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Foreword

Antimicrobial resistance (AMR) is a major global health
threat. Understanding the global health burden of AMR,
including the temporal trends in resistance and which
populations are most at risk is important for developing
policies and action plans to address the challenge that
AMR poses. Further, forecasts and alternative scenarios
can help us understand the potential gains if policies

and investments are targeted appropriately.

Making an economic case for investment in the fight
against AMR has been a challenge across the world,
partly due to competing priorities at all levels. Para-
mount to establishing the required business case for
sustainable investment to tackle AMR is cooperation
- both within and across human and animal sectors -
as well as collaboration with national and global stake-
holders, and engagement of private partnerships. Thus,
the World Organisation for Animal Health (WOAH) is
collaborating with the United Kingdom Department of
Health and Social Care (UK DHSC) to pool a consortium
of international partners across the human and animal
health sectors, who can implement this groundbreaking
EcoAMR Series on health and economic consequences
of AMR. The project aims to generate the necessary evi-
dence that will inform bold and concrete commitments
to mitigate AMR by member states at the United Nations
General Assembly (UNGA) High Level Meeting (HLM)

on AMR in 2024 and future actions by governments and

policy-makers. Among this team are global experts from
the Centre for Global Development and the Institute
for Health Metrics and Evaluation, utilizing estimates
from the Global Research on Antimicrobial Resistance
(GRAM) Project to develop the human health compo-
nent. Meanwhile, RAND Europe, Animal Industry Data
and WOAH have addressed the animal health compo-
nent of this cross-sector initiative. The World Bank has
provided quality assurance via a team of global experts
serving as peer reviewers of this study’s methodolo-
gies and outputs. The results from this study will guide
action-oriented declarations at the UNGA HLM on
AMR, inform governments and policy-makers on effec-
tive interventions and policy-making, and facilitate

sustainable financing.

In this report, Forecasting the fallout from AMR: Human
health impacts of antimicrobial resistance, IHME presents
forecasts of global and regional health burden due to
AMR using historical estimates from the GRAM Project.
This analysis also quantifies the health gains possible
from key interventions, such as developing new anti-
microbials that targets resistant bacteria, or improved
healthcare for treating severe infections and better

access to existing antimicrobials.

Christopher J.L. Murray

Director, Institute for Health Metrics and Evaluation




Executive summary

INTRODUCTION

Antimicrobial resistance (AMR) is an important future
health threat. A recent report concluded that bacterial
AMR caused 1.27 million deaths in 2019 and was associ-
ated with 4.95 million deaths, emphasisingthat AMRisan
important health concern for the global community [1].
Building on a past time series with extended methodol-
ogy and data, we utilised the forecasting framework that
has been established for the Global Burden of Disease
Study (GBD) to provide a reference forecast (the most
likely future) and alternative scenarios for the disease

burden of AMR for the years 2022-2050.

RESULTS

While the past time series showed relatively stable
death numbers due to AMR from 1990 to 2021, the
global number of deaths attributable (due) to AMR were
forecast to increase by 60.00% (95% UI: 42.62-80.00)
from 2022 to 2050, from 1.15 million (0.98-1.33) deaths
in 2022 to 1.84 million (1.50-2.20) deaths in 2050. Cumu-
latively, the reference scenario forecast 38.52 million
(32.02-45.04) global deaths due to AMR from 2025 to
2050. The number of deaths associated with AMR was
4.90 million (4.30-5.45) in 2022, and the forecast to
2050 is for 7.73 million (6.45-8.97). While the number
of AMR attributable deaths and all-age (crude) death
rates are forecast to increase globally and across GBD
super-regions, age-standardised rates are forecast to
decrease, pointing to population ageing and population
growth as the key drivers of the increase in AMR bur-
den. The future AMR burden is forecast to be highest
in South Asia; Southeast Asia, East Asia and Oceania;
and Sub-Saharan Africa. These overall death num-

bers conceal opposite trends by age. Globally and in

every super-region, AMR deaths under 5 years of age
are decreasing, most pronounced in absolute num-
bers in Sub-Saharan Africa and South Asia. For deaths
of people 70 years and older, we forecast substantial
increases from 2022 to 2050 in every super-region. The
all-cause disability-adjusted life year (DALY) burden of
AMR showed different patterns over time compared to
deaths. Global DALY counts due to AMR decreased from
1990 to 2021, but flattened out in the future and only
showed a moderate increase of around 5% from 2022
to 2050. This moderate increase in the future relative to
the increase in deaths is driven by the DALY measure,
which is weighted toward premature mortality and
disability at younger ages, where we forecast declines

in AMR burden in the future.

We assessed the impact of four alternative scenarios
on the future AMR burden. A Gram-Negative Drug sce-
nario explored the potential impact of establishing a
pipeline for innovation of new drugs that are effective
on gram-negative bacteria. Assuming that the pipeline
would be fully effective by 2036 with a reduction of the
gram-negative burden by 50%, we estimated that a total
of 10.23 million (95% UI: 8.46-12.31) cumulative deaths
between 2025 and 2050 could be averted. A Better
Care scenario explored the impact of health system
strengthening to treat infectious diseases by 2030
and was forecast to avert 89.84 million (80.79-99.51)
deaths, with the largest impacts in Sub-Saharan Africa;
South Asia; and Southeast Asia, East Asia and Oceania
between 2025 and 2050. A Combined scenario assessed
the impact that could be achieved by combining the
Better Care and Gram-Negative Drug scenarios plus
the gradual elimination of WASH (water, sanitation
and hygiene) risk factors plus 100% vaccine coverage by

2050 for the modelled vaccines. The combined effects




of these scenarios were forecast to amount to avert-
ing 110.02 million (44.07-153.19) deaths cumulatively
from 2025 to 2050. A pessimistic scenario on past rates
of change in the inputs to the forecasting models indi-
cated an excess of cumulative deaths from 2025 to 2050

of 6.69 million (6.05-7.33).

CONCLUSION

Antimicrobial resistance is a growing public health
threat, and our forecasts suggest that deaths attributable
to AMR will increase by 60.00% (95% UI: 42.62-80.00)
between 2022 and 2050. Deaths under the age of
5 years are forecast to decrease globally and in all

GBD super-regions, whereas we forecast more than a

Executive summary

doubling in AMR deaths among persons 70 years and
older. More than half of these deaths by 2050 will be
in this oldest age group. In contrast to global deaths,
DALY counts due to AMR only showed a moderate
increase of around 5% from 2022 to 2050. Our alterna-
tive scenarios demonstrate the opportunity to drasti-
cally reduce the threat that AMR poses by strengthening
health systems including access to antibiotics, scaling
up the development of a robust drug pipeline, and
continuing to reduce infections through vaccination
campaigns and improvements to water, sanitation and
hygiene. Particularly in Sub-Saharan Africa, these inter-
ventions would lead to substantial decreases in under-5
mortality, where burden among children is still rela-

tively high.







Introduction

Antimicrobial resistance (AMR) is a major health prob-
lem and future health threat. With the UK Review on
Antimicrobial Resistance initial report in 2014 [2] and
final report in 2016 [3], AMR was solidly placed on
the international agenda. With forecasts by 2050 of
10 million annual deaths due to AMR and a potential
global economic loss of US$ 100 trillion, these reports
led to broad concern of the social, economic and health
consequences of not tackling further increases in drug
resistance. A recent Lancet series on sustainable access
to effective antibiotics provides a useful summary of the

current status in this area [4].

The first detailed global and country-level report on
AMR by drug and bacterial species concluded that
bacterial AMR caused 1.27 million deaths in 2019 and
was associated with 4.7 million deaths, emphasising
that AMR is an important health concern for the global

community [1].

Understanding the future disease burden due to AMR is
important for policy-makers to design programmes and
policies tailored to the communities likely to face the
greatest burden, and develop strategies that improve
access to effective, safe treatment. Further, alternative
future scenarios are useful to understand the relative
impact that can be achieved through various interven-
tions across countries. Building on the GBD forecasting
framework [5-7], combined with a new times series
of bacterial AMR from 1990 to 2021 that extended the
approach behind the estimates for the year 2019, this
work forecast the bacterial AMR disease burden to
2050. We also included alternative future scenarios and
the disease burden averted or in excess when compared

with our reference forecast projections.




Methodology

The Institute for Health Metrics and Evaluation (IHME)
future health scenarios framework uses estimates of
disease burden, drivers of disease burden (such as
risk exposure) and demographic indicators from the
Global Burden of Diseases, Injuries and Risk Factors

Study (GBD).

FUTURE HEALTH SCENARIOS
PLATFORM OVERVIEW

IHME’s Future Health Scenarios Team generates fore-
cast estimates based on GBD past estimates of 359

causes for 21 regions, seven super-regions, and at the

global level, across five-year age groups and sex [5-7].
A description of the GBD framework as well as ret-
rospective  AMR estimates can be found in the
GBD 2021 Lancet series and multiple AMR-specific
publications [1,8-12]. Figure 1 illustrates an overview
of the multi-staged forecasting modelling process.
Our previous publications on forecasting provide
detailed descriptions of the methods used to forecast
the independent drivers, risk factors, mortality, demog-
raphy indicators and disability-adjusted life years
(DALYs) [5-7,13]. We use the reference forecasts (the
most likely future) of cause-specific disease burden to

estimate both deaths and DALYs associated with AMR

FIGURE 1 Schematic representation of antimicrobial resistance (AMR) forecasting modelling framework
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Note: AMR = antimicrobial resistance; ART = antiretroviral therapy; YLLs = years of life lost; YLDs = years lived with disability; DALYs = disability-adjusted
life years. Purple shading indicates drivers of health burden, green indicates measures of fatal disease burden and demography, blue indicates non-fatal

disease burden and red indicates the total disease burden.




(number of deaths and DALYs among people who have
a resistant infection) and mortality and DALYs attribut-
ableto AMR (number of deaths and DALYs due to AMR).
Additionally, we produce three policy-based scenar-
ios of averted mortality burden (number of deaths and
DALYs that can be potentially avoided if a particular
policy is implemented), and one pessimistic alterna-
tive scenario of excess burden. All modelling is done by
age, sex, location and year such that aggregate results
(e.g. all-age, global or regional findings) capture trends

at the most granular level of detail possible.

FORECASTING AMR POPULATION
ATTRIBUTABLE FRACTIONS

To incorporate AMR into the forecasting framework, we
used historical estimates of deaths due to AMR (attrib-
utable deaths) by GBD cause [12] and computed 19 pop-
ulation attributable fractions (PAFs) for GBD Level 2
causes with AMR attributable death counts.

We forecast the fraction of cause-specific deaths due to
AMR using a Generalized Ensemble Model (GenEM).
GenEM utilises 12 different sub-models (or child models)
where we employ two main modelling approaches: the
weighted annualised rate of change (ARC) and a two-
stage spline model based on the meta-regression -
Bayesian, regularised, trimmed tool (MR-BRT) [14]. Each
of these models had six different recency-weighting
parameters ranging from 0 to 2.5 (the higher the weight,

the more weight given to recent years).

For the ARC child models, we calculated the age-
standardised, sex-specific and location-specific annual
change of the logit-transformed AMR PAF values. To
account for the effect of noisy data, we replaced annual
changes outside the 2.5th and 97.5th percentiles with
those corresponding percentile-values. The two-stage
MR-BRT child models used the first stage to fit age-
standardised, sex-specific logit of the AMR PAF on SDI:

logit(AMR PAF, )=, + Bspline(SDI_ ) +¢_ ., (1)

where logittAMR PAF. ) is the logit of the age-
standardised AMR PAF in country c, sex s and year t,

Methodology

B, is an intercept, B, is a coefficient matrix, spline is
the spline with five knots placed evenly across the
distribution of SDI data and assumes both right and
left linear tails, and ¢_, is the residual. This was then
followed by the second stage, where the logit of the
residuals from the first stage was modelled linearly on

time (year):

loglt(g ):yea’rt +l+\PC’S’[, (2)

c,s,t

where A is a fixed intercept value and y_, is an error
term. This model was chosen based on the predictive
strength of SDI as a covariate and to capture additional
temporal trends in the residual that were not fully cap-

tured by SDI.

The weight of each sub-model was defined by running
out-of-sample predictive validity experiments. We
trained each sub-model based on data from 1990-2011
and validated each sub-model based on 2012-2021 data.
We measured each child model’s performance using
root mean square error (RMSE), based on which we

determined sampling weights of each child model.

We then produced the sub-model forecasts based on the
1990-2021 training dataset. For each ARC child model,
we used the calculated annual change with the corre-
sponding recency-weighting parameter to produce
2022-2050 AMR PAF forecasts. For the MR-BRT child
models, we used forecast SDI values in addition to the
recency weights to obtain forecasting values of AMR

PAFs based on the model fit.

We then obtained the final AMR PAFs ensemble fore-
casts by taking a mean over the child models using the

sampling weights from the out-of-sample experiments.

COMPUTING FUTURE ATTRIBUTABLE
AND ASSOCIATED AMR BURDEN

To compute the attributable AMR burden, we first
multiplied our reference mortality and years of life
lost (YLL) forecasts for 22 cause groups at the age-
sex-location level by the forecast AMR PAFs described
in the above section. We then applied a scalar to the

attributable YLLs using the global ratio of YLL:YLD
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AMR deaths in 2019 [1] to compute AMR-attributable
YLDs. Finally, we summed AMR-attributable YLL and
YLD results to compute AMR-attributable DALYs.

To compute the associated AMR burden, first, we
computed the ratio of AMR-associated deaths to AMR-
attributable deaths for 22 cause groups by age-sex-
location in the year 2021. We then used this ratio to
multiply our AMR PAFs and calculate associated burden
forecasts for each measure the same way we computed
attributable burden as described above. All modelling
computations were done on 500 draws to propagate
uncertainty from all sources, and estimates provided
represent the mean and 95% uncertainty interval across

500 draws for all measures.

DEVELOPING AMR ALTERNATIVE
SCENARIOS

In addition to a reference forecast, our framework
allows us to produce four AMR alternative scenarios
of disease burden. These scenarios were applied to all
locations. In instances where the reference forecast for
a given location was more optimistic than the defined

alternative scenario, the reference forecast was used.

Gram-Negative Drug scenario

Gram-Negative Drug scenario is defined as a regular
release of new drugs targeting gram-negative bacteria.
For this scenario, we first calculated the fraction of
AMR-attributable deaths due to gram-negative infec-
tions in the year 2021 (fraction

'AMR_deaths

). We then mul-
tiplied the future reference scenario AMR PAFs by
) to obtain future

fraction and (1 - fraction

'AMR_deaths 'AMR_deaths’

gram-negative PAFs and future non gram-negative PAFs,

respectively.

Afterwards, for the future gram-negative PAFs, we
decreased the gram-negative PAFs linearly from 2021
to 2036 until the PAFs value in 2036 was 50% of the
PAFs value in 2021, and then held them constant from
2037 to 2050. Then, we added the non-gram-negative

PAFs to scenario gram-negative PAFs to determine the

total PAFs based on the Gram-Negative Drug scenario.
Finally, we calculated the fraction of the resulting total

PAFs (fraction

oir_mz) and then multiplied this fraction

by the mortality to obtain the number of deaths attribut-

able to AMR for the Gram-Negative Drug scenario.

Better Care scenario

The Better Care scenario is associated with improved
case-fatality rates for 11 infectious syndromes, lever-
aging retrospective estimates reflective of varying
health system strength. To calculate the death rates for

this scenario (m for a cause c at time ¢, we used

c_scemzrio,t)
case-fatality ratios (CFRs) that varied by age, location
and infectious syndrome; fraction of cause due to

infectious syndrome:

c_scenariot

=m,, I—ZFCS(I —CFR _ratio,)

=1 A

where m_, is the total death rate for a cause c at time ¢,
n_is the number of infectious syndromes, CFR_ratio_is a
required relative reduction in CFR for an infectious syn-
drome, and F,_ is the fraction of a cause due to an infec-
tious syndrome. The fraction of a cause due to sepsis is
accounted for in F_. The detailed description of sepsis
and infectious syndromes definitions can be found in

the appendix of the GBD 2021 AMR publication [12].

CFR_ratio, for infectious syndrome was calculated as
CFR 1140 - 8426/ CFR o where CFR, 1140 - 5416 1S CFR value
for an infectious syndrome that corresponds to the
85th percentile of Healthcare Access and Quality (HAQ)
Index [15]in 2021 (HAQ Index =84.16) by location and age

group; CFR, . is the CFR value in 2021 by location and

15,2021
age group. We chose the 85th percentile of HAQ Index to
capture the progress required by 2030 in a country where
access to and quality of health care needs improvement
(HAQ Index in the majority of high-income countries
is already above 84.16 in 2021). To obtain the value of

CFR

hao - a1 We used the age-specific relationship of

HAQ Index and CFR across 204 countries for 11 major
infectious syndromes. The relationship curves can be

found in the GBD 2021 AMR publication [12].




Combined scenario

The combined scenario includes scenarios (1) and
(2) plus improved vaccination and improved water/
sanitation/hygiene (WASH). For improved vaccination,
we applied a linear increase in vaccine coverage from
2023 to 100% by 2050 in all locations for all six modelled
vaccines: third-dose diphtheria, tetanus and pertussis
(DTP3) vaccine; measles conjugate vaccine doses 1 and
2 (MCV1 and MCV2); Hemophilus influenzae type B (HiB)
vaccine; pneumococcal conjugate (PCV3) vaccine;
and rotavirus vaccine (Rota). For improved WASH, we
applied a linear reduction in summary exposure values
(SEVs) to unsafe water, unsafe sanitation and hygiene to
zero from 2023 to 2050, i.e. full elimination of exposure

to unsafe WASH by 2050.

Methodology

Pessimistic scenario

For the pessimistic scenario, we projected the future
AMR burden based on the 15th percentile of past rates
of change across locations and years. This was done
using the Generalized Ensemble Model, where the six
annualised rate of change (ARC) sub-models calculated
the 15th percentile ARC across location-years in the
past and applied these to future projections, and the
six MR-BRT sub-models used the 15th percentile rate of
change in Socio-demographic Index (SDI). The 15th per-
centile was chosen as a plausibly pessimistic observed

rate of change from the past.




Results

GLOBAL AND REGIONAL BURDEN deaths due to AMR from 2025 to 2050. The number of
OF AMRIN 2050 IN THE REFERENCE deaths associated with AMR was 4.90 million (4.30-
SCENARIO 5.45) in 2022, and the forecast to 2050 was 7.73 million

. ) (6.45-8.97). Figure 2 further shows a decreasing trend
The global number of deaths attributable to and associ-
. . from 1990 to the present for all-age (crude) and age-
ated with AMR changed very little from 1990 to the pres-
T . standardised death rates. The forecasts show an
ent but showed a substantial increase to 2050 (Figure 2). . ) .
) ) increasing global trend for all-age but a decreasing
The number of deaths attributable to AMR in 2022 (the . . .
L trend in age-standardised AMR attributable death rates,
first year of forecasts) was 1.15 million (95% UI: 0.98-
o suggesting that ageing and population growth drive the
1.33),and the forecastto 2050 was 1.84 million (1.50-2.20) ) ) )
. . forecast increases in death counts. Figure 3 shows the
deaths, an increase of 60.0% (Table 1). Cumulatively, the . .
. trends in death counts and all-age and age-standardised
reference scenario forecast 38.52 (32.02-45.04) global

FIGURE 2 Global attributable and associated AMR burden (A) deaths and (B) DALYs in the reference scenario,
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TABLE 1 AMR associated and attributable death and DALY counts in millions, globally and by super-region in the reference scenario, 2022 and 2050

Attributable Associated Attributable Associated Attributable Associated Attributable Associated

deaths in 2022 deaths in 2022 deaths in 2050 deaths in 2050 DALYs in 2022 DALYs in 2022 DALYs in 2050 DALYs in 2050

Global 1.15 490 1.84 7.73 42.37 183.18 4435 186.99
(0.98,1.33) (4.30, 5.45) (1.50,2.20) (6.45,8.97) (35.81, 50.68) (157.16, 215.39) (35.59, 56.14) (152.68,231.92)

Central Europe, Eastern 0.06 0.27 0.08 0.33 1.69 7.15 1.54 6.60
Europe and Central Asia (0.05,0.07) (0.23,0.30) (0.06, 0.09) (0.28,0.38) (1.42,2.00) (6.27, 8.00) (1.26, 1.85) (5.66, 7.73)
Southeast Asia, East Asia 0.26 1.16 0.39 1.71 6.86 30.39 7.01 30.75
and Oceania (0.21,0.31) (0.97,1.36) (0.31,0.45) (1.37,1.99) (5.73,8.14) (25.72,35.34) (5.75,8.31) (25.60, 35.81)
High-income 0.12 0.56 0.16 0.74 2.12 9.81 2.28 10.52
(0.09,0.13) (0.44,0.62) (0.12,0.18) (0.56, 0.85) (1.81,2.35) (8.51,10.65) (1.82,2.58) (8.66, 11.75)

Latin America and 0.08 0.34 0.13 0.59 222 9.62 2.57 11.22
Caribbean (0.07,0.09) (0.29,0.38) (0.11,0.16) (0.48,0.70) (1.88,2.63) (8.32,11.12) (2.09, 3.16) (9.35,13.68)
North Africa and 0.06 0.24 0.13 0.53 2.25 9.13 3.29 13.26
Middle East (0.05,0.07) (0.20,0.28) (0.10,0.16) (0.43,0.65) (1.81,2.78) (7.43,11.06) (2.54,4.28) (10.30, 16.97)
South Asia 0.35 1.34 0.63 2.39 13.68 54.6 14.50 55.41
(0.27,0.46) (1.11,1.57) (0.47,0.86) (1.87,2.99) (10.38,17.67) (44.61,65.54) (10.59, 20.34) (42.52,72.08)

Sub-Saharan Africa 0.22 1.00 0.32 143 13.53 62.47 13.15 59.24
(0.17,0.29) (0.78,1.25) (0.25,0.41) (1.15,1.78) (9.86, 17.84) (45.41,81.13) (9.50, 17.66) (43.04,81.62)
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FIGURE 3 Attributable and associated AMR burden (A) deaths and (B) DALYs in the reference scenario by GBD super-region, 2022-2050
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FIGURE 3 (Continued)

Panel B
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death rates by GBD super-region. For deaths associ-
ated with and attributable to AMR, the general pattern
for number of deaths and all-age rates is an increas-
ing trend, except in Sub-Saharan Africa, where the
all-age trend is decreasing and levelling off toward
2050. Both for deaths attributable to and associated
with AMR, age-standardised trends are decreasing in
every super-region. The future AMR burden is highest
in South Asia; Southeast Asia, East Asia and Oceania;
and Sub-Saharan Africa, with the forecast cumulative
AMR death burden from 2025 to 2050 at 12.42 million
(9.51-16.53), 8.50 million (6.90-9.93), and 6.81 million
(5.27-8.59), respectively (Table 2).

In contrast to the time trends for deaths, the global
counts of AMR-attributable DALYs in the reference
scenario showed a decreasing trend from 1990 to the
present, and only a moderate increase of 4.7% from
42.37 million (35.81-50.68) in 2022 to 44.35 million
(35.59-56.14) DALYs in 2050 (Table 1 and Figure 2).
Global all-age (crude) DALY rates showed a steeper
decreasing trend from 1990 to the present and a flat
future trend. As for age-standardised global death rates,

the age-standardised DALY rates showed a decreasing

trend in the past that continued into the future with a
moderately diminished downward slope. The cumu-
lative (2025-2050) DALY burden of AMR attributable
DALYs was forecast to be highest in the South Asia
super-region with 353.65 million (262.87-475.78)
DALYs followed by Sub-Saharan Africa (336.13
[243.50-445.76]) and Southeast Asia, East Asia and
Oceania (179.70 million DALYs [148.87-211.73]).

AGE PATTERNS

These overall death numbers conceal opposite trends
by age. Globally and in every super-region, deaths
under 5 years of age are decreasing, most pronounced
in absolute numbers in Sub-Saharan Africa and South
Asia. For deaths of people 70 years and older, we fore-
cast an increase from 2022 to 2050 in every super-
region (Figure 4). The increase in the 70+ age groups
was 131% globally and ranged between 51% in the
high-income and 230% in the North Africa and the
Middle East super-regions. These diverging trends in
younger and older ages contribute to the increases seen
in all-age death rates and counts globally, as the popula-

tion shifts toward older ages over time.

TABLE 2 Cumulative AMR associated and attributable death and DALY counts in millions, globally and by
super-region in the reference scenario, 2025-2050

Attributable Associated Attributable Associated

deaths deaths DALYs DALYs

Global 38.52 162.37 1,102.63 4,694.30
(32.02, 45.30) (138.32,184.91) (906.30, 1,346.92) (3,919.37, 5,636.79)

Central Europe, Eastern 1.83 7.95 41.55 177.29
Europe and Central Asia (1.51,2.13) (6.80, 8.97) (34.50, 49.29) (153.86, 202.19)
Southeast Asia, East Asia 8.50 37.73 179.70 790.56
and Oceania (6.90,9.93) (31.04,43.51) (148.87,211.73) (666.31,917.40)
High-income 3.74 17.41 58.12 268.36
(2.86, 4.30) (13.44,19.81) (47.64,65.12) (225.47, 295.50)

Latin America and Caribbean 2.82 12.34 63.02 273.61
(2.30, 3.33) (10.30, 14.32) (52.29, 75.87) (231.19, 325.31)

North Africa and Middle East 2.40 9.65 70.46 284.03
(1.97,2.94) (8.10,11.62) (55.97, 88.96) (228.90, 353.52)

South Asia 12.42 47.15 353.65 1,368.18
(9.51,16.53) (38.32, 56.87) (262.87, 475.78) (1,091.93, 1,695.67)

Sub-Saharan Africa 6.81 30.15 336.13 1,532.27
(5.27, 8.59) (23.83,37.41) (243.50, 445.76) (1,121.10, 2,049.80)
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FIGURE 4 Deaths due to (A) and associated with (B) AMR by age group and location in the reference scenario,

2022-2050, in millions
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In the under-5 age group, the number of AMR attrib-
utable deaths decreased from 206 thousand (95% UI:
152-273) to 100 thousand (64-150) globally, a decrease
of 51.46% (36.90-62.84). Among the super-regions, the
decreases ranged from 39.31% (21.72-53.89) in Sub-
Saharan Africa to 67.08% (56.68-76.00) in South Asia.

IMPACT OF SCENARIOS

We assessed the impact of four alternative scenarios
on the future AMR burden. A Gram-Negative Drug sce-
nario explored the potential impact of establishing a
pipeline for innovation of new drugs that are effective
on gram-negative bacteria. Assuming that the pipeline
would be fully effective by 2036, with a reduction of the
gram-negative burden by 50%, we estimated that a total
0f 10.23 million (95% UI: 8.46-12.31) cumulative deaths
between 2025 and 2050 could be averted (Table 3). The
impact would be largest in South Asia, followed by
Southeast Asia, East Asia and Oceania, and Sub-Saharan
Africa (Table 3; Figure 5, Panel A). A Better Care sce-
nario was forecast to avert 89.84 million (80.79-99.51)
deaths, with the largest impacts in Sub-Saharan
Africa, South Asia, and Southeast Asia, East Asia and

Oceania (Table 3; Figure 5, Panel B). A Combined

scenario assessed the impact that could be achieved
by combining the Better Care and Gram-Negative
Drug scenarios plus the gradual elimination of WASH
risk factors, plus 100% vaccine coverage by 2050
for the modelled vaccines. The combined effects of
these scenarios were forecast to amount to averting
110.02 million (44.19-153.19) deaths cumulatively
from 2025 to 2050. Again, the impacts were largest in
the super-regions of Sub-Saharan Africa; South Asia,
and Southeast Asia, East Asia and Oceania (Table 3;
Figure 5, Panel C). A pessimistic scenario on past rates
of change in the inputs to the forecasting models of the
cause Level 2 AMR PAFs indicated an excess of cumula-
tive deaths from 2025 to 2050 of 6.69 million (6.05-7.33)
(Table 3; Figure 5, Panel D).

Scenario impact by age

The Better Care scenario was forecast to have the largest
overall impact on the burden measured in cumulative
number of deaths averted from 2025 to 2050. Globally,
10.50 million (95% UI: 8.22-13.32) of these averted
deaths (11.67% [9.57-13.86]) were forecast to occur in
the under-5 age group. Close to two-thirds of the fore-
cast averted burden of under-5 deaths (6.89 million

[5.17-8.85]) were in Sub-Saharan Africa (Figure 6).

TABLE 3 Cumulative total deaths avoided/excess in millions, globally and by super-region and scenario, 2025-2050

Gram-Negative Drug

Global 10.23
(8.46,12.31)

Central Europe, Eastern 0.49
Europe and Central Asia (0.40,0.57)
Southeast Asia, East Asia 1.83
and Oceania (1.49,2.20)
High-income 0.63
(0.48,0.73)

Latin America and Caribbean 0.71
(0.57,0.85)

North Africa and Middle East 0.65
(0.54, 0.80)

South Asia 391
(2.93,5.35)

Sub-Saharan Africa 2.00
(1.54,2.55)

Better Care Combined Pessimistic
89.84 110.02 -6.69
(80.79,99.51) (44.19, 153.19) (-6.05,-7.33)
2.28 291 -0.29
(2.04,2.56) (-3.65,7.57) (-0.27,-0.32)
18.27 19.99 -2.34

(13.95, 22.36) (-2.1,38.48) (-2.09, -2.60)
2.56 2.58 -0.98
(1.59,3.77) (-1.66,6.47) (-0.83,-1.06)
7.00 8.05 -0.58
(6.13,7.95) (1.54,11.28) (-0.51, -0.65)
3.99 4.96 -0.49
(3.31,4.82) (-4.93,10.52) (-0.43,-0.55)
31.11 37.01 -0.93

(26.32, 36.60) (25.94, 42.17) (-0.78,-1.07)
24.63 34.53 -1.08
(20.67,29.12) (31.90, 36.60) (-0.92,-1.27)
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FIGURE 5 Cumulative deaths averted (in millions) by scenario compared to reference by location, 2025-2050
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FIGURE 5 (Continued)
Panel C
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Combined global averted deaths: 110.02 million
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Globally, more than half (52.27% [45.90-56.97]) of the
potentially averted deaths are forecast to occur in the
70+ age group. Among super-regions, with the excep-
tion of Sub-Saharan Africa and North Africa and the
Middle East, the percentages range from 55.70%
(49.61-60.29) in South Asia to 80.54% (70.16-87.64) in
the high-income super-region. In Sub-Saharan Africa,
28.17% (24.52-32.19) of the potentially averted deaths in
the Better Care scenario are forecast to occur in persons
aged 70 or older, and 27.88% (24.27-31.49) of averted
deaths were forecast to happen in children under
5 years of age, the majority of these in the neonatal age

group with 14.62% (12.58-16.99) (Figure 6).

THE DALY BURDEN OF AMR

We also computed the DALY burden of AMR. The num-
ber of DALYs attributable to AMR increased only mod-
erately (4.68%) from 2022 to 2050, from 42.37 million
(35.81-50.68) to 44.35 million (35.59-56.14). The rela-
tive increase was similar in DALYs associated with AMR
(Table 1). As for deaths associated with or attributable
to AMR, the largest cumulative DALY burden occurred
in South Asia; Sub-Saharan Africa; and Southeast Asia,
East Asia and Oceania. However, a larger share of the
burden was forecast in Sub-Saharan Africa relative to

Southeast Asia, East Asia and Oceania (Table 2).




FIGURE 6 Cumulative deaths averted (in millions) in the Better Care scenario by age, global versus Sub-Saharan
Africa, 2025-2050
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Discussion

Our forecasts suggest an increasing burden from anti-
microbial resistance in the coming decades, with
1.84 million (95% UI 1.50-2.20) deaths attributable
(due) to AMR and 7.73 million (6.45-8.97) associated
with AMR in 2050. Cumulatively, AMR is forecast to
be responsible for 38.52 million (32.02-45.30) deaths
from 2025 to 2050 and associated with 162.37 million
(138.32-184.91) deaths globally. Increases from 2022
to 2050 are projected to be largest among older adults
(131.29% [112.43-151.27] increase in AMR deaths
among those aged 70 and older) and outpace the
declines that are predicted in children under the age
of 5 (51.44% [36.90-62.84] reduction in AMR deaths).
Similar increases are projected for deaths associ-
ated with AMR, with 7.73 million (6.45-8.97) deaths
associated with AMR burden in 2050, 5.04 (4.08-5.77)
among adults 70+, and 0.46 (0.29-0.69) among children
under 5. An increase in total burden and a continued
shift in the burden toward older adults is driven by
increases in population size and a shift in the age struc-
ture of the population toward older ages over time, as
age-standardised rates of AMR deaths are projected to
decline from 14.49 (12.44-16.72) deaths per 100,000 in
2022 to 12.14 (9.56-15.66) deaths per 100,000 in 2050.

Regionally, South Asia is forecast to experience the
(629.46
[473.44-856.95] deaths in 2050), followed by South-

most deaths due to AMR thousand
east Asia, East Asia and Oceania (386.02 thousand
[307.04-453.20] deaths in 2050) and Sub-Saharan Africa
(324.87 thousand [254.42-413.27] deaths in 2050). These
patterns also reflect the large shifts in the age struc-
ture of the populations forecast in these regions, where
the proportion of the population above the age of 70 is
forecast to increase from 4.05% in 2022 to 10.15% in

2050 in South Asia. We forecast an even stronger shift

in the population above the age of 70 in Southeast Asia,
East Asia and Oceania from 7.36% in 2022 to 18.38% in
2050, and only minor ageing in Sub-Saharan Africa. For
Sub-Saharan Africa we forecast the strongest growth
in the population size of 82.3% from 2022 to 2050 and
only a moderate increase in South Asia of 12.8% and a
minor decrease in population size of Southeast Asia,
East Asia and Oceania of 3.7% (suppplemental results

can be found in Figure S9 in Vollset et al. [7]).

The same forecast aging and population growth trends
explain the contrast between AMR death and DALY
burden. More than 95% of the DALY burden is from
YLLs. YLLs are computed from deaths weighted by the
expected remaining life years at the time of death cal-
culated from the GBD reference life table. This means
that the increasing AMR deaths above 70 years of age
are strongly down-weighted in the DALY measure
compared to counting deaths equally at any age. This
explains the relatively flat future trend in AMR DALY
counts versus the strong increase in death counts. Fur-
thermore, the strong global reduction in under-5 deaths
that has been observed from 1990 to the present from
11.28 million (10.72-11.84) to 4.66 million (3.98-5.50)
in 2020 is a major driver behind the decrease in AMR

deaths under 5 years of age [10].

Our forecasts suggest the 10-20-30 targets [4,16] are
unlikely to be met without significant, concerted efforts
on infection prevention, equitable access to antibiotics
and stewardship [17]. Findings from our alternative sce-
narios highlight the opportunity for progress. Effective
development and distribution of new gram-negative
drugs could result in 10.23 million (95% UI 8.46-12.31)
deaths averted from 2025 to 2050, accounting for approx-

imately one-third of the 38.52 million (32.02-45.30)




deaths forecast under the reference scenario. Our
Better Care scenario estimates a substantially larger
impact, with 89.84 million (80.79-99.51) cumulative
deaths averted from 2025 to 2050, as efforts to prevent
infection, strengthening of the health care systems
including increased access to antibiotics, particularly
in low- and middle-income settings, will prevent deaths
above and beyond those caused by resistance. Further,
increasing vaccination coverage and improvements to
sanitation, clean water and hygiene, combined with
improved access to antibiotics and gram-negative
drugs, could result in 110.02 million (44.07-153.19)
averted deaths by 2050.

LIMITATIONS

As with any modelling or forecasting analysis, there
are several limitations to these projections that are
important to consider. First, this analysis used his-
torical estimates of disease burden of AMR from the
Global Research on Antimicrobial Resistance (GRAM)
project. GRAM uses data from around the world on
deaths related to infections, prevalence of resistance
and pathogen-drug combinations, and the distribution
of pathogens by infectious syndrome. These estimates
are subject to data quality and availability limitations,
particularly in low- and middle-income settings, which
lead to reduced accuracy in the estimates. Hence, the
forecasts carry those same limitations forward. Also,
the GRAM project focused on bacterial AMR leading to
under-estimation of the total AMR burden as resistance
associated with HIV and other viral diseases, fungal
and parasitic diseases (e.g. malaria) are not included.
Second, we forecast the cause-specific burden due to
antimicrobial resistance as an aggregate entity rather
than forecasting individual pathogens or drug-bug com-
binations. Future iterations of this work will attempt
to expand the granularity of the forecast entities to

include pathogen distributions. Third, our alternative

Discussion

scenarios include several assumptions: we assume
that the proportion of AMR attributable deaths that
are caused by gram-negative bacteria will remain con-
stant in the future and that the impact of releasing
new gram-negative drugs will result in a 50% decline
in the gram-negative AMR deaths over the course of
15 years. Scale-up of these drugs may vary by region,
and the effectiveness of these drugs may vary as well.
Our Better Care scenario assumes improvements in
case-fatality rates of infectious syndromes that reach
levels observed in settings with a Healthcare Access and
Quality (HAQ) Index [15] measure at the 85th percentile
across locations globally. This reduction in case-fatality
rates reflects not only an improvement in antibiotic
access but also health system improvements and gen-
eral development, such as improved WASH, health
facility readiness or health workforce capacity. Because
of data limitations, we have not been able to separate
the impact of better access to antibiotics from other
aspects of health care improvements. As with most
scenario specifications some of these assumptions are
arbitrary and other choices would have changed the
results. Lastly, our combined scenario demonstrates
the overall effect of the Better Care and Gram-Negative
Drug scenarios plus gradual elimination of WASH
risk factors and gradual attainment of 100% vaccine
coverage by 2050. Both of the latter targets may seem
unrealistic, but they were chosen to demonstrate the
maximum opportunity for disease burden reduction
rather than being attainable as real-world goals. Future
iterations of this work could include scenarios focused
on improved stewardship if sufficient data exists to
estimate historic trends in these measures. Despite
these limitations, this study represents the most com-
prehensive analysis forecasting the burden of antimi-
crobial resistance to population health under different
scenarios and is an important tool for decision-makers

to tackle this growing public health threat.




Conclusion

Antimicrobial resistance is a growing public health
threat, and our forecasts suggest 38.52 million (95% UI:
32.02-45.04) cumulative deaths due to AMR by 2050,
and 162.34 million (138.32-184.91) cumulative deaths
associated with AMR in 2050. More than half of these
deaths by 2050 will be among those 70 years or older,
emphasising the need for a multipronged approach to
addressing not only infection treatment and control but

strategies targeting comorbidities that are associated

with infectious complications, such as obesity and
diabetes. Our alternative scenarios demonstrate the
opportunity to drastically reduce the threat that AMR
poses by strengthening health systems including access
to antibiotics, scaling the development of a robust drug
pipeline, and continuing to reduce infections through
vaccination campaigns and improvements to water,

sanitation and hygiene.
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