newly admitted men (ICER=$1,083, saving 32·1 deaths per 1,000 hospital beds 

annually). 

PCR testing combined with isolation strategies led to a 22·2% and 30·8% decrease in CRE 

infections per 100 admissions and deaths per 100,000 hospital-bed days, respectively, 

compared to a do-nothing scenario (Figure 2, panel A and B). Similarly, MRSA infections 

decreased by 46·2% and deaths by 41·5 % (Figure 2, panel C and D). Isolating men pre-

emptively led to similar figures. 
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Health benefits per new admission were greatest when pre-emptively isolating men, with 

0·0121 and 0·014 incremental QALYs and $14·9 and $16·8 incremental costs per new 

admission among CRE and MRSA, respectively, compared to a do-nothing scenario 

(Supplementary Figure A12). 

 

PSA analysis and WTP 

Supplementary Figures A13-4 display the PSA analysis per pathogen and strategy 

intervention suggesting consistent increased effectiveness in 100% scenarios and positive 

average incremental costs. Utilising PSA results, the ICER fell below the WTP thresholds of 

$8,000 and $16,000 per QALY gained in 80% and 100% of simulations, respectively, for pre-

emptive isolation strategies (covering all new admissions and high-risk men) and the PCR 

plus isolation approach in CRE/MRSA models (Supplementary Figure A15). Agar-based 

screening combined with isolation was deemed cost-effective in over 81% of simulations at 

WTP=$16,265 per QALY. Notably, for MRSA, strategies involving 48-hour agar screening 

and PCR combined with decolonisation were cost-effective in more than 80% of simulations, 

using the national WTP threshold. However, decolonisation schemes for CRE only reached 

cost-effectiveness in 55% of simulations at country WTP. 

 

Analysis of the intervention strategies impact at national scale 

Health-economic gains were best following pre-emptive isolation of high-risk individuals 

(specifically males) or all new admissions, or PCR screening of new admissions followed by 

isolation of those testing positive for CRE/MRSA (Table 2). Implementing these strategies in 

at least 20% of national hospital beds could yield monetary benefits exceeding $47·4 

millions per year. Increasing this coverage to 40% shows the most substantial incremental 

gain more than doubling monetary savings, while extending to 80% coverage produces net 

benefits ranging between $189·7 and $276·8 million, depending on strategy. Conversely, 
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widespread adoption of digestive decolonisation approaches for CRE could result in financial 

deficits across all levels of hospital-bed coverage, as indicated by a negative NB. 

 

Global sensitivity analysis of the model 

Supplementary Figure A16 displays global sensitivity analysis results. For the CRE model, 

key factors included the transmission parameter (PRCC = 0·37, p<0·001), discharge rates 

for uncolonized individuals (men: PRCC = 0·38, women: PRCC = 0·31, p<0.001 and 

p=0·007, respectively), and rates of CRE clearance and treatment (PRCC = -0·52 and -0·38, 

p<0·001). In the MRSA model, significant parameters were the clearance rate and treatment 

rate among men (PRCC = -0·47 and -0·32, p<0·001), while transmission rate, discharge rate 

among women, and progression to infection from MRSA colonisation had significant positive 

influence on MRSA burden (PRCC = 0·58, 0·35, 0·31; p<0·001, p=0·001, and p=0·004, 

respectively). Sensitivity of diagnostic tests and result delays were also analysed, showing 

that a 10% increase in test sensitivity could prevent 164 to 72 CRE and 183 to 125 MRSA 

infections (Supplementary Figures A17-8), if test turnaround was kept constant at three or 

one day, respectively. Reducing turnaround from three days to one day could prevent up to 

1,242 CRE and 1,713 MRSA infections, assuming constant test sensitivity. 

 

Discussion 

 

We evaluated the sex-specific epidemiology of CRE and MRSA, demonstrating distinct 

patterns in infection rates and clinical outcomes. We used mathematical modelling to test a 

combination of strategies to reduce the burden of CRE/MRSA in hospitals, capitalising on 

these patterns to improve projected health-economic gains.. 
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We showed significant sex-based differences in both incidence and clinical outcomes. 

Higher CRE/MRSA incidence rates have also been found among males in the wider region61 

and elsewhere, including Europe.22,61-63 Reasons for these differences are uncertain but 

could be due to sex-specific risk factors that predispose men to CRE/MRSA acquisition (e.g., 

diabetes, indwelling devices, etc.).20-24,61,62 Our data suggested that observed sex differences 

were associated with elevated antibiotic consumption and increased prior hospitalisations 

(CRE and MRSA), and higher rates of kidney therapy and mechanical ventilation prior to 

infection diagnosis (CRE) among men. After accounting for major confounders, we found 

that mortality was higher among women. This result is consistent with prior findings,64-67 but 

does not specifically pertain to Chile. A meta-analysis revealed that, considering adjusted 

estimates for confounding factors, women exhibited a 1·18-fold increase in Staphylococcus 

aureus mortality across 95,469 patients.66 Additionally, women have demonstrated higher 

mortality rates in conditions such as endocarditis,68 hospital-acquired bloodstream 

infections,67 and severe sepsis.69 Potential reasons include behavioural factors like delayed 

care-seeking, treatment postponements, and lower quality of acute care compared to men, 

as indicated by a US-based study examining care quality across sociodemographic 

groups.70 However, our observed survival disadvantages for women could also be small due 

to limited information on multiple organ dysfunction of non-infectious origin among severe 

infections,71 which we could not test. 

 

Chile’s NAP does not accommodate these differences,72 and this is generally the case for 

other countries as well.73 While Denmark’s NAP recognises risk and vulnerability 

assessments among high-risk groups, including women with urinary tract infections, and 

acknowledges potential differences in antibiotic usage, infections, and burdens, these have 

not translated into sex-specific intervention targeting.74 We could not identify any country 

which currently includes this as an explicit consideration in their NAP.  
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We contribute important advocacy for accounting for sex differences when strategizing 

control that goes beyond addressing inequities. Pre-emptive isolation or contact precaution, 

particularly of men and all new admissions, emerged as a significantly impactful measure, 

reducing CRE and MRSA75 transmissions and presenting the lowest ICER when compared 

to the standard care. Some studies suggest the opposite due to extensive resource 

implications,7 but it improves health outcomes efficiently if patients are in critical care or 

high-CRE/MRSA prevalence settings,76-78 like Chile.41,49 We found that isolating high-risk 

male carriers of CRE/MRSA can indirectly protect women's health by curbing pathogen 

spread in healthcare environments. Supporting evidence from a qualitative study suggests 

men typically exhibit greater acceptance in response to hospital isolation, bolstering the case 

for this targeted intervention.79 Additionally, PCR testing coupled with contact precaution 

demonstrated best value for money among CRE and MRSA individuals. For instance, ICERs 

have ranged from $13,904/life year saved80 and $80,159/QALY7 gained for MRSA if same 

strategy was applied.8,17 We observed lower ICERs due to increased costs associated with 

bed-days and personnel in the UK- and US-based studies, where MRSA prevalence is 

notably low (≈2%).7,80 These results underly the efficacy of combining rapid diagnostic 

techniques with strict isolation protocols. However, results should be taken with caution as 

poorer compliance and hospital-specific risks could affect transmissibility and therefore the 

effectiveness of such interventions locally and state-wide.81 For instance, a study noted that 

contact precaution strategies for extended-spectrum beta-lactamase (ESBL)-producing CRE 

had a limited effect in high-income European countries like Germany, Spain, Switzerland, 

and the Netherlands, particularly in settings with extensive surveillance.98 While findings vary 

in other regions,99-100 it's crucial to recognise that the effectiveness of contact precautions 

can differ significantly across different hospital environments and countries. 

 

In line with our study results, the use of mupirocin for MRSA has demonstrated to be a cost-

effective strategy coupled with PCR screening,82 with ICERs ranging from dominant 
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strategies (ICER<0) to $11,005/QALY gained.5,7,8,83 Yet, one study suggested an association 

between decolonisation with nasal mupirocin and a rise in infections by alternative 

microorganisms; however, the causal relationship remains to be definitively established.54 

Moreover, Martinez et al found different MRSA genetic lineages using whole-genome 

sequencing (WGS), replacing most traditional ChC MRSA clones (i.e., MRSA subtype based 

on their genetic lineage, often called community-associated MRSA clonal complex), which 

could impact the disease prevalence and death rates among Chilean populations.84 Yet, 

WGS may not be a viable strategy considering limited national infrastructure and 3-fold 

higher prices compared to PCR (WGS cost per isolate>$100).85 However, incorporating 

disease evolution in future mathematical models and economic evaluations should be 

acknowledged. 

 

Decolonisation strategies for CRE were the least cost-effective. We modelled gentamicin 

and colistin selective digestive decontamination for CRE decolonisation treatment, but 

literature is limited and there is no consensus over its applicability and safety due to 

posterior selection for resistance, toxicity, mutation, and disruption of gut microbiota.86,87 

Also, whether it is a viable strategy in high-resistance settings is not conclusive.101In our 

modelling, CRE decolonisation failed to meet ICER< country WTP, in concordance with 

recent European Committee on Infection Control guidelines which cautioned against its 

usage.88 One study found an ICER=$665/QALY gained in Hong Kong,6 but they used a 

significant daily reduction in transmission (≈35%) if under decolonisation treatment, 

compared to do-nothing. The study’s treatment duration visualised daily changes, whereby 

outcomes are evaluated at least 7 days after treatment imitation following a recent 

systematic literature review.86 Alternative strategies, including faecal microbiota 

transplantation, use of probiotics or bacteriophages, could be helpful, although with limited 

evidence and costlier to contact precaution strategies.89-92 New treatments among 

individuals with CRE could help better dissuade its transmission using new compounds not 
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yet available in Chile, such as ceftazidime/avibactam. A recent meta-analysis found it to 

produce 0.48-times lower 30-day mortality compared to colistin-based regimen 

(95%CI=0·33-0·69, p<0·001).93 This could be crucial in Chile where carbapenemase-

producing  Klebsiella pneumoniae was reported to increase from 12·8% pre–COVID-19 to 

51·9% after pandemic onset, suggesting an increment in ARB dissemination.94  

 

Our cost effectiveness estimates reported here are believed to be conservative: true net 

monetary benefits are likely to be more significant due to our interventions could also impact 

other healthcare-associated infections and associated burdens. Expanding on a national 

scale, implementing universal screening and isolation or pre-emptive strategies in at least 

20% of national hospital beds could lead to substantial financial benefits, exceeding $60 

million per year and gaining at least 2,000 QALYs. This suggests a strong case for the 

nationwide adoption of such strategies, following examples from other countries.95 

Additionally, we underscore the critical balance between test sensitivity and timely results in 

controlling infection rates; a 1% reduction in sensitivity marginally decreases infections 

(0·19-0·36%), but 1 day delay in obtaining test results significantly exacerbate the spread 

(21-29%), especially under optimal sensitivity conditions. 

 

Our study has limitations, primarily the reliance on simplified assumptions and questions 

about model generalisability. Employing some non-Chile-specific literature parameters, 

untested in local contexts, may obscure the actual effects of interventions and overlook the 

nuances of epidemiological dynamics. Also, the model's exclusion of re-occurrence or co-

infection or rehospitalizations, might lead to an underestimation of the full health benefits and 

cost savings achievable through CRE/MRSA control interventions. However, to mitigate 

these limitations, we used a two-stage approach, integrating best available epidemiological 

data from Chile. Furthermore, we did not test universal topical decolonisation among new 

admissions as other studies have done.7,9 However, we believe such strategies could select 
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for resistance in the long-run.96 We did not include within-host dynamics and interactions 

between susceptible and resistant strains, or relative growths when dual carriage is 

present.48 However, we used fitness costs for resistance strains and assumed that 

individuals had CRE/MRSA loads predominantly, making transmissibility by dual-strain 

carriage limited in the absence of antibiotics. Furthermore, the potential emergence of 

colistin resistance could negate any benefits from SSD among CRE carriers. Future 

research must consider the broader consequences of resistance development and its impact 

on the treatment of multidrug-resistant bacteria in model assessments. Finally, we 

acknowledge that our study did not differentiate gender-specific transmission rates; instead, 

we applied a uniform transmission parameter across the entire population, but utilised 

different gender-specific burden parameters based on our retrospective study. This 

approach underscores a critical area for future research enhancement, including the 

application of genomic data to deepen our understanding of these processes. 

 

In conclusion, our study accentuates the need for sex-, context-, and pathogen-specific 

strategies in managing hospital infections to optimise resource allocation and patient’s health 

outcomes. We must prioritise women's health by focusing control efforts on men for 

CRE/MRSA due to the higher transmission rates from men, indirect protection benefits for 

women, and addressing sex-disparate impacts of these infections. However, reduced 

availability of treatments remains as an essential gap as WHO alternative approach for 

governments should be prioritised including other potentially applicable diagnostic tests 

tailored to pathogen specifics.86,97  

 

Data Materials and software availability. Data are available in previous literature and full 

code used for analyses is available in Github at www.bit.ly/3sgnmrU. 

 

http://www.bit.ly/3sgnmrU
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Table 1. Base-case scenario and cost-effectiveness per strategy over a year’s time in a 1,000-beds hospital☨ 

 
Pathogen 

 
Strategy 

 
Population 

 
Scheme 

 
Costs ($) 

 

 
QALYs 

 

 
ICER 

($/QALY) 
 

Number of 
CRE/MRSA 
infections 

averted 
 

Number of 
CRE/MRSA 

deaths 
averted 

 
 
 
 
 
 
 
 
 
CRE 

Do-nothing N/A -  
17,857,343  

(17·56; 18·1 million) 

349,173  
(348,380; 
350,124) 

Ref. Ref. Ref. 

 
Testing + 

decolonisation 

 
All new 
admissions 

i) Chromogenic 
agar 48h 

18,949,142  
(18·66; 19·19 

million) 

349,232  
(348,442; 
350,177) 

18,586  
(17,505; 
20,783) 

957  
(786; 1,068) 

190  
(166; 206) 

ii) 
Chromogenic 
agar 24h  

19,125,883  
(18·84; 19·36 

million) 

349,247  
(348,457; 
350,190) 

17,270  
(16,279; 
19,263) 

1,168  
(960; 1,306) 

237  
(207; 257) 

iii) PCR  20,152,344  
(19·87; 20·39 

million) 

349274  
(348,486; 
350,216) 

22,745  
(21,515; 
25,182) 

1499  
(1231; 1677) 

325  
(286; 350) 

Testing + 
isolation 
(contact 

precaution) 

 
All new 
admissions 

i) Chromogenic 
agar 48h  

18,669,352  
(18·41; 18·88 

million) 

349,366  
(348,677; 
350,206) 

4,216  
(2,611; 
10,334) 

4,401  
(1,801; 7,012) 

641  
(262; 1,021) 

ii) 
Chromogenic 
agar 24h  

18,815,998  
(18·58; 19·06 

million) 

349,477  
(348,845; 
350,255) 

3,157  
(1,942; 7,738) 

6942  
(2,877; 10,989) 

1,011  
(419; 1,600) 

iii) PCR  19,760,327  
(19·58; 19·90 

million) 

349,776 
 (349,279; 
350,396) 

3,157  
(2,003; 7,396) 

13,793  
(5,959; 21,297) 

2008  
(867; 3,102) 

 
Pre-emptive 

isolation 
(contact 

precaution) 

 
All and sex-
specific 
new 
admissions 

i) All new 
admissions  

19,928,113  
(19·75; 20·07 

million) 

349,776  
(349,279; 
350,396) 

3,435  
(2,189; 8,014) 

13,792  
(5,959; 21,297) 

2,008  
(867; 3,102) 

ii) Men newly 
admitted  

18,743,732  
(18·55; 18·92 

million) 

349,822  
(349,232; 
350,451) 

1,366  
(960; 3,029) 

11,680  
(5,629; 16,232) 

1,700  
(819; 2,364) 

iii) Women 
newly admitted  18,924,151  349,525  

3,034  
(2,586; 5,812) 

5,563  
(2,983; 6,559) 

809  
(434; 955) 
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Notes: CRE= Carbapenem-resistant Enterobacterales. MRSA= Methicillin-resistant Staphylococcus aureus. ICER= Incremental cost-effectiveness ratio. N/A= 
Not applicable. Ref.= Reference. PCR= polymerase chain reaction. ☨Model estimations specify upper and lower bounds within brackets (uncertainty intervals), 
calibrated to the national prevalence extremes of the pathogen.

(18·69; 19·15 
million) 

(348,784; 
350,317) 

 
 
 
 
 
 
 
 
MRSA 

Do-nothing N/A - 17,718,562  
(17·38; 17·94 

million) 

347,290  
(346,165; 
349,123) 

Ref. Ref. Ref. 

 
Testing + 

decolonisation 

 
All new 
admissions 

i) Chromogenic 
agar 48h 

18,224,547  
(17·93; 18·32  

million) 

347,531  
(346,676; 
349,256) 

2,099  
(746; 4,154) 

6,699  
(3,060; 17,206) 

996  
(476; 2,401) 

ii) 
Chromogenic 
agar 24h  

18,445,419  
(18·13; 18·61  

million) 

347,459  
(346,474; 
349,223) 

4,287 
 (2,156; 7,603) 

4,442  
(2,079; 9,807) 

685  
(347; 1,416) 

iii) PCR  19,483,761  
(19·18; 19·59  

million) 

347,567  
(346,759; 
349,285) 

6,357  
(2,779; 
11,145) 

7,153  
(3,267; 19,544) 

1,118  
(562; 2,756) 

Testing + 
isolation 
(contact 

precaution) 

 
All new 
admissions 

i) Chromogenic 
agar 48h  

18,439,084  
(18·18; 18·49  

million) 

347,588  
(346,850; 
349,198) 

2,411  
(806; 10,859) 

8,643  
(1,850; 22,860) 

1,248  
(269; 3,250) 

ii) 
Chromogenic 
agar 24h  

18,616,308  
(18·37; 18·66  

million) 

347,621  
(346,917; 
349,207) 

2,709  
(956; 11,874) 

9,590  
(2,077; 25,175) 

1,384  
(302; 3,581) 

iii) PCR  19,576,302  
(19·39; 19·62  

million) 

347,993  
(347,381; 
349,337) 

2,641  
(1,379; 9,447) 

20,495 
 (5,307; 40,933) 

2,960  
(772; 5,886) 

Pre-emptive 
isolation 
(contact 

precaution) 

All and sex-
specific 
new 
admissions 

i) All new 
admissions  

19,801,550  
(19·62; 19·86  

million) 

348,044  
(347,413; 
349,361) 

2,760  
(1,538; 9,454) 

22,014  
(5,901; 41,977) 

3,180  
(858; 6,042) 

ii) Men newly 
admitted  

18,542,668  
(18·41; 18·42  

million) 

348,050  
(347,725; 
349,338) 

1,083  
(307; 4,828) 

22,209  
(5,330; 53,858) 

3,206  
(775; 7,682) 

iii) Women 
newly admitted  

18,802,155  
(18·54; 18·93  

million) 

347,630  
(346,726; 
349,228) 

3,185  
(1,773; 
11,198) 

9,302  
(2,462; 17,304) 

1,349  
(359; 2,512) 
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Table 2. National scale cost savings and potential health benefits among selected strategies 

 
Pathogen 

 
Strategy 

 
Scheme 

 
National coverage 

(total hospital 
beds) 

 
QALYs 
gained 

 
95% UIQALYs 

 
NB ($) 

 
95% UINB  

(in 1,000s $) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CRE 

 
 
 
 
 

Testing + 
decolonisation, all 
new admissions 

i) 
Chromogenic 
agar 48h 

20% 354 318; 372 -821,634 -1,437; -461 
40% 708 636; 744 -1,643,268 -2,873; -923 
60% 1,062 954; 1,116 -2,464,902 -4,310; -1,384 
80% 1,416 1,272; 1,488 -3,286,536 -5,747; -1,845 

 100% 1,770 1,590; 1,860 -4,108,170 -7,184; -2,306 
ii) 
Chromogenic 
agar 24h  

20% 444 396; 462 -446,220 -1,187; -6 
40% 888 792; 924 -892,440 -2,374; -13 
60% 1,332 1,188; 1,386 -1,338,660 -3,562; -19 
80% 1,776 1,584; 1,848 -1,784,880 -4,749; -26 

 100% 2,220 1,980; 2,310 -2,231,100 -5,936; -32 
iii) PCR  20% 606 552; 636 -3,926,880 -4,922; -3,339 

40% 1,212 1,104; 1,272 -7,853,760 -9,844; -6,678 
60% 1,818 1,656; 1,908 -11,780,640 -14,767; -10,017 
80% 2,424 2,208; 2,544 -15,707,520 -19,689; -13,356 

 100% 3,030 2,760; 3,180 -19,634,400 -24,611; -16,695 
 
 
 
 
 

Testing + isolation 
(contact 

precaution), all new 
admissions 

i) 
Chromogenic 
agar 48h  

20% 1,158 492; 1,782 13,952,742 2,918; 24,331 
40% 2,316 984; 3,564 27,905,484 5,836; 48,663 
60% 3,474 1,476; 5,346 41,858,226 8,754; 72,994 
80% 4,632 1,968; 7,128 55,810,968 11,672; 97,326 

 100% 5,790 2,460; 8,910 69,763,710 14,590; 121,657 
ii) 
Chromogenic 
agar 24h  

20% 1,824 786; 2,790 23,908,992 6,702; 39,961 
40% 3,648 1,572; 5,580 47,817,984 13,404; 79,922 
60% 5,472 2,358; 8,370 71,726,976 20,107; 119,884 
80% 7,296 3,144; 

11,160 
95,635,968 26,809; 159,845 

 100% 9,120 3,930; 
13,950 

119,544,960 33,511; 199,806 

iii) PCR  20% 3,618 1,632; 5,394 47,424,744 14,474; 76,929 
40% 7,236 3,264; 

10,788 
94,849,488 28,948; 153,858 
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60% 10,854 4,896; 
16,182 

142,274,232 43,423; 230,788 

80% 14,472 6,528; 
21,576 

189,698,976 57,897; 307,717 

 100% 18,090 8,160; 
26,970 

237,123,720 72,371; 384,646 

  
 
 
 
 

Pre-emptive 
isolation (contact 

precaution), all new 
admissions and 

sex-specific 

i) All new 
admissions  

20% 3,618 1,632; 5,394 46,418,940 13,466; 75,926 
40% 7,236 3,264; 

10,788 
92,837,880 26,931; 151,852 

60% 10,854 4,896; 
16,182 

139,256,820 40,397; 227,778 

80% 14,472 6,528; 
21,576 

185,675,760 53,863; 303,704 

 100% 18,090 8,160; 
26,970 

232,094,700 67,328; 379,630 

ii) Men newly 
admitted  

20% 3,894 1,962; 5,112 58,016,706 25,969; 78,239 
40% 7,788 3,924; 

10,224 
116,033,412 51,938; 156,478 

60% 11,682 5,886; 
15,336 

174,050,118 77,907; 234,717 

80% 15,576 7,848; 
20,448 

232,066,824 103,876; 312,957 

 100% 19,470 9,810; 
25,560 

290,083,530 129,845; 391,196 

iii) Women 
newly admitted  

20% 2,112 1,158; 2,424 27,943,872 12,105; 33,158 
40% 4,224 2,316; 4,848 55,887,744 24,209; 66,316 
60% 6,336 3,474; 7,272 83,831,616 36,314; 99,474 
80% 8,448 4,632; 9,696 111,775,488 48,418; 132,632 
100% 10,560 5,790; 

12,120 
139,719,360 60,523; 165,789 

 
 
 
 
 
 
 
 

 
 
 
 
 

Testing + 
decolonisation, all 
new admissions 

i) 
Chromogenic 
agar 48h 

20% 1,446 798; 3,066 20,484,036 9,665; 47,581 
40% 2,892 1,596; 6,132 

40,968,072 19,329; 95,163 

 60% 4,338 2,394; 9,198 61,452,108 28,994; 142,744 
 80% 5,784 3,192; 

12,264 
81,936,144 38,658; 190,325 

 100% 7,230 3,990; 
15,330 

102,420,180 48,323; 237,906 

20% 1,014 600; 1,854 12,145,692 5,197; 26,158 
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MRSA 

ii) 
Chromogenic 
agar 24h  

40% 
2,028 

1,200; 3,708 

24,291,384 10,394; 52,316 

 60% 3,042 1,800; 5,562 36,437,076 15,592; 78,474 
 80% 4,056 2,400; 7,416 48,582,768 20,789; 104,632 
 100% 5,070 3,000; 9,270 60,728,460 25,986; 130,790 
iii) PCR  20% 1,662 972; 3564 16,467,096 4,977; 48,064 

40% 3,324 1,944; 7,128 32,934,192 9,953; 96,128 
60% 4,986 2,916; 

10,692 
49,401,288 14,930; 144,192 

80% 6,648 3,888; 
14,256 

65,868,384 19,907; 192,256 

100% 8,310 4,860; 
17,820 

82,335,480 24,883; 24,0321 

 
 
 
 
 

Testing + isolation 
(contact 

precaution), all new 
admissions 

i) 
Chromogenic 
agar 48h  

20% 1,788 450; 4,110 24,770,952 2,433; 63,536 
40% 3,576 900; 8,220 49,541,904 4,865; 127,073 
60% 5,364 1,350; 

12,330 
74,312,856 7,298; 190,609 

80% 7,152 1,800; 
16,440 

99,083,808 9,731; 254,146 

 100% 8,940 2,250; 
20,550 

123,854,760 12,164; 317,682 

ii) 
Chromogenic 
agar 24h  

20% 1,986 504; 4,512 26,922,216 2,213; 69,074 
40% 3,972 1,008; 9,024 

53,844,432 4,426; 138,148 

 60% 5,958 1,512; 
13,536 

80,766,648 6,639; 207,223 

 80% 7,944 2,016; 
18,048 

107,688,864 8,852; 276,297 

 100% 9,930 2,520; 
22,560 

134,611,080 11,065; 345,371 

iii) PCR  20% 4,218 1,284; 7,296 57,466,032 8,754; 108,608 
40% 8,436 2,568; 

14,592 
114,932,064 17,509; 217,217 

60% 12,654 3,852; 
21,888 

172,398,096 26,263; 325,825 

80% 16,872 5,136; 
29,184 

229,864,128 35,017; 434,433 
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Notes: NB= Net benefit. NB is calculated as (WTP per QALY – cost per QALY) *(QALYs gained compared to S0). CRE= Carbapenem-resistant 
Enterobacterales. MRSA= Methicillin-resistant Staphylococcus aureus. PCR= polymerase chain reaction. UI=Uncertainty intervals. 95% UIs were estimated 
using pathogen-specific prevalence and their upper and lower bounds. 

  

100% 21,090 6,420; 
3,6480 

287,330,160 43,772; 543,041 

 
 
 
 

 
Pre-emptive 

Isolation (contact 
precaution), all new 

admissions and 
sex-specific 

i) All new 
admissions  

20% 4,524 1,428; 7,488 61,096,620 9,726; 110,276 
40% 9,048 2,856; 

1,4976 
122,193,240 19,452; 220,552 

60% 13,572 4,284; 
22,464 

183,289,860 29,178; 330,827 

80% 18,096 5,712; 
29,952 

244,386,480 38,904; 441,103 

 100% 22,620 7,140; 
37,440 

305,483,100 48,631; 551,379 

ii) Men newly 
admitted  

20% 4,560 1,290; 9,360 69,229,920 14,754; 149,367 
40% 9,120 2,580; 

18,720 
138,459,840 29,507; 298,734 

60% 13,680 3,870; 
28,080 

207,689,760 44,261; 448,101 

80% 18,240 5,160; 
37,440 

276,919,680 59,015; 597,468 

 100% 22,800 6,450; 
46,800 

346,149,600 73,769; 746,834 

iii) Women 
newly admitted  

20% 2,040 630; 3,366 26,683,200 3192; 48,780 
40% 4,080 1,260; 6,732 53,366,400 6,384; 97,560 
60% 6,120 1,890; 

10,098 
80,049,600 9,577; 146,340 

80% 8,160 2,520; 
13,464 

106,732,800 12,769; 195,120 

100% 10,200 3,150; 
16,830 

133,416,000 15,961; 243,900 
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Figure 1. Number of infections among Enterobacterales and Staphylococcus aureus species in three representative 
hospitals in Chile, 2018-2021 

 
Notes: MRSA= Methicillin-resistant Staphylococcus aureus. MSSA= Methicillin-susceptible Staphylococcus aureus. CRE= Carbapenem-resistant 
Enterobacterales. CSE= Carbapenem-susceptible Enterobacterales. Infections were confirmed with blood-cultures.  
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 Figure 2. CRE/MRSA impacts in number of infected individuals and number of deaths from the mathematical model, by strategy scheme 

 
Notes:  CRE= Carbapenem-resistant Enterobacterales. MRSA= Methicillin-resistant Staphylococcus aureus. Dashed line sets the maximum according to S0 
strategy for comparison purposes. 95% uncertainty intervals (brackets) were computed utilising pathogen’s prevalence upper and lower bounds. T+D= testing 
+ decolonization treatment. T+I= Testing + isolation (contact precaution). Pre-emptive I= Pre-emptive solation (contact precaution).
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The complex interplay between human and animal sectors, socioeconomic factors, and 

governance in shaping AMR trends are described in Chapter 3.27,66-68  This analysis was 

fundamental to the One-Health paradigm7 by showing, for the first time, bidirectionality in the 

consumption of antibiotics associated with AMR between humans and animals at the global 

scale. Governance quality also emerged as a key factor linked to AMR,18 suggesting that 

stronger institutional frameworks could mitigate AMR spread.69 Comprehensive national 

action plans could go further than antibiotic stewardship, as models might suggest, 

incorporating robust political frameworks and socioeconomic factors for effective structural 

reform, particularly in high-AMR regions like Asia.70 An important step in this direction will 

involve improving data coverage, particularly in animal health and LMIC contexts. 

Furthermore, ecological analyses, while valuable for identifying broad patterns and 

generating hypotheses, have significant limitations in establishing causal conclusions. The 

primary issue is the ecological fallacy, where inferences about individual behaviour are 

drawn from group-level data, potentially leading to incorrect conclusions.71 Additionally, 

confounding variables that vary across groups can distort associations, making it difficult to 

isolate specific causal relationships. Despite these limitations, ecological analysis plays a 

crucial role in public health research by highlighting trends and disparities that warrant 

further investigation through more precise, individual-level studies.  

 

The meta-analysis study (Chapter 4) revealed the significant impact of ARB BSIs in LMICs, 

associated with increased mortality, longer hospital stays, and higher ICU admission rates, 

particularly due to A. baumannii and Enterobacteriaceae infections. The study corroborated 

global findings,70 highlighting the pronounced impacts of ARB BSIs, and identifies disparities 

between LMICs, suggesting differing geographical levels of antibiotic consumption and 

resistance development.19 However, challenges such as data paucity, particularly in LMICs, 

and methodological limitations like inconsistent data collection and analysis, underscore the 

need for enhanced surveillance and data quality.72 Additionally, economic analyses show 

considerable excess hospital costs associated with ARB BSIs, underlining the financial strain 
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on healthcare systems in LMICs. Future research should aim to provide clearer distinctions 

between pre- and post-BSI lengths of stay and account for confounding factors more 

comprehensively with enhanced data granularity. Addressing these issues will enable more 

precise estimates and better-informed control strategies. Moreover, post-ICU patients face 

significantly higher mortality rates than the general population, enduring long-term impacts 

from their critical illnesses.73 Residual effects like organ dysfunction, infections, and cognitive 

impairments contribute to this elevated risk.74 This disparity highlights the urgent need for 

targeted post-ICU care and monitoring to improve their long-term outcomes. 

 

Chapter 5 showed the quite limited health-economic evidence developed for interventions 

targeting ARB in healthcare settings. Non-pharmaceutical interventions, such as whole-

genome sequencing were found to be costly and potentially only applicable in settings with 

pre-existing sequencing infrastructure and with high ARB prevalence.75 Several studies 

indicated linezolid’s superiority over vancomycin in MRSA treatment for cost and efficacy, 

and underscored the importance of explicit consideration of hospital stay duration  (and not 

just drug costs) in overall healthcare expenditure.76 Findings from this systematic review also 

emphasized the critical role of appropriate initial antibiotic therapy and the nuanced cost-

effectiveness of antimicrobial stewardship programs, often overlooked due to perceived high 

operational costs.77 Additionally, emerging treatments like ceftazidime-avibactam showed 

promise against CRE infections,78 suggesting potential regional benefits, notably in areas 

with high carbapenemase-producing Enterobacterales prevalence, such as Chile.79,80 Finally, 

assumptions about utility weights are crucial in health economic evaluations and should vary 

by country to reflect local preferences and values. Most studies refer to literature-based 

utility weights,  most often quantified in high-income countries, which may not be appropriate 

as countries' populations and health statuses differ.81 Country-specific weights ensure 

accurate assessments and relevant policy decisions, avoiding misleading conclusions and 

suboptimal resource allocation.  
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Our study conducted in Chile demonstrated a high AMR prevalence of 27.8% to 28.5% for 

critical and high-priority antibiotic-bacterium pairs (Chapter 6), with significant increases 

particularly in K. pneumoniae between 2008 and 2018. This prevalence aligns with other 

South American countries and the G20 average,1 but challenges persist, including 

incompleteness of data and a lack of prioritisation for certain antibiotic-bacterium 

combinations, deemed critical by the WHO.82 In line with high health inequalities in the 

country,83,84 we found that hospital complexity and socioeconomic factors were significant 

predictors of AMR necessitating refined approaches in AMR surveillance and control. 

Despite a comprehensive hospital network reporting data, limitations include a non-

probabilistic sample that may not fully represent national trends, and potential biases due to 

the inclusion of different bacterial ecological niches and hospital types, including disease-

severity prompted testing, which might mask real estimates. Enhancing AMR surveillance, 

particularly in high- and medium-complexity healthcare centres, should be prioritised for 

consistency in reporting.  

 

Significant burdens were demonstrated from hospital-acquired ARB BSIs including 

increased mortality, extended hospital stays, and elevated ICU admissions, particularly with 

CRE and MRSA in Chile (Chapter 7), in line with previous reports.1,85,86. Economic 

ramifications included considerable hospital spending and lost productivity.87 The substantial 

overall burden of resistant infections, perhaps intermediated by the dangers of inappropriate 

antibiotic therapy,88 underline the necessity for effective timely diagnostics and precise 

treatments. Enhancing molecular epidemiology studies, monitoring antibiotic usage, and 

implementing strict control measures for ARB colonisation at hospital admission can mitigate 

ARB's adverse effects.89-91 Considering increasing AMR rates from Chapter 6 coupled with 

substantial CRE burdens in Chile, it is urged to find effective solutions, especially among 

Klebsiella pneumoniae, and an accelerated appearance of resistance mechanisms, including 

the production of carbapenemases, after the COVID-19 pandemic.80  
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Additionally, while propensity score methods are popular for reducing bias in observational 

studies (Chapter 7), they could present several limitations in causal inference.92 They rely 

heavily on correct model specification, and any misspecification can bias results. Propensity 

scores do not account for unmeasured confounders, a significant issue for community-

acquired infections with limited data. The overlap assumption could also be problematic, as 

propensity scores near 0 or 1 lead to extreme weights and increased variance, making IPW 

estimates unreliable. However, we did not estimate extreme values and presented 

substantial overlap between AMR/AMS groups. Also, we minimised unmeasured 

confounding by incorporating characteristics after hospital admission (i.e., reporting less 

unbiased results for hospital-acquired infections). Recent methodologies, such as those 

described by Pouwels et al.,93 have utilised IPW and Kaplan-Meier curves to adjust for time-

varying confounding. This adjustment is essential in studies where both the exposure and 

outcomes evolve over time, which could be applicable to our study as well. While this 

approach enhances the accuracy of excess LOS estimates and effectively mitigates biases 

like collider stratification, it is constrained by the availability of data on time-varying 

confounders. Consequently, our analysis predominantly relies on accurately measured 

baseline exposures.  

 

Model-based projections (Chapter 8) showed considerable health-economic benefits from 

using identified risk factors to target interventions.. Focusing on testing plus isolation 

strategies or isolation of high-risk patients optimised resource utilization and reduced the 

spread of infections, ultimately leading to better healthcare outcomes and decreased 

healthcare costs.94 National scale, targeted isolation/testing schemes were estimated to 

curtail enormous costs posed by AMR, while increasing quality of life. Limitations included 

the fact that type of infection (e.g., urinary, skin, blood) were all considered together 

potentially masking sex differences per infection type. Future model developments can build 

on these models to include additional complexities, such as infection type as well as 

alternative transmission routes (e.g. via healthcare personnel). 95,96  
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For future directions, I advocate the integration of methodologies that refine our causal 

understanding within epidemiological studies, such as instrumental variables or negative 

controls.97,98 These methods offer a robust framework for distinguishing causal relationships 

from non-causal associations, a critical aspect in observational studies where direct control 

over experimental conditions is not possible. Furthermore, incorporating regularisation 

techniques in regression modelling can enhance the precision of our estimates by mitigating 

the risk of overfitting.98  By adopting these advanced statistical approaches, future studies 

can achieve more accurate and reliable causal inferences, leading to better-informed public 

health interventions.  

In my thesis, I primarily compared health outcomes between patients with antibiotic-resistant 

and sensitive infections, using a susceptible-infection counterfactual to assess the added 

burden of resistance. However, this method is not always ideal, particularly for evaluating 

hypothetical interventions like vaccines.99 In such scenarios, employing a no-infection 

counterfactual—estimating the total potential harm averted if drug-resistant infections were 

entirely prevented—proves more fitting. This approach is vital for thoroughly evaluating 

strategies designed to completely stop these infections, offering a complete perspective on 

their potential public health benefits. Future studies should incorporate both counterfactuals 

to more accurately reflect the impact of antibiotic resistance on mortality in the context of 

potential interventions. 

 

Finally, enhancing Chile's National Action Plan Against AMR,100 by fostering interdisciplinary 

collaboration and analysing the interplay between geographic, sociodemographic factors, 

antimicrobial use, and AMR, is crucial for effective disease surveillance and management.101 

Recent analyses have highlighted monitoring, evaluation, and equity in policy design as 

critical barriers to AMR control in Chile.102 Adopting cost-effective approaches103 could 

bolster AMR intervention decisions, leading to smarter, fairer, and more impactful allocation 

of healthcare resources. 
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Chapter 10: 

Conclusion 
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This thesis explored the global link between AMR and primary risk factors, assessing the 

significant impacts on patients with BSIs in LMICs and specifically in Chile using detailed 

patient data. It highlights the multifaceted drivers of AMR across One Health domains. 

Findings revealed that LMICs bear a disproportionate burden of AMR-related BSIs, 

indicating a critical need for improved data collection, early detection, risk reduction, and 

AMR management, aligning with SDG target 3.d. The best evidence available to date on the 

health and economic impacts of AMR compared to drug-sensitive infections within a Chilean 

cohort was generated employing competing risks in mortality analysis and adjusting for 

factors like bacterial acquisition (community or hospital) and patient health background. 

These data informed transmission models of CRE and MRSA in Chile and determined that 

interventions such as testing plus isolation and pre-emptive isolation of high-risk groups, 

notably men, are most effective in reducing infections and fatalities. Prior to this PhD 

research, there was no comprehensive study that systematically evaluated the temporal 

trends in AMR, nor assessed the associated disease and economic burdens at either the 

individual hospital or national level in Chile, crucial for policymaking.  

 

Collectively, these findings emphasise the need for integrated, context-specific strategies to 

curb AMR, leveraging both global and local insights to improve health outcomes and 

address health disparities. It underscores the critical role of comprehensive data in shaping 

effective AMR management and infection control policies to enhance public health and 

reduce inequalities. 
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