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Summary

Background Understanding the health consequences associated with exposure to risk factors is necessary to inform
public health policy and practice. To systematically quantify the contributions of risk factor exposures to speci ¢
health outcomes, the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2021 aims to provide
comprehensive estimates of exposure levels, relative health risks, and attributable burden of disease for 88 risk factors
in 204 countries and territories and 811 subnational locations, from 1990 to 2021.

Methods The GBD 2021 risk factor analysis used data from 54561 total distinct sources to produce epidemiological
estimates for 88 risk factors and their associated health outcomes for a total of 631 risk outcome pairs. Pairs were
included on the basis of data-driven determination of a risk outcome association. Age-sex-location-year-speci ¢
estimates were generated at global, regional, and national levels. Our approach followed the comparative risk
assessment framework predicated on a causal web of hierarchically organised, potentially combinative, modi able
risks. Relative risks (RRs) of a given outcome occurring as a function of risk factor exposure were estimated separately
for each risk outcome pair, and summary exposure values (SEVs), representing risk-weighted exposure prevalence,
and theoretical minimum risk exposure levels (TMRELS) were estimated for each risk factor. These estimates were
used to calculate the population attributable fraction (PAF; ie, the proportional change in health risk that would occur
if exposure to a risk factor were reduced to the TMREL). The product of PAFs and disease burden associated with a
given outcome, measured in disability-adjusted life-years (DALYs), yielded measures of attributable burden (ie, the
proportion of total disease burden attributable to a particular risk factor or combination of risk factors). Adjustments
for mediation were applied to account for relationships involving risk factors that act indirectly on outcomes via
intermediate risks. Attributable burden estimates were strati ed by Socio-demographic Index (SDI) quintile and
presented as counts, age-standardised rates, and rankings. To complement estimates of RR and attributable burden,
newly developed burden of proof risk function (BPRF) methods were applied to yield supplementary, conservative
interpretations of risk outcome associations based on the consistency of underlying evidence, accounting for
unexplained heterogeneity between input data from di erent studies. Estimates reported represent the mean value
across 500 draws from the estimate s distribution, with 95% uncertainty intervals (Uls) calculated as the 2<5th and
97<5th percentile values across the draws.

Findings Among the speci c risk factors analysed for this study, particulate matter air pollution was the leading
contributor to the global disease burden in 2021, contributing 820% (95% Ul 6«7 9<4) of total DALYs, followed by
high systolic blood pressure (SBP; 728% [6°4 9<2]), smoking (57% [4=7 6<8]), low birthweight and short gestation
(526% [4=8 6<3]), and high fasting plasma glucose (FPG; 524% [4=8 6<0]). For younger demographics (ie, those aged
0 4 years and 5 14 years), risks such as low birthweight and short gestation and unsafe water, sanitation, and
handwashing (WaSH) were among the leading risk factors, while for older age groups, metabolic risks such as high
SBP, high body-mass index (BMI), high FPG, and high LDL cholesterol had a greater impact. From 2000 to 2021,
there was an observable shift in global health challenges, marked by a decline in the number of all-age DALYs broadly
attributable to behavioural risks (decrease of 207% [13¢9 27<7]) and environmental and occupational risks (decrease
of 22«0% [15+5 28<8]), coupled with a 49+4% (423 56<9) increase in DALYs attributable to metabolic risks, all
re ecting ageing populations and changing lifestyles on a global scale. Age-standardised global DALY rates attributable
to high BMI and high FPG rose considerably (157% [9+9 21<7] for high BMI and 7+9% [3=3 129] for high FPG)
over this period, with exposure to these risks increasing annually at rates of 18% (1«6 19) for high BMI and 1+3%
(11 1e5) for high FPG. By contrast, the global risk-attributable burden and exposure to many other risk factors
declined, notably for risks such as child growth failure and unsafe water source, with age-standardised attributable
DALYs decreasing by 71e5% (644 788) for child growth failure and 663% (602 72<0) for unsafe water source. We
separated risk factors into three groups according to trajectory over time: those with a decreasing attributable burden,
due largely to declining risk exposure (eg, diet high in trans-fat and household air pollution) but also to proportionally
smaller child and youth populations (eg, child and maternal malnutrition); those for which the burden increased
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moderately in spite of declining risk exposure, due largely to population ageing (eg, smoking); and those for which
the burden increased considerably due to both increasing risk exposure and population ageing (eg, ambient particulate
matter air pollution, high BMI, high FPG, and high SBP).

Interpretation Substantial progress has been made in reducing the global disease burden attributable to a range of
risk factors, particularly those related to maternal and child health, WaSH, and household air pollution. Maintaining
e orts to minimise the impact of these risk factors, especially in low SDI locations, is necessary to sustain progress.
Successes in moderating the smoking-related burden by reducing risk exposure highlight the need to advance policies
that reduce exposure to other leading risk factors such as ambient particulate matter air pollution and high SBP.
Troubling increases in high FPG, high BMI, and other risk factors related to obesity and metabolic syndrome indicate
an urgent need to identify and implement 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 response to an ever-changing global health landscape,

The COVID-19 pandemic revealed profound healthsuccessive iterations of GBD risk factor analyses have

disparities between individuals and across geographies.incorporated key methodological advancements and

These dierential impacts re ect a combination of added emerging risk factors and health outcomés!

multiple contributing risk factors a ecting individuals Other research e orts and networks of health scientists

and the varying capacities of health-care systems tdave contributed valuable global, multi-country, and

protect and treat their populations. To strengthen the population-level data on speci c risk factors or groupings

ability of health systems to meet future challenges, thereof risk factors; such endeavours include the NCD

is a need to focus on primary preventioff In this Risk Factor Collaboration NCD-RisC), WHO's FormoreonNCD-RisC see

context, and to regain momentum towards meeting UN Noncommunicable Diseases Data Portal, and théttps//nodriscorg/

Sustainable Development Goals, identifying and Prospective Urban and Rural Epidemiological studyForWHOsNoncommunicable

quantifying the impact of key risk factors can help (PURE)®* However, only GBD produces systematiczt':s:jf;c'?j?ﬁ;?:;:fee

prioritise the use of scarce resources. analyses of a comprehensive set of risk factors, identi eqormoreon PURE see https:/
Targeting the reduction of modi able risk factors is a on the basis of standardised data-driven criteria, Ny phricaresearch/pure/

powerful and essential strategy to prevent ill health and204 countries and territories worldwide.

premature deaths due to diseases and injuri€3E ective Here, we summarise GBD 2021 methods and present

risk-reduction policies and practices are dependent onestimates of risk factor exposures and their relationships

location-specic and population-speci ¢ information with health outcomes for 88 risk factors and combinations

about relationships between risk factors and healththereof included in the GBD 2021 hierarchical list of risk

outcomes, trends in the prevalence of leading riskfactors (appendix 1 table S1). Results are presentedonline forappendix1

factors, and the proportion of disease-speci ¢ mortality broadly within the Article and in more detail in

and morbidity that can be attributed to particular risk appendix 2. Selected results are further accessible onlinge online for appendix 2

factors. Rigorous, well-sourced risk factor meta-analyseshrough the Burden of Proof visualisation tool This FortheBurdenof Proof

can highlight areas of public health progress, provide manuscriptwas produced as part of the GBD Collaboratoysuaisation tool see https://

. L .. . . . . vizhub.healthdata.org/burden-

insight into persisting or emerging risks and consequent Network and in accordance with the GBD Protoc#l. of-proofi

health challenges, and inform further modelling of

plausible risk-factor reduction scenarios—including Methods

cost-e ectiveness—to galvanise e ective risk-reduction GBD overview

policies and practices. To produce these vital risk factolGBD  publishes  periodic ~ updates,  providing

data, the Global Burden of Diseases, Injuries, and Riskcomprehensive estimates of risk exposure and risk-

Factors Study (GBD) has, since 1996, systematicallgttributable health loss worldwide using all relevant

estimated exposure to risk factors, relative health riskavailable data. GBD 202dstimated relevant metrics for

by exposure, and attributable disease burden for23 age groups from birth to age 95 years and older; for

comprehensive sets of risk factorsFor a speci ed set of males, females, and all sexes combined; and for

causes of death and disability, attributable burden204 countries and territories grouped into 21 regions and

metrics are calculated to quantify the proportion of seven super-regions. GBD regions are made up of

burden—measured in disability-adjusted life-years countries and territories that are geographically close and

(DALYs), representing the sum of years of life lost to epidemiologically similar, and regions are grouped into

premature mortality and years lived with disability—that super-regions on the basis of cause of death pattefhs.

can be attributed to a particular risk factor or combination The seven super-regions are central Europe, eastern

of risk factors. To improve estimation accuracy in Europe, and central Asia; high income; Latin America
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Research in context

Evidence before this study

The Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) provides regularly updated estimates of risk factor
exposure levels, relative health risk by exposure, and proportion
of disease burden related to speci ¢ diseases or injuries that can
be attributed to particular risk factors, categorised broadly into
groups of environmental and occupational, behavioural, and
metabolic risks. GBD has conducted analyses of risk-attributable
burden since 1996, at which time ten risk factors were included
in the analysis. GBD 2021 presents age-sex-location-year-

speci ¢ estimates for 88 risk factors at global, regional, and
national levels from 1990 through 2021. Although several
research organisations and initiatives, including the NCD Risk
Factor Collaboration (NCD-RisC) in partnership with WHO and
the Prospective Urban and Rural Epidemiological (PURE) study,
have provided valuable population-level evidence about

speci c risk factors or groupings in selected populations, GBD
stands out for its systematic evaluation of the health e ects of
a comprehensive selection of risk factors across all countries
and territories worldwide.

Added value of this study

GBD 2021 advances previous GBD estimates of risk factor
exposure levels, relative risks (RRs), and the risk-attributable
burden in several meaningful ways. RR estimates were
systematically updated for risk outcome pairs with burden of
proof meta-regression methods that accounted for di erences
in exposure ranges in di erent comparison groups by
integrating across the risk function and used an ensemble
spline method to capture the (potentially non-linear) shape of
the risk outcome relationship from the data rather than
imposing log-linearity. For 211 risk outcome pairs, evidence of
association was further quanti ed with burden of proof risk
function (BPRF) analyses, which account for unexplained
between-study heterogeneity in the input data, yielding a
conservative interpretation of the risk outcome association.
For ease in interpreting and comparing BPRF measures across
risk factors, summary risk outcome scores were computed and
mapped onto a star rating system (from one to ve stars)
summarising the relationships between risks and outcomes.
Of the 211 risk outcome pairs analysed with the BPRF
methodology, 80 (37+9%) received a rating of three to ve
stars, indicating a well established (moderate to very strong)
relationship between risk and outcome, based on a
conservative interpretation of the available evidence, while
131 (62+1%) received one to two stars, suggesting that existing
evidence for a robust relationship is weak. Additionally,
mediation methods used to address risk outcome relationships

involving risk factors that act indirectly on outcomes via
intermediate risks (eg, an association between low fruit
consumption and heart disease mediated through systolic
blood pressure [SBP]) were updated and systematised, resulting
in a total of 158 mediated risk outcome relationships. Nitrogen
dioxide air pollution was added as a new risk factor, which
resulted in the addition of one associated risk outcome pair:
nitrogen dioxide air pollution asthma. 117 additional risk
outcome pairs were incorporated for risk factors already
included in the study, based on new evidence, more detailed
speci cation of outcomes, or re nements to mediation factors.
Conversely, 25 risk outcome pairs were excluded from GBD
2021 because they no longer met inclusion criteria. New or
updated systematic reviews were conducted, as detailed in
appendix 1 (section 2.1.3). Theoretical minimum risk exposure
levels (TMRELs) were revised for 19 risk factors.

Implications of all the available evidence

We highlight three ways to interpret the GBD 2021 risk factor
results to provide useful policy perspectives. The rst approach
is to emphasise the overall contribution of a given risk factor to
disease burden. From this perspective, particulate matter air
pollution, high SBP, smoking, low birthweight and short
gestation, and high fasting plasma glucose (FPG) were
associated with the highest levels of global death and disability
in 2021. Strategies that address these risk factors will reduce
the overall burden. A second approach, examining trends over
time in the risk-attributable burden, reveals that although the
risk exposure and burden attributable to many risk factors
such as child growth failure and unsafe water and sanitation
have decreased, there have also been increases for numerous
other risk factors, including ambient particulate matter
pollution, high SBP, high body-mass index (BMI), and high
FPG. These ndings suggest areas of concern and interactions
between risk factor exposure and demographics. The third
method one that is new for GBD 2021 is to use BPRF
methods to identify risk factors that contribute substantially to
the overall burden and whose associated risk outcome
relationships are supported by strongly compelling evidence,
in order to provide policy makers with a more informed
approach to risk mitigation. Such risks include particulate
matter air pollution, high SBP, smoking, high LDL cholesterol,
high FPG, high alcohol use, kidney dysfunction, child growth
failure, and, to a lesser extent, high BMI. These three
complementary perspectives on our results can provide key
audiences, including policy makers, health-care professionals,
and the general public, with crucial information to e ectively
reduce disease burden.

and the Caribbean; north Africa and the Middle East; results are presented stratied by Socio-demographic
south Asia; southeast Asia, east Asia, and Oceania; anthdex (SDI), a composite measure of lag-distributed
sub-Saharan Afric&! GBD 2021 also includes subnational income per capita, average years of education, and
analyses for 21 countries and territories (see appendix fertility rates among females younger than 25 yeéis
table S4 for the full GBD location hierarchy). Some (appendix 1 table S5).
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The GBD 2021 analytical framework for risk factors conducted for past GBD cycles and new systematic
generated estimates for the period 1990-2021. GBD hasviews for risk factors such as diet high in unprocessed
included an analysis of risk-attributable burden since red meat, smoking, and diet low in vegetablés®
1996% with initial estimates published in WHO’s annual 3359 distinct data sources from 124 countries were used
World Health Report$**and WHO GBD updates/®*and in the estimation of RRs, 1176 of which were new for
estimates from 2010 onwards published in The Lant&t. GBD 2021, supplementing those previously included in
An international GBD Collaborator Network provides, GBD 2019. To estimate mean exposure for each risk
reviews, and analyses the available data to generate the$actor, systematic literature reviews were conducted to
metrics, with the GBD 2021 round drawing on the identify risk factor exposure studies published or
expertise of more than 1000 collaborators in more than identi ed since GBD 2019, and were combined with data
160 countries and territories. In each iteration of GBD, from other sources, including household and health
newly available data and improved methods are used t@xamination surveys and censuses, ground-sensing or
update the full time series of estimates from 1990 through remote-sensing data, and administrative records.
the latest year of analysis. GBD 2021 estimates for th&1337 distinct data sources from 204 countries and
entire 1990-2021 time series therefore supersede atkerritories were used in estimating risk exposure,

previously published estimates. 14252 of which were new, in addition to those previously
included in GBD 2019. In total, the GBD 2021 risk factor
GBD risk factor hierarchy analysis used 5861 distinct data sources, which includes

GBD classi es all GBD risk factors into a risk factor a small number of sources used to estimate both relative

hierarchy with four levels, plus an overarching aggregaterisk and risk exposure.

of all risk factors combined. At Level 1, risk factors Available data sources for estimating RRs and exposure

are categorised as environmental and occupationalyvaried across risk factors; input data were highly

behavioural, and metabolic risks. These Level 1 categorielseterogeneous, and quality varied across geography and

are disaggregated at Level 2 into 20 risk factors or clusterime. See appendix 1 (section 2.1.3) for systematic review

of risk factors (eg, dietary risks and air pollution). At and bias assessment guidelines, and appendix 1

Level 3, nine of the Level 2 risks are further broken down(section 6) for risk factor-speci ¢ details about data

into 42 additional risk factors or clusters of risks; Level 3collection methods, systematic reviews, search strategies,

also includes the 11 Level 2 risks that are not furthermata sources, bias assessment, and citations. The e ort to

disaggregated. At Level 4—the most granular level— vesystematically synthesise substantial quantities of

of the Level 3 risks are further disaggregated into 22heterogeneous data for large numbers of risk—outcome

additional speci c risk factors; Level 4 also includes the pairs in a comparable manner is ongoing, and protocols

11 Level 2 risks that were not disaggregated at Level 3 aridr performing systematic reviews and extracting and

37 Level 3 risks not further disaggregated at Level 4. Thiprocessing data will continue to be updated and

hierarchy allows for evaluation of individual risk factors, integrated into methods in future GBD rounds. Detailed

such as low birthweight, as well as groups of risk factorsinformation on data sources used for risk factor

that are of policy interest, such as child and maternalestimation in GBD 2021 is also available online via the

malnutrition or behavioural risks. In total, GBD 2021 GBD 2021 Sources Tool in the Global Health Dataorthe 6BD 2021 Sources Tool
covers 88 total risks (one aggregation of all risksExchange (GHDX). see https://ghdx healthdata.org/
combined plus three Level 1 risks plus 20 Level 2 risks gba-2021/sources

plus 42 additional Level 3 risks plus 22 additional Level [Risk factor estimation

risks), including one Level 3 risk factor being reported in For GBD 2021, we estimated relationships between

GBD for the rst time: nitrogen dioxide, an additional air 88 risk factors and selected health outcomes—comprising

pollution measure strongly in uenced by motor vehicle 155 outcomes across risk factors—for a total of 631 risk—

emissions® See appendix 1 (table S1) for the full 202butcome pairs analysed. Notably, the present analysis did

GBD risk factor hierarchy, along with appendix 1 not formally incorporate or quantify the impact of the

(section 6) and theMethods Web Portal for risk factor- COVID-19 pandemic across risk factors or health Forthe MethodsWeb Portal see

speci ¢ de nitions and modelling details. outcomes due to data limitations. GBD 2021 producedtps//www.healthdata.org/
risk-speci ¢ estimates of summary exposure value (SE\V)*/methodsappendices-2021
Data sources RR, population attributable fraction (PAF), risk-

To generate relative risk (RR) estimates for risk—outcomeattributable burden measured in disability-adjusted life-
pairs, GBD synthesises data from primary randomised years (DALYs; the sum of years of life lost to premature
controlled trials and cohort, pooled cohort, or case—mortality and years lived with disability}® and deaths?
control studies that report RRs of mortality or morbidity Furthermore, a new method was introduced to
from a given health outcome as a function of risk complement RR estimates: burden of proof risk function
exposure, in addition to meta-analyses summarising RRs(BPRF) analyses that account for unexplained between-
(appendix 1 section 2.1.3). These data were obtainestudy heterogeneity in RR input data and vyield an
through systematic reviews, including updates of reviewsadditional, =~ conservative interpretation of the

www.thelancet.com Vol 403 May 18, 2024 2165



Articles

2166

risk—outcome association and its underlying input new risk—outcome pairs in GBD 2021. Inclusion criteria
evidence* The methods employed to generate thede ned by the GBD Scienti c Council state that the RR
measures from past GBD rounds closely followed thoseestimate’s 95% uncertainty interval (Ul), conventionally
used for GBD 2019 and have been extensively peer-calculated, without accounting for unexplained between-
reviewed over previous GBD rounds*and concurrently study heterogeneity, must not cross the null RR value of 1
as part of the peer review process for GBD 2021. Here, wée, the mean RR estimate must be signi cantly higher
provide a methodological overview with an emphasis on[for harmful risks] or lower [for protective risks] than 1)
the main changes since GBD 2019. A more comprehensivdor a risk—outcome pair to be included in GBD. On this
description of the analytical methods for GBD 2021 isbasis, 118 new risk—outcome pairs were included in
provided in appendix 1, with extensive source details forGBD 2021, for a total of 631 pairs. To maintain stability in
input data available online via the GBD 2021 Sources Tooincluded risk factors and risk—outcome pairs between
in the GHDx. Each of these materials was included in the GBD cycles, exclusion criteria for those pairs already
peer review process of the present Article. included in GBD 2019 were less stringent; previously
Our analysis was based on the comparative riskincluded pairs were excluded only if the conventionally
assessment (CRA) framework (appendix 1 table S2alculated 90% Ul crossed the null. On this basis,
established to compute risk factor estimat&® and 25 risk—outcome pairs were dropped from GBD 2021.
included seven primary inter-related methodological See appendix 1 (table S7) for a list of risk—outcome pairs
components. The rst step entailed estimating e ect size included in GBD 2021 and details of pairs added or
by quantifying the RR of the speci ed health outcome dropped since GBD 2019. New to GBD 2021, the burden
occurring as a function of exposure to the speci ed risk of proof approach also evaluated potential publication or
factor (appendix 1 section 2 step 1). Estimates wereeporting bias (appendix 1 section 2.1.7) and quanti ed
generated for risk—outcome pairs already included in unexplained between-study heterogeneity (appendix 1
GBD 2019 (based on convincing or probable evidence ofections 2.1.5). Between-study heterogeneity was
an association assessed following World Cancer Researcimcorporated into estimates of uncertainty and used to
Fund methods and criteri&) and new pairs considered generate BPRFs to complement mean RRs derived
candidates for inclusion (based on informed judgements through our standard analytical process. BPRF metrics
by GBD Collaborators and other subject experts on(ie, risk-outcome scores and star ratings) provide an
potential importance to disease burden or policy, in additional, conservative interpretation of the risk—
addition to su cient data and appropriate methods to outcome eect and the consistency of underlying
estimate key metrics) that met inclusionary criteria, evidence (detailed below and in appendix 1 section 2.1.6).
described below (appendix 1 section 2.1.1). In our The second step consisted of collecting exposure data
standard analytical process, the primary tool used toand estimating the levels and distribution of exposure to
estimate RRs was meta-regression in the burden of proofeach risk factor, primarily using two Bayesian statistical
approach®*® which was used to synthesise datamodels (spatiotemporal Gaussian process regression
identied and extracted through systematic reviews [ST-GPR] and disease model meta-regression
conducted for each risk—outcome pair in accordance with[DisMod-MR 2.1}¥*) to pool heterogeneous data and to
the Preferred Reporting Items for Systematic Reviewscontrol and adjust for bias (appendix 1 section 2, step 2,
and Meta-Analyses (PRISMA) frameworR.Guidelines and section 6). The third step involved determining
about systematic reviews and bias assessment artheoretical minimum risk exposure levels (TMRELS; the
provided in appendix 1 (section 2.1.3), with risk factor-counterfactual level of exposure that would minimise
speci ¢ information—including details about data health risk) on the basis of epidemiological evideri¢e
sources, systematic reviews, data extraction, andappendix 1 section 2 step 3). In a fourth step, estimates of
modelling strategies—provided in appendix 1 (section 6)PAFs}* quantifying the proportional change in health that
and in the Methods Web Portal (cited earlier). The burdenwould occur if risk exposure was reduced to the TMREL,
of proof approach relies on an ensemble spline methodwere independently computed for each risk—outcome
to capture the (potentially non-linear) shape of the RRpair with estimates of exposure, RR, and the TMREL
function from the data rather than imposing a log-linear (appendix 1 section 2 step 4). Fifth, SEX/sgpresenting the
relationship. The approach also incorporates di erences age-speci ¢ risk-weighted prevalence of exposure, were
in exposure ranges for di erent comparison groups by calculated for each risk. SEVs are reported on a 0 to
integrating across the RR function, tests and adjusts for100 scale, where 0 equates to a scenario in which the entire
systematic biases to account for identi ed heterogeneity population (in age groups included in the evaluation, eg,
across input study designs and characteristics, and trimsthose aged 0-27 days for low birthweight) is exposed at the
potentially distorting outliers in the input data¥ TMREL, and 100 indicates that the entire population is
Methodological details about splines, knot placement, exposed at the maximum risk exposure level (appendix 1
monotonicity constraints, trimming strategies, and bias section 2 step 5). Sixth, because some risk factors a ect
adjustment are provided in appendix 1 (section 2.1.4)other risks that lie on the physiological pathway to an
RR estimates provide the basis for including outcome, mediation factors were estimated and used to
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correct for PAF overestimation if independence betweenpathways previously included in GBD 2019 and new
risk factors was assumed and to compute the burdenpathways that rated a three-star relationship or higher in
attributable to combinations of risk factors (appendix 1the BPRF star rating system (exceptions to this included
section 2 step 6; table S6 presents the full mediationsome pathways with smoking as a distal risk, and high
matrix). Finally, estimates of attributable burden (ie, the FPG or high SBP as mediators). Last, outcomes previously
proportion of disease burden attributable to the risk factor, absent from the mediation matrix in which a mediator has
as quanti ed by the product of the PAF and the DALYs or a direct causal e ect in GBD should be added to the matrix
deaths associated with the outcome) were calculated foeg, chronic kidney disease due to diabetes was added as a
each combination of age group, sex, location, and yeamediated outcome for high FPG). Application of these
(appendix 1 section 2 step 7). The majority of risk—outcomeeriteria resulted in the addition of 87 new mediated risk—
pairs were evaluated with this standard set of analyticalbutcome pairs and the removal of 64 pairs previously in
processes. For some pairs, other methods were used athe matrix, resulting in a total of 158 pairs in the
dictated by the evidence available for those risks (appendix 2021 mediation matrix (appendix 1 table S8). See appendix 1
section 2 step 1 and section 6). For example, non-optimafsection 2 step 6) for further details about GBD 2021
temperature RR estimation and TMREL identi cation was mediation methods. Speci cation of the matrix is ongoing
conducted through primary analysis of the relationship and will be further updated for future GBD rounds.
between temperature and cause-speci ¢ mortality.For
some risk—outcome pairs, PAFs were assumed byBurden of proof risk function and star ratings
de nition to be 100% (eg, 100% of diabetes is assumed tdo complement our standard estimates of risk—outcome
be, by de nition, related to high fasting plasma glucose relationships, we further applied BPRF methods
[FPG]). For other pairs in which the outcome is speci ¢ to introduced by Zheng and colleagués that generate
a risk factor (eg, mesothelioma and occupational exposurelternative metrics combining e ect size and consistency
to asbestos), direct PAFs were used, calculated directlgf evidence. The motivation behind this methodology is
from the disease rather than based on an RR estimateo highlight risk factors for which the currently available
generated with the standard set of analytical processeslata suggest there is either or both a large e ect on
(appendix 2 table 6). health outcomes (and potentially high attributable
Methodological improvements for estimating risk burden) and robust evidence for the e ect, in addition to
exposure and risk-attributable burden in the current risk factors that show large e ects on outcomes but for
GBD round focused on standardisation of RR estimation which the evidence is less consistent, underscoring a
as described above and application of new BPRF methodseed for additional research. For GBD 2021, BPRFs were
to generate conservative assessments of risk—outcomgenerated for 211 risk—outcome pairs (ie, for most
relationships and their underlying evidence incorporating metabolic risks; all environmental but no occupational
between-study heterogeneity; improved speci cation of risks; and some behavioural risks such as dietary risks
the mediation matrix; and re-evaluation of TMRELSs with and high alcohol use; see appendix 2 table S6) to
meta-regression or other methods to incorporate newcomplement conventional estimates of RR used to
data, resulting in revised TMREL values for 19 riskcalculate PAFs and attributable burden.
factors—primarily dietary risks and high systolic blood The BPRF is related to the mean RR relationship
pressure (SBP), high LDL cholesterol, and high body-between exposure and health outcome, relying on
mass index (BMI; see appendix 1 table S9 for changes t85% Uls inclusive of heterogeneity across estimates of
2019 TMREL values). Details of these improvements are ect from individual studies not accounted for by study

provided below or in appendix 1 (section 2). design covariates (eg, confounding, selection bias, and
exposure measurement; appendix 1 section 2.1*9hese

New for GBD 2021 95% Uls are used to derive the BPRF, de ned for harmful

Updates to the mediation matrix risks as the 5th quantile risk curve closest to null and for

To more fully and accurately account for mediated protective risks as the 95th quantile risk curve closest to
relationships involving distal risk factors that act indirectly null (RR=1; the function representing a relationship in
on outcomes via intermediate risks (eg, an associationwhich a change in risk exposure has no e ect on health
between low fruit consumption and heart disease mediatedoutcome). The BPRF therefore represents a conservative
through SBP), we reviewed and expanded the method®stimate, consistent with the available evidence, of the
and evidence forming the basis of the GBD mediation change in health outcome at each level of risk exposure.
matrix (appendix 1 table S6). A set of consistent rule-baseBPRF estimates are used to compute the risk—outcome
inclusionary and exclusionary criteria were formalised and score, de ned as the signed value of the average log BPRF
applied. First, a distal risk cannot be mediated by morebetween the 15th and 85th percentiles of risk exposure
than 100% through multiple mediators to the same levels observed across included studig#\ higher positive
outcome. Second, the full set of distal risks acting through risk—outcome score corresponds to either or both a greater
a speci ¢ mediator should be applied to every outcomeaverage e ect size (as represented by RRs) and stronger,
related to that mediator for all distal-mediator—outcome more consistent evidence (as re ected in narrower
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Harmful: percentage

calculated with the GBD standard population structure

Number of L. .
to account for variation in age structures across

Protective: percentage  Risk outcome

the speci ed risk factor.

BPRF=burden of proof risk function. BPRF refers to the most conservative estimate of the magnitude of the increase in
risk (for harmful risk factors) or decrease in risk (for protective risk factors) of the speci ed outcome with exposure to

increase in risk of decrease in risk of score range risk outcome

outcome in those outcome in those pairs (n=211) populations? SEVs are given as age-standardised rates

exposed exposed on a 0-100 scale. For changes over time, we present
One star 0% 0% <0:00 52 percentage changes during 2000-21 (see appendix 2
Two stars 0% to 15% 0% to 13% 0:00to 014 79 table S1 and table S3 for estimates for 1990-2021) and
Threestars  >15%t0 50% >13%to 34% 5014t00:41 55 report annualised rates of change (ARCs) as the
Four stars >50% to 85% >34% to 46% >041t0062 13 di erence in the natural log of the values at the start and
Five stars >85% >46% >0:62 12 end of the time interval divided by the number of years

in the interval. Estimates for all metrics are computed
with the mean estimate across 500 draws, and 95% Uls
are given as the Zth and 975th percentiles of that

Table :BPRFrisk outcome score ranges associated with each star rating and number of risk outcome
pairs assigned to each star rating

distribution. To reduce computing power and time, the
number of computations per process was reduced from

For the statistical code see
http://ghdx.healthdata.org/ghd-
2021/code

For the detailed estimates see
https://ghdx.healthdata.org/
record/ihme-data/ghd-2021-

burden-by-risk-1990-2021

For the GBD Results tool see
https://vizhub.healthdata.org/
ghd-results

For GBD Compare see https://
vizhub.healthdata.org/ghd-
compare

For the Burden of Proof
visualisation tool see https:/
vizhub.healthdata.org/burden-
of-proof/

For more on the summaries see
https://www.healthdata.org/
research-analysis/diseases-
injuries-risks/factsheets

2168

1000 in previous GBD iterations to 500 for GBD 2021

based on simulations that revealed that estimates and

95% Uls), less distorted by spurious confounders or bias,uncertainty were not a ected by this reduction.

for the specic risk—outcome relationship. For ease of

interpretation and comparability across risk—outcome GBD research and reporting practices

pairs, risk—outcome scores are mapped onto a star ratingsBD 2021 complies with the Guidelines for Accurate and

system (table 1; see appendix 2 table S6 for risk—-outcom@&ansparent Health Estimates Reporting (GATHER)

scores and star ratings for all risk—outcome pairs analysedstatement (appendix 1 table S3)Analyses were completed

using BPRF methods). All risk—outcome pairs receiving awith Python (version 3.10.4), Stata (version 13.1), and R

one-star to ve-star rating are eligible for inclusion in (version 4.2.1). The statistical code used for GBD

GBD. Application of the BPRF methodology might in estimation is publicly available online.

some cases lead to 95% Uls including negative attributable

burden estimates (eg, lower 95% Ul <1) for one-star pairsRole of the funding source

this is a result of values for the RR less than 1 in theThe funder of this study had no role in study design, data

95% Uls, a consequence of including between-studycollection, data analysis, data interpretation, the writing

heterogeneity in RR estimates. In these cases, thef the report, or the decision to submit the manuscript

uncertainty includes the possibility of no e ect or even for publication.

protective e ects of the exposure on the outcome.

Although there might be biological plausibility for the Results

protective e ects for some risk factors (eg, metabolic and Overview

dietary), this is less likely for others (eg, air pollution and Detailed estimates are available in appendix 2, which

tobacco). In these cases, wide uncertainty suggests poorlgrovides supplementary gures and links to tables in

understood or weak risk—outcome relationships. We downloadable form through the Global Health Data

report the full uncertainty distribution for transparency.  exchange. All risk-related estimates are also available in
The BPRF methodology provides a structured analyticalsearchable and downloadable form through th&BD

framework applied across the diversity of GBD risk Results tool and via visual exploration through the

factors to evaluate e ect size and consistency across thenline tool GBD Compare and the Burden of Proof

underlying data. Although our core results are presentedvisualisation tool. Two-page summaries of results for

for all included risk—outcome pairs, BPRF metrics also each risk factor included in the analysis are also

allowed us to highlight risk factors with the strongest available online.

evidence of disease burden by re-calculating attributable

burden estimates for three-star, four-star, and ve-star Summary exposure values (SEVs)

risk—outcome pairs only. For further details on BPRF Quantifying risk exposure with age-standardised SEVs,

methods, see appendix 1 (sections 2.1.5 and 2.1.6), tlehich account for both the severity and proportion of

paper by Zheng and colleagues 2022,and other the population exposed and are comparable across

publications associated with the methodology? risks with di erent patterns of exposure, global Level 2

Development of BPRF methods and their application torisk exposure was highest in 2021 for high LDL

GBD risk factor analyses are ongoing and will continue cholesterol (SEV 43 [95% Ul 307-63-1] on a

to be re ned in future GBD rounds. 0-100 scale), dietary risks (33 [28:1-478]), air

pollution (36-6 [29-6-45-1]), and high SBP (3%

Presentation of estimates [25-9-470]; table 2). Disaggregated to Level 3 of the

Risk-attributable burden estimates for 2021 are given agisk hierarchy, SEVs were highest for a variety of

counts and age-standardised rates per WO population, dietary factors, most notably diet low in omega-6
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SEV 1990 SEV 2000 SEV 2010 SEV 2021 Annualised rate of ~ Annualised rate of ~ Annualised rate of
change 1990 to change 2000 to change 2010 to
2021 (%) 2021 (%) 2021 (%)
All risk factors 2944 (27-7t031:3) 288 (27*1t030:8) 28+1(26+1t030°1) 27+5(256t0295) 02%( 0-3to 0°1) 02%( 0+4to 01) 0:2%( 0:4to 0-1)
Environmental and occupational ~ 43:2 (37:8t046¢8) 41:4 (36°1t0452) 39:1(336t0432) 356 (302t039:9) 06%( 08to 05) 0:7%( 09to 05) 0:8%( 1:0to 0+7)
risks
Unsafe water, sanitation, and 438 (292t0495) 385 (24710 445) 3442 (21:0t0 40°0) 29+8 (17+3t0 353) 12% ( 17to 1:0) 12%( 1'7to 009) 1:3%( 1'9to 0:8)
handwashing
Unsafe water source 44+8 (337t056+7) 41:0(28:8t055:0) 38+4 (255t054:0) 354 (22:3t0505)  0:8% ( 1e4to 0:3) 07%( 14to 02) 07%( 1'5to 02)
Unsafe sanitation 57:0 (54+4t059:6) 492 (46:6t052:2) 40+8 (380t044:0) 32:3(2944t0353) 1:8%( 20to 16) 2:0%( 2:3to 18) 2:1%( 2*4to 1:8)
No access to handwashing facility 31+5 (16+1t0 35+6)  28+9 (14+5t0 33:0) 268 (135t031:0) 24+1(12:0t027:9)  0:9%( 1'2to 05)  0:9%( 1:3to 04) 1:0%( 1'6to 0-3)
Air pollution 485 (41:0t0566) 46+3(389t054:1) 41+7(34:1t050:1) 3646 (296t0451) 09%( 1e1to 07)  11%( 14to 09) 12%( 1'5to 1+0)
Particulate matter pollution 531 (46:0t0 61:0) 5046 (439t0582) 450 (380t053:3) 396 (331t0475) 09%( 12to 07)  12%( 14to 09) 12%( 1*4to 09)
Ambient particulate matter 199 (14:0t026'6) 2148 (157t0284) 246 (17°1t031:8) 284 (194t0356)  11% (05to 1+7) 1:3% (0+6 to 1+9) 1:3% (0-8 to 1+8)
pollution
Household air pollution from 339 (24:7t0 43:5)  30+2 (21810 39:8) 24+1(157t034+9) 173(102t0286) 2:2%( 29to 14) 2:7%( 36to 16) 30%( 3*9to 1:9)
solid fuels
Ambient ozone pollution 1644 (14:1t020:0) 184 (159t022:2) 207 (18:1t0249) 23:8(21:1t028:0)  1:2% (1+1t0 1+3) 142% (1+1 to 1+4) 1+3% (1+1 to 1+4)
Ambient nitrogen dioxide 195 (0:0to47+4)  180(0:0to459) 184 (00to47:3) 150 (00 to 42+8) 0:8% ( 25 to 0:0) 0:9% ( 2+7 to 0+0) 19% ( 4+8to 0+0)
pollution
Non-optimal temperature 301 (26:0t034+8) 310 (27:0to 356) 351 (30+7t040:1) 32:3(28+1t037:0)  0:2% (0«1 to 03) 0:2% (01 to 0+3) 0:8% ( 0°9to 06)
High temperature 317 (26:0t0 37*5)  33:1(276t039:0) 412 (351t047:1) 37:3(315t0433)  0:5% (04 to 0+7) 0:6% (0+4 to 0+7) 09% ( 111to 0+7)
Low temperature 2449 (22:81027:8) 258 (239t0285) 255 (23:7t0281) 24+2(22:3t026+7)  041% ( 0-2to 0+0) 0:3% ( 0:4to 02) 05%( 06to 0+4)
Other environmental risks 397 (88t0473)  400(89to478) 381(88to456) 338 (85t0408) 05%( 07to 01) 08%( 11to O1)  11%( 144to O-1)
Residential radon 245 (00t036+7)  242(00to360) 240 (00to357)  23+8(0:0t0 35:3) 0:1% ( 0:3to 01) 0:1% ( 0:2to 01) 0:1%( 03t0 0°1)
Lead exposure 467 (000to554) 472 (000to56+1)  44+5(00to52:6) 382 (0:0 to 45+1) 06%( 1'6to 05)  1:0%( 1:2to 0:8)  14%( 16to 01)
Occupational risks 36 (32t0 41) 37 (33t042) 37 (33t04+2) 36 (32t0 41) 0:0% ( 0-2to Oe1) 0:2% ( 0:3t0 0:0)  0:3% ( 0°5to 0:0)
Occupational carcinogens 049 (0+7 to 1+5) 1+0 (08 to 1+6) 141 (0810 1+7) 141 (0810 1+7) 0+6% (05 to 0+7) 0+5% (0+4 to 0:6) 0+4% (02 to 0°6)
Occupational exposure to 2:3(2:2t0 2'5) 22 (21t0 2+3) 2:3(2:1t0 2:4) 2:0(18to 2:1) 04%( 0:7to 03) 05%( 07to 0:3) 11%( 144to 0+7)
ashestos
Occupational exposure to 0+4 (0°1 to 0+9) 05 (0+1 to 0+9) 05 (01 to 0+9) 05 (0+1 to 0+9) 0:3% (01 to 0+9) 0+2% (0+0 to 0+7) 0:1% ( 0*1to 0+6)
arsenic
Occupational exposure to 0:8 (0:3t0 1+7) 0:8 (0+4 to 1+8) 049 (04 to 1:9) 1:0 (05 to 2+0) 0:8% (06 to 1+1) 0:8% (06 to 1+0) 0:7% (05 to 1:0)
benzene
Occupational exposure to 0+1 (0+1to 0°1) 0+1 (0+1to 01) 0+1 (0+1to 0°1) 0+1 (0+1to 01) 0+5% (05 to 0+5) 0+3% (0+3 to 0+4) 0:3% (02 to 0+4)
beryllium
Occupational exposure to 0:2 (0+2 to 0+2) 02 (0:2t0 0+2) 0:2 (0:2to 0+2) 02 (0+2 to 0+2) 0:7% (0+6 to 0+9) 0:6% (0+4 to 0:8) 0:5% (0+2 to 0+7)
cadmium
Occupational exposure to 0+4 (0+4 to 0+4) 0+4 (0+4 to 0+4) 05 (04 to 0:5) 05 (05 to 0+5) 1:0% (0*9 to 1°1) 0+9% (07 to 11) 0+7% (05 to 1+0)
chromium
Occupational exposure to 147 (1+7 to 1+7) 2:0 (149 to 2:0) 213 (2210 2:3) 26 (2510 2:6) 1+3% (1+2 to 1+4) 1:3% (1+2 to 1+4) 1+2% (10 to 1+4)
diesel engine exhaust
Occupational exposure to 0+8 (0+7 to 0:8) 049 (0-8 to 0+9) 049 (09 to 1:0) 1+0 (09 to 1:0) 0+8% (07 to 0+9) 0+6% (04 to 0+8) 0:5% (02 to 0+8)
formaldehyde
Occupational exposure to 0+4 (0+1 t0 1+3) 05 (0+1to 1+3) 05 (01 to 1+3) 05 (01 to 1+3) 0:2% (0+0 to 0+8) 0:2% ( 0+1to 0+7) 0:1% ( 02 to 0+6)
nickel
Occupational exposure to 0+7 (07 to 0+7) 08 (08 to 0+9) 09 (019 to 1:0) 1:0 (1:0 to 1+0) 140% (09 to 1+1) 0:9% (07 to 1+1) 0:8% (05 to 1+0)
polycyclic aromatic
hydrocarbons
Occupational exposure to 442 (17 t0 10°7) 43 (1910 10°7) 445 (2:1t0 11+0) 446 (20210 11+2) 0:3% (0+1 to 0+7) 0:4% (0:2 to 0+7) 0:3% (0«1 to 0+6)
silica
Occupational exposure to 140 (06 to 2+1) 140 (06 to 2+2) 140 (07 to 2+1) 140 (0+7 to 2+1) 0+2% (0+0 to 0+5) 0+0% ( 02 to 0+3) 0+0% ( 0:3to 0+3)
sulphuric acid
Occupational exposure to 0:2 (0:2t0 02) 0:2 (0:2t0 0+2) 0:3 (0:3t0 03) 0:3 (0:3t0 03) 1:0% (1:0to 1+1) 0+9% (08 to 1:0) 0+8% (06 to 1:0)
trichloroethylene
Occupational asthmagens 179 (155t020°9) 18:3(159to 21+5) 181 (158t020:9) 17:6 (155t0202)  0:1% ( 0«2 to O-1) 0:2% ( 0+4 to 0:0) 0:2% ( 0°6 to 0°1)
Occupational particulate matter, 1044 (84t012:8)  10°5(86t012:9)  10+4 (85t0 12+7) 949 (8+2t0 12+0) 01% ( 02to 01) 03%( 04to 02) 04%( 05to 03)
gases, and fumes
Occupational noise 1046 (102to 11+2)  10-8 (10+4to 11+4) 109 (105to 11+5) 108 (10+4t0 11:3)  0°0% (00 to O+1) 00%( 01to00)  0:1%( 02to 01)

(Table 2 continues on next page)
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SEV 1990 SEV 2000 SEV 2010 SEV 2021 Annualised rate of ~ Annualised rate of ~ Annualised rate of
change 1990 to change 2000 to change 2010 to
2021 (%) 2021 (%) 2021 (%)
(Continued from previous page)
Occupational injuries " " " " " " "
Occupational ergonomic factors 203 (19:0to 21:8) 200 (189to 21+4) 183 (16°9t019+7) 16:3(150t0178) 07%( 09to O5)  10%( 1:3to 07) 11%( 15to 06)
Behavioural risks 22:3 (2046 t0 24+5) 21:1(19:5t0233) 19:9(18:2t022:2) 186 (17:0t020°7) 06% ( 0*6to 05) 06%( 07to 05) 06%( 07to 0:5)
Child and maternal malnutrition 12:5 (84 to 17+9) 12:2 (8:3t0 17+2) 117 (7"9t0 16:6) 1146 (7+7 to 16+6) 0:3%( 03to 02) 02%( 04to 01)  0:1% ( 03 to 0:0)
Suboptimal breastfeeding 384 (349t042:8) 351 (31:8t0392) 33:8(305t0375) 326 (29:8t036+1) 05%( 06to 05) 04%( 04to 0:3) 0:3%( 05to 0:2)
Non-exclusive breastfeeding 435 (3006 t059:3)  40+7 (28'8t0555) 387 (27°5t053:0) 359 (26+1t0486) 06% ( O+7to 05) 06%( 0+7to 05) 0:7% ( 0°9to 0+5)
Discontinued breastfeeding 4144 (405t0 42+4) 37:2(365t038:0) 358 (352t0366) 353(345t036:2) 05%( 06to 04) 02%( 03to 01)  0:1% ( 03 to 0:0)
Child growth failure 131 (9:0to 20+1) 124 (85t019:1) 103 (6'8 t0 163) 746 (4+6 t0 12+9) 17%( 22to 1+4)  23%(30to 1:8) 2:7%( 36to 2+0)
Child underweight 19:8 (156 t023+4)  19:1 (152t0226) 165 (13:0t0196) 136 (106t016:3)  12% ( 1:3to 1:2)  1:6%( 1:8to 1:5)  1:8%( 1:9to 17)
Child wasting 648 (4+5t0 8'5) 646 (4310 8+2) 5:9 (39 t0 7+5) 445 (3:0t0 59) 13% ( 15t0 12)  1:8%( 2:0to 16) 25%( 2:8to 2:1)
Child stunting 247 (21910 26+7) 235 (20:8t0254) 202 (18:0t021:9) 162 (147t0177)  1:4%( 1:4to 12)  18%( 1:9to 156)  2:0%( 22to 1+7)
Low birthweight and short 22:2 (200010 24'5) 234 (21:1t025:8) 231 (20910 25:5) 2249 (20710 25:3)  0+1% (0+1 to 0+1) 0:1%( 0:2t0 0:0)  0:1% ( 0+2to 0:0)
gestation
Short gestation 32:5(29'5t034+9) 337 (30610 36+3) 33:0(30:2t0354) 32:5(297t034+9)  0:0% ( 0+1to O-1) 02% ( 02to 01)  0+1% ( 0+2to 0+0)
Low hirthweight 18:0(17*0t019:0) 189 (178t019:9) 188 (178t019:9) 186 (176t0196)  0:1% (0«1 to O-1) 0:1% ( 0+1to 0+0) 0:1% ( 0+2 to 0:0)
Ironde ciency 846 (7310 10:3) 8+4 (7+1t0 10+1) 749 (6+7 to 9'5) 75 (6+2t0 9+1) 04%( 05to 044) 06%( 07to 0:4) 05%( 07to 0O:3)
Vitamin Ade ciency 252(0:0t0359)  22:0(0:0to315)  16+4(0:0to24+0) 106 (00 to 15:5) 2+8% ( 31t0 0:0) 35%( 39t000)  40% ( 45to 0:0)
Zincde ciency 10:3(0:0t0 24+9)  10+3 (00 to 24+6) 86 (0:0 to 215) 6+4 (00 to 18+0) 1:5% ( 2°5to 0:0) 2:2%( 40t000)  2:7% ( 544 to 0+0)
Tobacco 391(382t039:7) 359 (351t0365) 31+7(31:1to32:3) 283(276t0289)  1:0%( 111to 140)  11%( 1-2to 11)  1:0%( 12to 0:9)
Smoking 234 (22°9t024:0) 209 (205t0 21+4) 185 (181t0189) 160 (156t0165)  12%( 1:3to 1:2)  13%( l/dto 12)  1:3%( 1:5to 1+2)
Chewing tobacco 448 (4310 52) 540 (4+7 to 5+3) 540 (4+7 to 5+3) 540 (4+6 to 5+4) 0:2% ( 0+2 to 0°6) 0:0% ( 05t005)  0:0% ( 0:7 to 0+7)
Second-hand smoke 4446 (42010 453) 421 (396t042+9) 378 (355t0385) 34+:3(32:2t0351)  08%( 09to 08) 1:0%( 1:1to 0:9) 09%( 1:0to 0+7)
High alcohol use 138 (111t019-9) 131 (105t019:3) 130 (104t019:3) 12:6(10:0t019:0) 0:3%( 04to O1) 02%( 03to00)  0:2% ( O+5to 0+0)
Drug use 04 (0:3t0 0+6) 04 (04 to 0+6) 04 (0:3t0 0'5) 05 (0+4 to 0+6) 0:5% ( 0+6 to 1+4) 0:4% ( 07 to 1:3) 1+7% (0+3 to 2:6)
Dietary risks 40:3(307t050:1) 389 (295t048:8) 380 (285t0482) 376 (281t047:8) 02%( 03to O1) 02%( 03to 01)  01% ( 0-2to 0+0)
Diet low in fruits 453 (37°9t047:5) 437 (36+7t0458) 41+7(353t043:8) 409 (349t0429) 03%( 04to 03) 03%(04to 02) 02%( 03to 01)
Diet low in vegetables 339 (20:6t0 406) 29+1(182t0354) 272(17°0t032:9) 27:3(172t0329)  0:7%( 0:8to 06) 0:3%( 04to 02) 0:1% ( 0+1to 0-2)
Diet low in legumes 396 (00to479)  353(00to42:9) 3244 (0:0t0395)  31+7 (00 to 39+0) 0:7% ( 08 to 0+0) 05% ( 06t00:0)  0:2% ( 0:3to 0:0)
Diet low in whole grains 419 (34+4t046+7) 427 (352t0477) 436 (36:1t0488) 43:8(361t0492)  0:1% (01 to 0:2) 0:1% (0°0 to 0+2) 0:0% ( 0+1to 0-1)
Diet low in nuts and seeds 42:9 (414t0451) 3744 (36:1t039:2) 34:0(327t0358) 3144(3000t0332) 1:0%( 1:1to 09) 0:8%( 1:0to 07) 0:7%( 0°9to 06)
Diet low in milk 62+7 (606t0 71'8)  62'5(60+4to 71:5) 632 (61:1t072+0) 64+9(62:9t073:8)  0+1% (01 to O+1) 0:2% (0+1 to 02) 0:2% (02 to 0+3)
Diet high in red meat 271 (00 to 37:2) 273(0:0to3744) 290 (00to395)  29:4 (0:0to 39:7) 0:3% (00 to 1+0) 0+4% (01 to 1:6) 0:1% ( 0:1to 1:0)
Diet high in processed meat 170 (1344t017:9) 17:2(136t0181) 17-3(13-8t0182) 16+2(13:0to17:1)  02%( 02to 01) 0:3%( 04to 02) 06% ( 0:7to 0+5)
Diet high in sugar-sweetened 135 (11:1t0 14+3)  14-8(12:2to156) 169 (13:8t017:8) 18:8(15:3t019:9)  1:1% (10to 1:2) 1+1% (1:0 to 1+2) 0:9% (07 to 1°1)
beverages
Dietlowin bre 361 (191t0387)  34:3(18:0t036:9) 305 (16:1t033:0) 26+4 (14:3t0287)  1:0% ( 1:2to 0:8)  12%( 15to 1:0)  1:3%( 16to 1:0)
Diet low in calcium 251 (235t036:2) 235 (22:0t034:1) 215 (20:00t031+3) 199 (18:5t029:1)  07%( 0:8to 07)  0:8%( 0:9to 0:7)  0:7%( 0:7to 0:6)
Diet low in seafood omega-3 49:2 (402t0586) 466 (37°9t0557) 406 (32410 49:0) 355 (28:0t0433)  1:1%( 12to 0:9)  1:3%( 1'5to 111)  1:2%( 14to 1:0)
fatty acids
Diet low in omega-6 782 (450t0901)  77:3(44+7t0890) 760 (44:1t087:6) 756 (44:0t087:3)  01% ( 0+1to 0:0) 0:1% ( 0+1to 0+0) 0:0% ( 0+1to 0+0)
polyunsaturated fatty acids
Diet high in trans fatty acids 153 (136t016:6) 153 (137t016:8) 10:2(8:9t0112) 644 (5310 7+5) 28% (3210 22)  41%( 47to 35) 4% ( 52t0 29)
Diet high in sodium 406 (124610 78:6) 409 (124410 79:2) 40:8 (12:2t0797) 400 (11:7t079:0)  0:0% ( 0:4t00:1)  0:1%( 06t00:1)  0:2% ( 07 to 0:0)
Intimate partner violence 236 (1471026:0) 234 (16:2t025:3) 225 (15910 245) 22:0 (145t0242)  02% ( 05t00:1)  0:3%( 06t00:0)  0:2% ( 0:6 t0 0+2)
Childhood sexual abuse and 82 (5110 13:1) 87(541t0138)  92(57t0148) 80 (51t012:5) 0:0%( 02t00:1)  0:3%( 06to 0:1) 12%( 1:7to 0:8)
bullying
Childhood sexual abuse 69 (6°5t0 7°6) 67 (6+3t0 7+3) 66 (6°210 7:2) 63 (59 to 6+9) 0:3%( 05to 01) 0:3%( 06to00)  04%( 07to 01)
Bullying victimisation 749 (3:5t0 15+1) 87 (440t0 16+5) 96 (4+4 t0 18:0) 8:0 (3810 14+7) 0:0% ( 0-2to 0+3) 04%( 07to 01)  17%( 21to 1:3)
Unsafe sex " " " " " " "
Low physical activity 182 (156t021:0) 182 (157t021:0) 188 (16°1t021:9) 198 (17°0t023-0)  0:3% (01 to 0'5) 0+4% (02 to 0+7) 0:5% (02 to 0+8)

(Table 2 continues on next page)
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SEV 1990 SEV 2000 SEV 2010 SEV 2021 Annualised rate of ~ Annualised rate of ~ Annualised rate of
change 1990 to change 2000 to change 2010 to
2021 (%) 2021 (%) 2021 (%)

(Continued from previous page)

Metabolic risks 13:0 (115510 14+9)  15:0 (13+4t016:9) 17°5(15:8t019:4) 209 (18:9t022:9)  1:5% (1+4to17)  16% (144t01+7)  1:6% (1+4 t0 1+7)
High fasting plasma glucose 106 (83t011:9)  12:2(96t0137) 141 (11:0to156) 16:2(125t017:8)  1:4% (12t0 1'5) 1:3% (1+1 to 1+5) 1+2% (10 to 1+5)
High LDL cholesterol 46+8 (31'8t064+8) 459 (312t063:8) 454 (30810 632) 453 (30:7t063+1)  0:1%( O1to 0:1)  0:1% ( 0+1to 0:0) 0:0% (00 to 0:0)
High systolic blood pressure 330(239t043:8) 32:9 (23:7t044+4) 335(239t0450) 356 (259t047:0)  02% (0+1to 0+4) 004% (0+1 to 0+7) 0:6% (02 to 1+0)
High body-mass index 1246 (1110 14+7) 1448 (13310 17:0)  17°7 (159t020:0) 215 (19210 24+0)  1:7% (1:5t0 1:9) 1:8% (1+6 to 1+9) 1:8% (1+6 to 1:9)
Low bone mineral density 247 (19210 31+4) 2442 (189t030+7) 23:8 (18+41030:4) 235(18:0t030:3) 02%( 02to 01)  0:1% ( 0:3to 0:0) 0:1% ( 0:3to 0:0)
Kidney dysfunction 29 (2310 3+8) 217 (2210 36) 2:7 (2210 3:6) 2:7 (2110 3+6) 02% ( 0:3to 02)  0:1% ( 0:2to 0:0) 0:0% ( 0+1to 0:0)

Data in parentheses are 95% uncertainty intervals. GBD=Global Burden of Diseases, Injuries, and Risk Factors Study. SEV=summary exposure value.

Table :Global age-standardised SEVs in 1990, 2000, 2010, and 2021, and annualised rate of change over 1990 2021, 2000 21, and 2010 21, by GBD risk factor

C Total DALY counts: unattributed, due to COVID-19,
or attributable to Level 1 risk factors, 2021.

I Unattributed burden without COVID-19
= COVID-19

I Behavioural risks only

[ Metabolic risks only

I Environmental and occupational risks only
Il Metabolic behavioural risks

I Behaviouralenvironmental risks

I Metabolic behavioural environmental risks
Il Metabolic environmental risks

B Age-standardised D4 rates
attributable to Level 1 risks, 1990 to 2021

A DALYcounts
attributable to Level 1 risks, 1990 to 2021
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Figure :Global DALYs attributable to Level 1 risk factors, 1990 2021

(A) Global DALY counts attributable to Level 1 risks, 1990 to 2021. (B) Age-standardised DALY rates attributable to Level 1 risks, 1990 to 2021. (C) Global total DALY counts that were unattributed, due to
COVID-19, or attributable to Level 1 risk factors, 2021. Mean estimates by Level 1 risk factor in panels A and B are represented by coloured lines; the shading indicates 95% uncertainty intervals. For panel C,
Xrefers to a burden that is attributed to two or all three Level 1 risk factors (ie, the intersecting set of DALYs that belong to both or all three risk factors). Mean estimates in panels A and B are aggregated to
include all DALYs attributable exclusively to the speci ¢ Level 1 risk factor plus those attributable to the intersection of that risk and one or both of the other Level 1 risk factors (ie, for a single year, the DALY
counts combined across the three lines sum to more than the total number of attributable DALYs for that year). DALYs due to COVID-19 were estimated as part of a separate GBD 2021 analysis by the GBD
2021 Diseases and Injuries Collaborators. They have been separated in this  gure from the DALYs unattributed to a risk factor because attribution of COVID-19 DALYs to risk exposure was not conducted as
part of this analysis. In GBD 2021, 41+4% of total global DALYs or 44+7% excluding COVID-19 DALYs were attributable to risk factors (see also appendix 2 gure S4); whereas in GBD 2019, 47:8% of total
global DALYs were attributable to risk factors. DALY=disability-adjusted life-year. Environmental risks=environmental and occupational risks. GBD=Global Burden of Diseases, Injuries, and Risk Factors Study.

polyunsaturated fatty acids (7% [440-87-3]) and diet declining substantially (ARCs decreasing >B%), or as

low in milk (64-9 [62-9-73-8]). neither (ARC values between —8% and 05%). At Level
We categorised trends in SEVs between 2000 and 2021l of the risk hierarchy, only metabolic risk factors

as either increasing substantially (ARCs of >B8%), increased in exposure between 2000 and 2021, with an
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annualised increase of 6% (95% Ul 14-17; table 2). table2 for a complete list of annualised rates of change
Among specic Level 2 metabolic risks, exposurein exposure to all GBD risk factors. See appendix 2
increased considerably between 2000 and 2021 for higlitable S3) for location-specic and sex-specic age-
BMI at an annual rate of 18% (16—19) and for high standardised SEVs and percentage change in SEVs over
FPG at a rate of B% (11-15). Among Level 2 time for all risk factors over the period 1990-2021.
environmental and occupational risks, exposure to

unsafe water, sanitation, and handwashing (WaSH) hadRisk-attributable burden (DALYs)

the largest annual declines between 2000 and 2021, &or Level 1 risks, the attributable global disease burden—
1-2% (0-9-1-7), followed by exposure to air pollution (an as measured in DALYs re ecting both premature death
annual decline of 1-1% [0-9-1-4]). Changes in exposureand years lived in poor health—was highest in 2021 for
to speci ¢ types of air pollution ranged from an annual behavioural risks, followed by metabolic risks, then
decline of 2:7% (1:6—3-6) for household air pollution environmental and occupational risks (gure 1).
from solid fuels to an annual increase of 1-3% (0-6—1-9) 763 million (95% Ul 650-865) DALYs were attributable to
for ambient particulate matter pollution. Among Level 2 behavioural risks, 476 million (412-541) were attributable
behavioural risks, the largest declines in exposure werego metabolic risks, and 416 million (364-469) were
for tobacco use (an annual decline of 1-1% [1-1-1-2])attributable to environmental and occupational risks
driven by an annual decline in smoking exposure of (appendix2table S1).Inaggregate, 1190 million(1090-1330)
1-3% (1-2-1-4). Among Level 3 risks, the largest annualglobal DALYs (41-4% of 2880 million DALYs in 2021)
decline was for diet high in trans fatty acids (a 4-1% were attributable to all GBD 2021 risk factors combined,
[3:-5-4-7] decrease). Only one behavioural risk had anand 212 million (198-234;-#% of all DALYs in 2021)
annual increase in exposure higher than-6%: diet high were due to COVID-19 ( gure 1% for which there was no

in sugar-sweetened beverages, &t1% (1-0-1-2). See risk factor attributable burden estimation included in

Leading risks 2000 Percentage of Leading risks 2021 95% Ul for Percentage of Percentage chareg Percentage change
total DALYs, Ranking  total DALYs, in number of in age-standardised
2000 2021 DALYs, rate of DAYs,
2000-2021 2000-2021
1 Particulate matter pollution 106 (8:5t0 12:3y————  Harticulate matter pollution | (1t0 2) \ 8:0 (6:7 to 9-4) -17-2 (-25-9to 46-2) —41:9 (472 to -35-6)
2 Child growth failure 9-3 (6-4 to 11-1) 2 High systolic blood pressure (1to 2) 7-8 (6-4t0 9-2) 34-3 (26-7 to 42-3P4-3(—28-4 to —20-0),
3 Low birthweight and short gestation 8:9 (8:3t0 9-6) \\v\ Bmoking Fto 6) 5.7 (4-7t0 6-8) 10-8 (3-2to lg-éb —34-8 (-39-2 to —29-7)
4 High systolic blood pressure 6-3 (5-2t0 7-4) / Bow birthweight and short gestation (3o 6) 56 (4-8t0 6-3) —324 (-41-2to —HZZ-S) —33.0 (—41:6 to -22-8)
5 Smoking ] 56 (47 to 6-5) \ Bligh fasting plasma glucose (310 6) 5-4 (4-8t0 6-0) 88-2 (80-5t0 96-4) -9 (B-3t0 12-9)
6 Unsafe water source 140(2:3t052) N \\ 6 High body—mass index (310 10) 45 (1-9t0 6-8) 965 (87-1t0 105:8) 15-7 (9:9to 217,
7 Unsafe sanitation 3:3(2:7t03:9) |\, \\ 7 High LDL cholesterol (7 to0 10) D (1-9t0 4-2) 27-0 (20-810 33:6) —26-1 (—29-6 to —22-4)
8 High fasting plasma glucose 31 (2:8t0 3-5) \\\ \\\ g \ Ridney dysfunction (6 to 10) D (2:6 to 3-4) 49-5 (42-7 to 57-0) 124 (-16-5to —7-9)
9 High LDL cholesterol 26(16t036) | X 9 Child growth failure (6 to 14) 26 (1-4 to 3-5) —69-8 (—77-5 to —62-Z)-5(—78-8 to —64:4
10 Unsafe sex [[26 (211032 H‘\\\ 10 High alcohol use 716 11) 2.5 (2:1to 3-1) 12-4 (26 t0 2016):25-8 (-32.0 to —20-4
11 High body—mass index 2:5(11to 3-9) \ /=] 11 Unsafe sex 11(to 17) 5 (1-4t01-7) —35:0 (—44-6 to —20-1) —52-4 (-58:9 to +42-3)
12 High alcohol use \ 24 (19t0 3-1) /\\\/( 12 Diet low in fruits (11 to 22) 5 (0-6 to 2-3) 22-5 (15-5 to 34-0)26-6 (—30-9 to —20:5)
13 No access to handwashing facility 2.3(-05t049) / | /|13 Unsafe water source (11t024) || 5(0-8t02:0) |[-60-1 (-67-1 to —532)66-3 (~72:0 to —60-2
14 Kidney dysfunction 22 (19to0 2-4) \\\ \\ 14 Diet high in sodium (8 to 36) 14 (0-3t0 3-2) 27-6 (1-3t0 41-2) 26-8 (—40-9 to —19:1)
15 Occupational injuries 16 (1-5t0 1-7) \\\ '/ | 15 Diet low in whole grains 12 (o 23) 4 (0-6 to 2-1) 30-1 (24-0t0 36-6) —23-3 (—26-9 t0—19-5)
16 Secondhand smoke 16 (0-8to0 2-4) 16 Secondhand smoke (11 to 26) 1.2 (0-6 to 1-8) —16-0 (220 to 5-3 (—48:9 to —40-3|
17 Diet low in fruits 1-3 (0-5 to 2-0) 17 Iron de ciency (12 to 23) P (0-9to 1-6) 16 (—2-1t0 5-3 | —18-1 (-21-2 to —15-2)
18 Iron de ciency 1-3(0:9t0 1-7) 18 Lead exposure (10 to 52) \ P (0-0to 2-4) | 28-8 (6:9 to 42-2) 23-9 (—289 to —18:4;
19 Diet high in sodium 1.2 (0-3t02:7) 19 Unsafe sanitation 14to 23) \ 1 (0-9to 1-4) —63-8 (—69-8 to —57-6) —69-2 (67463-2)
20 Suboptimal breastfeeding 1.2 (0-9to0 1-5) 20 Occupational injuries [ (15 to 21) 11 (1-0to 1-2) —25-2 (-30-7 to 420-3) —43.6 (-47-5 t9 —39-8)
21 Diet low in whole grains 1.2 (05 t0 1-8) 21 Drug use [ 17t024) | D(08to11) || 311(23610388) 46410-1t008)]
22 Lead exposure 1.0 (0-0 to 2-0) 22 Low temperature (19 to 26) @ (0-8to 1-0) 9:6 (-1:-5t021:6) —39-5 (—44-2 to —34-5)
23 Low temperature 0-9 (0-7 to 1-0) | 23 No access to handwashing facility (21 to(53) \ @ (-0-2to0 1-8) | —60-5 (—68-9 to —5i3¥35-7 (-73-4 to -57-8
24 Drug use 0-8 (0-7 to 0-9) 24 Diet low in vegetables (20 to 29) 0-7 (0-4 to 1-0) 218 (13:3t0) 357285 (—33-tb —21-3
25 Diet low in vegetables 0-6 (0-4 to 0-9) \_| 25 Diet low in omega—6 polyunsaturated fatty acidsl to §3) ® (—2-0to 2-3) 329 (23-4 to 38-8) 21-3 (—25-7 to —17-0
/
29 Diet low in omega—6 polyunsaturated fatty acids ~ 0-5 (-1-7 t6 1.9) ‘36 Suboptimal breastfeeding (30 to 40) @B (0-2to 0-4) —71-3 (-75-7t0 —-66-2) —71-4 (-75-8to +66-4)
] Environmental and occupational risks
1 Behavioural risks
Metabolic risks

Figure :Leading 25 Level 3risk factors by attributable DALYs, percentage of total DALYs (2000 and 2021), and percentage change in attributable DALY counts and age-standardised DALY

rates from 2000 to 2021

Each column displays the top 25 risks in descending order for the speci ed year. Risk factors are connected by lines between time periods; solid lines represent an increase or lateral shift in ranking,
dashed lines represent a decrease in rank. DALY=disability-adjusted life-year. Ul=uncertainty interval.
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(Figure 3 continues on next page)
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