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Global burden of bacterial antimicrobial resistance
1990-2021: a systematic analysis with forecasts to 2050

GBD 2021 Antimicrobial Resistance Collaborators*

Summary

Background Antimicrobial resistance (AMR) poses an important global health challenge in the 21st century. A
previous study has quantified the global and regional burden of AMR for 2019, followed with additional publications
that provided more detailed estimates for several WHO regions by country. To date, there have been no studies that
produce comprehensive estimates of AMR burden across locations that encompass historical trends and future
forecasts.

Methods We estimated all-age and age-specific deaths and disability-adjusted life-years (DALYs) attributable to and
associated with bacterial AMR for 22 pathogens, 84 pathogen-drug combinations, and 11 infectious syndromes in
204 countries and territories from 1990 to 2021. We collected and used multiple cause of death data, hospital discharge
data, microbiology data, literature studies, single drug resistance profiles, pharmaceutical sales, antibiotic use surveys,
mortality surveillance, linkage data, outpatient and inpatient insurance claims data, and previously published data,
covering 520 million individual records or isolates and 19513 study-location-years. We used statistical modelling to
produce estimates of AMR burden for all locations, including those with no data. Our approach leverages the
estimation of five broad component quantities: the number of deaths involving sepsis; the proportion of infectious
deaths attributable to a given infectious syndrome; the proportion of infectious syndrome deaths attributable to a
given pathogen; the percentage of a given pathogen resistant to an antibiotic of interest; and the excess risk of death
or duration of an infection associated with this resistance. Using these components, we estimated disease burden
attributable to and associated with AMR, which we define based on two counterfactuals; respectively, an alternative
scenario in which all drug-resistant infections are replaced by drug-susceptible infections, and an alternative scenario
in which all drug-resistant infections were replaced by no infection. Additionally, we produced global and regional
forecasts of AMR burden until 2050 for three scenarios: a reference scenario that is a probabilistic forecast of the
most likely future; a Gram-negative drug scenario that assumes future drug development that targets Gram-negative
pathogens; and a better care scenario that assumes future improvements in health-care quality and access to
appropriate antimicrobials. We present final estimates aggregated to the global, super-regional, and regional level.

Findings In 2021, we estimated 4 - 71 million (95% UI 4 -23-5-19) deaths were associated with bacterial AMR, including
1-14 million (1-00-1-28) deaths attributable to bacterial AMR. Trends in AMR mortality over the past 31 years varied
substantially by age and location. From 1990 to 2021, deaths from AMR decreased by more than 50% among children
younger than 5 years yet increased by over 80% for adults 70 years and older. AMR mortality decreased for children
younger than 5 years in all super-regions, whereas AMR mortality in people 5 years and older increased in all super-
regions. For both deaths associated with and deaths attributable to AMR, meticillin-resistant Staphylococcus aureus
increased the most globally (from 261000 associated deaths [95% UI 150 000-372000] and 57 200 attributable deaths
[34100-80300] in 1990, to 550 000 associated deaths [500 000-600 000] and 130 000 attributable deaths [113 000-146 000]
in 2021). Among Gram-negative bacteria, resistance to carbapenems increased more than any other antibiotic class,
rising from 619 000 associated deaths (405 000-834 000) in 1990, to 1- 03 million associated deaths (909 000-1- 16 million)
in 2021, and from 127 000 attributable deaths (82100-171000) in 1990, to 216 000 (168 000-264 000) attributable deaths
in 2021. There was a notable decrease in non-COVID-related infectious disease in 2020 and 2021. Our forecasts show
that an estimated 1- 91 million (1-56-2-26) deaths attributable to AMR and 8 - 22 million (6-85-9-65) deaths associated
with AMR could occur globally in 2050. Super-regions with the highest all-age AMR mortality rate in 2050 are
forecasted to be south Asia and Latin America and the Caribbean. Increases in deaths attributable to AMR will be
largest among those 70 years and older (65-9% [61-2—69-8] of all-age deaths attributable to AMR in 2050). In stark
contrast to the strong increase in number of deaths due to AMR of 69-6% (51-5-89-2) from 2022 to 2050, the number
of DALYs showed a much smaller increase of 9-4% (—6-9 to 29-0) to 46-5 million (37-7 to 57-3) in 2050. Under the
better care scenario, across all age groups, 92-0 million deaths (82-8-102-0) could be cumulatively averted between
2025 and 2050, through better care of severe infections and improved access to antibiotics, and under the Gram-
negative drug scenario, 11-1 million AMR deaths (9-08-13-2) could be averted through the development of a Gram-
negative drug pipeline to prevent AMR deaths.

Interpretation This study presents the first comprehensive assessment of the global burden of AMR from 1990 to 2021,
with results forecasted until 2050. Evaluating changing trends in AMR mortality across time and location is necessary
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to understand how this important global health threat is developing and prepares us to make informed decisions
regarding interventions. Our findings show the importance of infection prevention, as shown by the reduction of
AMR deaths in those younger than 5 years. Simultaneously, our results underscore the concerning trend of AMR
burden among those older than 70 years, alongside a rapidly ageing global community. The opposing trends in the
burden of AMR deaths between younger and older individuals explains the moderate future increase in global
number of DALYs versus number of deaths. Given the high variability of AMR burden by location and age, it is
important that interventions combine infection prevention, vaccination, minimisation of inappropriate antibiotic use
in farming and humans, and research into new antibiotics to mitigate the number of AMR deaths that are forecasted

for 2050.
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Introduction
In 2014, the Review on Antimicrobial Resistance (AMR)
projected that 10 million deaths caused by AMR could
occur by 2050." This estimate, while the subject of
scientific criticism,” helped position AMR as one of the
most pressing threats to health of the 21st century.’ In
the years since, WHO committed to the 2015 AMR
global action plan, AMR was the focus of a high-level
UN general assembly in 2016, and an AMR-specific
indicator was included as a Sustainable Development
Goal: to reduce the percentage of bloodstream infection
due to selected antimicrobial-resistant organisms
(indicator 3.d.2). Despite the attention AMR has received
at the global level, the implementation and funding of
national action plans* has been uneven, leading to
uncertain progress in attenuating the burden of AMR.
The Review on  Antimicrobial  Resistance'
acknowledged its broad brush estimates would be
strengthened by more robust work from academic
researchers.’” In the decade since its publication,
however, global AMR estimates have been sparse. One
recent step forward in AMR epidemiology was a global
estimate of the burden of bacterial AMR in 2019,° which
found that of the roughly 8-9 million deaths due to
bacterial infections that year, 1-27 million deaths were
attributable to AMR and 4-95 million deaths were
associated with AMR.®” While this estimate has been
used to inform research and policy priorities, such as
the 2024 WHO Bacterial Priority Pathogens List?® it
provides only a cross-section of burden, limiting the
ability to understand the historical trend of AMR and
evaluate policies implemented to reduce its impact. So
far, time trends in AMR have been limited to select high-
income locations for a small number of pathogen—drug
combinations. These include estimates from the US
Centers for Disease Control and Prevention, which
evaluated 18 AMR threats in 2013 and 2019, and from
Cassini and colleagues,” who produced AMR estimates
for the European Union and European Economic Area
in 2007 and 2015 for 16 pathogen—drug combinations.
Recent estimates indicate that the highest burdens
attributable to, and associated with, AMR are in

sub-Saharan Africa and south Asia;® however, these are
locations without any historical estimates. Identifying
the regions with increasing AMR burden would enable
the global health community to better target locations
with the most urgent need. Documenting the evolving
nature of AMR, including the trends in resistance to
critical antibiotic classes, such as the carbapenems, can
guide antimicrobial stewardship, infection prevention
measures, and prioritisation of drug and vaccine
development to combat this growing threat.

A recent Lancet series on AMR highlighted current
paediatric vaccines, investment in water, sanitation, and
hygiene (WASH) infrastructure, and infection control
practices as strategies to curtail AMR-related deaths in
low-income and middle-income countries (LMICs).
Previously published global estimates reported a
53% decline in age-standardised sepsis-related deaths
from 1990 to 2017 Much of this was driven by reductions
in child mortality" and the prevention of deaths due to
lower respiratory infection” and diarrhoea,” causes of
death that are often avertable with access to WASH and
vaccines.* While this decrease in sepsis mortality might
be expected to reduce AMR-related deaths due to sepsis,
research suggests demographic shifts over the next
century will produce an ageing population,” leading to
increasing  prevalence  of  comorbidities  and
immunosenescence, resulting in a population at greater
risk of sepsis related deaths and AMR mortality.
Furthermore, the continued overuse of antimicrobials,
both in human health and in agriculture, produces an
environment that selects for increasingly resistant
bacteria.” It is currently unknown how the convergence of
these factors might affect future AMR burden because no
recent global AMR burden forecasts have been produced.
Characterising these trends and producing forecasts of
estimates into the future, with alternative scenarios based
on policy-related interventions, are needed to better
understand the nature of AMR, and to inform research
and public health priorities for decades to come.

In this study, we present the first global and regional
estimates of AMR mortality over the past three decades,
from 1990 to 2021, for 22 pathogens and 16 antimicrobials
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Research in context

Evidence before this study

In 2014, the review on antimicrobial resistance (AMR) was
established to assess the global issue of rising drug resistance,
understand its magnitude, and define steps to address it.

The AMR review published an influential analysis in 2016,
forecasting that 10 million people could die annually from AMR
by 2050. Since then, estimates of the burden of drug-resistant
infections covering several pathogens have been published for
the USA, Thailand, the EU, and the European Economic Area.
No studies, however, provided comprehensive estimates
covering all locations and a broad range of pathogen-drug
combinations until the global burden of AMR in 2019 study
was published. The study estimated that 4-95 million deaths
associated with bacterial AMR and 1-27 million deaths
attributable to bacterial AMR occurred in 2019. This research
was followed by additional studies that detailed more granular
country estimates published for the WHO regions of Europe,
the Americas, and Africa, showing that deaths from AMR are
unevenly distributed among populations. Each regional study,
and the larger global study, have provided an essential
snapshot of the magnitude of AMR burden for 2019.

A 2024 Lancet Series on antimicrobial resistance used findings
from some of these studies and others to summarise the
current state of antibiotic resistance and recommended several
global targets to combat the rise of AMR, including a target for
10% reduction in AMR mortality from the 2019 baseline

by 2030.

Added value of this study

Ascertaining the time trends of AMR burden is of considerable
importance to improve our understanding of its current and
future threat. Multidecade temporal trends allow us to observe
how patterns of AMR mortality are changing and for which
populations it may be worsening. Such temporal analyses are
essential for monitoring progress towards targeted reductions
in AMR burden, for informing prioritisation of AMR
interventions, and for assessing the long-term effectiveness of
national action plans for tackling AMR. Existing time trends of
AMR are limited to select high-income countries and do not
include a comprehensive set of pathogen-drug combinations.
We provide estimates of deaths and disability-adjusted life-
years (DALYs) for 22 pathogens and 11 infectious syndromes
for 204 countries and territories from 1990 to 2021.

We produced estimates of deaths and DALYs attributable to

using two counterfactual scenarios: the counterfactuals
of no infection (ie, deaths or disability-adjusted life-
years [DALYs] associated with a drug-resistant infection)
and drug-sensitive infection (ie, deaths or DALYs
directly attributable to the drug resistance of an
infection). The Global Burden of Diseases, Injuries, and
Risk Factors Study (GBD) forecasting framework
allowed us to produce forecasts of AMR burden and
impact of alternative scenarios on disease burden.” We

AMR and associated with AMR. The attributable burden is
defined using a counterfactual in which all drug-resistant
infections are replaced by equivalent drug-susceptible
infections. The associated burden is defined using a
counterfactual in which all drug-resistant infections are
replaced by no infection. Additionally, using the Global Burden
of Disease Study (GBD) 2021 forecasting framework, we
produced reference forecasts (the most likely future) for burden
attributable to or associated with AMR, and the wider impact of
alternative scenarios on disease burden to 2050. This study
represents our most robust estimates of AMR burden to date,
including updates to our input data, estimates of AMR by time
and more granular age groups, and improvements to our
statistical models. We build our analysis on estimates of disease,
incidence, prevalence, and mortality from GBD, allowing for
comparability of deaths from AMR to other leading causes of
death and disability throughout the world.

Implications of all the available evidence

Our analysis greatly expands the evidence base for time trends
of AMR mortality. We show that global mortality from AMR
increased minimally between 1990 and 2019, followed by a
small decline that occurred during the COVID-19 pandemic.

Our reference scenario indicates that deaths from AMR will
increase by 2050 if remediation measures are not in place.

Our analysis of trends in AMR mortality by age suggests that
there is a need for interventions to tackle the increasing burden
of AMR in older age groups going forward. Findings from this
study provide evidentiary support to policy measures that
combat AMR and have the potential to save lives, by adopting
strategies that decrease risk of infections through new vaccines,
improved quality of health care in hospitals and health centres,
improved access to antibiotics and promotion of antibiotic
stewardship. The development of new antimicrobials for Gram-
negative bacteria should be prioritised, given the large increase
in carbapenem-resistance highlighted in this study.

New prevention efforts to address AMR must remain a priority
for global health policy makers. Our time trend analyses and the
methodology used lay the foundation for additional studies to
continue forecasting future AMR trends and track the progress
of implemented measures in our ongoing efforts to mitigate
this important global health challenge. Our forecasts of
alternative scenarios show the potential to avert large numbers
of deaths over the next quarter century.

present global and regional forecasts of AMR burden to
2050 for a reference scenario (the most likely future), a
scenario assuming future drug development targeting
Gram-negative  pathogens  (Gram-negative drug
scenario), and a scenario assuming future improvements
in health-care quality for sepsis and access to appropriate
antimicrobials (better care scenario). This Article was
produced as part of the GBD Collaborator Network and
in accordance with the GBD protocol.”
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See Online for appendix 1

See Online for appendix 2

For more on data input
citations see https://ghdx.
healthdata.org/record/ihme-
data/gbd-2021-bacterial-amr-
estimates-forecasts- 1990-2050.

Methods

Overview

To estimate AMR burden, we used the same broad
methodological approach as the global burden of AMR in
2019 study. The detailed methods of that study are
published elsewhere® and are summarised here, along
with important methodological improvements.

We developed an approach for estimating the burden
of AMR that builds on death and select incidence
estimates for different underlying conditions from
GBD 2021 (appendix 1 pp 16-74, 80).” First, we collected
data from multiple sources, ensuring that we included
information available by year, age, and location across
our ten estimation steps wherever possible. We estimated
the AMR burden associated with and attributable to
11 of the 22 modelled infectious syndromes (bloodstream
infections; meningitis; lower respiratory infections;
endocarditis; peritoneal and intra-abdominal infections;
diarrhoea; urinary tract infections and pyelonephritis;
infections of bones, joints, and related organs; infections
of the skin and subcutaneous systems; tuberculosis; and
typhoid, paratyphoid, and invasive non-typhoidal
Salmonella), 22 bacterial pathogens, 16 drug categories or
combinations of drugs for which there is resistance, and
84pathogen—drugcombinations (appendix1pp 51-52). We
modelled all-age and age-specific deaths and DALYs for
204 countries and territories, and we present aggregated
estimates globally and for each of the seven GBD super-
regions and 21 GBD regions.” For a complete list of GBD
locations by region see appendix 2 (pp 18-35).

Input data

We sought the widest possible range of data using
several data collection strategies. Through our large
collaborator networks and through standard data seeking
as part of the GBD, we obtained datasets not previously
available for AMR research, including multiple cause of
death data, hospital discharge, microbiology data with
and without patient outcome, studies published in
scientific journals, reports from networks that monitor
bacteria resistant to antibiotics, pharmaceutical sales,
antibiotic use surveys, mortality surveillance, linkage
data, outpatient and inpatient linked insurance claims
data, and publicly available data.” Each component of
our estimation processes had distinct data requirements
and the input data used for each step thus differed
(table 1). The diverse data sought included the following
sources: (1) pharmaceutical companies that run
surveillance networks, diagnostic laboratories, and
clinical trials; (2) researchers including large, multisite
research collaborations; smaller studies; and well
established research institutes based in LMICs; (3) public
and private hospitals and public health institutes doing
diagnostic testing; and (4) global surveillance networks;
enhanced surveillance systems; national surveillance
systems; and surveillance systems for specific organisms
such as Mpycobacterium tuberculosis and Neisseria

gonorrhoeae. All sources are listed by data type in
appendix 1 (pp 7-16).

Table 1 shows a summary of the distinct data types
gathered and for which model component each data type
was used. Also shown is the number of unique study-
location-years and individual records or isolates available
for each data type. Location-years of data refer to unique
GBD locations and years for which we have records or
isolates. In total, there were 520 million individual
records or isolates covering 19513 study-location-years
used as input data to the AMR estimation process. An
additional 702 million deaths informed the underlying
cause-specific mortality envelope from the GBD that we
leveraged when calculating our sepsis mortality envelope.
Table 2 shows the number of individual records or
isolates used and the number of countries covered in
each primary modelling step separately by GBD region.
Three of five component models include data from every
GBD region, and two of five include data from 13 and 20
of the 21 GBD regions. Our models of sepsis and
infectious syndrome fractions of underlying causes are
the most geographically sparse, covering 23 countries
from 13 regions; the results of which are then applied to
the GBD cause-specific mortality envelope informed by
data covering 195 countries from all 21 regions.

All data inputs for the models used in steps 1-10
(appendix 1 p 80) were empirical data, not modelled
estimates, with the exception of a custom meta-analysis of
vaccine probe data that we did to estimate the fraction of
pneumonia caused by  Streptococcus  pneumoniae
(appendix 1 pp 40—41). All study-level covariates for
models, such as age and sex, were extracted from empirical
data. All country-level covariates were modelled estimates
that were produced previously for GBD** and the
Antimicrobial Collaborators Network,” or modelled using
amethod previously described in Browne and colleagues.”
Data inputs for each estimation step are described in
greater detail below and in appendix 1 (pp 17-20, 32, 36,
50-51, 60). Data input citations are available online.

Sepsis and infectious syndromes (steps 1 and 2)

First, to define the number of sepsis deaths, we used
GBD 2021 cause of death estimates™ to determine the
number of deaths by age, sex, and location where the
pathway to death on the death certificate included sepsis.
Sepsis was defined as life-threatening organ dysfunction
due to a dysregulated host response to infection.” The
methods used to estimate infectious underlying causes
of death and sepsis have been previously published” and
are summarised in appendix 1 (pp 17-20).

In modelling step one (appendix 1 p 80), multiple
cause of death data covering 139 million deaths,
10-1 million hospital discharges with discharge status of
death, 288 315 multiple cause of death records linked to
hospital records from ten countries and territories, as
well as 1805 deaths from Child Health and Mortality
Prevention Surveillance sites across seven countries
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1990-2009

2010-2021

location-years

Number of study-GBD ~ Sample size

Number of study-GBD ~ Sample size
location-years

Sample size units

Multiple cause of death 1996
Hospital discharge 508
Outpatient and Inpatient insurance claims 0
Microbial or laboratory data with outcome 359
Microbial or laboratory data without outcome 1038
Literature studies 3321
Single drug resistance profiles 816
Pharmaceutical sales 883
Antibiotic use among children younger than 5 years 134
who reported illness

Mortality surveillance (minimally invasive tissue 0
sampling from Child Health and Mortality Prevention
Surveillance)

Linkage (mortality only) 27
Cause of death input data 5130

71766533 1503 66804957
5052412 805 4999065
0 8 20991554
1325029 995 17646 602
13681797 3009 97863850
4400616 1545 3010191
49563600 1482 161875741
883 829 829

57171 207 200498

0 37 2460

204736 11 83579
469412517 1436 232349574

Deaths

Discharges

Visits and admissions
Isolates

Isolates

Cases or isolates
Isolates
Study-country-years

Households surveyed

Isolates

Deaths
Deaths

Table 1: Data inputs by source type, 1990-2009 and 2009-2021, sample size, and study location years

(appendix 1 pp 18-20) were used in mixed effects logistic
regression models to predict the fraction of sepsis
occurring in each of the 195 GBD underlying causes of
death. This approach follows the methods validated by
many studies on the epidemiology of sepsis*® and was
used by Rudd and colleagues.” We then multiplied the
fraction of sepsis predicted from the logistic regression
models onto GBD cause-age-sex-year-specific and
location-specific mortality estimates to determine the
mortality envelope for our analysis. Our mortality
envelope consisted of all sepsis deaths in non-infectious
underlying causes, plus all explicit sepsis deaths with an
infectious underlying cause in GBD (appendix 1
pp 22-24). COVID-19 contributed to the sepsis mortality
envelope but did not contribute to our estimation of
AMR burden.

In modelling step two, details on the pathways of
disease provided in the multiple cause of death data or
hospital discharge data were used in a second stage of
mixed effects logistic regression models to further
subdivide sepsis deaths into 22 major infectious
syndromes, of which 11 had both bacterial aetiologies for
which we estimate AMR burden and sufficient data
available for pathogen modelling (appendix 1 p 21). These
regressions predicted the fraction of sepsis-related deaths
that were caused by a given infectious syndrome,
separately for each GBD underlying cause of death,
location, age, sex, and year. We used this fraction to
subdivide sepsis deaths in non-infectious underlying
causes into specific infectious syndromes. For underlying
causes of death that are themselves infectious, all deaths
were assigned to a single corresponding infectious
syndrome (eg, GBD cause “lower respiratory infections”
was assigned to infectious syndrome “lower respiratory
infections”; appendix 1 pp 22-24).

Case fatality rates and pathogen distribution for deaths
and incident cases (steps 3 and 4)

For analytical step three (appendix 1 p 80), we took data
that linked pathogen-specific disease incidence to deaths
to develop models for pathogen-specific case-fatality ratios
(CFRs) that varied by age, year, location, and infectious
syndrome. Depending on data quality and availability, we
used four levels of granularity per pathogen-syndrome,
estimating (from most detail to least): a unique model for
that pathogen-syndrome, a unique intercept for that
pathogen-syndrome in a model with data for all pathogens,
a pooled model for each given infectious organism type
(eg, bacteria, fungus, parasite, and virus), or a pooled
model using all data. CFR models were implemented with
the RegMod™ regression model environment and
generated CFRs as a function of the Healthcare Access and
Quality (HAQ) Index and various bias-adjusting covariates
(appendix 1 pp 32-35).® We then used CFR results to
estimate implied cases for each pathogen from mortality-
only data sources that otherwise reported useful
information on pathogen distributions. In total, the
pathogen distribution models leveraged 24 million isolates
and cases from 142 countries and territories to estimate the
pathogen distribution of each infectious syndrome by age,
year, and location, with each dataset including a unique
spectrum of pathogens and groups of pathogens. To
incorporate these heterogeneous data, we used the
multinomial estimation with partial and composite
observations modelling environment, which allows for the
inclusion of covariates in the network analysis® and for
Bayesian priors to be incorporated. To model the infectious
syndrome pathogen distribution comprehensively, we
estimated, where applicable, the incidence and death
proportions attributable to viral, fungal, parasitic, and
bacterial pathogens; however, AMR burden was calculated
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Fraction of
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represented

Relative risk
(step5)
Number of

cases

Fraction of
countries
represented

Prevalence of resistance
(step 4)

Number of

cases

Fraction of
countries
represented

Pathogen distribution
(step3)
Number of

cases

Fraction of
countries
represented

Case fatality rate
(step 2)
Number of

cases

Fraction of
countries
represented

Sepsis and infectious
syndrome models (step 1)

Number of
deaths

Fraction of
countries
represented

GBD cause of death database

(step 0)*
Number of

deaths

Years

(Continued from previous page)

20f2
20f2

339079

20f2
20f2

264189

20f2
1of2

369451

1of2
1of2

238892
46175

1of2
1of2

18530993

20f2
20f2

27322900
12692420

1990-2009

Tropical
Latin

30973

86099

101524

9211493

2010-2021

America

220f24
210f24

4728278
43421657

200f24
210f24
14 0f19

4367966
41382029

210f24
200f24
100f19
130f19

1491426
6104507

19 0f 24
190f 24
20f19
60f19

1716285
8303874

20f24
20f24

5166236

1990-2009 114548 600 24 0f24

Western
Europe

9610507

24 0f24

36034880

2010-2021

90f19
14 0f19

74493
269633

11950 138332

3605
76886

190f19
190f19

115334

1990-2009

Western

150f 19

282917

6551

20f19

409

29247

2010-2021

sub-Saharan

Africa

1990-2021 701762090 195 of 204 149002363 23 of 204 50864030 104 0f204 24251653 142 of 204 322576481 1610f 204 296231257 154 of 204

Total

*We multiplied our results from estimation step 1 on the CoDCorrect estimates from the GBD, which are produced using data from the GBD's Cause of Death database, outlined in this table as step 0.

Table 2: Data (cases or deaths) included in each primary modelling step by region and the fraction of countries represented in each region

www.thelancet.com

only for selected bacteria for which resistance is clinically
relevant and sufficient data are available. More details on
this approach are provided in appendix 1 (pp 36-50).

Prevalence of resistance by pathogen (steps 5 to 7)

The 84 pathogen-antibiotic class combinations were
selected by first creating an exhaustive list of all clinically
relevant combinations for which we had data, and then
eliminating combinations that did not meet minimum
data availability and computational feasibility require-
ments for accurate statistical modelling (appendix 1 p 70).
We supplemented microbial datasets from collaborators
with aggregate data from systematic reviews and
published surveillance reports. The number of isolates
assessed for resistance for each pathogen—drug
combination is shown in appendix 1 (pp 121-124).

When classifying resistance, we used two categories,
susceptible and non-susceptible, the latter of which
included dose-dependent, intermediate, and resistant
interpretations. We excluded combinations of antibiotics
to which bacteria have intrinsic resistance (appendix 1
pp 51-55). Two-thirds of datasets used in the prevalence
of resistance modelling reported a laboratory
susceptibility interpretation rather than quantitative test
values. Data providers used several guidelines (and
therefore breakpoints) to interpret test results, which
potentially introduced bias. Information on the
minimum inhibitory concentration of antibiotics was
available in the remaining third of microbiology data
sources. This information was used both to categorise
bacterial isolates into susceptible and non-susceptible
based on the 2023 Clinical and Laboratory Standard
Institute (CLSI) breakpoints (our gold standard), and to
infer the relationship between proportions of resistance
when classifying our data using other versions of CLSI
and the European Committee on Antimicrobial
Susceptibility Testing guidelines. These relationships
were then used to create adjustment factors and correct
the data that only reported laboratory interpretations as
described in appendix 1 (pp 51-55). Additionally, to
account for bias in resistance data provided by tertiary
care facilities, we adjusted tertiary rates of resistance by
crosswalking them to data from non-tertiary and mixed
facilities (appendix 1 pp 51-55).

After adjustments, we employed a two-stage
spatiotemporal modelling framework to estimate the
prevalence of resistance in each pathogen—drug
combination by location-year for 1990-2021. First, we fit
a stacked ensemble model between the input data and
selected covariates from the list of plausible and health-
related covariates available in GBD (appendix 1
pp 56, 102-108). As a second stage, the estimates from
the stacked ensemble model were then input into a
spatiotemporal Gaussian process regression® model to
smooth the estimates in space and time. The exceptions
to this modelling approach were made for tuberculosis
(both extensively drug-resistant tuberculosis and

Published online September 16, 2024 https://doi.org/10.1016/ S0140-6736(24)01867-1
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Figure 1: Global time trend of sepsis, by age, 1990-2021

Bar labels represent the number of sepsis deaths in a given year for people aged 0-14 years, 15-49 years, 50-69 years, and =70 years. Values for the age group of
0-14 years represent the sum of sepsis deaths among neonates, postneonates to <1 year, 1-4 years, and 5-14 years.

multidrug-resistant excluding extensively drug-resistant
tuberculosis), for which published GBD 2021 estimates
were already available.”

Given the strong relationship between antibiotic
consumption levels and the proliferation of resistance,
we modelled antibiotic consumption at the national level
to use as a covariate in the stacked ensemble model of
prevalence of resistance. Data from 65 Demographic and
Health Surveys and 138 Multiple Indicator Cluster
Surveys were analysed using model-based geostatistics to
quantify antibiotic usage in LMICs. This was combined
with pharmaceutical sales data from IQVIA, WHO, and
the European Centre for Disease Prevention and Control:
using an ensemble spatiotemporal Gaussian process
regression model.” Antibiotic use and sales data for
1990-2018 were used to produce a location-year covariate
on antibiotic consumption for all 204 countries and
territories between 1990 and 2021 included in this study
(appendix 1 pp 32-35, 56, 80).*

To account for multidrug resistance, we used line-level
microbiology data that tested the same isolate for
resistance to multiple antibiotics to produce both
marginal frequency of resistance and pairwise co-
occurrences for each pair of antibiotics. Using the
marginal and co-occurrence information, we then found
the ‘best multinomial distribution that matched
available data in the least square sense. The method
(appendix 1 p 56) reframes the optimisation problem
over the space of multivariate probability measures as a
least squares optimisation problem over the space of
n-dimensional probability simplices, using the marginal
and pairwise co-occurrence information as data. The
method is guaranteed to find a solution even if
observations are noisy, or mutually inconsistent. In case
of inconsistent observations, the method still provides

the multinomial distribution that approximately matches
the margins, best in the least squares sense. The
approach was applied for every location-year combination
of resistance to the antibiotics analysed (appendix 1
p 506).

Relative risk of death for drug-resistant infection

compared with drug-sensitive infections (steps 8 and 9)
Using data from 1238 sources representing 296 million
samples from patients with outcome and resistance, we
estimated the relative risk of death for each pathogen-—
drug combination for a resistant infection compared
with a drug-sensitive infection using the meta-
regression—Bayesian, regularised, trimmed tool
(appendix 1 p 80). Because of data sparsity, we estimated
the relative risk by antibiotic class, pathogen, and
infectious syndrome; we assumed that risk did not vary
by location and age, which is consistent with the
assumptions made by Cassini and colleagues.” We used
a two-stage modelling approach with a mixed effects
binomial logistic regression and a mixed effects
meta-regression model to estimate relative risk of death
for each pathogen-drug combination (appendix 1
pp 60-65). For the non-fatal excess risk, we estimated
the relative increase in length of stay associated with a
resistant infection compared with a susceptible infection
of the same kind (appendix 1 p 80). Data on length of
stay were available from 309 sources representing
38 million admissions. We used a similar modelling
framework for excess length of stay as we used for
relative risk of death with a two-stage nested mixed
effects meta-regression model. Due to data sparsity
associated with drug-resistant N gonorrhoeae, we only
produced a non-fatal estimate for this pathogen. To
produce burden estimates of multiple pathogen—drug

www.thelancet.com Published online September 16, 2024 https://doi.org/10.1016/ S0140-6736(24)01867-1
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combinations that were mutually exclusive within a
given pathogen (and thus could be added), we produced
a population attributable fraction (PAF) for each
resistance profile with resistance to at least one drug
(appendix 1 pp 65-72).

Computing burden attributable to drug resistance and
burden associated with drug-resistant infections

(step 10)

We computed two counterfactuals to estimate the drug-
resistant burden: the burden attributable to bacterial AMR
based on the counterfactual of drug-sensitive infection and
the burden associated with bacterial AMR based on the
counterfactual of no infection. These methods are
described in greater detail in appendix 1 (pp 65-72). Briefly,
to estimate the burden attributable to AMR, we first
calculated the deaths attributable to resistance by taking,
for each underlying cause, the product of cause-specific
deaths, the fraction of these deaths co-occurring with
sepsis, the fraction of sepsis deaths attributable to each
infectious syndrome, the fraction of infectious syndrome
deaths attributable to each pathogen, and the mortality
PAF for each resistance profile. We used standard GBD
methods” to convert age-specific deaths into years of life
lost (YLLs) using the standard counterfactual life
expectancy at each age.” To calculate attributable years
lived with disability (YLDs), we took the product of the
infectious syndrome incidence (appendix 1 pp 27-32), the
fraction of infectious syndrome incident cases attributable
to each pathogen, YLDs per incident case, and the non-fatal

PAF. For resistance profiles that had resistance to more
than one antibiotic class, we redistributed burden to the
individual antibiotic classes proportionally based on excess
risk, providing a mutually exclusive burden for each
pathogen—drug combination (appendix 1 pp 65-72). To
calculate DALYs, we took the sum of YLLs and YLDs. To
estimate the overall AMR burden of the drug-sensitive
counterfactual, we summed the burden estimates of every
pathogen—drug combination. The approach for calculating
the fatal burden associated with AMR was identical except
we replaced the mortality PAF for each resistance profile
with the prevalence of resistance in deaths (appendix 1
pp 65-72).

Decomposition of the factors contributing to change in AMR
associated deaths

To better understand the relative contributions of various
factors to the overall change in deaths associated with
AMR, we did a 6-factor decomposition analysis, drawing
from methods developed by Das Gupta.*** This
decomposition accounted for the following factors:
(1) population growth, (2) the population age structure,
(3) the sepsis mortality rate, (4) the proportion of sepsis
deaths associated with AMR syndromes, (5) the
proportion of AMR syndrome deaths associated with
AMR bacteria, and (6) the proportion of AMR bacteria
deaths associated with resistance. The decomposition
was done for global and GBD super-region level estimates
comparing 1990 to 2019. For a detailed description of the
methods see appendix 1 (pp 70-72).

Associated death counts (thousands)  Associated death rates per 100000 Attributable death counts Attributable death rate per 100000
(thousands)
1990 2019 2021 2050 1990 2019 2021 2050 1990 2019 2021 2050 1990 2019 2021 2050
Global 4780 4940 4710 8220 896 638 597 877 1060 1200 1140 1910 19-8 15.5 14-5 20-4
(4000-  (4430- (4230- (6850-  (750-  (57-2- (53-6- (732~ (841-  (1050- (1000- (1560-  (158-  (13-6- (127- (16:6-
5550)  5450) 5190)  9650)  104) 70-4) 657) 104) 1270) 1350) 1280) 2260)  23.9) 17-4)  162)  242)
Central Europe, 285 281 265 360 67-8 67-1 63-4 90-5 63-0 686 64-0 82:9 150 16-4 153 20-8
Eastern Europe, (240-  (252- (235~  (297- (571- (601~  (562- (763~ (495~ (592- (552- (671-  (11-8-  (141- (132-  (170-
and Central Asia  330) 310)  295) 420) 78-4) 74-0) 70-6) 106) 76:6) 78:0) 72:8)  987) 18-2) 186)  174) 24-8)
High-income 477 579 553 883 525 533 50-7 781 108 131 125 192 119 12:0 114 170
(385-  (513-  (489-  (674- (424-  (473- (448  (598-  (829- (115~ (110-  (146-  (912- (106~ (101-  (12:9-
568)  644)  618) 1040)  62:5) 59:3) 56-6) 922) 133)  146) 140) 225) 14.7) 135)  12:8) 19.9)
Latin America 247 339 322 650 633 57-9 542 967 557 824 781 148 14-3 141 132 221
and Caribbean (210  (305- (285  (520- (53-8-  (522- (47.9-  (78-0- (444~ (724~ (677- (117- (114- (124 (14 (175
284)  372)  360) 808) 728) 63-6) 60-6) 119) 67.0) 925  886)  185) 17-2) 158)  14.9)  27-2)
North Africa 264 243 226 525 780 40-0 363 614 630 647 60-2 133 186 107 9-66 155
and Middle East (219~ (211- (194- (430~ (64-5- (34-8- (311~ (49-2- (49-4- (54-4- (50-1- (107- (14-6- (8:97-  (8-05- (123~
310) 274) 259) 641) 91-4) 45-2) 41:5) 73-9) 767)  751) 703) 161) 22:6) 12:4) 113) 19:0)
South Asia 1400 1350 1260 2400 128 747 685 114 308 356 335 604 282 19-7 181 28-8
(1170-  (1200- (1110- (1910-  (107- (66:5-  (602-  (91:3- (249- (303- (282~  (463-  (228- (168- (153-  (22:5-
1630)  1500)  1420)  2980) 149) 83.0) 76-8) 141) 367) 408) 387) 743) 33:6) 22:6) 21.0) 35-6)
Southeast Asia, 1110 1140 1150 1940 65-8 52-8 527 92-0 250 271 270 428 14-8 125 12:4 20-3
East Asia, (916-  (995-  (1010- (1580-  (542-  (460-  (463-  (750- (195-  (235- (237~  (348-  (11.5-  (109- (10-8-  (164-
and Oceania 1310)  1290) 1290)  2370) 77:5) 59-5) 59.1) 113) 304)  307) 304) 511) 18.0) 142)  13.9) 24.5)
Sub-Saharan 990 1010 923 1470 202 932 815 693 210 227 209 323 428 21.0 185 153
Africa (797- (811~  (732-  (1140-  (162-  (751- (646~  (537- (158-  (179-  (161- (245~  (322-  (165-  (142- (115~
1180)  1200) 1110)  1860)  241) 111) 98-4) 87:5) 262)  276) 257) 416) 53-3) 255)  227) 19:5)
Table 3: Deaths (in counts and all-age rates) associated with and attributable to bacterial antimicrobial resistance, globally, by GBD super-region, for 1990, 2019, 2021 and 2050
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AMR forecasts

IHME’s Future Health Scenarios framework produces
forecasts of disease burden by cause, age, sex and location

from 2022-2050. These estimates of disease burden were
combined with forecasts of AMR to forecast the future

burden attributable to and associated with AMR. Detailed
methods for the Future Health Scenarios framework are

described in detail by Vollset and colleague.”

Forecasting AMR population attributable fractions

We used the historical estimates of deaths due to AMR

(attributable deaths) by GBD cause and computed
19 PAFs for GBD Level 2 causes with AMR attributable
death counts. We then used a Generalized Ensemble

due to AMR. This model used two main modelling
approaches: the weighted annualised rate of change and

Model to forecast the fraction of cause-specific deaths
a two-stage spline model based on the meta-regression—

to generate

trimmed tool*

12 difference sub-models (appendix 1 pp 73-74). We then

regularised,
obtained the final AMR PAFs ensemble forecasts by

Bayesian,

taking a mean over these submodels using the sampling
weights from the out-of-sample experiments. Finally, we

applied these PAF forecasts to our reference cause-

specific forecasts of mortality.”

Computing future attributable and associated burden

For computing attributable AMR burden, we first

multiplied our reference mortality and YLL forecasts for
19 cause groups at the age-sex-location level by the

forecasted AMR PAFs described in the section above.

Afterwards, we computed AMR-attributable YLDs by
applying a scalar to the attributable YLLs using the global

ratio of YLL:YLD AMR deaths in 2019.° Finally, we

computed AMR-attributable DALYs by taking the sum of
For computing associated AMR burden, first, we
computed the ratio of AMR-associated deaths to AMR-

AMR-attributable YLLs and YLDs.

location in 2021. We then multiplied our AMR PAFs by

the resulting ratio to calculate associated burden forecasts
for each measure using the same methods as computing

attributable deaths for 19 cause groups by age-sex-
attributable burden.

developed the Gram-negative drug

scenario under the assumption that a regular release of

We

The reference scenario provides a probabilistic forecast

of the most likely future. In addition to a reference
Gram-negative drug scenario and the better care

scenario, we produced two alternative scenarios: the

Developing AMR scenarios

scenario.

of the value observed from 2021 to 2036

new, potent antibiotics targeting Gram-negative bacteria
would lead to decreases in AMR burden. To simulate
this, we calculated the fraction of AMR burden caused
(appendix 1 p 74). For the better care scenario, we

by Gram-negative pathogens and linearly reduced it by

50%

0502 pue TZ0Z ‘6T0T '066T 104 ‘uoibal-1adns gD Aq ‘Ajjeqo|h ‘@aueisisal [eiqodiwijue [elia3deq 03 9|qeINngLIIle pue Y3Im pajeldosse (sajel abe-||e pue sunod ul) SATvAa 7 2jqoL

(668  (ozvr  (0€9t (056€ (oog8t (o019t (00971 (oov6T (0911 (0829 (0922 (oot gt (00098 (ooztZ  (00E8L (00688
-gvvy)  -v€g) -0101)  -0TET) -0T¢6) -05¥6) -0060T) -00¥TT) -0017)  -0€g8€) -029%)  -008TT) -00T £Y) -00VE€Y)  -0066%) -00085)
/€9 OfTT 0z€L ovTE 00SET 0087T 00Tk 00%ST 0€6T 0905 ov6S 006 %1 00T 29 00€/S 00T %9 00V €L ®dlyy ueleyes-gns
(€s¥  (og€ (oot (726 (0876 (00€8 (0998 (009ST (ozoz (06ST (0z91 (ozt¥ (oog ¥ (oog¥e  (0009€ (00£69 eluead(Q pue
-11€)  -008)  -TIf) -//S) -0859) -0959) -09/9) -0526) -0T¥T) -08¢T) -0€€T) -0082) -00€ 62) -00087) -00/87) -00€ /¥) ‘elsy 3se3
/€ obE 95€ 18/ 0/8/ (574 ot//L 00/TT 0/9T oyt 00ST 09v€ 002 SE 007 T€E 00V ¢€ 00585 ‘eIsy/ 15€341N0S
(r88 (6€8 (656 (062z (ooz gt (00551 (oog /T (00052 (00S€ (ozee (otL€ (oo ot (oovzz (oo¥6S  (00TZ9 (ooo€tT
-/tS)  -T09)  -969)  -0TSI) -0060T) -00TTT) -009CI)  -0059T) -0/17)  -0£v0) -0v827) -0524) -006 ) -006¥%) -00Z19) -00€64)
/89 T 878 0061 00V ¥T 00EET 000ST 0080t 05/t 0€8T 0/z€ 0188 00£/5 0022S 00265 00v 96 eIsy 4nos
(€6¥ (Evy (zes  (ooSt (ogzy (09z¢ (091€ (0605 (og6T (ov9t (oz6T (0£19 (00Z91T (oozot  (009TT (00602
-€0€)  -S08)  -09€) -06) -0652) -006T) -0812) -06T€) -0T¢T) -081T) -00¥T) -0Tch) -00%0T) -0S€/) -0/¥8) -00EVT) 1se3 9|pp!N
06€  PLE 44 ozt (o233 0€€e 0/9¢ oVt 0€ST 0TVT 099T 0615 00TET 0//8 00T 0T 009/T pue edLyy YHoN
(€5 (15¥ (88¥ (ov6 (0z9€ (089t (098t (0£9€ (0ogz (o181t (0561 (oL0¥ (009 5T (0oogot  (oo¥TT (006ST
-/¥€)  -TbE)  -08€) -719) -0€€0) -0€02) -0222) -06€7) -0€ST) -0ZPT) -08ST) -0962) -00Z0T) -0zvg)  -0926) -00STT) ueaqquie) pue
€y 96¢ 1434 9// 0T6C 0S€T ovSe 0€0€ 088t 0791 0//T 01G€ 00971 0096 00% 0T 00/€T edLRWY U]
(14 (09t (€L (S¥e (ozeg (0€g8t (0962 (ovtE (obzT (ozttT (oz1tT (0S¥t (009t (oozzr  (ooLzt (ootET
-€07) -¥10)  -SC0) -/17) -08¢) -0v€2) -05¥2) -0£6T) ~1€6) -/€6) -886) -000T) -0050T) -00Z0T)  -00/0T) -0606)
vz /gt (544 18¢C 0187 065¢ 00/7 095t 0ETT 0€0T 080T ozt 00871 00ZTT 00/TT 00TTT awodul-ybiy
(915 (sg¥ (239 (vL9 (090t (otot (ogze (ovgz (og1z (oz61 (0L0z (088t (0898 (0008 (0298 (ootzt eIy [13U)
-g¥€)  -65€)  -¥6E) -92h) -08€T) -00ST) -0591) -06/1) -0€ST) -0€ST) -0/9T) -0802) -0109) -08¢€9) -0T0/) -0/£8) pue ‘adoing usvisey
gty ey 9y 0SS 00/T 09/1 or6T oT€T orgt ozt 0/81T oghe ot 06T/ ovg/ 00S0T ‘adoing [enua)
(€19 (T29 (€69 (06€T (00€ 25 (000 6% (00L€S (oot¥L (0og9z (0SSt (098¢ (0079 (000 ST (0o0zoz  (000TZT (000 TEE
-66€) -8S¥)  -¥19) -568) -00/L£) -00T 9€) -0086€)  -00/LY) -0S/T) -0S6T) -0612) -05&P) -00099T)  -000%ST) -0000/I)  -000TET)
96V  6€S 709 ovTT 0059 009l 008 9% 00609 ovte 05t 0€S¢ 0/2S 000T0T 0008/T  00096T 00018T [eqo[D
0S0C  TTor  610¢ 066T 050¢ 120T 610¢C 066T 050¢ T20T 610¢C 066T 050¢ 120T 6T0C 066T

000 00T 42d sajes A1y @ 2|qeanquny

(spuesnoy3) s3unod ATVQ |qeInquIIY

000 00T 42d s33e1 A1y Pa3eI0ssy

(spuesnoyl) s3UNod ATy Q PaieInossy

www.thelancet.com Published online September 16, 2024 https://doi.org/10.1016/ S0140-6736(24)01867-1

10



Articles

assumed that better health-care quality for infectious
syndromes and access to antibiotics would lead to
decreases in both AMR burden and infectious burden
not associated with AMR. To calculate the death rates
for this scenario for a cause, we used total death rate for
a cause, fraction of the cause due to infectious syndrome,
and CFRs that varied by age, sex, location, and infectious
syndrome (appendix 1 p 74). First, we obtained CFR
values for an infectious syndrome that corresponds to
the 85th percentile of HAQ Index* in 2021 (HAQ
Index=84-16) by location and age group using the age-
specific relationship curves. Afterwards, we applied a
relative reduction to the cause-specific mortality
rate in 2021 (for countries with HAQ Index below
85th percentile) to reach the target CFR by 2030 to
replicate the effect of improved treatment outcomes.

Uncertainty analysis and out-of-sample validation

We propagated uncertainty by combining 100 draws for
each location, sex, age, and year from the posterior
distribution from each step of the analysis into the final
estimates of deaths and infections associated with drug
resistance and deaths and infections attributable to drug
resistance. We calculated uncertainty intervals as a
standard deviation of 1-96 below and above the mean
value. Out-of-sample validity estimates are provided in
appendix 1 for our models of sepsis, infectious syndrome
distribution (pp 27-32), pathogen distribution (p 50),
prevalence of resistance (pp 50-58), and relative risk
(pp 60-63). Uncertainty intervals for future estimates
were computed from the 2.5 and 97-5 percentiles of
distributions generated from propagating 500 draws
through the multistage computational pipeline. This
study complies with the Guidelines for Accurate and
Transparent Health Estimates Reporting recommen-
dations (appendix 1 pp 74, 112-113).*

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or the
writing of the report.

Results

Globally, we estimated 16-5 million (95% UI 15-7-17-3)
deaths with sepsis in 1990, which decreased to
14-1million (13-2-15-1) deaths in 2019, before increasing
to 21-4 million (20-3-22-4) deaths in 2021 (figure 1). In
children younger than 5 years, deaths with sepsis
decreased by more than 60% over the past 31 years, from
7-69 million (7-16-8-22) in 1990 to 3-14 million
(2:66-3-62) in 2019, and 2-68 million (2-19-3-18)
in 2021. In people 5 years and older, however, deaths with
sepsis more than doubled over the study period, from
8-81 million (8-30-9-32) in 1990, to 11-0 million
(10-2-11-7) in 2019, and 18-7 (17-8-19-6) million in 2021,
of which 7-89 million (7-41-8 - 38) were due to COVID-19
(appendix 1 p 118).

AMR burden in 1990-2021

For the 84 bacterial pathogen-drug combinations
evaluated in the study, there were 1-06 million (95% Ul
0-841-1-27) deaths attributable to AMR and 4-78 million
(4-00-5-55) deaths associated with AMR in 1990 (table 2).
In 2019, AMR mortality increased to 1-20 million
(1-05-1-35) attributable deaths and 4-94 million
(4-43-5-45) associated deaths. In 2021, 1-14 (1-00-1-28)
million deaths attributable to AMR and 4-71 million
(4-23-5-19) deaths associated with AMR occurred,
representing a decrease in both estimates from 2019. The
global all-age mortality rate attributable to AMR
decreased from 19-8 deaths (15-8-23-9) per 100000
in 1990 to 15-5 deaths (13-6-16-4) per 100000 in 2019
and 14-5 deaths (12-7-16- 2) per 100 000 in 2021. However,
the percentage of deaths with sepsis that were associated
with AMR increased from 29% in 1990 to 35% globally in
2019, before decreasing to 22% in 2021. Additionally, the
percentage of sepsis deaths that were attributable to
AMR increased from 6-41% (5-37-7-36) in 1990 to 8-51%
(8-00-8-95) globally in 2019, before decreasing to

Number of
AMR-
associated
deaths

AMR-associated deaths, 1990 4770000
Factors driving changes in AMR deaths between 1990 and 2019

Population growth +1740000
Age structure +792000
Sepsis death rate -3090000
Proportion of sepsis deaths associated with AMR -181000
syndromes
Proportion of AMR syndrome deaths associated with ~ +227000
AMR bacteria
Proportion of AMR bacteria deaths associated with +675000
resistance
Net change 163000
AMR-associated deaths, 2019 4940000

Each row represents a distinct factor, showing how changes in that factor alone
would have influenced the AMR-associated deaths, assuming all the other factors
remained constant. For example, if AMR-associated deaths were affected solely by
the observed population growth between 1990 and 2019, with no changes to
age structure of the population, the proportion of sepsis deaths associated with
AMR, or any other factor, AMR-associated deaths would increase by 1740 000
from 4770000 in 1990 to 6510000 in 2019. All factors influenced the observed
change in AMR-associated deaths; whereas population growth, changes in age
structure, and an increased proportion of AMR syndrome deaths due to AMR
bacteria and resistance contributed to a rise in deaths, this was counterbalanced
by a reduction in deaths from decreasing sepsis death rates. When combining all
measured factors, there is a net increase of 163 000 AMR-associated deaths from
1990 to 2019. Factors were decomposed through 2019 to provide a simpler
assessment without the added complexities of the COVID-19 pandemic. AMR
syndromes are the 11 infectious syndromes for which we assessed the aetiologies.
AMR bacteria are the 22 bacterial pathogens for which we quantified AMR
burden. Further information is provided in appendix 1 (pp 70-71).
AMR=antimicrobial resistance.

Table 5: A decomposition analysis that quantifies the effect of different
contributory factors on the number of AMR-associated deaths between
1990 and 2019
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Figure 2: Deaths attributable and associated with antimicrobial resistance, by detailed age group, for 1990 and 2021

Counterfactuals have distinct x-axes.

5-34% (4-95-5-70) in 2021. Excluding COVID-19,
8-47% (8-45-8-49) of infectious deaths in 2021 were
attributable to AMR. Tables 3 and 4 show the all-age
mortality rate associated with and attributable to AMR in
1990 and 2021, respectively. A decomposition of the
drivers of change in global deaths associated with AMR
from 1990 to 2019 are presented in table 5.

The global number of DALYs attributable to AMR
decreased between 1990 (609 million [95% UI 47-7-74-1))
and 2021 (42 -6 million [36-1-49-0]). Over the same period,
DALYs associated with AMR also decreased from
281 million (232-331) in 1990 to 178 million (154-202) in
2021. Similarly, the global all-age rate of DALYs attributable
to AMR decreased from 1140 per 100000 population
(895-1390) in 1990 to 539 per 100000 population (458—621)
in 2021, and the all-age rate of DALYs associated with AMR
decreased from 5270 per 100000 population (4350—-6200) in
1990 to 2250 per 100000 population (1950-2550) in 2021.
Tables 3 and 4 provide estimates of deaths and DALYs from
AMR for each counterfactual for 1990, 2005, 2019, 2021,
and 2050.

Among deaths that were attributable to or associated
with AMR, there was a notable divergence in trends
across age groups (figure 2). Globally, children younger
than 5 years had a more than 50% reduction in both
attributable (60-4% [95% UI 47-6-73-1]) and associated
(63-3% [52-8-73-8]) AMR mortality from 1990 to 2021.
By contrast, all age groups from 25 years and older had
an increase in AMR mortality over the same period, with
adults 70 years and older experiencing a more than
80% increase in both attributable (89-5% [47-4-131-7))
and associated (81-3% [48-3-114-3]) mortality over this
time period (figure 2). For children younger than 5 years

in 2021, there were 193000 deaths (144000-242000)
attributable to AMR globally, a decrease from
488000 deaths (374000-602000) attributable to AMR
in1990. In 2021, there were 840 000 (640 000-1- 04 million)
AMR-associated deaths in children younger than
5 years globally, compared with 229 million (1-85-2-72)
associated deaths in 1990. In people 5 years and older,
there were 948000 deaths (837000-1-06 million)
attributable to AMR and 3-87 million (3-48—4-26) deaths
associated with AMR in 2021, both increasing from
570000 (458000-682000) attributable and 2-49 million
(2-10-2-88) associated AMR deaths in 1990 (figure 2).
The fraction of deaths with sepsis attributable to AMR
increased in all age groups, with a 18-0% increase
(-9-03 to 45-0) in children younger than 5 years and an
increase of 35-9% (9-98 to 61-9) in people 5 years and
older from 1990 to 2019 (appendix 1 p 118).

Attributable AMR deaths decreased in seven regions
and increased in 14 regions between 1990 and 2021
(table 3). Five regions had an increase of more than
10000 deaths attributable to AMR: western
sub-Saharan Africa, Tropical Latin America, high-
income north America, southeast Asia, and south Asia.
For children younger than 5 years, from 1990 to 2021,
deaths associated with and attributable to AMR
decreased by 9% to 95% in all regions except Oceania.
Conversely, in people 5 years and older, AMR mortality
increased from 1990 to 2021 in all regions except for
western  Europe and  central  Europe. In
western sub-Saharan Africa, 58-9% (54-8-63-0) of the
attributable AMR mortality occurred in children younger
than 5 years, and 15-8% (13-5-18-2) occurred in adults
70 years and older in 2021. In comparison, in the
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Figure 3: Death rates per 100 000 attributable to AMR, all ages, 1990, 2021, 2050
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high-income Asia Pacific region, 0-181% (0-1490-0-222)
of the attributable AMR mortality occurred in children
younger than 5 years and 83-9% (81-7-86-1) of the
attributable AMR mortality was in adults 70 years and
older for 2021 (figure 2; figure 3B). Table 3 shows the
number of deaths attributable to and associated with
AMR at the regional level.

There was a global decline in attributable AMR deaths
for nine pathogens and an increase in 12 pathogens from
1990 to 2021 (figure 4). The pathogen with the most
substantial decline was S pneumoniae, with a decrease
from 1-30 million (95% UI 1-01-1-58) associated deaths
and 258000 (179000-336000) attributable deaths
in 1990, to 782000 (681000-884000) associated and
155000 (122000-188000) attributable deaths in 2021. The
pathogen with the greatest increase was Staphylococcus
aureus, rising from 103000 (73900-133000) attributable
deaths in 1990 to 196000 (177000-215000) attributable
deathsin 2021. Only six pathogens had an attributable AMR
burden of at least 100000 in 2021; in descending order,
they were: S aureus, Acinetobacter baumannii, Escherichia
coli, Klebsiella pneumoniae, S pneumoniae, and Pseudomonas
Geruginosa.

Among children younger than 5 years, the pathogens
with the largest number of deaths attributable to
AMR in 2021 were K pneumoniae, S pneumoniae, and
E coli (figure 3). The greatest reduction in AMR deaths in

children younger than 5 years globally was due to resistant
S pneumoniae, which decreased from 158000 attributable
(95% UI 106000-209000) deaths and 801000 associated
(604000-997000) deaths in 1990, to 35100 attributable
deaths ~ (24000-46200) and 176000  associated
(133000-220000) deaths in 2021. In contrast, drug-
resistant S pneumoniae increased in people 5 years and
older, rising from 100000 (70700-129000) attributable
and 496000 (393000-599000) associated deaths in
1990, to 120000 (96 200-144000) attributable and 606 000
(533000-679000) associated deaths in 2021. In children
younger than 5 years, deaths attributable to AMR
decreased for all pathogens except tuberculosis between
1990 to 2021. Conversely, attributable AMR deaths in
people 5 years and older increased in all but three
pathogens: Salmonella Paratyphi, Salmonella Typhi, and
Serratia. Among people 5 years and older, the pathogens
with the largest number of deaths attributable to AMR in
2021 were S aureus, A baumannii, and E coli.

The pathogen—drug combination with the largest increase
in attributable burden globally was meticillin-resistant
S aureus (MRSA), doubling from 57200 attributable
(34100-80300) deaths in 1990 to 130000 attributable
(113000-146000) deaths in 2021 (figure 5). In Gram-negative
organisms, annual mortality attributable to carbapenem
resistance rose by 89200 deaths (50900-127000) from
1990 to 2021, more than any antibiotic class over that period.
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There were four pathogen—drug combinations with an
increase of more than 25000 attributable annual deaths
from 1990 to 2021: MRSA, multidrug-resistant tuberculosis,
carbapenem-resistant K pneumonige, and carbapenem-
resistant A baumannii (appendix 1 pp 135-157). The
pathogen—drug combination responsible for both the
largest increase in attributable burden from 1990 to 2021 and
the largest attributable burden in 2021 was MRSA in five
super-regions (figure 5).

AMR burden forecasts

We estimated that in 2050, there will be 1-91 million
(95% UI [1-56-2-26]) annual deaths attributable to AMR
globally and 8-22 million (6-85-9-65) annual deaths
associated with AMR (table 3; figure 6). Cumulatively
from 2025 to 2050, our reference scenario forecasts
39-1million (33-0—46-0) deaths attributable to AMR and
169 million (145-196) deaths associated with AMR
(appendix 1 pp 114-115). DALYs attributable to AMR are
forecasted to increase from 42-6 million (35-5-52-5)
in 2022 to 46-5 million (37-7-57-3) in 2050. The all-age
rate of AMR attributable DALYs is forecasted to decrease,

however, from 536 per 100000 population (450-658) in
2022 to 496 per 100000 (399-613) in 2050. Patterns in
DALYs associated with AMR show a similar trend; with
counts increasing from 2022 to 2050, and all-age rates
decreasing over the same period (table 4).

The future AMR burden is highest in south Asia,
southeast Asia, east Asia, and Oceania, and
sub-Saharan Africa, with the forecasted cumulative AMR
attributable death burden from 2025 to 2050 at
11-8 million (95% UI 9-43-14-4), 8.96 million
(7-45-10-4), and 6-63 million (5-00-8-66), respectively.
All-age rates of DALYs attributable to AMR are forecasted
to be highest in south Asia in 2050 (687 DALYs per 100 000
[527-881]; table 4).

The overall forecasted death numbers attributable to
AMR conceal opposite trends by age. Globally and in
every super-region, AMR deaths in children younger
than 5 years are decreasing, most pronounced in absolute
numbers in sub-Saharan Africa and south Asia. For
deaths of people 70 years and older, we forecasted an
increase from 2022 to 2050 in every super-region. The
increase in people 70 years and older was

Deaths attributable to AMR by pathogen Pathogen share of AMR-attributable deaths
A 5yearsand older C
1000
Acinetobacter baumannii
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750
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Figure 4: Deaths attributable to AMR by pathogen, global, 1990-2021, for people 5 years and older and those younger than 5 years

(A) and (B) represent total AMR-attributable deaths by pathogen. (C) and (D) represent the proportion of total AMR deaths attributable to a given pathogen. Other AMR bacteria are Citrobacter spp,
Enterobacter spp, Enterococcus faecalis, Enterococcus faecium, Haemophilus influenzae, Morganella spp, Mycobacterium tuberculosis, Proteus spp, non-typhoidal Salmonella, Salmonella enterica serovar Typhi,
Salmonella enterica serovar Paratyphi, Serratia spp, Shigella spp, group A Streptococcus (Streptococcus pyogenes), and group B Streptococcus (Streptococcus agalactiae). AMR=antimicrobial resistance.
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16

146% (95% UI 127-167) globally and ranged between increase by 2030, and a 69-6% (51-5-89-2) increase
72-0% (61-5-84-1) in the high-income super-region and by 2050. In 2030, the all-age mortality rate attributable to
234% (197-278) in the north Africa and the Middle East AMR is forecasted to be 15-1 deaths (13-1-17-5) per
super-region (figure 7). In children younger than 5 years, 100000, which is a 6-3% (0-8-11-8) increase from 2022.
the number of AMR attributable deaths decreased from In contrast to the strong increase in number of deaths
204000 (150-285) to 103000 (65-0-156) globally, a due to AMR of close to 70% from 2022 to 2050, the
decrease of 49-6% (34-1-61-3). Among the super- number of DALYs showed a much smaller increase of
regions, the decreases in children younger than 5 years 9-4% (-6-9 to 29-0) from 42-6 million (35-5 to 52-5)
ranged from 36-4% (16-4-51-9) in sub-Saharan Africato  in 2022 to 46-5 million (37-7 to 57-3) in 2050.
65-9% (55-1-74-9) in south Asia.

The global AMR all-age mortality rate is forecasted to  Impact of scenarios
increase from 14-2 per 100000 (95% UI12-3-16-7) in 2022  In the better care scenario, we forecasted that a total of
to 20-4 per 100000 (16-6-24-2) in 2050, while the age- 92-0 million (95% UI 82-8-102) cumulative deaths
standardised mortality rate is forecasted to decrease from (inclusive of deaths attrituable to or associated with AMR
14-2 per 100000 (12-2-16-8) in 2022 to 12-4 per 100000 as well as AMR unrelated deaths) would be averted
(9-92-15-6) in 2050 (figure 6), indicating that the Dbetween 2025 and 2050 (appendix 1 pp 84, 116-117). The
forecasted future trends of AMR burden will be largely greatest benefits would be in the south Asia,
driven by changes in population size and age structure. sub-Saharan Africa, and southeast Asia, east Asia, and

By 2030, the global number of deaths attributable to  Oceania super-regions with 31.7 million (26-8-37-2),
AMR is forecasted to be 1- 28 million (95% UI1-10-1-48).  25-2  million (21.2-29-8), and 18.7 million
From 2022 to 2030, the increases in the global number (14-4-22-8), respectively. Compared with the other GBD
of AMR attributable deaths amounttoa13-4% (7-8-18-8)  super-regions, sub-Saharan Africa was exceptional with a
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similar number of deaths averted in children younger
than 5 years compared with those 70 years and older,
with 6-98 million (5-25-8-98) deaths averted in children
younger than 5 years versus 7-02 million (6-31-7-61) in
the oldest age group (figure 8). The majority of deaths in
children younger than 5 years in sub-Saharan Africa
were in neonates with 3-64 million (2-94-4-48) deaths
averted. In all other super-regions, the number of deaths
averted for those 70 years and older far outweighed those
in children younger than 5 years.

In the Gram-negative scenario, we forecasted that
11-1 million (95% UI 9-.08-13-2) cumulative AMR
deaths would be averted between 2025 and 2050
(appendix 1 pp 84, 116-117). The largest reductions would
be in south Asia, south-east Asia, east Asia and Oceania,
and sub-Saharan Africa, with averted AMR deaths of
3.97 million (3-10—4-88), 2-17 million (1-78-2-68), and
2-05 million (1-53-2-65), respectively. Deaths averted in
children younger than 5 years will be largest in
sub-Saharan Africa and south Asia, where 637000 (409-950)
and 309000 (218-454) cumulative AMR deaths were
forecasted to be averted, respectively. With the exception of
sub-Saharan Africa, all other super-regions will see the
majority of averted deaths among those older than 70 years
and by far outweighing averted deaths in children younger
than 5 years. In sub-Saharan Africa, close to one-third of
averted deaths are forecasted both for in children younger
than 5 years and those 70 years and older.

Discussion
We found that, despite a decrease in global sepsis mortality,
the global mortality from AMR increased slightly from
1990 to 2019, followed by a slight reduction during the
COVID-19 pandemic. In our reference scenario, AMR
burden is forecasted to increase to 1-91 million attributable
deaths and 8-22 million associated deaths in 2050. This
suggests that without additional measures, we will not
reach the 10% reduction in AMR mortality proposed in the
10-20-30 by 2030 target.’ This study also found a notable
divergence in AMR mortality trends by age, with children
younger than 5 years having a greater than 50% reduction
between 1990 and 2021, whereas adults had an increase in
AMR mortality across this time period. We forecasted there
will be continued reductions in AMR mortality in children
younger than 5 years, but this improvement will be outpaced
by the increase in AMR mortality in other age groups,
particularly in older adults. Carbapenem resistance in
Gram-negative bacteria saw a substantial increase in
attributable burden from 1990 to 2021, and under the
alternative scenario in which new antimicrobials are
developed for Gram-negative bacteria, we describe a
forecasted 11-1 million AMR deaths averted by 2050. In a
second alternative scenario, with better health-care quality
for infectious syndromes and improved access to antibiotics,
we forecasted 92-0 million deaths averted by 2050.

The remarkable decline in AMR mortality in children
younger than 5 years across the past three decades
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Figure 6: Global attributable and associated AMR burden in the reference
scenario, 2022-2050

Shading represents the 95% uncertainty interval. The vertical line is placed at
2021 to distinguish estimates from forecasts.

deserve special attention. Much of this reduction is due
to a decrease in drug-resistant S pneumonige and in
pathogens commonly spread through faecal-oral
transmission  (eg,  Salmonella,  Shigella, and
enteropathogenic or enterotoxigenic E coli). This
decline coincides with widespread vaccination efforts
and improved access to WASH”* and serves as an
important reminder to the global health community
and policy makers that infection prevention might be a
highly effective intervention in reducing AMR burden.*
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These findings reinforce some of the major themes
presented in the recent Lancet series on AMR,” that
preventing infections through existing measures can
have an outsized effect on burden through multiple
pathways.” First, by preventing infection, there is no
opportunity for resistance to affect health loss. Second,
the prevention of even antibiotic-susceptible infections
leads to a reduction in the number of people receiving
antibiotics, which reduces the selection pressure for
drug-resistant bacteria. Finally, by improving access to
WASH, there is less opportunity for horizontal spread
of resistant bacteria across a community. It should be
noted, however, that while the overall AMR mortality is
decreasing in children younger than 5 years, AMR has
had an increasing role in sepsis deaths in this age
group. We found that, in 2021, 31.3% of sepsis deaths
in children younger than 5 years were associated with
drug-resistant bacteria, a 5.18% increase relative to
1990. This suggests that despite the overall
improvements in the number of AMR-related deaths,
those children who develop sepsis are facing infections
that are increasingly difficult to treat. Compounding
this issue is the fact that many children are still dying
due to a scarcity of access to adequate antibiotics for
their infections."*

The contrasting rise in AMR burden in adults is largely
due to the increase in AMR deaths in those 50 years and

older, with the greatest increase in those older than
70 years. In this age group, we found that AMR mortality
increased by more than 80%. This is noteworthy for
several reasons. First, the rising AMR and sepsis mortality
in older adults has been masked by traditional global
health metrics. For example, GBD and WHO global health
estimates both adhere to the principles of the International
Classification of Diseases and ascribe a death to a single
underlying cause. As the population ages, more people
suffer from chronic, non-communicable diseases that
contribute to the development of sepsis; yet sepsis deaths
among these populations are fully attributed to the
underlying non-communicable disease (eg, cancer
requiring long-term intravenous access for chemotherapy
complicated by a line infection leading to bloodstream
infection, sepsis, and death is attributed fully to cancer).
Second, interventions that are effective in younger age
groups, such as vaccines, might be less effective in older
adults. For many vaccines, including the pneumococcal
conjugate vaccine, immunosenescence leads to less
robust antibody response and lower vaccine efficacy.” This
lower efficacy, as well as the lower vaccine coverage, might
be why, despite having a pneumococcal vaccine available
for older adults,” there was not a decline in AMR burden
due to S pneumoniae. Third, older adults are more likely to
have adverse effects from specific antimicrobials;* as
resistance increases, the use of more toxic second-line and
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third-line treatment options is necessitated, which might
not be tolerated in older populations. Fourth, adults are
more likely to have comorbidities®* that lead to
immunodeficiencies and increase the risk of opportunistic
infections.” This is shown by the rapid increase in diabetes
prevalence in older adults and the rise of Gram-negative
infection burden.® Finally, older adults are forecasted to
be the demographic group that grows the most over the
21st century, with more than 25% of the world’s population
estimated to be older than 65 years by 2100.” This could
have a compounding effect on AMR—increasing the
vulnerability to infection while increasing the volume of
antimicrobials used—creating greater selection pressure
for resistance to emerge.

Beyond the changes to population structure and
population growth, discussed above as a driver of
changing AMR burden, there were two additional drivers
of change: improvement in the sepsis death rate and
changes in the aetiological pathogens with increasing
prevalence of resistance. Infection prevention and
improvements in health-care quality and sepsis
management prevented 3090000 AMR associated deaths
from 1990 to 2019. This is overshadowed by the ageing
and growing population, which contributed to an
additional 2530000 AMR deaths, and changes in the
pathogens and prevalence of resistance in pathogens
causing sepsis, which led to 902000 additional AMR
deaths. Ultimately, the complex interplay between an
older population, improvements in the health-care
system, and the emergence of more resistant and deadly
pathogens resulted in a net increase of 163000 deaths
associated with AMR from 1990 to 2019.

In 2024, WHO revised the Bacterial Priority Pathogens
List® to tackle the evolving challenges of AMR.®***! In this
most recent iteration, the critical priority designation was
given to carbapenem-resistant A baumannii, carbapenem-
resistant Enterobacterales, third-generation cephalosporin-
resistant  Enterobacterales, and rifampicin-resistant
M tuberculosis* We estimated that the mortality
attributable to all but one critical priority combination
increased from 1990 to 2021, with third-generation
cephalosporin-resistant Enterobacterales increasing from
1990 to 2019, followed by a decrease from 2019 to 2021.
Although MRSA was the pathogen—drug combination
with the greatest increase in attributable burden from
1990 to 2021, it is classified as a high priority instead of a
critical priority.® Part of this designation is due to the
assignment of MRSA to high treatability and medium
preventability. Indeed, there are several successful
evidence-based interventions at the individual, facility,
and population level that can reduce the risk of MRSA
infection: (1) antimicrobial stewardship, which has been
named an essential practice for MRSA infection and
transmission prevention, (2) contact precautions for
those colonised or infected with MRSA, and (3) MRSA
screening and surveillance.” Additionally, decolonisation
protocols have been shown to reduce the risk of invasive

A
Global (11-08 million)

Sub-Saharan Africa (2-05 million)

>70years

50-69 years

«» 15-49years
s
o

o 5-14years
[}
[=2]
<

1-4 years

Postneonatal

Neonatal

B

Global (92-02 million)
>70years 47-83

50-69 years

«» 15-49years
o
2
o

S 5-14 years
&
<

1-4 years
Postneonatal

Neonatal

Deaths (millions)

Deaths (millions)
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(A) Gram-negative drug scenario. (B) Better care scenario.

MRSA infection in selected populations.”* Despite these
prevention options, and its designation as highly
treatable with several alternative antibiotics available,
MRSA remains the pathogen—-drug combination
responsible for the greatest health loss globally in 2021.
Our results argue for policies that ensure greater uptake
of the already existing measures that have been proven
effective at reducing MRSA burden, while continuing to
invest in further research focused on prevention and
treatment strategies.

In contrast to MRSA, there are fewer evidence-based
prevention  measures for  carbapenem-resistant
Acinetobacter and Enterobacterales, particularly at the
population level. Many of the recommended prevention
strategies are extrapolated from studies on MRSA* or are
facility-based control measures when a common source
is identified.” The uncertainty of the efficacy of these
prevention strategies makes the substantial rise in
carbapenem-resistant Gram-negative bacteria particularly
alarming as carbapenems are considered by many to be a
last-resort antibiotic, which is reflected in the WHO
Bacterial Priority Pathogens List assignment of low
treatability with potential future treatments determined
to be unlikely. Most future treatments in the later stages
of drug development are derivatives of established
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antimicrobial classes,” and the development of resistance
or cross-resistance already present has consistently
proven problematic,” with resistance often shown before
an antibiotic is commercially released.® Our estimates
support the critical designation of carbapenem-resistant
Enterobacterales and Acinetobacter as major causes of
health loss globally that are rapidly increasing. Research
into prevention measures is urgently needed to
understand whether extrapolation of MRSA studies
informing many prevention strategies in resistant gram-
negative bacteria is reasonable and identify what
additional measures can curb the rising mortality from
these critical pathogens. Additionally, given the scarce
treatment options once infection occurs, investment in
drug development for these highly resistant Gram-
negative bacteria is needed, while ensuring novel
antibiotics are accessible to LMICs.*”

We found heterogeneity in trends across super-regions
and estimated that despite a decrease in AMR mortality
over the study period, sub-Saharan Africa was the super-
region with the highest mortality rate attributable to
AMR in 2021. This reduction in mortality is due to a
substantial decline in AMR deaths in children younger
than 5 years, and is consistent with the principles
described in the recent Lancet series, that AMR deaths
can be averted with infection prevention and control
measures, vaccination, and access to antibiotics.* The
persistently high AMR mortality rate in this super-region
reflects many of the challenges that LMICs broadly face,
which include fragmented health systems, inadequate
intensive care units (ICU) facilities, overcrowded ICUs,
staft’ shortages, inadequate universal access to WASH,
few trained infection prevention and control personnel,
underdeveloped microbiological capacity, and limited
access to antibiotics.” Continued investment in this
infrastructure—as well as antibiotic stewardship and
balancing antibiotic access with excess—are crucial and
depend upon many factors, including financial
incentives, greater affordability, and improved diagnostic
capacity, as identification of the aetiological pathogen
and susceptibility testing are crucial for appropriate
antimicrobial prescribing.® The effect of these
interventions is highlighted by our forecasts that indicate
the potential for 92-02 million averted deaths between
2022 and 2050 with improved health-care quality and
access to effective antimicrobials.

However, there are challenges in implementing these
evidence-based measures. A recent study showed
that in 2023, 59-9% of countries that participated in the
quadripartite self-assessment survey reported having a
monitoring and evaluation plan in place for their
National ~ Action Plan on AMR—with only
11-3% of countries funding the implementation of their
National Action Plans due to limited financial or human
resources, insufficient capacity, and varying levels of
political support.” Even among the G7 countries, there
are significant areas needing improvement, such as the

adoption of WHO Access, Watch, Reserve classification
of antimicrobials, full implementation of infection
prevention and control measures, the integration of
AMR surveillance to include food safety and animal
health, as well as accounting for environmental residues
of antibiotics and pesticide use.” Correspondingly, it is
crucial to continuously emphasise multisectoral
engagement in the global fight against AMR. Accelerated
investment in microbiology capacity is also needed to
facilitate appropriate treatment, surveillance systems,
and health metrics, and is essential to monitor progress
towards future targets, such as the proposed 10%
reduction in global AMR-related deaths.”

We found a decline in AMR burden during the
COVID-19 pandemic within the years captured by our
study (2020 and 2021). The relationship between
COVID-19 and AMR is intricate with many mechanisms
proposed to describe the relationship.”* The use of
personal protective equipment, enhanced hand hygiene,
and physical distancing (together with a greater number
of focal points of infection prevention and control in
LMICs) are salient factors that likely contributed to the
temporary decrease in the transmission of resistant
microorganisms while these measures were in effect.” It
is also possible that the pandemic could have substantially
decreased AMR mortality by other mechanisms. Firstly,
mortality displacement, or a harvesting effect, might
have occurred in which older people and those with
comorbidities died due to COVID-19 instead of bacterial
infections.® Secondly, there was evidence of fewer
antibiotic prescriptions in high-income countries
in 2020, which might have reduced selective pressure for
resistance. Any optimism around the decreases in AMR
mortality from 2019 to 2021 should be tempered as many
of these effects might be temporary. As travel restrictions
have eased, there is evidence that AMR has continued to
spread in both LMICs and high-income countries, with
LMICs being identified as being potential hotspots of
resistant organisms.

Consistent with our previous research, we have
produced AMR burden estimates for two counterfactuals
that are both informative, particularly when considering
the effect of AMR-directed interventions. When
considering how vaccination campaigns can mitigate
AMR burden, the no infection counterfactual is more
informative as one could reasonably expect that those
infections with resistant bacteria would be fully
prevented. Whereas with new drug development, the
infection is still present but now susceptible to the novel
antibiotic, so the susceptible infection counterfactual
could better describe the benefit.”

Our forecasting analysis suggests an increasing burden
from AMR in the coming decades, with an estimated
69-6% increase in global deaths attributable to AMR and
67-0% increase in deaths associated with AMR between
2022 and 2050. Although all-age rates show increasing
trends, age-standardised rates are forecasted to decrease.
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This indicates that many of the changes in AMR mortality
in the future will be driven by changes in population size
and age structure, with increased prevalence of
comorbidities that are associated with infectious
complications, such as obesity and diabetes. We see the
interaction of the diverging trends in children younger
than 5 years and older adults in the projected AMR
burden to 2050. Although AMR deaths increase in
numbers for all ages combined, they show strong
declines across every GBD super-region in children
younger than 5 years, but a more than a doubling globally
and within five of the superregions in individuals
70 years and older. The convergence of these population
changes with increasing comorbidities is concerning,
particularly in older adults, and will require interventions
that can address the specific challenges in this age group
and prepare health systems for the rising AMR burden
in older adults.

Our reference forecasts indicate that the 10-20-30 by
2030 targets® are unlikely to be met without added efforts
on drug development, infection prevention, better
treatment of severe infections, and Dbetter access to
currently available antibiotics. To meet the target, the
AMR mortality rate in 2030 would need to be less than
13-9 attributable AMR deaths per 100000. This suggests
that without additional investment in averting AMR
mortality, we are on track to miss the 10% target with a
difference of more than 150000 attributable AMR deaths
between the forecasted AMR deaths in 2030 and the
10% reduction target. Our findings from the Gram-
negative drug scenario and the better care scenario show
the opportunity for progress. Effective development and
distribution of new Gram-negative drugs could result in
11-08 million (95% UI 9-08-13-17) AMR deaths averted
from 2025 to 2050, accounting for approximately one-
third of the cumulative deaths attributable to AMR that
were forecasted under the reference scenario. Our better
care scenario estimates a substantially larger impact
above and beyond averting deaths caused by resistance
with 92-02 million (82-81-101-75) cumulative deaths
averted from 2025 to 2050 through efforts to improve the
management of severe infections, and increase access to
antibiotics, particularly in LMICs.

In reviewing the forecasting analyses presented in this
study compared with those from the 2014 Review on
Antimicrobial Resistance report,! it is important to note
that a direct comparison is not possible because the
pathogen—drug combinations between the two studies do
not perfectly overlap. The only combinations that both
estimates include are MRSA, E coli, and K pneumoniae
resistant to third-generation cephalosporins. The
2014 review result of 10 million deaths a year is somewhat
larger than our estimate of nearly eight million associated
deaths in 2050. However, our estimates include many
more bacterial pathogen—drug combinations, whereas
the AMR report includes malaria and HIV. Although we
cannot explore the differences between the 2050 estimates,

there is a clear similarity in the implications from both:
AMR is an increasing global health challenge that
requires urgent intervention.

The rising mortality due to carbapenem-resistant
Gram-negative bacteria is cause for concern,® with
problematic phenotypes becoming increasingly common.
The pharmaceutical industry has an important role in
meeting this challenge with the development of
therapeutic agents to overcome multidrug resistant
infections. We estimated that the potential effect of
new Gram-negative antibiotics in reducing mortality
is profound, with a forecasted 1108 million
(95% UI 9-01-13-17) cumulative AMR deaths prevented
between 2025 and 2050 in the new Gram-negative drug
scenario; however, a total of 28-03 million (23-7-32-8)
annual AMR deaths still occur by 2050, even under this
scenario’s optimistic assumptions. This underscores that
drug development targeting the most difficult to treat
infections, while important, is not sufficiently
comprehensive to address the AMR challenge, as
development of further resistance appears to be inevitable.
There is a need for a diverse set of interventions to reduce
the burden of AMR, including those that will prevent
infections, provide better access and quality of care, and
improvements in diagnostics and management of
comorbid conditions. The number of deaths averted
between 2025 and 2050 under the better care scenario is
five-times greater than those saved by the Gram-negative
drug scenario. This shows that overall improvements to
health-care systems, including access to existing
antibiotics, could be far more impactful than drug
development alone. Of course, framing these scenarios as
either drug development or improving health systems is a
false dilemma, and there should be investment in both
approaches; the more than 50 million deaths averted by
improving access to existing antimicrobials is remarkable
and supports the recent calls to add AMR and access to
antimicrobials as a focus of the Global Fund’s mission.””

This study has several limitations (many of which have
been discussed previously), with the most significant
being the scarcity of data from some LMICs on the
distribution of pathogens by infectious syndrome, the
relative risk of resistance for key pathogen—drug
combinations, and the number of deaths related to
infections. In our study, seven of 204 countries and
territories had no data available for any of our modelling
components. We also acknowledge a substantial scarcity
of data linking laboratory results to outcomes such as
mortality, an issue also reflected in our previous research.
Such sparsity is mainly due to insufficient laboratory
infrastructure and capacity, scarce or absent
microbiological facilities, weak health systems and
governance and information systems, and scarce
resources.””?”” In some countries, available data are
fragmented, undersampled, or not representative of the
broader population. Moreover, without accessible and
well equipped microbiological facilities, data from
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medically underserved populations are often
unobtainable. Consequently, there is at times a loss of
accuracy regarding burden estimates for countries with
scarce data and for specific pathogen—drug combinations,
and resultantly exceptional difficulties in controlling for
biases posed by patient comorbidities and microbiological
testing procedures that is often unavailable in the data
that we do have. Improving microbiological laboratory
capacity is essential for improved patient outcomes. The
scarce data in some countries substantially affected our
prevalence of resistance and relative risk modelling
components, akin to the situation in our previous
publications.®**'** We acknowledge that there might be
methodological assumptions due to data scarcity, and
this could potentially result in overestimation or
underestimation of resistance prevalence (eg, pathogen—
drug combinations with sparse data could be influenced
by outliers in neighbouring country-years). Nevertheless,
our overall estimation process remains both com-
prehensive and consistent, drawing on all available global
data; more specifically, when specific country data are
scarce, estimates rely on covariates and regional patterns
and are supported by out-of-sample predictive validity
assessments.

Second, despite our efforts to minimise and account
for biases and misclassifications, these might arise
when consolidating and standardising data from
different providers and origins of infection. We also
acknowledge the potential effect of selection bias in
passive microbial surveillance data, bias introduced by
low rates of diagnostic culture utilisation,” while
differences in antimicrobial usage between private and
public health-care sectors might lead to incomplete
representation of AMR patterns. In LMICs, hospital
microbiology data might disproportionately reflect cases
of more severe disease and wurban populations.
Furthermore, although we included data from tertiary
care facilities and adjusted for bias in the prevalence of
resistance, a large portion of our data originated from
facilities with mixed tertiary, non-tertiary, or unknown
classifications. Estimated relative risks of death and
increases in length of stay associated with resistance are
also vulnerable to residual confounding (eg, unreported
patient primary diagnoses affecting both vulnerability to
infection and risk of death), collider stratification bias
(eg, hospitalisation as a collider caused by exposure to
infection with resistant bacteria and the outcome of
being ill enough to die), and time-varying confounding
(eg, treatment and dose). We are also cognisant that
coinfections and comorbidities can amplify the risk,
severity, and outcomes of resistant infections, and thus
additional research is necessary to elucidate their role
and specific effects. In addition, evolving diagnostic
techniques could introduce some variability in the
results, especially when comparing data across different
time periods. These limitations underscore the need for
standardised  protocols and  improved data

harmonisation efforts to ensure the robustness and
reliability of AMR burden analyses.

Our study also faces unique challenges specific to time
trend analysis of AMR. One constraint is the uneven
temporal distribution of available data from various
regions and countries, which complicates the accurate
representation of global, regional, and national AMR
dynamics—potentially affecting the reliability and
interpretation of our time trend analyses. Data reporting
levels of resistance before 2000 is exceptionally sparse: in
Europe, widespread collaborative monitoring of AMR
did not begin until 1998 with the formation of the
European Antimicrobial Resistance Surveillance System,
in Latin America monitoring began for a select few
pathogen—drug combinations in the mid-1990s through
the Regional System for Vaccines, and the Latin
American ~ Antimicrobial = Resistance  Surveillance
Network, and in the USA, Centers for Disease Control
and Prevention-directed monitoring began in 1996.
Correspondingly, our estimates of resistance before
2000 rely heavily on modelled temporal trends and
covariates. We are also subject to a lack of longitudinal
data (both on AMR prevalence patterns and antimicrobial
usage) from many LMICs and the sporadic and non-
standardised nature of data collection across different
regions and health-care settings that further hampers
our ability to track changes in pathogen—drug resistance
profiles over time. Finally, the COVID-19 pandemic
substantially affected all facets of health systems,
including AMR surveillance efforts. The reduction in the
number of microbiological cultures, elective procedures,
and outpatient visits, alongside an increase in ICU
admissions and admissions of chronically ill patients,
could skew and subsequently bias AMR data used in our
study.®”

The high burden of B-lactam resistance, and particularly
carbapenem resistance, in S pneumoniae deserves further
comment. To have a consistent approach across
pathogens, we use a [B-lactam hierarchy such that an
isolate that is resistant to both third-generation
cephalosporins and carbapenems has its attributable
burden assigned to carbapenems (appendix 1 p 69). This
is a stronger assumption for S pneumoniae than for the
Gram-negative bacteria because the mechanism of
resistance in Gram-negative bacteria is more commonly
B-lactamases™ that often follow this hierarchy. By
contrast, B-lactam resistance in S pneumoniae is often
due to mutations” in the penicillin binding protein; a
possible effect of applying this hierarchy to S pneumoniae
is an overestimation of the burden of carbapenem
resistance in S pneumonige relative to other
B-lactams, specifically penicillin and third-generation
cephalosporins. Additionally, in our framework, the
effect of resistance on mortality (ie, the relative risk)
borrows strength from other pathogens with resistance
to the same antimicrobial class, which is likely a stronger
assumption for S pneumoniae than the Enterobacterales
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given the prevalence of input data from Carbapenemase
producing carbapenem-resistant enterobacterales and
S pneumoniae’s distinct mechanism of resistance. We
hope that with continued data seeking, future iterations
will include models more specific to the nuances of
S pneumoniae.

Our forecast and scenarios of AMR burden to 2050 are
also subject to the limitations in the historical estimates,
including data availability and quality, as our forecast
trends are built of historical estimates. The forecast
models were also produced from estimates of deaths due
to resistance overall, rather than forecasting individual
pathogens, which could lead to reduced accuracy if there
is substantial heterogeneity across pathogen time trends.
Our forecast models also do not include the outbreak of
new resistant pathogens or superbugs, and might be
under-estimates if new pathogens arise or stochastic
events occur that lead to a marked increase in infections,
and thus resistance. We also made several assumptions
in the development of our Gram-negative drug scenario
and better care scenario, and thus the effect of these
findings is informed by those assumptions. First, we
assume that the proportion of AMR infections due to
Gram-negative bacteria will remain constant over time
and that the development of novel therapeutics and
scale-up of a drug pipeline would take 15 years and be
effective in reducing Gram-negative deaths by 50%. In
our better care scenario, we reduce cause-specific
mortality from infectious syndromes to levels of
countries at the 85th percentile of the HAQ Index (in the
lower tail of HAQ for high-income countries). This
scenario captures improvements in the health system
beyond better care for severe infectious diseases and
improved access to antibiotics, such as improved
diagnostic capacity, a more robust health-care workforce,
and availability of life-saving technological interventions
for people with advanced disease (eg, ventilators). Our
forecasts for the better care scenario do not incorporate
the effects infectious diseases outside of those that
contributed to the AMR mortality envelope
(appendix 1 p 20). Due to difficulty calculating the
85th percentile case-fatality rate, typhoid, paratyphoid,
and invasive non-typhoidal Salmonella was excluded.
This scenario additionally assumes adequate stewardship
should access to antibiotics improve, which might
depend on other factors associated with a high HAQ,
such as income and other features of general
development.

Despite these limitations, to our knowledge, this study
represents the most comprehensive analysis of bacterial
AMR burden across time, and the most extensive analysis
forecasting the burden of AMR to 2050. It reflects the
best and widest range of available data and used models
that have been tested and refined over the 30 years of
GBD analysis to incorporate diverse data sources.
Although each data source alone does not fully address
the temporal pattern of AMR burden, their collective use

provides a more complete estimate with comprehensive
geographical coverage. Therefore, to our knowledge, this
study is the first to report changes in AMR burden over
time by using attributable and associated counterfactual
scenarios while covering a wide array of pathogens and
pathogen—drug combinations, with global and regional
estimates for 204 countries and territories. With future
iterations of this work, we intend to monitor progress
towards the 10-20-30 by 2030 target. We also anticipate
expanding the scope of pathogen—drug combinations,
given the importance of other antimicrobial classes, such
as tetracyclines, and the effect of current resistance
among fungi, viruses, and parasites. We can also build
on this infrastructure to describe the burden of emerging
resistant pathogens such as Candida auris. As surveillance
systems improve with greater data availability and
geographic coverage, these estimates will be increasingly
precise and could be used to inform WHO empiric
antimicrobial recommendations by region.

We found that AMR deaths for both counterfactuals
increased slightly from 1990 to 2019, while the all-age
mortality rate decreased. Much of this reduction is due
to infection prevention, improvements in the
management of sepsis, and reductions in sepsis
mortality in children younger than 5 years. When
looking at the role of AMR in sepsis deaths, we describe
a growing and concerning trend that when someone
dies from sepsis, the probability that the organism
causing infection is drug-resistant is 25% higher in
2019 relative to 1990. Perhaps more importantly, we
found rising resistance to critically important
antimicrobials. This is most stark with the increase in
the burden of carbapenem-resistant Gram-negative
organisms but is also reflected in multidrug-resistant
tuberculosis. All but one of the pathogen—drug
combinations rated by the WHO Bacterial Priority
Pathogens List to have low or medium-low treatability
had an increasing burden from 1990 to 2021; only
fluoroquinolone-resistant  Salmonella Typhi had a
decreasing burden, largely due to decreases in global
Salmonella Typhi incidence. Our reference scenario
mortality estimates suggest a continued increase in
AMR mortality, leading to 1-91 million attributable
deaths and 8-22 million associated AMR deaths in 2050.
Our reference forecasts suggest that without additional
measures we will fail to hit the 10% reduction in AMR
mortality proposed in the 10-20-30 by 2030 target.
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