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Global, regional, and national age-sex-specific burden of
diarrhoeal diseases, their risk factors, and aetiologies,
1990-2021, for 204 countries and territories: a systematic
analysis for the Global Burden of Disease Study 2021

GBD 2021 Diarrhoeal Diseases Collaborators*

Summary

Background Diarrhoeal diseases claim more than 1 million lives annually and are a leading cause of death in children
younger than 5 years. Comprehensive global estimates of the diarrhoeal disease burden for specific age groups of
children younger than 5 years are scarce, and the burden in children older than 5 years and in adults is also
understudied. We used results from the Global Burden of Diseases, Injuries, and Risk Factors Study 2021 to assess
the burden of, and trends in, diarrhoeal diseases overall and attributable to 13 pathogens, as well as the contributions
of associated risk factors, in children and adults in 204 countries and territories from 1990 to 2021.

Methods We used the Cause of Death Ensemble modelling strategy to analyse vital registration data, verbal autopsy
data, mortality surveillance data, and minimally invasive tissue sampling data. We used DisMod-MR (version 2.1), a
Bayesian meta-regression tool, to analyse incidence and prevalence data identified via systematic reviews, population-
based surveys, and claims and inpatient data. We calculated diarrhoeal disability-adjusted life-years (DALYs) as the
sum of years of life lost (YLLs) and years lived with disability (YLDs) for each location, year, and age—sex group. For
aetiology estimation, we used a counterfactual approach to quantify population-attributable fractions (PAFs).
Additionally, we estimated the diarrhoeal disease burden attributable to the independent effects of risk factors using
the comparative risk assessment framework.

Findings In 2021, diarrhoeal diseases caused an estimated 1-17 million (95% uncertainty interval 0-793-1-62) deaths
globally, representing a 60-3% (50-6-69-0) decrease since 1990 (2-93 million [2-31-3-73] deaths). The most
pronounced decline was in children younger than 5 years, with a 79-2% (72-4-84-6) decrease in diarrhoeal deaths.
Global YLLs also decreased substantially, from 186 million (147-221) in 1990 to 51-4 million (39-9-65-9) in 2021. In
2021, an estimated 59 -0 million (47 -2-73 - 2) DALYs were attributable to diarrhoeal diseases globally, with 30 -9 million
(23-1-42.-0) of these affecting children younger than 5 years. Leading risk factors for diarrhoeal DALYs included low
birthweight and short gestation in the neonatal age groups, child growth failure in children aged between 1-5 months
and 2—4 years, and unsafe water and poor sanitation in older children and adults. We estimated that the removal of all
evaluated diarrhoeal risk factors would reduce global DALYs from 59-0 million (47-2-73-2) to 4-99 million
(1-99-10-0) among all ages combined. Globally in 2021, rotavirus was the predominant cause of diarrhoeal deaths
across all ages, with a PAF of 15-2% (11-4-20-1), followed by norovirus at 10-6% (2-3-17-0) and Cryptosporidium spp
at 10-2% (7-03-14-3). In children younger than 5 years, the fatal PAF of rotavirus was 35-2% (28-7-43-0), followed
by Shigella spp at 24-0% (15-2-37-9) and adenovirus at 23-8% (14-8-36-3). Other pathogens with a fatal PAF greater
than 10% in children younger than 5 years included Cryptosporidium spp, typical enteropathogenic Escherichia coli, and
enterotoxigenic E coli producing heat-stable toxin.

Interpretation The substantial decline in the global burden of diarrhoeal diseases since 1990, particularly in children
younger than 5 years, supports the effectiveness of health interventions such as oral rehydration therapy, enhanced
water, sanitation, and hygiene (WASH) infrastructure, and the introduction and scale-up of rotavirus vaccination.
Targeted interventions and preventive measures against key risk factors and pathogens could further reduce this
burden. Continued investment in the development and distribution of vaccines for leading pathogens remains crucial.
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Introduction
Diarrhoeal diseases, caused by various pathogens such as
bacteria and viruses, are a major public health issue

worldwide, responsible for more than 1 million deaths
each year.! These diseases are among the leading causes
of death in children younger than 5 years, particularly in
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Research in context

Evidence before this study

The burden of diarrhoeal diseases, risk factors, and aetiologies
in children younger than 5 years, often considered a
homogeneous group, has been extensively studied by several
groups, including WHO and the Maternal and Child
Epidemiology Estimation Group (WHO-MCEE) and the Global
Burden of Diseases, Injuries, and Risk Factors Study (GBD).

The GBD 2017 diarrhoeal diseases study evaluated the impact of
risk factors and interventions on the burden of diarrhoeal
diseases in children younger than 5 years across 195 countries
and territories. Evidence suggests that the diarrhoeal disease
burden might vary within this age group due to factors such as
differences in age-specific susceptibility and immune system
development. Yet, global diarrhoeal disease burden estimates
for specific age groups among children younger than 5 years,
attributed to various risk factors and pathogens, have been
largely unavailable due to studies aggregating data for all
children younger than 5 years. We searched PubMed using the
terms “diarrhea”[MeSH] AND (“burden” OR “estimates”) AND
("age” OR “sex” OR “gender”) AND “global” AND “risk”, without
applying any language restrictions, for articles published from
Jan1, 1990, to Jan 27, 2024. The search yielded 70 studies.

We did not identify any studies that evaluated global levels of,
and trends in, diarrhoeal disease burden and corresponding risk
factors by granular age groups in children younger than 5 years,
or in older children and adults by age and sex.

Added value of this study

GBD 2021 included new data sources, compared with previous
GBD iterations (including GBD 2019 and GBD 2017), for
diarrhoeal mortality and morbidity and corresponding
aetiologies, including pathogen-specific data from the Global
Pediatric Diarrhoea Surveillance Network. This study also

low-income and middle-income countries.” Recognising
this crucial issue, global health initiatives such as WHO
and UNICEF’s Global Action Plan for the Prevention and
Control of Pneumonia and Diarrhoea have been
established, setting ambitious goals such as ending
preventable deaths from diarrhoeal diseases in children
younger than 5 years by 2025.° Available evidence
indicates the uneven distribution of the diarrhoeal disease
burden in children younger than 5 years, potentially due
to factors such as differences in age-specific susceptibility
and immune system development.“* Although a granular
understanding of the age-specific burden can enhance
refinement and prioritisation of interventions towards
achieving the global goals, existing literature’ on the
global burden of diarrhoeal diseases has predominantly
reported combined results for all children younger than
5 years as a homogeneous group. Whereas diarrhoeal
episodes tend to be milder in older children and adults,®
the diarrhoeal burden continues to put a strain on
economies,” health-care systems, and the overall health

differentiated the specific burdens of enterotoxigenic
Escherichia coli producing heat-stable toxin (ST-ETEC) and
typical enteropathogenic E coli (tEPEC), which were previously
aggregated as all ETEC and all EPEC, respectively, in past GBD
publications focusing on diarrhoeal diseases. Our study
examines the burden of, and trends in, diarrhoeal diseases in
children younger than 5 years across nuanced age categories
and expands the scope of previous research by assessing the
burden of diarrhoea in older children and adults, as well as
analysing the burden attributable to risk factors by more
granular age groups. Last, we provide risk-deleted burden
estimates for the first time, representing the diarrhoeal disease
burden that would occur if the effects of all evaluated risk
factors were removed.

Implications of all the available evidence

The results of our study highlight the considerable progress
made in reducing the burden of diarrhoeal diseases worldwide,
with the most notable improvements observed in children
younger than 5 years. This success reflects the effectiveness of
concerted public health interventions, including the water,
sanitation, and hygiene (WASH) initiative, rotavirus
vaccination, and oral rehydration therapy. Our study
underscores the important role of continued investment and
innovation in vaccine development for leading pathogens and
emphasises the importance of implementing comprehensive
public health strategies that encompass improvements in
WASH practices, nutrition, and access to health-care services.
Effective implementation of these strategies could substantially
accelerate the decline in the global burden of diarrhoeal
diseases, particularly in the most vulnerable populations, and
help bridge the gap in health disparities across different regions.

of communities around the world." Although previous
studies have highlighted the growing burden of diarrhoeal
diseases in older people,*” the burden in older children
and adult age groups has not been comprehensively
studied. Expanding the analytical focus to include both
granular age groups aged younger than 5 years along with
those aged 5 years and older (child and adult age groups)
aligns with Sustainable Development Goal 3 of ensuring
healthy lives and promoting wellbeing for all ages.”
Previous research reports diarrhoea as the fifth leading
cause of death among children younger than 5 years, with
rotavirus as the leading aetiology for diarrhoea mortality
among both children aged younger than 5 years and all
ages combined.? Although the results presented in this
study continue to report rotavirus as a leading pathogen,
it is important to explore other aetiologies with a high
burden. Previous publications of the Global Burden of
Diseases, Injuries, and Risk Factors Study (GBD) focused
on diarrhoeal diseases aggregated data for the heat-stable
toxin (ST) and heat-labile toxin (LT) genotypes of
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enterotoxigenic Escherichia coli (ETEC).** However, the
Global Enteric Multicenter Study (GEMS) showed that
ETEC strains producing ST, whether alone or alongside
LT, substantially contributed to moderate-to-severe
diarrhoea in children in low-income to middle-income
countries.” GEMS also indicated that both ST-ETEC and
typical enteropathogenic E coli (tEPEC) strains were
associated with an increased risk of diarrhoeal mortality
in infants after adjusting for other pathogens and study
sites,” yet these were grouped under ETEC and all EPEC,
respectively, in previous GBD studies.**

To address crucial gaps in our understanding of
diarrhoeal diseases, we used data from GBD 2021 to assess
the burden of, and trends in, diarrhoeal diseases and risk
factors across all age groups, including granular age
groups in children younger than 5 years, by sex, for
204 countries and territories from 1990 to 2021. We also
aimed to assess the burden of diarrhoeal diseases
attributable to 13 pathogens, including ST-ETEC and
tEPEC separately, to better assess their individual burdens
and inform targeted interventions against pathogen-
specific diarrhoeal diseases. Additionally, by reporting the
risk-deleted burden, we offer an opportunity to assess what
the theoretical burden of diarrhoea might be in ideal
scenarios, in which the impact of risk factors has been
removed. This manuscript was produced as part of the
GBD Collaborator Network and in accordance with the
GBD Protocol.

Methods

Overview

GBD is a systematic, scientific effort to quantify the
comparative magnitude of health loss caused by diseases,
injuries, and risk factors by age, sex, and geography over
time. The GBD geographical hierarchy includes
204 countries and territories, which are grouped into
21 regions based on epidemiological similarities and
geographical closeness. These regions are further
aggregated into seven super-regions according to cause-
of-death patterns. Detailed methods for GBD have been
published elsewhere." Here, we describe the methods
and estimation strategies used for diarrhoeal diseases
and their corresponding risk factors and pathogens.

Burden of diarrhoeal diseases overall and due to specific
aetiologies

Input data for estimating mortality from diarrhoeal
diseases comprised vital registration data spanning
24181 site-years (ie, the total number of years of data
available for all locations with data), 825 site-years of
sample-based vital registration data, 1785 site-years of
verbal autopsy data, 575 site-years of mortality surveillance
data, and nine site-years of minimally invasive tissue
sampling data. The data were adjusted for incomplete
death registration and garbage coding."” Using these input
data, we estimated diarrhoeal disease mortality using the
Cause of Death Ensemble modelling (CODEm) strategy.'*

This approach involves analysing a diverse array of sub-
models, each using different combinations of predictive
covariates, such as access to improved water sources,
coverage of oral rehydration therapy, and the Socio-
demographic Index.” The covariates used in our analysis
are detailed in appendix 1 (p 14). These sub-models include
mixed-effects regression models and spatiotemporal
Gaussian process regression models with cause fractions
and mortality rates as the outcome variables. We tested the
out-of-sample predictive validity of the sub-models, which
were then combined into an ensemble with the best out-of-
sample predictive performance.

Input data for estimating diarrhoeal disease morbidity
included incidence and prevalence data identified via
systematic reviews, population-based surveys, claims data,
and inpatient data (appendix 1 pp 15-18). Before modelling,
we enhanced the comparability of the data from different
sources (appendix 1 pp 16-17). We used DisMod-MR
(version 2.1),"* a Bayesian meta-regression tool that
imposes coherence between data for different parameters,
to produce incidence and prevalence estimates.

For aetiology (pathogen) estimation, we used a
counterfactual approach consistent with previous GBD
cycles™ that incorporated the pathogen-specific risk of
diarrhoeal disease and the prevalence of the pathogen in
diarrhoea episodes (appendix 1 pp 21-29). We estimated
population attributable fractions (PAFs) for the following
pathogens: adenovirus, Aeromonas spp, Campylobacter
spp, Clostridium difficile, Cryptosporidium spp, Entamoeba
histolytica, norovirus, rotavirus, non-typhoidal Salmonella
spp, Shigella spp, ST-ETEC, tEPEC, and Vibrio cholerae.
We calculated disability-adjusted life-years (DALYs) for
diarrhoeal diseases—a composite measure of burden
that captures Dboth premature mortality and the
prevalence and severity of diarrhoea—as the sum of
years of life lost (YLLs) due to premature mortality and
years lived with disability (YLDs) from GBD 2021.

Risk factors

Detailed methods for GBD risk factor estimation have
been published elsewhere.* In summary, we first selected
risk—outcome pairs (eg, diarrhoeal disease attributable to
suboptimal breastfeeding) based on evidence of a
convincing or probable causal relationship between the
risk and the outcome. The list of diarrhoeal disease risk
factors and the mechanism through which each risk factor
could result in diarrhoeal diseases is summarised in
appendix 1 (p 74). The PAFs of risk factors were quantified
by estimating the risk factor exposure distributions and
the relative risk of the association between each risk factor
and outcome and determining the theoretical minimum
risk exposure level (TMREL). More details of these
methods are provided in appendix 1 (pp 31-71). The PAF is
the fraction of diarrhoeal disease DALYs that would have
been reduced if the exposure to the risk factor had been at
the TMREL. The attributable burden was computed by
multiplying the location—year—age—sex-specific PAFs of
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For the GBD Results Tool see

risk factors by corresponding diarrhoeal disease DALYs.
We also calculated risk-deleted diarrhoeal disease DALYs to
represent the DALYs that would have been observed had
the risk factors been set to their corresponding TMRELs.

Uncertainty intervals, age standardisation, percentage
changes, and result presentation

We computed 95% uncertainty intervals (Uls) based on
1000 draws from the posterior distribution of each
quantity of interest using the 2- 5th and 97- 5th percentiles
of the 1000 ordered values. We used the GBD world

https:/fvizhubhealthdataorgy  POPUlation age standard” to calculate age-standardised
gbd-results/  diarrhoeal disease mortality and DALY rates. The

percentage change was calculated by subtracting the
initial value (eg, for the year 1990) from the final value
(eg, for the year 2021), then dividing the result by the
initial value and multiplying by 100. Count estimates are
presented to three significant figures, and percentages
and rates are presented to 1 decimal place. We present
results in aggregated age groups (all ages, <5 years,
5-14 years, 15-49 years, 50-69 years, and =70 years) and
more granular age groups for those aged younger than
5 years (early neonatal, late neonatal, 1-5 months,
6-11 months, 12-23 months, 2—4 years) for the years 1990
to 2021. Additional age—sex-specific results for diarrhoea
and aetiologies can be found in the GBD Results Tool.

Male Female

Number of deaths in Mortality rate Percentage Percentage change  Number of deaths in Mortality rate Percentage change  Percentage change

2021 (per 100000 change in in mortality rate 2021 (per 100000 in number of in mortality rate

population) in number of (per 100000 population) in deaths, 1990-2021  (per 100000
2021 deaths, population), 2021 population),
1990-2021 1990-2021 1990-2021

Global
All ages 561000 14-2 -62:4% ~74-5% 605000 154 -58-0% ~71-7%

(365000 to 841000)  (9-2t021-2) (-71:0t0-51-6)  (-80-3t0-67-2) (346000 to 966000) (88 to 24-6) (712 t0-43-8) (-80-6 to-62-2)
<5 years 185000 54-5 -78-6% -79-9% 155000 487 -79-9% -81.0%

(128000 t0 271000)  (37-6t0797) (-84-5t0-70-6)  (-85-5t0-72-4) (116000 to 209000)  (36-4to 657) (-86-0to0 -71-8) (-86-8t0-73-4)
5-14 years 18000 2:6 -65-3% -71-4% 15800 24 -69:3% ~74-5%

(8030 to 32200) (1110 46) (-789t0-491)  (-82:7t0-58-2) (6420 to 31200) (1-0t0 4-8) (-80-3 to -54-0) (-83-6t0-61-8)
15-49 years 58700 29 -46-9% -63-6% 47800 25 -50-2% -65-8%

(25500t0106000)  (1-3t05:3) (-617t0-251)  (-737t0-48-6) (18100 to 92200) (0-9t047) (-65-0 to -26-4) (-76-0t0 -49-5)
50-69 years 92400 131 -49-9% -761% 94200 12:9 -47-6% -753%

(41700 to 170000) (5:9 to 24-1) (-62:8t0-318)  (-82-2t0-67-4) (37300 to 187000) (51t0 255) (-61-5 t0 -27-0) (-81:9 to -65-6)
=70 years 206000 94-8 -25-8% -71.8% 292000 105-4 -151% -63-4%

(110000 t0 363000)  (50-7t0167-0)  (-451t0-0-5) (791 to -62-1) (135000 t0 534000)  (48-8t0192:7)  (-39-4t024-5) (-73-9 to-46-4)
Central Europe, eastern Europe, and central Asia
All ages 2270 11 -75-3% -751% 2760 13 -66-2% -65-9%

(1890 to 2760) (0-9t0 1-4) (-80-3t0-703)  (-80-2t0-70-1) (2380 to 3210) (11to 1.5) (-71-4 t0 -60-0) (-711t0 -59.7)
<5 years 1070 81 -87:2% -82:4% 919 74 -87-6% -82:5%

(701 to 1520) (5-3to11:5) (-92-0t0-82-2) (-89-0to-75-4) (638 to 1310) (5-1t0 10-6) (-91:5t0-824) (-87-9to-752)
5-14 years 29 01 -74-0% -67-4% 28 01 -72-5% -64-6%

(17 to 47) (0-1t0 0-2) (-82:6t0-60-8)  (-78-2t0-50-8) (17 to 45) (0-1t0 0-2) (-81-1t0-59-7) (-75-6 to -48-1)
15-49 years 121 01 -45-0% -43-0% 78 01 -463% -43-8%

(96 to 156) (0-1t0 0-2) (-53:-5t0-33-1) (-51-9 to -30-7) (65 to 98) (0-1to 0-1) (-53-3t0-37-0) (-51-1to-341)
50-69 years 292 0-6 12:1% -9:0% 252 05 34-3% 16-4%

(263 to 325) (0-6to 0-7) (3-4t0222) (-16-1t0-0-9) (230to 275) (0-4to 0-5) (24-5t0 44-3) (7-8t0251)
270 years 755 55 320-6% 132:8% 1480 57 409-1% 2482%

(684 to 838) (50t0 61) (270-4t0365:0) (1050 to 157-3) (1260 to 1640) (490 6-4) (3415 to 462-4) (202:0to 284-7)
High income
All ages 12100 23 321-1% 249-1% 17700 32 337-9% 2662%

(10800 to 13000) (2:0t02:4) (2831t03481)  (217:6 to 271-5) (14100 to 20000) (25t036) (2840t03762)  (221-1t0 298-2)
<5 years 208 07 ~74-5% -71-0% 179 07 —712% -67-4%

(180 to 239) (0-6t0 0-9) (-785t0-70-4)  (-75-6t0-66-3) (154 to 205) (0-6t00-8) (-75-2 to -66.6) (719 to -62-2)
5-14 years 21 0-0 -34-5% -32:5% 19 0-0 -22:0% -19-6%

(19t0 24) (0-0t0 00) (-502t0-18-9)  (-48-6t0-16-4) (1710 21) (0-0t0 0-0) (-42:9 to -1.5) (-41-2t0 1.5)
15-49 years 220 01 653% 60-2% 174 01 107-2% 101-6%

(204 to 238) (0-1t0 0-1) (43-8t090-4) (394 to 84-5) (163 to 184) (0-1t0 0-1) (79-4 to 137-3) (745 t0 130-9)
50-69 years 1490 11 284-4% 135-7% 1380 1.0 351-6% 192:6%

(1410 to 1600) (1-:0t012) (2516t03182)  (115:6to 156-4) (1310 to 1460) (0-9t0 1:0) (309-8t0391-8)  (165:5t0 2187)
=70 years 10200 155 573-6% 191-1% 16000 183 430-5% 188-4%

(8930 to 11000) (135 t0 16-6) (519-8t0 617:5)  (167-8 to 210:0) (12 400 to 18200) (14210 20.9) (3722 to 478-5) (1567 to 214-5)

(Table continues on next page)
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Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, writing of
the report, or the decision to submit the manuscript for
publication.

Results

Global trends in diarrhoeal disease mortality

Globally in 2021, diarrhoeal diseases accounted for
1-17 million (95% UI 0-793-1-62) deaths, a 60-3%
(50-6-69-0) decline from the 2-93 million (2-31-3-73)
estimated deaths in 1990. During this period, the reduction

in diarrhoeal mortality rates per 100000 population across
age-sex groups varied from a 79-2% (72-4-84-6) decrease
in children younger than 5 years (both males and females)
to a 63-4% (46-4-73-9) decrease in women aged 70 years
and older (table, figure 1).

The global estimated total YLLs due to diarrhoeal
diseases decreased substantially, from 186 million
(95% UI 147-221) in 1990 to 51-4 million (39-9-65-9) in
2021 (figure 2). Children younger than 5 years showed the
most significant drop in YLLs during this period, from
146 million (114-172) in 1990 to 30-3 million (22-3-41-3)
in 2021. Declines were also seen in older age groups

Male Female

Number of deathsin ~ Mortality rate Percentage Percentage change  Number of deaths in Mortality rate Percentage change  Percentage change

2021 (per 100000 change in in mortality rate 2021 (per 100000 in number of in mortality rate

population) in number of (per 100000 population) in deaths, 1990-2021  (per 100000
2021 deaths, population), 2021 population),
1990-2021 1990-2021 1990-2021

(Continued from previous page)
Latin America and Caribbean
All ages 12600 43 -80-4% -87-0% 13000 43 -76:1% -84-4%

(10400 to 15500) (36t053) (-83:9t0-76:6)  (-89-3t0-84-5) (11200 to 15400) (37t051) (795 to-71.7) (-86:7t0 -81.6)
<5 years 4610 191 -90-9% -90-5% 3580 15.5 -91-3% -90-9%

(3290 to 6150) (13-6 10 25:5) (-93-5t0-87-9)  (-93-3t0-87-4) (2550 to 4700) (11:0t0 20-3) (-93-9 to -88-6) (-93-5 t0 -88-0)
5-14 years 312 0-6 -81-4% -81-8% 258 05 -83.6% -83.6%

(225t0 434) (0-5to0 0:9) (-85-7to-76:1) (-86-0t0-767) (194 to 355) (0410 0-8) (-86:7t0-79-6) (-867t0-79-6)
15-49 years 1160 0-8 -60-7% -753% 881 0-6 -60-6% -74-9%

(933 to 1490) (0-6t0 1:0) (-66:5t0-524)  (-78:9to-70-1) (719 to 1140) (0-5t0 07) (-66-6 t0 -52-8) (78710 -70-0)
50-69 years 2030 41 -417% -782% 2020 37 -26-9% -741%

(1690 to 2500) (3-4t051) (-48-8t0-32:6) (-80-8to0-747) (1740 to 2480) (3-2t0 4-5) (-35:5t0-17-9) (-77-1t0-70:9)
=70 years 4470 296 -23-8% -74-7% 6240 322 -0-3% -69-8%

(3860 to 5240) (25:5t0 34-7) (30:4t0-166)  (-76:9t0-72:3) (5230 to 7340) (27:0t037:8) (-10-0t0 8:5) (-727t0-671)
North Africa and Middle East
All ages 8840 2.7 -831% -90-9% 7160 2:4 -841% -912%

(5880 to 13700) (1-8t0 4-2) (-883t0-777)  (-93.7t0-88:0) (5030 to 9840) (17t033) (-88-4t0-78-2) (-93-6 t0 -88.0)
<5 years 6400 20-3 -86-8% -89-0% 5070 171 -87-9% -89-8%

(3970 to 11100) (12:6t035-2) (-912t0-81-4)  (-92:7t0-84-5) (3580 to 7170) (12110 24-2) (-91-4 to -83-5) (-92-8t0-86-1)
5-14 years 305 0-5 -63-8% -737% 243 0-4 -66-5% -75-4%

(97 to 641) (0-2t0 1:0) (-842t0-347)  (-88-6t0-52:5) (90 to 536) (0-2t0 0-9) (-82-9t0-26-9) (-87-4t0-463)
15-49 years 387 02 -34.8% -69-4% 303 02 -31-0% -66-2%

(131to 710) (0-1to 0-4) (-53-1to-4-8) (-78-0to-55-3) (101 to 599) (0-1to 0-4) (-52-5to0 15-1) (<767 to-43'5)
50-69 years 454 10 -33-4% -757% 372 09 -28:6% -73:5%

(16310 822) (0-4t0 1.9) (-52-1to 0-1) (-82:5t0-63'5) (137t0 799) (0-3t0 1:9) (-52-1t0 5-3) (-82:2t0-61.0)
>70 years 1290 13-0 -16-5% -69-9% 1160 112 -18-6% -71:5%

(497 to 2610) (5-0t026-2) (-38:5t0227) (-77-8 to -55-8) (442 to 2520) (4-3t024-2) (-51-5t0 21-6) (-83-0to-57-4)
South Asia
All ages 249000 26-4 -64-9% -78-8% 323000 357 -58:5% -75:9%

(143000 to 448000) (152 to 47-6) (-74-8t0-533)  (-84-8t0-71-8) (151000 to 612000) (167 to 67-6) (-74-4 10 -395) (-85-2 to -64-9)
<5 years 30700 371 -89-4% -89-6% 25500 336 -92:1% -92:1%

(15200 to 50000) (184 t0 60°5) (-950t0-837)  (-951t0-83.9) (16 400 to 37200) (216 to 49-0) (-94-7 t0o -88.5) (-94-7 to -88.5)
5-14 years 6000 33 -812% -85-1% 6980 42 79:3% -83:5%

(2480 to 11300) (14t0 62) (-88-0t0-73-6) (-90-5t0-79-1) (2650 to 13000) (1-6t07-:8) (-86-8to-69-4) (-89-5t0-757)
15-49 years 22300 4-4 -65-6% -81-6% 23400 4-7 -60-3% -79-5%

(8910 to 45100) (1710 8-8) (-73-7to-55-4) (-85-9t0-76-2) (9000 to 46 900) (1-8t0 9:5) (-71-8 to -46-4) (-85:5t0-72-4)
50-69 years 49200 380 -60-1% -82:4% 59100 45-4 -51-8% -81-3%

(21400 to 95500) (16-5t0737) (-69-7 to -48-9) (-86-6 to-77-5) (22600 to 124 000) (17-4to 95-4) (-66-1t0-36-4) (-86-9to-75-4)
=70 years 141000 404-4 -29-3% -75-6% 208000 5411 -13-2% -74-1%

(73100t0264000)  (210-1t0757-9)  (-47:7 to-2:0) (-81:9 to -66-2) (9240010 403000)  (240-4t010482) (-42-9 to 24-0) (-83-0 to -63-0)

(Table continues on next page)
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Male Female

Number of deaths in Mortality rate Percentage Percentage change  Number of deaths in Mortality rate Percentage change  Percentage change

2021 (per 100000 change in in mortality rate 2021 (per 100000 in number of in mortality rate

population) in number of (per 100000 population) in deaths, 1990-2021  (per 100000
2021 deaths, population), 2021 population),
1990-2021 1990-2021 1990-2021

(Continued from previous page)
Southeast Asia, east Asia, and Oceania
All ages 40900 37 -80-7% -85-0% 42500 4-0 -78-7% -83-6%

(21800 to 59 800) (2-0to 5-4) (-87-4to-71.0) (-90-3to-77-5) (18 000 to 64 800) (1.7 to 6:0) (-89-3to-657) (-91-7 to -73-6)
<5 years 9060 12:4 -93-2% -91-5% 7200 11.0 -93-5% -91.7%

(6100 to 12900) (8-4t017-6) (-95:6t0-89:0)  (-94-4to-86-1) (5610 to 9140) (8-6 t0 14:0) (-95-7t0-90-1) (-94-5t0 -87-4)
5-14 years 918 0-6 -85-9% -85-2% 634 0-4 -89-1% -881%

(475 to 1750) (0:3to11) (-92:0t0-73-8)  (-91:6 to-72.5) (263 to 1360) (0-2t0 0-9) (-93-1t0-79-7) (-92:4 to -77-8)
15-49 years 4270 0-8 -71-6% -75:5% 2650 05 -77-7% -80-4%

(1800 to 7940) (0-3t0 14) (-832t0-511)  (-85:5t0-57-8) (1010 to 5760) (0-2t011) (-86-6 t0 -56-0) (-88-2t0-613)
50-69 years 9090 35 -58-2% -82-9% 8050 31 -64-2% -86-1%

(3590 to 15500) (14 t0 6:0) (-76:0t0-26:5)  (-90-2 to-69-9) (2600 to 14200) (1-0to 5:4) (-81-8 to -16-4) (-92:9t0 -67-4)
=70 years 17500 25-4 -49-2% -84-1% 24000 283 -50-7% -83-6%

(6660 to 26 300) (9-6t0381) (-71-6t0 -7-7) (-91-1to -71-0) (7440 to 38100) (8-8 t0 45.0) (765 t0 12:0) (-92-2t0-627)
Sub-Saharan Africa
All ages 235000 421 -46-8% -76-8% 199000 345 -43-5% ~75:6%

(156000 t0 333000)  (28:0t0 59-7) (-62:8t0-24-8)  (-83-8t0-67-2) (129000 t0 278000)  (22:3t0 48:3) (-60-9 to -21-1) (-83-1t0-66-0)
<5 years 133000 1519 -60-1% -79-4% 113000 132-4 -53:9% -76-0%

(87100 to 199 000) (992 to 226-6) (-732t0-41-8)  (-86-1t0-70-0) (76700 to 163000) (90-2t0 191-2) (-70-6 t0 -29-4) (-84-7t0-63-1)
5-14 years 10400 6-8 -3:3% -57-3% 7620 51 -19-6% -64-0%

(4510 to 18 800) (3:0t012:3) (-542t0 68:6)  (-79-8 to-25-6) (3070 to 15600) (2:0t010-4) (-53-6 to 66-6) (79-2t0 -25-4)
15-49 years 30200 11-4 12:.9% -54-6% 20300 72 -8-6% -63-5%

(13300 to 54800) (5:0t0 206) (377t0780)  (-75:0t0-285) (7520 to 39600) (27t0141) (-46-1to 81:5) (785 to -27-5)
50-69 years 29800 69-4 -142% -61-0% 23100 485 -25-8% -70-4%

(12900 to 51900) (30-0to0 120-7) (-55-2t0 37-2) (-79:6 to -37-6) (8360 to 43800) (17-6 t0 92-0) (-55-9to0 42-2) (-82:4t0-43-3)
=70 years 31200 3581 -11-8% -56-4% 35100 3232 -20-8% -64-1%

(14000 to 51900) (1602t05951)  (-51-3t030:5) (=759 to -35-4) (13200 to 64500) (121:3t05932)  (-53-1t0 41-5) (-78-8 t0 -35-9)

Data in parentheses are 95% uncertainty intervals. Each section represents estimates at the global or super-region level. All ages is an aggregate of all child and adult age groups. The <5 years category is an
aggregate of all granular age groups aged <5 years. Count estimates are presented to three significant figures, and percentages and rates are presented to 1 decimal place. GBD=Global Burden of Diseases, Injuries,

and Risk Factors Studly.

Table: Diarrhoeal deaths and mortality rates in 2021 and percentage change in deaths and mortality rates between 1990 and 2021 by age, sex, and GBD super-region

See Online for appendix 2

between 1990 and 2021: YLLs decreased from 8- 39 million
(4-94-12-0) to 2-73 million (1-58-4-49) in those aged
5-14 years, from 11-8 million (7-22-19-0) to 6-04 million
(3-41-9-84) in those aged 1549 years, from 10-8 million
(6-76-17-5) to 5-48 million (3-10-8-59) in those aged
50-69 years, and from 9-15 million (5-86-13-8) to
6-92 million (4-11-10-6) in those aged 70 years and older.

Annualised rates of change in diarrhoeal disease
mortality in 1990-2019 and 2019-2021

Before the COVID-19 pandemic, from 1990 to 2019, the
global all-age diarrhoeal disease mortality rate changed at
a rate of —4.2% (95% UI -5-0 to —3-5) per year, with
substantial variation across regions and countries,
indicating an increase, decrease, or no change in
diarrhoeal disease mortality rates (appendix 2 table S1).
From 2019 to 2021, the global all-age diarrhoeal disease
mortality rate changed at a rate of =5-0% (-7-3 to —2-7)
per year, showing similar variation across regions and
countries (appendix 2 table S1).

Variation in diarrhoeal disease mortality in 2021

In 2021, when comparing diarrhoeal disease mortality
rates across different age—sex groups in children younger
than 5 years, the highest global mortality rates were
estimated to be in the early neonatal age group (0-6 days
old), with 471.0 (95% UI 286-2-812-0) deaths per
100000 population in males and 348-7 (274-6-471-4)
deaths per 100000 population in females. As age increased,
mortality rates declined, reaching 15-1 (9-2-23-9) deaths
per 100000 population in males and 14-2 (9-2-21-5)
deaths per 100000 population in females aged 2—4 years
(appendix 2 table S2). Among other age groups, the highest
global mortality rates due to diarrhoeal diseases in 2021
were estimated to be in those aged 70 years and older, with
94-8 (50-7-167-0) deaths per 100000 population in males
and 105-4 (48-8-192-7) deaths per 100000 population in
females (table). Those aged 5-14 years had the lowest
mortality rates: 2-6 (1-1-4-6) deaths per 100 000 population
in males and 2-4 (1-0—4-8) deaths per 100000 population
in females.
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Figure 1: Diarrhoeal mortality rates per 100 000 and counts by broad age categories (A) and under-5 age groups (B), from 1990 to 2021
Shaded areas represent 95% uncertainty intervals. Early neonatal represents newborns aged 0-6 days. Late neonatal represents newborns aged 7-27 days.

Regionally, in 2021, sub-Saharan Africa had the highest
mortality rates for children younger than 5 years (151-9
[95% UL 99-2-226-6] deaths per 100000 population
in males and 132-4 [90-2-191-2] deaths per
100000 population in females), while south Asia had the
highest rates in those aged 70 years and older (404-4
[210-1-757-9] deaths per 100 000 population in males and
541-1 [240-4-1048-2] deaths per 100000 population in
females; table). Although diarrhoeal mortality rates
declined substantially across age groups in most super-
regions, in the high-income super-region, as well as in
central Europe, eastern Europe, and central Asia, the
mortality rates from diarrhoea in adults aged 50-69 years

and those 70 years and older either did not change or
increased between 1990 and 2021 (table). At the
country level, age-standardised mortality rates per
100000 population were greater than 100 in
seven countries (South Sudan, Central African Republic,
Chad, Somalia, Lesotho, Niger, and Eritrea) for males
and in three countries (South Sudan, Chad, and Somalia)
for females in 2021 (figure 3).

Diarrhoeal disease burden attributable to risk factors

In 2021, we estimated a global total of 59-0 million
(95% UI 47-2-73-2) DALYs due to diarrhoeal diseases;
30-9 million (23-1-42-0) of these DALYs were in children
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Figure 2: Years of life lost due to diarrhoeal diseases by broad age categories
(A) and under-5 age groups (B), from 1990 to 2021

Years of life lost are shown in millions with each colour representing one age
group. Early neonatal represents newborns aged 0-6 days. Late neonatal
represents newborns aged 7-27 days.

younger than 5 years (appendix 2 table S3). Of the total
DALYs, 54-0 million (42-2-67-1) were attributed to all
evaluated diarrhoeal risk factors. Of the DALYs estimated
for children younger than 5 years, 30-4 million
(22-8-41-0) were attributed to all evaluated diarrhoeal
risk factors.

A breakdown by age among children younger than
5 years reveals that in the early neonatal group (newborns
aged 0-6 days), low birthweight and short gestation was
the predominant risk factor, contributing to 683000
(95% UI 493000-1030000) DALYs (figure 4). This
was closely followed by unsafe water, at 666000
(365000-1060000) DALYs. Unsafe sanitation practices
resulted in about 523000 (365000-773000) DALYs, while
no access to handwashing facilities added another 217000
(32700-408000) DALYs. The leading risk factors for the
late neonatal group (newborns aged 7-27 days) remained
similar to those in the early neonatal group, with the
addition of suboptimal breastfeeding, which contributed
607 000 (428 000-845 000) DALYs.

For infants aged 1-5 months, the largest risk factor for
diarrhoeal diseases was child growth failure, accounting
for 7-34 million (95% UI 3-90-9-96) DALYs (figure 4A).
Unsafe water was the second leading risk factor,
contributing 6-73 million (3-66-9-41) DALYs. Poor
sanitation practices followed as the third leading risk
factor, contributing 5-27 million (3-94-6-85) DALYs, and
suboptimal breastfeeding was the fourth, contributing
4-37 million (3-19-5-84) DALYs. In infants aged
6-11 months, child growth failure remained the most
significant risk factor, with 6-51 million (3-66-9-32)
DALYs attributed to diarrhoeal diseases. Unsafe water
and unsafe sanitation practices continued to be major
risk factors, accounting for 5-91 million (3-33-8-90) and
4.67 million (3-23-6-74) DALYs, respectively. This
pattern of risk factors leading to the highest numbers of
DALYs persisted in those aged 12-23 months and
2—4 years (figure 4A).

For children aged 5-14 years, unsafe water was the
leading risk factor for diarrhoeal diseases, contributing
3-44 million (95% UI 1-62-5-24) DALYs. Poor sanitation
followed, contributing 2-59 million (1-78-3-75) DALYs.
The absence of handwashing facilities contributed
0-993 million (0-141-1-96) DALYs. Unsafe water
continued to pose a major health risk in adults, with
total DALYs attributed to diarrhoeal diseases of
6-45 million (3-00-10-2) in those aged 15-49 years,
4-31 million (1-72-7-00) in those aged 50-69 years, and
4-77 million (1-98-8-23) in those aged 70 years and older
(figure 4B). Unsafe sanitation and lack of access to
handwashing facilities were the second and third leading
risk factors in these age groups. The corresponding PAFs
of individual risk factors for diarrhoeal diseases are
presented in appendix 2 for granular age groups aged
younger and older than 5 years (appendix 2 table S4 and
table S5).

When considering a scenario with all diarrhoeal risk
factors removed, the global all-age DALYs would
decrease from 59-0 million (95% UI 47-2-73-2) to
4-99 million (1-99-10-0), and among children younger
than 5 years they would decrease from 30-9 million
(23-1-42-0) to 556000 (67100-1400000; appendix 2
table S2). At the super-region level, the comparison of
DALYs before and after the removal of risk factors in
the top five regions with the highest diarrhoeal burden
in 2021 showed a substantial decrease: from
30-9 million (23-0-40-9) to 894000 (206 0002 210 000)
DALYs in sub-Saharan Africa; from 20-4 million
(15-1-29-1) to 234 million (0-696-5-14) DALYs in
south Asia; from 3-83 million (2-91-4-79) to 591000
(194000-1380000) DALYs in southeast Asia, east Asia,
and Oceania; from 1-49 million (1-13-1-99) to 210000
(91600-357000) DALYs in north Africa and the Middle
East; and from 1-35 million (1-11-1-63) to 260000
(117000-451000) DALYs in Latin America and the
Caribbean. India, Nigeria, and Pakistan would
experience the most gains due to their population sizes,
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Figure 3: Age-standardised diarrhoeal mortality rates per 100 000 population in males (A) and females (B) in 2021
Grey shading indicates the location has no data.
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Figure 4: Diarrhoeal DALYs attributable to the leading risk factors in children younger than 5 years (A) and other age groups (B) in 2021

Charts represent DALYs in counts for children younger than 5 years (A) and those aged 5 years and older (B). Early neonatal represents newborns aged 0-6 days. Late
neonatal represents newborns aged 7-27 days. Low birthweight is defined as any birthweight in 500 g units below the TMREL at 38 weeks or later but less than

40 weeks, and 3500 g or greater but less than 4000 g. Short gestation refers to any gestational age that falls below the gestational age TMREL at less than

37 completed weeks. Suboptimal breastfeeding includes the absence of breastmilk as a source of nourishment for children aged 6-23 months and the practice of
non-exclusive breastfeeding among infants younger than 6 months. Child growth failure includes stunting, wasting, and underweight. DALY=disability-adjusted life-
year. TMREL=theoretical minimum risk exposure level.

with a decrease in DALYs from 16 -8 million (12-0-24-2)  Diarrhoeal disease burden attributable to aetiologies

to 2-11 million (0-644—4-56) in India, from 10-1million ~Globally, in 2021, among all ages, rotavirus was the
(6-93-13-9) to 164000 (0—452000) in Nigeria, and from leading cause of diarrhoeal deaths, with a PAF of 15-2%
2-47 million (1-83-3-39) to 152000 (35600-363000) in  (95% UI 11-4-20-1), followed by norovirus at 10-6%
Pakistan. (2-3-17-0) and Cryptosporidium spp at 10-2% (7-03-14-3;
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Figure 5: Number of diarrhoeal deaths (A) and DALYs (B) in specific age groups in children younger than 5 years attributable to 13 pathogens in 2021
Early neonatal represents newborns aged 0-6 days. Late neonatal represents newborns aged 7-27 days. DALY=disability-adjusted life-year. PAF=population
attributable fraction. ST-ETEC=enterotoxigenic Escherichia coli producing heat-stable toxin. tEPEC=typical enteropathogenic E coli.

appendix 2 table S8). Rotavirus accounted for an
estimated 176000 (131000-230000) diarrhoeal deaths
and 13-4 million (9-85-17-9) DALYs in 2021. In the same
year, norovirus was responsible for an estimated 124000
(25800-224000) diarrhoeal deaths and 5-69 million
(1-88-9-67) DALYs, whereas Cryptosporidium spp
caused 118000 (75300-178000) diarrhoeal deaths and
7-37 million (4-53-11-30) DALYs.

Among children younger than 5 years, rotavirus topped
the list with a fatal PAF of 35-2% (95% UI 28-7-43-0),
followed by Shigella spp at 24-0% (15-2-37-9) and
adenovirus at 23-8% (14-8-36-3) (appendix 2 table S7).
Other pathogens with a fatal PAF greater than 5%
included Cryptosporidium spp (20-1% [13-3-30-9)),
tEPEC (13-6% [8-1-21-0]), ST-ETEC (13-4% [8-3-21-1]),
norovirus (8-7% [3-2-14-9]), Vibrio cholerae (7-7%
[4-8-11-3]), and Campylobacter spp (7-4% [3-4-13-3]).
The leading pathogen, rotavirus, contributed to an
estimated 120000 (83100-169000) diarrhoeal deaths and
10-8 million (7-52-15-2) DALYs in 2021. Shigella spp and
adenovirus also posed a substantial burden, with Shigella
spp contributing to 81800 (47900-138000) diarrhoeal
deaths and 7-34 million (4-32-12-4) DALYs, and
adenovirus contributing to 81100 (44900-133000)
diarrhoeal deaths and 7-32 million (4-05-12-0) DALYs.

In children younger than 5 years, the 120000 diarrhoeal
deaths due to rotavirus were distributed across age groups

as follows: 4270 (95% UI 2810-6540) deaths in the early
neonatal group, 5940 (4130-8630) in the late neonatal
group, 35800 (25300-48800) in infants aged 1-5 months,
31600 (20100-46900) in those aged 6-11 months, 23500
(14800-35100) in those aged 12-23 months, and 18700
(11100-29700) in children aged 2-4 years. The
10-8 million diarrhoeal DALYs in children younger than
5 years were distributed as follows: 0-384 million
(0-253-0-589) DALYs in the early neonatal group,
0-538 million (0-374-0-781) in the late neonatal group,
3-23 million (2-28-4-40) in infants aged 1-5 months,
2-84 million (1-81—4-21) in those aged 6-11 months,
2-11million (1-33-3-13) in those aged 12-23 months, and
1-68 million (1-01-2-63) in children aged 2—4 years. The
age distributions of deaths and DALYs for rotavirus and
other pathogens are illustrated in figure 5.

Although not a leading pathogen globally, C difficile was
the main cause of diarrhoea-related deaths in high-
income countries in 2021. We estimated 15600 (95% Ul
13400-18200) deaths and 284000 (250000-326000)
DALYs globally due to this pathogen (appendix 2
table S8). Specifically, in high-income regions, C difficile
was associated with 13100 (11400-15200) deaths and
218000 (197000-243000) DALYs (appendix 2 table S6),
predominantly affecting individuals aged 70 years and
older (12100 [10100-14500] deaths and 156000
[132000-186 000] DALYs).
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For GBD Compare see
https://vizhub.healthdata.org/
ghd-compare/

More detailed diarrhoeal disease burden results by age
and sex (including results for more granular age groups
in adults) across locations and years are available in GBD
Compare.

Discussion

The global burden of diarrhoeal diseases has substantially
decreased between 1990 and 2021, with the number of
deaths reduced by 60-3% during this period. The largest
decline in diarrhoeal mortality rates was observed in
children younger than 5 years, with a 79-2% decrease in
deaths. Despite these global declines, there were still
51-4 million YLLs in 2021, including 30-3 million in
children younger than 5 years. Neonates had the highest
diarrhoeal disease mortality rates despite some inherent
protection against diarrhoeal diseases from maternal
antibodies and breastfeeding, which is likely to be due to
factors such as immune system immaturity, poor access
to clean water and sanitation, suboptimal breastfeeding
practices, and restricted access to health care. Substantial
variation remains across regions and countries in both
the levels of, and trends in, mortality due to diarrhoeal
diseases. In 2021, diarrhoeal diseases globally contributed
to 59-0 million DALYs, which could have been reduced to
4-99 million DALYs had all evaluated risk factors been
removed. Compared with previous GBD studies of the
diarrhoeal disease burden,* rotavirus and Shigella spp
continued to be the leading pathogens causing diarrhoeal
deaths in children younger than 5 years globally in 2021,
while C difficile was the primary cause of diarrhoeal
deaths in high-income countries, especially in people
aged 70 years and older.

The remarkable decline in diarrhoeal mortality since
1990, especially in children younger than 5 years,
represents a triumph for public health initiatives
worldwide. This success can be attributed to a
multipronged approach that includes widespread
immunisation against rotavirus,”” the implementation
of improved water, sanitation, and hygiene (WASH)
practices, and broader access to oral rehydration
therapies and health-care services.*” The rotavirus
vaccines recommended by WHO and administered in
more than 100 countries have contributed to marked
reductions in both hospital admissions and deaths
caused by diarrhoea.” Despite the oral vaccines’ positive
impact, challenges such as incomplete vaccine coverage®
and the need for parenteral vaccines” persist. These live
oral vaccines have shown reduced effectiveness in low-
income countries compared with high-income countries,
highlighting the need for additional research to identify
factors that influence vaccine effectiveness in different
settings.” Ongoing efforts aim to create new vaccines
that do not rely on the oral route, which could potentially
play a key role in achieving sustained control of rotavirus
disease.”

When it comes to vaccination against other diarrhoeal
pathogens, oral killed cholera vaccines have been shown

to be effective in protection against cholera in endemic
areas.” A highly effective cholera vaccine with more than
85% protective efficacy has yet to be introduced in
endemic countries due to reduced efficacy and logistical
storage challenges in field delivery.®* Vaccine research
targeting diarrhoeal pathogens, such as Shigella spp,
ETEC, norovirus, and Campylobacter spp, is ongoing and
continues to address a complex array of challenges,
including the genetic and antigenic heterogeneity of the
pathogens.”* With the growing number of vaccines
being added to WHO’s Expanded Programme on
Immunization, the development of combination vaccines
is appealing, as such vaccines could not only reduce
manufacturing costs but also streamline the
immunisation schedule.* For instance, the development
of a combined vaccine for Shigella spp, ETEC, and
Campylobacter spp is seen as a potentially important
advancement for reducing the diarrhoeal disease
burden.”

As bacterial antimicrobial resistance has emerged as a
major public health threat, preventing infections through
vaccination is crucial to minimising the need for
antibiotics.” Improper use of antibiotics for treating
conditions such as ETEC-induced diarrhoea can lead to
increased antimicrobial resistance; an efficacious ETEC
vaccine could decrease the number of infections
requiring antibiotics and reduce the risk of developing
antimicrobial-resistant ~ strains.*”  Additionally, the
emergence of Shigella strains resistant to most
antimicrobials is a growing global concern.”®** The mass
distribution of azithromycin to preschool children has
been shown to reduce childhood mortality in sub-
Saharan Africa, likely through reductions in respiratory
infections, diarrhoea, and malaria, yet any policy
advocating for mass azithromycin distribution should
carefully consider the potential risk of antibiotic
resistance.”

Although the overall decrease in diarrhoeal disease
mortality is encouraging, the rise in diarrhoeal deaths
attributable to C difficile infection among adults in certain
regions, such as high-income North America and
Europe, presents a new set of challenges. This trend
might reflect the increasing use of antibiotics and
subsequent disruption to the gut microbiome, leading to
heightened susceptibility to C difficile infection.”
Addressing this issue requires a multifaceted response,
including improved antibiotic stewardship, heightened
infection control measures in health-care settings,
and continued research into effective treatments and
preventive measures for C difficile infection and
recurrence.” Fidaxomicin is the primary treatment for
C difficile infection,* while fecal microbiota trans-
plantation has been shown to be the most cost-effective
treatment option for recurrent C difficile infection.® A
recent novel oral formulation of live fecal microbiota
spores approved by the US Food and Drug Administration
is a major advancement in gastroenterology, although
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the availability of this treatment outside the USA and
Canada is still uncertain, highlighting the need for
international collaboration to ensure its economic
viability and equitable distribution. Although an
efficacious vaccine for C difficile infection could help
mitigate the disease, clinical trials of vaccines containing
toxin-based antigens from C difficile have shown only
modest efficacy, indicating the need for future vaccines
to include bacterial or spore antigens to provide enhanced
protection.”

Regional disparities in diarrhoeal disease mortality
rates are stark, with less than one death per
100000 population in children younger than 5 years in
the high-income super-region versus more than
130 deaths per 100000 population in children younger
than 5 years in sub-Saharan Africa. Despite the
remarkable progress made in recent years—more than
90% of the world’s population has access to improved
water sources, and 2-1 billion people have gained
access to improved sanitation—challenges remain,
particularly in scaling up WASH infrastructure in
resource-limited settings.” The new ambitious safely
managed services framework by UNICEF, which
considers factors such as on-premises availability of
drinking water and its freedom from fecal and chemical
contaminants, further highlights disparities in access
to clean water.” In Niger, for example, while 66% of the
population has access to an improved water source,
only 10% have the convenience of having it available on
their premises.® The refinement of WASH service
definitions to include factors such as the absence of
contaminants can highlight previously invisible issues,
such as E coli contamination in piped water in some
countries.”

In addition to improving WASH infrastructure,
reducing the diarrhoeal disease burden in the under-5
age groups requires interventions that address
malnutrition, such as promoting exclusive breastfeeding,
addressing food insecurity, and fortifying foods with
essential nutrients. The link between malnutrition and
increased vulnerability to diarrhoea is compounded by
climate change, with extreme weather conditions such as
heavy rainfall and high temperatures amplifying the risk
of diarrhoeal diseases.” According to a recent review,
climate change can act as a triggering factor for the
occurrence of diarrhoea, although the underlying causes
are more complex, encompassing factors such as rainfall,
human behaviour, water availability, immunity, and
socioeconomic influences.” It is also noteworthy that
diarrhoea and malnutrition share a bidirectional
relationship, with malnutrition predisposing individuals
to diarrhoeal infections through impaired immune
defences, and diarrhoea exacerbating malnutrition by
impairing nutrient absorption.” Investing in the training
of health professionals could empower them to lead
interdisciplinary efforts, utilising the One Health
framework, to address both the immediate and long-term

challenges posed by climate change and diarrhoeal risk
factors.*

The current study addressed multiple limitations
identified in previous GBD diarrhoeal disease
publications. Notably, it distinguished the specific
burdens of ST-ETEC and tEPEC. These two pathogens
were aggregated under the broader categories of all ETEC
and all EPEC in previous publications.” Additionally,
our study incorporated pathogen-specific data from
WHO’s Global Pediatric Diarrhea Surveillance network
for many high-burden countries; these data were
unavailable for incorporation into earlier GBD
publications. Consequently, this has led to a reshuffling
in the ranking of some pathogens compared to previous
findings.? While the leading three pathogens remain the
same in children younger than S years, there has been a
notable shift with tEPEC (formerly aggregated with all
EPEC and ranked tenth) and ST-ETEC (formerly
aggregated with all ETEC and ranked eighth), which now
rank as the fifth and sixth most prevalent pathogens,
respectively.

Despite these improvements, some data limitations
persist, particularly the paucity of data to inform the
estimation of overall diarrhoea mortality, especially for
sub-Saharan Africa, and the scarcity of age-specific
aetiological data for individuals older than 5 years. To
address the limited availability of cause of death data, we
incorporated covariates linked biologically or strongly
associated with diarrhoeal diseases, sourced from
population-based surveys such as Demographic and
Health Surveys and Multiple Indicator Cluster Surveys.
Additionally, we used spatial modelling to leverage data
from neighbouring countries, which, while compensating
for scarce information, expanded the uncertainty
intervals in years with scarce data. We used verbal
autopsy data to inform our estimates where reliable vital
registration data were unavailable. Although verbal
autopsy data might be prone to misclassification of
causes of death, validation studies of verbal autopsies in
children generally indicate reasonable sensitivity and
specificity for diagnosing diarrhoeal diseases.”** The
propagation of uncertainty from multiple sources,
including sampling variance, non-sampling variance,
and adjustment and standardisation methods applied to
data has resulted in wide uncertainty intervals, which
might have affected the accuracy of our estimates.

Currently, we assume the association between
pathogen detection and odds of diarrhoeal diseases in
children younger than 5 years from GEMS is applicable
to older age groups. Efforts are ongoing to address this
limitation by integrating more odds ratio data across
different geographical locations and age groups in future
GBD studies. Moreover, the availability and quality of
C difficile data in low-income and middle-income
countries are inadequate. Due to substantial variation in
diagnostic and surveillance practices in these countries,
there is a potential for underestimating the C difficile
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burden, which might explain why increases in deaths
due to C difficile were seen only in high-income
countries.” The availability of more robust data in these
countries, through enhanced diagnostic and surveillance
infrastructure, could help to provide more accurate
estimates.

Furthermore, although DALYs offer a composite
measure of disease burden, combining premature
mortality with the prevalence and severity of diarrhoeal
diseases, in this study they account only for the acute
effects of diarrhoea. The broader impact of diarrhoeal
morbidity, which can lead to long-term consequences
such as stunted physical growth and cognitive
impairment, has not yet been accounted for in the DALY
estimates. Studies that have attempted to quantify some
of the long-term consequences suggest that diarrhoea
might represent a larger burden of disease than is
currently estimated by GBD.*®* Addressing this gap in
future iterations of GBD is crucial for a more
comprehensive assessment of the true burden of
diarrhoeal diseases.

Last, we did not quantify the indirect impact of the
COVID-19 pandemic on the diarrhoeal disease burden
for GBD 2021. Data from Demographic and Health
Surveys show conflicting trends and do not provide a
definitive indication of the impact of the COVID-19
pandemic on diarrhoeal prevalence (appendix 2
figure S1). Although some countries have reported a
slight increase in diarrhoea prevalence from the pre-
pandemic to the post-pandemic period, others have
observed a decrease. It is noteworthy, however, that in
countries where a decline has been reported, there was
already an observable trend of declining diarrhoeal
prevalence before the onset of the pandemic.
Consequently, it remains uncertain whether the observed
decrease can be directly attributed to the implementation
of non-pharmaceutical interventions or whether it simply
represents a continuation of pre-existing trends. This
suggests the need for cautious interpretation of the
pandemic’s impact and calls for a more in-depth
investigation as additional data become available.

In conclusion, the substantial decline in the diarrhoeal
disease burden since 1990, especially in young children,
reflects the dedicated efforts to enhance WASH
infrastructure, vaccination programmes, and access to
oral rehydration therapy. Yet, considerable regional
disparities persist, and the emergence of antibiotic
resistance presents new challenges, calling for sustained
efforts in vaccine research. Our study highlights the need
for the implementation of holistic public health strategies
that integrate WASH, nutrition, vaccination, and health-
care accessibility to further reduce the diarrhoeal disease
burden and bridge global health disparities.
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