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Background: Diarrheal diseases are major contributors to deaths. Data on global and country-specific levels and trends of diarrheal diseases resulting from unsafe water are essential for policymakers to allocate resources.

Aims: This study aimed to describe the global, regional, and national spatiotemporal burden of diarrheal diseases resulting from unsafe water exposure.

Methods: According to the Global Burden of Disease (GBD) 2019 dataset, deaths, disability-adjusted life years (DALYs) of diarrheal diseases, and their age-standardized rates (ASRs) were analyzed by age and sex in 204 countries and territories. Moreover, the average annual percentage change (AAPC) was estimated by a log-linear regression model to reflect the time trend. The association between ASR of diarrheal diseases due to unsafe water and socio-demographic index (SDI) levels was also analyzed.

Results: From 1990 to 2019, the number of deaths and DALYs of diarrheal diseases resulting from unsafe water decreased by 50 and 59%, respectively. Moreover, the ASR of deaths and DALYs also decreased during the study period, with AAPCs of −3.69 (95% CI [95% confidence interval]: −3.91 to −3.47) and − 3.66 (95% CI: −3.8 to −3.52), respectively. High diarrheal diseases resulting from unsafe water occurred mainly in low SDI regions and Africa. Males exhibited greater diarrheal deaths attributable to unsafe water than females, which was contrary to the condition in terms of DALYs. The age-specific burden of diarrheal deaths attributable to unsafe water is concentrated in children younger than 5 years. The AAPCs of the ASR of both deaths and DALYs showed a strong negative correlation with the SDI levels.

Conclusion: The current study indicated that the global burden of unsafe water exposure-related diarrheal diseases decreased from 1990 to 2019 and varied significantly according to age, sex, and geographical location. Effective health promotion and health communication strategies and policies should be adopted to prevent and control diarrheal diseases resulting from unsafe water exposure.
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Highlights

- Research background: Diarrheal diseases are major contributors to deaths. Data on global and country-specific levels and trends of diarrheal diseases resulting from unsafe water are essential for policymakers to allocate resources.

- Research motivation: The global, regional, and national spatiotemporal burden of diarrheal diseases resulting from unsafe water exposure is still unclear.

- Research objectives: To investigate the global, regional, and national spatiotemporal burden of diarrheal diseases resulting from unsafe water exposure.

- Research methods: Deaths and disability-adjusted life years (DALYs) of diarrheal diseases resulting from unsafe water were obtained from the Global Burden of Disease (GBD) 2019, and the data were stratified by the socio-demographic index (SDI) level.

- Research results: From 1990 to 2019, the number of deaths and DALYs of diarrheal diseases resulting from unsafe water decreased by 50 and 59%, respectively. High diarrheal diseases resulting from unsafe water occurred mainly in low SDI regions and Africa. The global diarrheal deaths attributable to unsafe water were greater in females than in males, which was contrary to the condition in terms of DALYs. Age-specific burden of diarrheal deaths attributable to unsafe water concentrated in children younger than 5 years. The AAPCs of the ASR of deaths and DALYs showed a strong negative correlation with the SDI levels.

- Research conclusion: Socioeconomic development status significantly affects the burden of diarrheal diseases resulting from unsafe water.

- Research perspectives: Our findings are valuable for implementing tailored prevention strategies for diarrheal diseases resulting from unsafe water exposure.



Introduction

Diarrheal disease is one of the main concerns for public health worldwide. In terms of etiology, it can be divided into infectious diarrhea, including cholera, bacillary dysentery, amoebic dysentery, and rotavirus, and non-infectious diarrhea, such as dietary diarrhea, allergic diarrhea, and symptomatic diarrhea. According to data from the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2016, it provides an estimate of the burden of diarrhea in 195 countries. Diarrhea is the eighth leading cause of death among all ages and the fifth leading cause of death among children younger than 5 years worldwide (1). There are many factors related to diarrheal disease, including exposure to unsafe sources of water, unsafely managed sanitation, and animals (2).

Safe water is closely related to people’s daily lives and plays an important role in promoting human health. In 1854, British physician John Snow identified a public water pump as the outbreak’s source for an outbreak of cholera in London. After that, the role of unsafe water in the spread of the disease was fully recognized (3). According to GBD 2016, unsafe water was the second leading cause of diarrhea, responsible for 72.1% of diarrhea deaths in children younger than 5 years (1). However, there is no report on the global burden of diarrhea in detail.

To date, the GBD 2019 estimates over 369 diseases and injuries and 87 risk factors in 204 countries and territories from 1990 to 2019 (4, 5). In this study, up-to-date estimates of diarrhea deaths and burdens attributable to unsafe water are presented based on the date in GBD 2019. We describe unsafe water-related, spatial–temporal variations of diarrhea burden at global, regional, and national levels, by age, sex, and socio-demographic index (SDI).



Methods


Data resource

The data were originated from the GBD 2019 database released by the Institute for Health Metrics and Evaluation (IHME) of the University of Washington,1 aiming to assess the burden of 369 diseases/injuries, and 87 risk factors in 204 countries and territories from 1990 to 2019. The burden of diarrheal diseases attributable to unsafe water was measured by death, disability-adjusted life years (DALYs), years of life lost due to premature death (YLL), and years of life lost with disability (YLD). Total DALYs were estimated by adding YLL + YLD. Its measurements include absolute number (×1,000), rate, and age-standardized rate (ASR, ×1,000, per 100,000 population) according to the global standard population of GBD2019.



Definition of diarrheal diseases

Diarrheal diseases were defined as three or more loose stools in a 24 h period. In the diarrhea models, self-reported prevalence is the reference category for all data adjustments. Hospital input data use ICD-9 (001–001.9, 003.8–006.9, 007.4–007.8, 008.2–009.9) and ICD-10 (A00–A00.9, A02–A02.0, A02.8–A07, A07.2–A07.4, A08–A09.9, K52.1, R19.7), and its mortality was estimated in the Cause of Death Ensemble modeling platform (CODEm). GBD 2019 excluded gastroenteritis as a case definition, as this is often syndromic (vomiting or diarrhea).



Unsafe water

For GBD 2019, exposure to unsafe water was defined based on: (1) the reported primary water source used by the household and (2) the use of household water treatment (HWT) to improve the quality of drinking water before consumption. Water sources were defined based on the WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation, and Hygiene (JMP, https://washdata.org/monitoring/drinking-water).



SDI definition

The SDI value ranges from 0 to 1, where 0 indicates that the development level related to health outcomes in the region is theoretically the lowest. When the SDI value is 1, it indicates that the region has the highest theoretical level of development related to health outcomes. According to the SDI values of each country, it is divided into five levels: low, medium (middle low, middle, and middle high), and high SDI regions.



Statistical analysis

Joinpoint regression was used to analyze the changes in disease burden and calculate the average annual percentage change (AAPC) as well as its 95% confidence interval (CI). Of which, all AAPC and its upper 95%CI greater than 0 indicate an upward trend, whereas AAPC and its lower 95%CI less than 0 indicate a downward trend. In addition, the associations between the burden of diarrheal diseases attributable to unsafe water and SDI were examined using Pearson’s correlation analysis. All statistics and analyses were performed using R software (version 5.0.4). A p-value of less than 0.05 was considered statistically significant.




Results


Diarrheal disease deaths attributable to unsafe water

During the past three decades, the global deaths of diarrheal diseases attributable to unsafe water have decreased from 2442.1 (95%UI: 1765 to 3,147) in 1990 to 1230.2 (95%UI: 817.8 to 1788.9) in 2019, a 50% decrease. Additionally, the ASR of deaths decreased from 49.1 (95%UI: 34.5 to 65) to 16.8 (95%UI: 11.3 to 24.1), with an AAPC of −3.69 (95%CI: −3.91 to −3.47; Table 1). In terms of gender, the ASR of diarrheal disease-related deaths attributable to unsafe water was higher for females than males (Figure 1).



TABLE 1 Global diarrheal deaths attributable to unsafe water in 1990 and 2019 and the temporal trend from 1990 to 2019.
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FIGURE 1
 Sex-specific rates of deaths of diarrheal diseases attributable to unsafe water in 2019 for global and regions.


At the SDI regional level, deaths from diarrheal diseases attributable to unsafe water were mainly observed in the low SDI region, with an ASR of 79 (95%UI: 51.9 to 116.9) in 2019, followed by low-middle and middle SDI regions. All SDI regions showed a downward trend in ASR from deaths from diarrheal diseases attributable to unsafe water, and the highest reduction was observed in the high-middle SDI region, with an AAPC of −5.51 (95%CI: −5.68 to −5.34, Table 1).

At the regional level, Western Sub-Saharan Africa, Eastern Sub-Saharan Africa, and Central Sub-Saharan Africa were the top three regions with the highest deaths in 2019, reaching an ASR of 72.4 (95%UI: 49.6 to 103.2), 59 (95%UI: 34.9 to 88.8), and 55.9 (95%UI: 34.8 to 89.8), respectively. Most regions experienced a declining trend in ASR of deaths, with East Asia being the fastest, with AAPC being −10.69 (95%CI: −10.98 to −10.4). However, there was only the Australasia region, where the ASR was escalating during the past 30 years, with an AAPC of 2.07 (95%CI: 1.61 to 2.53; Table 1). Females had a higher ASR of death in most Africa, Oceania, and Southeast Asia regions (Figure 1).

At the national level, India accounted for the largest deaths of diarrheal diseases attributable to unsafe water in 2019, at 508.3 (95%UI: 271 to 847.2), a decrease of 45% compared with 1990. A total of 29 countries experienced an increase in the number of deaths, and Hungary had the largest increase, with an 809% increment over 30 years. The highest ASR of deaths was found in the Central African Republic (197.6, 95%UI: 108.9 to 308.3), followed by Chad and Somalia. There were 18 countries (or territories) exhibiting a gradual increase in ASR of deaths, with Hungary (AAPC = 6.28, 95%CI: 5.28 to 7.3) being the fastest. Meanwhile, a total of 182 countries (or territories) observed an annually decreasing ASR of deaths, and the most significant rapid decrease was in Armenia (AAPC = −12.41, 95CI: −13.05 to −11.76) (Supplementary Table S1; Figure 2). In 2019, global deaths due to diarrheal diseases attributable to unsafe water peaked mainly in children younger than 5 years old. Moreover, deaths increased principally with age from 70 years old (Figure 3).
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FIGURE 2
 Average annual percent change (AAPC) of deaths of diarrheal diseases resulting from unsafe water by country for male and female sexes combined and all ages from 1990 to 2019.
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FIGURE 3
 Age-specific rates of deaths of diarrheal diseases attributable to unsafe water by sex in 2019 for global and regions.




Diarrheal disease burden attributable to unsafe water

Globally, DALYs for diarrheal diseases attributable to unsafe water decreased by 59% from 159959.8 person years (95%UI: 120917.3 to 197264.8) in 1990 to 65096.5 person years (95%UI: 47674.9 to 83747.3) in 2019 (Supplementary Table S2). Similarly, the ASR of DALYs decreased from 2707.9 (95% UI: 2032.9 to 3376.1) to 922 (95%UI: 675.8 to 1178.5), with an AAPC of −3.66 (95%CI: −3.8 to −3.52) during the study period. In 2019, the ASR of DALYs remained higher in males than in females (Figure 4). In 2019, global DALYs for diarrheal diseases attributable to unsafe water peaked in children younger than 5 years (Figure 5).
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FIGURE 4
 Sex-specific rates of DALYs of diarrheal diseases attributable to unsafe water in 2019 for global and regions.
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FIGURE 5
 Age-specific rates of DALYs of diarrheal diseases attributable to unsafe water by sex in 2019 for global and regions.


In terms of SDI, the ASR of DALYs for diarrheal diseases attributable to unsafe water showed a decreasing tendency in all SDI regions, where the AAPC ranged from −3.55 to −5.17 (Supplementary Table S2), and the highest changes were observed in the middle SDI region (AAPC: -5.17, 95%CI: −5.37 to −4.97). Additionally, the highest DALYs for diarrheal diseases attributable to unsafe water were observed in the low SDI region, with an ASR of DALYs of 2945.4 (95%UI: 2138.4 to 3867.4) in 2019. In the low-middle SDI region, DALYs were higher in males than females (Figure 4).

At the GBD regional level, Western Sub-Saharan Africa had the highest ASR of DALYs in 2019 (3,660, 95%UI: 2618.2 to 4784.9). All GBD regions showed a downward ASR of DALYs, with the highest changes in the Tropical Latin America region (AAPC: -7.78, 95%CI: −7.99 to −7.57) in the last 30 years (Supplementary Table S2). In South Asia, females had a higher burden of disease than males (Figure 4).

At the national level, the top three countries with the highest ASR of DALYs for diarrheal diseases attributable to unsafe water in 2019 continued to be the Central African Republic (8,139, 95%UI: 4781.7 to 11,786), Chad (7667.6, 95%UI: 4987.3 to 10862.2), and Niger (5213.4, 95%UI: 3234.4 to 7830.5) (Supplementary Table S3). The lowest ASR of DALYs was consistently found in Monaco in 2019 (1.4, 95%UI: 0.4 to 3.2). Since 1990, most countries (or territories) have experienced an annual decrease in the ASR of DALYs, with the fastest decrease being in Equatorial Guinea (AAPC = −9.97, 95%CI: −10.46 to −9.47). In addition, only two countries (or territories) achieved an increasing ASR of DALYs, including Puerto Rico (AAPC: 1.52, 95%CI: 1.39 to 1.65), and the Northern Mariana Islands (AAPC: 0.33, 95%CI: 0.19 to 0.47) (Supplementary Figure S1).

Additionally, the regional-level diarrheal disease-related ASR of burden attributable to unsafe water varied greatly with SDI. There was an approximately linear decreasing association between both the ASR of deaths and DALYs and SDI (Supplementary Figure S2; Figure 3); more specifically, the ASR of deaths and DALYs attributable to unsafe water gradually decreased with SDI when SDI was less than approximately 0.8 and then approached to almost zero in high SDI regions. Similar trends were observed for ASR of death and DALYs at the national level (Supplementary Figure S4; Figure 5).




Discussion

Our study provides comprehensive estimates of the global spatial and temporal trends of the unsafe water-caused diarrheal disease burden, covering 204 countries and territories worldwide during the past 30 years. Our findings indicated that in 2019, the global number of deaths and DALYs from diarrheal diseases attributable to unsafe water nearly halved compared to 1990. Similarly, the ASR of deaths and DALYs showed only significantly decreasing trends. Additionally, the global diarrheal deaths attributable to unsafe water were greater in females than in males, which was contrary to the condition in terms of DALYs. The burden of diseases is higher in children, followed by the older adult. Furthermore, the spatiotemporal trends of the burden of diarrheal diseases attributable to unsafe water were not homogeneous, showing a negative correlation with SDI levels worldwide.

Safe drinking water remains a major global challenge, especially for underdeveloped countries and regions. According to the 2020 World Gallup Poll datasets, water insecurity should be considered when developing food and nutrition policies and interventions in low- and middle-income countries (6). Billions of people do not use safe water, and hundreds of millions do not access basic WASH services. Unsafe WASH increases the risk of diarrhea (7). A recent study using the WHO and UNICEF Joint Monitoring Programme for Water Supply, Sanitation, and Hygiene public database indicated that the proportion of diarrhea that is attributable to unsafe WASH is 0.69 (0.65–0.72), accounting for over 1 million deaths and approximately 55 million DALYs (8). Moreover, previous GBD 2019 estimated 1.7 million deaths and 88 million DALYs attributable to unsafe WASH (4). As the main risk factor for diarrheal diseases, there are no comprehensive estimates of its attributable burden. Our estimates indicated that there were 1.2 million deaths and 65 million DALYs worldwide in 2019. Interestingly, the downward trends in the absolute number of diarrheal deaths and DALYs attributable to unsafe water can be partly attributed to improved water quality, sanitation, and hygiene (“WASH”) interventions on diseases (9).

Notably, we found that global diarrheal deaths were higher in females, while the burden of diarrheal diseases attributable to unsafe water was higher in males. Diarrheal diseases are the main cause of malnutrition, and females were more likely to be malnourished or at risk of malnutrition (10). In Africa, with a higher disease burden, males experienced higher deaths and DALYs than females. Diarrhea-related deaths and DALYs attributable to unsafe water among children under 5 years were higher than any other age group, which is consistent with other reports (11–13). However, diarrhea-related deaths were also higher in the elder population aged over 60 years. More education and health promotion strategies should be conducted with both children and elders.

The disease burden varied across regions and countries and had a negative association with SDI levels. In low- and middle-income countries (LMICs), health awareness programs and safe water are lacking (14), particularly in regions with tropical climates and involving predominantly rural agricultural communities. Therefore, improvement of life and working conditions and the provision of safe water intake will play an important role in diarrheal disease prevention in this region.

Currently, fresh produce continues to be the main source of diarrheal disease outbreaks, particularly in low- and middle-income countries where water stress results in the use of surface wastewater all year round for the irrigation of vegetables (15). Local outbreaks of diarrheal disease can turn into international emergencies due to the speed and range of product distribution (16). Moreover, untreated wastewater for irrigation is another major factor that results in the contamination of food products with pathogens (17). Therefore, in order to safeguard public health and sustain livelihoods, there is a need to evaluate the microbial safety of wastewater-irrigated lettuce at locations in low- and middle-income countries.

There were some limitations in the current study. High-quality piped water that is boiled or filtered was defined in GBD 2019 as the minimum risk-exposure level for drinking water, which could lead to incorrectly estimated health effects from reporting bias (4). Second, the current findings were mainly estimated to be derived from data modeled using a Bayesian meta-regression analytical tool (DisMod-MR 2.1) in the GBD dataset rather than real observational studies, inferring that the data may be distorted. Third, we only described the burden of diarrheal disease attributable to unsafe water worldwide, which is one of the main causes of diarrheal diseases. Further comprehensive studies adjusted with multidimensional factors such as family and social assessments should be performed and provide more accurate findings.



Conclusion

On a global scale, both the ASR of deaths and the DALYs of diarrheal disease burden attributable to unsafe water have decreased. In addition, the global burden of unsafe water exposure-related diarrheal diseases decreased from 1990 to 2019 and varied significantly according to age, sex, and region. Of note, high diarrheal diseases resulting from unsafe water occurred mainly in low SDI regions and Africa. Continued improvement in safe water intake is an urgent priority for governments, which should encourage stricter measures to provide safe water. More effort to address the current knowledge gaps and to develop effective and sustainable strategies should be tailored to the increased susceptibility of children and the older adult, as well as the particularity of LMICs, to reduce the global burden of diarrheal diseases.
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