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Abstract

Diarrheal diseases pose a significant public health challenge worldwide, with contaminated
water sources being a major category of causes, leading to increased morbidity and
mortality. This study aimed to systematically assess the burden of diarrheal diseases caused
by unsafe water worldwide, providing a scientific basis for the development of global and
regional public health policies. This study used the Global Burden of Disease 2021 database,
which includes data on diarrheal disease deaths and disability-adjusted life years (DALYs),
across 204 countries and territories. Estimated annual percentage change was used to
quantify trends in age-standardized rates from 1990 to 2021; frontier analysis was used to
assess the potential for reducing the burden of disease across countries, and Bayesian age-
period-cohort (BAPC) modeling was used to project the burden of disease from 2022 to 2035.
In 2021, diarrheal diseases attributable to unsafe water resulted in 802,486 deaths, and
41,718,708 DALYs globally, with the greatest burden observed in low social development
index (SDI) quintiles. Since 1990, there has been a decline in the burden, marked by a 63%
reduction in deaths, and a 71% reduction in DALYs. Despite this progress, Sub-Saharan Africa
and South Asia remain regions of high disease prevalence, with substantial potential for
further improvement. Projections using BAPC modeling suggest that the burden of disease
will continue to decline through 2035. Nevertheless, a high burden of disease persists in
regions with low SDI quintiles. To achieve equitable global health development, countries
must strengthen infrastructure and set long-term development goals.
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Highlights

« Global diarrheal burden from unsafe water declined since 1990.
+ Low SDI quintile regions bear the highest burden, especially in Africa and Asia.
« Children under five are most vulnerable to waterborne diarrheal diseases.

« Frontier analysis reveals significant improvement potential in high-burden countries.
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Graphical abstract

Introduction

Diarrheal diseases constitute a significant global public health
challenge, representing the fourth leading group of communicable,
maternal, neonatal, and nutritional diseases worldwide, and remaining
a major cause of mortality among both children and adults!". These
conditions are primarily caused by bacterial, viral, or parasitic infec-
tions, which are usually transmitted through unsafe water, contam-
inated food, or direct contact. According to a Global Burden of Disease
(GBD) study, unsafe water, poor sanitation, and inadequate sanitation
are key risk factors for diarrheal diseases, disproportionately affecting
children and immunocompromised populations!>3!. The World Health
Organization reports approximately 1.7 billion cases of childhood
diarrheal diseases globally each year, making it the third leading cause
of death among children under six years of age. However, a large
proportion of diarrheal diseases can be prevented through access to
safe water, and the implementation of proper sanitation and hygiene
practices!.,

Unsafe water poses a significant health risk, and can lead to seri-
ous waterborne diseases such as diarrhea, typhoid, and cholera®.
Many countries and regions still struggle with access to safe drink-
ing water due to inadequate water management and insufficient
infrastructurel®7l, The burden of diarrheal diseases caused by unsafe
water varies widely across regions and populations, with Sub-
Saharan Africa, South Asia, and Southeast Asia experiencing signifi-
cantly higher morbidity and mortality rates than other parts of the
world8l, These high morbidity rates are not only associated with
poor water quality, but are also closely linked to inadequate sanita-
tion facilities and inadequate hygiene practices. Complex ecological
and socioeconomic factors compound the burden of diarrheal
diseases resulting from unsafe water. The high incidence of these
diseases not only imposes a significant economic burden on
families and increases healthcare costs for society, but also has
long-term negative impacts on children's growth and cognitive
developmentl®. Research indicates that intestinal infections from
diarrheal diseases can impair intestinal absorptive and barrier func-
tions, further weakening the immune system and leading to devel-
opmental delays and lower 1Q, creating a vicious circlel'?l, These
effects may even extend into adulthood, with profound implica-
tions for both personal and socioeconomic development. Despite
global progress in improving access to safe water and sanitation, the
fight against diarrheal diseases caused by unsafe water faces new
challenges, particularly due to climate change and accelerated
urbanization('l.

Despite the significant impact of unsafe water on global health,
few studies have comprehensively examined the burden of diar-
rheal diseases attributable to unsafe water worldwide. Most existing
research has been confined to specific countries or regionsl'213],
leaving critical gaps in the understanding of the global and regional
epidemiological characteristics. Meanwhile, most prior analyses
were based on earlier GBD iterations, focused primarily on descrip-
tive trends, and did not jointly evaluate efficiency gaps relative to
development levels, or project future burden. Using the updated
GBD 2021 dataset, the present study offers several contributions.
First, it provides the most recent and comprehensive assessment of
diarrheal disease burden attributable to unsafe water across 204
countries through 2021. Second, by incorporating Social Develop-
ment Index (SDI)-based frontier analysis, the gap between observed
burden and the minimum achievable burden at comparable devel-
opment levels is quantified, highlighting unrealized potential for
improvement. Third, a Bayesian age-period-cohort (BAPC) model is
applied to project the future burden from 2022 to 2035, offering
forward-looking evidence to inform long-term policy planning.
Together, these approaches extend previous GBD analyses by inte-
grating retrospective assessment with prospective projections and
efficiency-oriented evaluation. The findings will provide a robust
scientific foundation for the development of more effective global
and regional public health policies, advancing efforts to ensure safe
water access and improved sanitation, and ultimately reducing the
global burden of diarrheal diseases.

Materials and methods

Study data
The study utilized the disease burden data from the Global Health Data
Exchange (http://ghdx.healthdata.org/gbd-results-tool). The 2021 GBD
study integrated data from multiple sources, including vital regis-
tration systems, household surveys, and surveillance data. In settings
where data are sparse or incomplete, GBD applies advanced statistical
modeling to generate estimates. Uncertainty arising from data limit-
ations, model specification, and parameter estimation is quantified
through repeated draws from the posterior distribution. The reported
95% uncertainty intervals (Uls) represent the 2.5™ and 97.5™ percent-
iles of these draws, and reflect the combined uncertainty in the under-
lying data and modeling process.

In the GBD study, exposure to unsafe water is defined by the
household primary water source, and whether water treatment is
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used to improve water quality before consumption. The theoretical
minimum risk exposure level is the use of high-quality piped water
(water entering the household uncontaminated). Unsafe sanitation
is the monitoring of facilities/excreta management; partial overlap
across water, sanitation, and hygiene risks may remain despite GBD
procedures to minimize double-counting. In this study, the dataset
included the numbers and crude rates of deaths and DALYs
attributable to diarrheal diseases caused by unsafe water across 204
countries from 1990 to 2021. Age-standardized mortality rates
(ASMR), and age-standardized DALY rates (ASDR) were analyzed to
facilitate comparisons across populations with different age struc-
tures. All data was stratified by region, sex, age group, year, and SDI
categories. The SDI is a composite indicator that reflects fertility,
educational attainment, and incomel'. Countries and territories
were classified into five SDI levels: low, low-middle, middle, high-
middle, and high, with SDI values ranging from 0 to 1. Higher values
indicate higher levels of socio-demographic development.

Statistical analysis

Percentage change was calculated to describe variations in the num-
ber of deaths and DALYs in 2021 relative to 1990, using the following
formula: percentage change = (variable,y,; — variable;gqp)/variable;ggq
X 100%. Trends in ASMR and ASDR from 1990 to 2021 were quantified
using estimated annual percentage change (EAPC). A linear model was
fitted to the natural logarithm of the rates over time, using the
equation, y = a + fix + & where x represents year, y represents the
natural logarithm of the rates, a represents the intercept, and S
represents the random error. The EAPC was calculated as 100 x (e’ "),
with a 95% confidence interval (CI)!'*.. Trends in ASRs were considered
upward if the 95% Cl for EAPC > 0, downward if the 95% Cl < 0, and
stable if the 95% Cl included 0.

Frontier analysis establishes a theoretical minimum for ASR that a
country or territory can achieve given its current level of develop-
ment. This serves as a benchmark for optimal performance, quanti-
fying the gap between the current disease burden and its potential
minimum, and highlighting priority areas for improvement. The
relationship between the burden of diarrheal diseases attributable
to unsafe water and socio-demographic development levels was
evaluated using frontier analysis. ASR-based frontier models incor-
porating the Socio-Demographic Index (SDI) were developed.
Locally weighted polynomial regression, with smoothing spans of
0.3, 0.4, and 0.5, was applied to model the non-linear relationship
and generate smooth frontier lines. This range is commonly used in
locally weighted regression to balance bias and variance: smaller
spans allow greater flexibility in capturing local structure, while
larger spans provide a smoother, more stable frontier. We compared
frontier curves generated under all three spans. For presentation,
the results used a smoothing span of 0.3. Model robustness was
ensured using 100 bootstrap samples to calculate the average ASR
for each SDI. The potential for improvement in each country or terri-
tory was quantified as the absolute difference between its ASR in
2021, and the corresponding frontier line is defined as the effective
difference. Final estimates represent the mean estimate across 100
bootstrap samples.

To project the future burden of diarrheal diseases attributable to
unsafe water from 2022 to 2035, a BAPC model is applied. The
model decomposes temporal trends into age, period, and cohort
effects, allowing flexible estimation of non-linear temporal patterns,
while accounting for uncertainty. Specifically, age-specific deaths
and DALYs were assumed to follow a Poisson distribution, with the
logarithm of the expected rates modeled as the sum of age, period,
and cohort effects. Second-order random walk priors were assigned
to the age, period, and cohort effects to ensure smoothness across

adjacent age groups and calendar years, a common approach in
disease-burden forecasting. Weakly informative Gaussian priors with
mean zero and large variance were specified for the intercept term.
Model estimation was performed within a Bayesian framework
using Integrated nested Laplace approximation (INLA). Model con-
vergence and goodness-of-fit were assessed using the deviance
information criterion (DIC) and a visual inspection of the fitted
versus observed values.

Results

Global burden of diarrheal diseases attributable
to unsafe water in 2021

In 2021, the global burden of diarrheal diseases attributable to unsafe
water was assessed across 204 countries and territories. The total
number of deaths attributable to unsafe water was 802,486 (95% Ul:
1,673-1,215,503), corresponding to 41,718,708 DALYs (95% Ul:
21,351,085—-57,788,564). The ASMR was 10.66 (95% Ul: 5.03—15.80) per
100,000 population, and the ASDR was 593.00 (95% Ul: 309.18—-823.91)
per 100,000 population (Tables 1 and 2). The burden was predom-
inantly observed among children under five years of age, and was
slightly higher in males than in females (Figs 1 and 2). Stratification by
SDI revealed substantial disparities across regions. Low-SDI quintile
regions experienced the highest burden, with 358,394.65 deaths (95%
Ul:  190,233.73-502,311.01), and 23,005,435.06 DALYs (95% Ul:
13,133,771.54-32,197,961.86) in 2021. It also exhibited the highest
ASMR and ASDR (Tables 1 and 2). Across SDI quintile regions, a
consistent inverse association was observed between disease burden
and socio-demographic development, with both ASMR and ASDR
declining as SDl increased (Fig. 3).

At the GBD regional level, substantial heterogeneity in the
burden of diarrheal diseases attributable to unsafe water was
observed in 2021. South Asia and Western Sub-Saharan Africa ex-
perienced the highest absolute burden of diarrheal diseases due
to unsafe water. South Asia reported deaths of 393,585.16 (95% Ul:
157,173.28-697,979.92), and DALYs of 1,4067,207.04 (95% Ul:
6,377,761.43-22,326,580.60), while Western Sub-Saharan Africa
recorded deaths of 176,453.83 (95% Ul: 101,431.92—259,136.37) and
DALYs of 13,421,071.41 (95% Ul: 7,793,817.58—19,283,985.98). East-
ern Sub-Saharan Africa exhibited the highest ASMR of 45.28 per
100,000 population, and Western Sub-Saharan Africa exhibited the
highest ASDR of 2,126.27 per 100,000 population. In contrast,
Australasia and high-income North America had the lowest disease
burden across both absolute numbers and age-standardized
indicators (Tables 1 and 2).

At the national level, the burden varied markedly across 204
countries and territories. In 2021, India recorded the highest number
of deaths (338,521), followed by Nigeria (98,102). South Sudan had
the highest ASMR, reaching 130 per 100,000 population. India
accounted for the highest number of DALYs (11,414,141), while
Chad had the highest ASDR at 5,700 per 100,000 population.
Conversely, countries such as San Marino and Andorra exhibited a
very low disease burden, with values approaching zero (Fig. 4,
Supplementary Tables S1 and S2).

Temporal trends in the burden of diarrheal
diseases attributable to unsafe water from 1990
to 2021

From 1990 to 2021, the global burden of diarrheal diseases attribut-
able to unsafe water declined substantially. The number of deaths
decreased from 2,173,550.83 (95% Ul: 1,265,813.61-2,913,015.18) in
1990, to 802,486.17 (95% Ul. 371,672.74-1,215,503.48) in 2021,
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Fig. 1 Global burden of diarrheal diseases attributable to unsafe water by

Age group
age group and sex in 2021. (a) Deaths number and the rate with their 95% Ul.

(b) DALYs number and rate with their 95% Ul. DALYs: disability-adjusted life years; Ul: uncertainty intervals.

representing a 63% reduction. Over the same period, the ASMR
declined by 76%. Similarly, DALYs attributable to unsafe water
dropped from 142,377,712.19 (95% Ul: 83,952,630.63—188,159,938.20),
to 41,718,708.11 (95% Ul: 21,351,085.13-57,788,563.73), correspond-
ing to a 71% reduction, while the ASDR also fell by 76% (Tables 1 and
2). These downward trends were observed across both sexes and
most age groups, although the magnitude of decline varied.

Across SDI quintile regions, most experienced consistent reduc-
tions in deaths, DALYs, ASMR, and ASDR, with particularly
pronounced declines in low- and middle-SDI quintiles. However,
high-SDI quintile regions showed a distinct pattern, characterized
by a slight increase in the absolute number of deaths despite
concurrent declines in DALYs and ASRs (Tables 1, 2 and Fig. 5). EAPC
analyses further supported these temporal patterns. For ASMR, East
Asia experienced the most pronounced decline (EAPC: —12.08),
whereas high-income North America showed a modest increase
(EAPC: 2.51). Trends in ASDR were broadly consistent with those
observed for ASMR (Tables 1 and 2).

At the country level, the most substantial absolute reductions in
disease burden were observed in Armenia, with deaths and DALYs
decreasing by 98.95% and 98.73%, respectively. Conversely, Sweden

experienced the most significant increase in disease burden, with
a 1,231% rise in deaths, and a 123% increase in DALYs. Italy recorded
the largest increase in ASMR (EAPC: 8.35), whereas Armenia experi-
enced the largest decrease (EAPC: —15.06). For ASDR, the Demo-
cratic People's Republic of Korea showed the largest increase (EAPC:
2.43), while Armenia had the most significant decrease (EAPC:
—13.76) (Supplementary Tables S1, S2 and Fig. 6).

Frontier analysis of the association between ideal
burden of diarrheal diseases attributable to
unsafe water, and SDI

We used a frontier analysis to estimate the ideal annual burden of
diarrheal diseases attributable to unsafe water for each country,
accounting for each country's SDI. For ASMR, countries with low SDI
values closest to the frontier line were highlighted in blue, indicating
they were closer to the ideal burden scenario. In contrast, countries
with high SDI values that were farthest from the frontier line were
marked in red, signaling a divergence from the ideal burden.
Additionally, the 15 countries most distant from the frontier line across
all SDI levels were labeled in black. High SDI countries such as Japan
and the Republic of Korea demonstrated a disease burden more
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Fig. 2 Temporal trends in the burden of diarrheal diseases attributable to unsafe water in global and different SDI quintile regions from 1990 to 2021.
(@) ASMR for both male and female. (b) ASDR for both male and female. ASMR: age-standardized mortality rate; ASDR: age-standardized disability-

adjusted life years rate; SDI: socio-demographic index.

aligned with the ideal scenario, reflecting effective management and
control measures. On the other hand, African countries such as South
Sudan and Chad exhibited a significant potential for improvement, as
their actual burdens were far above the ideal (Fig. 7a and Supple-
mentary Table S3). The analysis of ASDR corroborated these findings,
further highlighting the disparity and potential for targeted inter-
ventions (Fig. 7b and Supplementary Table S4).

Prediction of diarrheal disease burden
attributable to unsafe water

Using the BAPC model, the burden of diarrheal diseases attributable to
unsafe water from 2022 to 2035 is projected. Overall, the projections
indicated a continued decline in total deaths and DALYs, as well as in
ASMR and ASDR (Fig. 8). However, age-specific analyses revealed a

Qiaoetal. | Volume2 | 2026 | 005
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and territories by SDI in 2021. (a) ASMR and (b) ASDR for 204 countries and territories. The dots depict the estimated values in 2021. The black lines
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Fig. 5 Temporal trends in the burden of diarrheal diseases attributable to unsafe water globally, and different SDI quintile regions from 1990 to 2021.
(@) Number of deaths and DALYs for both male and female. (b) ASMR and ASDR for both male and female. DALYs: disability-adjusted life years rate; ASMR:
age-standardized mortality rate; ASDR: age-standardized disability-adjusted life years rate; SDI: socio-demographic index.

distinct pattern in the oldest age groups. Specifically, among
individuals aged 95 years and older, the absolute number of deaths
and DALYs was projected to increase, despite a gradual decline in the
rate of deaths and DALYs across all age groups (Supplementary Figs S1
and S2). This apparent divergence might reflect demographic effects
rather than worsening age-specific risk, as rapid population ageing at
advanced ages increases the population at risk, leading to higher
absolute counts even as age-specific rates continue to improve.

Discussion

This study comprehensively analyses the burden of diarrheal diseases
attributable to unsafe water across 21 GBD regions and 204 countries
from 1990 to 2021, marking the first time this issue has been extracted
and analyzed from GBD 2021 data. Our findings indicate a year-on-year
decline in the associated disease burden; however, unsafe water
sources continue to exert a significant global impact, particularly in
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While some previous studies have addressed the impact of unsafe
water on diarrheal diseases, most have been region-specific!'®'”. It has
been shown that access to high-quality drinking water can reduce the
risk of diarrheal disease by 52%!""\. Pathogens such as bacteria and
parasites in unsafe water can proliferate in the host's intestinal tract,
leading to diarrheal diseases upon ingestion!'®. Additionally, unsafe
water exacerbates gastrointestinal inflammation and compromises
immunity, potentially leading to further declines in gastrointestinal
function!']. The observed decrease in the burden of diarrheal diseases
from 1990 to 2021 may be attributed to efforts by international
organizations and governments, which have increasingly invested in
improving water quality and sanitation?”, Investments in water and
sewerage infrastructure have improved access to safe piped water,
particularly in urban areas?". This underscores the need for continued
investment and international cooperation in water security and
sanitation infrastructure.

The slightly higher burden of diarrheal diseases attributable to
unsafe water observed among males may reflect a combination of
behavioral, occupational, and biological factors. In many settings,
males are more likely to engage in outdoor or labor-intensive occu-
pations, such as agriculture, construction, or informal work, which
may increase exposure to unsafe water sources and contaminated
environments. Behavioral differences, including lower healthcare-
seeking behavior and delayed treatment, may further contribute
to higher disease severity and mortality. In addition, sex-based
differences in immune responses have been reported, with males

exhibiting relatively weaker immune responses to certain infectious
diseases, potentially increasing susceptibility and adverse outcomes.

Young children are disproportionately affected by waterborne
diarrheal diseases. Their susceptibility stems from two key factors:
immature immune systems(??], and poor hand hygiene practices,
which increases the risk of pathogen transmission from unsafe
water sources(?3], Additionally, a lack of education and awareness
about water safety in some communities may leave parents uncer-
tain about how to ensure water safety or recognize unsafe water(24,
Beyond the immediate effects of dehydration and acute infection,
repeated or severe diarrheal episodes during early childhood can
impair nutrient absorption, disrupt gut integrity, and contribute to
growth faltering and undernutrition. These processes are closely
linked to delayed cognitive development through mechanisms such
as chronic inflammation, micronutrient deficiencies, and altered
brain development during critical periods!'923l, Prolonged and
persistent diarrheal diseases can lead to severe dehydration, which
greatly increases the risk of child mortality. As demographic
changes reduce the number of children, it becomes increasingly
important to invest in each child's basic living conditions. Thus,
global policies should be tailored to prioritize children's health and
safety, particularly during early childhood.

While socio-demographic development plays a central role in
shaping the burden of diarrheal diseases attributable to unsafe
water, the observed disparities across regions and countries are
likely mediated through more specific and tangible determinants. In
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particular, the status of basic drinking water infrastructure, includ-
ing access to safely managed water services and the extent of piped
water supply coverage appears to be a critical underlying factor. Our
analysis revealed a significant negative correlation between SDI and
the burden of diarrheal diseases attributable to unsafe water
sources. The highest disease burden remains in less developed
countries such as Asia and Africa, likely due to differences in
economic development, health infrastructure, public health policies,
and education levels?®l. In low- and low-middle SDI quintile regions,
limited investment in centralized water systems, inadequate protec-
tion of water sources, and low household-level access to improved
water infrastructure substantially increase population exposure to
unsafe water. Urban-rural disparities in pipeline coverage further
exacerbate these risks, as rural populations often rely on unim-
proved or intermittently available water sources.

Conversely, higher SDI regions typically have more resources to
invest in infrastructure, and near-universal access to piped water
and improved sanitation has substantially reduced exposure at the
population level. However, residual disease burden may persist due
to aging infrastructure, localized system failures, or inequities affect-
ing vulnerable subpopulations, rather than solely due to broad
economic development deficits. The increase in the absolute
number of deaths in some high-SDI regions was observed, such as
high-income North America. First, population aging plays a critical
role, as older adults are more vulnerable to severe outcomes of diar-
rheal diseases, even at low exposure levels?’l, As life expectancy
increases in high-SDI settings, a growing elderly population may
contribute to higher death counts despite declining ASMR. Second,
the presence of vulnerable subpopulations may partly explain the
residual and increasing mortality burden. These groups may be at
heightened risk of waterborne infections and related complications.
In addition, improved diagnostic capacity and surveillance in high-
income settings may increase recognition of enteric infections in
older adults. Finally, changes in diagnostic practices, surveillance
systems, and cause-of-death coding over time may also influence
the observed trends. Improved reporting accuracy and greater attri-
bution of deaths to specific causes in recent years could contribute
to apparent increases in recorded deaths without reflecting a true
rise in underlying risk. Together, these factors suggest that increases
in death counts in high-SDI quintile regions likely reflect demo-
graphic and methodological influences, rather than worsening
population-level exposure to unsafe water.

The extreme trends observed in certain countries, such as the
substantial decline in Armenia and the marked increase in Sweden,
likely reflect a combination of contextual, policy-related, and data-
related factors, rather than isolated changes in water safety alone. In
Armenia, the pronounced reduction in deaths and DALYs may be
partly attributable to improvements in drinking water quality and
sanitation infrastructure, strengthened public health systems, and
broader socioeconomic stabilization, which may have accelerated
declines from relatively high baseline levels in the early 1990s. In
contrast, a large relative increase was observed in Sweden. This
pattern may reflect a very low baseline burden in earlier years,
making relative changes highly sensitive to small, absolute
increases. In addition, demographic aging, increased recognition of
vulnerable subpopulations, and improvements in disease surveil-
lance and cause-of-death attribution may have contributed to
higher recorded counts without indicating a true deterioration in
water safety.

Frontier analysis suggested that countries with smaller gaps to
the frontier could consider reducing economic investment in sanita-
tion and rationalizing the allocation of resources, while countries
with larger gaps should further designate better public sanitation
policies, including strict drinking water standards and extensive

health education programs, to effectively increase the population's
awareness of water safety and self-protection(228l, Thus, with the
increase in SDI, the implementation of integrated socioeconomic
development and public health measures significantly reduced the
burden of diarrheal diseases attributable to unsafe water, highlight-
ing the critical role of economic development, optimized education,
enhanced infrastructure, and strengthened public health policies in
controlling and preventing diseasel''l. Furthermore, frontier analy-
sis provided important insights for tailoring policy interventions
according to countries' relative distance from the SDI-based effi-
ciency frontier.

For countries located far from the frontier, particularly in low- and
low-middle SDI quintile regions, the excess burden likely reflected
fundamental structural gaps in access to safe drinking water and
basic sanitation2%), These gaps may include limited access to piped
and safely managed drinking water, inadequate protection of
surface and groundwater sources, insufficient water treatment
capacity, and heavy reliance on unimproved or intermittently avail-
able water sources, particularly in rural areas. In these settings, prior-
ity should be given to large-scale infrastructure investment, includ-
ing expanding piped water supply, improving sanitation facilities,
and protecting water sources. In parallel, household water filtration,
chlorination and safe water storage can provide immediate health
benefits where centralized infrastructure remains limited20.
Strengthening public health education on hygiene practices and
water safety is also essential to reduce exposure risksll,

In contrast, countries located close to the frontier had largely
minimized the burden achievable at their current level of develop-
ment. In these settings, the remaining disease burden is more likely
attributable to limitations in system efficiency, rather than broad
infrastructure deficits. Further reductions may therefore depend on
measures such as enhanced water quality monitoring, early-warn-
ing systems for contamination events, rapid outbreak detection and
response, and refined risk-based regulation of drinking water
systems, particularly for vulnerable subpopulations. Together, these
findings suggest that a differentiated policy approach will be essen-
tial for achieving equitable and sustainable reductions in the global
burden of diarrheal diseases attributable to unsafe water.

Our projections indicated that the burden of diarrheal diseases
attributable to unsafe water was likely to continue declining from
2022 to 2035, largely reflecting sustained improvements in public
health systems, medical care, and access to safer water sources. The
projections to 2035 assume continuity of past trends, and unex-
pected changes in climate conditions, policy priorities, or large-scale
interventions could alter future trajectories. Emerging evidence
suggests that climate change and rapid urbanization may pose
additional challenges to further reductions in diarrheal diseases
attributable to unsafe water. According to recent IPCC assessments,
climate-related extremes, such as flooding and drought, can disrupt
water supply systems and degrade source water quality, while the
World Health Organization has highlighted that rapid urbanization
may increase exposure to unsafe drinking water and waterborne
diseases!3031],

Nevertheless, several limitations should be acknowledged. First,
as an ecological analysis based on aggregate-level data, this study is
subject to the risk of ecological fallacy, and population-level associa-
tions may not reflect individual-level relationships between unsafe
water exposure, and diarrheal disease outcomes. Second, residual
confounding cannot be fully excluded. In particular, concurrent
health interventions may have influenced diarrheal disease burden
independently of changes in water safety, such as improvements in
healthcare access, vaccination coverage, nutrition, or hygiene
promotion. Third, the GBD-defined 'unsafe water' risk factor may
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partially overlap with other water, sanitation, and hygiene-related
risks. Although GBD applies standardized methods to minimize
double-counting, some uncertainty remains in attributing the exact
proportion of disease burden to unsafe water alone.

Conclusions

In conclusion, this study demonstrates the significant global burden of
diarrheal diseases attributable to unsafe water sources, with the
greatest impact observed in regions with low economic development,
despite a downward trend in recent decades. This persistent public
health challenge underscores the necessity for robust water quality
monitoring and sanitation improvements. These interventions are
essential not only for reducing the burden of diarrheal diseases, but
also for advancing broader global health and wellbeing. By integrating
frontier analysis and long-term projections, the findings indicate that
substantial reductions in diarrheal disease burden remain attainable,
particularly in high-burden countries. Sustained policy commitment
and infrastructure investment will be essential to maintain the
projected downward trend through 2035.
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