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Summary

Background Future trends in disease burden and drivers of health are of great interest to policy makers and the public
at large. This information can be used for policy and long-term health investment, planning, and prioritisation. We
have expanded and improved upon previous forecasts produced as part of the Global Burden of Diseases, Injuries,
and Risk Factors Study (GBD) and provide a reference forecast (the most likely future), and alternative scenarios
assessing disease burden trajectories if selected sets of risk factors were eliminated from current levels by 2050.

Methods Using forecasts of major drivers of health such as the Socio-demographic Index (SDI; a composite measure
of lag-distributed income per capita, mean years of education, and total fertility under 25 years of age) and the full set
of risk factor exposures captured by GBD, we provide cause-specific forecasts of mortality, years of life lost (YLLs),
years lived with disability (YLDs), and disability-adjusted life-years (DALYs) by age and sex from 2022 to 2050 for
204 countries and territories, 21 GBD regions, seven super-regions, and the world. All analyses were done at the
cause-specific level so that only risk factors deemed causal by the GBD comparative risk assessment influenced future
trajectories of mortality for each disease. Cause-specific mortality was modelled using mixed-effects models with SDI
and time as the main covariates, and the combined impact of causal risk factors as an offset in the model. At the all-
cause mortality level, we captured unexplained variation by modelling residuals with an autoregressive integrated
moving average model with drift attenuation. These all-cause forecasts constrained the cause-specific forecasts at
successively deeper levels of the GBD cause hierarchy using cascading mortality models, thus ensuring a robust
estimate of cause-specific mortality. For non-fatal measures (eg, low back pain), incidence and prevalence were
forecasted from mixed-effects models with SDI as the main covariate, and YLDs were computed from the resulting
prevalence forecasts and average disability weights from GBD. Alternative future scenarios were constructed by
replacing appropriate reference trajectories for risk factors with hypothetical trajectories of gradual elimination of risk
factor exposure from current levels to 2050. The scenarios were constructed from various sets of risk factors:
environmental risks (Safer Environment scenario), risks associated with communicable, maternal, neonatal, and
nutritional diseases (CMNNSs; Improved Childhood Nutrition and Vaccination scenario), risks associated with major
non-communicable diseases (NCDs; Improved Behavioural and Metabolic Risks scenario), and the combined effects
of these three scenarios. Using the Shared Socioeconomic Pathways climate scenarios SSP2-4.5 as reference and
SSP1-1.9 as an optimistic alternative in the Safer Environment scenario, we accounted for climate change impact on
health by using the most recent Intergovernmental Panel on Climate Change temperature forecasts and published
trajectories of ambient air pollution for the same two scenarios. Life expectancy and healthy life expectancy were
computed using standard methods. The forecasting framework includes computing the age-sex-specific future
population for each location and separately for each scenario. 95% uncertainty intervals (Uls) for each individual
future estimate were derived from the 2-5th and 97-5th percentiles of distributions generated from propagating
500 draws through the multistage computational pipeline.

Findings In the reference scenario forecast, global and super-regional life expectancy increased from 2022 to 2050, but
improvement was at a slower pace than in the three decades preceding the COVID-19 pandemic (beginning in 2020).
Gains in future life expectancy were forecasted to be greatest in super-regions with comparatively low life expectancies
(such as sub-Saharan Africa) compared with super-regions with higher life expectancies (such as the high-income
super-region), leading to a trend towards convergence in life expectancy across locations between now and 2050. At
the super-region level, forecasted healthy life expectancy patterns were similar to those of life expectancies. Forecasts
for the reference scenario found that health will improve in the coming decades, with all-cause age-standardised
DALY rates decreasing in every GBD super-region. The total DALY burden measured in counts, however, will increase
in every super-region, largely a function of population ageing and growth. We also forecasted that both DALY counts
and age-standardised DALY rates will continue to shift from CMNNs to NCDs, with the most pronounced shifts
occurring in sub-Saharan Africa (60-1% [95% UI 56-8-63-1] of DALYs were from CMNNs in 2022 compared with
35-8% [31-0-45-0] in 2050) and south Asia (31-7% [29-2-34-1] to 15-5% [13-7-17-5]). This shift is reflected in the
leading global causes of DALYs, with the top four causes in 2050 being ischaemic heart disease, stroke, diabetes, and
chronic obstructive pulmonary disease, compared with 2022, with ischaemic heart disease, neonatal disorders, stroke,
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and lower respiratory infections at the top. The global proportion of DALYs due to YLDs likewise increased from
33-8% (27-4-40-3) to 41-1% (33-9-48-1) from 2022 to 2050, demonstrating an important shift in overall disease
burden towards morbidity and away from premature death. The largest shift of this kind was forecasted for sub-
Saharan Africa, from 20-1% (15-6-25-3) of DALYs due to YLDs in 2022 to 35-6% (26-5-43-0) in 2050. In the
assessment of alternative future scenarios, the combined effects of the scenarios (Safer Environment, Improved
Childhood Nutrition and Vaccination, and Improved Behavioural and Metabolic Risks scenarios) demonstrated an
important decrease in the global burden of DALYs in 2050 of 15-4% (13-5-17-5) compared with the reference
scenario, with decreases across super-regions ranging from 10-4% (9-7-11-3) in the high-income super-region to
23-9% (20-7-27-3) in north Africa and the Middle East. The Safer Environment scenario had its largest decrease in
sub-Saharan Africa (5-2% [3-5-6-8]), the Improved Behavioural and Metabolic Risks scenario in north Africa and the
Middle East (23-2% [20-2-26-5]), and the Improved Nutrition and Vaccination scenario in sub-Saharan Africa
(2-0% [-0-6 to 3-6]).

Interpretation Globally, life expectancy and age-standardised disease burden were forecasted to improve between
2022 and 2050, with the majority of the burden continuing to shift from CMNNs to NCDs. That said, continued
progress on reducing the CMNN disease burden will be dependent on maintaining investment in and policy emphasis
on CMNN disease prevention and treatment. Mostly due to growth and ageing of populations, the number of deaths
and DALYs due to all causes combined will generally increase. By constructing alternative future scenarios wherein
certain risk exposures are eliminated by 2050, we have shown that opportunities exist to substantially improve health
outcomes in the future through concerted efforts to prevent exposure to well established risk factors and to expand

access to key health interventions.

Funding Bill & Melinda Gates Foundation.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0

license.

Introduction

Comprehensive forecasts and alternative future scenarios
of disease burden are in high demand from policy
makers and planners of health-care systems and are also
of great interest to the general public. A key feature for
health forecasts to be useful is that changes in population
size and age composition of future populations are built
in. Future population estimates are needed to enumerate
effects of, for example, ageing populations on disease
burden, so that health system capacity can be planned
accordingly. Likewise, widespread reductions in fertility
that have been observed in past decades have
consequences for future school and education systems,
the size of the workforce, and capacity of pension systems
to support a growing older population."

Over the past several decades, a series of forecasting
studies have been built on historical estimates of disease
and injury burden from the Global Burden of Diseases,
Injuries, and Risk Factors Study (GBD). GBD forecasts of
mortality and disability-adjusted life-years (DALYs) were
initially produced at the regional level for 1990-2020°and
were updated a decade later to include projections to
2030.* In 2011, regional forecasts were published for
communicable and non-communicable disease burden
through 2060 that integrated GBD estimates with
methods from the International Futures economic
modelling framework,” and more recently, forecasts of
mortality and independent drivers of health to 2040 were
published at the country level.® A GBD-based analysis
also produced detailed forecasts of population size, age
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structure, fertility, migration, and all-cause mortality for
195 countries and territories to 2100.!

In this study, we extended country-level GBD forecasts
of disease burden to include non-fatal disease burden
and present estimates of years lived with disability
(YLDs), DALYs, and healthy life expectancy (HALE) for
204 countries and territories to 2050, in addition to
measures of fatal disease burden—mortality, years of life
lost (YLLs), and life expectancy.

Methods

Overview

We projected 359 causes of fatal and non-fatal disease
burden from 2022 to 2050 for 204 countries and
territories using GBD 2021 estimates.”® Our modelling
framework is multi-staged, wusing forecasts of
independent drivers of health to inform forecasts of
cause-specific health outcomes. In our framework, we
forecasted drivers of disease, such as age-specific fertility
rates by location, age-specific educational attainment by
location, and projections of risk factor exposure—such
as smoking—by location,” in order to obtain forecasts of
cause-specific and all-cause mortality and YLLs. Cause-
specific forecasts for mortality—incidence ratios (MIRs)
and mortality—prevalence ratios (MPRs) are combined
with forecasts of mortality to produce estimates of non-
fatal disease burden (YLDs) by age, sex, location, and
cause (appendix 1 figure A). Forecasts of YLLs and YLDs
are combined to produce forecasts of DALYs, and
forecasts of mortality are used along with forecasts of

See Online for appendix 1

2205



Articles

2206

Research in context

Evidence before this study

The first forecasts of global disease and injury burden were
published a quarter of a century ago. They were part of the first
Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) and provided baseline forecasts and optimistic and
pessimistic scenarios globally and for eight regions, by sex, in
14 age groups, for nine disease clusters and their child causes
from 1990 to 2020. Independent drivers of health in the
forecasting regression models were income per capita, years of
education, smoking intensity, and time. A 2006 update based
on the same GBD framework extending these forecasts to 2030
was based on WHO Global Burden of Disease estimates from
2002. Hughes and colleagues—published in 2011—integrated
GBD data with the International Futures modelling system to
produce forecasts and scenarios to 2060 for three major cause
groups (communicable diseases, non-communicable diseases,
and injuries). This study used explicit forecasts of a wider set of
drivers including childhood underweight, BMI, unsafe water,
poor sanitation and hygiene, ambient and household air
pollution, climate change, and motor vehicle ownership.
Climate change was captured as mediated through agricultural
yield on childhood mortality. In 2018, the most detailed GBD
forecasts of mortality, risk factor exposure, and risk factor
burden to 2040 were published for 195 countries and territories
for 250 causes of death using 79 drivers of health. These health
drivers included all GBD 2016 risk factors; selected vaccines; and
the Socio-demographic Index (SDI), a composite measure of
development that includes lag-distributed income per capita,
mean years of educational attainment, and total fertility rate
under 25 years. In addition to a reference forecast, optimistic
(better for health) and pessimistic (worse for health) scenarios
were also produced. These alternative scenarios were
constructed from past rates of change for all drivers of health
across locations by setting all in an either optimistic or
pessimistic position.

Added value of this study

This study updates previous mortality forecasts and aligns with
the GBD 2021 estimates. For the first time, country-level
forecasts include a full set of burden measures: deaths, years of
life lost, years lived with disability, disability-adjusted life-years
(DALYs), life expectancy, and healthy life expectancy.
Considering non-fatal diseases, this expands the number of
diseases and injuries GBD forecasts from 250 to 359.

The current study includes several methodological refinements.
First, ambient mean temperature was added as a risk factor,
allowing for forecasts of effects of temperature changes on
cause-specific mortality as well as scenarios of different
trajectories of mean global surface temperatures and associated
effects on health. Second, we untangle the co-dependence
between risk drivers via the modelling of intrinsic summary
exposure values through the application of mediation factors
(see appendix 1 section 2.1.6.2). This allows us to make
independent predictions of the component risk trends and

combine their future effects without over-counting.

Third, we forecast risk factor exposures using an ensemble of
models rather than a single rate of change model.

The ensemble includes earlier rate of change models and adds a
set of meta-regression—Bayesian, regularised, trimmed
(MR-BRT) spline regression models that also allow for
covariates (such as SDI), with predictive validity informing the
sub-model selection. Fourth, in combination with GBD 2021
estimates, we present the first set of estimates and forecasts of
fatal and non-fatal burden due to COVID-19 for the first 4 years
of the pandemic (2020-23). This allows us to put the burden of
COVID-19 in the context of total disease burden. Fifth,

we evaluated the skill metric of our cause-specific forecasts for
deaths and DALYs. Sixth, we also developed new, target-based
scenarios rather than relying only on past rates of change
applied across all drivers of health. The first alternative scenario
forecasts the effects of eliminating exposure to unsafe water,
sanitation, and hygiene and exposure to household air
pollution by 2050, as well as the effects of an optimistic global
temperature and ambient air pollution scenario on future
location-specific, cause-specific disease burden. The second
scenario demonstrates the effects on disease burden from
eliminating smoking, diet, and metabolic risk factors including
high BMI, high LDL cholesterol, high systolic blood pressure,
and high fasting plasma glucose by 2050. The third scenario
forecasts the effects of eliminating childhood malnutrition risks
including child stunting and wasting, vitamin A deficiency, and
non-optimal breastfeeding; as well as increasing vaccination
rates for a range of common vaccines to 100% by 2050.

Implications of all the available evidence

Our reference scenario suggests that global age-standardised
disease burden and life expectancy will continue to improve
steadily to 2050, although at slower rates than in the several
decades preceding the COVID-19 pandemic (beginning in
2020). The greatest health gains are projected to occur in
locations with highest rates of deaths and DALYs as of 2022,
resulting in a convergence of disease burden across regions.
Across locations, the burden of disease will continue to shift
from communicable, maternal, neonatal, and nutritional
diseases to non-communicable diseases. Policy makers can use
our location-specific reference and alternative scenarios—which
forecast potential improvements in health outcomes if
exposure to key groups of risk factors were eliminated by
2050—to plan for the future and set policy priorities that target
the areas of health and risk exposure with the greatest room for
improvement. While our framework does not account for every
possible future threat to human health, our alternative future
scenarios suggest that there are considerable opportunities to
achieve better than expected health outcomes over the next
several decades—particularly in locations with the highest rates
of disease burden—if concerted efforts are made to reduce
exposure to known risk factors.

www.thelancet.com Vol 403 May 18, 2024



Articles

fertility and migration to forecast population, which
allows for all of the cause-specific burden measures to be
aggregated to produce global estimates.

This analysis complies with the Guidelines on Accurate
and Transparent Health Estimates Reporting (appendix 1
table S2).° Analyses were completed with Python
version 3.10. All code used in the analysis can be found
online. Summaries of the modelling methods used in the
forecasts of independent drivers, risk factors, mortality,
fertility, population, and non-fatal burden are presented
in this report, with additional details available in
appendix 1 (section 2). Details on the mortality and
population forecasting frameworks were also reported
previously."* We estimated 95% uncertainty intervals
(Uls) by combining draw-level data from GBD with
draws from the forecast-generating models, when
sampling or posterior distributions were available. This
allows the propagation of uncertainty through the entire
modelling framework. We display the mean, 2-5th, and
97-5th percentiles of the draws for all scenarios in tables
and only for the reference scenario in figures. We also
produced alternative scenarios of disease burden to
reflect potential impacts of health policies.

Modelling

Independent drivers—demographic drivers

We modelled contraceptive met need and educational
attainment using the weighted annualised rate of change
described by Foreman and colleagues (2018)° with cross-
validation to select the parameters. For age-specific
fertility rate (ASFR) forecasts, we forecasted completed
cohort fertility by age 50 years by location and derived the
implied ASFR using cohort-age-specific models, as
detailed by the GBD 2021 Fertility and Forecasting
Collaborators.? We projected lag-distributed income
(LDI) per capita, a moving average transformation of
gross domestic product (GDP), by applying a decay
function forward in time to estimate future GDP for each
country and territory." Short-term GDP estimates
included estimates of the economic impacts of COVID-19
from 2021 to 2026 (appendix 1 section 2.1.3). Finally, we
standardised education—which included the estimated
effects of disruptions in schooling due to COVID-19 on
educational attainment (appendix 1 section 2.1.2)—LDI,
and ASFR, and took the geometric mean to obtain
location-specific forecasts of the Socio-demographic
Index (SDI), used as a driver for mortality and non-fatal
models to prevent issues with collinearity between the
three component drivers. We forecasted coverage of key
vaccines as described by Foreman and colleagues (2018)°
using a combination of linear mixed effects models for
the following vaccines: third-dose diphtheria, tetanus,
and pertussis (DTP3) vaccine; measles conjugate vaccine
doses 1and 2 (MCV1and MCV2); Haemophilus influenzae
type B (HiB) vaccine; pneumococcal conjugate (PCV3)
vaccine; and rotavirus vaccine (Rota). Estimates of
disruption in vaccine coverage during the COVID-19
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pandemic were incorporated into the vaccine coverage
forecasts (appendix 1 section 2.1.5).

Independent drivers—risk factors
We forecasted location-specific GBD summary exposure
values (SEVs) for 68 risk factors using an ensemble
model comprising six annualised rate of change models
and six meta-regression—Bayesian, regularised,
trimmed (MR-BRT) spline models driven by SDI. Within
each model branch, we varied recency-weighting
schemes among the six sub-models, from treating all
years equally (recency weight=0) to exponentially
weighting the most recent trends more heavily (see
appendix 1 section 2.1.6). MR-BRT includes a range of
statistical models—primarily non-linear and linear
mixed effects models—and fitting procedures.” Forecasts
of population attributable fractions (PAFs) by cause and
risk were computed using GBD past SEVs and relative
risks.”® Finally, we used novel risk factor mediation
methodology that allowed for the impacts of changes to
diet, BMI, fasting plasma glucose, smoking, and physical
activity to be mediated through systolic blood pressure,
LDL cholesterol, and plasma glucose levels. In this way,
changes in diet, smoking, and BMI risk factors have
secondary impacts on these mediator risk factors as well
(see appendix 1 sections 2.1.6.2-2.1.6.3 for details).
Additional details on the methodology to incorporate
risk exposure into the mortality modelling framework
are described by Foreman and colleagues® and in
appendix 1 (section 2.1.6). Figures for select SEVs globally
and by super-region for all scenarios can be found in
appendix 2 (figure S1).

Independent drivers—temperature and particulate matter
pollution

To forecast health impacts due to temperature and
ambient particulate matter pollution, we employed a
modelling approach distinct from the one described
above. Using Coupled Model Intercomparison Project
Phase 6 (CMIPG6) forecasted gridded global temperatures
for a reference and optimistic scenario with GBD
estimates of relative risks for the association between
temperature and cause-specific mortality—estimated
using the methods for evaluating the association
between cause-specific mortality and daily temperature
published by Burkart and colleagues*—we calculated
PAFs for each cause due to non-optimal temperature
(high and low separately), using the methodology from
GBD 2021.° See appendix 1 (section 2.1.6.7) for more
details. For ambient particulate matter pollution, we
used data from a study by Turnock and colleagues,”
which translates the same CMIPG6 scenarios into gridded
ambient air particulate matter concentrations. We
employed a similar GBD risk association strategy to
calculate PAFs for relevant causes due to air pollution
with GBD 2021 methods,” as detailed in appendix 1
(section 2.1.6.8).

For the code see https://ghdx.

healthdata.org/ghd-2021/
code

See Online for appendix 2
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Mortality and YLLs

Our mortality framework used the methods of Foreman
and colleagues® and Vollset and colleagues' with a few
minor changes. In short, we forecasted 220 mutually
exclusive, collectively exhaustive causes independently
using a three-component model comprising (1) the
underlying mortality modelled as a function of SDI,
time, and cause-specific covariates, (2) a risk factor scalar
capturing cause-specific combined risk factor effects, and
(3) a random walk with attenuated drift for unexplained
residual mortality. We used the model

h’l (mji;asl) =5t Biss D Ilt + eiast + 1n(Silust) + &y

where the first three terms of the right-hand side of the
equation constitute the logarithm of the underlying (risk-
deleted) mortality,

In(mY,q).

Silusl
sex,

is the risk factor scalar, and for the ith cause and sth

Oljjgs™~ N ( Ba,is”[;,is)

is a location-age-specific random intercept, §, is a global
fixed slope on SDI, and

eius ~N ( Be,i:l‘[(i,is)

is an age-specific random slope on the secular time
trend. Covariates also included risk factors for which the
PAF for the risk and the cause is 1, such as type 2 diabetes
and high fasting plasma glucose, because we could not
compute a risk factor scalar from a PAF of 1. To forecast
the residual trends not captured by risk factors, SDI, and
global secular trends in the basic model, we used an
autoregressive integrated moving average (ARIMA; 0,1,0)
with attenuated drift (exponential decay parameter=0-1)
on all-cause mortality, and for all other causes we used an
ARIMA (0,1,0) without drift. This allowed the model to
capture accelerating trends in all-cause mortality that
would not be captured at the detailed cause level. We
then cascaded the all-cause mortality envelope down to
the most detailed levels in the hierarchy by scaling the
cause-specific forecasts. Additional details are provided
in appendix 1 (section 2.2). For five out of 284 causes
(HIV, exposure to forces of nature, conflict and terrorism,
executions, and COVID-19), we wused alternative
approaches for past events that are stochastic in nature or
that are more suitable for capturing the unique
transmission and intervention dynamics of the HIV
epidemic. For COVID-19, due to severe data limitations
after 2021 and high uncertainty around potential longer-
term patterns in COVID-19 mortality, we chose to assume
that COVID-19 deaths and DALYs will decline linearly to
zero between 2023 and 2030. Detailed methods for these

custom models are described in appendix 1 (section 2.2.3).
We used the resulting estimates to produce forecasted
life tables and as inputs to the population cohort-
component model and the non-fatal burden estimates,
described below and in detail in appendix 1
(sections 2.3-2.5).

Forecasted YLLs were computed as the product of the
forecasted cause-specific death rates and standard life
expectancy at each age (using the GBD 2021 reference
life table).”

Population

We used the methods of Vollset and colleagues’ to obtain
forecasts of migration and population. Briefly, we used
past migration estimates from the UN’s Population
Division of the Department of Economic and Social
Affairs World Population Prospects 2022 report”* to
forecast net migration rates for each country or territory
as a function of natural population increase and mortality
from war and disaster. We then balanced migration rates
to achieve zero net migration globally. We used these
estimates in combination with age-sex-location-year-
specific all-cause mortality rates and age-location-year-
specific total fertility rates to calculate projections of
population.? Further information on the population and
life table calculations are described in appendix 1
(sections 2.4, 2.5). Forecasts of population were used to
produce counts for disease burden metrics and location,
age, and sex aggregations (such as global, all-age, and all-
sex rates).

Non-fatal burden

For the first time, we forecasted non-fatal disease burden
(YLDs) by individually modelling 290 causes
independently. In order to compute future YLDs, we first
forecasted incidence and prevalence for all causes. For
causes considered acute, we forecasted incidence using a
mixed-effect model of the MIR and forecasted mortality,
while for non-acute causes, we used a mixed-effect model
to obtain prevalence either via the MPR or directly from
GBD estimates of prevalence (such as in cases where
mortality is not present or constitutes a very small
portion of the disease burden for a given cause, such as
chronic low back pain). Where applicable, we then
converted these primary metrics into the secondary
metric using the prevalence-incidence ratio (PIR); for
instance, we obtained incidence for an acute cause, and
then converted the incidence to prevalence using the
forecasted PIR. For the MIRs, MPRs, and PIRs, we used
the model:

log ( Ru,s,l,y) =B0 + Bls DIl,y + T:a,5 + nl:u’s,ls DIl,y + 8a,s,l,y

where R,,, is the age-sex-location-year-specific ratio for a
given cause, with the covariate SDI,, being the location-
year-specific SDI. n,,,, is the age-sex-location-specific
random intercept, m,,,, is the age-sex-location-specific
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slope on SDI, and ¢,,,, is the residual term. The direct
prevalence model was similar, but in logit space without
the random slope term. Causes that were exceptions to
this general system included congenital causes where
incidence only occurs at birth, and composite cause
groups (other causes) for which prevalence and incidence
do not have a good definition. For the former, we
modelled both incidence and prevalence directly without
using the PIR; for the latter, we modelled the YLD-YLL
ratio and used forecasted YLLs to obtain YLD estimates.
We then computed average disability weights across
sequelae for each cause from the GBD 2019 estimates
and multiplied these by the forecasts of prevalence to
compute forecasts of YLDs. We added the YLDs to YLLs
to obtain DALYs. The division of causes into different
modelling strategies, causes that are exceptions to the
standard strategies, and model details can be found in
appendix 1 (section 2.3).

Scenarios

In addition to a reference scenario, we produced the
following alternative health scenarios to illustrate the
potential health gains from improvements to risk
exposure over the course of the next several decades.
These scenarios are designed to illustrate the potential
achievable benefit to better understand what is possible if
exposure to a set of key modifiable risk factors were
eliminated. The scenarios do not factor in cost or
feasibility of eliminating exposure, or analyse specific
policies that could be implemented; they simply forecast
potential disease burden in the coming decades if risk
exposure targets were realised. Target scenarios were
applied to future years for all locations at the most
granular age and sex level. In the rare instances that the
reference scenario was more optimistic that the target
scenario, the reference scenario values were used for
those location-year-age-sex subgroups.

Safer environment

This scenario assumes that exposure to unsafe water,
unsafe sanitation, unsafe hygiene, and household air
pollution will be eliminated linearly by 2050 in all
locations. In addition, forecasts of particulate matter air
pollution and non-optimal temperature reflect carbon
emissions trends from the Shared Socioeconomic
Pathways SSP1-1.9 scenario as published in the CMIP6
climate projections, representing an aggressive decrease
in emissions and reaching net 0 carbon dioxide emissions
by 2050 for the alternative scenario.”” The SSP2-4.5
scenario represents a “middle of the road” path for
reducing emissions and stays truer to historical trends
for the reference scenario. The resulting global
temperature anomalies reported for 2100 were 2-7°C for
the reference scenario and 1-9°C for the alternative
scenario.” We used the PM2-5 air pollution values
reported for the SSP2-4.5 and SSPI1-1.9 scenarios by
Turnock and colleagues.”
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Improved behavioural and metabolic risks

This scenario assumes exposure to high adult BMI, high
systolic blood pressure, high LDL cholesterol, and high
fasting plasma glucose are linearly eliminated by 2050 in
all locations. It further assumes that exposure to non-
optimal diet for all GBD diet-related risk factors is
likewise eliminated by 2050; ie, all dietary components
included in GBD will be consumed at the level that
minimises health risk for that dietary component. In
addition, we assumed a linear reduction of current
tobacco smokers to zero by 2050 as well as no new
smokers after 2022 in all locations.

Improved childhood nutrition and vaccination

This scenario assumes exposure to child growth failure
(stunting, wasting, underweight), vitamin A and iron
deficiency, and suboptimal breastfeeding (discontinued
or non-exclusive) linearly decreases to zero by 2050 and
assumes a linear increase in vaccine coverage to 100% in
all locations by 2050 for the following vaccines: DTP3,
MCV1, MCV2, Hib, PCV3, and Rota.

Combined

This scenario combines all the target-based trends from
the Safer Environment, Improved Behavioural and
Metabolic Risks, and Improved Childhood Nutrition and
Vaccination scenarios.

Model performance

To evaluate our model performance, we used the
following skill metric,” designed to evaluate forecasting
accuracy for the validation period 2010-19:

RMSE (Model)
RMSE (Baseline Model)

skill=1-

where Model is the Institute for Health Metrics and
Evaluation (IHME) forecasting model and Baseline
Model is a simple model where the value in the year 2009
was held constant over 2010-19. For each model, we
calculated squared errors between observed and predicted
values for each cause-sex-location-year and winsorised
the errors at the 95% level. To calculate root mean square
error values, we took the square root of the average of the
winsorised squared errors across location-year. This skill
metric was reported for both mortality and DALY
estimates for males and females of all ages combined for
level 0 (all causes combined), 1 (aggregates of non-
communicable diseases [NCDs]; injuries; and a category
combining communicable, maternal, neonatal, and
nutritional diseases [CMNNs)), and 2 (disease and injury
aggregate groupings within the Level 1 cause groups such
as cardiovascular diseases and nutritional deficiencies)
causes in the GBD cause hierarchy (appendix 1 tables E, F).
A positive skill value indicates that the model being
evaluated performs better than the baseline model (here,

For CMIP6 see https://pcmdi.linl.
gov/CMIP6/
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