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The vast majority of residents of high-income countries (>90%) reportedly have high access to safely managed
drinking water. Owing perhaps to the widely held perception of near universal access to high-quality water
services in these countries, the burden of waterborne disease in these contexts is understudied. This systematic
review aimed to: identify population-scale estimates of waterborne disease in countries with high access to safely
managed drinking water, compare methods to quantify disease burden, and identify gaps in available burden
estimates. We conducted a systematic review of population-scale disease burden estimates attributed to drinking
water in countries where >90% of the population has access to safely managed drinking water per official United
Nations monitoring. We identified 24 studies reporting estimates for disease burden attributable to microbial
contaminants. Across these studies, the median burden of gastrointestinal illness risks attributed to drinking
water was ~2,720 annual cases per 100,000 population. Beyond exposure to infectious agents, we identified 10
studies reporting disease burden—predominantly, cancer risks—associated with chemical contaminants. Across
these studies, the median excess cancer cases attributable to drinking water was 1.2 annual cancer cases per
100,000 population. These median estimates slightly exceed WHO-recommended normative targets for disease
burden attributable to drinking water and these results highlight that there remains important preventable
disease burden in these contexts, particularly among marginalized populations. However, the available literature
was scant and limited in geographic scope, disease outcomes, range of microbial and chemical contaminants, and
inclusion of subpopulations (rural, low-income communities; Indigenous or Aboriginal peoples; and populations
marginalized due to discrimination by race, ethnicity, or socioeconomic status) that could most benefit from
water infrastructure investments. Studies quantifying drinking water-associated disease burden in countries with
reportedly high access to safe drinking water, focusing on specific subpopulations lacking access to safe water
supplies and promoting environmental justice, are needed.

1. Introduction

Since 1990, the WHO/UNICEF Joint Monitoring Programme for
Water Supply, Sanitation and Hygiene has reported on access to safe
drinking water worldwide. WHO/UNICEF defines drinking water as
safely managed if it comes from an improved source that is accessible on
premises, available when needed, and free of fecal and priority chemical

contamination. WHO/UNICEF data indicate that in countries classified
by the World Bank as low- or middle-income (per-capita incomes
<$12,696), major gaps in safe water access remain, with 49.7% of the
population unserved by piped water as of 2017 (Deshpande et al., 2020).
These gaps manifest in high disease burdens. Recent estimates attribute
unsafe drinking water as the cause of 36% of the 1.4 million annual
diarrheal deaths worldwide in low- and middle-income countries
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(Priiss-Ustiin et al., 2019).

In contrast to the situation in low- and middle-income countries,
WHO/UNICEF data suggest that in high-income countries, most of the
population has safe water, with an average of <3% lacking access as of
2017 (Table S1). However, the WHO/UNICEF’s national-scale data and
data collection methods can mask local-scale inequities in high-income
countries, such as in rural, low-income, and minority communities
(Anderson, 2008; Balazs and Ray, 2014). They can also lead to a
misconception that water problems of high-income countries have been
solved, resulting in underinvestment in maintaining and extending
water infrastructure. For example, a recent commentary on infrastruc-
ture investment needs in the United States (US) noted “Americans expect
the water flowing from their kitchen faucets to be clean and safe,” yet
“water infrastructure is particularly vulnerable to neglect” because it “is
buried underground or removed from public view, and is thus easily
ignored” (Morris, 2017). Given the focus of the global water, sanitation,
and hygiene (WASH) sector on low- and middle-income countries, the
present work was undertaken to better understand the burden of
waterborne disease in high-income countries and to inform a more
global understanding of WASH.

Improved understanding of the burden of waterborne disease in
countries with high access to safely managed drinking water (most high-
income and some middle-income countries) can help identify remaining
contamination issues and gaps for water infrastructure investments. To
support such efforts, we conducted a systematic review to identify
studies estimating the disease burden attributed to contaminated
drinking water in the 64 countries/territories with >90% safe water
access per the WHO/UNICEF definition (Table S1, Figure S1). Among
these countries/territories, 54 are classified as high-income; seven are
upper middle income (per-capita incomes between $4096 and $12,695);
and three are lower middle income (per-capita incomes between $1046
and $4095). The review was intended to:

1. identify available estimates of waterborne disease burden in coun-
tries with reportedly high access to safely managed drinking water;

2. evaluate and compare methods to quantify disease burden; and

3. identify gaps in available disease burden estimates.

2. Methods

We followed the Cochrane Handbook for Systematic Reviews (Hig-
gins et al., 2019) and the Preferred Reporting Items for Systematic re-
views and Meta-Analyses (PRISMA) when conducting our review (Page
etal., 2021). Table S2 documents study adherence to PRISMA guidelines
for reporting.

We searched PubMed, Web of Science, and SCOPUS for relevant
articles published before September 10, 2021. We also searched for gray
literature on burden estimates by country on Google and Google Scholar.
The objective of this systematic review was to identify articles with
explicit population-scale estimates of disease burden, so we limited our
search terms accordingly. We searched for articles that included "burden
of disease" OR "disease burden" OR "gastrointestinal illness" AND the
terms “drinking water” OR “tap water” in text. Last, additional articles
were identified from consultations with subject-matter experts and from
hand searching reference lists of included articles. Text S1 provides
additional details on the development of search criteria.

Articles in English meeting these inclusion criteria were considered:

a) population-scale burden estimate is for a country where >90% of the
population has access to safely managed water supplies (as defined
by the WHO; Table S1, Figure S1) and

b) estimates cases, hospitalizations, or deaths that could be prevented if
ingestion of one or more contaminants in drinking water were
prevented.

Articles focusing exclusively on exposure to contaminated water via
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recreation (e.g., swimming in contaminated water), inhalation, or
dermal uptake were excluded. At least two independent reviewers
screened the articles against these criteria.

Disease burden estimates were extracted by co-authors (DL; HM;
JMG) using a custom spreadsheet to record estimates, study design,
population, disease type(s), contaminant type(s) (microbial or chemi-
cal), and drinking water source. Given the limited availability of burden
estimates and the wide variation in metrics for characterizing the dis-
ease burden, a formal meta-analysis was not possible. However, to
enable comparison of estimates across studies, the reported disease
burden was converted to incidence per 100,000 population. For some
studies, conversion factors were needed to translate the metrics used to
report the burden estimate to cases of illness or deaths per 100,000
people. For example, some studies estimated the number of hospitali-
zations for gastrointestinal illness (GI) attributable to contamination of
drinking water. To express these results as total GI cases attributable to
drinking water contamination, estimates of the proportion of GI cases
resulting in hospitalization were obtained using data for the location
where the study was carried out. Table S3 provides details. Disease
burden estimates also were compared by country or region.

Burden estimates by county/territory were plotted for burden of
disease from microbiological and chemical contamination of drinking
water. Confidence intervals were not available for these estimates. Plots
were generated to demonstrate the extent of estimates available by
country, contaminant, and disease outcome. Because the burden data
were not normally distributed, median levels of disease burden were
reported.

Study methods to estimate disease burden were also identified for
each article to compare and contrast common approaches to generating
burden estimates.

3. Results

A total of 514 articles were recovered from the databases, and 14
articles were added by subject-matter experts. After removal of dupli-
cates, 528 articles remained for screening (Fig. 1).

Thirty-three articles met the inclusion criteria. All but one of the
articles focused on a single country or union of countries. Of these 32
articles, most (68.8%) burden estimates were from the United States or
Canada; 12.5% were from Asia; 9.4% reported on European countries;
and 9.4% were from Australasia (Fig. 2, Table S4). Two articles provided
estimates from a middle-income country (Iran); the rest focused on high-
income countries.

3.1. Infectious diseases

Twenty-four articles estimated GI risks (Table 1). Estimates are
difficult to compare across studies because some estimated total GI
burden, whereas others quantified the burden only for specific patho-
gens or specific outcomes (e.g., hospitalization). When sufficient infor-
mation was available, we converted estimates to units of total cases per
100,000 people to enable cross-study comparisons (Table S3).

The median burden of GI attributable to drinking water was
approximately 2720 cases per 100,000 population (range = 37-18,250
per 100,000) across studies that estimated total GI burden or that could
be adjusted to estimate this burden. The highest estimate was from a
study in Iowa (Eisenberg et al., 2006), using data from a drinking water
intervention trial comparing GI cases among participants with and
without household water filters (Fig. 3). The lowest was from a North
Carolina (US) study (N.B. DeFelice et al., 2015) that compared three
different estimation methods; two resulted in estimates of 37 annual
cases per 100,000, while the third estimate was ~6300 per 100,000
people.

Of the 24 studies, six directly estimated the number of deaths
attributable to microbial contaminants. These estimates were very low,
with a median of 0.05 deaths per 100,000 population annually. The
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Fig. 1. flowchart of study selection for review.

Fig. 2. Global distribution of studies included in final review.

highest mortality rate attributed to microbial contaminants—0.46 per 3.2. Non-infectious diseases
100,000 population—was attributed to infections with Campylobacter,
Cryptosporidium, E. coli, Giardia, norovirus, Salmonella, and Shigella. Ten articles estimated the disease burden from chemical contami-

nants in drinking water (Table 2).
Cancers were the most common health outcome considered,
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Table 1

Estimated disease burden from waterborne microbial contaminants in high-income countries.
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Author Date Location Health Outcomes Exposure Source Pathogens Approach Burden Estimate (Per
Year)

Ball et al. (Ball, 2006  New Zealand GI cases Drinking Unspecified Top down 33,743 GI cases
2006)

Beaudeau et al. ( 2014  Boston, GI hospital Drinking (public Unspecified Top down 153 GI hospital
Beaudeau et al., Massachusetts, admissions systems) admissions
2014) USA

Burch et al. (Burch 2021 Kewaunee GI cases Drinking (private Adenovirus group A, Bottom up 301 GI cases
et al.,, 2021) County, wells) Campylobacter, Cryptosporidium,

Wisconsin, USA enteropathogenic E. coli,
Giardia, Salmonella
Butler et al. (Butler 2016  Canada Enteric illness cases Food, drinking, Campylobacter, Cryptosporidium, Top down 447,459 enteric illness
et al., 2016) recreation, Giardia, verotoxin-producing cases attributed to only
animal contact E. coli (non-0157 and 0157) drinking water (private
wells, public water
systems, bottled)

Colford et al. ( 2006  USA GI cases Drinking (public Unspecified Top down 4.26-11.69 million GI
Colford et al., systems) cases
2006)

Collier et al. ( 2021  USA GI and respiratory Drinking, Campylobacter, Cryptosporidium, ~ Top down 7.15 million waterborne
Collier et al., cases, ED visits, recreation, Giardia, Legionella, illnesses, 601,000 ED
2021) hospitalizations, inhalation nontuberculous mycobacteria, visits, 118,000

deaths norovirus, Pseudomonas, hospitalizations, 6630
Salmonella, Shiga toxin- deaths
producing E. coli, Shigella,
Vibrio, unspecified otitis
externa

DeFelice et al. ( 2016  North Carolina, ED visits for GI Drinking (public Unspecified Top down 29,400 ED visits
DeFelice et al., USA systems and
2016) private wells)

DeFelice et al. (N. 2015  North Carolina, ED visits for GI Drinking Giardia, Campylobacter, Top down, Varied by approach: 190,
B. DeFelice et al., USA rotavirus bottom up 190, and 32,000 ED visits
2015) comparison

Eisenberg et al. ( 2006  Iowa, USA GI cases Drinking (public Burden from trial data: Top down, Burden from trial data:
Eisenberg et al., systems) unspecified Burden from risk bottom up 1825 cases per 10,000
2006) model: Giardia, comparison population Burden from

Cryptosporidium, unspecified risk model: 13.9 cases per
viruses 10,000 population

Gibney et al. ( 2017  Australia GI cases, deaths, Drinking, Campylobacter, Cryptosporidium, Top down 820,003 GI cases; 11
Gibney et al., DALYs recreation Giardia, nontyphoidal deaths
2017) Salmonella, norovirus

Haass et al. (Haass 1996 San Elizario, El GI cases, Hepatitis A Drinking, Entamoeba histolytica, Top down 199 GI cases, 6 hepatitis
et al., 1996) Paso County, cases sanitation Campylobacter, hepatitis A A cases

Texas, USA virus, nontyphoidal Salmonella,
typhoidal Salmonella, Shigella

Kim et al. (Kim 2018  Korea Deaths, DALYs Drinking, Unspecified GI pathogens Top down 6 deaths
et al., 2018) sanitation, (includes hepatitis A virus and

hygiene helminths)

MacDonald Gibson 2013  United Arab Gastroenteritis cases  Drinking Unspecified Top down 46,200 cases (4 deaths)
etal. ( Emirates
MacDonald
Gibson et al.,

2013)

Masciopinto et al. (2019  Salento Region, GI cases, hepatitis A,  Drinking Adenovirus, enterovirus, Bottom up 348 GI cases; 2 hepatitis
Masciopinto Italy DALYs (groundwater) hepatitis A virus, norovirus, A cases (summer only)
et al., 2019) rotavirus

Messner et al. ( 2006 USA AGI cases Drinking Unspecified Top down 16.4 million cases
Messner et al.,

2006)

Moore et al. ( 2010  New Zealand AGI cases Drinking Unspecified Top down 35,000 cases
Moore et al., (noncompliant
2010) public systems)

Morris and Levin ( 1995 USA GI cases, deaths Drinking Campylobacter, Cryptosporidium, ~ Top down 7.66 million cases; 1210
Morris and E. coli, Giardia, norovirus (bacteria); deaths
Levin, 1995) Salmonella, Shigella bottom up

(parasites &
viruses)

Murphy et al. ( 2016  Canada AGI cases Drinking (public Unspecified Top down 334,966 cases
Murphy et al., systems serving
2016b) >1000)

Murphy et al. ( 2016  Canada AGI cases Drinking (private Campylobacter, Cryptosporidium,  Bottom up 103,230 cases
Murphy et al., wells, small E. coli 0157:H7, Giardia,
2016¢) public systems) norovirus

Payment ( 1997 Canada HCGI cases Drinking (public Unspecified Top down 4200,000

Payment, 1997)

systems)

(continued on next page)
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Table 1 (continued)
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Author Date Location Health Outcomes Exposure Source Pathogens Approach Burden Estimate (Per
Year)
Perz et al. (Perz 1998  New York City, GI cases Drinking (public Cryptosporidium Bottom up 42 cases
et al., 1998) USA systems)
Reynolds et al. ( 2008 USA GI cases Drinking (public Campylobacter, Cryptosporidium, Bottom up 19.5 million cases
Reynolds et al., systems) and rotavirus (and other
2008) unspecified viruses)
Verhougstraete et 2020 USA GI cases, Drinking Adenovirus, Campylobacter, Top down 9 million GI cases;
al. ( Legionnaires’ Cryptosporidium Salmonella, E. 13,000 Legionnaire’s
Verhougstraete disease, sequela and coli 0157:H7, Giardia, hepatitis disease cases; 32,531
et al., 2020) mortality A virus, Legionella, norovirus, Hepatitis A cases; 0.6
and rotavirus million sequela; 1470 GI
deaths
Vinson (Vinson, 2012  Canada GI cases, respiratory ~ Drinking, Legionella pneumophila, Top down 1.32 million GI cases
2012) diseases, recreation, Mycoplasma pneumoniae,
toxoplasmosis, ear inhalation Toxoplasma gondii and

infections

unspecified pathogens causing
GI/otitis externa,

GI- Gastrointestinal illness.

AGI- Acute gastrointestinal illness.

HCGI- Highly credible gastrointestinal illness.
ED- Emergency department.

DALYs- Disability Adjusted Life Years.

included in seven of the 10 studies (Fig. 4). Estimated cancer risks varied
depending on the cancer type and contaminants considered. Across all
studies with cancer risk estimates, the median disease burden was 1.2
excess cases per 100,000 population annually. The highest estimate for
cancer—2.91 per 100,000 population—was identified in a study in the
US of the impacts of nitrate on colorectal, kidney, thyroid, bladder, and
ovarian cancers combined.

Two studies, both in the United States, estimated adverse repro-
ductive outcomes from nitrate in drinking water (Mathewson et al.,
2020; Temkin et al., 2019). In both studies, the disease burden was low
on a per-capita basis. The highest burden was 1.6 low-birthweight ba-
bies per 100,000 people annually.

Surprisingly, despite the recent attention to lead in drinking water
resulting from the Flint water crisis (US) and similar events elsewhere,
only one study (from the Netherlands) quantified the health burden
from lead (de Hollander et al., 1999). That study, published in 1999,
estimated that 11 in 100,000 children were losing one to three IQ points
as a result of neurocognitive damage from lead in drinking water.

The largest reported fatality risks from chemical contaminants were
attributed to arsenic and disinfection byproducts (Figure 4b; Fig. 5b),
though these risks were very low. Across studies, about 0.1-1.3 pre-
mature annual deaths per 100,000 population were attributed to these
contaminants. A 2017 study from North Carolina (US) attributed fewer
than 0.0015 excess annual deaths per 100,000 people to gross alpha
radiation, volatile organic compounds, and pesticides in drinking water
(DeFelice et al., 2017).

3.3. Comparison of approaches across studies

Broadly, burden estimation methods across studies were classified as
“top-down” or “bottom up” (Tables 1-2).

3.3.1. Top-down approach

Unlike foodborne illness surveillance, a robust system of waterborne
illness surveillance does not exist. In the absence of such a system, some
studies use overall disease surveillance data. They estimate the fraction
of diseases that may be attributable to water and multiply this fraction
by the total number of relevant diseases in the population. The WHO
uses this method for its periodic global assessments of the contribution
of various risk factors to population health (Steenland and Armstrong,
2006).

Top-down studies have used a range of methods to estimate the
attributable fraction. Some wuse previous epidemiologic studies,

combined with estimates of the population fraction exposed to various
contamination levels. For example, Colford et al. (Colford et al., 2006)
and Murphy et al. (Murphy et al., 2016b) used data from epidemiologic
studies in which participants were randomized to receive either an
active or sham water treatment system. DeFelice et al. (DeFelice et al.,
2017) obtained information on the distribution of occurrence and con-
centration of all regulated chemical contaminants in public water sys-
tems from state and federal water quality surveillance data. Fractions of
illnesses attributable to these exposures were estimated by matching
exposure concentrations to relative risks of illness from previous
epidemiologic studies.

An alternative top-down method, used by Gibney et al. (Gibney et al.,
2017), relies on elicitation of expert judgments. Gibney et al. relied on
13 expert opinions on the fractions of illness from five different water-
borne pathogens. There was wide variation in expert views. For
example, for noroviruses, experts’ median assessments of the attribut-
able fraction ranged from 2% to 50%.

Another top-down approach is population intervention modeling, as
illustrated in two studies by DeFelice et al. (DeFelice et al., 2016; N.B.
2015). In this approach, disease surveillance data are combined with
water source and water quality monitoring data, and a regression model
estimating the disease incidence rate as a function of these variables
(along with additional controls) is fitted. The number of cases attribut-
able to water contamination is estimated from the regression model by
comparing the baseline (observed) rate to the expected rate if water
quality were improved.

3.3.2. Bottom-up approach

The bottom-up approach combines data on microbial or chemical
contaminant exposure concentrations with dose-response information
from epidemiologic or toxicologic studies. The dose-response functions
are used to predict the estimated probability of illnesses for specific
exposure concentrations. Those probabilities are then multiplied by the
size of the exposed population. A drawback of this approach is that the
estimated number of attributable cases could exceed the total number of
actual cases—a potential error that the top-down approach avoids. On
the other hand, in the absence of sufficiently comprehensive surveil-
lance data, this is the only alternative (Murphy et al., 2014).

Among studies of the disease burden associated with microbial
contamination of drinking water, the bottom-up approach was illus-
trated by Murphy et al. (Murphy et al., 2016c), Burch et al. (Burch et al.,
2021), Reynolds et al. (Reynolds et al., 2008), and DeFelice et al. (N.B.
DeFelice et al., 2015) For example, Murphy et al. used quantitative
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Fig. 3. Summary of burden estimates (incidence per 100,000 population) for a) cases of GI illness attributed to microbiological contamination of drinking water and
b) deaths from illness attributed to microbiological contamination of drinking water.
Countries: AUS=Australia, CAN—Canada, ITA=Italy, KOR=Republic of Korea, NZL=New Zealand, UAE=United Arab Emirates, USA=United States of America

microbial risk assessment to estimate the disease burden from five
pathogens in private wells and small community systems in Canada.
Burch et al. used well water monitoring data for eight pathogens, along
with published dose-response information, to characterize the burden
from these pathogens among residents of Kewaunee County, Wisconsin
(US), using private wells. Reynolds et al. estimated the disease burden
attributable to microbial contaminants in US drinking water by making
assumptions about the prevalence and concentrations of selected path-
ogens in different water source types and then using literature-derived
dose-response information to estimate illness probabilities from these
assumed exposures. DeFelice et al. estimated the burden of GI from three
reference pathogens in North Carolina community water systems using
monitoring data on the occurrence of E. coli and a literature review of

the ratio of concentrations of each reference pathogen to E. coli.

The bottom-up approach is also common in studies quantifying the
disease burden from chemical contaminants. Examples include studies
of the disease burden from fluoride (Abtahi et al., 2019) and disinfection
byproducts (Dobaradaran et al., 2020) in drinking water in Iran and
characterization of the disease burden from arsenic in drinking water in
the US (Greco et al., 2019). These studies begin by estimating the
probability distribution of contaminant exposure across the study pop-
ulation, and they use a dose-response function derived from previous
animal or human studies to predict the number of adverse health out-
comes associated with each exposure dose.
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Table 2

Estimated disease burden from waterborne chemical contaminants in high-income countries.

Water Research 242 (2023) 120244

Author Date Location Health Outcomes Exposure Chemical Approach  Burden Estimate (Per Year)
Source Contaminant

Abtahi et al. (Abtahi 2019 Iran Dental fluorosis Drinking Fluoride Bottom 60 cases/100,000 people (95% CI 48-69)
et al., 2019) up

de Hollander et al. (de 1999  The Netherlands Loss of 1-3 IQ points  Drinking Lead Bottom 1764 cases
Hollander et al., up
1999)

DeFelice et al. ( 2017 North Carolina, Cancer Drinking 20 carcinogens Top 53.9 (95% CI 27.8-79.4) deaths statewide;
DeFelice et al., USA (public down individual risk 7.2 x 107®
2017) systems)

Dobaradaran et al. ( 2020 Bushehr Cancer Drinking, Disinfection Bottom 1 (95% CI 0.32-2.8) death in Bushehr
Dobaradaran et al., Province, Iran dermal, byproducts up Province; 95.0 DALYs (94.7-95.2).

2020) inhalation

Evlampidou et al. ( 2020 28 European Cancer Drinking Disinfection Top 6561 (95% CI 3389, 9537) cases across the
Evlampidou et al., Union countries byproducts down EU
2020)

Fewtrell et al. ( 2006 USA, United Dental and skeletal Drinking Fluoride Bottom Zero
Fewtrell et al., 2006) Kingdom, New fluorosis up

Zealand

Greco et al. (Greco 2019 USA Ischemic heart Drinking Arsenic Bottom 500 ischemic heart disease deaths; 496 fatal
et al., 2019) disease; cancer (private up cancer cases; 578 nonfatal cancer cases

wells)

MacDonald Gibson et 2013  United Arab Bladder and Drinking Trihalomethanes Top 154 healthcare facility visits (and 3 deaths)
al. (MacDonald Emirates colorectal cancers (THMs) down for bladder cancers and 328 visits (and 9
Gibson et al., 2013) deaths) for colorectal cancers

Mathewson et al. ( 2020  Wisconsin, USA Cancer; neural tube Drinking Nitrate Top 95 (range 46-149 very low birth weight
Mathewson et al., defects; low birth down babies; 51 (range 26-79) very preterm
2020) weight; preterm births; 1-2 neural tube defect births; 169

birth (range 111-297) cancer cases

Temkin et al. (Temkin 2019 USA Cancer; neural tube Drinking Nitrate Top 2939 very low birth weight cases; 1725
et al., 2019) defects; low birth down very preterm births; 41 neural tube defect

weight; preterm
birth

births; 6537 (range 2300-12,594) cancer
cases

4. Discussion

We found 23 studies that estimated the burden of infectious diseases
and nine that estimated the chemical disease burden—and one study
that estimated both—from drinking water contamination in countries
with reportedly high access to safely managed drinking water. Among
the infectious disease burden studies, nearly all focused exclusively on
GI. The large range in burden estimates may be attributed to variability
in drinking water sources, study populations, and/or estimation
methods. Among studies of non-infectious diseases attributable to
chemical contamination, the majority focused on carcinogens.

These results suggest that risks of GI from drinking water contami-
nation are low in many high-income countries relative to those in
developing nations, but that the risks are still higher than recommended
targets established by the WHO’s Guidelines for Drinking Water Quality
(World Health Organisation, 2017). The Institute of Health Metrics and
Evaluation estimates that globally, the burden of disease from unsafe
water is 922 annual disability-adjusted life years (DALYs) per 100,000
people, with the highest burden in sub-Saharan Africa, at 2813 annual
DALYs per 100,000 people (“GBD 2019 Resources | Institute for Health
Metrics and Evaluation,” n.d.). Using a disability weight of 0.074 for
mild diarrhea as in recent global studies, (Salomon et al., 2015) the
median 2720 annual GI cases per 100,000 people equates to approxi-
mately 200 annual DALYs per 100,000 people, or approximately
one-fifth of the global average and less than one-tenth of the average in
the most affected regions. However, the WHO defines “the tolerable
burden of disease . . . as an upper limit of 10~® DALY per person per year,
” equivalent to 0.1 per 100,000 people. By this measure, the burden of
infectious diseases associated with drinking water contamination is still
much higher than desired, even in high-income nations and even for the
lowest risk estimates identified in this review (37 annual GI cases per
100,000 people corresponds to approximately three DALYs per 100,
000). Cancer risk estimates also suggest the magnitude of the disease
burden associated with drinking water contamination is relatively low

but the median cancer risk still exceeds the WHO’s recommendation of
one excess annual cancer case per 100,000 people.

Overall, this review indicates the lack of robust surveillance systems
and epidemiological data linking drinking water to adverse health out-
comes, particularly for chemical contaminants. The lack of data hinders
estimation of the burden of disease attributable to drinking water
contamination. A variety of approaches has been used to develop esti-
mates in the face of limited data, but there is no single, agreed-upon
approach. This methodological uncertainty complicates comparisons
across geographic regions and study years.

4.1. Critical gaps in disease burden knowledge

This review identified critical gaps (and urgent research needs) in
efforts to characterize the disease burden attributable to drinking water
contamination in countries with high access to safely managed drinking
water. These gaps include a lack of country representation, insufficient
spatial resolution in countries with available studies, a limited scope of
contaminants considered, and insufficient information to support
decision-making about the best ways to decrease the disease burden.

4.1.1. Minimal geographic representation

The published disease burden studies covered only 10 of 64 coun-
tries/territories reporting >90% access to safely managed drinking
water. One study covered disease burden in the European Union. More
than half of studies are from the United States or Canada and, as a result,
this review is heavily biased toward these countries.

4.1.2. Lack of estimates focusing on specific subpopulations

Even in countries with available disease burden estimates, the esti-
mates are produced at a large scale (i.e., country-wide) and therefore are
insufficient to support decision-making about allocation of resources for
infrastructure improvements. Such allocation decisions typically begin
at the local level and therefore require local-level estimates highlighting
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populations most in need of assistance. Most available studies provide
estimates for large geographic regions (such as an entire country or a
large political subdivision within the country), not for smaller spatial
units or special subpopulations. The high risks that some populations
may face are subsumed when they are averaged in with the general
population receiving high-quality water services. Among studies iden-
tified in this review, only Haass et al. (article was part of the systematic
review; hereafter indicated with SR) (Haass et al., 1996) and Beaudeau
et al. (SR) (Beaudeau et al., 2014) looked at specific vulnerable pop-
ulations. Haass et al. (SR) examined the burden associated with com-
munities in El Paso, Texas (US), inadequately served by water and
sanitation services. Beaudeau et al. (SR) estimated burden in elderly
populations in Massachusetts (US).

As an example of a subpopulation that would benefit from research
on specific burden estimates, small water systems experience water
quality and service delivery problems more often than larger systems
due to the lack of economies of scale (Allaire et al., 2018; Cretikos et al.,
2009; McFarlane and Harris, 2018). This is of particular concern when
considering that small water systems frequently serve rural, low-income

communities. Allaire et al. found that violations of health-based drink-
ing water standards in the US often occur in low-income rural areas
(Allaire et al., 2018). A cross-sectional study of water quality in small
and medium water systems in rural Alabama found an association be-
tween self-reported GI symptoms and the following water system char-
acteristics: respondent-reported water supply interruption, low water
pressure, lack of total chlorine in water, and detection of E. coli in water
(Stauber et al., 2016).

Water systems serving communities of color also are more likely to
experience water quality problems, with a consequent disease burden
that can be masked in studies lacking sufficient spatial resolution. In
Canada, boil-water advisories for systems serving Indigenous commu-
nities are common—typically a result of inadequate disinfection, me-
chanical failure, and insufficient technical expertise of system operators
(Lui, 2015; Murphy et al., 2016a; Murphy et al. 2015). A scoping review
of drinking water quality and health outcomes of Canadian Indigenous
communities found various reports of adverse health outcomes (mostly
GI) associated with drinking water but highlighted the paucity of rele-
vant research (Bradford et al.,, 2016). The remote, Indigenous
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communities of Australia may also be at higher risk of infection with
waterborne pathogens. The water supply in many of these communities
often fails to meet microbiological water quality standards (OAG, 2015)
and Ng-Hublin et al. found that the notification rate of cryptosporidiosis
in Aboriginal people was 50 times that among non-Aboriginal people in
Western Australia (Ng-Hublin et al., 2017). Schaider et al. found a
positive association across the United States between the proportion of
Hispanic residents and nitrate levels in drinking water (Schaider et al.,
2019). Balasz et al. found a similar association in the San Joaquin Valley
of California for small community water systems serving a large pro-
portion of Latino residents (Balazs et al., 2011). A study by Nigra and
Navas-Acien found that incarcerated people in the southwestern US
were disproportionately at risk of exposure to arsenic in drinking water
(Nigra and Navas-Acien, 2020). MacDonald Gibson et al. found that
children in households relying on private wells in North Carolina (US)
had higher blood lead levels than those with community water service

Heart disease

Cognitive damage

and that these differences were especially acute in peri-urban minority
communities (MacDonald Gibson et al., 2020) (SR).

The above studies represent a small portion of the numerous studies
to date highlighting the inequity of access to high quality drinking water
for communities in high-income countries that are marginalized as a
result of their rural, low-income, or demographic minority status
(Brown et al., 2023). Yet, less is known about the actual disease burden
faced by these communities resulting from the wide array of potential
contaminants in their water. This is also concerning given that com-
munities with large uninsured populations are frequently served by
drinking water systems with repeated violations (McDonald and Jones,
2018). Given the prevalent environmental and health justice issues in
these communities, future research must focus on the disease burden in
these specific subpopulations.
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4.1.3. Limited scope of disease types and contaminants

Nearly all the studies of the waterborne infectious disease burden
consider only GI, overlooking other critical diseases (such as respiratory
illnesses) that can be transmitted through drinking water. For example,
only three studies identified in this review (Collier et al., 2021; Ver-
hougstraete et al., 2020; Vinson, 2012) characterized the respiratory
disease burden attributable to Legionella, even though it caused all
deaths from waterborne disease outbreaks in the United States in
2013-2014 (Benedict et al., 2017).

More information on the comparative disease burden from chemical
contaminants is especially important for developed nations since these
contaminants tend to be the major focus of drinking water regulations in
these nations (DeFelice et al., 2017; Roberson, 2011). Especially notable
is the dearth of studies estimating the disease burden from lead in
drinking water, despite recent water crises brought about by lead (for
example, in Flint, Michigan, US), along with mounting evidence that
exposure to lead in private well water may be much more prevalent than
previously recognized and, in some cases, can be a source of health
disparities (Hanna-Attisha et al., 2016; MacDonald Gibson et al., 2020).
This review located only one study that quantified the burden of disease
due to lead in drinking water in a developed nation, and it was
completed more than 20 years ago. This finding is surprising, since lead
is ubiquitous in plumbing (even in plumbing branded as “lead-free”)
(Katner et al., 2016). Updated estimates of lead exposure risks from
drinking water and the associated disease burden are needed across
developed nations.

Also needed are studies of the disease burden attributable to
“emerging” chemical contaminants—that is, those for which knowledge
on their potential prevalence in drinking water is relatively new. One
example is per- and polyfluoroalkyl substances (PFAS), which have been
reported in drinking water sources and systems globally in recent years
(Domingo and Nadal, 2019). Another example is toxins formed by
aquatic fungi and algae, such as mycotoxins and cyanotoxins (Székacs,
2021). The most recently published waterborne disease surveillance
data from the US Centers for Disease Control and Prevention indicate
that cyanotoxins caused 12% of reported US waterborne disease cases
(Benedict et al., 2017).

4.1.4. Insufficient consideration of causal factors

Also lacking is information that would enable estimates of specific
water system deficiencies causing preventable illness. Available esti-
mates focus on total disease burden, not on contributing factors. These
might include source water contamination, treatment system de-
ficiencies or failures, distribution system breaches, disinfectant loss in
the distribution system, water shutoffs and low-pressure events, or
release or formation of contaminants as water travels through plumbing
within buildings.

Each top-down and bottom-up approach has benefits and drawbacks,
and no single approach can fully address the critical gaps of disease
burden identified herein. Regardless of the approach used, the main
concern for better understanding burden is the sheer lack of data on
water quality and health outcomes for specific subpopulations, different
geographic regions, and a wider scope of contaminants and disease.
Without more comprehensive data, both approaches perpetuate these
gaps in our understanding of burden. These data will help inform future
efforts to accurately characterize disease burden, which will likely
require the coupling of top-down approaches, using more robust disease
surveillance and attributable fraction data, with bottom-up approaches,
using more rigorous data on contaminant exposures and disease
responses.

4.2. Review strengths and limitations
This review is a first attempt to summarize the global evidence for

waterborne microbial and chemical disease burdens in high-income
countries. Current estimates (Vos et al., 2020) using alternative
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methods have assumed substantially lower attributable burdens where
water infrastructure coverage is high. Our review shows that these es-
timates are likely to be too conservative. Where estimates exist, they are
typically much higher, even for the very limited range of contaminants
that have been the focus of burden estimates. Our review additionally
reveals that there are major gaps in burden estimation for high-income
countries, suggesting that it is a lack of data — not lack of burden - that
has led to a perception that economically advanced countries no longer
face waterborne diseases. This perception may lead to underinvestment
in infrastructure.

Despite our review providing a useful summary of evidence, our
analysis comes with clear limitations. First, we were limited by our
reliance on the WHO/UNICEF definition of safely managed drinking
water. These estimates of the proportion of the population with safely
managed water may not be accurate, though they are the only global
estimates of infrastructure coverage and are widely used to track prog-
ress in meeting the Sustainable Development Goals. As one example,
according to the WHO/UNICEF, 99% of the US population has access to
safely managed drinking water but nearly 17% of the US population
relies on federally unregulated private wells for drinking water (Murray
et al., 2021). Households in the US are responsible for monitoring and
maintaining their own wells, and thus, the safety of these water supplies
remains unknown. These rural (and suburban and peri-urban) house-
holds are thereby excluded from the benefits of access to piped drinking
water sources. Future research identifying the extent of hazards present
in untreated private well water is necessary to highlight the potential
inequities in risk resulting from inequities in safe drinking water access.

One major issue identified by this review was the disparity between
the perception of near universal access to safely managed drinking water
in high-income countries (as indicated by the WHO/UNICEF definition)
and the blind spots in our understanding of water quality for a sizeable
proportion of the population within these high-income countries. This
disconnect may be perpetuating the information gaps about the burden
of disease attributed to drinking water in these contexts.

Second, this review focused on areas where >90% of the population
had access to safely managed drinking water, which meant that, up to
10% of the population in countries/territories included in the review did
not have access to safely managed drinking water. Many of the burden
estimates did not differentiate by water source (surface water vs.
groundwater) or system (public vs. private) while others did. Compar-
isons of burden are complicated by the potential variations in water
quality within a country depending on drinking water source. This
further highlights the need for higher resolution disease burden data for
high-income countries.

A third limitation includes the low number of available studies (with
the majority focusing on the United States or Canada), and their narrow
range of contaminants and the limited diversity of their methods, which
makes synthesis impossible. We also limited our review to studies in
English, which may have eliminated burden estimates from many
countries. Although we attempted to recover estimates from gray liter-
ature, only two from New Zealand were found. There may be other
unpublished estimates that this review did not recover.

Limitations notwithstanding, we conducted a rigorous systematic
review of the literature to identify and compare estimates of burden
attributed to drinking water contamination in countries perceived to
provide near universal access to safely managed drinking water. The
major finding and takeaway of this review is precisely the lack of burden
estimates available. The dearth of these estimates in countries with
robust water infrastructure coupled with the evidence of water quality
issues for subpopulations of these countries and the limitations of
relying on WHO/UNICEF definitions of safely managed drinking water
may suggest that the true burden of disease attributed to drinking water
contamination may be greater in these countries than previously
recognized. Future research must focus on the health impacts resulting
from the inequities of access to high quality drinking water for these
subpopulations to identify key leverage points for mitigating these
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exposures and reducing drinking water-associated disease burden in
these communities.

5. Conclusions

This review sheds light on the dearth of research on the disease
burden attributable to unsafe drinking water in countries with report-
edly high access to safe drinking water. Estimating this disease burden
remains difficult given the lack of a comprehensive surveillance system
and gaps in drinking water quality data. WHO/UNICEF data suggesting
the vast majority of the population has access to safely managed water
can be misleading because these data mask variation in the quality of
water service delivery that can have important public health conse-
quences. Further research on the drinking water-attributed disease
burden in these countries remains vital to identifying the main drivers of
waterborne disease, the populations at greatest risk, and strategies for
improving health outcomes related to drinking water.
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