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Drinking water quality is paramount for public health. Despite improvements in recent decades,
access to good quality drinking water remains a critical issue. The World Health Organization
estimates that almost 10% of the population in the world do not have access to improved drinking
water sources [1], and one of the United Nations Sustainable Development Goals is to ensure universal
access to water and sanitation by 2030 [2]. Among other diseases, waterborne infections cause diarrhea,
which kills nearly one million people every year. Most are children under the age of five [1]. At the
same time, chemical pollution is an ongoing concern, particularly in industrialized countries and
increasingly in low and medium income countries (LMICs). Exposure to chemicals in drinking water
may lead to a range of chronic diseases (e.g., cancer and cardiovascular disease), adverse reproductive
outcomes and effects on children’s health (e.g., neurodevelopment), among other health effects [3].

Although drinking water quality is regulated and monitored in many countries, increasing
knowledge leads to the need for reviewing standards and guidelines on a nearly permanent basis,
both for regulated and newly identified contaminants. Drinking water standards are mostly based on
animal toxicity data, and more robust epidemiologic studies with an accurate exposure assessment
are rare. The current risk assessment paradigm dealing mostly with one-by-one chemicals dismisses
potential synergisms or interactions from exposures to mixtures of contaminants, particularly at
the low-exposure range. Thus, evidence is needed on exposure and health effects of mixtures of
contaminants in drinking water [4].

In a special issue on “Drinking Water Quality and Human Health” IJERPH [5], 20 papers were
recently published on different topics related to drinking water. Eight papers were on microbiological
contamination, 11 papers on chemical contamination, and one on radioactivity. Five of the eight papers
were on microbiology and the one on radioactivity concerned developing countries, but none on
chemical quality. In fact, all the papers on chemical contamination were from industrialized countries,
illustrating that microbial quality is still the priority in LMICs. However, chemical pollution from a
diversity of sources may also affect these settings and research will be necessary in the future.

Concerning microbiological contamination, one paper deals with the quality of well water in
Maryland, USA [6], and it confirms the frequent contamination by fecal indicators and recommends
continuous monitoring of such unregulated water. Another paper did a review of Vibrio pathogens,
which are an ongoing concern in rural sub-Saharan Africa [7]. Two papers focus on the importance
of global primary prevention. One investigated the effectiveness of Water Safety Plans (WSP)
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implemented in 12 countries of the Asia-Pacific region [8]. The other evaluated the lack of intervention
to improve Water, Sanitation and Hygiene (WASH) in Nigerian communities and its effect on
the frequency of common childhood diseases (mainly diarrhea) in children [9]. The efficacies of
two types of intervention were also presented. One was a cost-effective household treatment in a
village in South Africa [10], the other a community intervention in mid-western Nepal [11]. Finally,
two epidemiological studies were conducted in industrialized countries. A time-series study evaluated
the association between general indicators of drinking water quality (mainly turbidity) and the
occurrence of gastroenteritis in 17 urban sites in the USA and Europe. [12] The other evaluated the
performance of an algorithm to predict the occurrence of waterborne disease outbreaks in France [13].

On the eleven papers on chemical contamination, three focused on the descriptive characteristics
of the contamination: one on nitrite seasonality in Finland [14], the second on geogenic cation (Na,
K, Mg, and Ca) stability in Denmark [15] and the third on historical variation of THM concentrations
in french water networks [16]. Another paper focused on fluoride exposure assessments using
biomonitoring data in the Canadian population [17]. The other papers targeted the health effects
associated with drinking water contamination. An extensive up-to-date review was provided regarding
the health effects of nitrate [18]. A more limited review was on heterogeneity in studies on cancer
and disinfection by-products [19]. A thorough epidemiological study on adverse birth outcomes and
atrazine exposure in Ohio found a small link with lower birth weight [20]. Another more geographical
study, found a link between some characteristics of drinking water in Taiwan and chronic kidney
diseases [21]. Finally, the other papers discuss the methods of deriving drinking water standards. One
focuses on manganese in Quebec, Canada [22], another on the screening values for pharmaceuticals in
drinking water, in Minnesota, USA [23]. The latter developed the methodology used in Minnesota to
derive guidelines—taking the enhanced exposure of young babies to water chemicals into particular
consideration [24]. Finally, the paper on radioactivity presented a description of Polonium 210 water
contamination in Malaysia [25].

In conclusion, despite several constraints (e.g., time schedule, fees, etc.), co-editors were satisfied
to gather 20 papers by worldwide teams on such important topics. Our small experience demonstrates
the variety and importance of microbiological and chemical contamination of drinking water and their
possible health effects.
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Abstract: Although many U.S. homes rely on private wells, few studies have investigated the quality
of these water sources. This cross-sectional study evaluated private well water quality in Maryland,
and explored possible environmental sources that could impact water quality. Well water samples
(n = 118) were collected in four Maryland counties and were analyzed for microbiological and
chemical contaminants. Data from the U.S. Census of Agriculture were used to evaluate associations
between the presence of animal feeding operations and well water quality at the zip code level using
logistic regression. Overall, 43.2% of tested wells did not meet at least one federal health-based
drinking water standard. Total coliforms, fecal coliforms, enterococci, and Escherichia coli were
detected in 25.4%, 15.3%, 5.1%, and 3.4% of tested wells, respectively. Approximately 26%, 3.4%, and
<1% of wells did not meet standards for pH, nitrate-N, and total dissolved solids, respectively. There
were no statistically significant associations between the presence of cattle, dairy, broiler, turkey, or
aquaculture operations and the detection of fecal indicator bacteria in tested wells. In conclusion,
nearly half of tested wells did not meet federal health-based drinking water standards, and additional
research is needed to evaluate factors that impact well water quality. However, homeowner education
on well water testing and well maintenance could be important for public health.

Keywords: private wells; groundwater; drinking water; animal feeding operation; fecal coliforms;
enterococci; E. coli; Maryland

1. Introduction

An estimated 44.5 million people in 13 million households across the United States, 14% of
the nation’s population, rely on private domestic wells as their primary drinking water source [1,2].
The Safe Drinking Water Act (SDWA) was originally passed by Congress in 1974 to protect public
health by regulating the nation’s public drinking water supply and its sources, including rivers, lakes,
reservoirs, springs, and groundwater wells [3]. However, private wells that serve less than 25 people
or have less than 15 service connections are neither regulated by the SDWA nor monitored by local
regulatory agencies for contaminants that may be associated with adverse human health outcomes [3].
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The U.S. Environmental Protection Agency (U.S. EPA) and the National Groundwater Association
provide guidance to homeowners and recommend testing private wells annually for a number of
parameters including total coliform bacteria, nitrates, total dissolved solids (TDS), and pH [4,5].
As this testing is voluntary, little is known about the level or frequency of testing that is performed
by private well owners, or about their knowledge and literacy regarding proper well maintenance,
testing, and test results. Data on the microbiological and chemical quality of well water are also scarce.
Additionally, many homeowners who utilize private water wells may lack the educational and/or
financial resources necessary to address water quality issues associated with private water systems [6,7].
The U.S. Centers for Disease Control and Prevention (CDC) recently reported a significant decrease
in the annual proportion of reported waterborne disease outbreaks between 1971 and 2006 in public
drinking water systems; however, an increase was observed in the annual proportion of outbreaks
associated with individual (private) water systems over the same time period [8]. More recently, a
study in North Carolina found that between 2007 and 2013, 99% of emergency department visits for
acute gastrointestinal illness caused by microbial contamination of drinking water were associated with
private wells [9]. While the CDC report and the North Carolina study suggest a potential public health
issue regarding private wells, the lack of information on private well water quality and monitoring
makes it difficult to determine the specific contaminants causing these observed illnesses.

Recent studies conducted in Pennsylvania, Virginia, and Wisconsin reported that 40–50% of
private wells exceed at least one SDWA health-based standard, most often for coliform bacteria [10–14].
These studies and others have demonstrated the influence of factors such as well construction
characteristics, local geology, and climatic conditions on private well water quality [10,12,15–17].
Wallender et al. (2014) evaluated data from the CDC’s Waterborne Disease and Outbreak Surveillance
System (WBDOSS) and found that improper design, maintenance, or location of private wells and
septic systems contributed to 67% of reported outbreaks from groundwater contamination from 1971
and 2008 [18]. In Maryland, approximately 19% of the population relies on private wells [2], however,
only one previous study has investigated private well water quality in the state [19]. Additionally,
previous studies have indicated that homeowners generally do not regularly test their private wells or
seek technical assistance unless they perceive a water quality problem at the point of use [12,20,21],
illustrating a need to educate well owners on the importance of monitoring their wells. To address this
need, we developed safe drinking water clinics in several Maryland counties. The goals of the clinics
were as follows: (1) to educate well owners on proper well maintenance practices and health risks of
contaminated wells; (2) to provide well water quality testing in accordance with EPA guidelines; and
(3) to characterize the prevalence of microbiological and chemical contaminants in tested wells.

After the clinics were completed, we recognized a need to evaluate potential environmental
factors that could influence well water quality in Maryland. Recently, Li et al. (2015) investigated
microbiological contamination of domestic and community supply wells in California’s Central Valley,
a region with intensive animal agriculture [22]. Approximately 5.9% and 10.3% of wells were positive
for generic E. coli and Enterococcus spp., respectively, with significant associations observed between
concentrations of enterococci and proximity of wells to animal feeding operations [22]. In Maryland,
there are 12,200 registered farms, including a number of animal feeding operations [23]. In 2014, the
state ranked ninth among U.S. states in broiler chicken production [23]. Maryland also has dairy and
livestock farms, with 49,000 milk-producing cows and another 190,000 beef cattle and calves [23]. If
wells are not properly constructed or maintained, there is potential for surface contaminants from
agricultural operations to influence well water quality. As such, we leveraged the well water data
collected during the safe drinking water clinics to investigate the possible association between the
presence of animal feeding operations and well water quality.
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2. Materials and Methods

2.1. Safe Drinking Water Clinics

Between 2012 and 2014, five safe drinking water clinics were held in four Maryland counties:
Cecil (two clinics), Kent, Montgomery, and Queen Anne’s (Figure 1, Table 1). Cecil, Kent, and Queen
Anne’s counties are located on Maryland’s Eastern Shore (Figure 1), where a large number of homes
rely on private wells. The Eastern Shore is highly agricultural and has the highest concentration of
animal feeding operations (particularly broiler chicken operations) in the state [24–26]. Montgomery
County is also characterized by a large number of homes that rely on private wells; however, there are
fewer animal feeding operations in this county.

 

Figure 1. Maryland counties where safe drinking water clinics were held.

Table 1. Dates on which the safe drinking water clinics were held.

Maryland County Kick-Off Meeting Interpretation Meeting

Cecil County I March 2012 May 2012
Kent County October 2012 December 2012
Montgomery February 2013 March 2013

Cecil II September 2013 November 2013
Queen Anne’s February 2014 March 2014

Clinic participants (n = 150) were recruited at county health fairs, farmers’ markets, and through
promotional material on community email listservs and local newspapers. Participants were limited to
homeowners in the aforementioned counties with private wells who were interested in participating
in the clinics. The safe drinking water clinics were a multi-stage process (Figure 2) that began with
a kick-off meeting where registered participants were told of the purpose and significance of the
project, provided with water sampling instructions and kits (gloves, two 1 L sterile, polypropylene,
wide-mouth Nalgene environmental sampling bottles (Nalgene, Lima, OH, USA) and a large Ziploc
bag), and taught how to sample their well water from kitchen or bathroom faucets in accordance
with standard protocols. A paper-based survey that was developed by our research and extension
teams, and approved by the University of Maryland College Park Institutional Review Board, was also
given to participants at the kick-off meetings. The survey included questions on well characteristics,
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homeowner well management practices, prior testing conducted (if any), demographic questions (age,
sex, race/ethnicity, and income level), and general health-related questions, including, “In the past
month, have you experienced diarrhea?” and “In the past month, have you experienced vomiting?”

Figure 2. University of Maryland safe drinking water clinic approach. TDS—total dissolved solids.

Participants returned their water samples and completed surveys to their local University of
Maryland (UMD) extension office. Samples were kept on ice and transported to the lab within 12 h.
Following completion of laboratory analyses (described below), a second follow-up clinic was held
where water quality results were returned to participants who provided water samples. The results
were individually and confidentially interpreted for participants and potential solutions for wells that
did not meet federal standards were discussed where necessary. A follow-up survey was sent to all
participants within 12 months after the clinics were conducted to document actions taken by well
owners to solve water quality problems or improve the management of their water supply as a result
of attending our clinics (data not shown).

2.2. Laboratory Analyses

Water samples were analyzed within 24 h of collection for total coliforms, fecal coliforms,
E. coli, Enterococcus spp., and Salmonella spp., according to standard U.S. EPA membrane filtration
methods [27–30]. Briefly, 100 mL of each sample was filtered through 0.45-μm, 47-mm mixed cellulose
ester filters. The filters were then placed on the appropriate selective media for each microorganism.
Membrane-Enterococcus Indoxyl-β-D-Glucoside Agar (mEI) was used for the isolation and enumeration
of Enterococcus spp.; MI Agar was used for the isolation and enumeration of both total coliforms and
E. coli; and mFC was used for the isolation and enumeration of fecal coliforms. The mEI plates
were incubated at 41 ◦C for 24 h, mFC plates were incubated at 44.5 ◦C for 24 h and MI plates were
incubated at 37 ◦C for 24 h. For Salmonella detection, membranes were placed in lactose broth, vortexed
vigorously for 3 min, and incubated for 24 h at 37 ◦C. An aliquot of this enrichment was transferred
to TT (tetrathionate) broth base, Hajna; incubated at 37 ◦C for 24 h; plated on XLT4; and incubated
at 37 ◦C for 24 h. Positive and negative controls were used during each test, and plate counts were
performed immediately after incubations.

TDS (mg/L) and pH were analyzed using the Pocket Pal TDS Tester and the Stream Survey
Test Kit, respectively (Hach Company, Loveland, CO, USA) [31,32]. For nitrate testing, 1 L of each
sample was placed into a sterile 1 L polypropylene Nalgene environmental sampling bottle (Nalgene,
Lima, OH, USA), 2 mL sulfuric acid solution was added, and the pH was adjusted to <2. For total
arsenic testing, 1 L of each sample was placed into a sterile 1 L polypropylene Nalgene environmental
sampling bottle (Nalgene, Lima, OH, USA), 2–3 mL of nitric acid solution was added, and the pH was
adjusted to <2. The remainder of each water sample was used for sulfate testing. Nitrate and sulfate
testing were completed at the Maryland Department of Health (MDH) Labs using an Agilent (Santa
Clara, CA, USA) gas chromatograph-mass spectrometer. Nitrate analyses were performed according
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to U.S. EPA Method 353.2, while sulfate analyses were performed according to U.S. EPA Method
375.2 [33,34]. Total arsenic testing was also completed at the MDH Labs using an Agilent (Santa
Clara, CA, USA) inductively-coupled plasma-mass spectrometer per U.S. EPA Method 200.8 [35]. All
quality control/quality assurance approaches recommended by the U.S. EPA methods were employed,
including analyses of quality control samples, as well as laboratory reagent blanks and fortified
blanks [33–35].

2.3. Animal Feeding Operations Data

We obtained animal feeding operations data from the 2007 U.S. Census of Agriculture, National
Agricultural Statistics Service [36]. Specifically, we obtained data on the number of animal feeding
operations with sales by zip code for the following animal types: broiler chickens, turkeys, aquaculture,
sheep or goats, hogs, dairy cattle, and beef cattle. The 2007 Census was used because it is the most
recent U.S. Census of Agriculture that provides data at the zip code level.

2.4. Statistical Analyses

We performed descriptive statistics on all well water data. We also linked well water data and
animal feeding operation data by zip code and used univariate logistic regression models to evaluate
associations between the presence of each type of animal feeding operation and detection of indicator
bacteria in well water samples. The presence of total coliform bacteria and fecal coliform bacteria
were the dichotomous (presence/absence) outcome variables of interest. All statistical analyses were
performed in SAS 9.4 (Cary, NC, USA) [37].

3. Results

3.1. Characteristics of Safe Drinking Water Clinic Participants

A total of 150 homeowners attended our safe drinking water clinics. However, only 118
participants returned both a water sample and a completed survey (Table 2). Only the 118 participants
who returned both a water sample and a completed survey were included in this study’s analyses.
The Queen Anne’s County clinic drew the most participants (n = 28; 23.1%), followed by the first clinic
conducted in Cecil County (n = 25; 21.4%). A vast majority of participants were white (87.3%) and
most were in the 60–69 age group (33.9%). Participants were also well-educated: 29.7% had obtained a
Bachelor’s degree and 39.8% had obtained a graduate degree. At the time of the clinics, a large number
of participants had lived at their current residence for at least 10–20 years (39%). Twenty-nine (24.6%)
participants indicated that they had never tested their well water quality, and 58 (49.2%) participants
had only tested their water once. Approximately 12% and 0% of participants experienced diarrhea and
vomiting, respectively, within 30 days prior to completing the survey.

Table 2. Characteristics of the safe drinking water clinic participants.

Characteristic Category Number (%) (n = 118)

County

Cecil (1) 25 (21.2)
Kent 21 (17.8)

Montgomery 25 (21.2)
Cecil (2) 19 (16.1)

Queen Anne’s 28 (23.7)

Age

18–49 17 (14.4)
50–59 29 (24.6)
60–69 40 (33.9)
70–79 23 (19.5)
≥80 9 (7.6)
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Table 2. Cont.

Characteristic Category Number (%) (n = 118)

Race/Ethnicity

African American 5 (4.2)
Hispanic 1 (0.8)

White 103 (87.3)
Other or Unspecified 9 (7.6)

Level of formal education

<High school 1 (0.8)
High School 10 (8.5)

High school and some college 16 (13.6)
Associate’s degree 9 (7.6)
Bachelor’s degree 35 (29.7)
Graduate degree 47 (39.8)

Number of years living at current home

1–10 years 34 (28.8)
10–20 years 46 (39.0)

More than 20 years 34 (28.8)
Unknown 4 (3.4)

Previous testing of well water quality

Never 29 (24.6)
Once 58 (49.2)

Every few years 11 (9.3)
Every year 4 (3.4)

>Once per year 1 (0.8)
Other or Unsure 12 (10.2)

Experienced diarrhea within the last 30 days Yes 14 (11.9)
No 104 (88.1)

Experienced vomiting within the last 30 days Yes 0 (0%)
No 118 (100%)

3.2. Well Water Quality

Overall, 43.2% of wells tested in this study did not meet at least one EPA health-based drinking
water standard (Figure 3). Total coliform bacteria were the most common (25.4%) microbiological
contaminant detected. Fecal coliforms (15.3%), Enterococcus spp. (5.1%), and E. coli (3.4%) were also
detected. Salmonella was not detected in any of the private wells analyzed in this study. Regarding
chemical contaminants, 26% of tested wells did not meet the recommended drinking water standard
for pH (Figure 3), with most of these (83.8%) having a pH below the lower limit of 6.5. There were a
few wells (16.2%) with a high pH above the recommended limit of 8.5. Nitrate occurred above the
10 mg/L drinking water standard in 3.4% of tested wells, and less than 1% of wells exceeded the
recommended limit for total dissolved solids (TDS) of 500 mg/L. None of the wells had an arsenic level
above the EPA maximum contaminant level (MCL) for arsenic (10 mg/L). Similarly, none of the wells
tested exceeded the EPA MCL for sulfate of 250 mg/L. Although there were individual wells in each
county that exceeded the EPA MCLs for some of the chemical water quality parameters investigated,
the mean levels in each county were within EPA specifications (Figure 4).
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Figure 3. Percentage of tested private wells that did not meet U.S. Environmental Protection Agency
(US EPA) drinking water standards.

  

  

Figure 4. Mean levels of nitrate (Panel A), sulfate (Panel B), pH (Panel C) and total dissolved solids
(TDS) (Panel D) detected in tested private wells by county [38]. MCL—maximum contaminant level.
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Kent County had the highest percentage of wells that tested positive for fecal indicator bacteria,
with 52.4% of wells testing positive for at least one type of indicator bacteria (Figure 5). E. coli was
detected in wells sampled in every county with the exception of Cecil County. Enterococcus was
detected in samples from all counties; however, it was not detected during the first clinic conducted in
Cecil County.

 

Figure 5. Percentage of tested private wells that were positive for fecal indicator bacteria by county.

3.3. Influence of Animal Feeding Operations on Well Water Quality

Our zip code-level analysis found no evidence that the presence of animal feeding operations
influenced the occurrence of fecal indicator bacteria in tested wells (Table 3). In zip codes that contained
cattle operations, the contamination of wells by total coliform bacteria was 1.23 times greater than in
zip codes that did not contain cattle operations; however, this finding was not statistically significant
(Odds Ratio (OR) = 1.23; 95% Confidence Interval (CI) = 0.89, 1.68). In zip codes that contained dairy
and aquaculture operations, the contamination of wells by total coliform bacteria was more likely than
in zip codes that did not contain one of these operations (dairy operations: OR = 1.12; 95% CI = 0.96,
1.31; aquaculture operations: OR = 1.32; 95% CI = 0.59, 2.93). However, these associations were not
statistically significant (Table 3).

Table 3. Zip code-level analysis of the association between the presence of animal feeding operations
and the occurrence of total and fecal coliforms in tested wells.

Total Coliforms Fecal Coliforms

Zip Code Variable Odds Ratio (95% CI) Odds Ratio (95% CI)

Cattle operations 1.23 (0.89, 1.68) 1.19 (0.82, 1.73)
Broiler operations 0.93 (0.84, 1.03) 1.10 (0.41, 3.00)

Hog operations 0.76 (0.49, 1.17) 0.81 (0.48, 1.37)
Dairy operations 1.12 (0.96, 1.31) 1.11 (0.93, 1.33)

Turkey operations 0.92 (0.68, 1.24) 1.24 (0.44, 3.47)
Aquaculture operations 1.32 (0.59, 2.93) 1.33 (0.52, 3.40)

Similarly, in zip codes that contained broiler, cattle, dairy, turkey, and aquaculture operations,
the contamination of wells by fecal coliform bacteria was more likely than in zip codes that did not
contain one of these operations; however, none of these associations were significant. The presence of
broiler, hog, and turkey operations in zip codes was slightly protective for total coliform bacteria, and

12



Int. J. Environ. Res. Public Health 2018, 15, 1686

the presence of hog operations in zip codes was slightly protective for fecal coliform bacteria (Table 3).
However, these findings were not significant for any type of operation with either indicator bacterium.

4. Discussion

Our data demonstrate that a majority of private wells included in this study are contaminated
with fecal indicator bacteria and/or chemical contaminants at levels that exceed the SDWA drinking
water quality guidelines set forth by the U.S. EPA. These findings are consistent with previous studies
of private water wells that have been conducted in other states. A recent study of private wells
in Pennsylvania found that 41% of wells failed to meet at least one drinking water standard [10],
comparable with the 43% of wells that failed to meet one or more standards in our study. Similarly, in
Wisconsin, an analysis of private water wells in rural areas found that 47% of these wells exceeded
one or more health-based water quality standards [12]. Total coliform bacteria was also the most
common microbiological contaminant in the Pennsylvania study and was detected in 33% of wells [10],
comparable with the 25% of tested wells contaminated with total coliforms in our study. A recent
study of private wells in Virginia found that 46% tested positive for total coliform bacteria, with 10%
testing positive for E. coli [11]. Meanwhile, a North Carolina study of private wells found that 49%
tested positive for total coliform bacteria and 6.4% tested positive for E. coli [14]. Previous studies have
also indicated that seasonality may play a role in well water quality. [12,39]. In our study, the county
with the highest percentage of wells that tested positive for fecal indicator bacteria was Kent County,
which was sampled in the Fall (Table 1). However, because our study was cross-sectional, we did not
collect samples over multiple seasons and, therefore, we cannot evaluate whether seasonal trends
influenced our results. Nevertheless, our study adds to the growing body of research nationwide on
the water quality of private wells that illustrates the need for improved monitoring of these wells.

Monitoring of fecal indicator bacteria in private well water is important for assessing the potential
health risks associated with these water sources. To improve understanding of environmental factors
that may impact private well water quality, we also investigated whether proximity to animal feeding
operations was associated with microbial contamination of wells. Our data showed that there were no
statistically significant associations between the presence of an animal feeding operation within a zip
code and microbial contamination of private wells within the same zip code; however, this may be due
to the small number of well water samples obtained during this initial study. Given that exposure to
well water has been shown as an important risk factor for gastrointestinal illnesses [40–42], such as
campylobacteriosis, exploration of this potential association deserves further study involving a larger
number of private wells.

In a case-control study conducted in Sweden, Carrique-Mas et al. (2005) demonstrated that
living in a household with a private well was a risk factor for Campylobacter infection (OR = 2.6; 95%
CI = 0.9–7.4), although that association was not statistically significant [40]. Another case-control
study conducted in Norway also found that the risk of campylobacteriosis was higher for those who
obtained their water from a private household well compared with those receiving water from a
public system (OR = 2.0; 95% CI = 1.2, 3.2) [41]. Consumption of water from a private well was also
identified as a significant risk factor for sporadic campylobacteriosis (OR = 1.92; 95% CI = 1.46, 2.53)
in a second Norwegian study by MacDonald et al. [42]. The potential for private wells to influence
gastrointestinal illnesses such as campylobacteriosis (that are traditionally thought to be foodborne)
remains understudied in the United States and deserves further attention.

One major challenge of improving private well water quality and reducing the risk of adverse
health outcomes associated with this water source is that the numbers and locations of U.S.
private wells are poorly characterized. Neither individual counties nor states have a complete
database with addresses and other contact information for private well homeowners. As such,
regular communications to homeowners reminding them to test their wells annually and delivering
interventions where necessary is challenging. While the U.S. Geological Survey developed a
nationwide inventory on the private well population [2], it was created using data on the population
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served by public water supply systems by county in each state and lacks the specific geographic
locations of private wells. Creating a nationwide database of private well owners that is regularly
updated by states could allow for improved evaluation of the factors that may influence well
contamination, enhanced communication with well owners, and potential improvements in levels of
waterborne illness.

In this study, we demonstrated the presence of fecal indicator bacteria in private drinking
water wells in Maryland. As the presence of these indicator bacteria suggests a potential human
health risk, well owners are often left to mitigate these risks through system repair, enhancement, or
decontamination. However, knowledge of the contamination source of the well would be helpful
in selecting an appropriate remediation method. Microbial source tracking (MST) is a collection of
methods used to determine the likely source of contamination associated with the presence of fecal
indicator bacteria [43]. MST has been previously used in a variety of applications, including in the
management of surface water contamination and watershed remediation [43,44]. Allevi et al. (2013)
utilized MST techniques to characterize the magnitude and incidence of microbial contamination in
private wells in Virginia, and to identify the likely sources of this contamination [45]. Similarly,
Krolik et al. (2014, 2016) analyzed well water samples from southeastern Ontario using MST to
elucidate whether human or bovine sources were responsible for well contamination [46,47]. Future
work relating to our study could include the application of MST methods to help identify the source of
microbial contamination in Maryland wells, and to elucidate potential relationships between microbial
contamination and environmental characteristics, particularly those relating to land use.

Given the small, cross-sectional nature of our study, there are several limitations to be considered.
Our sample size of 118 households was relatively small, representing only a small fraction of the
estimated 1,070,000 people who rely on private wells in Maryland [2]. Another limitation is the
possibility that study participants may have improperly collected the water sample in their homes,
which could then influence our ability to accurately determine their water quality parameters. We
sought to minimize this potential problem by training participants on water sampling techniques
during the safe drinking water clinic kickoff meetings, and by providing instruction sheets (along with
the water sampling kits) on how participants should collect their water samples. Another limitation of
this study is the use of U.S. Census of Agriculture data from 2007 with results from well water samples
that were collected between 2013 and 2014. As noted above, the Census of Agriculture data were
only available at the zip code level for the 2007 Census, and not for subsequent years. However, it is
unlikely that the number of animal feeding operations in Maryland changed significantly between
2007 and 2013.

Despite these limitations, this is the first study to assess the water quality of private wells across
multiple counties in Maryland, and to investigate the influence of animal feeding operations on well
water quality, thereby addressing an important research gap in the state. This study also demonstrated
the value in partnerships between land grant university research faculty and county-based extension
faculty. Finally, the study highlighted the need for more educational outreach to private well owners
in Maryland in order to improve private drinking water quality in the state. Additional studies
are needed to identify and confirm potential factors that can influence private well water quality
in Maryland, such as animal feeding operations, septic tanks, well construction characteristics, soil
geology, and climatic conditions.

5. Conclusions

Our findings suggest that there are a significant number of private domestic wells in Maryland
that do not meet the guidelines for well water quality set forth by the SDWA. This finding is similar to
studies conducted in other states, including the nearby states of Virginia and Pennsylvania. In addition,
while other studies have reported associations between proximity to animal feeding operations and
microbial contamination of private wells, this association was not observed in this cross-sectional study
and may have been influenced by our limited sample size. Further studies are needed to identify and
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confirm possible sources of contamination of private wells in Maryland. The lack of regular monitoring
of private wells makes periodic assessments at national, regional, and local scales important sources
of information about this key source of drinking water throughout the United States. The presence
of microbial contaminants at levels greater than human health-based standards in 43.2% of private
wells tested in this study highlights the importance of education and routine monitoring regarding the
water quality of domestic wells to protect public health.
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Abstract: Members of the Vibrio genus are autochthonous inhabitants of aquatic environments and
play vital roles in sustaining the aquatic milieu. The genus comprises about 100 species, which
are mostly of marine or freshwater origin, and their classification is frequently updated due to
the continuous discovery of novel species. The main route of transmission of Vibrio pathogens to
man is through drinking of contaminated water and consumption inadequately cooked aquatic
food products. In sub-Saharan Africa and much of the developing world, some rural dwellers
use freshwater resources such as rivers for domestic activities, bathing, and cultural and religious
purposes. This review describes the impact of inadequately treated sewage effluents on the receiving
freshwater resources and the associated risk to the rural dwellers that depends on the water. Vibrio
infections remain a threat to public health. In the last decade, Vibrio disease outbreaks have created
alertness on the personal, economic, and public health uncertainties associated with the impact of
contaminated water in the aquatic environment of sub-Saharan Africa. In this review, we carried out
an overview of Vibrio pathogens in rural water resources in Sub-Saharan Africa and the implication of
Vibrio pathogens on public health. Continuous monitoring of Vibrio pathogens among environmental
freshwater and treated effluents is expected to help reduce the risk associated with the early detection
of sources of infection, and also aid our understanding of the natural ecology and evolution of
Vibrio pathogens.

Keywords: Vibrio pathogens; rural water resources; public health; sub-Saharan Africa

1. Introduction

Freshwater bodies serve as the main water resources in rural areas used for drinking, cooking,
and irrigation for agriculture in most communities that have little or no access to potable, safe water.
They easily become polluted as a result of fast population growth, land development along river
banks, and urbanization [1]. Continuous pollution has resulted in various water-associated disease
epidemics in both developed and developing countries [2,3]. More than 50% of the 663 million people
worldwide who lack access to safe water reside in Sub-Saharan Africa, predominantly in rural areas [4].
This leads to poor health due to various water-related illnesses. However, access alone is not enough
to guarantee better health. Insufficient hygienic practices can also lead to the contamination of safe
water after it leaves the water point, making it unsafe to drink. Globally, 80% of wastewater flows
back into the ecosystem without being treated or reused, contributing to a situation where around
1.8 billion people use a source of drinking water contaminated with faeces, putting them at risk of
contracting cholera, dysentery, typhoid, and polio [5]. Mainly in low-income areas of cities and towns
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within developing countries, a large proportion of wastewater is discharged directly into the closest
surface water drain or informal drainage channel, sometimes with very little or no treatment at all [5].
In addition to household effluent and human waste, urban-based hospitals and industries such as
small-scale mining and motor garages often dump highly toxic chemicals and medical waste into the
wastewater system. Even in developed countries where wastewater is collected and treated, several
reports have established that most wastewater treatment plants (WWTPs) do not completely remove
contaminants from sewage waters based on the system used [6], thus releasing effluents with varying
matrices of contaminants at a specific point source into water bodies such as rivers, streams, and
lakes. Despite recent advances in water quality and wastewater treatments, waterborne diseases still
pose a major threat to public health worldwide [7]. As these receiving water bodies are the only
available sources of potable water, their contamination has resulted in many waterborne diseases
such as diarrhoea, gastroenteritis, and cholera in children, adults, and refugees in various developing
countries such as Nigeria, Rwanda, Congo, Zimbabwe, Sudan, Afghanistan, Chile, and Brazil [8].
In rural areas of sub-Saharan countries like South Africa, rivers play an essential role in the life of the
people for social, cultural, and religious purposes. The general public at large is directly affected by
the prevailing poor quality of river water which has required the regulation of the biological quality of
both effluents and the receiving waterbodies. The lack of policy and management of drinking water
safety issues is an important issue which is believed to be a major factor causing the health and safety
problems in developing countries. This calls for concerted efforts tailored towards ensuring that more
researches are carried out for addressing the paucity of policies guiding the safety of drinking water in
sub-Saharan Africa [9].

Over the years, several researchers have focused on the sternness of diseases caused by
Vibrio cholerae leaving out relatively minor Vibrio species of medical interest, some of which are
described as emerging pathogens able to cause mild to severe human diseases. The Vibrio species
are aboriginal gram-negative bacilli that inhabit freshwater and estuarine water environments with
a wide range of salinity and temperature values, where they predominantly persist in a culturable
and non-culturable state [10,11]. They are considered to exhibit both fermentative and respiratory
metabolisms. Several investigations have also shown the prevalence of Vibrio species in surface water
throughout the world, and their prevalence in the environment is influenced by season, location, and
the analytical methods employed [12]. Dozens of known species have been estimated to establish
disease conditions in humans [13,14]. They are usually linked to eruptions of Vibrio infections as a
result of consuming undercooked seafood and water contaminated with sewage or the exposure of skin
wounds to aquatic environments and animals [15–17]. The pathogenic Vibrio species of health relevance
which are generally transmitted through water and seafood include Vibrio parahaemolyticus, V. cholerae,
Vibrio vulnificus, V. tubiashi, and Vibrio fluvial is [18,19]. The Vibrio genus comprises about 100 species
which are mostly found in marine and surface water, and this is subject to continuous updates as a
result of the discovery of new species [20]. V. vulnifcus, V. parahaemolyticus, and Vibrio mimicus are
considered to be the toxigenic food-borne pathogens [21,22].

V. cholerae is an example of a non-invasive organism, which only affects the small intestine via
the release of enterotoxin and is the etiological agent of cholera, whereas V. parahaemolyticus and
V. vulnificus are considered as intrusive microorganisms largely affecting the colon. V. fluvialis and
V. vulnificus are considered as emerging human and foodborne pathogens, respectively, and are linked
with outbreaks and sporadic cases of severe diarrhea [23–25]. V. vulnificus symptoms include blistering
gastroenteritis, skin wounds, or a disease condition known as primary septicemia and the infection is
very dangerous to people who have long-term chronic liver disease [26]. Halophilic Vibrio species are
known to cause mild infections in humans, but can also cause high morbidity, mortality, or infections
in fish and other aquatic animals [27,28]. Generally, the outbreak of Vibrio species in aquaculture has a
direct impact on the economy of a country and also serves as a threat to public health. In this review,
we carried out an overview of pathogenic Vibrio species in rural water resources of Sub-Saharan Africa
and its implications on public health.
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2. Vibrio Species

The bacteria genus Vibrio is considered to be among the natural dwellers of aquatic environments
which play essential roles in maintaining the aquatic ecosystem. Vibrios are characterized as
gram-negative organisms, have straight or sometimes curved rod-like shapes, and are around
1.4–2.6 μm in length [29]. They can be motile or non-motile; motile species move about with the
aid of three flagella at one end. Vibrio species usually produce many horizontal unsheathed flagella.
They are chemoorganotrophic which are characterized as non-endospores formers and grow in the
absence of molecular oxygen. They are different from pseudomonads in that they undergo fermentative
as well as respiratory metabolism and are generally positive to an oxidase test [30]; oxygen is the actual
final electron acceptor. They are not capable of fixing nitrogen; the usual source of nitrogen is ammonium
salts. Nearly all Vibrio pathogens are positive to an oxidase test with the exception of V. metschnikovii [29].

Vibro-static agent 0/129 has been reported to have an effect on most Vibrio species and this
serves as the diagnostic test [31]. They exhibit the unique capability to halt and absorb a broad
range of carbon, phosphorus, and nitrogen substrates [32–34], as well as the ability to secrete exterior
enzymes chitinase and laminarase, which make abundant nutrients available to the indigenous
microbes [35,36]. Furthermore, they have developed an adaptive mechanism to the ever changing
environmental conditions which includes the changing of size to an ultra-microbial morphology
(<0.4 μm diameter) [37]. Vibrio species are halophilic in nature, requiring about 2–3% sodium chloride
(NaCl) for optimum development [38,39]. Vibrio species apart from V. mimicus and V. cholerae are
referred to as halophilic organisms because they do not grow on media that is void of the addition of
sodium chloride [40]. The potential significance of salinity to Vibrio species growth shows the dynamics
of abundance in the aquatic ecosystem [41,42].

The genus Vibrio has experienced various modifications in recent years. Many studies concentrate
on cholera as a result of the havoc that the disease has inflicted on public health, but recently, ample
studies have established some of the minor Vibrio species to be of important health concern. This minor
species are termed as emerging pathogens capable of causing slight to serious diseases in man [43,44],
marine vertebrates, and invertebrates [45–47]. The details of selected Vibrio pathogens that are of
medical relevance are listed in Table 1. Over a hundred species are presently in this genus, twelve of
which are regarded as human pathogens [48].

Table 1. Some disease conditions initiated by pathogenic Vibrio species.

Vibrio Species
Intestinal Syndromes Extra-Intestinal Syndromes

Diarrhea Cholera Septicemia Skin-infection Others *

Vibrio cholerae O1/139 - ## - - �=
Vibrio cholerae non O1/non 139 ## # # �=

Vibrio alginolyticus - �= ## �=
Vibrio damsela - ## ## -
Vibrio fluvialis ## - - -

Vibrio metschnikovi �= - - �=
Vibrio mimicus ## - - �=

Vibrio parahaemolyticus ## ## ## �=
Vibrio vuinificus �= ## ## �=

## key infections; # minor infections; �= random infections. * includes otitis media cholesystitis, meningitis. Adapted
from [49].

Pathogenic Vibrio species of human origin are broadly categorized based on the kinds of disease
conditions that they exhibit, including one group causing extra-intestinal illnesses and the other group
causing gastrointestinal diseases. Vibrio species-specific diagnostic tests have been long-established
with the aid of biochemical techniques, which are given in Table 2 [31]. Some Vibrio species,
which are known to emit light, also exhibit symbiotic relationships with squids and various aquatic
organisms [50]. Other Vibrio species are known to be morbific to certain organisms which include fish,
coral, and frogs [51–53].
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3. Ecology of Vibrio Species

Vibrios are autochthonous to the oceanic, estuarine, and freshwater ecosystem [54]. They are
found in sediments [55] and are known to produce biofilms on surfaces [56,57]. They either swim
freely in the water column, [58] or adhere to/live associated with other organisms [20,59]. Moreover,
ample numbers of Vibrio species have developed adaptive features that enable them to predominantly
thrive in salty and even riverine environments [60]. The study of the ecology of Vibrio species has been
in existence for a long time, owing to the fact that many species are of medical importance to both
human and animals [61]. Naturally occurring Vibrios in aquatic environments are well documented
considering their great importance in the mineralization of organic matter and other nutrients [62,63].
Because Vibrio species are selectively scraped by aquatic flagellates, it is believed that they facilitate the
degradation of organic matter in water milieu [64].

They also have the ability to break down chitin, which has been reported as one of the major
sources of amino sugars in aquatic environments [62]. In addition, Vibrio harveyi secretes an average of
ten unique enzymes capable of degrading chitin [65,66]. Accordingly, this might justify the ubiquitous
occurrence of Vibrio species in aquatic systems [62]. Previous studies have highlighted several Vibrio
species that are resident in freshwaters which are being transferred through flood run-off to marine
environments [67]. Members of the Vibrio genus are not always introduced into the aquatic ecosystem
with faecal pollution, unlike enteric pathogens that are found in aquatic environments as a result of the
indiscriminate discharge of wastewater. Some hypotheses have attempted to explain the prevalence
of some pathogenic Vibrio species in coastal areas. Several studies have also proposed terrestrial and
aquatic animals as reservoirs for virulent genes in the environment [68]. In particular, bivalves and
other filter feeding marine animals have been reported to concentrate ample numbers of bacteria in
their tissues [69,70]. During warm periods in temperate waters, almost 100% of oysters harbour Vibrio
species, and an annual study on the Southwest coast of India shows that 57% of all oysters contained
pathogenic Vibrios [71].

Numerous studies that have investigated the distribution of Vibrio species suggest that pathogenic
subpopulations of the genus Vibrio are potential reservoirs for disease epidemics [72,73], mainly in
sub-Saharan Africa, where access to potable water is lacking [63,74], and/or in countries where the
eating of undercooked oysters is most prevalent [22,75]. Previous studies have established that it is
almost impossible to understand the effect of single physicochemical parameters on Vibrio species
since all parameters are interdependent and the influence of the environmental conditions varies
from one species to another [67]. The incidence and the rate distribution of Vibrio species have been
linked to a vast array of environmental factors, most notably organic matter, salinity, temperature, and
the association with aquatic animals depending on the pathogen and its habitat, and the geographic
location [76–78]. Dissolved oxygen [79,80], chlorophyll [81–83], and plankton [84–87] have also been
found to be important in the ecology of the Vibrio species. However, the effects of these environmental
parameters have been reported to be species dependent [88,89].

Globally, climate change is anticipated to have direct or indirect effects on environmental
conditions. The noticeable increase in water temperatures, both in oceans and coastal waters, is
dependent on higher atmospheric temperatures [90]. An increased temperature in freshwater tends
to increase the densities of Vibrio species in aquatic animals and this has been implicated in diarrhea
and gastroenteritis outbreaks in countries with previous epidemic cholera and temperature-based
models [76,77]. A high atmospheric water temperature is one of the factors that suggest the
presence of Vibrio species as many studies have documented their abundance in warmer waters
above 15 ◦C [12,91,92]. Slight increases in water temperature have been found to greatly influence
the microbial load of Vibrio species in the face of climate change [93]. Cases of disease outbreak
were reported in Hurricane Katrina in the United States in 2005 as result of pathogens [94].
At certain temperatures above 15 ◦C, attachment to chitin increases considerably owing to an
increase in the appearance of the mannose-sensitive haemagglutinin pilus and the colonization factor,
an N-acetylglucosamine binding protein [95,96].
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At microenvironment temperatures, irrespective of aerated medium uptake, Vibrio fluvialis has
been shown to exhibit the innate ability to survive and proliferate in saltwater microcosms for almost
two weeks [97]. Studies have shown that Vibrio fluvialis in aquatic environments can be viable for up
to twelve months and still be capable of establishing an infection, and it was later recovered from
sediments from a viable but nonculturable stage, after more than six years [98]. According to a study
conducted by Scheldt [99], it was observed that runoff from rivers might affect the salinity level in
the receiving water bodies, which in turn enhances the proliferation of Vibrio species. Similarly, [100]
revealed that the densities of Vibrio species in the Chesapeake lagoon have a relationship with the rate
at which the river flows. They were able to establish the direct impact of runoff on the salinity as a
result of dilution. Moreover, climate change is considered to have a noticeable effect on the volume
of nutrients in the water since variations in the introduction of nutrients such as through freshwater
runoff, as well as the addition of organic carbon, brings about changes in precipitation forms [101].

Vibrio species have been reported to be capable of surviving in many different environmental
conditions due to the development of a spectrum of adaptive responses to nutrient deficit, variations
in salinity and temperature, and a resistance to predation by heterotrophic protists and bacteriophage.
One such approach is to undergo a change into a dormant or viable but non-culturable (VBNC) state
during harsh situations [102,103]. The significance of the viable but non-culturable state in cholera
epidemiology was revealed by incubating a viable but non-culturable state of V. cholerae in freshwater
microcosms which actively expressed virulence and colonization traits [104]. Likewise, the formation of
a biofilm by Vibrio species on the exoskeletons of crustaceans and other marine organisms is a survival
strategy during famishment and/or other environmental difficulties [105–107]. In biofilms, bacteria
are believed to conserve and absorb nutrients, resist antibiotics, and create promising associations with
other bacteria or hosts. In a conducive environment that is usually season reliant, they are known to
revert to the active vegetative state for development and proliferation [108].

4. Pathogenicity of Vibrio Species

The clinical manifestation of Vibrio infections commences with the drinking of contaminated water
or the eating of mishandled marine products [24]. After passing through the acidic wall of the stomach,
it attaches itself to the thin tissue lining the small intestine with the aid of toxin-coregulated pili
(TCP) [109] and with establishment factors like accessory colonization factor, diverse haemagglutinins,
and core-encoded pilus. Human pathogenic species are known to produce several extracellular
factors including haemolysin, cytotoxin, siderophore, phospholipase, collagenase, enterotoxin,
and haemagglutinin [110,111]. Taking into account all of the virulence properties, haemolysin,
enterotoxin, and cytosine have a direct link to the clinical manifestation; conversely, siderophore and
haemagglutinin are involved in the establishment of Vibrio pathogen disease conditions [28]. One of
the important means by which pathogens establish their pathogenicity is through the production of
bacterial enzymes. Essential proteolytic enzymes that breakdown the amide bond in proteins and other
short amino acids are vital for regulating homeostasis in prokaryotes and eukaryotes. Occasionally,
the enzymes produced by virulent Vibrio species are found to be toxic to the infected human host [112].
As presented in Table 3, relevant Vibrio pathogens associated with human infections produce and form
proteolytic enzymes; some of these enzymes are broadly classified as toxic factors processing other
protein toxins [49].

Studies have shown that poor sanitation and overcrowding are important factors that promote the
persistence of Vibrio cholerae in the environment, an etiological agent of cholera [113]. Also, V. cholerae
is known to express two major virulence factors, namely the cholera toxin (CT), which is borne
on filamentous cholera-causing toxin phage (CTX phage); and a colonization factor named toxin
co-regulated pilus (TCP), which is one of the crucial intestinal establishment factors and the host
receptor for the cholera toxin. The cholera toxin causes prolific squelchy diarrhoea, and the two
subsets of the isolates are acquired by lateral gene transfer (LGT) [114]. Toxigenic V. cholerae growth
phase requires two main stages: One entails the ability to cleave and grow on biotic surfaces in a
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fairly oligotrophic aquatic environment with low osmolarity; while the other requires the successful
colonization of a eutrophic, biochemically challenging human intestine populated by a highly diverse
commensal host flora [115]. The release of toxins in a living host leads to the discharge of copious
squelchy diarrhea that releases the causative organism back into the environment where it is capable of
further infecting additional individuals through the consumption of contaminated water, or having access
to the environmental stage of its lifecycle. At the environmental stage, the environment avails V. cholerae
with a substantial benefit to transform by obtaining different genes from other bacteria via lateral gene
transfer (LGT). Vibrio cholerae is naturally found in aquatic environments and is believed to coexist with
zooplankton. When growing on chitin, which is the basic unit of planktonic crustaceans, the organism
initiates a growth pattern known as natural competence which enables Vibrio cholerae to absorb novel
DNA that aids the virulence of the toxigenic strains, via competence-specific DNA uptake machinery.

Considering all the known Vibrio pathogens that have been well documented, the most significant
of them are V. cholerae subgroups O1 and O139, which have been recognized to cause cholera [116].
Intensive study has been pursued for some of the O1 and O139 serotypes that are known to
produce an array of virulence genes mostly of the TCP Pathogenicity Island, tcpA, tcpI, and acfB,
encrypting the establishment of the coregulated pilus toxin, with cholera toxin (CT) [117,118]. Recently,
V. parahaemolyticus has been the major cause of up to 20–30% of food poisoning human outbreaks of
bacterial origin in Japan, seafood stomach disease in Asia, and gastroenteritis from the consumption
of seafood in the United States [119–121]. On rare occasions, V. parahaemolyticus is associated with
ear or wound infections which, at times, pose threats to individuals that are immunosuppressed,
immunocompromised, or have underlying medical conditions [122].

Table 3. Some proteolytic enzymes produced by pathogenic Vibrio species. Adapted from [49,123].

Vibrio Species Vibrolysin Collagenase Chymotrypsin-Like Protease Haemolysin

Vibrio alginolyticus Present Present
Vibrio parahaemolyticus Present Present Present

Vibrio mimicus Present
Vibrio cholerae Present Present

Vibrio vulnificus Present Present
Vibrio fluvialis Present Present

Vibrio metschnikovii Present
Vibrio anguillarium Present

Vibrio tubiashii Present

V. parahaemolyticus is also known to harbor different virulence factors such as TDH-related
hemolysin (trh) and thermostable direct hemolysin (tdh), adhesins, and two other type III secretions
systems, T3SS1 and T3SS2, with varying degree of pathogenicity [124]. They both display similar
hemolytic activity in living cells and lead to the lysis of human erythrocytes, most especially in brackish
medium [125]. Another known virulence factor found in V. parahaemolyticus is thermolabile haemolysin
(TLH) and this is veiled by the TLH gene which is also potent in disrupting red blood cells [126,127].
Studies have shown that both environmental and clinical strains of V. parahaemolyticus are known
to express TLH [128], and the gene is considerably coordinated under assumed intestinal infection
settings [129]. In addition, V. parahaemolyticus possesses two separate kinds of flagella that are used for
reeling, swarming, and producing capsules. These features are envisaged to ensure the survival of
strains in the environment, as well as to thrive in the human host.

The mode of action used by V. vulnificus to establish its pathogenicity in a human is reliant on
host vulnerability, and this bacterium is considered as an opportunistic pathogen [130]. Generally,
V. vulnificus infection in humans arises as a result of consuming improperly cooked seafood or a
wound infection from sea water or contaminated fish [130,131]. The invasive nature of V. vulnificus is
attributed to its ability to harbor varying multiple virulence factors such as iron availability in the host,
the capsular polysaccharide, and a short generation time [132].
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Several studies have described the prominent virulence factor expressed by V. fluvialis as
hemolysis, which manifested on sheep blood agar. Different acknowledged virulence factors of
V. fluvialis are as follows: cell vacuolation, hemaglutination cell adherence [133,134], mannose
sensitive [135], hemolysin [136], cytotonic [137], mucinase [138], heat-labile Cytotoxin [139,140], and
cytolysin [141]. Reference [25] discovered that the ability possessed in expressing all the virulence
factors by V. fluvialis is not uniform. Generally, Vibrio pathogens thermostable direct haemolysin
and cholera toxin are used to define V. parahaemolyticus and V. cholerae, respectively, while within
V. vulnificus strains, host proneness appears to be a crucial factor for virulence.

5. Epidemiological Features of Vibrio Species

Vibrio species comprise genetically and metabolically different collections of heterotrophic bacteria
that grow naturally and are able to proliferate in marine ecosystems and freshwater with increased
salinity [142]. Since 1817, up to seven major plagues and cholera outbreaks have been reported in Asia
and Africa, with minor cases in Australia and America. Sub-Saharan Africa is broadly affected by
many cholera epidemics [143], where the risk associated with cholera infection is high. The prevalence
of Vibrio species in the aquatic environment has a direct correlation to the numerous physicochemical
and biological features of the water ecosystem. V. cholerae is found in surface water in a potent
state between one hour to 13 days, while the incessant pollution by healthy carriers and victims of
cholera epidemics serves as the main means of sustaining its proliferation in aquatic environments
for up to 15 months in receiving waterbodies [144]. Consequently Vibrio pathogen infections remain
a significant health challenge in middle-income countries, notably in Africa and Asia, endangering
the basic health of weak people in the society [145]. Vibrio species have been implicated in cases of
bloody diarrhoea, necrotizing fasciitis, and primary septicemia in immunocompromised individuals,
especially in developing countries with inadequate sanitation, socioeconomic conditions, and water
supply systems [28]; however, this is responsible for the varying degree of ill health and death in all
age groups worldwide [146]. Natural tragedies such as tsunami and floods also aid outbreaks by
unsettling the normal balance of nature [147]. This results in varying health challenges, making food
and water supplies prone to contamination by parasites and bacteria when vital systems like those
for water and sewage are destroyed. An example of such is the current outbreak of cholera in Yemen
that has claimed over 1500 lives with more than 246,000 new cases and this now affects 21 out of the
22 provinces in Yemen [148].

Developing countries are extremely affected because of their paucity of resources, infrastructure,
and disaster awareness systems [149]. The spread of cholera within neighbouring countries has been
attributed to cross-border practices which include the migration of fisherman and commercial trade.
The outbreaks of cholera and associated deaths that occurred between 1994 and 2016 in ten selected
countries in sub-Saharan Africa countries are listed in Table 4. This further establishes the vulnerability
of the developing countries and most especially children. In 2014 alone, about 190, 549 cases, with
2231 deaths, were reported all over the world, though available modeling suggests that the cases of
cholera outbreak may be far higher with almost 1–4 million occurring every year. The current outbreak
of cholera in DR Congo is very disheartening, with reported cases of high fatality rates. This has
subjected the DR Congo health system to intense pressure. Overall, the prevailing noticeable upsurge of
the size of outbreaks can be partially described in part by the resistance developed by Vibrio cholerae O1
strains to ciprofloxacin and the different cholera toxin B (ctxBtt) genotype [150]. Recent studies carried
out by [151] acknowledged that most environmental strains of V. cholerae recovered from the Apies
river in South Africa haboured virulent-related genes (hlyA, ToxR, tcp, and zot). The prevalence of
these strains in our environments presents hidden public health threats to rural dwellers of developing
countries that have little or no access to safe water for household uses. In addition, the occurrence of
the virulent-related genes in the absence of the ctx gene in isolated V. cholerae calls for further research
in an attempt to unravel possible triggers of cholera epidemics in most developing countries where
known toxigenic strains of the bacterium are not common.
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Additionally, the recent findings that affirm the occurrence of V. cholerae in river sediments
further confirm that the risk of infection associated through exposure to the river could increase under
circumstances of sediment resuspension [153]. The possibility of isolating V. cholerae strains from
river sediments may possibly increase the understanding of the possible sources of the V. cholerae
strains involved in the cholera epidemics that have affected many developing and Sub-Saharan African
countries for many years.

The absence of cholera enterotoxin was also reported in V. cholerae non O1/O139 isolated from the
water of several reservoirs in Burkina Faso. The fact that the bacterium did not harbor the ctx gene does
not exclude the threat associated with the presence of the V. cholerae non O1/O139 in environmental
waters [154,155]. Some studies have earlier demonstrated the antigenic translation of V. cholerae non
O1/O139 to V. cholerae O1 in favourable conditions [156–158].

Between 1976 and 1997, Bangladesh witnessed the most devastating outbreak of V. fluvialis [159].
Moreover, between 1997 and 2000, Vibrio observation statistics indicate that V. fluvialis was liable
for 82 out of 1584 Vibrio infections in the report submitted to Centers for Disease Control and
Prevention. In Kolkata in India, [160] reported the increase in the rate at which V. fluvialis is isolated
from hospitalized patients with cholera-like symptoms. [161] revealed the survival of V. fluvialis in
wastewater effluents in South Africa and there is a previous report linking this bacterium to causing
food poisoning [162], especially due to the consumption of inadequately prepared shellfish [163].
Generally, recent studies have established the epidemiological relevance of V. fluvialis in several
countries regardless of their economic circumstances [25,131].

Human infections caused by V. vulnificus occur virtually everywhere has and have been isolated
from estuarine or coastal environments, which was first reported in the United States by the Centre for
Disease Control in 1964. Though it was erroneously recognized as a virulent strain of V. parahaemolyticus,
it was later understood in 1970. The disease conditions displayed include wound infections and
septicemia, which were unique and different from other Vibrio species [164–166]. This bacterium is
unique for a number of reasons, such as its exceptional pathogenicity, high case fatality rate, interesting
and unusual epidemiology, hidden virulence potential, and the increasing incidence of disease. Indeed,
this pathogen is strikingly interesting because recorded cases occur in males (~85%) and in patients
with repressed illnesses resulting in raised serum iron levels, primarily hepatitis and alcohol-related
liver cirrhosis. Oestrogen appears to reduce the ability of this pathogen to elicit endotoxic shock
in women; however, the molecular basis of this protective role remains unclear. Besides foodborne
disease, V. vulnificus causes potent fatal wound infections. Generally, V. vulnificus wound infections
are categorized by swelling, erythema, and acute pain. Significantly, as compared to other vibrios,
V. vulnificus needs only minute portals of entry to initiate wound infections, and often initially appears
as an insect bite [167]. V. vulnificus is heterogeneous and the basic features—genetic, biochemical,
serological, as well as host range—are used to categorize it into three biotypes. Biotypes 1 and 2 are
known to cause infections in human and aquatic animals, respectively. However, the third biotype
is a hybrid of biotype 1 and 2. This was first discovered in 1996 from V. vulnificus infections at a fish
market in Israel [168]. Recent studies have further revealed the complication surrounding the virulence
process of V. vulnificus as biotype 1 has been discovered to habour two distinct genotypes termed C
(clinical) and E (environmental). In addition, the genotype strains C are mostly associated with human
septicaemia, while the genotype E is encountered in wound infections caused by V. vulnificus. [28]
revealed the occurrence of V. vulnificus in effluents from wastewater treatment plants even after
chlorination in South Africa. Several discrete genes are believed to be important in pathogenesis, as
well as those involved in cytotoxicity, haemolysins, iron sequestration pathways, secretion systems,
and acid neutralization pathways. Up to date, there has been no record of any single molecular
target that has been documented which is capable of differentiating pathogenic and non-pathogenic
V. vulnificus strains and this calls for more research in an attempt to unravel the differences that exist
within these strains.
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Vibrio parahaemolyticus, a halophilic bacterium, has gained global brutality, having being linked to
an emergence of gastroenteritis throughout the world, including Africa, Europe, and Asia [169]. Several
studies have tried to establish that this human pathogen resides in different geographical locations.
Vibrio parahaemolyticus was first isolated and recognized as the causative agent of seafood-borne
infections in Japan in 1950, which accounted for over 272 illnesses and 20 deaths after the consumption
of shirasu, a local delicacy [170]. From 1996 to 1998, the Infectious Disease Surveillance Centre in
Japan declared V. parahaemolyticus as the main cause of food poisoning [171]. Lethal V. parahaemolyticus
is spread via the consumption of partially, undercooked, or contaminated marine products, and is
capable of initiating acute gastroenteritis [172,173]. The disease condition caused by V. parahaemolyticus
is associated with three major clinical manifestations which include gastroenteritis, wound infections,
and septicemia. The most prominent of these syndromes is gastroenteritis, with symptoms such as
watery diarrhea (occasionally bloody diarrhoea) with abdominal pains, nausea, spewing, headaches,
and fever [171,174]. The mean period of V. parahaemolyticus illness is 15 h (range: 4–96 h) [175].
V. parahaemolyticus infection in immunocompetent folks is self-limiting, mild, and of moderate severity,
lasting an average of three days [176,177]. About 45,000 annual cases of food-borne disease associated
with V. parahaemolyticus infections are reported in the United States, and this is a public health threat
because the incidence keeps increasing in spite of control measures; this is attributed to the impact
of climate change on pathogen abundance and distribution. Almost 20 to 30% of all reported food
poisoning cases in Japan are caused by V. parahaemolyticus [178] and it is considered as one of the
major causes of seafood and marine products-borne illness [179,180]. Furthermore, several cases
of gastroenteritis which result from the consumption of contaminated seafood, as well as cholera
outbreaks, were also reported in Nigeria [181].

6. Treatment and Antibiotic Resistance of Vibrio Species

The frequency of Vibrio species infections, which cause illnesses that vary from acute diarrhea,
septicemia, and gastroenteritis to primary sepsis and necrotizing fasciitis, continues to increase
particularly in developing and middle-income countries where infectious diseases and poverty are
endemic [182]. The treatment of the cholera disease condition is centered on the physiological ideology
of replacing water and electrolytes and maintaining the intravascular volume. The main goal is to
replenish potassium and bicarbonate, which were discharged along with choleric stool. For severely ill
patients, the Centre for Disease and Control (CDC) recommends the use of antibiotics along with fluid
replacement. The application of this physiological principle is primarily made available to patients
who are sternly dehydrated and who continue to discharge large volumes of stool throughout the
rehydration treatment. The use of antibiotic treatment is also recommended for all patients who are
hospitalized. Antimicrobial agents are useful in aiding the rehydration treatment of cholera, because
their use reduces the duration of diarrhoea (which in turn reduces the spread of the disease), and
treats acute illnesses (by reducing the volume of diarrhoea). CDC recommends that the class of
antibiotics used for treating any infection should be based on indigenous antibiotic susceptibility
patterns. The first line of treatment for adults in most countries as recommended is doxycycline;
however, azithromycin is recommended as the primary treatment for pregnant women and children.
For the period of an epidemic, an antibiogram must be observed by carrying out regular tests on all
sample isolates from different geographic regions [73].

Ever since the discovery of antibiotics and other antimicrobial therapies, they have always been
used to treat both old and new emerging infections, subsequently leading to disease management and
control [183,184]. However, treating antibiotic resistant infections with existing antibiotics has become
more challenging, giving the rise in infections that result in higher morbidity and mortality [185,186].
In sub-Saharan Africa, the prevalence of the high burden of infectious diseases, which are mainly of
bacterial origin, has increased the demand for antimicrobial remedies for treatment [182]. Furthermore,
in the healthcare environment, shortfalls ranging from the inadequate diagnostic capacity and
resources, high out of pocket cost of antimicrobial drugs, and lack of free access to antibiotics, to
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constrained access to health services and poor orientation with respect to antibiotic use [187–189], have
gradually fueled the demand for antibiotics. Every year, quite a large number of Vibrio species are
documented to harbour high resistance genes towards commonly used antibiotics. Drug resistance is
one of the most alarming public health concerns that advances rapidly and threatens the advancement
of disease management and control [190,191].

The upward trend of antibiotics resistance by microbial pathogens portends to weaken the idealistic
hope of public health gains made since the widespread use of antibiotics was adopted. The emergence of
antibiotics resistance among various species of Vibrio pathogens is a well-established phenomenon [192]
and with the ongoing challenges of producing potent and effective new antibiotics [193], the management
of communicable diseases has become a dire need in less industrialized countries where poor
sanitation and malnutrition are prevalent. The indiscriminate use of antibiotics and chemotherapeutic
agents as feed additives or immersion baths to establish preventive measures in farming and
aquaculture environments has also been implicated in the emergence of multidrug resistance in
aquatic microorganisms such as the Vibrio species [194].

Recent studies have established the role played by municipal and industrial wastewater and
aquaculture as drivers of resistance genes in the aquatic ecosystem. A sizeable portion of the clinically
used antibiotics consumed by humans is released in an active biological form through urine and
faeces [195–197]. The residual portion of the antibiotics excreted by humans is discharged into
wastewater treatment plants, with one of three fates: (1) biodegradation [198], (2) absorption to sewage
sludge [199,200], or (3) exit as inadequately treated effluent [201,202]. Furthermore, 16 selected United
Kingdom wastewater treatment plants (WWTPs) showed the existence of erythromycin, ofloxacin, and
oxytetracycline residues in each of the WWTPs [203].

Moreover, about 30–90% of antibiotics ingested by animals are found in their faeces and urine [204].
Animal excreta are also known to pollute the environment with antibiotic resistant bacteria and
antibiotics [205,206]. This phenomenon was recently verified in a study conducted in the Netherlands
using 20 salable swine and 20 calf farms. The result revealed antibiotics in 55% of the swine faeces
out of the 80% of the swine farms considered, and in 75% of the calf faeces from 95% of the cattle
farms [204]. Among the antibiotics residues recovered, oxytetracycline, doxycycline, and sulfadiazine
remained the most recurrent. This is in line with some noteworthy reports affirming that the use of
antibiotics and biocides in fish farms tends to increase the circulation, which in turn contributes to the
wide range of resistance genes within our environment.

Antibiotic resistance is known as the enhanced ability of an organism to withstand the effect
of antibiotics to which it was previously vulnerable. In the treatment of different Vibrios infections,
antibiotics such as Amoxicillin, Ampicillin, Chloramphenicol, Cotrimoxazole, Ciprofloxacin, Doxycycline,
Erythromycin, Fluoroquinolone, Furazolidone Gentamicin, Kanamycin, Nalidixic acid, Neomycin,
Norfloxacin, Polymyxin B, Quinolone, Streptomycin, Spectinomycin, sulfamethoxazole–trimethoprim,
Sulphonamides, Tetracycline, Trimethoprim, and Vancomycin are generally drugs of choice [73,207–209].
Several reports have established that both clinical and environmental Vibrio strains harbor antibiotic
resistance genes [210–212]. The presence of this bacterium in the aquatic environment increases
human fright on food safety owing to the latter possibly causing disease epidemics depending on
the environmental conditions [213]. The advent of antibiotics resistance is a challenging process
repeatedly linking human, environmental, and pathogen-related features [184,187,192]. In general,
the antibiotic routine in humans and animals conveys an intrinsic threat of opting for antimicrobial
resistance genes (ARGs). The predominance of resistance genes in the environment is the outcome of
an intricate combination of dynamics, which reveals an active balance of fitness costs and aids: costs of
transporting the ARGs in the framework of the host genome and environment [214,215], relative to
the sternness and recurrence of risk [216], pertinent to some physical environmental features, such as
temperature [217] and microbial ecology [218], among others.
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7. Mechanism of Antibiotics Resistance in Vibrio Species Infection

Several antibiotic resistance mechanisms in bacteria are usually enabled by exporting drugs
through efflux pumps, chromosomal mutations, or developing genetic resistance via the exchange
of conjugative plasmids, conjugative transposons, integrons, or self-transmissible chromosomally
integrating SXT elements [209,219]. Some antibiotic-resistant Vibrio species in sub-Saharan Africa, as
well as their resistance mechanisms, are listed in Table 5. Vibrio species are known to employ multi-drug
efflux pumps to establish resistance against antimicrobial agents and other toxic compounds by a
mechanism that prevents the accumulation of drugs inside the bacterial cells. V. cholerae has shown its
ability in using multidrug efflux pumps to export a wide range of antibiotics, detergents, and dyes that
are chemically and structurally unrelated [220]. Collectively, multi-drug efflux pumps are not employed
only for drug resistance, but have also been implicated in the expression of important virulence
genes in Vibrio pathogens. The spread of antibiotic-resistant pathogens in V. cholerae is known to be
facilitated by horizontal gene transfer through self-transmissible mobile genetic elements, including
SXT elements—mobile DNA elements belonging to the class of integrative conjugating elements (ICEs).
The SXT genetic mobile element ICE conferring resistance to sulfamethoxazole-trimethoprim was
first documented in V. cholerae O139 or a closely related ICE in Madras, India, owing to its ability to
harbor resistance to trimethoprim, sulfamethoxazole, and streptomycin. The relationship between
self-transmissible elements and multidrug resistance has been well documented in Vibrio species [221].
A recent study in Cameroun revealed that Vibrio cholerae O1 of environmental origin harbours
heterogeneous multidrug resistance towards Amoxicillin (AML), Ampicillin (AMP), Tetracycline
(TE), Chloramphenicol (C), Doxycycline (DXT), and Cotrimoxazole (SXT) [222]. The frequent usage
of antibiotics as part of the Vibrio infection treatment regimen has resulted in the development of
multidrug resistance in V. cholerae and seafood pathogens such as pathogenic Vibrio species [194].

Table 5. Selected drug-resistant Vibrio species strains reported in Sub-Saharan Africa. Adapted
from [209] with slight modification.

Year Country Strain Antibiotic Resistance Mechanism Reference

2006 Accra, Ghana O1 SXT SXT element, Class 2
integron, Class 1 integron. [223]

2011–2014 Ghana O1 biotype El Tor Am, Cpr, NA, SXT. ND [224]

Nov. 2002–April 2004 Mozambique O1 El Tor Ogawa Cm, Co, Tet, Qu. ND [225]

1994 Rwanda O1 EL Tor Co ND [226]

Oct. 2004–Mar. 2006 Senegal O1 El Tor Co ND [227]

2009–2010 Nigeria atypical El Tor SXT, Spec ND [154]

2004–2005 Cameroun O1 SXT, Amp ND [228]

Aug. 2006–Sep. 2008 North-west
Ethiopia O1 Inaba Co, Cm, Amp, Ery, Tet,

Cpr. ND [229]

2011–2012 DR Congo Ogawa and Inaba NA, Am, Cm, Tet, Do,
Nf, SXT, Ery. ND [230]

Dec. 2006–Feb. 2007 Namibia O1 El Tor Inaba SXT, Sm. ND [231]

1998–1999 Kenya O1 Spec, Cm, Co, Tet ND [232]

2006 Angola O1 and
Vibrio parahaemolyticus Am, Cm, Tri, SXT, Tet. Plasmid located

Class 1 integrons. [233]

2010 South Africa Vibrio fluvialis, Vibrio
species

Vf (Tri, Pen, Co, Spec).
V spp. (Am and SXT). ND [28]

2008–2009 South Africa O1 Inaba Co, NA, Am, Tet, Cm,
Ery, Ce.

Tet A gene, SXT
element-integrase [234]

Note: Am: amoxicillin; Amp: ampicillin; Cm: chloramphenicol; Co: cotrimoxazole; Cpr: ciprofloxacin;
Ery: erythromycin; Spec: spectinomycin; SXT: sulfamethoxazole–trimethoprim; Tet: tetracycline; Tri: trimethoprim;
NA: nalidixic acid; Qu: quinolone; Sm: streptomycin; pen: penicillin; Ce: cephalosporin.

As an environmental organism, V. cholerae has the means to acquire resistance genes from
intimate contact with indigenous resistant environmental bacteria [235] through mobilizable genetic
elements. The persistent discharge of antibiotics into WWTPs is associated with the release of

30



Int. J. Environ. Res. Public Health 2017, 14, 1188

resistance genes. These resistance genes in wastewater primarily originate from the gastrointestinal
tracts of humans [236–238]. However, most of the genetic determinants that confer resistance to
antibiotics are located on plasmids. Acquired antibiotic resistance in bacteria is generally mediated
by extrachromosomal plasmids and is transferable to other bacteria within the environment [239].
The co-location of antibiotics and ARGs in WWTPs can select for novel combinations of AMR
that can be shared between microorganisms by horizontal gene transfer (HGT) on mobile genetic
elements (MGEs), such as plasmids, thereby increasing the prevalence and combination of multiple
drug resistance in the microbial community [240,241]. Plasmid-mediated multidrug resistance is
one of the most pressing problems in the treatment of infectious diseases. In the last decade, the
emergence of antibiotic resistant genes in Vibrio species has been on the increase compared to previous
years, and these genes include penicillin resistant genes penA, blaTEM-1 and Beta-lactam [242,243],
chloramphenicol resistant genes [244], and tetracycline resistant genes [245]. There has been little
or no regulation of the choice of antibiotics administered to animals, with overlaps in the classes of
antibiotics used for farming and human therapy in most of the sub-Saharan countries. The risk of
multiple drug resistance found in environmental microorganisms being transferred to other pathogens
is of significant public health concern that calls for concerted efforts in tackling the threat posed
to disease control and management [246–248]. These animals, animal products, farm workers, and
the farming environment itself are potential reservoirs for resistance determinants. Antimicrobial
resistance has been detected in farms; however, the extent of resistance and spill over in the country
remains largely unknown. Hence, the transmission of resistance between animal feed and humans
is important and requires investigation, as this has been linked to increasing clinical resistance in
human medicine.

8. Strategic Recommendations for High-Risk Cholera Outbreak Areas

High-risk cholera areas along the coastline are regions that serve as pathways for exchange
with neighbouring countries. The neighbouring areas that are prone to cholera outbreaks with
high incidences call for cross-border collaboration needs for preparedness and early detection [249].
The priority strategic actions to be taken in the above onset regions include: (i) consolidating timely
uncovering and prompt response schemes with community-based surveillance and cross-border alerts;
(ii) establishing coordination machineries through the sectors and borders; (iii) building the capacity for
outbreak management; (iv) targeted the pre-positioning of supplies; and (v) preparing communication
messages and plans. Sustainable Water, Sanitation, and Hygiene activities should be of main concern in
rural areas that are often affected by long outbreaks. An integrated WASH-epidemiological study has
been steered by UNICEF in the West Africa region and proposes to (i) institute support with concerned
Water Company Limited to advance the water quantity and quality delivered to the rural areas;
(ii) reinforce post-chlorination of the network by mounting dosing chlorine pumps at premeditated
points along the network; (iii) advocate the use of GIS technology during an outbreak to ascertain any
strategic hotspots; and (iv) when hotspots are known, implement WASH and Health development
programs targeting identified communities, and consider the use of Oral Cholera Vaccine [250].

9. Conclusions

The concerns about public health risks from Vibrio pathogens, most especially when rural waters,
wastewater effluents, and mishandled sea products remain the means of transmission of Vibrio species
infections, are expected to remain in the future. Every year, there has been an emergence of at least
one new pathogenic Vibrio species which could be transferred through the environment as a new
public health menace. This is as a result of a number of factors which include: (i) the impact of global
climate change on environmental conditions; (ii) the indiscriminate use of chemotherapeutic agents
and antibiotics in aquaculture environments and agriculture; (iii) the enhanced ability of the Vibrio
species to transfer acquired resistance genes; (iv) the evolution of pathogens; and (v) the application of
a global effective surveillance system to ascertain the risks of environmentally transmitted pathogenic
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Vibrio species and the indiscriminate use of antibiotics for treatment and prophylaxis measures.
The observed transmission of antibiotic-resistant bacteria and genes from animals to humans highlights
the importance of biosecurity and the need to separate animals being treated for infection from the
herd (where feasible), and not to re-use beddings from infected and treated animals. The use of an
effective global surveillance system to monitor factors such as ecological modifications and climate
change that enhance Vibrio species as significant human pathogens demands quantitative assessments
rather than assumptions. There is a dire need of information on the indiscriminate traditional use of
antibiotics in farming and aquaculture environments as immersion baths or feed additives, which
is believed to contribute to the prevalence of antibiotic resistance in humans within sub-Saharan
Africa. Furthermore, to reduce the proliferation and survival of emerging and currently recognized
pathogens in the final effluent being discharged into receiving water bodies, there is an urgent need
to adopt advanced treatment methods and maintenance strategies. The implementation of adequate
surveillance management protocols to reduce the possibility of infections caused by pathogenic Vibrio
species is also proposed. Finally, the use of advanced molecular techniques and the integration of skills
from related fields (e.g., microbiology, biotechnology, and ecology) will promote a better understanding
of the state and possible causes of pollution which can, in turn, help in developing long-term policies
to improve water quality.
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Abstract: This study investigated the effectiveness of Water Safety Plans (WSP) implemented in
99 water supply systems across 12 countries in the Asia-Pacific region. An impact assessment
methodology including 36 indicators was developed based on a conceptual framework proposed
by the Center for Disease Control (CDC) and before/after data were collected between November
2014 and June 2016. WSPs were associated with infrastructure improvements at the vast majority (82)
of participating sites and to increased financial support at 37 sites. In addition, significant changes
were observed in operations and management practices, number of water safety-related meetings,
unaccounted-for water, water quality testing activities, and monitoring of consumer satisfaction.
However, the study also revealed challenges in the implementation of WSPs, including financial
constraints and insufficient capacity. Finally, this study provided an opportunity to test the impact
assessment methodology itself, and a series of recommendations are made to improve the approach
(indicators, study design, data collection methods) for evaluating WSPs.

Keywords: water safety plans; drinking water quality; risk management; impact assessment;
Asia-Pacific region

1. Introduction

Diarrheal diseases resulting from inadequate drinking water are estimated to cause 502,000 deaths
per year [1]. Providing safe drinking water is essential to prevent water-related diseases. However,
monitoring and maintaining water safety in piped systems and point sources around the world
is challenging [2–4]. In 2004, the World Health Organization (WHO) formally introduced Water
Safety Plans (WSPs) as a preferred management approach for ensuring the safety of drinking water
supply [5]. WSPs provide a comprehensive methodology to assess and mitigate risks in all steps
of the water supply system from catchment to consumer. Specifically, the approach includes the
formation of a dedicated WSP team; a system assessment phase during which risks, existing control
measures, and gaps are identified to inform the development and implementation of an improvement
plan; routine monitoring and evaluation; and periodic review of the entire process (Figure S1).
This methodology is applicable to both large piped systems and small community water supplies [6,7].
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WSPs are considered “the most effective means of consistently ensuring the safety of a drinking-water
supply” [8] and have been implemented in at least 93 countries [9]. However, despite growing literature
on WSPs, there is no established and validated process to evaluate WSP impacts, and robust scientific
evidence for the benefits of WSPs is limited.

A number of studies have documented the benefits of WSPs and the lessons learned from
their implementation [10–16]. However, as shown in a recent literature review, there are very few
examples of rigorous systematic assessments of WSP impacts [17]. Two studies in Iceland, France,
and Spain assessed the outcomes of WSPs using before/after comparisons [18,19], but they included
only seven and five utilities, respectively, and focused on developed countries. The US Center for
Disease Control and Prevention (CDC) proposed a conceptual framework to evaluate the impacts of
WSPs [19], which distinguishes shorter-term system-level changes (“outcomes”) from longer-term
service delivery and societal improvements (“impacts”) and provides a comprehensive evaluation
lens covering institutional, operational, financial, policy, water supply, health, and socioeconomic
aspects. However, the CDC conceptual framework has not been comprehensively operationalized
through field-testing of specific indicators and data collection methods. Validating an operationalized
form of the CDC evaluation framework across a wide range of contexts (urban/rural, large/small
systems, etc.) and geographic settings remains to be done.

Establishing a process to evaluate the effectiveness of WSPs is important in order to (1) compare
WSPs with more targeted (i.e., less comprehensive) interventions to improve safe water supply, such
as infrastructure upgrades, regulatory reforms, or capacity building; (2) strengthen support for WSPs
among governments and sector stakeholders and (3) help strengthen WSP implementation through
better understanding of the practices that are most challenging to change. At the water system level,
an evaluation process can also be useful to managers for regular monitoring of WSP progress and
evidence-based decision-making.

This study developed and tested methods for assessing the effectiveness of WSPs in 12 countries
in the Asia-Pacific region. Specifically, it allowed for the investigation of the three following questions:
(1) What types of data can be collected to evaluate WSP impacts? (2) How should these data be
collected? (3) What study design should be applied depending on the context and objective of the
evaluation? Using an operational impact assessment framework that was developed based on the CDC
conceptual framework [20], before/after data were collected on 36 performance indicators along with
qualitative information at 99 sites between November 2014 and June 2016. After presenting findings on
WSP outcomes and impacts, this paper draws on the data obtained and the collection process to reflect
on the challenges in evaluating WSPs and recommends study designs for future impact assessments.

2. Materials and Methods

2.1. Study Sites

This impact assessment was undertaken through the Water Quality Partnership for Health
(WQP), a program launched in 2005 by the Australian Department of Foreign Affairs and Trade
(DFAT) and WHO to introduce and institutionalize WSPs in the Asia-Pacific region. Sixteen countries
receiving WQP support were invited by WHO Regional Offices to participate in the impact assessment.
Among these countries, 12 were able to collect both baseline and follow-up data: Bangladesh, Bhutan,
Cambodia, Cook Islands, Lao PDR, Mongolia, Nepal, Philippines, Samoa, Sri Lanka, Timor-Leste,
and Vanuatu (Figure 1).

Overall, 99 sites participated in the study (Figure 1). Institutions responsible for selecting
study sites varied between countries and included national-level government agencies
(e.g., departments/ministries of health and water), national water suppliers, heads of local government
units, and WHO country or regional staff. Site selection was non-random. Selection criteria varied
between countries (Table S1), but generally reflected an attempt to capture the diversity of settings
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(according to system size, management type, geography, performance, challenges, etc.), while also
prioritizing sites with longer-running WSPs and readily available data.

 

Figure 1. Twelve countries that participated in the WSP impact assessment, with number of
participating sites indicated between parentheses.

Piped systems represented 90% of the study sites (89 out of 99), with approximately two-thirds
(58) of these operated by public/private utilities or local government units, and a third (31) managed
by communities (Table 1). Point sources, representing 10% of the study sites (10 out of 99), included
water-refilling stations and groundwater sources (Table 1). In most countries (all except Sri Lanka,
Cook Islands, Samoa, and Vanuatu), sites represented a mix of rural and urban settings. Overall, 62% of
the sites (61) were urban and 38% (38) were rural (Table 1). The populations served by the water
systems varied widely between 22 people (a small community-managed piped system in Bhutan) to
8.9 million people (a large urban utility in the Philippines) (Figure 2a). The median population served
across all the sites was 7140 people. Eight of the 10 smallest systems were in Bhutan; the 10 largest
systems were in the Philippines, Mongolia, Sri Lanka, and Bangladesh (Figure 2a).

Table 1. Number of sites that participated in the WSP impact assessment by country, type of water
system, context (urban/rural), and WSP age.

Country Total
Sites

Type of System Context Age

Piped Systems
Point

Sources
Urban Rural <2 years >2 years

Utility/LGU a Community-
Managed b

Bangladesh 10 8 2 0 8 2 7 3
Bhutan 13 6 7 b 0 7 6 10 3

Cambodia 8 4 0 4 c 4 4 0 8
Cook Islands 1 1 0 0 1 0 0 1

Lao PDR 5 3 0 2 c 3 2 1 4
Mongolia 8 7 0 1 c 3 5 5 3

Nepal 15 1 14 0 11 4 9 6
Philippines 15 12 0 3 d 8 7 11 4

Samoa 1 0 1 0 0 1 1 0
Sri Lanka 10 10 0 0 10 0 4 6

Timor-Leste 10 6 4 0 6 4 10 0
Vanuatu 3 0 3 0 0 3 3 0

Total 99 58 31 10 60 39 61 38
a Private or public utility or Local Government Unit (LGU); b three systems managed by schools; c groundwater
sources; d water refilling stations.
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Figure 2. Description of sites: (a) Populations served by sites; (b) Mean age of WSP at time of
follow-up data collection. The upper and lower bounds show the maximum and minimum ages
in each country, respectively.

The age of WSPs implemented in the study sites varied considerably within and between countries
(Figure 2b). At follow-up, the youngest WSP was 7 months (in Vanuatu) and the oldest was 8 years
and 1 month (in the Philippines), with an overall mean WSP age of 25.2 months (Figure 2b).

2.2. Evaluation Framework

WHO developed an operational impact assessment framework for this study based on the CDC’s
conceptual framework [19], which distinguishes between shorter-term (occurring on the order of
months) system-level changes, called “outcomes”, and longer-term (occurring on the order of years)
service delivery and societal improvements, called “impacts” (Figure 3). Outcomes explored in the
study include changes in communication and knowledge (institutional outcomes); infrastructure
and operation/management procedures (operational outcomes); revenue collection, cost recovery,
and investment (financial outcomes); norms and regulations (policy outcomes); and inclusion of
disadvantaged groups (equity outcomes, which were added to the CDC conceptual framework)
(Figure 3). Impacts include changes in water service delivery such as coverage, continuity, quality, and
potential health impacts (e.g., reduction in waterborne illness) (Figure 3). Eventual socioeconomic
changes (e.g., reductions in medical expenses and coping costs) included in the CDC conceptual
framework were not considered in this study due to concerns related to the practicality of data
collection and because these impacts are expected to occur over longer time scales.
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The operational impact assessment framework used for this study comprised 36 performance
indicators, listed in Table 2, defined to measure the outcomes and impacts of WSPs. These indicators
were developed in consultation with WSP stakeholders in participating countries in 2013, prior to
the publication of the CDC indicators presented in Lockhart et al. [21]. Therefore, the two sets of
indicators, although similar, are not identical. The operational impact assessment framework also
included open-ended questions to help interpret the quantitative indicator data and gather additional
information on the challenges of WSP implementation.

Figure 3. Operational impact assessment framework and indicators used in this study. More details on
indicators, including units and sub-indicators, are presented in Table 2.

2.3. Study Design and Data Collection

An uncontrolled before-after study design was applied. Baseline data were collected between
November 2014 and February 2016 and were intended to capture conditions at a site prior to WSP
implementation. At 65% of sites, baseline data were collected retrospectively, i.e., after the start of the
WSP. Follow-up data were collected between December 2015 and June 2016 (Figure S2, Table S2).

Data collection was undertaken by various organizations, including government agencies,
national water utilities, universities, WHO country offices, and independent consultancies (Table S2).
Data collection teams interviewed key personnel of the water supply systems (i.e., managing directors,
water quality managers, operations staff) in their local language. For approximately half of the sites,
data collectors received some form of training, while the rest relied solely on the data collection forms
for guidance.
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Two data collection forms were used at each site (Figure S2): (1) an impact assessment form to
collect data on the 36 indicators listed in Table 2 and (2) an audit form to evaluate the WSP level of
development and stage of implementation, used only during follow-up data collection. Two versions
of the audit form were available: one for urban and one for rural systems. The audit forms used are
included in Appendix B of A practical guide to auditing water safety plans [22]. Sites were defined as rural
or urban by country institutions themselves and definitions varied between countries. In addition
to quantitative data, qualitative data were collected using the impact assessment form through
(1) explanations provided by data collectors regarding quantitative responses and (2) open-ended
questions to interviewees about the impacts and challenges of WSPs.

2.4. Data Processing and Analysis

Data from the forms were collated and cleaned in Excel. Inconsistencies between data provided
and qualitative explanations were checked, as well as those between baseline and follow-up data, and
clarifications were sought with country officials and data collection teams. Data that were missing,
indicated to be only estimates, clear outliers, or obviously incorrect calculations were excluded.
To evaluate the reliability of the indicators involving subjective scoring (operations and management
(O1b) and equity (E1a), Table 2), an Aquaya staff member performed an independent scoring for
25% of sites using the available qualitative data. To assess how the operational impact assessment
framework “performed,” the quality and availability of the data collected for each of the 36 indicators
were analyzed. To assess data quality, each indicator was examined in depth to see whether data
were presented in a consistent way before and after WSP implementation and between countries,
reflected adequate understanding of the question, and could be verified using contextual information.
This allowed for the identification of indicators that were prone to confusion, challenging to quantify,
or inappropriate in specific settings. Indicators for which data errors or inconsistencies were common
were defined as being of poor quality, and indicators that were missing in over 75% of sites were
defined as insufficiently available.

We selected 25 sites representing all 12 countries for qualitative data analysis based on the
following criteria: (1) inclusion of all countries (at least one and not more than three sites per country);
(2) availability of qualitative data in the data collection form and (3) representation (e.g., urban and
rural settings, range of water supply systems, and range of population served). Qualitative data
analysis was performed using the NVivo software [23]. Baseline and follow-up data were inductively
coded using codes such as “complaints”, “testing”, and “lack of documentation”. Coding queries
and intersections between codes then allowed themes to emerge, such as “water quantity issues” or
“operational costs”.

Statistical before-after comparisons were performed for indicators meeting two inclusion criteria:
(1) both baseline and follow-up data were available from at least 25% of sites and (2) there were
no substantial concerns with data quality. Out of 36 indicators, twenty did not meet these inclusion
criteria (see Section 3.2). In addition, two indicators did not lend themselves to before-after comparisons
because they only applied to follow-up (O1a and F3a). Statistical analysis was thus performed on
fourteen indicators. The statistical significance of before-after differences was analyzed using the
paired Wilcox rank-sum test for continuous indicators or the chi-square test for binary indicators.
Correlations between audit scores and impact/outcome indicators were also investigated.

2.5. Ethics Statement

Written government approval for the study was obtained from Bangladesh, Cambodia, Lao PDR,
Mongolia, Philippines, Sri Lanka, and Vanuatu. Government approval was implicit for Bhutan,
Cook Islands, Nepal, Timor-Leste, and Samoa, where data collection was done by government agencies.
The study protocol was submitted to the Western Institutional Review Board (WIRB, wirb.com,
Olympia, WA, USA) for ethical review and received a determination of exemption from full review
under 45 CFR §46.101(b)(2) of the Common Rule in the USA.
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3. Results

3.1. WSP Audit Scores

The WSP audit scores varied substantially between sites (Figure 4). No statistically significant
relationships were found between audit scores and WSP age or population served (p > 0.05). The audit
scores showed similar distributions for urban and rural sites, with the “average” category being the
largest for both groups (Figure 4). The study generally did not find statistically significant relationships
between audit scores and the outcomes or impacts measured. The absence of direct correlation between
WSP implementation quality and outcomes/impacts suggests that WSP benefits result from a complex
interplay of factors not limited to implementation rigor.

Figure 4. Distribution of qualitative audit scores assessing the quality of WSP implementation.

3.2. Evaluation Process: Analysis of the Indicators

Overall, 20 indicators suffered from substantial data quality issues (18), insufficient data
availability (8), or both (6) (Table 2). Data were rarely available (i.e., in less than 25% of sites) for
knowledge indicators (I2a-b), pressure (W1c), disinfectant residual compliance (W2f), “other” water
quality parameters (W2g), consumer satisfaction (W3b), number of consumer complaints (W3d),
and diarrheal incidence (H1c) (Table 2). In addition, financial (F1a-b, F2a-b, F3b), knowledge (I2a-b),
equity (E1a), pressure (W1c), “other” water quality parameters (W2g), number of consumer complaints
(W3d), health (H1a-c) and policy (P1a-b, P2a-b) indicators suffered from poor data quality (Table 2).
With respect to financial indicators, the concerns included calculation mistakes, incomplete operating
costs (missing line items), and misinterpretation of “revenue” (expected versus actually collected).
For knowledge indicators, there were instances where different water system staff were interviewed
at baseline and follow-up, limiting the ability to rigorously assess progress in knowledge. For equity
indicators, the qualitative data revealed variability in the interpretation of “disadvantaged groups”
and “explicit considerations of equity” between data collectors. For pressure, estimates were often
provided, as opposed to actual measurements. Data on “other” water quality parameters and customer
complaints suffered from inconsistent reporting, either between baseline and follow-up or between
sites. With respect to health indicators, the primary concern was that information on disease incidence
was collected from hospitals whose service areas did not necessarily align with that of water systems.
Policy indicators were undermined by different interpretations of risk management between countries.

The remaining 16 indicators had both sufficient data availability and quality for analysis.
Data from 14 of these indicators were quantitative and suitable for statistical analysis:
operations and management (O1b), stakeholder communication (I1a-c), service (W1a-b and W1d),
water quality (W2a-e), and consumer feedback (W3a and W3c) indicators. The two qualitative
indicators—infrastructure improvements (O1a) and financial support received (F3a)—were assessed at
follow-up only and were therefore considered outside of the statistical analysis.

Finally, for the two indicators relying on subjective scoring—level of operations and management
practices (O1b) and equity (E1a)—scores assigned by data collection teams and by Aquaya staff
were not significantly different (p > 0.1, except for 3 sub-indicators for which the discrepancies were
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small, Table S3), suggesting that such subjective indicators do not constitute a weakness of the impact
assessment framework.

Disparities were observed in data availability between urban and rural sites, especially for
financial and water supply indicators. Many rural sites did not have data on operating costs and
revenue (F1a-b, F2a-b) because they distributed water for free, relied on volunteer management, or
did not hold official records. For example, a rural site in Timor Leste reported: “Two technicians [are]
working as volunteers for operation and for maintenance with the support of [donor] and community ... There is
no system for collecting revenue from consumers as of now”. A rural site in Samoa stated: “The caretaker . . .
is not paid on monetary terms but by other means”. According to a rural site in Mongolia, “Revenue collected
from users is spent on incentives and salaries for the well operator. However, no records are kept”. Similarly,
indicators on water quality testing and compliance (W2a-e) were, on average, available at only 57%
of rural sites (compared to 76% of urban sites), due to a lack of water quality testing at many sites.
As a rural site in Mongolia stated, “Laboratory testing is expensive; therefore, testing cannot be performed
regularly”. In Nepal, a rural site reported not having its own test kit: “[We are] dependent on [the] District
headquarter test kit and it seems [a] little bit impossible [to do] frequent tests”. In Lao PDR, a rural site stated:
“Someone else [has] collected water samples and tested, but not sure whether it was for microbial indicators
or not. No records of water quality testing results [are] available at the village”. In addition, no rural site
could provide data on unaccounted-for water (W1d) at both baseline and follow-up, primarily due
to the absence of bulk and/or consumer meters. These results illustrate the challenges of evaluating
lower-capacity sites where data are less available than at higher-capacity sites. These challenges were
even more apparent for the four non-piped water sources in Cambodia, where data were available for
only five performance indicators (O1b, I1a-c, and W2a).

3.3. Outcomes and Impacts of WSPs in the Asia-Pacific Region

The vast majority of the sites (83%, 54 urban and 28 rural) reported infrastructure improvements
as a direct result of WSP implementation (O1a). These improvements targeted various stages of the
water supply system, including the catchment/source (e.g., toilet construction, flood protection),
the treatment plant (e.g., capacity increase, automatic chlorination, new reservoirs), the distribution
system (e.g., network expansion, new pumps, meter installation), the energy supply (e.g., purchase
of generators), and monitoring activities (e.g., laboratory construction). Qualitative data indicated
that infrastructure improvements were generally focused on water quality rather than water quantity.
Several factors were cited as having facilitated these improvements, including recommendations
by WSP teams, the enhanced authority of water quality divisions, and changes in management
mindsets with respect to water safety risks. In addition, over a third of the sites (37) reported that WSP
implementation was linked to financial support from donors or NGOs (other than DFAT) (F3a).

Aggregated results for the 14 quantitative performance indicators that met the inclusion criteria
are presented in Table 3. Between baseline and follow-up, statistically significant improvements
were observed in operations and management practices (O1b), the number of water safety-related
meetings (I1a, I1b, I1c), unaccounted-for water (W1d), water quality testing activities (W2a, W2c, W2e),
and monitoring of consumer satisfaction (W3a, W3c) (Table 3). The median score for the level of
operations and management practices increased from 9% to 44% (p < 0.01, n = 93) (Table 3), showing
greater attention to proactive risk management practices. The proportion of sites reporting internal,
external, and consumer water safety meetings increased from 16% to 60% (p < 0.01, n = 92), 25% to
48% (p < 0.01, n = 92), and 16% to 53% (p < 0.01, n = 85), respectively (Table 3). The median level of
unaccounted-for water (UFW) decreased from 25% to 20% (p = 0.01, n = 30) (Table 3). The median
number of microbial, turbidity, and disinfectant residual tests performed increased from 3 to 12
(p < 0.01, n = 89), 0 to 4 (p < 0.01, n = 87), and 0 to 10 tests per year (p < 0.01, n = 74), respectively
(Table 3). Between baseline and follow-up, the number of sites that conducted consumer satisfaction
surveys and kept records of consumer complaints increased from 13% to 33% (p < 0.01, n = 92), and 41%
to 61% (p < 0.01, n = 92), respectively (Table 3). In contrast, there were no significant changes in
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service continuity (W1a), service coverage (W1b), or in the compliance of test results with national
standards (W2b and W2d) (Table 3). For the latter, the absence of observed changes may be due to the
unavailability of data in a large number of sites and to reports of 100% compliance at baseline for the
remaining sites (Table 3). All improvements in WSP outcomes and impacts observed in this study are
summarized in Table 4.

Table 3. Comparisons of WSP outcome and impact indicators between baseline and follow-up.
The analysis includes the number of sites (n), the percentage of sites reporting any given activity,
median values across all sites at baseline and follow-up, and the statistical significance of the change
between baseline and follow-up (p-value). p-values were determined using the paired Wilcox rank-sum
test for all except the binary W3a and W3c indicators, which were determined using the chi-squared
test. Results for each indicator, except O1b, are reported for 12-month periods.

Code Indicator n Unit
% of Sites Median Values p-Values

Base-Line Follow-Up Base-Line Follow-Up

Operational Outcomes

O1a Infrastructure changes due to WSP 95 yes/no - 86 - - -
O1b Level of operations and management practices 93 % - - 9 44 <0.01

Financial Outcomes

F3a Financial support due to WSP 89 yes/no - 42 - - -

Institutional Outcomes

I1a Internal meetings 92 number 16 60 0 2 <0.01
I1b External water safety meetings 92 number 25 48 0 0 <0.01
I1c Consumer water safety trainings 85 number 16 53 0 1 <0.01

Water Supply Impact

W1a Continuity 93 h/week 34 a 37 a 97 104 0.59
W1b Service coverage 76 % - - 85 81 0.75
W1d Unaccounted-for water (UFW) 30 % - - 25 20 0.01
W2a Microbial tests 89 number 73 85 3 12 <0.01
W2b Microbial compliance 60 % - - 99 98 0.24
W2c Turbidity tests 87 number 45 70 0 4 <0.01
W2d Turbidity compliance 37 % - - 100 100 0.5
W2e Disinfectant residual tests 74 number 39 57 0 10 <0.01
W3a Consumer satisfaction surveys 92 % 13 33 - - <0.01
W3c Consumer complaint records 92 % 41 61 - - <0.01

a Sites reporting continuous supply.

Table 4. Summary of observed WSP outcomes and impacts.

Indicators Observed WSP Outcomes and Impacts
% of Sites Showing Improvements 1

(and Number of Countries)

O1a Infrastructure improvements 86% (10 countries)
O1b Improvement in operation and management 95% (12 countries)
F3a Leveraging of donor funds 39% (9 countries)

I1a, b, c Increased stakeholder communication and collaboration 66% (10 countries)
W1d Reduction in unaccounted-for water (UFW) 21% (7 countries)

W2a, c, e Increased water quality testing 65% (11 countries)
W3a, c Increased monitoring of consumer satisfaction 33% (11 countries)

1 For groups of indicators, the % of sites showing improvements in at least one indicator are reported.

The qualitative data indicated that knowledge and training obtained by water system staff through
WSP implementation increased their attention to water quality, and that increased testing in turn
improved their understanding of the system and their motivation to ensure water quality. Qualitative
data also indicated that consumer complaints at follow-up were more often focused on water quantity
(e.g., reliability, pressure) than on water quality.

The qualitative data analysis also revealed a number of challenges in the implementation of
WSPs. Many sites reported that they were unable to implement risk mitigation measures due to
financial constraints. Several sites noted that staff transfers or insufficient staffing levels impeded WSP
implementation. Although statistically significant improvements were observed in operations and
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management practices (O1b), a number of sites reported persisting challenges related to operations
and management, reflected in a lack of written procedures, poor record keeping, reactive (as opposed
to proactive) maintenance, and discrepancies between planned and actual water quality testing.
Some sites noted challenges in convening water safety meetings, especially when WSP team members
were from different local government departments. These accounts are consistent with the generally
low levels of operations and management practices (O1b) and number of meetings (I1a-b-c) reported
in Table 3.

4. Discussion

4.1. How to Improve the WSP Impact Evaluation Process

This study, which was the first to use a comprehensive impact assessment framework to assess the
effectiveness of WSPs across multiple countries and regions, identified a number of challenges relating
to performance indicators, data collection, and the broader approach to WSP impact assessments.
This section provides suggestions to address these challenges and better adapt the evaluation process
to its context and objective. A revised impact assessment framework will be developed by WHO based
in part on these suggestions and published as a separate document.

Based on the experiences with data collection across a wide range of sites, the 36 indicators
have been categorized into four groups according to recommendations for future impact assessments
(Table 2):

A. Retain without changes. Indicators are important and reliable data were easily collected.
B. Retain but modify to standardize answers and avoid calculation mistakes. Indicators are

important but were associated with data quality and/or availability challenges that can be
easily overcome.

C. Retention requires further consideration. Indicators were associated with significant data quality
and/or availability challenges that may be difficult to overcome (except at higher-capacity sites).
If retained, modifications will be needed.

D. Do not retain. Indicators are not core to the WSP process, are redundant and/or
are not sufficiently important to warrant addressing data quality and/or availability
challenges experienced.

Indicators in categories B and C should only be retained when they can yield standardized and
comparable data across sites. To achieve this, data collection methods should take into consideration
the capacity of water systems and provide step-by-step guidance where needed. Finally, although
knowledge and health indicators were particularly challenging to quantify and did not yield useful
results, they represent core target aspects of WSPs. Therefore, more robust and standardized methods
to measure these indicators are needed so that these indicators can be included in future impact
assessment frameworks.

The results also suggest that some indicators in categories A and B may need different data
collection methods to ensure better data quality. Firstly, three indicators—service continuity (W1a),
consumer satisfaction (W3b), and diarrheal incidence (H1c)—would likely yield more accurate data if
evaluated through household surveys as opposed to questionnaires to the water supplier (W1a and
W3b) and review of existing household data (H1c). In addition, if diarrheal incidence is to be evaluated,
it needs to be appropriately sampled and statistically powered [24]. Secondly, for low-capacity systems
that lack data, external measurements of water quality may be needed (e.g., to establish baseline data).
For these water systems, data collectors may also need to clarify and assist with financial calculations
when information on revenue or cost recovery is not readily available.

More generally, this study revealed two important challenges inherent to WSP impact assessments.
Firstly, a relationship between the performance of a water system and the availability of data was
observed. The sites for which data were most available were higher-capacity sites with high indicator
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levels at baseline. By contrast, lower-capacity sites with the most room for improvement often lacked
reliable data at baseline, limiting the ability to detect changes. Therefore, to assess the extent to which
WSPs can improve lower-capacity systems, data collection methods tailored to such systems (such as
those recommended above for water quality and financial issues) are needed. Secondly, the diversity
in system types (piped/point sources, urban/rural, small/large) and WSP age can be expected to lead
to heterogeneities in the results achieved through WSP implementation. For example, a favorable WSP
outcome for a low-capacity rural system may have been an increase in microbial water testing activities
due to prioritization of monitoring practices, whereas a high-capacity urban system may have reduced
the number of microbial tests due to improved efficiencies and risk management procedures. Looking
for average effects in the entire sample would not reveal such case-specific outcomes. Therefore,
limiting sample heterogeneity or selecting a sample size large enough to investigate sub-categories
is recommended.

The design of future impact assessments should be selected according to their context and
objective. Table 5 describes study designs falling under two categories: controlled and uncontrolled.
On one hand, research studies aiming to rigorously determine the impacts of WSPs will require
a “control” group comparable to the “intervention” group, as well as consistent and independent
data collection. The intervention and control groups should be either randomly selected (randomized
controlled trial) or methodically matched on a variety of relevant factors such as water system size,
geographic setting, and/or revenue (matched controls trial). Such methodical study designs will ensure
that observed changes in indicators can be attributed to WSP implementation, and will thus increase
the generalizability and policy-relevance of the findings. On the other hand, country- or site-level
monitoring and evaluation do not necessarily require controlled study designs. Although they cannot
rigorously establish causality between WSP implementation and changes in indicators, uncontrolled
designs such as before-after comparisons can be valuable to support advocacy and encourage better
monitoring practices. Where resources are available, a before-after comparison can be made more
robust by using historical data on indicators (as opposed to single “before” and “after” data points) and
looking for changes in trends that coincide with WSP implementation (interrupted time series design).
For all study designs, it is important to note that external validity (i.e., the generalizability of findings
to an entire country or region) will depend on the extent to which study sites are representative of
water systems in this country or region. Evaluators should thus select study sites using deliberate
criteria to ensure representativeness. Random selection of water systems within the country or region
of interest would ensure the highest degree of representativeness.

Finally, we recommend that future impact assessments include WSP audits as part of the
methodology. Audits help ensure that interventions are implemented sufficiently well, i.e., that
key intervention outputs are delivered, without which further assessments of outcomes and impacts
may not be relevant. Audits can also help identify aspects of WSP implementation that need to be
improved or adapted, which is key for programmatic improvements [25].
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4.2. Achievements of WSPs in the Asia-Pacific Region

Despite the challenges described above, this study provided important insights into the
implementation of WSPs in the Asia-Pacific region. A number of improvements in management
procedures (levels of operations and management practices, number of water safety-related meetings,
water quality testing activities, monitoring of consumer complaints), infrastructure, and finance
were associated with WSP implementation. Given that most WSPs were only 1–3 years old, these
indicators were the most likely to show significant improvements. The study also identified changes
that are expected to occur over longer time periods related to water service delivery, including
a reduction in unaccounted-for water. Although a previous literature review found limited evidence
for institutional effects driven by WSPs [16], this study did identify institutional changes, such as
an increase in the number of water-safety meetings and a greater attention to water quality reflected
in the qualitative data. However, the qualitative data identified a number of challenges in the
implementation of WSPs, including financial barriers and obstacles to the improvement of management
procedures. This study also found that infrastructure improvements prioritized water quality rather
than quantity while consumer complaints were primarily focused on water quantity, highlighting the
importance of balancing water quality and quantity considerations through water safety planning.

4.3. Study Limitations

This impact assessment had several limitations. Firstly, the study design did not include
a comparison (“control”) group; therefore, although the observed changes were associated with
WSPs, it is not possible to attribute causality to WSP implementation. Secondly, the site selection
was not random, which may have led to the selection of “best-case” scenarios. Thirdly, data were
frequently unavailable; therefore many relationships could not be tested. For example, the data did not
allow us to investigate differences in outcomes and impacts between small and large, or between low-
and high-capacity systems. Fourthly, the wide range of training and experience among data collectors
led to issues with data consistency and quality. However, the analysts have attempted to address
some of these limitations by carefully cleaning the data and checking for inconsistencies, and by only
analyzing trends for indicators without data quality concerns and available at >25% of sites. Lastly,
baseline data collection was retrospective at approximately two-thirds of the sites, which reduced
the ability to measure knowledge indicators and may have led to recall errors. These limitations
should be carefully addressed in future WSP impact assessments. Specifically, it is recommended
to improve training of data collectors and assistance to lower-capacity water systems to collect and
report data. Finally, this study showed the importance of collecting qualitative data to substantiate the
quantitative indicators.

5. Conclusions

This study was the first attempt to conduct a comprehensive impact evaluation of WSPs
on a regional scale. A number of positive outcomes and impacts from WSP development and
implementation were identified, as were challenges. In addition, substantial heterogeneities between
sites were observed, especially in data availability and record keeping. Therefore, increased efforts by
water suppliers and regulators to improve data collection and recording practices are needed.

The study found that the process of assessing the impact of WSPs can be improved, and a number
of suggestions have been made to refine the study design and the data collection process. A revised
impact assessment framework will be developed by WHO based in part on these suggestions and
published as a separate document. In addition, it is recommended that future research investigate the
drivers and barriers for WSP success. More systematic monitoring of WSPs is needed to improve their
implementation process, guide their scale-up, and build political support around them.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/6/1223/
s1, Figure S1: Description of the WSP process, Figure S2: Flowchart of data collection and analysis process,
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Table S1: Number of sites participating in the impact assessment in each country and criteria used for their
selection, Table S2: Description of data collection teams in each country, training processes, dates of baseline and
follow-up data collection, and proportion of sites where baseline data were collected retrospectively, Table S3:
Comparison of data collectors’ scores with independently assigned scores by Aquaya staff.
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Abstract: Having access to improved water, sanitation, and hygiene (WASH) facilities constitute
a key component of healthy living and quality of life. Prolonged exposure to insanitary living
conditions can significantly enhance the burden of infectious diseases among children and affect
nutritional status and growth. In this study we examined the prevalence of some common infectious
diseases/disease symptoms of childhood among under-five children in Nigeria, and the association
between the occurrence of these diseases with household’s access to WASH facilities. Types of
diseases used as outcome variables included diarrheal, and acute respiratory infections (fever and
cough). Access to WASH facilities were defined by WHO classification. The association between
diarrhoea, fever and chronic cough with sanitation, and hygiene was analyzed by logistic regression
techniques. Results showed that the prevalence of diarrhoea, fever and cough was respectively
10.5% (95% CI = 9.7–2.0), 13.4% (95% CI = 11.9–14.8), and 10.4% (95% CI = 9.2–11.5). In the regression
analysis, children in the households that lacked all three types of facilities were found to have
respectively 1.32 [AOR = 1.329, 95% CI = 1.046–1.947], 1.24 [AOR = 1.242, 95% CI = 1.050–1.468] and
1.43 [AOR = 1.432, 95% CI = 1.113–2.902] times higher odds of suffering from diarrhea, fever and
cough. The study concludes that unimproved WASH conditions is an important contributor to ARIs
and diarrheal morbidities among Nigerian children. In light of these findings, it is recommended that
programs targeting to reduce childhood morbidity and mortality from common infectious diseases
should leverage equitable provision of WASH interventions.

Keywords: diarrhea; fever; cough; Nigeria; infant health

1. Introduction

As one of the fastest urbanizing country in the continent, Nigeria is experiencing significant
challenges to provide access to improved Water, sanitation, and hygiene (WASH) to the population.
Uncontrolled urbanization affects sanitation mainly through overcrowding of communities,
constraints to quality housing, and reduced freshwater availability due to increasing consumption of
water and water-intensive goods and pollution. The situation is exacerbated by poor environmental
management and regulation which are failing to prevent the pollution of fresh water resources by
accumulation of household and industrial waste water effluents [1]. Water crisis is looming large
in the rural areas as well which is felt especially during the dry seasons, leaving as high as 70% of
the households in serious water insecurity [2]. Nigeria’s sanitation and water poverty have raised
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concerns among many and has been reported by numerous national and international agencies. As of
2015, respectively 69% and 57% of the population in the urban and rural areas faced chronic water
shortage [3] with about another 100 million living without access to adequate sanitation facilities [4].
In contrast, findings from a multi-country study by the joint monitoring program of WHO and UNICEF
reported that 75% of the population had improved water and 59% that had improved sanitation [5].
Lack of access to WASH has important implications for population health especially among children
who are more susceptible to infection and higher risk of illness due to their underdeveloped immune
system [6]. Water and sanitation induced illnesses among under-5 children is considered as a serious
public health concern in Nigeria [4,7].

The importance of WASH on infant nutrition and health status, and early childhood development
cannot be overemphasized. WASH, referred to as improved quantity and quality of water, sanitation,
and hygiene is widely acknowledged as the most cost-effective strategy to reduce the burden of infant
morbidity and mortality by limiting the vectors of transmission through multiple food, water and
environmental routes [8–10]. Inadequate access to clean water, basic sanitation and poor hygiene
practices cause nearly 90% of all deaths from diarrhea in children [11]. Promoting access to safe
excreta disposal, basic hygiene practices such as hand washing with soap, and provision of safe
water supply are regarded as key strategies to limit the burden of infectious diseases among children
including soil-transmitted health infections and diarrhea [6]. According to some estimates, globally an
estimated 2.4 million deaths (4.2% of all deaths) could have been averted a year through optimum
use of WASH [12]. Results from a WHO analysis maintained that promoting access to safe water
and better environmental conditions could prevent about 94% of all diarrheal diseases [13]. The poor
WASH infrastructure in resource-poor settings e.g., sub-Saharan Africa is reflected through the
indiscriminately high burden of diarrhea and acute respiratory infections or ARI (common cold,
cough, fever) [14]. In Nigeria, for instance, about 130,000 deaths among children are attributable to
water-borne infections [15]. The burden of diarrhea attributable deaths among under-5 children have
been reported to be 150,000 per year [16].

During past few decades there has been an escalating healthcare concern regarding the rise
of non-communicable chronic diseases in the Nigeria, accompanied by reduced attention and
budgetary capacity for the persistently high child-mortality and poor WASH conditions. Nigeria has
been a signatory of the United Nations Declaration of the Right to Water and regulates its WASH
activities through the Federal Ministry of Water Resources (FMWR). In recent years FMWR has been
strengthening its policy efforts for scaling up the water and sanitation sector, and have launched several
comprehensive projects in joint collaboration with UNICEF WASH [16] and USAID [17]. Some of
these projects are working with ambitious targets of reaching the entire population and help meet
the water and sanitation related Sustainable Development Goals or SDGs (Goal 6) in the country.
However, it is notable that despite being a large country (largest in Africa), and having large scale
programs on child health and WASH, there remains the lack of comprehensive population based
studies on their association, and thus potentially limiting the scope for informed policy making and
programmatic approaches. Therefore, to address this gap we conducted the present study using a
nationally representative data drawn from the Nigeria Demographic and Health Survey. Although the
survey was conducted few years back (in 2013), it is expected that the present study can provide
important insights for the ongoing projects on WASH and child health related projects in Nigeria as
well as for other countries in sub-Saharan Africa.

2. Materials and Methods

2.1. The Survey and Sampling Design

Nigeria Demographic and Health Survey (NDHS) 2013 was the fourth of the kind in Nigeria which
was implemented by the National Population Commission with the financial and technical assistance by
Inner City Fund (ICF) International provisioned through the USAID-funded MEASURE DHS program.
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DHS surveys are cross-sectional, nationally representative that collect information on a wide range of
public health related topics such as anthropometric, demographic, socioeconomic, family planning and
domestic violence to name a few. The survey covered men and women aged between 15–49 years and
under-5 children residing in non-institutional settings. For sampling, a three-staged stratified cluster
design was employed which was based on a list enumeration area from the 2006 Population Census of
the Federal Republic of Nigeria. Enumeration areas are systematically selected units from the localities,
which constitute the local government areas. Local government areas are subdivisions of each of the
36 administrative states (including the Federal Capital Territory called Abuja) and classified under
six developmental zones in the country. Enumeration areas were used to form the survey clusters
called primary sampling units. NDHS 2013 consisted of 904 clusters (372 in urban areas and 532 in
rural areas) encompassing a total of 40,320 households from which 38,948 women were successfully
interviewed with a response rate of 98%. Fieldwork lasted from 15 February 2013 to the end of May
of the same year, and was carried out by 36 interviewing teams in each state plus one in the Federal
Capital Territory of Abuja. A more detailed version of the survey was published elsewhere [18].

2.2. Variables

The outcome variables were prevalence of self-reported in commonly occurring Acute Respiratory
Infections (ARIs) e.g., diarrhea, fever and cough. Mothers were asked whether or not the child suffered
from these conditions during the past two weeks, and had the options to answer as- ‘Yes’ or ‘No’.
Diarrhoea refers to the passage of three or more loose or liquid stools per day (or more frequent
passage than is normal for the individual [19].

The explanatory variables of interest were access to improved (1) water; (2) sanitation and
hygiene practices. We used WHO guidelines to classify the type of water and sanitation facilities
as improved/unimproved (Table 1). The dataset did not contain any hygiene related variable. As a
proxy indicator we used the information on disposal of child’s excreta which was also assessed by
WHO guidelines.

Table 1. WHO classification of improved sanitation and water supply.

Unimproved Improved

Sanitation + Child’s
excreta disposal facilities

Unimproved sanitation facilities:
do not ensure hygienic separation
of human excreta from human
contact. Unimproved facilities
include pit latrines without a slab
or platform, hanging latrines and
bucket latrines.

Improved sanitation facilities: ensure
hygienic separation of human excreta from
human contact. They are use of the
following facilities: Flush/pour flush to:
piped sewer system, septic tank, pit latrine;
Ventilated improved pit (VIP) latrine, Pit
latrine with slab, Composting toilet.

Water

Unimproved drinking-water
sources: Unprotected dug well,
unprotected spring, cart with
small tank/drum, surface water
(river, dam, lake, pond, stream,
canal, irrigation channels), and
bottled water.

Other improved drinking-water sources:
Public taps or standpipes, tube wells or
boreholes, protected dug wells, protected
springs or rainwater collection.
Piped water on premises: Piped household
water connection located inside the user’s
dwelling, plot or yard.

Source: WHO/UNICEF Joint Monitoring Programme for Water Supply and Sanitation. ISBN 978 92 4 156395 6
(NLM classification: WA 670).

A set of confounding variables were included in the analysis as well based on their relevance
in light of previous studies such as Sex (Female, Male), Age in months (1–12, 13–24, 25–36, 37–48,
49–59), Birthweight are low birth-weight (LBW) and normal birth-weight (NBW), Stunting (No/Yes),
Type of residency (Urban/Rural), Parents education (No education/Primary/Secondary/Higher),
Household wealth status (Poor/Non-Poor) and presence of other infants in the household
(≤2/3–4/>4) [4,16–18].
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For the calculation household wealth status, instead of direct income the volume of durable goods
(e.g., TV, radio and bicycle) possessed by the household as well as and housing quality (e.g., type of
floor, wall, and roof) are taken into consideration. Each item is assigned a factor score generated
through principal component analysis (PCA) which are then summed and standardized for the
households. The scores thus obtained from a continuous scale and subsequently categorized into
quintiles to rank the household as poorest/poorer/middle/richer/richest to richest [20]. For the
present study, households in lowest two categories were merged and categorized as poor, and those
from middle to richest were merged as non-poor.

2.3. Data Analysis

Before the analysis we checked the dataset for presence of outliers, and potential multi-collinearity.
Following that, the dataset was converted to a plan file as complex samples by adjusting for the
sampling strata, primary sampling unit and sampling weight. This is because DHS surveys employ
cluster sampling methods for sample selection which needs to be taken into consideration for all
analyses. As the initial analysis, the basic socio-demographic characteristics of participants were
presented in terms of frequencies and percentages. Prevalence rate were shown as percentages with
95% CIs. Following descriptive analysis, Chi square bivariate tests were performed to check for the
significant associations between disease status and the indicators of WASH along with the covariates.
Variables that were found to be significantly associated in the Chi square tests (p < 0.25) were retained
for final regression analysis. In the final step, binary logistic regression model was used to calculate the
odds ratios of the associations between diarrhoea, fever and cough with WASH indicators. Precisely,
individual disease status was modelled as a function of the three WASH indicators and to the binary
logistic regression, while adjusting for various demographic and socioeconomic parameters which
were found (based on literature review) empirically and theoretically pertinent to the outcome and
exposure variables. Results of regression analysis were presented as odds ratios along with their
95% CIs as in indicator of significance as well as precision of the OR values. For all associations
p-value of < 0.05 was considered statistically significant. All analyses were performed with SPSS
version 24.

Ethical Approval

The protocol of DHS surveys was approved by the Ethics Committee of ORC Macro Inc., Calverton,
MD, USA. The study was based on analysis of anonymized secondary data available in the public
domain of DHS, therefore no additional approval was necessary. However, approval for the reuse of
the data was obtained by authors from DHS.

3. Results

3.1. Description of the Sample

As shown in Table 2, the study included a total of 24,802 infants with a mean age of 28 months
(±17.28). Most of the infants were aged 1 year of below (21.7%), normal birth-weight (96.8%), located in
the north-west region (36%), of rural origin (64.5%). Literacy rate was higher among fathers (61.2%)
compared with mothers (51.6%). Over half (54.8%) of the households were non-poor and about
two-third had a maximum of two children (66.4%).

Regarding household characteristics, respectively 49% and 44.2% of the households were lacking
access to sanitary toilet and pure clean water facilities, and 35.2% households did not practice proper
methods for disposal of child’s excreta. Significant variations were observed in the rate of access to
the three types of facilities across various individual (birthweight and stunting), geographical and
household level factors (parents’ educational attainment, wealth status and presence of other infants
in the household).
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Table 2. Description of the sample children in NDHS 2013.

Variables

Total Households Lacking Improved

(N = 24,802) Toilet Facilities % Water Facilities % Child’s Excreta Disposal Facilities %

N (%) 49.0 44.2 35.2

Demographics
Sex
Female 12,333 (49.9) 50.1 50.4 50.1
Male 12,469 (50.1) 49.9 49.6 49.9

NS NS NS

Age (28/17.28)
1–12 months 6131 (21.7) 24.7 25.1 25.0
13–24 months 5189 (20.5) 21.2 20.6 21.9
25–36 months 4616 (19.1) 18.6 18.7 17.7
37–48 months 4764 (19.6) 18.9 18.8 19.1
49–59 months 4102 (19.1) 16.7 16.8 16.3

NS NS NS

Birthweight
LBW 532 (3.2) 4.9 4.7 5.9
NBW 24,270 (96.8) 95.1 95.3 94.1
p <0.0001 0.003 <0.0001

Stunted
No 6909 (28.3) 31.7 31.3 25.3
Yes 17,893 (71.7) 68.3 68.7 74.7
p <0.0001 <0.0001 <0.0001

Geographic factors

Type of place of residence
Urban 8342 (35.5) 17.9 20.6 25.8
Rural 16,460 (64.5) 82.1 79.4 74.2
p <0.0001 <0.0001 <0.0001

Household socioeconomic details

Mother’s education
No education 11,365 (48.4) 56.4 58.5 43.8
Primary 5084 (19.3) 21.8 18.7 23.9
Secondary/Higher 8353 (32.3) 21.8 22.8 32.4
p <0.0001 <0.0001 <0.0001

Father’s education
No education 9142 (38.8) 45.9 47.4 36.3
Primary 4888 (19.1) 21.9 19.3 21.7
Secondary/Higher 10,772 (42.1) 32.2 33.3 42.0
p <0.0001 <0.0001 <0.0001

Wealth status
Poor 10,986 (45.2) 63.2 63.2 52.1
Non-Poor 13,816 (54.8) 36.8 36.8 47.9
p <0.0001 <0.0001 0.063

Infants in household
≤2 16,473 (66.4) 64.6 65.0 68.5
3–4 6981 (28.1) 29.1 28.7 27.2
>4 1348 (5.4) 6.3 6.3 4.3
p 0.014 0.039 0.001

N.B. NDHS = Nigeria Demographic and Health Survey, CI = Confidence interval.

Table 3 indicates that fever was the most common of all three illness types with a prevalence of
fever 13.4% (95% CI = 11.9–14.8) followed by diarrhoea 10.5% (95% CI = 9.7–12.0) and cough 10.4%
(95% CI = 9.2–11.5). The prevalence rates of diarrhoea, fever and cough were higher among those who
were normal birth-weight, stunted, of rural origin, born to parents with no formal education (except for
fever), and from households with poor wealth status and had more than four infants (except for fever).

Figure 1 illustrates the prevalence rates of diarrhoea, fever and chronic cough among households
with and without access to improved sanitation, water and child excreta disposal facilities. It revealed
that household that had improved facilities also had lower rates of prevalence of all three types
of diseases.
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Table 3. Weighted prevalence of self-reported Diarrhoea, Fever and Cough during last two-weeks
among under-five children, NDHS 2013.

Variables
Diarrhoea Fever Cough

10.5 (9.7–12.0) 13.4 (11.9–14.8) 10.4 (9.2–11.5)

Sex
Female 49.8 (47.6–52.0) 48.7 (46.6–50.9) 49.7 (47.4–52.1)
Male 50.2 (48.0–52.4) 51.3 (49.1–53.4) 50.3 (47.9–52.6)
p 0.049 NS Ns

Age
1–12 months 23.4 (21.5–25.4) 25.0 (23.4–26.8) 24.5 (22.5–26.6)
13–24 months 21.7 (19.7–23.8) 20.1 (18.6–21.8) 21.7 (19.8–23.8)
25–36 months 18.2 (16.4–20.1) 19.2 (17.7–20.9) 19.2 (17.4–21.1)
37–48 months 21.6 (19.8–23.4) 20.4 (18.9–21.9) 20.2 (18.5–22.1)
49–59 months 15.2 (13.5–17.1) 15.2 (13.8–16.8) 14.4 (12.8–16.1)

NS NS 0.126

Birthweight
LBW 2.8 (1.9–4.1) 0.9 (0.5–1.4) 7.2 (5.0–10.3)
NBW 97.2 (95.9–98.1) 99.1 (98.6–99.5) 92.8 (89.7–95.0)

NS <0.0001 <0.0001

Stunted
No 34.8 (32.6–37.0) 30.8 (28.8–32.9) 25.7 (23.5–28.1)
Yes 65.2 (63.0–67.4) 69.2 (67.1–71.2) 74.3 (71.9–76.5)
p <0.0001 0.0007 0.007

Type of place of residence
Urban 31.7 (28.2–35.4) 33.7 (30.3–37.2) 40.5 (36.7–44.4)
Rural 68.3 (64.6–71.8) 66.3 (62.8–69.7) 59.5 (55.6–63.3)
p 0.013 <0.0001 0.003

Mother’s education
No education 56.0 (52.5–59.4) 48.2 (45.0–51.5) 43.4 (40.2–46.8)
Primary 18.4 (16.4–20.6) 19.3 (17.4–21.5) 35.0 (31.8–38.3)
Secondary/Higher 25.6 (22.9–28.5) 32.4 (29.6–35.4) 21.6 (19.3–24.0)
p <0.0001 NS <0.0001

Father’s education
No education 45.0 (41.3–48.8) 40.0 (36.5–43.5) 51.5 (48.3–54.7)
Primary 18.9 (16.8–21.1) 19.6 (17.7–21.7) 28.9 (25.7–32.2)
Secondary/Higher 36.1 (33.0–39.4) 40.4 (37.5–43.4) 19.6 (17.6–21.9)
p <0.0001 NS <0.0001

Wealth status
Poor 53.9 (49.8–57.9) 51.7 (47.9–55.4) 60.8 (57.0–64.5)
Non-Poor 46.1 (42.1–50.2) 48.3 (44.6–52.1) 39.2 (35.5–43.0)
p <0.0001 0.071 <0.0001

Number of children 5 and under in household
≤2 5.8 (4.5–7.4) 4.8 (3.4–6.6) 3.4 (2.3–4.9)
3–4 30.8 (28.7–32.9) 27.6 (25.4–29.8) 25.9 (23.4–28.4)
>4 63.4 (60.8–66.0) 67.6 (65.0–70.2) 70.7 (67.9–73.4)
p 0.039 NS <0.0001

NDHS = Nigeria Demographic and Health Survey. The 95%CI are presented between brackets.
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Figure 1. Prevalence of diarrhoea, fever and cough among under-5 children stratified by type of toilet,
water, and child’s excreta disposal facilities.

Figure 2 showed the regional disparities in the prevalence of diarrhoea, fever and cough. It reveals
that the individual and combines prevalence of all these three diseases tended to be highest in the
Northeast region and lowest in the South West.

Figure 2. Prevalence of diarrhoea, fever and cough among under-5 children by region.

Figure 3 illustrates the regional disparities in the accessibility to improved toilet, water and child’s
excreta disposal facilities. It appears that the situation is worst in the North East and Northwest region,
with South East and South West regions having comparatively better scenarios.
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Figure 3. Percentage of households lacking access to improved toilet, water and child’s excreta disposal
facilities by region.

3.2. Regression Analysis

The results of multivariable regression measuring the associations between the three types of
illnesses with household’s access to sanitation, clean water and child’s excreta disposal facilities were
presented in Table 4. Access to sanitary toilet did not appear to be a significant predictor of any of
the three diseases. The odds of suffering from diarrhoea were 1.6 [AOR = 1.602, 95% CI = 1.217–2.343,
p < 0.001] and that of suffering from fever was 2.2 times [AOR = 2.193, 95% CI = 1.544–4.618, p < 0.001]
as high among those with lack of access to clean water. Insanitary disposal of child’s excreta
also showed 1.17 time [AOR = 1.172, 95% CI = 1.022–1.344, p < 0.001] higher odds of suffering
from diarrhoea and 1.39 times [AOR = 1.393, 95% CI = 1.041–3.028] higher odds of suffering from
fever. Finally, household that lacked all three types of facilities had respectively 1.33 [AOR = 1.329,
95% CI = 1.046–1.947, p < 0.001], 1.24 [AOR = 1.242, 95% CI = 1.050–1.468, p < 0.001] and 1.43 times
[AOR = 1.432, 95% CI = 1.113–2.902, p < 0.001] higher odds of suffering from diarrhoea, fever and cough.

Table 4. Regression analysis on the association between lack of access to toilet, water and child excreta
disposal facilities with the three types of diseases.

Variables
Diarrhoea Fever Cough

COR AOR COR AOR COR AOR

Toilet facilities (yes)

No 1.104
(0.950–1.283)

0.972
(0.841–1.124)

1.054
(0.456–2.438)

1.029
(0.480–2.203)

1.240
(0.629–2.443)

1.149
(0.627–2.107)

Water facilities (yes)

No 1.179
(1.010–1.376)

1.602
(1.217–2.343)

1.428
(0.616–3.311)

2.193
(1.544–4.618)

1.310
(0.721–2.379)

1.059
(0.924–1.214)

Child’s excreta
Disposal facilities (yes)

No 0.927
(0.804–1.069)

1.172
(1.022–1.344)

1.013
(0.442–2.325)

1.393
(1.041–3.028)

1.388
(0.771–2.498)

1.245
(0.673–2.303)

Toilet + water + disposal
facilities (yes)

No 1.137
(0.968–1.336)

1.329
(1.046–1.947)

1.180
(0.568–2.449)

1.242
(1.050–1.468)

1.220
(1.050–1.418)

1.432
(1.113–2.902)

N.B. AOR/COR = Adjusted/Crude odds ratio. (yes) = Reference category. Bold numbers indicate significant
associations (p < 0.05). The 95%CI are presented between brackets.
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4. Discussion

In this study, attempts were made to provide an updated scenario of water and sanitation
situation in Nigeria. Prevalence rates of three common childhood diseases namely diarrhea,
fever and cough were also measured and was checked for their independent association with
household’s access to improved water and sanitation facilities. Results indicate that fever was
the most prevalent of the three diseases followed by diarrhoea and cough. In line with previous
reports, the prevalence rates were higher among households that lacked access to improved WASH
facilities [21]. In the bivariate analysis; stunting, parents’ educational achievement and household
wealth status also appeared to be significantly associated especially with diarrhoea and cough.
These observations are quite as expected because less educated parents are more likely to be unaware
of the health risks associated with substandard water and sanitation quality and show poor hygiene
behavior [22,23]. Higher socioeconomic status can act as a strong enabling factor for the utilization
of WASH technologies, as well as a determinant of better self-efficacy for proper hygiene practices.
Bivariate analysis also indicated a significant relationship between access to improved water and
sanitation and the prevalence of the three types of diseases. The negative impact of poor WASH
conditions on child growth and development have been shown to result from sustained exposure to
enteric pathogens as well as various social and economic mechanisms [14,24].

Important regional variations were also noted in the prevalence of all three diseases, and of
household’s access to improved WASH facilities. It appeared that household in the North East and
Northwest regions share the highest burden of the diseases and have the lowest rate of access to WASH
facilities. These findings are hard to explain in light of the current analysis, however can be implicated
to the socioeconomic disparities across the six regions. There has been a marked North/South polarity
in the country in terms of infrastructure, sociopolitical prosperity and human development indicators
since the colonial times [25]. Hence, it is very likely that the relatively deeper impoverishment
is the North partly accounts for the poorer health indicators. This finding therefore embodies an
important message for the ongoing WASH projects in the country as conflicting geopolitical interests
can significantly hamper the success of all development efforts.

The results also revealed statistically significant associations between the lack of WASH facilities
with the occurrence of diarrhoea, fever and cough. These findings are similar with those from an
Ethiopian study conducted among children (aged 0–50 months) in the slum areas of Addis Ababa.
The study reported a diarrheal prevalence of 11.9% which is close to that in Nigeria. However, the rate
of access to improved sanitation facilities was remarkably low (5.4%), perhaps because of study areas
being slums, and was found to be a strong risk factor for diarrhoea [26]. In a nationally representative
study in Uganda (Uganda Demographic and Health Survey 2011), a quarter of the infants were
reported to have suffered from diarrhea during the past two weeks, a significant proportions of which
were living in poorest WASH conditions [27,28]. Another Nigerian study showed evidences of infant
mortality risks of from both unimproved water and sanitation [4]. Thus, the findings of the present
study add further evidence to the current literature, and calls for heightened stress on WASH.

It is evident that as one of the fastest growing economy in the world, Nigeria is undergoing rapid
demographic and epidemiological transitions in terms of the emergence of diseases and risk factors,
changing trends in morbidity and mortality from certain disease groups. These altogether translate to
mounting challenges for the healthcare sector due mainly to financial and infrastructure constraints to
address the rising healthcare needs of the population. From this perspective, promoting WASH facilities
and their proper utilization offer a key opportunity to minimize healthcare related constraints and
promote population health in resource-poor settings [12]. This is particularly the case with respect to
children’s health who are usually the most at-risk group for infectious disease and malnutrition related
morbidities [29]. There are also documented evidences that poor WASH is associated with increased
vulnerabilities to epidemics as widespread as HIV/AIDS [30] and tuberculosis [31]. It is therefore an
urgent public health imperative to scale up WASH initiatives by ensuring multi-sectoral collaboration,
especially by establishing closer cooperation between WASH and childcare stakeholders [6]. It is
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hoped that the current study provides important insights for researchers and interest groups involved
in policy making in the areas of child health and sanitation issues. As a general recommendation
for program managers and policy makers, special emphasis needs to be given on the underlying
sociopolitical factors that engender inequality and barrier progress to the health promotion programs
in the country since lack of organizational accountability and transparency is known to be rife among
both public and private sectors [32].

As far as we are concerned, this is the first study to report on the relationship between WASH
and diarrhea and selected ARIs. The data were cross-sectional, however large enough to help make
meaningful conclusions, and more so since the samples were selected nationwide. One particular
strength is that that analysis was adjusted for several important confounders including stunting and
birth weight which have been found to be strong predictors of diarrhoea. Apart from that, we also
considered three different types of communicable diseases instead of diarrhoea alone which can serve
as a good reference for future researches in this area. Among the limitations were the self-reported
nature of the variables that incurs the risks of recall and reporting biases, and lack of information on
medication and presence of other disease conditions that could have influenced the strength of the
association to certain degrees. Also, only a small of range of indicators were available for WASH as
few others e.g., handwashing was not possible to include due to very limited amount of observations.
As the data were secondary, we were unable to account for several important determinants of WASH
such as gender equity, cultural and behavioural practices which need to explored through in-depth
qualitative investigations. Further studies should be performed by considering a wider range of
infectious diseases and using more proximate indicators of WASH to develop a deeper understanding
of the causal relationships.

5. Conclusions

Based on secondary analysis of nationally representative data from Nigeria Demographic and
Health Survey, the study drew several important conclusions which might of high interest for child
health and WASH related stakeholders in the country. The magnitude of the burden of diarrhoea,
fever and cough were alarming, as was the prevalence of households living without improved WASH
facilities. Of particular concern was the presence of marked regional (North/South) disparities in
WASH condition and morbidity of the diseases. Not having access to WASH facilities also appeared
to be an important predictor of the disease conditions under study. In light of the current scenario,
it is perceivable that special efforts will be required to ensure optimum WASH coverage for huge
proportion of the population to produce observable benefits on child health outcomes. Qualitative
studies are required to investigate the gender, cultural and behavioural aspects of WASH with respect
to common infectious diseases among under-5 children.
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Abstract: The main purpose of this study was to implement cost-effective household water treatment
systems in every household of Makwane Village for the reduction of diarrhoeal diseases. These
household water treatment systems were constructed with locally available materials and consisted
of the biosand zeolite-silver impregnated granular clay filters and the silver-impregnated porous pot
filters. During the study period (April 2015 to September 2015), the entire village had 88 households
with a population size of 480. Prior to the implementation, a survey was conducted and results
revealed that 75% (360/480) of the Makwane residents suffered from diarrhoeal disease and the
majority of the cases were reported in children that were less than five years of age. Out of
the 480 participants, 372 (77.5%) from 70 households accepted the installation of the systems
(intervention group) and 108 (25.5%) from 18 households were reluctant to use the systems (the
control group). To date, in the intervention group, only 3.8% (14/372) of participants reported
cases of diarrhoea. In the control group, 57.4% (62/108) participants reported cases of diarrhoea
and most of the episodes of diarrhoea were reported in children of less than five years old (85%),
followed by the group aged ≥56 years (75%). The findings of the current study unequivocally
demonstrated that the BSZ-SICG and SIPP filters were able to reduce the incidence of diarrhoea by
96.2%. These findings further demonstrate the importance of household water treatment systems
(HWTS) interventions in rural areas to bring about meaningful reductions in diarrhoeal diseases by
providing safe potable water.

Keywords: diarrhoeal disease; HWTS implementation; water and sanitation

1. Introduction

Target 7.C of Goal 7 of the Millennium Development Goals (MDGs) for water is to reduce by
half the proportion of people without sustainable access to safe drinking water by 2015 [1]. While
the MDG target of 88% coverage for access to improved drinking water was met in 2010, the report
by WHO/UNICEF Joint Monitoring Programme (JMP) [2], highlighted that 748 million people still
depend on unsafe drinking water sources and approximately half of them live in sub-Saharan Africa.

Lack of basic services such as safe drinking has a great impact on individuals, households,
communities, and the country as a whole. It has been reported that nearly 2 million people suffer
devastating waterborne diseases on an annual basis, and these even result in high mortality for certain
cases [3], among which an estimated 6000 children under the age of five years are the first victims [4]
and the majority of deaths occurring in developing countries. Approximately 88% of these diseases
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have been reported to be attributable to unsafe drinking water supply, inadequate sanitation, and poor
hygiene [5]. It has been estimated that waterborne diseases are the second most common cause of
death in children under the age of five years and the majority of deaths occur in sub-Saharan Africa
and Southern Asia [6–8].

Access to safe drinking water supply is currently one of the most complex challenges facing
a number of rural communities of South Africa, especially for those living in scattered rural areas.
A report issued by the Statistics South Africa in 2013 [9] pointed out that access to safe drinking water
for poor households has increased to 71.6% in 2011 [10]. This report also revealed a decrease in the
incidence of diarrhoea per 1000 children less than five years of age, down from 121.4 per 1000 children
in 2004 to 102.1 per thousand children in 2011. In spite of this decrease, a recent report shows that
diarrhoea still remains one of the leading causes of morbidity and mortality in under-five children in
South Africa; however, the true burden of childhood diarrhoea is not accurately known [11].

Due to an increase in the number of deaths that are caused by diarrhoea reported every year as a
result of contaminated drinking water, point-of-use (POU) water treatment systems are encouraged
in rural areas. A home-made water treatment system can produce safe drinking water using any
easily reached water sources, such as rivers, streams, ponds, and canals, regardless of their quality and
allows for people to adapt to any seasonal disparity. Implementation of household water treatment
systems (HWTS) in rural areas without access to safe drinking water sources allows the treatment of
drinking water at POU and also improves the quality of the water. This household drinking-water
supply intervention can be considered as a quick and sustainable solution to address the burden of
disease caused by lack of access to safe drinking water in scattered rural communities of South Africa.

As part of a Water Research Commission project undertaken between 2010 and 2012 by the
Tshwane University of Technology Water Research Group (TUT WRG) a range of homemade
water purification devices were trialled under laboratory conditions and were then found to be
cost-effective [12,13]. The five types of low-cost filters that seemed to hold the greatest potential for
South African conditions included: the silver-impregnated porous pot (SIPP) filter (a TUT Product), the
ceramic candle filter (CCF), the biosand filter (BSF), a modified biosand filter with zeolite (BSF-Z—a
TUT product), and a bucket filter (BF). With the exception of the CCF, these low-cost filters were
designed and built by the TUT WRG. Among these HWTS devices, two filters were found to have
higher performance in terms of pollutant removals. The SIPP filter was found to be efficient in
achieving complete removal of waterborne pathogens from a variety of water sources; however, it
could not deliver sufficient volume of water as its flow rates ranged from 0.05 to 2.49 L/h. In contrast,
the BSF-Z filter, which had a higher flow rate up to 19.2 L/h showed waterborne pathogen removal
rates ranging between 1 and 4.8 log (90–99.99%) and required a disinfection step to render the filtered
water safe for drinking [12,14]. These two HWTS devices therefore required some modifications prior
to their implementation in rural communities. The BSF-Z and SIPP filters could play a vital role in
providing safe drinking water to rural communities without access to improved drinking water sources

The aim of the present study was threefold: firstly, to enhance the performance of the BSF-Z and
SIPP filters in terms of pathogen removal and flow rate; secondly, to deploy these devices in every
household of the Makwane Village and investigate their performance while they are in use in homes;
and, thirdly, to ascertain their performance in eradicating or reducing the burden of diarrhoeal diseases.

2. Methodology

2.1. Modification of BSF-Z and SIPP Filters

The project team worked closely with Cermalab cc (Materials Testing Laboratory, CSIR, Pretoria,
South Africa) for manufacturing of the biosand zeolite-silver impregnated granular clay (BSZ-SICG)
and silver-impregnated porous pot (SIPP) filters to enhance their performance. The SIPP filter was
modified in terms of the flow rate, which increased from 2.49 L/h to 27.5 L/h. The BSZ-SICGs were
modified from the biosand filters with zeolite (BSF-Z) that were previously constructed by [12]. A layer
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of silver-impregnated granular clay, which was prepared by mixing ball clay, sawdust, paper fibre,
and silver nitrate (AgNO3), and moulded into small granulates prior to firing was added to the BSF-Z
filter to form a BSZ-SICG filter. The size of these filters was scaled down to 25 L in order to ensure
that the filter would not take up too much space in homes of rural communities. Moreover, the spigot
was elevated to allow for the filters to maintain a 5 cm of biological layer above the surface of fine
sand to prevent it from drying out. The flow rate of this filter was increased from 19.2 L/h to 38.6 L/h.
With these improved flow rates, both HWTS devices achieved the required volume of 25 L/person/d.
Fifty-five (55) SIPP filters and thirty-five (35) BSZ-SICG filters were thereafter manufactured between
December 2014 and March 2015. All of these HWTS devices were tested in the laboratory in terms
of pathogen removal and the leaching of silver into the treated drinking water. They were found to
produce safe drinking water that complied with SANS 241-1:2011 [15] and also with the WHO [16]
guideline values of 0.1 mg/L silver in final drinking water that is meant for human consumption.
Figure 1 provides a schematic representation of the modifications made to the BSF-Z filter to produce
the BSZ-SICG filter and Figure 2 shows a schematic representation of a SIPP filter.

Figure 1. Schematic representation of biosand filters: 1. BSF-Z; and 2. modified BSF with zeolite and
silver-impregnated granular clay; 3. BSZ-SICG filter (7 mm gravel; 0.95 mm coarse sand; 3 mm natural
zeolite; silver-impregnated granular clay; 0.15 mm fine sand).

Figure 2. (A) Silver-impregnated porous pot (SIPP) filter; and (B) 5 L bucket with silver impregnated
clay pot inside; (C) 10 L receiving bucket; (D) Complete SIPP filter; and, (E) Schematic representation
of SIPP filter.
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2.2. Deployment of the Filters in Makwane Village

2.2.1. Description of the Study Area

Makwane Village was the target rural community without access to improved drinking water
sources; the village is situated in the Elias Motsoaledi Local Municipality of the Limpopo Province.
This Village comprises four sections: Nkakaboleng, New Stands, Lepururu and Ditakaneng which
are surrounded by streams (Figure 3). The village had 88 households and a population of 480 with
one primary school during the study period. Residents of this village have limited infrastructure
and live in close proximity to domestic animals (goats, cows, sheep, dogs, etc.), which drink from
and defecate in the same primary water sources that are used by the community for drinking and
domestic purposes.

 

Figure 3. Map of Makwane Village showing all the sections and the surrounding streams/rivers where
some of the samples were collected in addition to water collected from households. Source: [17].

2.2.2. Ethical Approval

The study was conducted in accordance with the Declaration of Helsinki, and approved by
the Faculty of Science Research Ethics Committee (FCRE) at the Tshwane University of Technology
(TUT), where the study was registered (Ref: FCRE 2015/03/040 (2) (SCI)). Access to Makwane
Village was obtained through the local pastor and community leaders. Furthermore, authorisation
to conduct the study was also obtained from the municipal manager, the municipal councillor, and
the local municipal committee. All of the households that were selected for participation were given
informed consent forms to sign (Supplementary File 1) at the beginning of the project. The project
expectations and respective obligations by both the participants and investigators were explained and
any questions were answered. The participants were not subjected to risks of any kind as a result of the
project. The investigators provided feedback and information to the participants at regular intervals,
conducting the project in the most open manner possible.
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2.2.3. Deployment of the Filters in Households of Makwane Village

A total of 90 HWTS devices (35 BSZ-SICG and 55 SIPP) were transported to Makwane Village
subsequent to modification for implementation. Two systems were deployed at a local school
in Makwane village, while 88 systems were implemented in every household of the Makwane
community. Out of 88 households, 18 households were later used as controls in the study because
these householders were reluctant to use the systems. All of the households equipped with HWTS
devices were also provided with a 25 L improved storage container with a tap installed 5 cm from
the base of the bucket. The intervention phase of the study included weekly household observations
from April 2015 to September 2015. Householders were advised to use only treated water from HWTS
for cooking and drinking purposes. All of the households that participated in the intervention and
the control groups continued to provide detailed information on a weekly basis of diarrhoeal disease
incidents. In each household, water quality parameters, such as turbidity and bacterial (pathogenic
E. coli) counts were measured every week during the first three months and thereafter every second
week of the last three months. Figure 4 below illustrates how the research team worked hand-in-hand
with the Makwane community during deployment of the HWTS devices.

Figure 4. Deployment of the household water treatment systems (HWTS) devices in Makwane Village:
(A,B) deployment in some of the households of Makwane community; (C) Deployment at a local
primary school in Makwane Village.

2.3. Water Quality Assessment

Samples of drinking water were collected during household visits from both control households
and households with HWTS (intervention households). Control households provided a sample of
untreated water used for drinking from their storage containers, while intervention households
provided drinking water samples from the storage containers (untreated water), directly from
BSZ-SICG and SIPP filter outlet tubes and treated water that had been stored in improved storage
containers for drinking. Turbidity was tested using a Hach 2100P Portable turbidity Meter (Eutech
Instrument Turbidimeter TN-100, Thermo Scientific, Johannesburg, South Africa) during sampling.

2.3.1. Cuture-Based Methods for the Isolation of Presemptive Pathogenic E. coli

In order to determine the presence of presumptive pathogenic E. coli, water samples were collected
in a 250 mL sterile bottle and transported on ice to the in-field laboratory and analyses were performed
within two hours using culture-based techniques. Briefly, MacConkey agar with sorbitol (Merck,
Johannesburg, South Africa) was used for the detection of E. coli O157H:7 (enterohaemorrhagic
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E. coli—EHEC) and MacConkey agar without sorbitol (Merck, Johannesburg, South Africa) was
used for the detection of other pathogenic E. coli (enteropathogenic E. coli—EPEC; enterotoxigenic
E. coli–ETEC; enteroaggregative E. coli—EAEC and enteroinvasive E. coli—EIEC). Individual colonies
were randomly selected based on their sizes, shape, and colour, and inoculated in 2 mL Brain Heart
Infusion Broth (BHIB). The samples were then incubated overnight at 37 ◦C upon which they were
archived by 20% glycerol and transported on ice packs to the TUT laboratory for further analysis.

The archived isolates were streaked onto nutrient agar plate (Merck, Johannesburg, South Africa)
and incubated at 37 ◦C for 24 h. The colonies were further purified at least three times employing the
same methods and medium before Gram-staining. Subsequently, oxidase tests were conducted on
those colonies that were Gram-negative. Thereafter, the oxidase-negative colonies were inoculated into
a 2 mL Eppendorf tube containing nutrient broth and incubated at 37 ◦C for 24 h. The preservation of
these colonies was done with 20% glycerol and kept at 20 ◦C until they were used for molecular studies.

2.3.2. Molecular Identification of Pathogenic E. coli

A total of 250 oxidase-negative isolates were used for the molecular study. Each individual isolate
was streaked onto nutrient agar and incubated at 37 ◦C for 24 h. The total genomic DNA from the
bacterial isolates was subsequently extracted by boiling method described by Theron et al. (2000)
with some modifications. Briefly, a loopful of colonies was transferred into 1.5 mL of nuclease-free
water containing 7 μL of Triton X-100. The samples were then vortexed and boiled at 99 ◦C for 30 min.
The DNA was collected through centrifugation at 12,000 rpm for 15 min. The genomic DNA was
quantified using the NanoDropTM 2000 spectrophotometer (Thermo Scientific, Johannesburg, South
Africa).

The DNA templates were subjected to multiplex PCR with specific primers (Table 1), as previously
described by [18], for the detection of the following virulence genes of E. coli: stx1 (Shiga-toxin 1 of
EHEC), bfpA (structural gene for the bundle-forming pilus of EPEC), estA (ST) (heat-stable toxin
of ETEC), aaiC (chromosomal secreted protein of EAEC), and ipaH (invasion plasmid antigen H of
EIEC). The PCR assay was performed with a 25 μL reaction mixture containing 2.5 μL of template
DNA, 12.5 μL of DreamTaq Green PCR Master Mix (2X), which is a ready-to-use solution containing
DreamTaq DNA polymerase (2X DreamTaq Green Buffer, dATP, dCTP, dGTP, and dTTP, 0.4 mM each,
and 4 mM MgCl2) and 0.2 μL of each primer. Nuclease-free water was added to a final volume of
25 μL. The amplification cycles consisted of an initial DNA denaturation at 94 ◦C for 7 min, followed
by 39 cycles of denaturation at 94 ◦C for 30 s, primer annealing at 57 ◦C for 30 s, extension at 72 ◦C
for 1 min, and a final extension at 72 ◦C for 10 min. Negative controls, substituting DNA template
with nuclease-free water (Inqaba, Pretoria, South Africa), were included in all PCR runs. The DNA
extracted from E. coli ATCC 25922 (Quantum Biotechnologies, Johannesburg, South Africa) was used
as a positive control. The PCR products (8 μL) were evaluated with a 1.5% (wt/vol) agarose gel (Life
Technologies, Johannesburg, South Africa) at 120 mV for 60 min. A molecular marker (100 bp DNA
ladder; Inqaba, Pretoria, South Africa) was run concurrently. All of the results were captured using a
gel documentation system (Syngene, Cambridge, UK).

Table 1. Oligonucleotides used in this study for the amplification of several genes representing E.
coli pathotypes.

Primer Name Sequences 5’→3’ Target Genes Size Reference

EHEC-423 F-TGGAAAAACTCAGTGCCTCT-
R-CCAGTCCGTAAATTCATTCT- stx1 423 bp [18]

EPEC-300 R-GGAATCAGACGCAGACTGGTAGT-
F-GGAAGTCAAATTCATGGGGGTAT- bfpA 300 bp [18]

ETEC-187 F-GCTAAACCAGTAGAGGTCTTCAAAA-
R-CCCGGTACAGAGCAGGATTACAACA- estA (ST) 187 bp [18]

EIEC-508 R-CACACGGAGCTCCTCAGTC-
F-CCCCCAGCCTAGCTTAGTTT- ipaH 508 bp [18]

EAEC-215 R-ACGACACCCCTGATAAACAA-
F-ATTGTCCTCAGGCATTTCAC- aaiC 215 bp [18]
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2.4. Surveillance of Episodes of Diarrhoea before and after Implementation

One elderly person in each household was identified as the primary respondent during the
recruitment period. A structured 10-min interview was conducted weekly in Sepedi (a local language
of the Makwane community) in collecting information on the respondents’ personal and domestic
hygiene practices, sanitation systems, and the episodes of diarrhoea for all the members of the
household during the previous seven days. Diarrhoea was defined as three or more loose or watery
stools containing blood or mucus during a period of 24 h and also the frequency of visits to the toilet
by a person with diarrhoea within a 24-h period. The diarrhoea reduction percentage (% DR) after
HWTS implementation was calculated as follows:

% DR =
(number o f households with or without HWTS − diarrhoeal cases)

(number o f households with or without HWTS )
× 100 (1)

2.5. Turbidity Removal Efficiency

The level of turbidity in water samples before and after filtration was determined using a portable
turbidity meter (2100P Hach, Process Instrument (Pi), Burnley, UK). Turbidity reduction percentage
achieved by all of the HWTS devices was calculated according to [19], as follows

% turbidity reduction =
(turbidity unfiltered − turbidity filtered)

(turbidity un f iltered)
× 100 (2)

2.6. Monitoring of Silver Leached from BSZ-SICG and SIPP Filters

The concentration of silver in water treated by BSZ-SICG SIPP filters was monitored on a monthly
basis throughout the study period. Samples were sent to the Department of Chemistry (Tshwane
University of Technology, Pretoria, South Africa) for analysis of leached silver. The SPECTRO
ARCOS ICP spectrometer (SPECTRO ANALYTICAL INSTRUMENTS (PTY) LDT, Kempton Park,
Johannesburg, South Africa) was used to detect and determine the concentration of silver in treated
water samples.

2.7. Efficiency of the HWTS Devices in Removing Pathogenic E. coli Strains from Makwane Water Sources

The efficiency of the HWTS devices in removing pathogenic E. coli was determined by comparing
the concentrations of all the target pathogenic strains before and after treatment. Enumeration of
presumptive E. coli before and after treatment was done by standard methods. The log reductions
were calculated using the equation below and were converted to the percentage E. coli removed [19]:

% E.coli removal = 100 − (survival counts)
(initial counts )

× 100 (3)

2.8. Statistical Analysis of Data

Paired and independent t-tests were run on Excel using the XLSTAT statistical software (XLSTAT
2017: Data Analysis and Statistical Solution for Microsoft Excel) to determine any significant differences
between control and intervention groups. Pearson’s correlation coefficient (r) was used to determine
the correlation between E. coli removal efficiency and leaching silver from SIPP and BSZ-SICG filters.
The effect of using the BSZ-SICG and SIPP filters on diarrhoeal disease was determined by comparing
the prevalence of diarrhoeal disease for all the households in each group. In this study, the classification
of diarrhoeal diseases was carried out according to the WHO (2006) definition of three or more loose
or watery stools in any 24-h period. Unpaired t-tests were used to compare geometric mean E. coli
concentrations and turbidity between groups.
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3. Results

3.1. Demographic Information of the Study Area

During the study period (April 2015 to September 2015), the entire village had 88 households
with a population size of 480. Among this population, the most dominant groups were between 22
and 55 years (35.8%) and children less than five years old (20.6%). The demographic information of
the Makwane Village community during the study period is provided in Figure 5.
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Figure 5. Population distribution of Makwane Village by major age groups.

3.2. Characteristics of Study Population Based on Episodes of Diarrhoea, and Water and Sanitation Facility
Per Household

Prior to HWTS implementation in Makwane Village, a higher incidence of diarrhoeal diseases
was reported (Table 2). The statistical analysis showed a significant difference between households that
never experienced diarrhoea (25%) and those that had experienced diarrhoea (75%) with a p-value of
0.000176115. Moreover, all of the households in Makwane Village use water directly from the available
sources without prior treatment. The majority of households (70.5%) use water obtained directly
from the streams (surface water), while 13.6% use water obtained from springs/wells. About 9.1%
of the households have boreholes in their yards and they use water from the boreholes without any
treatment. In addition, during rainy seasons 6.8% of the households use roof-harvested rain water. Out
of 88 households, 52 (59.1%) households have access to proper sanitation facilities, while 36 (40.9%)
had no access to sanitation facilities and the difference was not statistically significant (p = 0.369174254).
Table 2 shows the characteristics of the study population based on episodes of diarrhoea prior to
HWTS implementation, as well as water and sanitation per household.
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Table 2. Episodes of diarrhoea prior to HWTS implementation and water and sanitation per household
in Makwane Village.

Characteristics Frequency (n = 88) Percentage (%) p-Value

Episodes of diarrhoea No 22 25 p = 0.000176115
Yes 66 75

Diarrhoeal episodes
based on water source

Roof water harvesting 06 6.8
River/stream water 62 70.5

Open spring 12 13.6
Borehole 8 9.1

Municipal treated tap water NA NA

Access to proper
sanitation *

With access 52 59.1 p = 0.369174254
No access 36 40.9

* Proper sanitation was characterised by any type of latrine; NA: there were no municipal tap water in the village.

3.3. Water Quality Analysis

3.3.1. Average Mean E. coli Reduction, Turbidity Reduction, Temperature and pH of Untreated Water
from Control Households and Treated Water from Intervention Households in Makwane Village

The average Log10 E. coli and percentage removal efficiency together with turbidity reduction,
temperature, and pH, are summarised in Table 3 below. Much higher average E. coli counts
(4.3830 Log10 CFU/100 mL) were observed in the control households, than those observed in the
intervention households (0.4770 Log10 CFU/100 mL) that were using BSZ-SICG filters. The difference
was statistically significant with a p-value of 0.000004201. Although E. coli counts were detected
in the drinking water of the intervention households that were using the BSZ-SICG filters, none
of the pathogenic strains were detected. The water that is produced by the SIPP filter (% E. coli
reduction = 100%) and the BSZ-SICG filter (% E. coli reduction = 89.1%) was consistently free of the
target bacteria regardless of the quality of the water source. The average turbidity of the untreated
water in the control households was found to be 168 nephelometric units (NTU), which exceeded
the WHO guideline limits. All of the households equipped with HWTS devices showed a significant
reduction in turbidity when compared to the control households (p = 0.000025949). The SIPP filters
produced drinking water that had the lowest turbidity (0.85 NTU) and was within the recommended
limits (SANS 241: <1 NTU; EPA: ≤1; WHO: 5 NTU), while the BSZ-SICG filters produced water with a
turbidity of 2.34 NTU, which was within the WHO guideline limits. Untreated water was found to have
the highest temperature (25.1 ◦C), while the treated water had lower temperatures, namely 19.8 ◦C
and 22.5 ◦C for BSZ-SICG and SIPP filters, respectively. All of the temperature values were within the
limits set by both SANS 241 and WHO. The pH values of both untreated and treated water were also
within the EPA guideline limits (6.5–8.5). Untreated water had a mean pH value of 8.2, whereas the
treated water had a mean pH value of 7.8 and 7.5 for BSZ-SICG and SIPP filters, respectively.

Table 3. Mean E. coli reduction, turbidity reduction, temperature, and pH of untreated and treated
water from control and intervention households.

Water Quality
Parameters

Control Households Intervention Households

Untreated Water BSZ-SICG SIPP p-Value

E. coli 4.3830 Log10 * CFU/100 mL 0.4770 Log10 CFU/100 mL ** NG 0.000004201
% E. coli reduction - 89.1% 100%

Turbidity (*** NTU) 168 2.34 0.85 0.000025949
% Turbidity reduction - 98.6% 99.5%

Temperature (◦C) 25.0 19.8 22.5
pH 8.2 7.8 7.5

* CFU—colony-forming unit per 100 mL of the water sample; ** NG—no growth noted from water filtered by SIPP;
*** NTU—nephelometric turbidity unit.
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3.3.2. The Leaching of Silver Ions into Water Treated by SIPP and BSZ-SICG Filters over the Study
Period (April 2015–September 2015) versus E. coli Removal Efficiency

After manufacturing and prior to deployment of the HWTS in Makwane village, the leaching
silver was above the WHO recommended limit. In an attempt to reduce the concentration of the silver
in HWTS, the SIPP filters were soaked in containers containing municipal treated tap water, while for
the BSZ-SIGC, this water passed through the filters until the recommended silver concentration limit
was reached. The HWTS devices were subsequently deployed in Makwane village and evaluated for
silver leaching in the treated water for 12 weeks between April and September 2015. Figure 6 shows
the concentration of silver leached from SIPP and BSZ-SICG filters into treated water throughout the
study period. Slower depletion of the silver concentration was observed in the SIPP filters than in the
BSZ-SIGC filters with the concentration of 0.100 mg/L to 0.045 mg/L and 0.100 mg/L to 0.016 mg/L
for SIPP and BSZ-SIGC filters, respectively. Moreover, the silver leached from both SIPP and BSZ-SIGC
filters into the treated water was within the guideline limits set by the EPA (2012), which is 0.10 mg/L.
It was observed that the presumptive E. coli removal efficiency decreased with a decrease in the
concentration of silver that leached into the treated water.
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Figure 6. The concentration of silver leached from SIPP and BSZ-SICG filters into treated water versus
E. coli removal efficiency.

3.3.3. Pearson’s Correlation between Presumtive E. coli Removal Efficiency and Silver Leached into
Water Treated by BSZ-SIGC and SIPP Filters at POU

The results revealed a strong positive correlation between E. coli and silver leached into the
water treated by the BSZ-SICG filter (r = 0.678627405) and the SIPP filter (r = 0.705154424). However,
the relationship between silver leached and E. coli concentration in the water treated by BSZ-SIGC and
SIPP filters was not statistically significant (p = 4.59594 × 10−13 and p = 7.48692 × 10−6, respectively).

3.3.4. Amplification of Pathogenic E. coli Strains of by Multiplex PCR

All of the water samples that were presumptively positive for five targeted pathogenic E. coli
strains were randomly selected for molecular characterisation. However, none of the five pathogenic
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strains of E. coli were detected in water samples after using the BSZ-SICG and SIPP filters (Figure 7A).
The stx1 gene coding for EHEC was the most frequently detected gene in surface water, borehole water,
and storage containers with a prevalence of 36.7%, 30.9%, and 33.6%, respectively. The ipaH gene
coding for EIEC was the least isolated with a prevalence of 8.3% (surface water), 1.2% (spring water),
6.7% (borehole water), and 8.3% (storage containers). All of the results are presented in Figure 7A
below. A typical result after agarose gel electrophoresis of PCR products showing several genes
representing E. coli pathotypes isolated from water sources of Makwane Village is given in Figure 7B.

 

 

Figure 7. (A) Prevalence of pathogenic stains of E. coli from different water sources over the study
period; and (B) agarose gel electrophoresis of PCR products showing several genes representing
E. coli pathotypes using published primer (M—molecular marker (100 bp); NC—negative control;
PC—positive control; and, 1 to 11—samples from different sources).
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3.4. Diarrhoeal Disease Incidence per Age Group and Stool Consistency Subsequent to HWTS Implementation
in Makwane Village

Subsequent to HWTS implementation in Makwane Village, episodes of diarrhoea were found
to be more prevalent in control households than in intervention households. The majority of the
diarrhoea episodes were reported in children that were less than five years old from both the control
and intervention households with a prevalence of 85% and 5.1%, respectively. The difference was
statistically significant with a p-value of 0.000000105. The second highest incidence of diarrhoeal
disease was observed in the elderly group of ≥56 years with a prevalence of 75% (control households)
and 11.11% (intervention households). The statistical analysis showed a significant difference with a
p-value of 0.0005018. Conclusively, 57.4% of the respondents in control households reported episodes
of diarrhoea, while only 3.8% of the respondents in the intervention households reported episodes
of diarrhoea. The incidence of diarrhoea was thus reduced by 96.2% in the intervention households.
In general, watery diarrhoea was the main type of diarrhoea reported by Makwane Village residents.
In control households, 62 cases of diarrhoea were reported (57.4%), most of which were watery
diarrhoea (69.3%), followed by mucus diarrhoea (21%) and bloody diarrhoea (9.7%), while 14 cases of
diarrhoea were reported in intervention households (3.8%), all of which (14/14) were watery diarrhoea.
All of the results are summarised in Table 4.

Table 4. Episodes of diarrhoea per age group and stool consistency subsequent to HWTS
implementation in Makwane Village.

Characteristics
Control Households

(n = 108)
Intervention Households

(n = 372) p-Value

Age Groups Episodes of Diarrhoea Frequency Percent (%) Frequency Percent (%)

0–5
Yes 17 85 4 5.1

0.0000105No 3 15 75 94.9

6–12
Yes 9 60 3 4.6

0.0000959No 6 40 62 95.4

13–21
Yes 7 36.8 1 1.4

0.0001004No 12 63.2 70 98.6

22–55
Yes 20 47.6 3 2.3

0.0000096No 22 52.4 127 97.7

≥56
Yes 9 75 3 11.1

0.0005018No 3 25 24 88.9

Stool
consistency

Watery 43/62 69.3 14/14 100.0
Bloody 6/62 9.7 0/14 0
Mucus 13/62 21 0/14 0

Overall episodes of diarrhoea in control households Overall episodes of diarrhoea in intervention households

62/108 (57.4%) 14/372 (3.8%)

4. Discussion

According to [2], most of the rural communities in sub-Saharan Africa still face significant
challenges in gaining access to improved drinking water and are struggling to meet the MDG targets
for water and sanitation. It has been estimated that about 16 million people in South Africa have no
access to adequate water and sanitation [20], and the lack of such services significantly contribute to
diarrhoeal diseases worldwide. To address these issues, a study on the effect of HWTS implementation
was undertaken in one of the rural villages in South Africa; these HWTS devices were deployed in
every household of the village that was willing to participate and their performance was assessed in
terms of their ability to reduce the burden of diarrhoeal diseases in the community. Prior to HWTS
implementation in Makwane Village, 75% of the householders had reported episodes of diarrhoea and
it was also found that the majority of the households (70.5%) in Makwane use water obtained directly
from the river/surface without prior treatment (Table 2). The episodes of diarrhoea that were reported
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in the study area could be due to a lack of improved water sources and proper sanitation (Table 2),
as it has been previously reported that a lack of such facilities contributes significantly to diarrhoeal
diseases with higher cases reported in children aged five years and less [5–8,11]. Therefore, the high
number of children under the age of five years old in this study indicates the potential vulnerability of
this community. Successful HWTS implementation will therefore be a solution to reduce the burden of
diarrhoeal diseases in the study area, as improved household water management and storage ensures
that the drinking water is microbiologically safe at the point of use.

Water Quality

Surface water is an important supply of drinking water for many populations worldwide,
principally in rural areas. Therefore, it is imperative that it must be judiciously managed and protected.
Safe drinking water must have an acceptable quality that complies with physical, chemical, and
bacteriological parameters that are set by [21–23]. The surface water used by the Makwane community
was shown to have mean pH and temperature values that are within the limits set by EPA (2012)
for drinking and domestic purposes, which is 7.0–8.12 for pH and ≤25 ◦C for temperature (Table 3).
The cause of a decrease in temperature can be attributed to the second law of thermodynamic, which
state “in a closed system, the potential energy of the system will always be less than that of the initial
state” [24]. The HWTS implemented in Makwane were closed systems and there is a possibility that
they can exchange heat with the surroundings, so when untreated water is filtered it will exchange
temperature with the content of the systems as a result the temperature of the final product will be
less than the initial temperature. Even though the pH and the temperature of the Makwane water
sources cannot cause any health risk to the community, their surface water sources were found to have
high average turbidity levels of up to 268 NTU, which by far exceeded the limit (5 NTU) that is set by
the [23] guidelines. Turbidity in drinking water is caused by particulate matter that may be present in
the water source such as clay, silt, organic matter, inorganic matter, plankton, and other microscopic
organisms [25]. Moreover, high levels of turbidity in the water are associated with poor water quality
and promote the survival of microorganisms [25]. The turbidity reduction in intervention households
(households using BSZ-SICG and SIPP systems) was statistically significant as compared to untreated
water in the control households (Table 3), suggesting that HWTS implementation in Makwane Village
households had improved the turbidity of the water. The average percentage reduction in turbidity
obtained during the period of the study was 98.6% (2.34 NTU) and 99.5% (0.84 NTU) for BSZ-SICG
and SIPP filters, respectively. The average turbidity level achieved complies with the turbidity limits
set by [21,23], and they also compare well to previous findings in which the percentage reduction in
turbidity ranged from 88% to 99% for ceramic candle filters [26]. The results of this study in terms of
percentage reduction in turbidity levels are also similar to the results reported by [27], with average
turbidity reduction levels of between 83% and 99% being achieved for ceramic silver-coated water
filters. Another similar study conducted in South Africa by [12,14] reported that a range of locally
produced point-of-use water filters, including BSF and SIPP, consistently reduced the turbidity of
surface water in the laboratory with an average turbidity of up to 98%.

In order to determine whether the leached out silver from the BSZ-SICG and SIPP filters complies
with EPA 2012, guidelines (0.1 mg/L), the silver concentration was measured in the filtered water prior
to and after HWTS implementation over the study period (six months). The mean silver concentration
leached in filtered water from both HWTS devices was found to be within the limits recommended
by [6,22]. Results for both silver leached and the E. coli removal efficiency are clearly shown in Figure 6.
The findings of this study revealed that the silver level in the BSZ-SICG filter was depleted much faster
compared to SIPP filters. However, the difference is not clearly understood as in both cases silver is
incorporated within the clay.

This study also assessed the efficiency of the BSZ-SICG and SIPP filters in removing pathogenic
E. coli strains from various water sources of Makwane Village. A significant improvement in household
water quality was documented in this study for pathogenic E. coli strains (EHEC, ETEC, EPEC, EIEC,
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and EAEC) during the six-month assessment period (Figure 7). Since the proportion of the population
in this village without access to improved drinking water is high (Table 2) and the water that was
assessed was found to have high levels of microbial contamination (4.3830 Log10 CFU/100 mL of
E. coli) and often very turbid (Table 3), this study further provides important evidence regarding HWTS
implementation in sites where access to safe water is inadequate.

During the study period, the BSZ-SICG filter demonstrated an average reduction of 89.1% for
E. coli (Table 4) in Makwane water sources. Moreover, none of the pathogenic strains of E. coli was
detected in water treated by the BSZ-SICG filter (Figure 7). These results were found to be in line with
the results of other studies in some countries, which reported 60% to 100% E. coli removal efficiencies
of the BSF filters both in the field and laboratory [28,29]. A laboratory-scale study conducted by [14]
showed a reduction in indicator bacteria of between 60% and 100% and 90% and 100%, respectively, in
the biosand filter with zeolite (BSZ-SICG) and the SIPP filter. The findings of this study also compare
well to those of previous studies reported by different researchers that showed that the BSF could
achieve 90% to 99.99% E. coli removal [30,31]. A higher reduction of the target bacteria by the BSZ-SICG
filter may be due to the presence of silver-impregnated clay granules in the system, which is reported
to have bactericidal properties [32,33]. However, it was also observed that even though the silver
concentration in the BSZ-SICG filter system was low, the systems continued to remove pathogenic
E. coli from water. This could be attributed to the unknown pore size of the BSZ-SICG systems.
In addition, it was reported that the removal of bacteria by biosand filters at the initial stage occurs
by sedimentation and straining, and that with frequent use of these filters, the removal efficiencies
increased, sometimes up to 99.99% [31]. However, this was not found to be the case in this study, as
the pathogen removal efficiency of the BSZ-SICG filter was found to decrease with frequent use (down
to 78.9%). This might have been due to the fine sand that managed to penetrate the diffusion plate
with some bacteria attached and moved to the bottom layer of the BSZ-SICG filter system. Silver ions
did not have any effect on the bacteria attached to the fine sand as it was also shown to deteriorate
with frequent use of the systems; hence, at low concentration, Ag+ does not have an antibacterial effect.
As a result, the quality of treated water deteriorated. However, an increase in the efficiency to remove
pathogenic E. coli of up to 96.9% was observed in the BSZ-SICG filters after they had been washed
during the third month of being used. Therefore, the maintenance of these systems is important and,
depending on the volume of water filtered, they need to be washed every third month of use to ensure
good quality drinking water.

The SIPP filter also demonstrated a total reduction of pathogenic E. coli (Table 4 and Figure 7).
These findings are similar to the results of a study done by [34], where the author attempted to
determine the highest possible reduction of target pathogenic bacteria by a silver-impregnated clay-pot
filter which resulted in 99.99% reduction. Other similar studies conducted both in the laboratory and
in the field for BSF, SIPP, and other filtration technologies showed the pathogen reduction ranging
between 90% and 100% [12,14,31,35–38]. Greater removal efficiency (100%) of target pathogenic
bacteria by the SIPP filter in this study might have been achieved by silver (Ag) nanoparticles, which
were embedded within the clay during manufacturing [39]. A study by [40] also revealed that the
Ag-impregnated pot was significantly more effective in removing E. coli, when compared to the control
pot without silver.

In this study, an overall and significant reduction (96.2%) in the incidence of diarrhoeal disease
was documented in households that were using BSZ-SICG and SIPP filters as compared to the control
households. These results suggest greater or comparable reduction in diarrhoeal disease in comparison
to randomised control trials of ceramic water filters in SA and Zimbabwe, which demonstrated an 80%
reduction in diarrhoeal diseases [36]. These results also compare well to studies of other HWTS devices
such as the concrete BSF in Cambodia, the Dominican Republic, and Kenya which demonstrated a
47% reduction in diarrhoeal disease (both Cambodia and Dominican Republic), and a 54% reduction
in Kenya, in children under the age of five years [35,41,42]. A related study conducted in Ghana also
showed a 60% reduction in diarrhoeal diseases in households that were requested to use the plastic
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BSF as compared to control households [43]. In general, the results for diarrhoeal disease reduction in
intervention households as compared to control households (Table 4) observed in this study suggest
greater reductions compared to those obtained during trials of concrete BSF and ceramic filters in other
regions of the world.

In addition, as children under the age of five years were a subgroup of interest in this study,
data on diarrhoeal disease were also analysed by age groups (Table 4). The results showed a major
reduction (90.5%) in diarrhoeal disease in children less than five years old in the BSZ-SICG and SIPP
intervention as compared to the control households and the difference was statistically significant
(p < 0.01). These results suggest a greater reduction in diarrhoeal disease when compared to the 44%
reduction in diarrhoeal disease in children under the age of five years reported in Cambodia [41].
Therefore, in rural areas were people still mainly rely on untreated water for drinking and domestic
purposes, the implementation of BSZ-SICG and SIPP filters is substantiated by the results of this study.

5. Conclusions

This study investigated the performance of two cost-effective household water treatment systems
in reducing the burden of diarrhoeal diseases, while they were in use in homes of the Makwane village.
Prior to their deployment, they were subjected to some modifications to enhance their performance.
Both the BSZ-SICG and SIPP filters were found to be effective in removing pathogenic E. coli from water
sources used by the community of the Makwane Village. Furthermore, they have demonstrated their
capability to reduce the incidence of diarrhoeal diseases by 96% in the Makwane Village community of
the Limpopo Province, South Africa. These cost-effective technologies can be recommended in rural
areas without access to improved drinking water supply. In addition, research on HWTS technologies
shall attempt to measure health impacts in more objective ways that can assist in eliminating bias.
These may include incorporating diagnostic procedures to detect intestinal infections in children in
order to compare the organisms found in water with those found in stool samples.

Supplementary Materials: The following are available online at www.mdpi.com/1660-4601/15/3/410/s1,
Supplementary File 1: Informed consent form.
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Abstract: Ensuring universal access to safe drinking water is a global challenge, especially in rural
areas. This research aimed to assess the effectiveness of a risk-based strategy to improve drinking
water safety for five gravity-fed piped schemes in rural communities of the Mid-Western Region of
Nepal. The strategy was based on establishing community-led monitoring of the microbial water
quality and the sanitary status of the schemes. The interventions examined included field-robust
laboratories, centralized data management, targeted infrastructure improvements, household hygiene
and filter promotion, and community training. The results indicate a statistically significant
improvement in the microbial water quality eight months after intervention implementation, with the
share of taps and household stored water containers meeting the international guidelines increasing
from 7% to 50% and from 17% to 53%, respectively. At the study endline, all taps had a concentration
of <10 CFU Escherichia coli/100 mL. These water quality improvements were driven by scheme-level
chlorination, improved hygiene behavior, and the universal uptake of household water treatment.
Sanitary inspection tools did not predict microbial water quality and, alone, are not sufficient for
decision making. Implementation of this risk-based water safety strategy in remote rural communities
can support efforts towards achieving universal water safety.

Keywords: E. coli; monitoring; drinking water; water safety plan; sanitary inspection; gravity-fed
piped water scheme; risk management

1. Introduction

In recent years, water sector professionals have made considerable progress improving access
to drinking water worldwide. The Millennium Development Goal (MDG) for drinking water was
met in 2015, with 2.6 billion people gaining access to an improved drinking water source since
1990 [1]. However, the additional sanitary protection offered by an improved drinking water source
does not ensure that the water is safe to drink, because it is not guaranteed to be free from fecal
contamination [2,3]. Half a million people worldwide died in 2012 due to consumption of unsafe
water [4]. The MDGs thus underscored an urgent need to prioritize interventions designed to limit the
hazards to human health by meeting the international guidelines for drinking water safety [5].

To address this issue, the water sector adopted Sustainable Development Goal (SDG) 6, which now
includes measures of availability, accessibility, and quality as core standards in its definition of safely
managed drinking water [6]. With these considerations, over a quarter of the global population
currently lacks access to safely managed drinking water [7]. Water sector practitioners, therefore,
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face the challenging objective to deliver “universal and equitable access to safe and affordable drinking
water for all by 2030” (SDG 6.1).

In Nepal, only a quarter of the rural population was estimated to have access to safely managed
drinking water in 2015 [7], with access rates being lowest in the most remote areas where treatment is
virtually non-existent and microbial contamination of water supplies is well documented. For example,
Shrestha et al. (2017) reported inadequate water, sanitation, and hygiene (WASH) conditions in rural
Nepal [8]. In the hilly areas of Mid-Western Nepal, a previous study reported a high health risk
associated with the consumption of water from public taps, with 69% of samples collected testing
positive for Escherichia coli (E. coli). One in ten samples contained more than 100 colony forming
units (CFU) of E. coli/100 mL [9], considered at very high risk per World Health Organization (WHO)
classifications [5]. Another study in this region reported high daily variability and peak concentrations
of fecal contamination [10].

These studies indicate a need for a comprehensive risk management strategy in place of
end-of-pipe testing. Shrestha et al. (2017) recommended regular monitoring of water quality to
generate missing information regarding seasonal variations [8]. The authors additionally suggested
several mitigation actions, such as source protection, regular inspections, and targeted upgrades,
with an emphasis on community engagement and water treatment measures. Such activities align
with the World Health Organization (WHO)’s Water Safety Plan (WSP) approach that has been
(and continues to be) widely promoted for improving drinking water safety from the source to the
consumer. This approach is based on the identification of hazards and the mitigation of risks to achieve
multibarrier protections for public health safety [5]. WSPs can be adapted to the needs of any drinking
water project, including small communities’ water supplies [11,12]. One tool used in small community
WSPs is the sanitary inspection form to systematically assess vulnerabilities throughout the water
scheme. These assessment forms proactively identify hazards at critical locations, thereby informing
the management team regarding the potential sources of contamination to the water system and the
mitigation efforts required.

While the WSP approach supports operational management processes for drinking water supplies,
String and Lantagne point to a need for “evidence-based, documented impacts to both water supply
and health after WSP implementation” [13]. Evidence regarding the implementation and impacts of
WSPs on water quality is especially lacking in remote rural settings, where monitoring activities are
hindered by low access to laboratory resources and technical expertise. Additionally, the suitability
of sanitary inspection tools for assessing water safety is questioned, with previous studies showing
contradictory conclusions regarding the predictability of fecal pollution levels based on sanitary
risk scores alone [14–16]. It is therefore argued that effective risk management for water supplies
should combine sanitary protection indicators with regular water quality testing [3,16]. In addition,
the WHO has developed a revised set of forms that better suit the reality of small water supplies in
rural contexts [17].

The objective of this research was to describe and evaluate a risk-based water safety strategy within
five rural communities served by gravity-fed piped water supply schemes in the Dullu municipality in
Mid-Western Nepal. Using a controlled before-and-after study design, we assessed the impact of a
suite of interventions on the microbial water quality at different points throughout the system over an
eight-month period. The interventions included the reinforcement of a pre-existing household water
treatment and safe storage (HWTS) promotion campaign and targeted infrastructural and management
improvements to the water schemes. Regular water quality monitoring was established using two
solar-powered field laboratories equipped for microbial testing, and adapted sanitary inspections tools
were used to systematically assess risks to the water systems. Intensive community participation and
training were core features throughout the project’s implementation.

In addition to the main objective of evaluating intervention impacts on the microbial water quality,
other research questions of interest were as follows: (1) How did community members engage with the
risk management process for their water system? (2) To what extent were the water safety interventions

93



Int. J. Environ. Res. Public Health 2018, 15, 1616

taken up by the communities by the study endline? (3) Did sanitary inspection scores align with water
quality testing results? The project was implemented by Helvetas Swiss Intercooperation Nepal’s
(hereafter referred to as Helvetas-Nepal) Integrated Water Resources Management (IWRM) program,
in collaboration the Swiss Federal Institute of Aquatic Science and Technology (hereafter referred to
as Eawag) and REACH: Improving Water Security for the Poor (a program led by Oxford University
and funded by the United Kingdom (UK) Government). The study commenced with baseline data
collection from 120 households across five intervention communities and three control communities.
To assess outcomes, an endline assessment was performed eight months after the baseline to capture
changes in the microbial water quality and in households’ perceptions and behavior regarding their
drinking water.

The water safety strategy showed promising results towards achieving SDG 6.1 in rural
communities dependent on gravity-fed piped schemes. Within intervention communities, we observed
water quality improvements at taps and within households, improved hygiene behavior, and increased
community capacity to proactively identify and mitigate the risks identified through regular
monitoring. However, the microbial water quality did not meet the international guidelines by
the study’s endline for 100% of the water points assessed, indicating that further efforts are needed to
ensure universal access to safe drinking water in this setting. This study also revealed the limitations
of sanitary inspection scores and concluded that such tools should be combined with regular water
quality testing for a complete risk management approach.

2. Materials and Methods

2.1. Study Site

Nepal is a landlocked country in Southern Asia that is situated in the Himalayas and shares
borders with India and China. Three main regions compose the country’s landscape and climate:
a flat tropical area called the Terai, an intermediate hilly region, and the Himalayan mountains [18].
In 2017, the population was estimated to be 29 million people [19], 81% of whom were living in rural
areas in 2015 [20]. Nepal ranked at the poorest end of the United Nations Development Programme
Human Development Index in 2016, in the 144th position out of 188 countries [21]. Water scarcity is
a common issue in the country [22,23] that is exacerbated by ongoing climate change impacts [24].
Developmental efforts in the past years have mainly focused on meeting the water supply demand
and increasing freshwater accessibility. In addition, recent national development initiatives have
focused on eliminating open defecation and achieving universal improved drinking water access,
especially in rural areas [25]. The Nepal Water Supply, Sanitation, and Hygiene Sector Development
Plan for 2016–2030 [26] highlights poor drinking water quality and the lack of an effective monitoring
and surveillance system as a barrier to the implementation of the National Drinking Water Quality
Standards [27].

The study was conducted in the Dullu municipality in the Dailekh district of the Mid-Western
Development Region (Figure 1). This intermediate hilly region was selected as the study location
because it is representative of the rural, hilly settings of Nepal, with the additional advantages of close
proximity to sufficient projects within the Helvetas-Nepal IWRM service area and relatively convenient
road access. In total, eight communities with gravity-fed piped drinking water schemes were selected
for this study: five schemes where risk-based water safety intervention took place (hereafter called
intervention schemes) and three control schemes where no risk-based water safety interventions
were implemented.

Before the study, all eight communities had received a new piped water system with private or
public taps constructed by Helvetas-Nepal between 2012 and 2016. Alongside system installation
in each community, the program additionally established a water and sanitation users’ committee,
promoted improved household hygiene practices, distributed ceramic filters for household water
treatment, and trained a female community health volunteer and a village maintenance worker
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responsible for repairing the water supply system. These pre-baseline activities, which defined the
starting scenario of all the study communities, are summarized in Table 1.

Dullu municipality in 
Dailekh district, Nepal

Dullu municipality

Figure 1. Map of Nepal with the district borders highlighting Dailekh district in blue and the
intervention area, Dullu municipality, in orange. The map inset expands on the intervention area,
showing the locations of the intervention and control schemes in relation to the field laboratories.

Table 1. Activities carried out before and during the study period within intervention and
control communities.

Activity Intervention Communities
Control

Communities

Helvetas-Nepal
program activities
established before

the study

Constructed piped water scheme
Same as

intervention
schemes

Established water users’ committee
Conducted household hygiene campaign
Installed ceramic water filters
Trained community health volunteer and village maintenance worker

Data collection at
study baseline and

endline

Household survey Same as
intervention

schemes
Water quality sampling
System sanitary inspection

Physical upgrades
to water schemes

Source protection

None
Intake improvement
Scheme level chlorination 1

Small repairs
3R measures (Recharge, Retention, Reuse)

Management
interventions

Creation of the Water Safety Plan task force

None
Regular monitoring of sanitary state and water quality
Laboratory coverage
Improved maintenance

Behavior change
interventions

Promotion of good handling practices for ceramic candle filter
NoneHousehold sanitary inspections

1 Two of the five intervention schemes received chlorination.
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2.2. Description of Drinking Water Schemes

The selected water schemes were constructed between 2012 and 2016; all were completed at
least one year prior to this research. All are simple gravity-fed piped networks with spring sources,
except one that includes a solar-powered lifting pump to deliver water from a downhill reservoir
to the uphill distribution tanks. All the schemes provide intermittent water services with variable
opening times and service durations throughout the year, as is common in the hilly region. They are
all similar in their layout with a spring source that is connected to a reservoir tank by a distribution
line, with water then flowing to the taps (Figure 2). All the selected schemes deliver water to public
taps except one that has private taps only.

Figure 2. Sketch of a typical gravity-fed piped water scheme (or sub-scheme). Each scheme is composed
of 1–4 sub-schemes. Sub-schemes comprise one water project for the same community but make use of
independent water sources. Within a sub-scheme, one water source can feed several reservoir tanks
that distribute water to different areas of the village. The intermediate structures can be distribution
and collection chambers, purge valve chambers, break pressure tanks or interruption chambers, and air
valve chambers.

2.3. Study Design and Sample Strategy

Two distinct research strategies were used: one for the baseline and endline surveys and the
other for regular monitoring. The baseline and endline surveys aimed to assess community members’
perceptions and behaviors regarding their drinking water. The sanitary state of the water schemes
and the microbial water quality were also assessed at the baseline and the endline to measure changes
before and after the water safety intervention. By contrast, regular monthly monitoring activities served
as less intensive “spot checks” to capture temporal variations in water quality and sanitary indicators.
In this way, regular monitoring data informed the ongoing implementation of interventions within
each scheme by gauging their effectiveness and identifying any unaddressed system vulnerabilities.

2.3.1. Baseline and Endline Surveys

The baseline data collection took place in June 2017 and the endline data collection in January
2018. The field teams were composed of staff members of Eawag, Helvetas-Nepal, and the local
non-governmental organization (NGO) Social Services Center. All the questionnaires were translated
and conducted in Nepali. Only households using the water scheme were eligible for enrollment.
Eligible households were selected randomly from the water project beneficiaries list and enrolled
following informed consent about the project’s purpose and anonymity of the questionnaire. At the
study baseline, if the household declined to participate in the study or if no adult was available
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at the time of the visit, another household was selected randomly as a replacement. A total of 15
households were enrolled at each water scheme for a total of 120 surveys. During the endline period,
the same households from the baseline were interviewed. The survey questions probed the households’
drinking water supply characteristics, sanitation and hygiene practices, and socio-economic statuses.
A drinking water sample was taken at each household by collecting 100 mL of water in the same
manner as if getting a cup of water to drink. At each of the 8 study schemes, water samples were also
taken at the inlet of all reservoir tanks and from three randomly selected taps during the baseline and
endline visits.

2.3.2. Regular Monitoring

At each of the five intervention schemes, one source, one reservoir tank, one tap, and one
household were regularly monitored every three–six weeks between August and December 2017
for both drinking water quality and sanitary status (Table 2). Sanitary inspection forms for sources,
reservoir tanks, taps, and stored water were developed based on the updated forms provided by the
WHO [17], with modifications made to suit the field context. Each form was composed of 10 yes/no
questions from which a risk score out of 10 points was calculated, with a higher risk score indicating a
greater health risk posed at the specific point (see Table A1 for the content of each sanitary inspection
form). A trained person from each WSP task force was responsible for selecting monitoring points,
taking the water samples, and performing the sanitary inspections. Monitoring points were rotated
each month and were all water-connected: the household used water from the corresponding tap that
was connected to the reservoir tank and the source that was being monitored. Care was taken to ensure
that households were not aware of monitoring visits in advance. Regular monitoring is planned to be
continued after the study’s end as an integral part of the water safety framework. Further details on
the regular monitoring strategy are provided in Supplementary Materials Section S1.

Table 2. Quantity of water samples at each phase of sampling.

Sampling Phase Household Tank Tap

Baseline 120 21 23
Regular monitoring 23 23 23
Endline 115 25 23

2.4. Water Safety Plan, Interventions, and Laboratories

A WSP approach was adopted within the intervention communities. A WSP task force was formed
as a subgroup of the pre-existing water users’ committee. The task force members’ main responsibilities
were to evaluate and identify risks to their water scheme and to support efforts towards improved
water security management practices. Based on the full sanitary inspection performed at the baseline,
the WSP task force and Helvetas-Nepal’s technical team collaboratively decided on one or more scheme
upgrades to improve the water quality and devised a participatory approach for implementation.

The five intervention schemes received the system upgrade measures shown in Table 1 during
November and December 2017. Additional details on the water scheme upgrades are provided in the
Supplementary Materials Section S2. The upgrading process was based on a participatory approach
that emphasized community members’ involvement in the decision making to increase their sense of
ownership over the project [28]. The communities also contributed to the system upgrade efforts by
providing unskilled labor and local materials for construction.

In addition, two water quality laboratories were installed at a village health post and a secondary
school close to the five interventions schemes. These laboratories consisted of a simple field incubator
connected to a solar photovoltaic setup and all the materials required to perform the microbial water
quality analysis (E. coli and total coliforms). The laboratory technicians received targeted group
training followed by supervised field work. All the data gathered during the regular monitoring was
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collected by the trained WSP task force members and lab technicians under the supervision of a local
NGO staff member who had also previously received intensive training.

2.5. Data Collection Tools and Water Quality Analysis

2.5.1. Mobile Data Collection

All the data, including the baseline and endline household surveys and regular sanitary
inspections, were collected using tablets (Samsung Galaxy Tab A, Seoul, Korea) equipped with the
Akvo Flow application (Akvo Foundation, Amsterdam, The Netherlands). The data were uploaded to
the cloud and made available to project team members to be analyzed remotely.

2.5.2. Water Sampling and Microbial Water Quality Testing Protocol

Water samples collected at the reservoir tanks were taken directly from the inlet, which is the
closest point to the water source that was available to sample; therefore, the sample collected is
representative of the water entering but not the water being stored at the reservoir tank. At the
taps, water was run for 30 s before sampling to wash out any deposited residue and ensure a
representative sample from the piped system. The household water samples were collected at the
point of consumption (i.e., 100 mL of water was collected in the same way a glass of water for drinking
would be prepared). All the water samples from a single scheme were collected on the same day.
The water samples were collected in sterile 100 mL Whirl-Pak sampling bags (Nasco, Fort Atkinson,
USA). For chlorinated schemes, Whirl-Pak Thio-bags (Nasco, Fort Atkinson, USA) containing sodium
thiosulfate were used to inactivate any residual chlorine. Because the electricity required to support a
cold chain was not available, the samples were transported to the field laboratories in cooler boxes
without ice. The samples were processed by membrane filtration using Nissui Compact Dry EC plates
(Nissui Pharmaceuticals, Tokyo, Japan) and a modified filtration device (DelAgua, UK), followed by
incubation at 35 ± 2 ◦C for 24 h. All the samples were transported and processed within two hours
of collection. If transportation to laboratories within two hours was impossible, the samples were
processed on site and incubated later. A detailed protocol for the membrane filtration method and
further information on the construction of the field incubators are available in the Supplementary
Materials Sections S3 and S4, respectively.

2.5.3. Bacteria Enumeration and Quality Control

After incubation, E. coli and total coliform were enumerated on Compact Dry EC according to the
manufacturer’s instructions. Counts higher than 300 colonies per plate were reported as too numerous
to count (TNTC). The results are reported as colony forming units (CFU) of total coliforms or E. coli
per 100 mL (CFU/100 mL). To assess the replicability of the method, a duplicate was performed every
tenth sample during the baseline and endline data collection. In addition, a random duplicate was
taken from one of the sampled sites (tank, tap, or household) during each round of a scheme’s regular
monitoring. Negative controls (blanks) were processed daily. The statistical analyses of all control
measures are found in the Supplementary Materials Section S5.

2.6. Data Analysis

Water quality and survey data were initially compiled and cleaned using Excel 10 (Microsoft,
Redmond, WA, USA). Coding and statistical tests of intervention effects were performed using IBM
SPSS (IBM, New York, NY, USA). The microbial concentrations were observed to be exponentially
distributed; therefore, bivariate comparisons made use of non-parametric tests (e.g., Mann–Whitney U
test and central tendency reported as median CFU/100 mL) or parametric tests (e.g., Student’s t-test
for independent samples following Log10 transformation of E. coli data and central tendency reported
as mean CFU/100 mL). For all Log10 transformations, zero counts were set to 0.5 CFU/100 mL and
TNTC values were set to the upper limit of detection (300 CFU/100 mL).
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2.7. Ethics Statement

All participating households gave their informed consent before being interviewed. The research
was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the
Eawag ethics committee (protocol 16_09_072017). The study received government approval in Nepal
as part of the Helvetas-Nepal IWRM research program.

3. Results

3.1. Household and Drinking Water Scheme Characteristics

3.1.1. Generalities

The average household had 6.5 (SD = 2.3) family members, with 0.8 children who were
5 years old or younger. Virtually all of the interviewed households (99%) were active in
agricultural and farming activities. The monthly expenses per household ranged from 1550 to
50,000 Nepalese Rupees (NPR, M = 10,610, SD = 7800), corresponding to 15.5–500 United States
Dollars (USD, M = 106, SD = 78) using a rounded average currency exchange rate of 2017 (Exchange
rate calculator, http://www.x-rates.com/average/?from=USD&to=NPR&amount=1&year=2017).
When asked about their main concern within their community in the baseline survey, households most
frequently mentioned water supply services (31% of intervention and 53% of control households).
Most of the households interviewed had walls made of wood or mud (>73%), a floor made of mud,
sand, or dirt (>87%), and a roof made of metal (>36%) or thatch (>14%). Concerning sanitation, most
of the households reported using an improved private latrine (>89%). There was no electrical grid
in the project area, but most households had installed small private solar systems to power lighting
and mobile phones (>89%). A further description of the household characteristics is available in the
Supplementary Materials Section S6.

3.1.2. Hygiene Practices and Reported Illness

At the baseline visit, most households reported washing their hands after going to the toilet
(>91%), before eating (>93%), and before cooking (>67%). The frequency of soap use during
handwashing increased from 43% to 63% between the baseline and endline among the households
using the intervention schemes, whereas the frequency decreased from 80% to 60% among the
control schemes over the same period. The availability of dedicated handwashing stations with
a faucet increased at the intervention schemes from 65% to 83% and stayed constant at the control
schemes at 82%. The Supplementary Materials Section S6 contains detailed results of the households’
handwashing practices.

Most households (96%) did not report having experienced any diarrhea or respiratory illness
cases among their family members in the week prior to the survey. A total of six people at the baseline
and four people at the endline had experienced a case of diarrhea or respiratory illness, with about
half of these cases being children under the age of five. All the households reporting illness during
the baseline were using the interventions schemes, whereas at the endline most of the households
reporting illnesses (three of the four) were using a control scheme.

3.1.3. Perception of Drinking Water Quality and Water Treatment Practices

At the baseline visit, most households perceived their drinking water taste and smell as good
(>98%), color as clear/good (>92%), and as generally safe to drink (>85%). By the endline visit, the share
of households reporting their drinking water was safe had increased slightly in the intervention
schemes (99%) and decreased in the control schemes (79%) (Figure 3). However, households using
the interventions schemes that received chlorination as part of the WSP intervention reported greater
dissatisfaction with the taste of the water by the endline visit; among the two schemes where
chlorination was introduced, chlorine taste and “bad or funny smelling water” was reported by
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15% and 14%, respectively, of the 29 households interviewed. Further details on the perceptions of the
drinking water quality are available in the Supplementary Materials Section S6.

 

Figure 3. Drinking water safety perception and treatment coverage among the households served by
the intervention and the control schemes from the baseline to the endline period.

Regarding water treatment practices, at the baseline visit, fewer households in the intervention
schemes reported treating their drinking water (70%) compared with the households in the control
schemes (85%). The share of the households adopting the treatment practices increased among
all households from the baseline to endline visits (Figure 3). However, the observed difference
in the treatment coverage was only statistically significant among the intervention schemes (c2 (1,
n = 147) = 26.18, p = 0.00), with all the households reporting that they practiced some form of household
water treatment by the endline.

At the baseline, the households that said their drinking water was not generally safe indicated
the main reasons as being an unprotected source (36%) or animal waste (29%). However, more than
a quarter (29%) of the households did not know why they thought the water was unsafe. At the
endline, half of the households that did not consider their water to be safe reported toilet waste as
the major reason. The other major concerns mentioned at the endline included animal waste (38%),
an unprotected source (25%), and chemicals (13%).

3.1.4. Water Supply Characteristics

In Nepal, efforts have been made in recent decades to provide access to an improved drinking
water supply for all rural households. In the study area, the designs of the gravity-fed schemes are
all similar, with source water directed to one or several reservoir tanks, which are then opened daily
for distribution. The study schemes served from 29 to 108 households or 177–683 people (see the
additional scheme characteristics in Table 3). The water services were intermittent, meaning that
reservoir tanks were manually opened once or twice per day at a defined hour. The opening times
and durations varied throughout the year depending on the source water availability and the time
required to fill the reservoir. Usually, the opening duration ranged from one to two hours, with shorter
times during the dry season.

All the water points within the study communities were functional at the time of the research
team’s baseline and endline visits. Most households (>80%) reported that their water supply scheme
functioned well in general, and most (>85%) reported that they were confident that their water system
would still be functional in a year. Most of the interviewed households (>82%) had access to a public
tap, and among these households, nearly all (>95%) reported it as their main drinking water source.
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The average reported time taken for a round trip to the drinking water source, including queuing time,
was 10 min (SD = 9). A trained local maintenance worker was responsible for regular maintenance
and repairs for each scheme. Most interviewed households (>87%) reported that they could get help
from their local maintenance worker for necessary repairs and that repairs could be completed within
a week (>71%). A water tariff system had been implemented prior to the start of this study, with most
households (>85%) reporting that user fees were collected to pay for repairs on an as-needed basis.
Detailed water supply characteristics are available in the Supplementary Materials Section S6.

Table 3. Description of water supply schemes characteristics: mean (standard deviation), [range].

Characteristics Intervention Schemes Control Schemes

Households served 66.8 (32.2), [29 to 108] 84.3 (30.4), [50 to 108]
Population served 411.8 (209.5), [177 to 683] 511.7 (194.9), [292 to 664]

Spring sources 2.6 (1.1), [1 to 4] 3.3 (1.2), [2 to 4]
Reservoir tanks 3.2 (1.5), [1 to 5] 3.7 (0.6), [3 to 4]

Taps 19.4 (3.6), [15 to 24] 26.7 (14.2), [18 to 43]

3.1.5. Water Supply Management

The household survey probed the community members involved in the management, operation,
and maintenance of their water supply scheme. A total of 44% of the households interviewed at the
endline indicated having a family member who was either a member of the water and sanitation users’
committee or the WSP task force or had served as a maintenance worker, community health volunteer,
or tap stand care taker. The water users’ committee met together regularly (most often monthly)
to discuss issues related to the water supply scheme. During the construction of the scheme, the
water users’ committee also met with community members monthly to discuss the project, establish
a fund for operation and maintenance, assign maintenance workers, collect contributions toward
construction, and eventually, conduct public reviews of the committee’s income and expenditures.
After construction was completed, the water users’ committee generally met with community members
only once every year or every second year to perform the aforementioned duties, as well as reform
the water users’ committee as needed. During the baseline, 60% and 40% of households using the
intervention and control schemes, respectively, indicated that they were aware of the water users’
committee meetings within their community. At the endline, these percentages increased to 79% and
67% for the intervention and control schemes, respectively, suggesting that the study served to raise
awareness regarding the water users’ committee activities. More detailed results are available in the
Supplementary Materials Section S6.

3.1.6. Activities within Intervention Schemes

Among the households served by the intervention schemes only, additional questions were asked
at the endline visit to assess the activities taking place during the WSP implementation. Nearly all
(88%) the households served by the intervention schemes were aware of the WSP strategy, and among
these households, about half (54%) had participated in its development and implementation through
their membership in the WSP task force, involvement in the regular scheme chlorination, or the
installation of the intake filter. A total of 93% of households had heard about the laboratories that
had been installed for monthly water quality testing, and 71% said that the results of the microbial
analysis had been reported back to them by local NGO staff members or members of the water users’
committee. Among the 51 households that had received their test results, 37% indicated that their
water quality was contaminated. In response, all of these households had begun to treat their water
using a ceramic candle filter (100%) and boiling (16%). When asked about their desire for future water
quality testing, 96% of interviewees responded positively and said they would pay up to 500 NPR (or
4.78 USD) per test, with a median value of 50 NRP (or 0.48 USD) per test (Exchange rate calculator,
http://www.x-rates.com/average/?from=USD&to=NPR&amount=1&year=2017).
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Among the nine households served by intervention schemes that had a family member in the water
users’ committee, all had been informed about the results of the monthly water quality monitoring.
All but one of the households had then discussed these results with the water users’ committee,
and in about half of the instances (44%), actions to improve the water scheme had been undertaken.
Further details on the activities within the intervention schemes are provided in the Supplementary
Materials Section S6.

3.2. Water Quality Analysis

3.2.1. Household Stored Water Sample Characteristics

Among all the households, most of the water samples collected from the stored water containers
were clear at both the baseline (>96%) and the endline (>81%) visits. The share of stored water samples
treated by household ceramic filters or boiling among the intervention schemes increased from 63% at
the baseline to 100% at the endline (Table 4). By the endline visit, three-quarters of these samples had
also received some form of scheme-level treatment, such as chlorination; however, no monitoring of
chlorine residual in the stored water was conducted as confirmation. By contrast, the share of stored
water samples that had been treated at the household level within control schemes remained relatively
constant, from 76% at the baseline to 86% at the endline (see the Supplementary Materials Section S6
for additional details).

Table 4. Characteristics of stored water samples collected from households.

Sample Characteristic
Intervention Schemes Control Schemes

BL (%) EL (%) BL (%) EL (%)

Sample collected from:
Ceramic candle filter outlet 57 99 78 81
Gagri/jerrycan/bucket 43 1 22 19

Visual quality:
Clear 100 97 96 81
Somewhat turbid 0 3% 4 19
Very turbid 0 0 0 0

Received treatment at:
Household level only 59 25 76 86
Scheme level only 0 0 0 0
Both household and scheme level 3 75 6 0
No treatment 37 0 18 14

BL: Baseline; EL: Endline.

3.2.2. Baseline Water Quality and Qualitative Sanitary Observations

At the study baseline, the microbial water quality was assessed at each of the surveyed households,
as well as at the all the reservoir tanks and three taps per scheme. All the data were analyzed based
on E. coli concentrations unless otherwise stated. Table 5 shows the median and the mean Log10

E. coli contamination at the intervention and control schemes. The Mann–Whitney U tests showed
no statistical differences in the E. coli concentrations between sampling points at the intervention and
controls schemes at the baseline (p ≥ 0.05).
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The sanitary inspections of the water schemes at the baseline visit indicated high risk scores at
all the spring sources due to inadequate protection measures. The infiltration of contaminated runoff
water and open intakes were the main hazards identified. Additionally, for most of the spring sources,
the inspections revealed that intake maintenance was not possible without compromising the integrity
of the intake covering and the protective gravel and sand layers. Any blockage at the intake would
require the removal of these covering layers, thereby risking that the intake would not be properly
covered afterwards. Generally, the other structures, such as the reservoir tanks and the distribution
pipes, were in good condition. Nevertheless, the tank covers were pinpointed as vulnerabilities,
because contamination could enter during rain events or when the covers were opened. Occasional
pipe leaks were observed, and the taps were found to be damaged or leaking in some of the schemes.

3.2.3. Monthly Monitoring of Intervention Schemes

Regular monitoring of the intervention schemes included water quality testing and structured
sanitary inspections that provided a calculated risk score. Figure 4 shows the mean risk scores and
mean E. coli concentrations at the source, reservoir tank, tap, and household. The microbial water
quality was not measured at the sources because no samples could be collected without damaging the
integrity of their protective structures.

Figure 4. Mean risk scores from monthly sanitary inspections and mean Escherichia coli concentrations
from monthly sampling (n = 23, standard deviation bars shown). The maximum risk score is 10.

The average risk score was higher at the sources (due to poor protective measures) and the
households (due to recontamination vulnerabilities) than at the taps and reservoir tanks. However,
the microbial water quality of household stored water was on average better than at the taps and
reservoir tanks. With these results, the sanitary inspections did not accurately predict the water quality
test results at each given point. The household water treatment practices appeared to improve the
stored water quality, even if the overall sanitary state of the household was poor according to the
inspection forms. Rain events during the monitoring day and the preceding day were recorded in the
sanitary inspection forms and examined as a potential factor explaining variations in the microbial
water quality. However, the results did not reveal any meaningful impact of rain on the observed
microbial concentrations.

3.2.4. Endline Water Quality and Qualitative Sanitary Observations

Water quality at the endline was assessed at the same points as during the baseline (Table 5).
The Mann–Whitney U tests showed a small but significant difference in the E. coli contamination
levels of the household stored water samples between the intervention (median = 0 CFU/100 mL) and

104



Int. J. Environ. Res. Public Health 2018, 15, 1616

control schemes (median = 4 CFU/100 mL), U = 1073, p = 0.004. No significant differences in the E. coli
contamination of the intervention and control scheme reservoir tanks or taps were observed (p ≥ 0.05).

The sanitary inspections during the endline visit showed that all the source intakes of the
intervention schemes had been structurally improved. Each had a new intake filter made of fine
sand and gravel layered and packed in a net. The intake was also topped with a plastic cover to avoid
surface water infiltration. Rain water diversion ditches were constructed around the source intakes
to prevent rainwater runoff from entering the intake area. In some cases, additional shields against
landslides were installed as added protection. Protection and regeneration of the micro-catchment
through the 3R (Recharge, Retention, Reuse) intervention (see Table 1) were observed but only at their
early stages. It is expected that this plantation work will deliver its full potential as a conservation
measure several years after its completion. The intervention schemes were also improved through
the replacement or repair of leaking pipes throughout the network and improved maintenance of the
public taps.

3.3. Comparisons of Fecal Contamination at the Baseline and Endline Measurement

3.3.1. Average Contamination by Scheme and Sampling Point

The mean E. coli contamination of household stored water is shown in Figure 5a. These results
showed that the contamination during the baseline was on average greater in the intervention
schemes than in the control schemes. By the endline visit, the opposite situation was observed,
with most intervention schemes having lower contamination levels within the stored water on average,
as compared with the control schemes. At most reservoir tanks and taps at the intervention and
control schemes, the water quality at the baseline had improved by the endline visit (Figure 5b,c).
A particularly high level of fecal contamination was observed in the reservoir tanks and taps of the
control scheme number six during the baseline visit.
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c. Taps

Figure 5. Mean E. coli concentrations of the (a) household stored water containers, (b) reservoir tanks,
and (c) taps at the baseline and endline for each of the eight schemes. The standard deviation bars
are shown.

Figure 6 shows the mean E. coli concentrations for the intervention and control schemes at
each sampling location. The greatest reductions in the contamination between the baseline and
endline measurements are seen at the households and taps among the interventions schemes (see the
Supplementary Materials for additional microbial analyses across the sampling points (Section S7);
within the chlorinated schemes specifically (Section S8); among the households using and not using
ceramic water filters (Section S9); and other detailed microbial results (Section S10)).
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Figure 6. Mean E. coli contamination at each sampling point at the baseline and endline measurements
for the intervention and control schemes. The standard deviation bars are shown.

3.3.2. Statistical Comparisons of Fecal Contamination at the Baseline and Endline Measurements for
Intervention and Control Schemes

A Student’s t-test was used to compare the E. coli contamination levels at the baseline to the
endline measurements within the intervention and control schemes (Table 5). The results show a
statistically significant difference in mean contamination levels at the households and the taps within
the intervention schemes only. The mean Log10 E. coli concentration at the households served by the
intervention schemes was 1.25 CFU/100 mL at the baseline and 0.36 CFU/100 mL at the endline.
At the intervention scheme taps, a reduction in the mean Log10 E. coli concentration from 1.14 CFU/100
mL to 0.13 CFU/100 mL was observed. No significant difference in the average contamination levels
between the baseline and the endline was observed at the intervention reservoir tanks or at any of
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the sampling points in the control schemes (see the Supplementary Materials Section S10 for further
discussion and statistical analysis).

When examining whether the samples met the WHO guidelines for drinking water safety (<1 CFU
E. coli/100 mL), the results show that the share of the household stored water samples from the
intervention schemes with no detectable E. coli increased significantly from 17% at the baseline to
53% at the endline (c2 (1, n = 147) = 24.01, p = 0.00). Also significant was the increase in the tap
samples from the intervention schemes that met the WHO guidelines, from 7% at the baseline to
50% at the endline (c2 (1, n = 28) = 6.30, p = 0.03), with all the tap samples at the endline having less
than 10 CFU E. coli/100 mL. Other sampling points did not yield meaningful changes in the share of
samples meeting the WHO criteria (see Table A2 for detailed results and the Supplementary Materials
Section S11 for temporal representations of the baseline, endline, and regular monitoring data).

3.3.3. Difference-in-Differences Analysis

A difference-in-differences analysis was used to compare the household water quality data
from the intervention and control schemes at the baseline and the endline. Estimating the natural
change at the control sites and subtracting it from the intervention sites indicated that the effect of the
interventions on the household water quality caused a decrease of the mean Log10 concentration of
E. coli of 0.681 CFU/100 mL (SE = 0.26, n = 235, t = −2.614, p = 0.01) among the intervention schemes.

The difference-in-differences analysis for the water quality at the reservoir tanks was +0.168
Log10 CFU/100 mL and at the taps was −0.13 Log10 CFU/100 mL. This is interpreted as meaning that
the interventions were responsible for an increase in the contamination at the reservoir tanks and a
decrease at the taps (reservoir tanks: DD = 0.168, SE = 0.512, t = 0.329, p = 0.744, n = 46; taps: DD = −0.13,
SE = 0.464, t = −0.281, p = 0.78, n = 46). This unexpected finding could be explained by the fact that
the control scheme number six showed exceptionally high contamination at the baseline as compared
with all the other schemes (Figure 5b), resulting in a large improvement of the mean water quality at
the control schemes’ reservoir tanks. The difference-in-differences analysis at the taps is aligned with
the results presented above and indicates a statistically significant improvement in the water quality
due to the interventions.

4. Discussion

4.1. Study Novelty and Insights

While past studies have investigated water safety interventions in rural areas of Nepal, to the
authors’ knowledge, no study to date has reported outcomes based on comparison to a set of control
communities. The aims of this research were to describe an approach for improving the drinking water
safety that is adapted to this unique setting, as well as to rigorously evaluate whether this strategy
was capable of achieving measurable improvements in the water quality. The findings reported here
will be of interest to government agencies, water program managers, system operators, and program
managers throughout Nepal and are applicable to other remote rural areas dependent on gravity-fed
piped supplies.

This study revealed several insights relevant to the rural water sector. First, we observed universal
uptake of the household water treatment (ceramic water filters and/or boiling) within the intervention
communities. This finding suggests that the suite of water safety interventions delivered through the
WSP, including the intensive WASH promotion activities, were very effective in motivating behavior
change over an eight-month period. The WASH promotion activities included the communication of
the stored water quality results to most households following testing. The survey data revealed that all
the households who received the results indicating contamination of their stored water subsequently
adopted treatment practices. Moreover, nearly all the survey respondents said that they would be
interested in further water quality testing at an average price of 0.70 USD per test.
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The high uptake of the household water treatment and increased demand for water quality testing
among the households could also be attributed to a generally high level of awareness and involvement
among the community members. For example, 88% of survey respondents said they knew about the
WSP activities within their community. Over half of these households had served as an official member
of the WSP task force or participated in infrastructural improvements, such as the installation of intake
filters or the implementation of chlorine dosing. Taken together, these results suggest the broad level of
engagement by the households in the planning and implementation of their water safety interventions
contributed to the successful outcome observed over an eight-month period. More generally, the study
findings suggest a dynamic interaction between the community members’ participation in the water
supply stewardship, the delivery of targeted water quality information, and the demand for safe
drinking water.

A second insight from this research is that the sanitary inspection risk scores did not accurately
predict the microbial water quality at different points across the system. According to the sanitary
inspection metric used, the risks were on average greatest at the sources and households and lowest at
the reservoir tanks and taps. These findings were driven by the poor physical protection of the sources
and factors indicating the recontamination potential of the stored drinking water at the household
level. Surprisingly, however, the water quality measurements revealed the opposite trend; the fecal
contamination of the household stored water was on average lower than at the collection taps and
reservoir tanks (it was not possible to measure the microbial water quality at the source). These findings
may be explained by the uptake and consistent use of ceramic water filters by the households following
enrollment in the study, thereby improving the water quality even if other measures of the household’s
sanitary state remained poor according to the inspection form.

Finally, statistical comparisons of the microbial water quality revealed improvements at all points
monitored for both the intervention and control schemes. However, the improvements observed in
the average E. coli concentrations from the baseline to the endline were only statistically significant
for the taps and the household stored water containers in the intervention group (and not so in the
control group). Examining the microbial data at the scheme level, we found that the household stored
water quality consistently improved from the baseline to the endline for all the intervention schemes,
whereas an inconsistent trend was observed for the three control schemes. In addition, the intervention
communities showed universal adoption of household water treatments by the endline, resulting in
over half of the households having stored water meeting the WHO guidelines for water safety (0 CFU
E. coli/100 mL). The reduction in the fecal contamination among the intervention taps is notable as well,
with half of the taps meeting the WHO guidelines (up from only 7% at the baseline) and all the taps
delivering water with less than 10 CFU E. coli/100 mL. These results, while promising, do not indicate
perfect compliance with international water safety guidelines for all the intervention schemes. Thus,
the water safety interventions applied may be considered as an effective and viable interim solution in
efforts to eventually achieve universal access to safely managed drinking water in rural settings.

4.2. Study Limitations

Some features of this study design limit our ability to generalize the findings beyond the sampled
population. Most notable is the generally high level of water service experienced within both the
intervention and control schemes. Nine out of every 10 survey respondents reported at the baseline
that their main water source tasted and smelled good and was generally safe to drink. Moreover, all the
water points were functioning at the time of the research team’s visit, and most survey respondents
believed it would likely continue to function well over the coming year. This generally high level of
satisfaction and confidence among water users may be unique to the program setting and is likely a
driving factor in the households’ willingness to pay for water services and engage in stewardship of
the infrastructure over time.

Another issue is the enrollment of only three control schemes as compared with the five
intervention schemes. This research design limitation was driven by both resource constraints and
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ethical considerations; within a set budget, there was the need to ensure the potential benefits of
the study (water supply upgrades) outweighed the potential costs (lost time due to participation).
As a result, the sample sizes in the control group were roughly three-fifths the size of those in the
intervention group, which underpowered comparisons of small effective sizes. Finally, the follow-up
period for this study was eight months, which only allows for preliminary conclusions to be made
regarding the sustainability of the interventions examined. Future research should ideally monitor the
outcomes reported here over a longer period (at least one year and ideally up to five years). This is
especially critical for understanding the sustainability of behavioral measures known to decline over
time, such as household ceramic filter use.

4.3. Recommendations for Water Sector Policy and Practice

There are several recommendations for water sector practitioners arising from this research.
First, these study results indicate that over the short term (eight months), the applied water safety
interventions were highly effective in motivating uptake and use of household water treatments.
Such promotional activities were tailored to the needs of the households in rural Nepal and were
integrated into a broader WSP framework. To replicate this success, program managers should strive
for a comprehensive approach that merges household-centered WASH promotional activities with
system-scale water safety efforts. Second, sanitary inspection scores did not reliably predict the
microbial concentrations at various sampling points and are therefore insufficient for assessing actual
health risks due to drinking water consumption. Based on these findings, standardized sanitary
inspection packages should be combined with regular water quality testing for a comprehensive risk
management approach. Finally, the applied interventions, while effectively improving water quality at
the taps and in the household stored water containers, did not achieve perfect compliance with the
international guidelines over the eight-month study period, in part, because interventions such as
micro-catchment restoration required more time to deliver their intended benefits. Future research
should therefore explore additional treatment options, for example, disinfection by automated chlorine
dosing or ultraviolet treatment devices.

5. Conclusions

This study characterized and assessed a risk-based strategy for improving the drinking water
quality of gravity-fed piped schemes in the hilly regions of Mid-Western Nepal. This research was
motivated by the need to accelerate progress towards achieving universal access to safely managed
drinking water in similar contexts, where effective treatment and regular monitoring of piped supplies
is often challenged by geography, limited resources, and unreliable supply chains. The results showed
that simplified field laboratories equipped for microbial testing can inform ongoing decision-making
regarding targeted system upgrades and mitigation measures. These interventions led to positive
changes in the drinking water quality at the taps and within the households over eight months
of implementation. Of particular note was the achievement of 100% coverage of household water
treatments with ceramic filters and boiling across all intervention schemes. In addition, the results
showed high levels of involvement by the households in planning and implementing the WSP
within their community, especially through regular engagement with the local water and sanitation
users’ committee.

The study also revealed the inconsistent predictability of microbial contamination using standard
sanitary inspection forms alone. This finding suggests that such forms, while useful for identifying
potential hazards, should be combined with regular water quality testing for a comprehensive
risk management approach for piped schemes. By the study endline visit, half of the samples
collected from households’ stored water containers and taps were free of fecal contamination—a
significant improvement from the baseline visit when only 17% and 7% of the households and the
taps, respectively, met the international guidelines for microbial safety. Despite all the water points

109



Int. J. Environ. Res. Public Health 2018, 15, 1616

sampled not meeting the stated guidelines, the applied strategy nevertheless proved promising as an
intermediate step towards achieving universal access to safe drinking water in rural areas.
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Measurements; Section S6: Detailed Household Survey Results; Section S7: Comparison of Individual Sampling
Points; Section S8: Details of Chlorinated Schemes; Section S9: Comparison between Use and Non-Use of
Ceramic Candle Filters; Section S10: Detailed Microbial Results; and Section S11: Temporal View of Baseline,
Regular Monitoring, and Endline Microbial Data. Scheme-level water quality data are also provided as a
supplementary file.
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Appendix A

Table A1. Sanitary inspection forms for the household water storage containers, piped water taps,
reservoir tanks, and sources. Each “yes” answer is scored as 1, and each “no” answer is scored as 0.
The risk score equation is given, with the maximum risk score possible being 10.

Question Score
(yes = 1, no = 0)

HOUSEHOLD STORED WATER CONTAINER
1 Are the drinking water storage containers used only for storing drinking and cooking water?
2 Are the drinking water storage containers kept above ground level?
3 Are the drinking water storage containers’ lids or covers present and in place?
4 Are the drinking water storage containers sanitary and free from cracks?
5 Is the area around the drinking water storage containers sanitary?
6 Are animals prevented from accessing the area around the drinking water storage containers?
7 Are the taps or utensils used to draw water from the drinking water storage containers sanitary?
8 Is the water treated in any way before drinking?
9 Has the water supply been continuous over the past 10 days?
10 Is the water obtained from only one source?

RISK SCORE = (10 – total # yes answers) =

PIPED WATER TAP
1 Does the tap stand leak?
2 Is any part of the tap stand cracked or broken?
3 Is there standing water around the tap stand?
4 Are there any visible pipe leaks between the tank and the tap stand?
5 Is the area uphill from the tap stand visibly eroded? (roughly 30m)
6 Are pipes visibly exposed nearby the tap stand? (roughly 10m)
7 Is excreta or garbage found within 10 m of the tap stand?
8 Are there any animals within 10 m of the tap stand?
9 Is there a sewer or latrine within 10 m of the tap stand?
10 Has there been discontinuity within the past 10 days at the sample site?

RISK SCORE = (total # yes answers) =

RESERVOIR TANK
1 Are there any visible pipe leaks between the source and the tank?
2 Is there standing water around the tank?
3 Is the area uphill from the tank visibly eroded? (roughly 30m)
4 Are pipes visibly exposed close to the tank? (roughly 10m)
5 Are excreta, garbage, or animals found within 10 m of the tank?
6 Is there a sewer or latrine within 10m of the tank?
7 Has there been discontinuity within last 10 days at the sample site?
8 Are there signs of leaks around the tank?
9 Is the tank cracked or damaged?
10 Are the air vents or inspection covers unsanitary, damaged, or open?

RISK SCORE = (total # yes answers) =

SOURCE
1 Is the water protected from surface contamination (masonry, concrete wall, or spring box)?
2 Is the structure protecting the source in good condition?
3 Is there a locked sanitary inspection cover?
4 Is there a sanitary air vent in the structure?
5 Is there a sanitary overflow pipe in the structure?
6 Is there a functional surface water diversion ditch above the source?
7 Is the source free from contaminating silt or animal excreta?
8 Is the area around the source properly fenced?
9 Are animals prevented from entering within 10 m of the source?
10 Is the area within 10 m of the source free from the presence of latrines?

RISK SCORE = (total # yes answers) =
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Abstract: Time series studies (TSS) can be viewed as an inexpensive way to tackle the non-epidemic
health risk from fecal pathogens in tap water in urban areas. Following the PRISMA recommendations,
I reviewed TSS addressing the endemic risk of acute gastroenteritis risk according to drinking water
operation conditions in urban areas of developed countries. Eighteen studies were included, covering
17 urban sites (seven in North-America and 10 in Europe) with study populations ranging from
50,000 to 9 million people. Most studies used general practitioner consultations or visits to hospitals
for acute gastroenteritis (AGE) as health outcomes. In 11 of the 17 sites, a significant and plausible
association was found between turbidity (or particle count) in finished water and the AGE indicator.
When provided and significant, the interquartile excess of relative risk estimates ranged from 3–13%.
When examined, water temperature, river flow, and produced flow were strongly associated with
the AGE indicator. The potential of TSS for the study of the health risk from fecal pathogens in tap
water is limited by the lack of specificity of turbidity and its site-sensitive value as an exposure proxy.
Nevertheless, at the DWS level, TSS could help water operators to identify operational conditions
most at risk, almost if considering other water operation indicators, in addition to turbidity, as possible
relevant proxies for exposure.

Keywords: acute gastroenteritis; risk; tap water; time series study; turbidity; urban area; water
operation data

1. Introduction

In 1992, the Milwaukee Cryptosporidiosis outbreak revealed that sophisticated urban drinking
water treatment plants (DWTP) did not always fully prevent fecal contamination of finished
water, resulting in disease outbreaks. This event also raised the issue of the endemic share of
waterborne infections (sporadic cases of disease) in urban facilities [1]. To date, results from the
few randomized trials [2–4] and case-control intervention studies [5,6] investigating this issue
have provided inconsistent risk estimates, leading to controversy about the possible presence of
methodological flaws resulting in an inherent bias in risk estimates [7,8]. These studies may also have
been too short to prevent the evaluation of risk estimates being overly weighted by specific one-off
situations [9]. Insufficient study duration and sampling frequency are primarily due to the cost of
water microbial analyses.

In the 1990s, the development of healthcare databases provided new resources for public health
surveillance. Concurrently, continuous monitoring of water turbidity and chlorine became more
widespread, making large datasets available which could be used to build proxies for exposure.
The availability of both health and water records encouraged the use of time series studies (TSS) [10].
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Since data were continuously available and free, TSS could last long enough to meet the study
requirements in terms of adequate statistical power and representativeness for the most common
combinations of epidemiological and hydrological contexts, and yield a robust estimate of the risk.

Turbidity measures the light diffraction capacity of suspended particles in water to estimate
the particle load. By analogy with a study of the adverse effect of air pollution on health [11],
where the measurement of fine particle concentration in air was extensively used as an exposure
surrogate, epidemiologists believed finished water turbidity could act as a possible generic proxy for
the pathogen load in water.

In this paper I reviewed published and unpublished water TSS. A quite similar review, carried out
by Mann et al. in 2007 [12], covered nine studies. A second one, released in 2017 by De Roos et al. [13],
incorporated 14 studies, but it did not include the reports of the multicentric study of the French
public health agency [14–18]. Furthermore, the authors of both reviews focused on water turbidity,
while water monitoring offers additional daily recorded indicators worthy to be considered as possible
complementary proxies for the remaining contamination of finished water by fecal pathogens. In the
discussion, I propose a renewed interpretation of operational risk factors and highlight the scientific
strengths and limits of the TSS approach from a public health perspective.

2. Materials and Methods

My review process complied with the “Preferred reporting items for Systematic Reviews and
Meta-Analysis” (PRISMA) recommendations [19].

I first collected all published TSS addressing the association between water turbidity or
precipitation and acute gastroenteritis (AGE). My search of the Medline database (the last search
was in November 2017) was based on the occurrence of (“Time series*” AND (“Drinking water” OR
Waterborne) AND (Gastrointestinal* OR gastroenteritis OR Diarrhea OR Infection) AND (Turbidity
OR Precipitation) NOT Review) in the tittle, abstract or keyword list. All terms were MeSH terms,
apart from “Time series”, “Turbidity”, and “Precipitation”. No constraint on the publication date was
imposed. I completed the search by examining the reference lists in the primary set of articles. I also
considered reports available on university and public health agency websites.

I excluded reviews and original studies according to the following criteria:

• Studies focusing on an outbreak;
• Studies which design prevents the marginal risk estimate;
• Prospective studies which used self-reported health outcome were excluded to prevent reporting

biases due to individuals’ perception of exposure. Only health care-related databases were used,
including on-line remote diagnosis data from calls for medical advice;

• Studies showing inadequate mathematical control of potential confounding factors (i.e., resulting
in bias);

• Studies where the number of AGE cases included was under 1000, (excluded to prevent insufficient
statistical power);

• Studies with a duration of two years or less (excluded to achieve minimal representativeness of
the hydro-epidemiological conditions diversity); and

• Studies mapping complex distribution zones (DZ) resulting in major exposure misclassification.

From the selected articles and reports, I first characterized the studied population and the health
outcomes. I then characterized the type of water resources, treatment, fecal contamination of raw
water (fecal bacteria indicators were under the limits of detection in all sites’ finished water), and the
turbidity or particle load in raw and finished water. When the authors did not specify the treatment or
the quality of the raw water, I recovered further information from the internet.

I then focused on the risk associated with turbidity in finished water (Tu_FW), in raw water
(Tu_RW) or precipitation. I considered associations which met the following conditions:

• Minimal significance (p < 0.1) of the turbidity-risk function (TRF);
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• Sufficient plausibility of the shape of the TRF: an increasing TRF was required for the shape to be
considered plausible; and

• Good fit between (1) the turbidity-AGE latency observed in the model and (2) the delay for both
water transit through the distribution network and infection incubation in sick people.

I also evaluated the robustness of the TRF through documenting (i) the consistency of the TRF over
several consecutive lags; (ii) its reproducibility in different age classes, in different health indicators,
and in mono- and multi-exposure models (i.e., where several exposure proxies were included together
in the risk model); and (iii) when extreme values of exposure were excluded from the dataset.

When possible, I homogenized the exposure scenarios used by the authors to express risks, in order
to enable comparisons of the risk levels between the studies. To that end, I expressed the excess of
relative risk as both a conventional increase in turbidity of finished water (e.g., 0.01 Nephelometric
Turbidity Units (NTU)) and an inter-percentile increase (e.g., inter-quartile (IQ) change). The latter
method enabled me to compare inter-site risks irrespective of turbidity levels. When the TRF levelled
off at high turbidity values, the P10–P50 scenario (turbidity change from 10% percentile to median)
was used instead of the IQ scenario.

Finally, I synthesized the exploratory approach performed in some studies (covering nine
French sites), which consist in drawing additional exposure proxies from water operation data to
complement turbidity.

3. Results

3.1. Selected Studies

I defined a drinking water system (DWS) as a distribution network and the resources and the
drinking water treatment plants (DWTP) which feed that distribution network. “Site” refers to the
urban area serviced by one or several DWS.

From the reference search request, I identified nine articles (Figure 1). Including other articles and
reports quoted in these nine articles, and reports posted on the French National Public Health agency’s
website, I finally gathered 24 documents (17 articles and seven reports) concerning 22 different sites
(20 urban, two rural). One report included three different sites studied separately [17] and, therefore,
considered separate studies here. I did not distinguish between different DWS which were fed by
similar resources and subject to pooled analyses.
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Figure 1. Preferred reporting items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram
of the selection of the studies included in the review.

From these 26 studies (24 documents) I excluded:

• The Milwaukee studies [1,20,21] which specifically addressed the Milwaukee outbreak and the
period preceding the outbreak where other possible contamination episodes by Cryptospodidium
oocysts may have occurred;

• The Egorov et al. study [22] because of its short duration, the small population size, and the use
of self-reported health outcomes;

• The Drayna et al. study [23] because it focused on the relationship between precipitation and
AGE in Wisconsin (USA), irrespective of distribution zone (DZ) locations and organization;

• The Harper et al. [24] and Uejio et al. [25] studies focusing on rural areas; and
• The first study carried out in Le Havre [26] that used a moving average model yielding conditional

risk estimates.

Among selected sites, several DWS shew complex production-distribution patterns with DZ fed
by several DWTP (Le Havre, Paris, New York) and including sectors with time-varying water origin;
but no exposure misclassification remained at the population level, since adequate operation data
(e.g., daily records of turbidity and produced flow) were available for all DWTP involved, thus allowing
to calculate unbiased exposure estimates (e.g., mean turbidity weighed by produced flows).

Eighteen studies, therefore, met selection criteria (Table 1), and concerned 17 different sites
corresponding to nine articles and seven reports. Seven sites were located in North America, nine in
France, and one in Sweden. Among the American sites, three covered several DWS, but with DWTP
servicing separated DZ (no risk of misclassification): Philadelphia, Vancouver, and Atlanta.
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With respect to the statistical power of the selected TSS and the robustness of the risk estimates
(Figure 2), four studies included fewer than 10,000 AGE cases: the study performed in Le Havre,
the two in Philadelphia, and the study in Québec. The second Philadelphia study lasted only two
years and its study periods was embedded within the period of the previous study, while the Québec
study lasted three years. In contrast, I counted 10 studies each with a study period of at least six years
and each with approximately 100,000 AGE cases: Atlanta (with the longest study period of 12 years);
New York; Nantes; Paris-Est; and the three sites in the Paris area (PA), defined as follows: PA-Nord,
PA-Est (N.B.: not to be confused with Paris-Est), PA-Sud, Nancy, Vancouver (with the largest dataset
of 1.1 million included cases), and Boston.

 

Figure 2. Duration of the selected studies and number of acute gastroenteritis (AGE) cases included.

3.2. Serviced Populations and Water Systems

Table 1 summarizes all the characteristics of the selected studies and sites and provides references.
The size of the studied populations was greater in North America than in other countries: five of
the seven sites there provided over one million people with tap water (maximum, New York: 9.2 M;
minimum, Québec: 240,000). In contrast, only one of the 10 European sites included supplied over one
million people (maximum, PA-Sud: 1.4 M; minimum, Angoulême: 50,000).

I distinguished three types of DWS according to the type of resource: (1) “river DWS” fed
by rivers with moderate to high fecal pollution and which had treatment systems incorporating
full clarification facilities, i.e., at least coagulation-flocculation-decantation and rapid sand filtration
facilities; (2) “reservoir DWS” served by protected reservoirs and treatment facilities limited to
disinfection; and (3) “karst DWS” fed by karstic springs and involving diversified treatment processes
including clarification or not.

Eleven river sites were fed exclusively by river DWS. This category was relatively homogenous in
terms of both resources and treatments. Eight were fed by a single DWS: Nantes, Québec, Paris-Est,
Gothenburg, PA-Nord, PA-Est and PA-Sud, and Nancy. The remaining three were fed by several DWS:
Philadelphia, Edmonton, and Atlanta. Atlanta exhibited the more complex scheme with three resources,
nine DWTP, and eight DZ. The potential heterogeneity in exposure in the serviced populations in these
three sites was limited by the sharing of common resources and treatments. Mean turbidity and E.coli
concentrations in resources ranged from moderate (<5 NTU and <100 FCU/100 mL) in Gothenburg
and Québec, to high in the Paris-Est and the three PA sites (>15 NTU and >1000 FCU/100 mL).
Both particulate and fecal contaminations were higher following heavy rain episodes, in proportion
to each site’s baseline contamination level (40–100 NTU and 500–50,000 FCU/100 mL). All 11 river
DWS had full clarification treatments, including, at least, coagulation-flocculation-decantation (CFD)
facilities. Paris-Est additionally operated slow sand filtration downstream of CFD. The PA-Nord site
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used membrane ultra-filtration in one of the two plants servicing the DZ. DWTP operated ozonation in
seven of the river sites. In the other four sites, chlorination (Philadelphia, Edmonton) or UV irradiation
(in some DWTP feeding Atlanta and PA-Nord) were operated, followed by post-chlorination. Given the
high efficiency of clarification facilities, Tu_FW was kept very low (mean <0.07 NTU), except in two
American sites: Philadelphia (0.17 NTU), Québec (0.27 NTU). E. coli was not detected in any of the
11 river DWS.

The “reservoir sites” category comprised only three North American sites: Vancouver, divided
in three reservoir DWS, Boston, and New York, which were fed by a single DSW. This category
was also relatively homogenous in both resources and treatments, being limited to disinfection, and
consequently finished water qualities were also similar. Due to wildlife protection policies in the USA
and Canada, mean E. coli concentrations were low (1–2 FCU/100 mL) but could rise slightly following
heavy rain episodes or when geese were present on the water surface; E. coli maxima ranged from
14 to 57 FCU/100 mL depending on the resource. In addition, baseline turbidity levels were low to
moderate (0.3 NTU in Boston and 1.3 NTU in New York and Vancouver) and rose when algal blooms or
muddy runoffs occurred, with daily maxima staying below 1 NTU in Boston and 3 NTU in New York,
but reaching 19 NTU in Vancouver reservoirs. In the absence of clarification facilities, turbidity did
not significantly change from reservoir to taps. Again, E. coli was not detected at any time in finished
water thanks to heavy chlorination (Vancouver, New-York) or ozonation (Boston).

Karst water may be viewed as groundwater episodically mixed with surface water from a flooding
river or surface runoff. Baseline microbial contamination and particle load vary substantially between
these two hydrological stages (recession in dry weather vs. turbid high water following heavy
rain episodes), as well as between springs. The “karst sites” category comprised three French sites,
each corresponding to one DWS: Le Havre, which was fed by two different springs and DWTP,
referred to as systems 1 and 2, Angoulême and Paris-Centre. The hydrology of the Paris-Centre and
Le Havre (syst. 2) aquifers showed discrete karstic patterns, with turbidity varying from 0.1 NTU
in dry weather conditions to 0.5–1 NTU in wet weather conditions and fecal contamination from
1 to 14 FCU/100 mL. On the contrary, Le Havre springs (syst. 1) had higher baseline contamination
(4 NTU and 80 FCU/100 mL) and were hit by frequent and intense periods of high turbidity (>100 NTU
and >1000 FCU/100 mL). Tu_FW depended on both Tu_RW and the clarification process: in sites with
no clarification facilities, i.e., Paris-Centre and Le Havre (syst. 2), turbidity did not change from the
springs to the tap, while in Angoulême, coagulation and rapid sand filtration achieved the local target
of <0.2 NTU in finished water. In the Le Havre DWTP (syst. 1), water was only filtered in dry weather
and decantation was implemented when turbidity in the spring water exceeded 3 NTU. Consequently,
consumers experienced lower Tu_FW in wet weather conditions (0.1 NTU) and higher Tu_FW in dry
weather (0.4 NTU). E. coli was not detectable at any time in finished water from karst DWS.

3.3. Health Outcomes

AGE is used in epidemiology as a generic indicator for infections arising from fecal pathogens,
as the syndrome is very common [40,41]. This provides potential sensitivity, and as AGE has a short
incubation period, it also provides good reactivity to environmental triggers. AGE indicators used
in TSS depend on the availability of syndromic data, i.e., on the local health care system. Indicators
should, however, meet sensitivity and specificity if referring to a symptomatic definition of a case to
achieve an accurate risk assessment, and remain stable over time.

In the US, the availability constraint led epidemiologists to examine visits and admissions to
hospital emergency departments from different data providers. Both diagnosis by medical staff and
the use the International Classification of Diseases (AGE related codes in ICD9: 001 to 009.9; 276;
558.9; 787) for coding, guarantee a high and stable specificity of the health indicator. Furthermore,
sensitivity towards the symptomatic definition of AGE cases is low as the cases admitted to, or visiting,
the hospital are the most serious. In the USA, with all routes of infection and causal pathogens being
taken into account, the incidence rate of visits to emergency hospital departments was five visits a year
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per 1000 people in the Atlanta study, whereas 17 visits a year per 1000 people >65 years old was
measured in hospitals in Boston, resulting in two elderly patient visits per 1000 people a year in the
general population. The sensitivity may vary across time according to the capacity of the patients
to pay their health care bills. That is one of the reasons why some authors [27,34] restricted their
recruitment to elderly people supported by the Medicare program.

In France, epidemiologists used prescriptions of General Practitioners (GP) from a health insurance
database [42]. The indicator results from the application of an algorithm based on the test of the
nature and quantity of prescribed drugs, which enables true cases of AGE to be discriminated from
others. The evaluation of this algorithm [42] concluded that sensitivity was acceptable (approximately
ten percent of true medicalized cases were wrongly rejected) and specificity (approximately ten
percent of included cases were not cases of AGE). The indicator was also calibrated with the
consensus symptom-based definition of AGE cases [43]: MG consultations accounted for 33% of
total cases, according to Majovicz’s definition [41]. Thus, the French health insurance database
provided enough sensitivity to perform separate analyses in children and adults in cities with over
50,000 people. According to a case definition based on drug prescription analysis with all routes
of infection being taken into account [42], the mean incidence rate of GP consultations for AGE in
France was approximately 47 a year per 1000 people in Nantes and 90 in children under 16 years
of age, resulting in 14 pediatric cases a year per 1000 people, when taking the whole community
as the denominator. Incidence rates of AGE prescription were quite similar in other French cities.
Again, the prescription-based indicator was moderately insensitive to the variations of patient’s income,
because health expenditures are largely covered by the French social security system. Furthermore,
the reduced turnover of drugs dedicated to AGE care, and the yearly adaptation of the discriminating
algorithm to changes in medication, made it possible to maintain a relatively constant specificity of the
indicator over time.

Other data sources were used to perform TSS. Prescribed and over-the-counter drug sales were
used in the Le Havre study, and phone calls for medical advice in the Québec study (with a yearly
incidence rate of 19 per 1000 people). In France, drug sales are a very sensitive and relatively stable
indicator of AGE case, but specificity is poor [42]. I did not find in the literature a systematic evaluation
of the phone call data for epidemiological use.

3.4. Model Designs

In all the TSS included in the review, authors basically used Poisson regression most often adapted
to over-dispersed counts (e.g., by using quasi-Poisson regression) to model daily counts of AGE cases
and implemented the generalized additive model (GAM). When specified, the criterion for fitting the
model was the absence of autocorrelation in residuals, which provides optimal risk estimates when
health outcomes follow marked seasonal variations [44,45]. Control covariates were mostly similar:
trends and seasonal patterns were modelled with a spline or Loess function of time, day of the week,
and school vacation periods.

The main differences between the studies reviewed stem from the different sets of exposure
variables included in the models used (Table 2), from the shape of the risk functions, and from the
width and position of the time window used to average exposure variables included in the GAM.
Some authors forced the linearity of the TRF, whereas others considered non-linear risk functions
modelled by spline or Loess functions. I also observed a large diversity in the width of the time
window used for exposure assessment. The earliest studies used single day windows over 0–15 or
0–40 day lags [33], whereas later studies calculated means over several consecutive lags (e.g., 5–7 up to
0–21). All French studies systematically assigned a three-day width to the time window to take into
account the spread of response and a six- or seven-day delay for the start of the window, in order to
exclude the latency period. One study [32] used a distributed lag non-linear model over a 0–21 day lag
to optimize the time window shape instead of forcing it to be rectangular.
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3.5. Turbidity-Related Risk

Significant, robust and plausible associations between Tu_FW and AGE incidence were found
in 9 of the 16 sites where Tu_FW was tested as a proxy of exposure (9 positive/16 total sites tested,
since Gothenburg did not test turbidity, but only precipitation, as a candidate exposure variable).
Moreover, in Atlanta, the risk associated with Tu_FW and estimated using pooled data from all
DWS was noticeable, but not significant, and the risk latency was consistent with the expected latency
(see Discussion: Standardizing the Time Window for Exposure Assessment). The insufficient resolution
of the turbidimeters at very low turbidity levels (Tu_FW < 0.05 NTU) may have prevented the authors
from observing a possible risk associated with the presence of suspended particles in finished water in
the Paris area sites, but the availability of particle count data (particle size detection range 1.5–15 μm)
for PA-Nord and PA-Sud enabled them to do so. Considering both turbidity and particle counts,
a significant association between the particle load of finished water and AGE was observed in 11 of
these 16 sites (11/16). I did not observe significant differences in the frequencies of positive results
between the three DWS categories, but all DWTP servicing people with unfiltered water exhibited
a significant and plausible turbidity related risk (5/5). Tu_RW was also correlated to AGE (five positive
in 10 sites equipped with clarification facilities). In two of these four positive sites (Atlanta, Angoulême)
Tu_FW was not significantly correlated to AGE. Precipitation, which can be viewed as the primary
driver of turbidity, was rarely correlated to AGE in the reviewed studies (1/10). Daily measurements
of E. coli in resource water were rarely available and, consequently E. coli was rarely tested as a possible
indicator of exposure. It did not closely correlate to AGE incidence (1/3).

As health risk was modelled as a function of the turbidity, in order to express the size of the
risk using only one number, an exposure scenario needs to be chosen. Two types of scenarios were
used: an absolute increase in turbidity and an interquartile variation in turbidity. The first leads to
an expression of the risk which is dependent on turbidity, whereas the second leads an expression of
the risk which is site-dependent. I was able to calculate both expressions for six DWS corresponding
to seven DWTP (Figure 3). The average interquartile (IQ) excess of relative risk (ERR) ranged from
3–13%, whereas the averaged ERR per +0.01 NTU was between 0.2% and 13%. ERR were generally
higher in children [14,15,17,31] and in the elderly [27,33] than in adults. In Philadelphia, elderly people
>75 years old were at a higher risk than those aged 65–74 [27]. In the five French studies where medical
prescriptions were used as health outcome, the children-adult ERR ratio was between one and three.
In the New York study, authors found similar ERR levels in both children and the population as
a whole, and did not notice any turbidity-AGE association in the elderly.
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Figure 3. Excess of relative risk (ERR) associated to turbidity increase in finished water in six
urban areas.

In the Vancouver study, authors systematically tested both hospital admission and visits to GPs
and found that hospital admission data yielded a risk attributable to tap water turbidity which was
approximately half that from visits to GPs (0.6% vs. 1.6%).
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The shapes of the risk function were not always linear or quasi-linear. On the contrary, the use
of spline functions showed that non-linearity was a common feature. In four sites (Nantes, Boston,
Paris-Centre, and Paris-Sud), non-linear TRF leveled off and became inaccurate at high turbidity values.
This suggests that an additional variable was needed in the model to correctly characterize the risk at
high turbidity.

3.6. In Search for Additional Exposure Proxies from Water Operation Data

In all of the French studies, water operation and weather data were systematically explored
to identify alternative or complementary proxies of exposure to waterborne pathogens. Fourteen
variables were tested in total, or 22 when distinguishing the different measurement points inside the
treatment chain (e.g., Tu_RW and Tu_FW) and derived variables (e.g., the number of consecutive
dry days derived from the precipitation time series) (Table 2). Some variables were tested only once
and others repeatedly, according to the availability of data. This exploration stage highlighted four
variables as major contributors to the risk model: qualitative change in treatment (2/2), river flow for
river DWS (5/6; Figure 4), supply water temperature (6/6; Figure 5) and produced flow (8/9; Figure 6).
The levels of risk associated with these alternative exposure proxies were higher and more significant
than the risk associated with turbidity. Since no strong collinearity was observed within the exposure
set or between exposure levels and control covariates, risk estimates did not change with the removal
of other exposure variables from the model. In addition, variations in the dataset used to adjust the
model, e.g., adult instead of children health data, did not affect the set of significant exposures or the
shape of the risk functions.

Figure 4. AGE risk function for the river flow (Nantes). The right branch may miss (e.g., PA sites). The
delay considered for the health response to the river flow is homogenous with that used for turbidity.
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Figure 5. AGE risk function for the water temperature (PA-Nord). The right branch may miss
(e.g., Boston). The delay considered for the health response to the river flow is homogenous with that
used for turbidity.

Figure 6. AGE risk function for the produced flow (Nantes). The left branch may miss (e.g., PA and
Paris sites). The delay considered for the health response to the river flow is homogenous with that
used for turbidity.

The Le Havre study showed that decantation—triggered when Tu_RW exceeded 3 NTU
(syst. 1)—strongly modified the TRF associated with Tu_FW, with a shift from a high risk (IQ-ERR = 18%
(14; 22)) in the absence of decantation, to a low and non-significant risk (IQ-ERR = 3% (0; 7)) with
decantation. As well, the Boston study highlighted a possible decrease in risk due to the change from
chlorination to ozonation. However, the disinfection-related proxies were generally not correlated to
AGE incidence, except in one case (1/4).

River flow was a consistent factor in exposure (5/6). Basically, the U-shaped relationship between
river flow and AGE indicated an increased risk at extreme flows (Figure 4). Both branches of the
U could co-exist (e.g., in Nantes), whereas only the falling left branch remained in Paris-Est and the
three sites in the Paris area, exhibiting a risk at lowest flow. Water temperature (6/6) or air temperature,
as surrogates of water temperature (3/4), were also factors in exposure (6/6), with an associated
risk exceeding by far (Boston) the turbidity related risk. As with the river flow, the temperature-risk
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functions decreased (Boston, Paris-Sud) or were U-shaped (other French DWSs), indicating that the
risk was concentrated at extreme temperatures.

River flow also modified the TRF in Nantes and Paris-Est, and the water temperature in Boston
and PA-Sud. These interactions (i.e., river flow—turbidity and water temperature—turbidity) were
modelled as a tensor product smooth (TPS) which provided better estimations of risk than the cubic
splines of each variable, taken together. The examination of the bivariate relative risk TPS (Tu_FW,
river flow) and TPS (Tu_FW, water temperature) provides some clues to help explain the common
lack of accuracy of the TRF at the high-level domain of turbidity (e.g., Nantes, Paris-Est, and Boston).
Higher risks resulted from a combination of high Tu FW and extreme river flow (Nantes) or only low
river flow (Paris-Est). In Boston, low temperature combined with turbidity, increased the risk whereas,
in Paris-Est and PA-Sud, high temperature combined with Tu_FW or particle counts, respectively,
increased the risk. Season may also modify the TRF, as was the case in New York, where AGE incidence
was only related to drinking water turbidity after the spring snowmelt.

Produced flow was correlated to AGE incidence (8/9). The risk function varied from linearly
increasing to U-shaped (Figure 5). The authors did not observe any interaction between the produced
flow and other exposure proxies. IQ-ERR (when the risk function was increasing) or P50-P90 ERR
(U-shaped risk function) often exceeded the corresponding turbidity related risk estimates.

No proxy related to distribution incidents (e.g., leaking pipes, cuts in the water supply) or repair
interventions was strongly associated with the AGE incidence (overall: 2/5, details in Table 2).

Considering the subset of multi-exposure models, I calculated, when available, the difference in
risk between all the exposure variables (Tu_FW or particle count, water temperature, produced flow,
and river flow for river DWS) at the 75th percentile (in the direction of increasing risk) and at the 25th
percentile. I observed, in most cases (4/6), that the contribution of Tu_FW in the IQ-ERR sum was
lower than that of two or three other variables (max = 33 %).

4. Discussion

4.1. An Underestimated Established Risk

“It is likely that an association between turbidity and gastro-intestinal illness exists in some
settings or over a certain range of turbidity”, concluded Mann et al. in their review [12]. The findings
of the updated review by De Roos et al. (12 sites studied vs. five in Mann’s review) confirm that
conclusion, as well as this review, which has kept nine sites in common with the De roos’ review and
incorporated seven additional sites. With 11 sites exhibiting an association between particle content of
finished water and AGE incidence, the results from TSS clearly favor the existence of a residual risk of
AGE from tap-water intake in the cities of developed countries. Risk could be higher with unfiltered
water drawn from reservoirs and karst aquifers. On the other hand, TSS also show that even enhanced
treatment (i.e., slow sand filtration instead of rapid filtration in Paris-Est) cannot fully cope with river
water of poor microbial quality, and that joint watershed protection and water disinfection measures
do not lead to an undetectable risk in people serviced by reservoir DWS.

The design of TSS is suitable for studying risks which vary from day to day. TSS are, however,
unable to capture the full risk arising from fecal contamination of tap water. Specifically, TSS cannot
capture an (improbable) time-steady risk, nor the risk acquired during the distribution stage,
e.g., backflows of contaminated waters into the distribution network which cause a significant
proportion of waterborne outbreaks [46,47] and possibly sporadic cases [48]. Furthermore, French TSS,
which add other exposure proxies to the risk model, show that turbidity does not cover the full risk
generated upstream of the DWTP outlet.
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4.2. How to Improve Inter-Site Comparison of Turbidity-Related Risks

Despite the statistical modelling framework and options being quite similar in almost all the
studies included, the diversity of the indicators used in the studies for both health and exposure
hindered me from generating a comparison of the risks.

4.2.1. About Health Outcomes

The AGE indicators used in studies depended on their availability, i.e., on the organization of each
country’s health care system. Visits and admissions to hospital in North America and GP prescriptions
in France are the two main sources of AGE indicators used in published TSS. They demonstrate
adequate specificity and stability over time to target symptomatic cases of AGE, thanks to standardized
coding (ICD) and regular revision of the discrimination algorithm, respectively. The diversity of AGE
indicators corresponded to different degrees of symptom seriousness and to different age groups.
Accordingly, the sensitivity of the available AGE indicators dictated the minimum population size
needed to obtain sufficient statistical power to establish the presence of a risk. Indicators based on GP
activity data were almost 10 times more sensitive than those based on hospital activity, this resulting
in different ranges of population sizes between the North American and French sites. Irrespective of
the sensitivity level, the stability, (i.e., the limited change in sensitivity and specificity over time) of
most AGE indicators used for TSS meets the conditions to carry out TSS.

Children and elderly people were often targeted in the studies reviewed, because (i) they are
at higher risk of infection than adults [40,41], and (ii) they are less subject to misclassification of
exposure [31]. Indeed, compared with the whole community, these two subpopulations include fewer
people who commute daily for work reasons, and so who drink tap water from different DSW. As such,
a misclassification is a priori independent of health outcomes, the resulting bias is not differential,
and only brings the risk estimate to zero. In the French studies, where models developed in children
were systematically tested in adults, risk levels in adults were approximately half those in children.
Both higher susceptibility to infections and lower misclassification rates could have participated
in generating differences in estimated risk levels. The choice to study one particular population
(i.e., children or the elderly), as opposed to studying the population as a whole, results in a trade-off
between the loss of statistical power due to population restrictions and underestimation of the risk
attributable to misclassification bias, arising from people commuting to areas with different DWS.

4.2.2. Need to Standardize the Time Window for Exposure Assessment

One practical condition needed to make an accurate inter-site comparison of the risks of
gastroenteritis in tap water is that the formulation of the turbidity-based exposure variables must
be similar between studies. In this review, the diversity of the time windows used for exposure
assessment—from the earlier studies which used daily mean turbidity as exposure to the Atlanta study
where a 0–21 day window was considered for statistical testing—advocates for future standardization.
Exposure time windows should exclude the latency period accounting for water transit to consumers’
taps (e.g., 1–2 days), incubation of AGE causing pathogens (e.g., 1–10 days and 4–6 days for the modal
delay) and search for medical help (e.g., one day). The width of the window should also match the
distribution of the incubation durations of all pathogens potentially involved in the risk, and the
variability in the times of water transit from the drinking water treatment plant (DWTP) outlet to taps.
Restricting the time windows (e.g., 6–10 days) to exclude inconstant, if not implausible, early and late
responses would facilitate the comparison of risks between studies.

4.2.3. Need for Long Duration Studies

In addition to providing increased statistical power, a longer study duration would most probably
have a crucial effect on the robustness of the risk estimates, because the contamination of finished
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water results from highly diversified combinations of pathogen shedding, resource contamination and
treatment options to be covered by the study period.

Basically, hydrological conditions drive the fecal contamination of surface resources and of
aquifers influenced by surface waters. In dry weather, fecal contamination is minimal, with a baseline
level depending mainly on human pressure, i.e., the discharge of upstream waste water treatment
plants (WWTP) located upstream of the DWTP intake. In the case of urban rivers, at the lowest flows,
discharges from WWTP are less diluted and may cause a dramatic increase in the fecal contamination
of river water, e.g., in the Paris area sites. Rain downpours first result in urban runoff and sewage
overflow [49] causing the release of raw urban waste water (i.e., fecal pollution of human origin)
into the rivers. Stronger or extended episodes of rain may further trigger rural runoffs contaminated
by cattle and wildlife or manure spread on fields. In addition, sudden rises in river flows cause the
re-suspension of the contaminated mud previously settled on river beds. Accordingly, high flows most
often correspond to high fecal contaminations (e.g., 2 log-units or more above baseline) of surface
water and of influenced groundwater bodies.

Fecal pollution in raw water does not necessarily mean a high pathogen content. The shedding
of a given pathogen may vary yearly, seasonally, and in much shorter timescales, depending on
the pathogen carriage level in humans and animals. Consequently, at a given time, fecal indicators
may be correlated to the presence of one dominant pathogen (e.g., norovirus in January), several
pathogens (as some outbreak investigations have shown), but may also occur in the quasi-absence of
pathogens in resources, as shown by the fact that fecal accidental contaminations of drinking water
outnumber outbreaks.

Finally, in addition to resource contamination by pathogens as a necessary condition,
the contamination of finished water also necessitates that pathogens break through barriers provided by
treatment. For sophisticated DWTP, permanently maintaining the barrier effect of treatment challenges
the capacity of timely treatment adaptation to short-term changes in raw water quality, especially
peaks in turbidity and organic matter.

To summarize, finished water contamination involves three time-varying conditions (shedding of
pathogens, transport, and inadequate treatment) combining in a large variety of events. Thus, robust
risk assessment not only requires the inclusion of a sufficient number of AGE cases but also long
duration study periods, e.g., 5–10 years (Figure 2). Accordingly, the findings of long-duration studies
(Atlanta, Boston) are more reliable than short duration studies (Québec, Gothenburg) where the risk
functions may be attached to one-off situational conditions.

4.3. Microbiological vs. Operational Interpretations of Turbidity

“Microorganisms are only a tiny portion of the total number of suspended particles in water
and pathogenic microbes are likely to be only a tiny fraction of the total microbial population” [27].
Given this, turbidity cannot be simply considered an indicator of pathogen content, but only a surrogate,
the relevance of which relies on the statistical association between turbidity and pathogen load, i.e., the
rain-driven concurrent presence in water resources of particles from soil erosion and pathogens from
sewage overflow and manure entrainment.

The association between organo-mineral particles and pathogens is not only statistical, but also
physical: bacteria may form biofilms on particles [50]. Furthermore, other viral and protozoan
pathogens may also bind to particles [51,52]. Some experiments have shown that most bacteria, viruses,
and protozoa in treated waste waters, as well as surface runoffs [52] and natural waters [53–55], are
attached to, or embedded in, organo-mineral particles suspended within the water body. Accordingly,
organo-mineral particles may act as Trojan horses, permitting the entry of infectious pathogens into
distribution networks.

Chemical disinfection is expected to ensure that particle-free fecal bacteria are totally inactivated,
and free viruses are totally or partially inactivated, depending on the disinfectant and dose used.
However, it may fail to inactivate protozoan parasites, especially Cryptosporidium [56], although
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the World Health Organization stated that high rates of ozonation can bring about Cryptosporidium
inactivation [57]. Studies performed in real conditions show that pathogen inactivation rates vary
substantially in time and may be episodically low [56]. Some factors of ineffective disinfection have
been well described, for example low temperatures or dead zones in disinfection reactors. However,
the key factor when focusing on turbidity as a proxy for exposure is that suspended particles in water
greatly hinder disinfection by harboring pathogens [57,58]. This is an especially important issue for
waters from reservoirs and karsts which are distributed without clarification. However, information in
the literature on the particles-pathogen association and the harboring effect which protects against
disinfection is scarce.

Additionally, little is known about the relationship between particles and pathogens in clarified
waters [59]. The key condition to efficient rapid sand filtration, i.e., which significantly retains
pathogens, is upstream well-operated coagulation [57]. Hijnen and Medema recommend conservative
values for real-condition removal rates of coagulation-filtration: 0–4 log for viruses, 1–3 log for bacteria
and 1–5 log for Cryptosporidium oocysts [56]. Discrepancies between operational and theoretical
removal rates, the latter corresponding to the upper boundaries of the aforementioned ranges, reflect
difficulties in maintaining the efficiency of treatments all of the time when faced with changes in raw
water quality.

Although some biological elements of plausibility advocate for the use of turbidity as an indicator
for exposure to pathogens, the findings from this review of TSS do not entirely support this.
The expression of ERR by 0.01 NTU led to over-dispersed estimates of risks (0.2–13%) among the six
different DWS sites where ERR was calculable (Figure 3), whereas the range of estimated IQ-ERR
values was tighter (3–13%). Moreover, ERR, whatever their expression, were independent of Tu_FW
baseline levels. These observations question the biological interpretation of Tu_FW as a universal
proxy for the pathogen content of finished water. On the contrary, they suggest that Tu_FW could be
considered a site-specific proxy for the general functioning of a DWTP and that only relative changes
in Tu_FW matter in risk assessment. This latter interpretation also rejects the impossibility of observing
a significant risk below 0.2 NTU, which was argued in the earliest TSS [7].

In conclusion, there are two possible and, in a certain extent, compatible interpretations of
turbidity as a proxy for pathogen exposure: the biological interpretation and the operational
interpretation. The operational interpretation may be more suitable for river DWS, as Tu_FW
mainly reflects the accuracy and timeliness of on-line treatment adaptation to changes in raw water
quality, whereas turbidity in unfiltered reservoir water can be more directly interpreted in terms of
environmental conditions.

4.4. Public Health Issues

4.4.1. TSS Do Not Support the Quantitative Health Impact Assessment

In a former review [60], authors stated that the set of published TSS is still inadequate to draw
a meta-risk estimate representative of the risk in cities of developed countries. The insufficiency of the
dataset not only results from the small number of available studies and from the recruitment provisions
leading to an overrepresentation of “good performers”, but mainly from the intrinsic heterogeneity of
turbidity that makes pooled analyses irrelevant.

The quantitative health impact assessment [61] aims to predict the possible effect of prevention
actions on risk. It is based on the existence of a robust causal risk function. TSS do not offer
an interesting perspective for the building of a generic meta-TRF. Even when considering a single
site, the specific TRF (if any) does not enable operators to forecast the effect on risk of a reduction in
turbidity. For instance, the implementation of enhanced treatment facilities (e.g., clarification) probably
lowers the turbidity baseline in finished water, but also changes its composition by differential selection
of particles, according to their size, shape, density, and electric properties. The relationship between
Tu_FW and the pathogen presence would also probably change under new treatment conditions,
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as some real-world experiences of decantation implementation have suggested [36], making the TRF
irrelevant for such inference.

4.4.2. TSS Do Not Help Identify Causative Pathogens

The description of the DWS provides some clues about the pathogens which may survive
in finished water. In the case of reservoir DWS, the exclusion of human activities and livestock
from the reservoir watershed makes wildlife the main (theoretically, the only) source of pathogens:
the pathogens at the inlet of DWTP should, therefore, encompass bacteria and protozoa and exclude
viruses. Infective protozoa may only possibly remain at the outlet of DWTP, considering the
strength of the disinfection implemented. On the contrary, the finished water from river DWS
should mainly contain viruses since humans are probably the main source of pathogen discharge
into the river in urbanized watersheds. Protozoa may also be present in the case of inefficient
clarification [1]. For all studied DWS, the presence of infective fecal bacteria is improbable because of
the disinfection provisions.

To date, results from TSS have added little information about the causative agents involved in
water-related AGE cases. Long latency in the health effects associated with the reservoir DWS turbidity,
i.e., more than two weeks, could suggest the presence of protozoa in finished water [1,33,34], whereas
the early response suggests pathogens with short incubation durations, e.g., viruses. Alternative
interpretations of late responses may, however, be put forward: (i) long distribution time in remote
parts of the distribution network; (ii) secondary cases infected by contact with primary water-related
cases [20]; or (iii) increased incubation times due to lower pathogen doses ingested by consumers than
referenced infective doses observed in outbreak investigations or experimented in controlled trials [62].

4.4.3. But TSS Can Teach Water Operators about High Risk Conditions

Risk functions formulated as operation conditions may directly help water operators in developing
prevention measures without having to go through a formal pathogen identification step. To improve
water microbial quality, multi-exposure models provide more useful information to achieve prevention
measures than models where exposure is limited to turbidity. Indeed, this review highlighted three
variables worthy of examination as exposure indicators in addition to turbidity: produced flow,
river flow (for river DWS), and water temperature.

TSS results consistently (8/9) showed the adverse health effects of the high production of drinking
water, irrespective of the effect of turbidity, possibly due to the shortening of transit time of water
across treatment facilities and the consequent lowering of retention and inactivation rates. For other
DWS, the U-shaped produced flow-AGE functions suggest the existence of optimal flow conditions
(Figure 6).

French studies also suggested an adverse effect of extreme river flow on the risk of AGE observed
in five of the six sites where river flow was tested. The J- or U-shape of the risk function (Figure 4) is in
line with prior knowledge about the drivers of contamination (see § Need for long-duration studies).
Furthermore, the modifying effect of river flow on the TRF, highlighted in Nantes and Paris-Est,
suggests that, in extreme flow conditions, a similar amount of particles in finished water may shelter
(or be associated with) significantly more pathogens than in intermediate flows.

Temperature heavily influences the risk of AGE both as control and exposure (Figure 5).
High temperatures enhance the dehydration risk in patients with AGE symptoms and encourage
people to seek medical help earlier. The absence of latency in the health effect supports this
interpretation. In addition to the likely direct effect of air temperature on symptom seriousness,
present in the Boston and New York studies, water temperature (or air temperature as a surrogate)
also factors in exposure (9/10), whatever the route (tap water, food, or contact), as suggested by the
delayed response of the risk of AGE to temperature, consistently with the incubation duration of the
AGE-related infections. Moreover, the presence of interactions between water temperature and Tu_FW
on the risk in Boston and PA-Sud advocates for a waterborne effect. Considering the delayed influence,
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extreme temperatures result in higher and plausible risks. Low temperatures mean greater survival
of pathogens in the environment [63–65] and slower disinfection [56] and coagulation dynamics [66].
At high temperatures, dissolved organic matter may rise in the surface water and cause an unexpected
chlorine demand, thus temporarily compromising disinfection power. In addition to its waterborne
effect, water temperature may also be influential in other routes of infection. For instance, cold weather
favors indoor confinement and consequent cross-infection from contact between people and fomites.
Accordingly, temperature should be involved in waterborne exposure, but only partially.

Some of the identified risk factors are environmental constraints for water operation (river flow,
water temperature), while others may only be marginally controlled (produced flow). Turbidity
remains the only risk factor that may be lowered by improved operational provisions. However,
since decreased turbidity may mean a change in the nature of the particles, cutting the risk by
decreasing turbidity could be a false solution when seeking to improve the microbial quality of
finished water. Prevention actions could target other factors than turbidity, for instance, increased
disinfection during episodes deemed to be at higher risk. Authors should discuss the results and
how they can be interpreted in the perspective of previous studies and of the working hypotheses.
The findings and their implications should be discussed in the broadest context possible. Future
research directions may also be highlighted.

5. Conclusions

In the history of the epidemiology of waterborne infections, priority has been given to
microbiology to specify both the health effects and the exposure level. When opportunities for
an alternative approach appeared, based on syndromic and water operation data, TSS seemed to be
a cost-reasonable solution to study waterborne risks in cities.

Despite this advantage, TSS have not caught on in this field for several reasons. Scientifically,
the lack of specificity of turbidity as a proxy for exposure appears to be the main limitation to obtaining
accurate estimates of the risk at the site level. Furthermore, inter-site heterogeneity of turbidity
prevents further meta-risk assessment and limits the review to a qualitative approach. TSS could help
provide safer finished water, provided that models increase the set of relevant exposure variables
drawn from operational data.
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Abbreviations

AGE Acute gastroenteritis
CFD Coagulation-flocculation-decantation
DWS Drinking water system
DWTP Drinking water treatment plant
DZ Distribution zone
ERR Excess of relative risk
GAM Generalized additive model
GP General Practitioner
ICD International classification of diseases
IQ Interquartile
NTU Nephelometric turbidity unit
P10 10th Percentile
PA Paris area
PRISMA Preferred reporting items for Systematic Reviews and Meta-Analysis
TRF Turbidity risk function
TSS Time series study
Tu_FW Turbidity of finished water
Tu_RW Turbidity of raw water
USA United States of America
UV Ultraviolet

135



Int. J. Environ. Res. Public Health 2018, 15, 867

References

1. Morris, R.D.; Naumova, E.N.; Griffiths, J.K. Did Milwaukee experience waterborne cryptosporidiosis before
the large documented outbreak in 1993? Epidemiology 1998, 9, 264–270. [CrossRef] [PubMed]

2. Payment, P.; Richardson, L.; Siemiatycki, J.; Dewar, R.; Edwardes, M.; Franco, E. A randomized trial
to evaluate the risk of gastrointestinal disease due to consumption of drinking water meeting current
microbiological standards. Am. J. Public Health 1991, 81, 703–708. [CrossRef] [PubMed]

3. Payment, P.; Siemiatycki, J.; Richardson, L.; Renaud, G.; Franco, E.; Prevost, M. A prospective epidemiological
study of gastrointestinal health effects due to the consumption of drinking water. Int. J. Environ. Health Res.
1997, 7, 5–31. [CrossRef]

4. Hellard, M.E.; Sinclair, M.I.; Forbes, A.B.; Fairley, C.K. A randomized, blinded, controlled trial investigating
the gastrointestinal health effects of drinking water quality. Environ. Health Perspect. 2001, 109, 773–778.
[CrossRef] [PubMed]

5. Goh, S.; Reacher, M.; Casemore, D.P.; Verlander, N.Q.; Charlett, A.; Chalmers, R.M.; Knowles, M.;
Pennington, A.; Williams, J.; Osborn, K.; et al. Sporadic cryptosporidiosis decline after membrane filtration
of public water supplies, england, 1996–2002. Emerg. Infect. Dis. 2005, 11, 251–259. [CrossRef] [PubMed]

6. Lake, I.R.; Harrison, F.C.; Chalmers, R.M.; Bentham, G.; Nichols, G.; Hunter, P.R.; Kovats, R.S.; Grundy, C.
Case-control study of environmental and social factors influencing cryptosporidiosis. Eur. J. Epidemiol. 2007,
22, 805–811. [CrossRef] [PubMed]

7. Sinclair, M.I.; Fairley, C.K. Drinking water and endemic gastrointestinal illness. J. Epidemiol. Community Health
2000, 54, 728. [CrossRef] [PubMed]

8. Schwartz, J.; Levin, R. Drinking water turbidity and health. Epidemiology 1999, 10, 86–90. [CrossRef] [PubMed]
9. Beaudeau, P. Surveillance Syndromique Des Gastroentérites Aigües: Une Opportunité Pour la Prévention

du Risque Infectieux Attribuable à L’ingestion D’eau du Robinet. [Syndromic Surveillance of Acute
Gastroenteritis: An Opportunity for the Prevention of the Infectious Risk Attributable to Tap Water].
Ph.D. Thesis, Université de Rennes, Rennes, France, 2012. Available online: https://tel.archives-ouvertes.fr/
tel-00795215/document (accessed on 1 November 2017).

10. Schwartz, J.; Levin, R.; Hodge, K. Drinking water turbidity and pediatric hospital use for gastrointestinal
illness in Philadelphia. Epidemiology 1997, 8, 615–620. [CrossRef] [PubMed]

11. Schwartz, J.; Dockery, D.W. Particulate air pollution and daily mortality in Steubenville, Ohio. Am. J. Epidemiol.
1992, 135, 12–19. [CrossRef] [PubMed]

12. Mann, A.G.; Tam, C.C.; Higgins, C.D.; Rodrigues, L.C. The association between drinking water turbidity
and gastrointestinal illness: A systematic review. BMC Public Health 2007, 7, 256–262. [CrossRef] [PubMed]

13. De Roos, A.J.; Gurian, P.L.; Robinson, L.F.; Rai, A.; Zakeri, I.; Kondo, M.C. Review of epidemiological
studies of drinking-water turbidity in relation to acute gastrointestinal illness. Environ. Health Perspect. 2017,
125, 086003. [CrossRef] [PubMed]

14. Beaudeau, P.; Rambaud, L.; Zeghnoun, A.; Corso, M. Qualité de L’eau Distribuée à Angoulême et Incidence Des
Gastro-Entérites Aiguës, 2002–2007 [Quality of Water Distributed in Angoulême (France) and Incidence of Acute
Gastroenteritis, 2002-7]; Institut de Veille Sanitaire: Saint-Maurice, France, 2013; p. 36. ISBN 978-2-11-131096-4.
Available online: http://invs.santepubliquefrance.fr (accessed on 1 November 2017).

15. Rambaud, L.; Zeghnoun, A.; Corso, M.; Beaudeau, P. Qualité de L’eau Distribuée à Paris-Centre et Incidence
Des Gastro-Entérites Aiguës, 2002–2007 [Quality of Water Distributed in Paris (France) and Incidence of Acute
Gastroenteritis, 2002-7]; Institut de Veille Sanitaire: Saint-Maurice, France, 2013; p. 43, ISBN 978-2-11-138332-6.
Available online: http://invs.santepubliquefrance.fr (accessed on 1 November 2017).

16. Rambaud, L.; Zeghnoun, A.; Corso, M.; Beaudeau, P. Qualité de L’eau Distribuée à Paris-Est et Incidence Des
Gastroentérites aiguës, 2002–2007 [Quality of Water Distributed in East of Paris (France) and Incidence of Acute
Gastroenteritis, 2002-7]; Institut de Veille Sanitaire: Saint-Maurice, France, 2014; p. 46, ISBN 979-10-289-0071-4.
Available online: http://invs.santepubliquefrance.fr (accessed on 1 November 2017).

17. Rambaud, L.; Zeghnoun, A.; Corso, M.; Beaudeau, P. Qualité de L’eau Distribuée en Banlieue Parisienne et Incidence
Des Gastro-Entérites aiguës, 2002–2007 [Quality of Water Distributed in Paris Suburbs (France) and Incidence of Acute
Gastroenteritis, 2002-7]; Institut de Veille Sanitaire: Saint-Maurice, France, 2015; p. 83, ISBN 979-10-289-0170-7.
Available online: http://invs.santepubliquefrance.fr (accessed on 1 November 2017).

136



Int. J. Environ. Res. Public Health 2018, 15, 867

18. Rambaud, L.; Zeghnoun, A.; Corso, M.; Beaudeau, P. Qualité de L’eau Distribuée à Nancy et Incidence Des
Gastro-Entérites Aiguës, 2002–2007 [Quality of Water Distributed in Nancy (France) and Incidence of Acute
Gastroenteritis, 2002-7]; Institut de Veille Sanitaire: Saint-Maurice, France, 2016; p. 41, ISBN 979-10-289-0195-0.
Available online: http://invs.santepubliquefrance.fr (accessed on 1 November 2017).

19. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and
meta-analyses: The prisma statement. J. Clin. Epidemiol. 2009, 62, 1006–1012. [CrossRef] [PubMed]

20. Morris, R.D.; Naumova, E.N.; Levin, R.; Munasinghe, R.L. Temporal variation in drinking water turbidity
and diagnosed gastroenteritis in Milwaukee. Am. J. Public Health 1996, 86, 237–239. [CrossRef] [PubMed]

21. Naumova, E.N.; Egorov, A.I.; Morris, R.D.; Griffiths, J.K. The elderly and waterborne Cryptosporidium
infection: Gastroenteritis hospitalizations before and during the 1993 Milwaukee outbreak. Emerg. Infect. Dis.
2003, 9, 418–425. [CrossRef] [PubMed]

22. Egorov, A.I.; Naumova, E.N.; Tereschenko, A.A.; Kislitsin, V.A.; Ford, T.E. Daily variations in effluent water
turbidity and diarrhoeal illness in a Russian city. Int. J. Environ. Health Res. 2003, 13, 81–94. [CrossRef]
[PubMed]

23. Drayna, P.; McLellan, S.L.; Simpson, P.; Li, S.H.; Gorelick, M.H. Association between rainfall and pediatric
emergency department visits for acute gastrointestinal illness. Environ. Health Perspect. 2010, 118, 1439–1443.
[CrossRef] [PubMed]

24. Harper, S.L.; Edge, V.L.; Schuster-Wallace, C.J.; Berke, O.; McEwen, S.A. Weather, water quality and infectious
gastrointestinal illness in two Inuit communities in Nunatsiavut, Canada: Potential implications for climate
change. Ecohealth 2011, 8, 93–108. [CrossRef] [PubMed]

25. Uejio, C.K.; Yale, S.H.; Malecki, K.; Borchardt, M.A.; Anderson, H.A.; Patz, J.A. Drinking water systems,
hydrology, and childhood gastrointestinal illness in central and Northern Wisconsin. Am. J. Public Health
2014, 104, 639–646. [CrossRef] [PubMed]

26. Beaudeau, P.; Payment, P.; Bourderont, D.; Mansotte, F.; Boudhabay, O.; Laubiès, B.; Verdière, J. A time
series study of anti-diarrheal drug sales and tap-water quality. Int. J. Environ. Health Res. 1999, 9, 293–311.
[CrossRef]

27. Schwartz, J.; Levin, R.; Goldstein, R. Drinking water turbidity and gastrointestinal illness in the elderly of
Philadelphia. J. Epidemiol. Community Health 2000, 54, 45–51. [CrossRef] [PubMed]

28. Investigating the Relationship Between Drinking Water and Gastroenteritis in Edmonton: 1993–1998.
Available online: https://www.canada.ca/en/health-canada/services/environmental-workplace-health/
reports-publications/water-quality/investigating-relationship-between-drinking-water-gastroenteritis-
edmonton-1993-1998.html?wbdisable=true (accessed on 1 November 2017).

29. Gilbert, M.L.; Levallois, P.; Rodriguez, M.J. Use of a health information telephone line, info-sante clsc, for the
surveillance of waterborne gastroenteritis. J. Water Health 2006, 4, 225–232. [PubMed]

30. Tinker, S.C.; Moe, C.L.; Klein, M.; Flanders, W.D.; Uber, J.; Amirtharajah, A.; Singer, P.; Tolbert, P.E. Drinking
water turbidity and emergency department visits for gastrointestinal illness in atlanta, 1993–2004. J. Expo.
Sci. Environ. Epidemiol. 2010, 20, 19–28. [CrossRef] [PubMed]

31. Beaudeau, P.; Zeghnoun, A.; Corso, M.; Lefranc, A.; Rambaud, L. A time series study of gastroenteritis and
tap water quality in the Nantes area, France, 2002–2007. J. Expo. Sci. Environ. Epidemiol. 2014, 24, 192–199.
[CrossRef] [PubMed]

32. Tornevi, A.; Axelsson, G.; Forsberg, B. Association between precipitation upstream of a drinking water utility
and nurse advice calls relating to acute gastrointestinal illnesses. PLoS ONE 2013, 8, e69918. [CrossRef]
[PubMed]

33. Aramini, J.; Allen, B.; Copes, R.; Holt, J.; Mc Lean, M.; Sears, W.; Wilson, J. Drinking Water Quality and Health
Care Utilization for Gastrointestinal Illness in Greater Vancouver; University of Guelph and Vancouver Richmond
Health Board, Guelf: Guelph, ON, Canada, 2000; p. 78.

34. Beaudeau, P.; Schwartz, J.; Levin, R. Drinking water quality and hospital admissions of elderly people
for gastrointestinal illness in Eastern Massachusetts, 1998–2008. Water Res. 2014, 52, 188–198. [CrossRef]
[PubMed]

35. Hsieh, J.L.; Nguyen, T.Q.; Matte, T.; Ito, K. Drinking water turbidity and emergency department visits for
gastrointestinal illness in new york city, 2002–2009. PLoS ONE 2015, 10, e0125071. [CrossRef] [PubMed]

36. Beaudeau, P.; Le, T.A.; Zeghnoun, A.; Zanobetti, A.; Schwartz, J. A time series study of drug sales and
turbidity of tap water in Le Havre, France. J. Water Health 2012, 10, 221–235. [CrossRef] [PubMed]

137



Int. J. Environ. Res. Public Health 2018, 15, 867

37. U.S. Department of the Interior, U.S. Geological Survey. USGS Water-Quality Data for USA. Available online:
https://waterdata.usgs.gov/nwis/qw (accessed on 1 November 2016).

38. Gregory, M.B.; Frick, E.A. Fecal-coliform bacteria concentrations in streams of the Chattahoochee River
National Recreation Area, Metropolitan Atlanta, Georgia, May–October 1994 and 1995. U.S. Geological
Survey Water-Resources Investigations Report 00-4139; 2000; p. 8. Available online: https://pubs.usgs.gov/
wri/wri004139/pdf/wrir00-4139.pdf (accessed on 1 November 2016).

39. NYC Environmental Protection. New York City 2009 Drinking Water Supply and Quality Report. 2010; p. 16.
Available online: http://www.nyc.gov/html/dep/pdf/wsstate09.pdf (accessed on 1 November 2016).

40. Jones, T.F.; McMillian, M.B.; Scallan, E.; Frenzen, P.D.; Cronquist, A.B.; Thomas, S.; Angulo, F.J.
A population-based estimate of the substantial burden of diarrhoeal disease in the United States; FoodNet,
1996–2003. Epidemiol. Infect. 2007, 135, 293–301. [CrossRef] [PubMed]

41. Van Cauteren, D.; de Valk, H.; Vaux, S.; Le, S.Y.; Vaillant, V. Burden of acute gastroenteritis and
healthcare-seeking behaviour in France: A population-based study. Epidemiol. Infect. 2012, 140, 697–705.
[CrossRef] [PubMed]

42. Bounoure, F.; Beaudeau, P.; Mouly, D.; Skiba, M.; Lahiani-Skiba, M. Syndromic surveillance of acute
gastroenteritis based on drug consumption. Epidemiol. Infect. 2010, 139, 1388–1395. [CrossRef] [PubMed]

43. Majowicz, S.E.; Hall, G.; Scallan, E.; Adak, G.K.; Gauci, C.; Jones, T.F.; Sockett, P.N. A common,
symptom-based case definition for gastroenteritis. Epidemiol. Infect. 2008, 136, 886–894. [CrossRef] [PubMed]

44. Peng, R.D.; Dominici, F.; Louis, T.A. Model choice in time series studies of air pollution and mortality.
J. R. Stat. Soc. A 2006, 169, 179–203. [CrossRef]

45. Perrakis, K.; Gryparis, A.; Schwartz, J.; Tertre, A.L.; Katsouyanni, K.; Forastiere, F.; Stafoggia, M.; Samoli, E.
Controlling for seasonal patterns and time varying confounders in time-series epidemiological models:
A simulation study. Stat. Med 2014, 33, 4904–4918. [CrossRef] [PubMed]

46. Kramer, M.H.; Quade, G.; Hartemann, P.; Exner, M. Waterborne diseaeses in Europe: 1986–1996. Am. Water
Work. Assoc. 2001, 93, 48–53. [CrossRef]

47. Craun, G.F.; Calderon, R.L.; Nwachuku, N. Causes of waterborne outbreaks reported in the United
States, 1991–1998. In Drinking Water and Infectious Disease: Estblishing the Links; Hunter, P.R., Waite, M.,
Ronchi, E., Eds.; CRC Press: Boca Raton, FL, USA, 2003; pp. 119–126.

48. Ercumen, A.; Gruber, J.S.; Colford, J.M., Jr. Water distribution system deficiencies and gastrointestinal illness:
A systematic review and meta-analysis. Environ. Health Perspect. 2014, 122, 651–660. [CrossRef] [PubMed]

49. Jagai, J.S.; Li, Q.; Wang, S.; Messier, K.P.; Wade, T.J.; Hilborn, E.D. Extreme precipitation and emergency
room visits for gastrointestinal illness in areas with and without combined sewer systems: An analysis of
Massachusetts data, 2003–2007. Environ. Health Perspect. 2015, 123, 873–879. [CrossRef] [PubMed]

50. Liu, G.; Ling, F.Q.; van der Mark, E.J.; Zhang, X.D.; Knezev, A.; Verberk, J.Q.; van der Meer, W.G.;
Medema, G.J.; Liu, W.T.; van Dijk, J.C. Comparison of particle-associated bacteria from a drinking water
treatment plant and distribution reservoirs with different water sources. Sci. Rep. 2016, 6, 20367. [CrossRef]
[PubMed]

51. Medema, G.J.; Schets, F.M.; Teunis, P.F.; Havelaar, A.H. Sedimentation of free and attached Cryptosporidium
oocysts and Giardia cysts in water. Appl. Environ. Microbiol. 1998, 64, 4460–4466. [PubMed]

52. Krometis, L.A.; Characklis, G.W.; Simmons, O.D., III; Dilts, M.J.; Likirdopulos, C.A.; Sobsey, M.D. Intra-storm
variability in microbial partitioning and microbial loading rates. Water Res. 2007, 41, 506–516. [CrossRef]
[PubMed]

53. Mahler, B.J.; Personné, J.-C.; Lods, G.F.; Drogue, C. Transport of free and particulate-associated bacteria in
karst. J. Hydrol. 2000, 238, 179–193. [CrossRef]

54. Jamieson, R.; Joy, D.M.; Lee, H.; Kostaschuk, R.; Gordon, R. Transport and deposition of sediment-associated
escherichia coli in natural streams. Water Res. 2005, 39, 2665–2675. [CrossRef] [PubMed]

55. Servais, P.; Garcia-Armisen, T. Partitioning and fate of particle-associated E. coli in river waters.
Water Environ. Res. 2009, 81, 21–28.

56. Hijnen, W.A.M.; Medema, G.J. Elimination of Micro-Organisms by Water Treatment Processes; IWA Publishing:
London, UK, 2010; ISBN 9781843393733.

57. LeChevallier, M.W.; Au, K. Water Treatment and Pathogen Control: Process Efficiency in Achieving Safe Drinking-
Water; World Health Organization and IWA Publishing: London, UK, 2004; ISBN 1-84339-069-8.

138



Int. J. Environ. Res. Public Health 2018, 15, 867

58. LeChevallier, M.W.; Evans, T.M.; Seidler, R.J. Effect of turbidity on chlorination efficiency and bacterial
persistence in drinking water. Appl. Environ. Microbiol. 1981, 42, 159–167. [PubMed]

59. Kaegi, R.; Wagner, T.; Hetzer, B.; Sinnet, B.; Tzvetkov, G.; Boller, M. Size, number and chemical composition
of nanosized particles in drinking water determined by analytical microscopy and libd. Water Res. 2008, 42,
2778–2786. [CrossRef] [PubMed]

60. Craun, G.F.; Calderon, R.L. Observational epidemiologic studies of endemic waterborne risks: Cohort,
case-control, time-series, and ecologic studies. J. Water Health 2006, 4 (Suppl. S2), 101–119. [CrossRef]
[PubMed]

61. Medina, S.; Ballester, F.; Chanel, O.; Declercq, C.; Pascal, M. Quantifying the health impacts of outdoor
air pollution: Useful estimations for public health action. J. Epidemiol. Community Health 2013. [CrossRef]
[PubMed]

62. Haas, C.N.; Rose, J.B.; Gerba, C.P. Quantitative Microbial Risk Assessment; John Wiley & Sons:
New York, NY, USA, 1999; p. 449. ISBN 9781118145296.

63. Beaudeau, P.; Tousset, N.; Bruchon, F.; Lefevre, A.; Taylor, H.D. In situ measurement and statistical modelling
of Escherichia coli decay in small rivers. Water Res. 2001, 35, 3168–3178. [CrossRef]

64. Menon, P.; Billen, G.; Servais, P. Mortality rates of autochthonous and fecal bacteria in natural aquatic
ecosystems. Water Res. 2003, 37, 4151–4158. [CrossRef]

65. Gerba, C.P. Chapter 5 Virus occurrence and survival in the environmental waters. In Perspectives in Medical
Virology; Bosch, A., Ed.; Elsevier: New York, NY, USA, 2007; Volume 17, pp. 91–108. ISBN 0168-7069.

66. Gregory, J. Particles in Water, Properties and Processes; CRC Press and IWA Publishing: Boca Raton, FL, USA,
2006; p. 180. ISBN 9781587160851.

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

139



International  Journal  of

Environmental Research

and Public Health

Article

Waterborne Disease Outbreak Detection:
A Simulation-Based Study

Damien Mouly 1,*, Sarah Goria 1, Michael Mounié 2, Pascal Beaudeau 1, Catherine Galey 1,

Anne Gallay 1, Christian Ducrot 3 and Yann Le Strat 1

1 Santé Publique France, the French National Public Health Agency, 94 410 Saint-Maurice, France;
sarah.goria@santepubliquefrance.fr (S.G.); pascal.beaudeau@santepubliquefrance.fr (P.B.);
catherine.galey@santepubliquefrance.fr (C.G.); anne.gallay@santepubliquefrance.fr (A.G.);
yann.lestrat@santepubliquefrance.fr (Y.L.S.)

2 Unité D’évaluation Médico-Economique, Université Paul Sabatier, CHU 31059 Toulouse, France;
mounie.michael.12@gmail.com

3 Institut National de la Recherche Agronomique, UR346-Unité d’Épidémiologie Animale,
63 122 Saint Genès Champanelle, France; christian.ducrot@inra.fr

* Correspondence: damien.mouly@santepubliquefrance.fr

Received: 24 June 2018; Accepted: 10 July 2018; Published: 17 July 2018

Abstract: Waterborne disease outbreaks (WBDOs) remain a public health issue in developed countries,
but to date the surveillance of WBDOs in France, mainly based on the voluntary reporting of clusters of
acute gastrointestinal infections (AGIs) by general practitioners to health authorities, is characterized
by low sensitivity. In this context, a detection algorithm using health insurance data and based on
a space–time method was developed to improve WBDO detection. The objective of the present
simulation-based study was to evaluate the performance of this algorithm for WBDO detection
using health insurance data. The daily baseline counts of acute gastrointestinal infections were
simulated. Two thousand simulated WBDO signals were then superimposed on the baseline data.
Sensitivity (Se) and positive predictive value (PPV) were both used to evaluate the detection algorithm.
Multivariate regression was also performed to identify the factors associated with WBDO detection.
Almost three-quarters of the simulated WBDOs were detected (Se = 73.0%). More than 9 out of
10 detected signals corresponded to a WBDO (PPV = 90.5%). The probability of detecting a WBDO
increased with the outbreak size. These results underline the value of using the detection algorithm
for the implementation of a national surveillance system for WBDOs in France.

Keywords: waterborne disease outbreak; simulation study; health insurance data; space–time detection

1. Introduction

Outbreaks of infectious waterborne diseases are still a public health concern in developed
countries [1,2]. Most of the time, acute gastrointestinal infections (AGIs) are the syndrome involved.
In most of the waterborne disease outbreaks (WBDOs) reported in the last decade in Europe, the United
States of America, and Canada, several hundred to several thousand people became ill after drinking
water contaminated by infectious pathogenic agents. In rare cases, tens of thousands of people were
affected. This occurred for example in two waterborne cryptosporidiosis outbreaks which occurred
in 2010 and 2011 in Sweden, infecting 27,000 and 20,000 people, respectively [3,4], and in the 1993
disaster in Milwaukee, which affected 400,000 people [5]. There is also concern in France with respect
to WBDOs [6], but to date, in the absence of a specific nationwide surveillance system, the detection of
these events is mainly based on the voluntary reporting of clusters of AGIs by general practitioners
to health authorities. The mean outbreak size of reported WBDOs (ranging from several hundred to
thousands of AGI cases) suggests that only the most important events are reported. Despite the need
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for the development of a specific nationwide surveillance system to improve the detection of outbreaks
caused by contaminated drinking water in France, and accordingly help health authorities with the
microbial risk management of drinking water, the creation of such a specific surveillance system is a
challenge for French authorities.

For several years, Santé publique France (the French Public Health Agency) has been using
the French Health Insurance Administrative Database (Système national d’information inter régimes
de l’Assurance maladie, SNIIRAM) for the syndromic surveillance of the medicalized AGI cases by
employing a specifically developed algorithm [7]. Medicalized AGI cases are aggregated by day
and by zip code. Although not all medicalized AGI cases can be specifically attributed to drinking
water contamination, the correspondence between AGI cases and water distribution zones (DZs)
at a local level provides the opportunity to study the ecological relationship between tap water
and infectious gastrointestinal diseases. Medicalized AGI data have already proven relevant for
studying the relationship between tap water quality parameters (e.g., turbidity) and the incidence
of AGIs [8,9], and also for retrospectively identifying and describing outbreaks of AGIs notified by
general practitioners [8,10]. Consequently, using these data to develop a specific automated nationwide
system for local WBDO detection offers a promising way forward.

By so doing, an integrated approach to detect and localize WBDOs using medicalized AGI
cases from SNIIRAM data was published in 2017 by Coly et al. [11]. The authors’ approach relied
on a space–time statistical method developed by Kulldorff [12] used to detect local outbreaks of
AGIs. Their approach integrates the DZ as the ecological unit of exposure to tap water. A detected
outbreak of AGIs localized in a DZ (compared with no outbreak in the surrounding DZs) is considered
as a potential WBDO and is characterized by epidemiological criteria (day one of detected signal,
duration, number of expected cases, and number of observed cases, DZ identity code). Each outbreak
is retrospectively investigated in terms of various environmental criteria during the days before the
onset of the outbreak: weather (e.g., heavy rain) and technical incidents in drinking water treatment
(e.g., chlorination breakdown, alarm malfunction) or in the distribution system (e.g., water pipe
breaks). However, the performance of this integrated approach in the implementation of nationwide
retrospective automated WBDO detection has not been evaluated to date. Another detection method,
inspired by field investigator practices in France and based on the comparison of the incidence
ratio mean between the zip code and specific French administrative districts (called départements)
was published in 2016 [13]. However we did not decide to select this method for evaluation as its
theoretical foundations were considered insufficient [14].

A simulation-based study was performed to evaluate Coly et al.’s detection algorithm in
order to implement a nationwide surveillance system. Simulation studies were performed to
evaluate surveillance methods and disease control measures [15,16]. To our knowledge, to date,
no simulation-based study has been specifically developed to evaluate an automated WBDO detection
system. One of the major challenges regarding outbreak detection systems of contaminated water is to
identify the largest number of clusters corresponding to real WBDO (i.e., maximizing the sensitivity)
while avoiding clusters that are inconsistent with WBDO assumption (i.e., minimizing the number of
false positives).

The objective of our study was therefore to evaluate, through simulations, the performance of the
integrated approach developed by Coly et al. for WBDO detection [11] and to highlight the DZ and
outbreak features which most influence WBDO detection.

2. Materials and Methods

2.1. Study Area and Period

Two French départements, Puy-de-Dôme and Isère, with 655,498 and 1,253,410 inhabitants,
respectively [17], were selected. Puy-de-Dôme was included in the previous study by Coly et al.
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for the construction of the WBDO detection algorithm. Isère is known for chronic microbiological
pollution of DZ. The period studied extended from 1 January 2010 to 31 December 2013.

2.2. Reference Health Data

Health data represented medicalized AGI cases from the French National Health Insurance
Information System (Système national d’information inter régimes de l’Assurance maladie, SNIIRAM).
SNIIRAM aims to evaluate beneficiaries’ healthcare consumption and associated expenditures.
It covers more than 98% of the French population and records all patient reimbursements for
out-of-pocket medical procedures, medications, and payments to professionals for consultations [18].
Almost all medicalized AGI cases in France, irrespective of the route of infection (contaminated
drinking water, person-to-person transmission, food poisoning), can be identified from SNIIRAM
using a specifically developed algorithm detailed elsewhere [7]. Using the algorithm, medicalized
AGI cases were selected from people who consulted a general practitioner and went to a pharmacy
to buy medications prescribed to treat AGI. To be included, the individual had also to meet a set of
conditions regarding the delay of purchase after the visit to doctor, and the combination of drugs
prescribed. A national survey study showed that 33% of individuals with symptomatic AGI consulted
a doctor in France [19]. Cases were aggregated by day and residence zip code at the municipality level
(note: départements are comprised of smaller municipal areas).

2.3. Simulation Study

Several steps were implemented to simulate WBDOs (Figure 1).
We simulated the daily baseline counts of AGI at the zip code level using the SNIIRAM data.

A variety of simulated WBDO signals were then superimposed on the baseline data. The simulation
study was based on a methodology developed to evaluate the performance of an algorithm for outbreak
detection of infectious diseases, which met the objectives of our study [15].

Figure 1. Algorithm of the overall process for simulation of baseline data and WBDOs. SNIRAM:
Système national d’information inter régimes de l’Assurance maladie (the French Health Insurance
Administrative Database); AGI: acute gastrointestinal infection.

2.4. Simulation of Baseline Data

Baseline counts of AGI were first generated at the département level (1) and then at the zip code
level (2).

(1) A Poisson regression was used to model the daily observed counts of AGI at the département level
(SNIIRAM data). A thin-plate regression spline [20] was used to model trend and seasonality
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in order to account for the seasonality of the AGI, in particular the variability of winter viral
pandemic of AGI. Adjustments were made for days of the week and holidays [21].

(2) The estimated expected values obtained from the regression model at (1) were then distributed at
the zip code level in proportion to the number of cases observed in the SNIIRAM data. Finally,
to introduce stochasticity, daily counts of AGI cases were simulated using a negative binomial
distribution [15,21] (Figure 2).

Figure 2. Simulation of time series of incident AGI cases before the inclusion of the simulated WBDO:
daily number of observed AGI cases from the French Health Insurance Administrative Database
(SNIIRAM) between 1 January 2010 and 31 December 2013 (n = 8677) (top), number of estimated
expected cases (middle), and number of simulated cases (bottom) for a zip code with 18,541 inhabitants.

2.5. The Simulation Process of Waterborne Disease Outbreaks

The spatial unit of interest for the WBDO simulation in our study was the DZ. By definition, a DZ
delivers water of homogenous quality to consumers, meaning that all people serviced by the same DZ
are exposed to the same risk in terms of water quality apart from situations of backflows, and where
contamination directly enters the network. There are 25,000 DZs and 35,000 zip codes in France. As the
health outcome (i.e., AGI cases) was simulated at the zip code level, when the selected DZ serviced
more than one zip code, AGI outbreak daily cases were distributed according to the proportion of
inhabitants serviced by the DZ in each zip code [22].

1. DZs were randomly selected. DZs servicing fewer than 200 inhabitants were excluded from the
simulation study to ensure statistical power of detection and because of their reduced impact on
public health.
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2. For each simulation, the variation of incidence ratio (VI), defined as the proportion between the
number of outbreak AGI cases and the number of expected cases of AGI (baseline data) during
the outbreak period, was randomly selected between 0.5% and 6%. These values were chosen
according to what we observed in previous WBDOs [10].

3. The outbreak duration was randomly selected between 3 and 28 days in accordance with the
observed values in reported WBDOs [6].

4. The outbreak size, that is, the number of AGI cases in the outbreak, was generated by multiplying
the VI by the number of inhabitants serviced by the DZ.

5. Finally, outbreak cases were distributed over time according to a log-normal distribution [15,21]
(Figure 3). The parameters of the log-normal distribution used to shape the time distribution of
the outbreak AGI cases were randomly chosen between 0.33 and 0.5 for the median, and fixed at
0.5 for the standard deviation [10,21]. When the selected DZ serviced more than one zip code,
daily cases in the AGI outbreak were then distributed according to the proportion of inhabitants
serviced by the DZ in each zip code.

Figure 3. Illustration of two simulated outbreaks starting on 22 September 2011 in a zip code of
18,541 inhabitants serviced by only one DZ, with a variation of incidence ratio (VI) of 1% (top) and 2%
(bottom), and with a 20-day duration.

A total of 2000 simulations were run (1000 for each of the two French départements studied).
Each simulated set included the simulation of the baseline data and a WBDO.

The simulation study was performed using the R software version 3.3.0 (R foundation for
Statistical Computing, Vienna, Austria).

2.6. Detection of Simulated Waterborne Disease Outbreaks

The WBDO detection method used is detailed elsewhere [11]. First, an algorithm was used for
grouping zip codes (and corresponding AGI cases) which share the same DZ so that tap water exposure
could be taken into account in the detection process. Then the space–time permutation scan statistic
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developed by Kulldorff et al. [12] was applied to grouped zip codes. The scan statistic was based on
overlapping cylinders to define a scanning window. In our study, the scanning window is represented
by grouping zip codes sharing the same DZ and defined by the algorithm.

With a space–time permutation scan statistic, expected cases are calculated using observed cases.
A generalized likelihood ratio is then used as a measure of the evidence that a tested cylinder contains
an outbreak (i.e., number of observed cases exceeds the number you would typically expect to see in a
comparable period of time). The cylinder with the maximum generalized likelihood ratio constitutes
the space–time cluster of cases least likely to occur by chance, and consequently it is the primary
candidate for a true outbreak. Within the space–time permutation model, adjustments were made for
days of the week and holidays.

This detection study was performed using SaTScan version 9.3 [23] and R version 3.3.0.

2.7. Data Analysis

2.7.1. Evaluation Method

The running of the scan on the simulated dataset generated a set of clusters. All clusters associated
with a statistical threshold (p-value) of 0.05 were considered, whether they revealed a true alarm
(i.e., WBDO detected) or not. A true alarm was declared if at least one detected day and one detected
zip code corresponded to the days and zip codes involved in the simulated WBDOs [15]. The other
clusters were considered as false alarms.

To evaluate the performance of the WBDO detection method we considered the sensitivity (Se)
and the positive predictive value (PPV). Sensitivity was estimated as the ratio between the true alarm
and the number of simulated WBDOs (i.e., 1000 WBDOs generated per administrative area). The PPV
was defined as the ratio between the number of true alarm and the number of all the clusters detected
associated with a statistical threshold of 0.05. The Se and VPP were described by administrative area,
by DZ size (inhabitants served), by outbreak size, and by season.

2.7.2. Factors Associated with WBDO Detection

A multivariate Poisson regression was performed on true alarms to identify the factors associated
with WBDO detection and to estimate the strength of these associations [21]. Five dependent variables
were considered: outbreak duration, size of the DZ population, outbreak incidence ratio, outbreak
size, and season (“winter” for December, January, February and March/“other seasons” for April to
November). We tested for potential interactions among these factors. Incidence rate ratios (IRRs) and
their 95% confidence intervals (CIs) were computed. The IRR is the ratio between the incidence rate in
a considered group and the incidence rate in the reference group. All analyses were performed using
Stata 12.0 (StataCorp LP, College Station, TX, USA).

3. Results

3.1. Description of Simulated WBDO

Simulated WBDOs involved between 1 and 7392 AGI outbreak cases (median = 22; mean = 96).
Most (90%) included 200 AGI cases or fewer (Table 1). The mean outbreak duration was 15 days (3 to
28 days). All DZ sizes were represented: 35.8% of the randomly selected DZs serviced 200 to 500 people,
21.9% between 500 and 1000 people, 15.5% between 1000 and 2000 people, 21.1% between 2000 and
10,000, and 5.9% more than 10,000 people. Among all the simulated WBDOs, 26.7% (n = 534/2000)
involved a DZ which serviced more than one zip code: 162 WBDOs generated for Isere with 2 to 13 zip
codes were serviced by the same DZ, and 372 WBDOs for Puy-de-Dôme with 2 to 53 zip codes were
serviced by the same DZ.
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3.2. Sensitivity and Positive Predictive Value of the Detection Method

Almost three-quarters of the 2000 simulated WBDOs were detected (sensitivity = 73.0%).
More than 9 out of 10 detected signals corresponded to a simulated WBDO (PPV = 90.5%).
Sensitivity increased with DZ size and with outbreak size (Table 2). Moreover, WBDOs in non-winter
seasons (hereafter “other seasons”) were better detected than WBDO simulated during the winter
season. Indeed, to reach the same sensitivity value of 75%, WBDO size had to be greater in the winter
season than in other seasons (at least 15 cases versus 10 cases) (Figure 4).
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Figure 4. Sensitivity of detection method according to outbreak size (number of simulated AGI cases)
and season (winter: December, January, February, March).

For WBDOs occurring in more than one zip code (a total of 534 for both departments studied),
the sensitivity of detection was higher than for WBDO associated with a DZ servicing only one zip
code (78.3% and 71.1%, respectively), while the PPV was stable (90.2% versus 91.1%, respectively).
For half of the WBDOs associated with a DZ servicing several zip codes, 80% of these zip codes were
included in the detected signal for Isere and 50% for Puy-de-Dôme.

The undetected WBDOs involved mostly small DZ (200–500 inhabitants) and few outbreak
cases (Table 1).

3.3. Factors Associated with WBDO Detection

In the multivariate Poisson regression, the outbreak size, the VI, and the duration and the season
of WBDOs were all significantly associated with detection (Table 3). The interaction of VI and the
outbreak size was significant. WBDOs involving at least 10 AGI cases, with a 14-day duration or less,
and occurring between April and November, had a higher probability of being detected. The variable
“outbreak size” had the strongest association with detection.
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4. Discussion

4.1. Simulation Process

The first step of this simulation-based study was to generate the baseline incidence of the disease.
This step employed a published method [15] adapted for AGI epidemiology by adding a flexible
adjustment function (spline) to account for high winter incidence of AGIs due to the enteric virus
outbreak. Days of the week and holidays were adjusted for to reflect the closure of pharmacies during
weekends and holidays. This ensured an acceptable representativeness of seasonality and of AGI
incidence (Figure 1).

Simulated WBDOs were generated using a log-normal distribution model [15]. The parameters
used to build these epidemic signals were inspired by past outbreaks of waterborne AGIs. Accordingly,
the chosen epidemic duration ranging (from 3 to 28 days) and the chosen VI (between 0.5% and 6%)
are realistic. When compared with the health impact of WBDOs assessed in cohort studies in which
the attack rate varied between 30% and 50%, the AGI outbreak cases observed in SNIIRAM data
are less frequent. This difference is probably due to several factors, including healthcare-seeking
behaviors: in France, the mean consultation rate for AGI is quite low at 32% [19] and depends on
age and pathogen agent. The true distribution of cases during outbreaks is described in a previous
article which compared, for two WBDOs, the true distribution of cases identified in cohort studies
among the impacted population and the true distribution of medicalized cases identified in the
SNIIRAM database [10]. Results highlighted a good temporal correlation between both data sources.
Moreover, a descriptive study of 11 WBDOs reported in France between 1998 and 2006 gives the main
parameters of outbreak distributions [6].

One limitation of this study was the choice not to perform WBDO simulations for DZ servicing
fewer than 200 inhabitants. This prevented us from being able to evaluate the algorithm for these DZs.
However the public health concern is less important for these small zip codes.

Another limitation regards the use of the SNIIRAM database. Disease severity associated with
an epidemic may be a criterion that influences control measures. Nevertheless, medicalized AGI
cases (i.e., those who consulted a doctor and subsequently went to the pharmacy with a prescription)
identified from the health insurance database cannot be distinguished in terms of illness severity in
the absence of a specific association between severity and the drugs prescribed. This said, medicalized
AGI cases represented almost 32% of AGI cases in one French national survey [19]. In that study,
less than 1% of all individuals with an AGI went to a hospital for consultation. The main reported
reasons for consulting were: prolonged symptoms (49%), vomiting (31%), diarrhea (28%), and unusual
symptoms (27%). The main reasons for not consulting were: quick recovery/no serious symptoms
(64%) and feeling that a consultation was not necessary (47%). After multivariate analysis, gender, age,
duration of illness, and symptoms (headache) were associated with consultation for AGIs. Given these
results, AGI medicalized cases can be considered as the most severe cases.

4.2. Algorithm Performance for WBDO Detection

Globally, the algorithm has a high sensitivity (detecting 73% of simulated WBDOs) and a high
positive predictive value among the detected signals (90.5% corresponded to simulated WBDOs).
These indicators reached, respectively, 99.2% and 86.7%, for DZs servicing more than 10,000 people
(Table 2). The performance (sensitivity and positive predictive value) of the algorithm mainly depended
on the serviced population size and the outbreak size. The influence of the season and the number of
zip codes served by the same DZ were less important (Tables 2 and 3). If we focus on the influence of
the serviced population size, a threshold of 500 inhabitants resulted in increased sensitivity, from 50%
(fewer than 500 people served) to more than 75% (more than 500 people served) of detected WBDO.
Likewise, when the outbreak size exceeded 10 AGI cases, the sensitivity was four times greater than
with smaller outbreaks (10 cases or fewer). For these two parameters, the most significant variations
in sensitivity were observed when between 200 and 2000 people were serviced (from 49.4% to 94.1%,
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respectively) and between fewer than 10 AGI cases to over 50 (17.2% and 99.3%). Nevertheless, the
10-case sensitivity threshold should be treated with caution and is not the main consideration for the
implementation of surveillance system of WBDO. With respect to the positive predictive value, there is
no outbreak size threshold which could influence detection. Therefore, the criterion for considering
large epidemics or large DZ is a criterion of public health efficiency (avoided cost from an avoided case).

4.3. Factors Influencing Detection

In addition to the evaluation of the performance of the detection algorithm, the simulation study
also allowed us to identify and quantify the three factors which most influence the performance
of WBDO detection as follows: outbreak size, duration and season (“winter” or “other seasons”).
The existence of a significant interaction between the outbreak size and the variation of incidence led
us to consider the results according to three classifications of the incidence ratio (0.5% to 2%; 2% to 4%;
4% to 6%) (Table 3).

From the results of our analysis, outbreak size had the strongest association with detection
sensitivity, especially for a variation of incidence value below 4%. Above this value, outbreak size was
no longer associated with detection. For variation of incidence rate between 0.5% and 2%, the outbreak
size has a dominant effect (vis-à-vis duration and season), with a detection capacity 13 times greater for
an outbreak of 20 AGI cases or more than for an outbreak of 10 or fewer cases (the incidence rate ratio is
7.7 when going from fewer than 10 cases to 15 cases). For a variation of incidence between 2% and 6%,
the detection ratio (IRR) did not exceed 3 between the most extreme values (more than 50 cases versus
fewer than 10 cases). These results suggest a strong improvement in detection ability for WBDOs with
more than 10 AGI cases and a variation of incidence greater than 2%. These values are consistent with
the previous study’s results which described the detection algorithm and its application to real health
data [11]. Of the 11 clusters detected in this study, the values of the medication rate in the population
(indicator close to the variation of incidence) ranged from 0.7% to 4.8%, and the cluster size from 21 to
67 AGI cases.

As mentioned above, “duration” and “season” also affected detection but much less substantially
than outbreak size. WBDOs with a lower variation of incidence (0.5–2%) were primarily affected by
these three factors. Accordingly, the number of detected WBDO was 1.3 times higher in non-winter
season outbreaks of AGI. Similarly, outbreaks which lasted less than 14 days were better detected than
longer outbreaks.

4.4. International Comparison

To our knowledge, few previously published simulation studies on WBDO detection exist.
Different Canadian research studies have presented an agent-based simulation model for generating
realistic multivariable outbreak signals [24]. This model was used to simulate a WBDO caused by
Cryptosporidium, taking into account parameters for population, water consumption, and disease
progression. To verify whether the simulation model produced credible results, the authors attempted
to replicate the largest documented WBDO of cryptosporidiosis, which occurred in Milwaukee in
1993. During that outbreak, over 400,000 people were estimated to have diarrhea attributable to acute
Cryptosporidium infection [5]. The results showed that the simulated curve was slightly more positively
skewed and peaked one to two days earlier than the historically observed curves. These simulated
data were then used to improve early outbreak detection using a hidden Markov model [25].

Although French health insurance data constitute an adequate source for the retrospective
surveillance of WBDO, they do not allow—at least for the moment—the possibility of implementing a
prospective approach within the context of a public health alert system.

5. Conclusions

Our study presents a global approach for simulating AGI baseline data using reference health
data and superimposing simulated WBDOs. The algorithm for WBDO detection was evaluated as
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being able to detect almost 90% of WBDOs, with few false positive alarms. We also estimated the
factors which most influence WBDO detection. The results of our study underline the value of using
the detection algorithm for the implementation of a national surveillance system for WBDOs in France
upon which to base public health action.
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Abstract: We studied the seasonal variation of nitrite exposure in a drinking water distribution
system (DWDS) with monochloramine disinfection in the Helsinki Metropolitan Area. In Finland, tap
water is the main source of drinking water, and thus the nitrite in tap water increases nitrite exposure.
Our data included both the obligatory monitoring and a sampling campaign data from a sampling
campaign. Seasonality was evaluated by comparing a nitrite time series to temperature and by
calculating the seasonal indices of the nitrite time series. The main drivers of nitrite seasonality were
the temperature and the water age. We observed that with low water ages (median: 6.7 h) the highest
nitrite exposure occurred during the summer months, and with higher water ages (median: 31 h)
during the winter months. With the highest water age (190 h), nitrite concentrations were the lowest.
At a low temperature, the high nitrite concentrations in the winter were caused by the decelerated
ammonium oxidation. The dominant reaction at low water ages was ammonium oxidation into nitrite
and, at high water ages, it was nitrite oxidation into nitrate. These results help to direct monitoring
appropriately to gain exact knowledge of nitrite exposure. Also, possible future process changes and
additional disinfection measures can be designed appropriately to minimize extra nitrite exposure.

Keywords: nitrite; disinfection by-product; drinking water distribution systems; seasonality

1. Introduction

Disinfection of drinking water is necessary to maintain hygienically good water quality in
large drinking water distribution systems (DWDSs). When monochloramine (NH2Cl) is used for
secondary disinfection in DWDSs, nitrite is quite often formed as a disinfection by-product (DBP).
Nitrite is a potentially harmful compound when ingested by humans. In humans, nitrite can cause
methemoglobinemia, which is a specific type of anemia. Infants younger than one year are more
susceptible to methemoglobinemia than older children and adults. In methemoglobinemia, nitrite
reacts with the hemoglobin of blood and disrupts oxygen transfer [1]. Furthermore, nitrite has been
observed to cause several types of cancer in animals and may potentially do so in humans. Moreover,
nitrite has been found to be potentially cancerous in animal tests, when ingested together with amines
and amides or in conditions where the formation of organic nitroso compounds is possible [2].

Monochloramine is often favored in secondary disinfection because it significantly reduces
the formation of trihalomethanes and other chlorination by-products compared to other forms of
chlorine [3]. Nevertheless, when monochloramine decomposes in disinfection or during other reactions,
ammonium is formed. Frequently, ammonium reacts to form nitrite in a biochemical oxidation reaction,
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called nitrification, in the biofilms on the inner surface of the pipes and reservoirs of the DWDS. In
such cases, typical nitrite concentrations are 0.05–0.5 mgN l−1, but concentrations above 1 mgN l−1

have been observed in the stagnant parts of some DWDSs [4,5]. Furthermore, nitrite concentrations in
drinking water can originate from polluted groundwater [6]. Due to the potential toxicity of nitrite, its
concentrations are regulated in drinking water. In Finland, the statutory limit for nitrite in drinking
water is 0.5 mg l−1 (0.15 mgN l−1) [7], following EU legislation [8]. The statutory limits require constant
monitoring of the nitrite concentrations in distributed drinking water.

This article discusses the seasonal patterns of nitrite concentrations in drinking water. A term
often connected to monochloramine use in DWDSs is a nitrification episode, which in itself implies
that nitrification and nitrite occur in relation to time and location. Nevertheless, very few actual studies
of nitrite seasonality in DWDSs exist. Wilczak et al. [4] studied the seasonality of nitrite concentrations
in summer and winter conditions and observed that the majority of the water samples with increased
nitrite in the DWDS were collected in the summer. However, elevated nitrite concentrations occurred
during the winter conditions also. Schullehner et al. [6] conducted a large and systematic research
of nitrite in Danish distributed groundwater that contained nitrite pollution, but did not find any
seasonality. The number of ammonia oxidizing bacteria (AOB) in DWDSs has been found to be higher
in summer than in winter [9–11]. In a 15-month study, Pinto et al. [12] found distinct seasonality in
the bacterial dynamics of a DWDS using monochloramine. Stanish et al. [13] noted that in DWDSs
with seasonal monochloramine use, the monochloramine increased the abundances of nitrifiers and
Nitrospira-like organisms. In connection to nitrification episodes in DWDSs, N-nitrosodimethylamine
(NDMA) and other DBPs have also been found to increase [14]. Woods et al. found NDMA to occur in
higher concentrations at a lower temperature in a large urban DWDS [15].

In Finland, the main source of drinking water is tap water. The consumption of bottled water
in 2016 was 14 l cap−1, which was only 13% of the European average [16]. Thus, the nitrite formed
from the added monochloramine in the DWDSs is ingested with the drinking water and increases
the nitrite exposure. Consequently, the production of drinking water is compelled to keep a balance
between preserving the good microbiological quality of the distributed water and the nitrite formation
in the DWDS. For this purpose, precise knowledge of the nitrite formation is required. In this research,
we studied the nitrite concentrations of the distributed drinking water in the Helsinki Metropolitan
Area, Finland. The aim of the study was to evaluate how the nitrite exposure originating from the
added chloramine is distributed seasonally and what the main drivers leading to seasonality are.

2. Materials and Methods

2.1. Water Quality Monitoring Data

In the Helsinki Metropolitan Area, the monitoring of the quality of distributed drinking water
is organized by the local water company, the Helsinki Region Environmental Services Authority
(HSY). The company has two main drinking water treatment plants (WTPs), located at Pitkäkoski
and Vanhakaupunki. The annual drinking water production of HSY was 89.7 Mm3 in 2015 [17].
Monochloramine is used in both WTPs for secondary disinfection, and nitrite concentrations have been
observed to increase in the DWDSs [18,19]. The target ratio of chlorine and ammonia when feeding the
chemicals is 4 mg Cl2 l−1 per 1 mgN l−1, and the target concentration of total chlorine in the freshly
produced potable water is 0.35–0.4 mg Cl2 l−1. The general quality of the produced drinking water is
displayed in Table 1.
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Table 1. The quality of the drinking water at the Pitkäkoski water treatment plant (WTP) from 2010 to
2015. The analyses are from the analytically extensive monitoring which was organized 4–6 times a
year by Helsinki Region Environmental Services Authority (HSY) [20].

Analysis Units Median Minimum Maximum N

Dissolved oxygen mgO2 l−1 15.0 12.2 16.1 24
Total chlorine mgCl2 l−1 0.39 0.33 0.48 25
Ammonium mgN l−1 0.13 0.10 0.19 23
Temperature ◦C 7.5 3.3 11.8 24

pH 8.5 8.0 8.7 25
Hardness Mmol l−1 0.53 0.46 0.62 23
Turbidity FTU 0.08 0.06 0.12 25

Conductivity mS m−1 15.1 14.2 16.5 24
Total organic carbon Mg l−1 1.6 1.4 2.0 25
Total microbes (R2A) cfu ml−1 <10 <10 45 19

Trihalomethanes μg l−1 <2 <2 <2 23

The obligatory monitoring of the quality of the distributed drinking water was organized by
HSY, and the sampling and analysis were conducted by an accredited laboratory, Metropolilab [21].
In total, the obligatory monitoring data for the cities of Helsinki and Vantaa for the years 2010–2013
included water samples from approximately 900 drinking water taps. However, the data only included
16 locations with a long time series of water quality (lengths: 12–47 months). All these sampling sites
were located in the city of Vantaa, inside the DWDS of Pitkäkoski WTP (Figure 1). Nitrite was analyzed
from most of the drinking water samples. Thus, the formed nitrite concentration time series consisted
of 10–35 analysis results each.

Figure 1. A map of the study area. The black circles are obligatory monitoring locations and the large
open diamonds are sampling campaign locations.
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2.2. Sampling Campaign

To gather more information on nitrite and other nitrogen compounds in distributed drinking
water, a one-year sampling campaign was organized in a section of a DWDS between 1 July 2014 and
2 June 2015 (Figure 1). The section is isolated from the rest of the DWDS in the east, south and north.
The Pitkäkoski WTP is situated in the southeastern corner of the section. In the west there are two
connections to the rest of the DWDS, one of which is closed.

We chose four sampling locations that were included in the obligatory monitoring (Sport Center
M, Gas Station R, Gas Station K and Hospital K; Figure 1). The drinking water at the Pitkäkoski WTP
was sampled from a pipe leading to the laboratory, located at the site of the WTP. Additionally, water
at the end of Process Line 1 in the WTP was sampled between 9 December 2014 and 2 June 2015.
Sampling tours were organized approximately once a month, with 3–7-week intervals, on Tuesdays
starting at 08:00 and ending at 13:00. All the samples were stored in cool boxes with freezer blocks
during the sampling tour. The temperatures inside the cool boxes were between 4 ◦C and 15 ◦C,
depending on the initial temperature of the samples. The samples were analyzed the same day they
were collected. If the analysis took more than one day, the samples were stored at a temperature of
4 ◦C, without preservation.

The sampling procedure included discharging water from the tap before taking the samples. At
first, the samples were taken after a 5-min discharge of water from the tap. The water quality change
during the discharge was evaluated on 9 September 2014. The results indicated that a discharge of
150–200 l was sufficient to stabilize the water quality according to the ammonium and total chlorine
analyses. Thus, the sampling procedure was to discharge at least for 15 min or 200 l of water, depending
on the flow of the tap. This sampling procedure was adopted into use from 30 September 2014 to 2
June 2015. Roeselers et al. [22] have also used 15 min extra flushing when sampling drinking water in
their study.

The drinking water samples for nitrite, oxidized nitrogen (nitrite + nitrate) and total nitrogen
analyses were collected in amber glass bottles with ground-glass stoppers. The samples above were
analyzed in the laboratory of the Water and Environmental Engineering Group of Aalto University
with standard methods (see Section S1 in the Supplementary Materials). Ammonium concentrations
were analyzed in the laboratory of HSY, at the Pitkäkoski WTP. These samples were collected in plastic
bottles that were completely filled. The samples were analyzed with the standard method (see Section
S1 in the Supplementary Materials). All samples were analyzed as duplicates, and the mean values
of the analyses were reported as the analysis results. The ammonium analysis included ammonia,
ammonium and chloramines. The limits of quantification (LoQs) of the ammonium and nitrite analyses
are provided in the Section S1 in the Supplementary Materials.

2.3. Data Collection, Statistical Methods and Calculations

The statistical analyses were executed in MathWorks Matlab and IBM SPSS Statistics. Seasonal
indices (SI; see Equation (1)) were utilized to inspect the seasonal properties of nitrite time series. The
nitrite concentrations were calculated as two-month or three-month averages, because there were gaps
in the monthly data. It was not possible to fill all the gaps with this method and the remaining gaps of
one concentration were filled with the averages of adjacent two-month concentrations. The gaps of
two or more concentrations were not filled. The seasonal indices were calculated from the two-month
and three-month averages of nitrite concentrations according to Equation (1):

SI =
xi
x̂

(1)

where SI = seasonal index, based on one-year data, xi = the mean nitrite concentration in a two-month
season i, x̂ = the annual mean nitrite concentration, and i = the numbers of the two-month (i = 1–6) or
three-month (i = 1–4) periods in a year.
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The data was depicted as time series and boxplots. The nitrite data in the obligatory monitoring
and the sampling campaign were not normally distributed (as assessed by the Anderson-Darling test),
and thus we used non-parametric tests. Spearman’s rank-order correlation coefficients were used to
define the correlation between two variables, with the limit of significance being p < 0.05. The water
age was a maximum water age (Table 2), estimated with a model of the DWDS [19,23]. The calculations
with the analysis results lower than the LoQ were done with the numerical value of the half of the LoQ.

Table 2. The modeled maximum water ages in the sampling locations [19,23].

Location Water Age (h) Location Water Age (h)

Sheltered Home M 5.0 Sheltered Home S 27.3
Sport Center M 5.0 Restaurant L 26.7
Gas Station R 6.7 Hospital P 28.7

Shopping Mall J 63.6 Health Center T 12.9
Gas Station I 31.2 Sport Center H 47.1

Health Center H 53.9 Restaurant P 5.8
Health Center L 29.7 Office W 30.4

Gas Station K 33.0 Hospital K 190

3. Results and Discussion

3.1. Obligatory Monitoring Data

3.1.1. Seasonality of the Nitrite Time Series

The seasonality of nitrite concentrations in the distributed drinking water was first studied in
the obligatory monitoring data. Quite a few of the nitrite time series showed distinct seasonality with
annual crests and troughs (Figure 2). Nitrification is strongly dependent on temperature; thus, the time
series were first inspected visually by comparing them to the time series of the water temperature at
the WTP. According to this inspection, the data included time series with a seasonality similar to the
seasonality of the temperature (Figure 2a–d), a seasonality reversed to the temperature (Figure 2e–h),
time series with variation, but no clear seasonality (Figure 2i–l), short time series (Figure 2m–o) and a
time series with no variation (Figure 2p). The first group had crests during the warm period of the
year and the second group during the cold period.
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Figure 2. The time series of nitrite concentrations in the drinking water distribution system (DWDS)
in the obligatory monitoring data collected between January 2010 and July 2013 (the unbroken line
with dots, the left y-axis: one dot represents one analysis) and temperature at the WTP (the dashed line,
the right y-axis) for (a) Sheltered Home M, (b) Sport Center M, (c) Gas Station R, (d) Shopping Mall
J, (e) Gas Station I, (f) Health Center H, (g) Health Center L, (h) Gas Station K, (i) Sheltered Home S,
(j) Restaurant L, (k) Hospital P, (l) Health Center T, (m) Sport Center H, (n) Restaurant P, (o) Office W
and (p) Hospital K. The number of nitrite analyses for each time series = 10–35.

3.1.2. Seasonal Index of a Nitrite Time Series

To conduct a more systematic inspection, we calculated the two-month seasonal indices (Equation
(1)) for the single time series. The seasonal indices included 1–3 nitrite values each. We have drawn
boxplots of the single-year seasonal indices to depict the inter-year variation of the values. In nine of
the time series, the seasonal variation was largely substantial (Figure 3a,c,d,g,h,j,m–o), while in four
it was clear but less eminent (Figure 3b,e,f,l). The seasonal index revealed that no clear seasonality
existed in two time series, even though there was variation in the values (Figure 3i,k). No seasonal
index was calculated for the time series of Hospital K (Figure 2p), because the values did not vary. The
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evaluation of the seasonal patterns of the time series was decided according to both the time series and
the seasonal indices. In equivocal cases, the seasonal index was given more weight.

Figure 3. The two-month seasonal indices of the nitrite time series recorded in obligatory monitoring
data between January 2010 and July 2013 for (a) Sheltered Home M, (b) Sport Center M, (c) Gas Station
R, (d) Shopping Mall J, (e) Gas Station I, (f) Health Center H, (g) Health Center L, (h) Gas Station
K, (i) Sheltered Home S, (j) Restaurant L, (k) Hospital P, (l) Health Center T, (m) Sport Center H,
(n) Restaurant P and (o) Office W. In the boxplots, the middle values are medians, the boxes are the
upper and lower quartiles, and are the whiskers the minima and the maxima.
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The time series were found to be of four types. Firstly, the annual maximum occurred during the
warm period of the year (months 7–12) and the minimum during the cold period (months 1–6). This
type of series was called a summer maximum and included the time series of Sheltered Home M, Sport
Center M, Gas Station R, Shopping Mall J, Health Center T, and Restaurant P. Secondly, the nitrite
maximum concentrations occurred during the cold period and the minimum concentrations occurred
during the warm period. This type was called a winter maximum and included the time series of Gas
Station I, Health Center H, Health Center L, Gas Station K, Restaurant L, Sport Center H and Office W.
The third type indicated no clear seasonality, though the concentrations varied over time. This type
was called mixed seasonality and included the time series of Sheltered Home S and Hospital P. Finally,
one time series, that of Hospital K, with no variation and values below the LoQ, formed the fourth
type, was called no seasonality.

We included the short one-year time series to the relevant seasonality groups, because the
seasonality of distributed drinking water quality is quite often studied in time series with only one
year of data [4,15,24]. Additionally, the seasonal patterns in the time series (Figure 2m–o) and in the
seasonal indices (Figure 3m–o) were quite clear in all three cases.

3.1.3. Nitrification in the Sampling Line Running to the on-Site Laboratory

Unexpectedly, the nitrite concentrations at the Pitkäkoski WTP followed a seasonal pattern
(Figure 4a). The pattern had a crest in the warm period and a trough in the cold period. The nitrite
concentrations varied between 0.005 mgN l−1 and 0.039 mgN l−1 (median 0.019 mgN l−1). The
seasonal indices confirmed the seasonality (Figure 4b). However, nitrite could not have been formed
in the treatment process, because monochloramine was added to the drinking water as the last step.
According to the theoretical calculations by Fleming et al. [25] the monochloramine dose (Table 1) was
not high enough to prevent nitrite formation in the biofilm [19]. The tap from which samples were
taken had a constant uninterrupted flow of 1.9 l min−1. The retention time of the sampling line is
not known, but most probably it amounts to minutes or tens of minutes at maximum. Supposedly,
chloramine was decomposed and ammonium was nitrified into nitrite in the biofilm formed inside the
sampling line. This supposition was confirmed during the sampling campaign. However, the total
microbes (Table 1) were below 10 cfu ml−1, with one exception of 45 cfu ml−1, which indicated that
the formation of the possible biofilm was not extensive. In the middle of the sampling campaign,
the WTP personnel noticed that the nitrite and ammonium concentrations were different at the end
of the process line compared to the sampling tap. The maximum concentration after the final step of
the process line was 0.0057 mgN l−1 and at the tap in the laboratory it was seven-fold: 0.041 mgN l−1

(Figure 5a,b). Thus, most probably the nitrite concentrations in the water entering the DWDS were
close to or below the LoQ.

Figure 4. The parts of the figure: (a) The nitrite concentrations time series (black dots and an unbroken
line; the left y-axis; one dot represents one analysis) and the temperature at the WTP (the dashed line;
the right y-axis) and (b) a boxplot of the seasonal indices of the nitrite (each seasonal index included
1–2 nitrite analyses) in the distributed water from the laboratory tap at the Pitkäkoski WTP in the
in-house control data recorded between 2010 and 2013. In the boxplot, the middle line is the median,
the boxes are the lower and upper quartiles and the whiskers are the minima and maxima.
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3.2. Sampling Campaign

The nitrite concentrations at the locations of Pitkäkoski WTP, Sport Center M, Gas Station R, Gas
Station K and Hospital K, were analyzed in a separate sampling campaign to complement the findings
based on the obligatory monitoring data. The same methods as above were utilized to inspect the
seasonality of the obligatory monitoring data (Figure 5). The nitrite concentration time series were
compared to the temperature at the Pitkäkoski WTP (Figure 5a–f). Seasonality occurred in two time
series: the taps at Pitkäkoski laboratory and Gas Station K. On the contrary, the time series of Sport
Center M and Gas Station R had variation, but no clear seasonality. The seasonal indices confirmed
these observations (Figure 5g–j). The time series of Hospital K was flat with no variation (Figure 5f). As
a summary, three out of five time series behaved similarly seasonally as in the obligatory monitoring
and in-house control data of the WTP (WTP P, Gas Station K, and Hospital K) and two behaved
differently (Sport Center M and Gas Station R).

At Sport Center M and Gas Station R, seasonality was not observed in the data of the sampling
campaign, which, however, did not necessarily mean that there was no seasonal behavior of nitrite
concentrations. The longer time series of obligatory monitoring had already proved that seasonality
featured in the nitrite concentrations of these sampling locations, and the one-year data of the sampling
campaign did not override this notion. Furthermore, the median values of the nitrite concentrations
of Sport Center M and Gas Station R in the sampling campaign and obligatory monitoring were
almost equal (Sport Center M: 0.067 mgN l−1 and 0.068 mgN l−1; Gas Station R: 0.070 mgN l−1 and
0.072 mgN l−1 respectively) and the ranges overlapped (Sport Center M: 0.054–0.093 mgN l−1 and
0.028–0.10 mgN l−1; Gas Station R: 0.038–0.118 mgN l−1 and 0.037–0.128 mgN l−1 respectively). The
explanation for the mixed seasonal behavior in these locations is not known; however, a possible
explanation is variations in the water consumption in the premises.

Figure 5. The nitrite concentrations (the black dots and an unbroken line; the left y-axis) compared
to the temperature (the dashed line; the right y-axis) at the WTP and the two-month seasonal indices
of nitrite concentrations (the black squares, N of nitrite analyses for each box = 2–3) of the sampling
campaign. The parts of the figure are as follows: (a) nitrite at Pitkäkoski WTP (Process Line 1), (b) nitrite
at Pitkäkoski WTP (a tap in the on-site laboratory), (c) nitrite at Sport Center M, (d) nitrite at Gas
Station R, (e) nitrite at Gas Station K, (f) nitrite at Hospital K, (g) seasonal indices of nitrite at Pitkäkoski
WTP (a tap in the on-site laboratory), (h) seasonal indices of nitrite at Sport Center M, (i) seasonal
indices of nitrite at Gas Station R, and (j) seasonal indices of nitrite at Gas Station K.

3.3. Evaluation of the Methods

The seasonal index is routinely used in detecting the seasonal patterns of time series, especially in
economic analysis [26,27]. Biochemical reactions in DWDSs follow intra-year changes, pre-eminently of
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temperature, and thus it is reasonable to study nitrite formation with methods designed to understand
seasonal properties. A seasonal index is a simple method to evaluate seasonality. More advanced
methods, for example an ARIMA time series analysis, could not be used, because the sampling
intervals were not equidistant.

Visual inspection was an even more simple method than the seasonal index. In addition, the visual
categorization of some of the nitrite time series was debatable (e.g., Sheltered Home S in Figure 2i and
Restaurant L in Figure 2j). However, the seasonal index helped in this categorization problem.

To test our method of determining the seasonal index, we calculated another set of seasonal
indices of the nitrite time series in the obligatory monitoring data with a different division of the
seasons, starting from December and not January. This division of seasons would have fitted better
with the seasonality pattern of the temperature, and we wanted to observe whether this division
would have altered the seasonality types of nitrite. Most of the time series were classified similarly,
compared to the method of starting the division from January (Figure 3). Nevertheless, the method
of starting the division from December did not improve the classification of the nitrite seasonality
types. On the contrary, the location of Gas Station I was classified as a mixed seasonality, even though
it expressed an evident winter maximum according to the nitrite time series (Figure 2e). Nevertheless,
this did not affect the final decisions of the seasonality types of the nitrite time series. In addition, we
tested a method of three-month division starting from January, which flattened the seasonal features
slightly, though it gave a similar classification as the method of the two-month averages starting from
January (Figure 3). These additional analyses of the method are provided in Supplementary Materials
Section S2.

During the calculation of the seasonal indices, we experimented with filling the gaps in the data.
It was found that all the choices of not filling the gaps, filling only one-season gaps with interpolation,
or filling all the gaps gave the same final results for the seasonality types. Thus, without additional
restrictions, we chose a conservative filling strategy: only one-season gaps were interpolated.

The nitrite time series of Hospital P (Figure 2k), in the obligatory monitoring data, was scrutinized
more closely to decide whether it showed seasonality or not. The time series had two sharp peaks,
which were considered as possible outliers. When these were removed, the seasonal indices of the six
seasons had less variation. It was concluded that nitrite concentrations analyzed from the water at
Hospital P did not have annual seasonality according to the available data. Nitrification in the premises’
plumbing system [28] can increase the nitrite concentrations in drinking water. Obviously, the sharp
changes downwards in nitrite concentration in Figure 2k were not a result of this phenomenon. It was
noted that the low concentrations were both observed on Mondays. We suspected that water may have
been stagnating during the weekend, thus possibly causing lower nitrite concentrations. However,
it was discovered that most of the samples were taken on Mondays (84% of all samples). Thus, Monday
sampling did not implicitly cause decreased nitrite concentrations, but the high percentage of Monday
sampling may have caused some other, unknown bias to the nitrite data.

3.4. Nitrite Concentrations in Seasonality Groups

When all the nitrite concentrations of obligatory monitoring were combined (excluding monitoring
for Hospital K) and depicted as a monthly boxplot (Figure 6a), seasonality was only observable to a
lesser extent. The highest monthly median and maximum nitrite concentrations both occurred in July.
On the other hand, distinct seasonality can be observed in the nitrite concentrations of the conjoined
data of summer maxima (Figure 6b) and winter maxima (Figure 6c). In the summer maximum group
(Figure 6b), the highest median nitrite concentrations occurred during July. This is interesting, because
it coincided with the sharp rise in temperature, but not the highest temperature. We investigated
whether the sampling schedule caused bias and possible higher concentrations, but this was not the
case; all the locations included in the group were sampled during July. The winter maximum group
was more heterogeneous than the summer maximum group (Figure 6c). The highest monthly median
occurred in April. Nevertheless, the highest maximum occurred during June, which again coincided
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with the sharply rising temperature. In all the months from July to December, the lowest values were
below the LoQ. The mixed seasonality group revealed the maximum nitrite in June, but interestingly
lacked the lowest nitrite concentrations (below or close to the LoQ; Figure 6d). This was possibly
because the low concentrations were masked by the high concentrations, when waters were mixed in
the junctions of the DWDS.

Figure 6. The monthly boxplots of nitrite seasonality in obligatory monitoring data for (a) all of the
time series (excluding Hospital K, N = 317), (b) the time series with the summer maximum (N = 129),
(c) the time series with the winter maximum (N = 143), and (d) the time series with mixed seasonality
(N = 45).

In the Helsinki Metropolitan Area, nitrite levels had been observed to increase in the DWDS
in succession to the commissioning of a granular activated carbon (GAC) filtration unit at the
Vanhakaupunki WTP to reduce organic matter in the drinking water [18,29]. A similar process
is currently in use at the Pitkäkoski WTP. Nevertheless, the nitrite concentrations were somewhat
lower in the Vanhakaupunki DWDS (0.005–0.05 mgN l−1) compared to our study.

In a recent study, Schullehner et al. [6] examined nitrite and other nitrogen species at WTPs and
DWDSs in a research that included the whole of Denmark. However, they did not find seasonal
variation in nitrite concentrations. Their method of evaluating seasonality in their vast data resembled
Figure 6a in our research. As we have seen in our research, when large data is inspected as a whole,
opposing seasonalities can override each other. These, among other factors, may have hidden the
seasonality of nitrite in the Danish study. However, we have to note that the drinking water in
Denmark is abstracted from groundwater, which is polluted by nitrite and nitrate. Thus, the nitrite did
not originate from monochloramine addition.

3.5. Nitrite Seasonality in Relation to Temperature and Water Age

We studied the relation of the temperature at the WTP and the nitrite concentrations in the
obligatory monitoring data with a correlation analysis. The Spearman rank-ordered correlation
coefficient of temperature and nitrite in the summer maximum group was 0.69 (p < 0.001), in the
winter maximum group it was −0.50 (p < 0.001), and in the whole nitrite time series data it was merely
0.07 (p = 0.23). Thus, the winter maximum group had ostensibly reversed temperature dependence
and the whole data did not have any dependence. The kinetic parameters of nitrification depend on
temperature following the Arrhenius equation [30], and the maximum growth rate of nitrification
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bacteria roughly doubles between 12 and 26 ◦C [31]. Moreover, the number of AOB has been found to
be 100–1000 times higher in DWDSs in the summer compared to the winter [9–11]. Thus, the reversed
correlation requires an explanation.

When the seasonality types of nitrite concentrations were inspected against water age, it was
found that in the summer maximum group the water age was shorter (median: 6.7 h; range: 5–64 h)
than in the winter maximum group (median: 31 h; range: 27–54 h). In the summer maximum group,
the nitrite crests were observed at the median temperature of 9.1 ◦C (range: 7.7–9.6 ◦C), and in the
winter maximum group they were observed at the median temperature of 5.0 ◦C (3.7–7.7 ◦C). Thus,
at a low temperature, a longer reaction time for nitrite formation was required, and the contradictory
observation of maximum nitrite concentrations in cold temperature resulted from the decelerated
ammonium oxidation.

Possibly, in complicated DWDSs, nitrite seasonality can be distorted by mixing the waters from
different directions. As we noticed, water age impacts the nitrite concentrations, and if in a junction of
DWDS two or more waters with different water ages and nitrite concentrations were mixed, the result
was probably no clear seasonality, or alternating seasonalities, depending on the changing shares of
flows from the different directions. This could explain the time series with mixed seasonality.

We observed that there were two types of low nitrite concentrations. Firstly, at low water age, low
nitrite concentrations occurred because nitrite had not yet been formed. However, we have to add that
nitrite started to form very rapidly when the conditions were favorable, i.e., when the water was in
contact with a nitrifying biofilm. As we observed in the sampling line at the WTP, this happened in
minutes. Secondly, low nitrite concentrations occurred when nitrite had been oxidized into nitrate. The
time series without variation (Hospital K, with a water age of 190 h) was a result of nitrite oxidation
occurring completely, with the final nitrogen compound being fully oxidized nitrate. Generally, nitrite
occurs in stagnating water, meaning at a high water age [32], which disagrees with our observations.
The general observation is probably a result of a higher monochloramine dose (1–3 mgCl2 l−1 [4]),
which prevents nitrification initially, but further in the DWDS the lowered concentration is not capable
of inhibiting the AOB inside the biofilm. Our results were received from a DWDS with a low initial
monochloramine dose (median: 0.39 mgCl2 l−1).

Wilczak et al. [4] noted that a higher share of high nitrite occurred during the summer season, but
nitrite occurred also during the winter season. This corroborates our findings that nitrification is not
totally inhibited during cold temperature, but is slowed down significantly. Moreover, AOB and NOB
have been observed in DWDSs elsewhere in Finland, in spite of the low temperatures of water [33].
Unfortunately, this study did not include an evaluation of the seasonality.

Woods et al. [15] studied the seasonality of NDMA in DWDSs with monochloramine disinfection
and utilized the temperature of water as a reference of seasonal behavior of the NDMA concentrations.
They noted that the NDMA concentrations increased in temperatures lower than 10 ◦C. Their approach
to evaluating seasonality was somewhat similar to our first method (Figure 2) and strengthens the
notion that temperature is a very important background variable in the seasonality of water constituents
in DWDSs.

3.6. Nitrite’s Correlation to Other Nitrogen Forms in Relation to Seasonality

Generally, when nitrite concentrations increase in the DWDS, ammonium concentrations should
decrease accordingly [4]. However, nitrite concentrations of the sampling campaign data (excluding
Hospital K) did not correlate negatively or even significantly with ammonium concentrations
(Spearman’s rho = 0.04, p = 0.79). Nevertheless, ammonium correlated negatively with oxidized
nitrogen (nitrite + nitrate) (Spearman’s rho = −0.94, p = 1.3 × 10−24). Usually, both nitrite and nitrate
concentrations increase together in the DWDSs [4,6], but in our data nitrate correlated negatively with
nitrite (Spearman’s rho = −0.27, p = 0.053).

Next, we inspected the correlation separately in the locations with a summer maximum
(Pitkäkoski WTP, Sport Center M, and Gas Station R; water ages up to 6.7 h) and the location with a
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winter maximum (Gas Station K, water age 33 h) in the sampling campaign data. Furthermore, we
noticed that the ammonium and nitrite scatterplot suggested a curvilinear dependence (Figure 7a),
which could have resulted from two subgroups with different types of correlations. This appeared
to be accurate: the correlation of ammonium and nitrite was clearly negative and significant in the
locations with a summer maximum (Spearman’s rho = −0.69, p =1.4 × 10−6). On the other hand, in the
data with a winter maximum, a positive correlation appeared (Spearman’s rho = 0.80, p = 0.001). Both
of these correlations were more significant than the correlation in the combined data. Furthermore,
the correlations indicated that, at low water ages, ammonium decreased while nitrite increased, but at a
higher water age, both nitrite and ammonium decreased. The latter interpretation was corroborated by
the fact that both nitrite and ammonium were below the LoQ at the farthest point examined (Hospital
K) with the water age of 190 h.

Figure 7. A scatterplot of inorganic nitrogen species in the sampling campaign. Groups are divided by
the seasonality type of the sampling location; black dots indicate a summer maximum (in the locations
of Pitkäkoski WTP, Sport Center M, and Gas Station R); grey squares indicate a winter maximum (Gas
Station K). The graphs show (a) ammonium vs. nitrite, (b) nitrate vs. nitrite, and (c) ammonium vs.
nitrite + nitrate.

A similar inspection was conducted for the correlations of nitrite and nitrate (summer maximum,
Spearman’s rho = 0.25, p = 0.12; winter maximum, Spearman’s rho = −0.63, p = 0.02). Thus, at lower
water ages, nitrite and nitrate both increased, but at a higher water age nitrite decreased while nitrate
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increased (Figure 7b). Additionally, when we inspected the correlation of ammonium to oxidized
nitrogen, the correlations inside subgroups were of the same sign (summer maximum, Spearman’s
rho = −0.90, p = 2.7 × 10−15; winter maximum, Spearman’s rho = −0.43, p = 0.15). On a scatterplot,
the correlation was evidently linear, and the subgroups did not stand out from the whole of the data
(Figure 7c).

Thus, according to the correlation analysis of the nitrogen species, ammonium oxidation into
nitrite was the dominant reaction in the summer maximum group with lower water ages, and nitrite
oxidation into nitrate was the dominant reaction in the winter maximum group with a higher water age.

3.7. Denitrification

Denitrification organisms have been observed in DWDSs [34]. Denitrification can decrease the
nitrite and nitrate concentrations if the conditions in the biofilm are anoxic. This could have impacted
our interpretation of the decreasing nitrite concentrations. To investigate whether denitrification
played a significant role, the total nitrogen data of the sampling campaign at different water ages
was plotted as a boxplot (Figure 8). A slight decline in total nitrogen, especially at the water age
of 190 h, can be observed. On the other hand, the non-significant Spearman correlation of the data
(Spearman’s rho = −0.13, p = 0.29) did not corroborate the observation. However, the possibility of
denitrification was not completely excluded, even though the extent of denitrification was evidently
small. When the sum of nitrogen species (ammonium, nitrite, and nitrate) was investigated, it was
noted that the concentrations did not decline with increasing water age and the Spearman correlation
with water age was insignificant (Spearman’s rho = 0.08, p = 0.53). This implies that the decline in
total nitrogen was not inorganic nitrogen, but organic nitrogen, which is included in the analysis of
total nitrogen. Furthermore, it is probable that the loss of nitrogen at water ages of 33 and 190 h was
due to assimilation into the growth of microorganisms. The loss of total nitrogen at the water age of
190 h was 2.7% from the mean total nitrogen of the rest of the data of the sampling campaign. This
percentage is close to those observed in wastewater treatment, for example, in a sequencing batch
reactor the assimilation percentage has been recorded to be 3.7% [35] and in a granular sludge process
it has been recorded to be less than 5% of all nitrogen in wastewater sludge [36].

Figure 8. The variation of the total nitrogen concentrations by water age.

3.8. Nitrite Exposure

Nitrite in drinking water increased in the DWDS in the Helsinki Metropolitan Area compared
to the water at the WTP. According to our results, the dense population consuming drinking water
with water ages below 50–60 h received drinking water with elevated nitrite concentrations due to
monochloramine addition. This observation applied even to the lowest studied water ages. The nitrite
exposure was unevenly distributed during the year, depending on the water age: lower water ages
(median: 6.7 h) implied a maximum nitrite exposure during summer and higher water ages (median:
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31 h) during winter. Interestingly, the scattered population consuming drinking water with the highest
water age was least exposed to nitrite. In a previous study of this region, it was noted that the area
of elevated nitrite was slightly larger at a temperature below 9 ◦C than above 9 ◦C, suggesting that a
larger population was exposed to nitrite at the lower temperature [19]. Our findings of seasonality in
winter months, due to delayed nitrite formation, corroborate this observation.

In another earlier study in the Helsinki Metropolitan Area, the increase of nitrite in the
Vanhakaupunki DWDS due to the commissioning of a GAC filtration to remove organic matter,
in 1998, was totally unexpected [18,29]. It was speculated that AOB increased in the DWDS because
of the lessened competition from heterotrophic microorganisms, though definite reasons were not
detected [29]. Recently, HSY has been considering introducing membrane filtration at the WTPs to
alter the process of organic matter removal [37]. While it is unknown, whether this will influence
nitrification or nitrite concentrations in any way, a proper analysis of the nitrite concentrations in the
DWDS and the reasons leading to it is advisable before commissioning any process modifications. The
altered process may require various other measures in the treatment process to balance good water
quality, including extra disinfection. Our results help to design these measures appropriately, taking
into account the nitrite exposure of consumers and minimizing it. Also, our results help to notice
possible seasonal changes in the concentrations and to direct the monitoring appropriately, taking into
account the unexpectedly high winter concentrations.

In our study, the nitrite concentrations did not exceed the Finnish statutory limit for nitrite
(0.15 mgN l−1); the highest concentrations in the obligatory monitoring data were 85% of the limit,
and in the sampling campaign data they were 78%. However, the earlier Finnish limit of 0.03 mgN l−1

from 1994 [38] was exceeded in 70% of the obligatory monitoring data and in 50% of the sampling
campaign data. The lower limit is still use, for example, in Denmark [39]. The median of the obligatory
monitoring data was 0.052 mgN l−1, which suggests that roughly half of the consumers in the area
were exposed to concentrations of this level or higher. To perform a more accurate epidemiological
assessment of the population exposed to nitrite, a study combining the spatial population data with
the spatial nitrite data is required.

4. Conclusions

We studied the seasonal variation of nitrite concentrations in a DWDS with monochloramine
disinfection in the Helsinki Metropolitan Area. In Finland, tap water is the main source of drinking
water, and thus nitrite in tap water increases the nitrite exposure. We used two methods to inspect the
seasonal variation of nitrite concentrations: comparing nitrite time series to the water temperature
time series and calculating seasonal indices of the nitrite concentrations. The main drivers of nitrite
seasonality were the temperature and the water age. We observed that with low water ages (median:
6.7 h), the highest nitrite exposure occurred during the summer months and with higher water ages
(median: 31 h) during the winter months. With the highest water age (190 h), nitrite concentrations
were the lowest. The dense population closer to the WTP was exposed to higher nitrite concentrations
than the scattered population receiving stagnating drinking water. At a low temperature, the winter
maxima were caused by the decelerated ammonium oxidation. The correlation inspection of nitrite,
ammonium, and nitrate revealed that the dominant reaction at low water ages was ammonium
oxidation into nitrite, and at high water ages, it was nitrite oxidation into nitrate. Denitrification did
not occur significantly in the DWDS.

These results help to understand where and when nitrite is formed in the DWDS and direct
monitoring appropriately to gain exact knowledge of nitrite exposure. Also, possible future changes in
the treatment process and additional disinfection measures can be designed appropriately to minimize
extra nitrite exposure.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/8/1756/s1,
Section S1. The Analytical Methods: Table S1; Section S2. Additional Methods for Evaluating the Seasonality of
Nitrite Concentrations: Figures S1 and S2.
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Abstract: Concentrations and spatial variations of the four cations Na, K, Mg and Ca are known
to some extent for groundwater and to a lesser extent for drinking water. Using Denmark as case,
the purpose of this study was to analyze the spatial and temporal variations in the major cations
in drinking water. The results will contribute to a better exposure estimation in future studies of
the association between cations and diseases. Spatial and temporal variations and the association
with aquifer types, were analyzed with spatial scan statistics, linear regression and a multilevel
mixed-effects linear regression model. About 65,000 water samples of each cation (1980–2017)
were included in the study. Results of mean concentrations were 31.4 mg/L, 3.5 mg/L, 12.1 mg/L
and 84.5 mg/L for 1980–2017 for Na, K, Mg and Ca, respectively. An expected west-east trend
in concentrations were confirmed, mainly explained by variations in aquifer types. The trend in
concentration was stable for about 31–45% of the public water supply areas. It is therefore recommended
that the exposure estimate in future health related studies not only be based on a single mean value,
but that temporal and spatial variations should also be included.

Keywords: drinking water; exposure assessment; sodium; potassium; magnesium; calcium; spatial
variations; Denmark

1. Introduction

1.1. Geogenic Elements in Drinking Water

Drinking water based on groundwater resources contains geogenic elements which may be
important long-term exposures to humans and may result in both harmful (e.g., arsenic) or beneficial
(e.g., magnesium and calcium) health effects [1]. Concentrations of the elements in drinking water
can be altered during water extraction and water treatment (e.g., aeration) at the waterworks,
and the concentrations in drinking water are therefore not completely equal to concentrations found
in groundwater.

1.2. Selected Cations

This study focusses on the four major cations in groundwater: sodium (Na), potassium (K),
magnesium (Mg) and calcium (Ca) which are all geogenic and important for human health.

The selected cations have all been related to cardiovascular diseases. For several decades,
the positive association between high Na concentration in drinking water and increased risk of
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hypertension (HTN) has been studied [2]. In a recent study, it was argued that the association might
be overstated and more complex than previously assumed [3], while the World Health Organization
(WHO) concludes that the association is not conclusive [4]. Dietary K has been found to have a
protective effect on systolic blood pressure in women, and the Na:K ratio in diet has been found to be
associated with systolic blood pressure in both men and women [3].

In a systematic review of the association between cardiovascular disease and drinking water
(including studies on Mg and Ca) in 2008, Catling et al. [5] found an association between increased Mg
in water and a small reduction in cardiovascular mortality, but the evidence for an association between
Ca and cardiovascular mortality was limited.

A taste-related limit of 200 mg/L Na is recommended by WHO and, for that reason, the Danish
drinking water quality specification is 175 mg/L [6]. WHO has not proposed guideline values for
neither K, Ca nor Mg [1]. However, national limits have earlier been 10 mg/L for K, 50 mg/L for Mg
and for Ca, the concentration should not exceed 200 mg/L [7].

Several studies have focused on defining baseline concentrations in groundwater (including
major cations), e.g., for a chalk aquifer around Copenhagen [8] and in the United Kingdom [9],
a coastal aquifer in South Africa [10] and a European project “Natural baseline quality in European
aquifers: a basis for aquifer management for the purpose of monitoring ground water quality” [11]. Furthermore,
the geochemistry of bottled water has been studied in e.g., Europe [12], Scandinavia [13] and Germany [14].
The typical ion concentration levels in drinking water are therefore known to some extent on a larger
scale. In Denmark, concentrations of Na, K, Mg and Ca in the latest groundwater samples ranged from
5.6–10,000 mg/L, 0.45–120 mg/L, 0–855 mg/L and 2.5–820 mg/L, respectively [15].

1.3. Origin of the Four Major Cations in Drinking Water

All tap water in Denmark is groundwater based [16] with the exception of a single small island
(north-east of Bornholm, with around 80 consumers, see Figure 1 for a map of Denmark).

Figure 1. Public water supply areas (WSAs) (N = 2813 WSAs) in Denmark colored according to number
of buildings within each WSA.

The following is a list of the three most important aquifers in terms of extracted water volume:
(1) Quaternary sand and gravel glacial deposits, (2) limestone and chalk from Upper Cretaceous
and Danian, (3) and, quartz sand and micaceous sand from Upper Tertiary, with a distribution of
approximately 58%, 24% and 10%, respectively [17]. Bornholm is the only place in Denmark where
bedrock is present at the surface and used as an aquifer [17]. Since the western part of Denmark was not
covered by ice during the latest Ice Age (Weichsel), the aquifers in this area have undergone a longer
period of chemical weathering resulting in significant deeper acidification depth, and differences in
the geochemical content of the groundwater, e.g., the content of Ca and Mg [17].

173



Int. J. Environ. Res. Public Health 2018, 15, 1212

Na (atomic number 11) and K (atomic number 19) are alkali metals and occur in nature
in the +1 oxidation state. In many rock-forming minerals, Na and K occur as important
constituents [12], in Denmark mainly in feldspars (Na, K, Ca, Ba)(Al, Si)4O8), micas (ex. biotite
K (Mg, Fe, Al)2Si4O10(OH)2) and on cation exchange sites on clay minerals (Al4Si4O10(OH)8O).
Furthermore, Na occurs in halite (NaCl) or in porewater of old marine deposits. Groundwater recharge
also contains Na due to e.g., atmospheric deposition, de-icing salt or artificial fertilizers [12,18].

Mg (atomic number 12) and Ca (atomic number 20) are chemically alkaline earth metals and occur
in nature in a +2 oxidation state [12]. Mg and Ca are found in several minerals, where carbonates are the
main mineral source in groundwater, since they are ubiquitous and have high dissolution kinetics [12].
In Denmark, the main sources are calcite (CaCO3) where Mg can substitute for Ca

(
MgCO3

)
[12,17],

which are found both in small gravels in the Quaternary glacial deposits and as the major minerals
in limestone. Furthermore, Ca and Mg as well as Na can be found on cation exchange sites on clay
minerals, e.g., smectite [17].

1.4. Processes That Influence Concentration Levels

Chemical constituents are slowly infiltrated to or released in the aquifer, and the rate and amount
of geochemical change is, among others, depending on groundwater recharge changes, anthropogenic
input to the soil surface, atmospheric deposition, top soil type, water residence time and chemical
weathering. In a Danish context, the three main processes in the aquifers regarding the four major
cations are the carbonate system, solubility of minerals and cation exchange.

The carbonate system is a buffer system against acid entering a carbonate rich aquifer and
in relation to Ca, the governing equation is: CaCO3 + H+ ↔ Ca2+ + HCO−

3 . The equilibrium is
controlled by CO2, pH and the amount of available calcite. If the calcite buffer is depleted and acid
(e.g., from oxidation processes) enters the aquifer, the pH can change, resulting in “aggressive water”,
which is found in western Denmark [19].

Clay minerals and organic material have the largest cation exchange capacity (CEC) and cations
are exchanged according to concentrations in the water and the affinity order: Al3+ > Ca2+ > Mg2+ >

K+ > Na+ > Li+ [20]. Aquifers protected by thick clay layers, or layers with high levels of organic
material, calcium carbonate or magnesium carbonate result in Na enriched water.

These processes can be anthropogenically enhanced, unintentional and intentional. During water
abstraction, there is a risk of water table drawdown resulting in increased pyrite oxidation and
thereby increasing Ca and Mg concentrations due to production of acidification. Furthermore, over
exploitation can lead to intrusion of recent sea water or deeper connate water, resulting in increased
Na concentrations [8].

At the waterworks, concentrations can be changed during normal water treatment, e.g., where pH
is controlled during treatment of acid water or in advanced water treatment as e.g., water softening.

1.5. Drinking Water in Denmark and Exposure Assessment

The water supply structure in Denmark is mainly decentralized [16]. A total of 97% of the Danish
population are supplied with tap water from about 2600 public water supplies and 3% are supplied
with water from private smaller waterworks defined as wells serving less than 10 households [21].
Simple water treatment is sufficient at most waterworks; further, in 2012, only 74 waterworks had a
permit for advanced water treatment of which only one was for water softening [22]. The drinking
water quality is analyzed between 1/3 and 12 times per year, depending on the yearly amount of
water abstraction [6]. Water samples are collected and analyzed by certified laboratories, that are
required to report the analyses to the national database for groundwater and drinking water wells
(Jupiter). The municipalities are the governmental supervisory authority and have to approve the
analyses in Jupiter before they are publicly available [6]. Each waterworks supplies one to several
administrative water supply areas (WSAs), and, furthermore, each WSA can be supplied by one to
several waterworks. The decentralized water supply structure; close to 100% groundwater based
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drinking water; low consumption of bottle water [23]; and the relatively high number of drinking
water samples registered in one national database are advantages in studies of drinking water and
health, see e.g., [24–29].

1.6. Aim of the Study

The concentration levels of Na, K, Mg and Ca in groundwater and drinking water in Denmark
are known due to comprehensive monitoring, and collection in one single national database (Jupiter).
When drinking water is used as exposure for diseases, it is important, especially for long term
epidemiological studies, to know both the spatial and the temporal variations in exposure. However,
the spatial variations and the stability of the concentrations across time in exclusively drinking water
have not been studied before in a national Danish context. The aim of the present study is to examine
the spatial and temporal changes in drinking water concentration of Na, K, Mg and Ca. The results will
contribute with new knowledge for future studies in the field of environmental exposure assessment
and impact on public health. Furthermore, the study contributes to the discussion on health effects of
water softening, which has been requested lately by the consumers in Denmark [30], though possible
health effects are not conclusive [31].

2. Materials and Methods

2.1. Study Design and Drinking Water Samples

Data on drinking water concentrations between 2 September 1892 and 29 June 2017 were extracted
in end of June 2017 from the Jupiter database, administered by Geological Survey of Denmark
and Greenland (GEUS). On waterworks-level, the database includes information on yearly water
abstraction and water samples from both private and public waterworks [32] (See supplemental
materials, Figure S1, for details on the data management workflow).

Data were restricted to year 1980–2017, public waterworks and to drinking water samples after
end treatment at the waterworks. A nationwide study on nitrate exposure from drinking water in
Denmark was conducted in 2014 by Schullehner and Hansen [33], in which 2816 existing public WSAs
were collected. In the present study, data have been updated to 2813 public WSAs.

In the Jupiter database, each drinking water sample is linked to a waterworks by a WaterworksID.
For each WaterworksID a time series for each cation was created, and extremely low or high values
(e.g., 0 mg/L and >200 mg/L difference in Ca concentration between the extreme value and the rest
of the measurements at the waterworks) were manually validated. All analysis reports are stored
in the Jupiter database. In case of extremely high or low concentrations these analysis reports were
investigated for possible errors in decimal place. Furthermore, Na and K concentrations were compared
with chloride (Cl) concentrations, and Mg and Ca concentrations where compared, since they are
expected to be correlated. Extreme concentrations were excluded when no explanation was found for
the measured concentration or when an error in decimal place was noticed.

Waterworks were linked to WSAs by spatial join in Quantum GIS version 2.18.14 (Quantum GIS,
open source) [34]. When waterworks were located outside of the WSA, waterworks were manually
linked based on information from the respective water supply companies and water supply plans from
the municipalities [27]. Waterworks with no coordinates but with >10 drinking samples were manually
matched to a WSA, by searching water supply plans and supply company webpages. Each waterworks
distributes water to at least one WSA and each WSA can be supplied by several waterworks.

Difference in cation concentrations between water samples from waterworks and water samples
from water pipes were compared in a scatterplot and tested with a multilevel mixed-effects linear
regression model adjusted for date and waterworks were entered as a random effect. Due to a right
skewed distribution of Na, K, and Mg, concentrations for these three cations were square-root
transformed prior to the analyses.
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To compare drinking water concentrations of Na, Ca, K and Mg, WSAs were linked to their
primary groundwater aquifer type. In 1996, GEUS initiated the development of a National Hydrological
Model (DK-model) [35]. (For description of latest release of the model, see [36]). The geology is
discretized in a 100 m × 100 m grid and the model consists of 16 hydro stratigraphic layers [37].
In the present study, the layers are simplified into the following four aquifer types: (1) Pre-quaternary
hard rock (Hard rock) on the island of Bornholm, (2) Quaternary sandy deposits (Qs), (3) Tertiary
sandy deposits (Ts), (4) and, Tertiary/Cretaceous limestone (Ls). The model contains lithological and
hydrological information from wells in the national Jupiter database. An aquifer type was estimated
in the model for 137,971 screened wells. After linking wells to waterworks based on ID number in the
database, the primary aquifer was assigned to each waterworks. When more than one aquifer type was
present, the primary aquifer was assigned as the one where ≥80% of the intakes were in, otherwise all
respective aquifer types to the waterworks were listed. For WSAs supplied by >1 waterworks with
different aquifer types, all aquifer types were kept.

2.2. Yearly Mean Concentration of the Major Cations

For each WSA and cation a yearly mean concentration was calculated. First, a yearly mean
was calculated for each waterworks and year, for the period from oldest to youngest water sample
for the given waterworks, starting in 1980. Then, for WSAs supplied by >1 waterworks, mean
yearly concentration weighted by the yearly water extraction volume from each waterworks was
calculated [24]. For waterworks supplying >1 WSA, the extracted water volume was divided by
number of respective WSAs.

2.3. Spatial Clustering of the Cation Concentrations: Na, K, Mg and Ca

For selected years (1980, 1990, 2000, 2010, 2015 and mean 2011–2015), areas with significant high
or low concentrations were identified using yearly mean concentrations for each of the cations Na, K,
Mg and Ca. Spatial scan statistics with a normal probability model was used to evaluate significance
and approximate location of clusters [38]. An elliptic search window, 999 Monte Carlo replications
and a maximum spatial cluster size of alternating 10%, 25% and 50% of the WSAs were applied in the
analyses. The cluster analyses were based on centroids of WSAs. Due to a right skewed distribution of
Na, K, and Mg, concentrations were square-root transformed prior to the cluster analyses. The cluster
analyses were performed using the SaTScan™ software package v. 9.4.4.; (SaTScan™, Boston, MA,
USA; https://www.satscan.org/).

2.4. Drinking Water and Aquifers

The association between type of aquifer and concentrations of Na, K, Mg and Ca was analyzed
using a multilevel mixed-effects linear regression model. The association was adjusted for calendar year
and WSA was included as a random effect. The analyses were followed by a pairwise comparison of the
estimated marginal means to rank the aquifer types according to mean concentrations. Due to a skewed
distribution of the concentration of Na, K, Mg and Ca, different transformations were considered
including log, Box-Cox, square-root and rank transformation. Prior to the analyses, drinking water
concentration for each cation was square-root transformed to obtain nearly normal distributed data.
The analyses are limited to WSAs that are assigned with only one aquifer type.

2.5. Temporal Trends in the Cation Concentrations: Na, K, Mg and Ca

To evaluate if the concentrations of Na, K, Mg and Ca were stable in the study period at WSA level,
a temporal trend analysis was performed. Initially, scatterplots of concentration versus date of drinking
water sample were created at WSA level for each cation. Each WSA was afterwards categorized
into one of six trend categories (See supplemental materials, Figure S2, for further specifications of
trend categories):

Too few: Less than 3 drinking water samples.
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Constant: Concentration interval < standard deviation of the concentration for all samples,
excluding the 10% lowest and 10% highest measured concentrations. Furthermore, no significant
increase or decrease in concentration during the study period.

Significant increase/decrease: Significant increase or decrease in concentration during the study
period. Categorized based on linear regression where 95% confidence intervals of the trends were
calculated and the null hypothesis (no trend over time) was significant (α = 0.05) and a degree of
determination, R2 > 0.1

Change-point: Two or more different, but constant concentration levels or a significant change-point
was observed (two connected regression lines). The change-point analysis was performed using two
analyses. First, a Bayesian analysis with Markov chain Monte Carlo simulation of a change point
regression model estimating the change point, and two slopes [39]. Secondly, the difference in
concentration means before and after the change-point was tested with a t-test.

Parallel: Two or more constant concentration levels occurring at the same time were detected
visually. Only WSAs which were not earlier categorized were included in the visual analysis.

Fluctuating: WSAs that do not fit into categories 1–5.

3. Results

3.1. Descriptive Results

The total number of drinking water samples per year (1980–2016) for Na, K, Mg and Ca increased
from 1980 to 2002, from where on it was approximately stable until 2016, at a level of roughly
2000 drinking water samples per year per cation (Figure 2). Data for 2017 were only available for the
first six months of 2017 and therefore omitted in the figure. For a period from 1988 to 2001, Ca was
measured more frequently than the other cations, according to law [40,41]. Each year, the concentrations
were measured at up to 1,900 different WSAs (Ca in 2001). Total number of WSAs was 2813.

Figure 2. Number of drinking water samples per year for Na, K, Mg and Ca and number of water
supply areas (WSAs) with water samples, 1980–2016.

The mean concentrations of the cations Na, K, Mg and Ca were 31.4 mg/L, 3.5 mg/L, 12.1 mg/L
and 84.5 mg/L (Table 1). A total of 21, 30, 21 and 65 water samples were excluded as outliers for Na, K,
Mg and Ca, respectively. Ca concentrations are normally distributed, whereas concentrations of Na, K
and Mg are right skewed.
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Table 1. Descriptive analysis of selected geogenic cations in drinking water in Denmark (1980–2017)
given by means of number of drinking water samples, mean, median, 2.5% and 97.5% percentiles of
the concentration for each of the cations Na, K, Mg and Ca.

Cation
No. of Concentration (mg/L)

Samples Waterworks Samples Excluded Mean Median 2.5% 97.5%

Na 62,708 3724 20 31.4 20 9.1 130
K 61,581 3710 30 3.5 2.8 0.9 9.9

Mg 62,941 3724 21 12.1 9.8 2.8 35
Ca 72,561 3807 65 84.5 85 28.2 148

Waterworks have been linked for 2539, 2537, 2539, and 2549 WSAs with concentrations of Na,
K, Mg, and Ca, respectively. A total of 99% of the waterworks have been assigned to a WSA. The 1%
missing was due to lack of geographical coordinates of the waterworks.

3.2. Spatial Variations in Drinking Water Na, K, Mg and Ca

Spatial variations in yearly mean Na, K, Mg and Ca concentrations in drinking water for each
WSA (2011–2015) are shown in Figure 3a–d. Elliptic clusters of statistical (p ≤ 0.004) high or low
concentrations overlaid on the maps are presented.

The geographical variation in all four cations are similar, with generally higher concentrations in
the eastern part of Denmark (Sjælland and southern islands) and lower concentrations in the western
part of Denmark. Furthermore, higher concentrations of Na and Mg are present in the northernmost
part of Denmark and Na concentrations tend to be higher along the west coast of Denmark compared
to the other cations. Notice the large concentration interval in the upper quartiles. For seven WSAs,
the mean Na concentration is above the national recommended upper limit of 175 mg/L.

Number of WSAs included in the clusters, mean concentrations and p-values for cluster analyses
of Na, K, Mg and Ca are presented in Table 2 (See supplemental materials, Table S1, for analyses results
of transformed data). Change in number of included WSAs from 25% to 10% and 50%, respectively, in
the cluster analyses did not change the overall results. Two significant clusters, one hot spot and one
cold spot have been identified for all four cations, which enforced the earlier findings of an east–west
pattern in concentrations. For Na, K and Mg the cold spot clusters are larger than the hot spot clusters,
which underlines the earlier results of a right skewed distribution. Geographical extent of clusters for
1994, 2004 and 2014 resulted in similar east-west patterns (Figure 3a–d).

 
(a) (b) 

Figure 3. Cont.
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(c) (d) 

Figure 3. Spatial distribution of mean concentration of (a) Na; (b) K; (c) Mg; and (d) Ca, 2011–2015.
Concentrations are shown in quartiles. In (b), Bornholm is included in the hot spot cluster.

Table 2. Statistical significant clusters (p ≤ 0.05) of high (hot spot) and low concentrations (cold spot)
of Na, K, Mg and Ca in drinking water. Up to 50% of the data points were included in the
clusters, 2011–2015.

Cation Type of
Cluster

No. of WSAs Mean Concentration (mg/L)
p-Value

In Cluster Total Inside Cluster Outside Cluster

Na Hot 500 2345 47.98 23.09 ≤0.001
Na Cold 1156 2345 20.74 35.83 0.002
K Hot 902 2344 4.35 2.42 ≤0.001
K Cold 1154 2344 2.26 4.03 0.003

Mg Hot 693 2345 18.19 8.14 ≤0.001
Mg Cold 1171 2345 7.02 15.19 ≤0.001
Ca Hot 1155 2344 96.24 66.48 ≤0.001
Ca Cold 894 2344 63.86 91.78 ≤0.001

3.3. Aquifer Types Associated with Drinking Water Quality

An aquifer type has been assigned for 2543 WSAs and the geographical range and number of
WSAs for each aquifer type are presented in Figure 4. The results reflect the general geology in
Denmark. Limestone and chalk dominates the eastern part of Sjælland, and the mid north of Jylland,
whereas Quaternary sand and Tertiary sand dominates large parts of Fyn and Jylland. Bornholm is the
only place in Denmark where the aquifer is in hard rock. For 696 WSAs, drinking water was extracted
from more than one type of aquifer.

The association between the four main aquifer types and drinking water concentrations of Na, K,
Mg and Ca is shown in Table 3. For all four cations, the pairwise comparison of estimated marginal
means showed that the mean concentration in Tertiary/Cretaceous limestone was higher than the
mean concentration in Quaternary sand (p-value ≤ 0.001), which again was higher than the mean
concentration in Tertiary sand (p-value ≤ 0.001). The mean concentration of the K cation in the Hard
rock aquifer was significantly higher than in the three other aquifers. For Mg, the concentration
in Tertiary/Cretaceous limestone and Hard rock aquifer was higher than in the two sand aquifers.
For Ca, the mean concentration was significantly lower in the Tertiary sand aquifer compared to the
mean concentration in the three other types of aquifers. For Na, the mean concentration in the Hard
rock aquifer was not significantly different from the mean concentrations in any of the other aquifers
(p-value > 0.1). Same overall results were obtained on log, square root and rank transformed data.
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Figure 4. WSAs linked to main aquifer types in Denmark average 1980–2017. Ls = Tertiary/Cretaceous
limestone, T-sand = Tertiary sand, Q-sand = Quaternary sand.

Table 3. Comparison of mean drinking water concentrations of Na, K, Mg and Ca between the four
main aquifer types.

Type of Aquifers No. WSAs 2

Concentration (mg/L)

Na K Mg Ca

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Tertiary/Cretaceous limestone (1) 528 37.8 (38.0) 4.2 (3.6) 18.1 (10.5) 95.5 (28.4)
Quaternary sand (2) 1157 28.6 (27.2) 3.2 (2.5) 9.4 (5.0) 86.5 (27.2)

Tertiary sand (3) 110 17.5 (11.1) 2.2 (1.5) 6.7 (3.0) 63.8 (27.0)
Hard rock (4) 20 24.6 (15.1) 6.2 (5.2) 13.3 (5.5) 89.8 (21.4)

Order of aquifers 1 - 1 > 2 > 3 4 > 1 > 2 > 3 1 > 2 > 3
4 > 2 > 3

1 > 2 > 3
4 > 3

1 The order of aquifers is based on pairwise comparisons of estimated marginal means. An aquifer type is only
listed where the difference in mean concentrations was significant (p-value ≤ 0.001); 2 Count of WSAs is only
presented for Na.

3.4. Temporal Variations in Drinking Water cancentrations of Na, K, Mg and Ca

On a national scale the temporal variation in mean yearly concentration for all four cations is
constant (1980–2016) (Figure 5). Percentage of total number of WSAs (2813) increases from the year
1980 to about 2002, from where on the yearly percentage of WSAs with samples is stable at about 60%
of the total number of WSAs.

The result of the trend categorization shows that the number of WSAs in each category (Too few,
Constant, Decreasing/increasing, Change-point, Parallel and Fluctuating) is similar for all four cations
(Table 4). Between 25–41 WSAs have less than three samples, and were therefore categorized as Too few.
The concentration trend is categorized as Constant for about 31% to 45% of WSAs. Twenty-two to
33% of the WSAs were categorized as Decreasing/increasing of which the change was more than ± the
difference between the 25th and the 75th fractile for only 103, 79, 46, and 71 WSAs for Na, K, Mg and
Ca, respectively (differences were 0.52 mg/L for Na, 0.07 mg/L for K, 0.27 mg/L for Mg and 1.07 mg/L
for Ca). Just 2% to 4% of the WSAs are categorized as Change-point and 2% to 6% are categorized as
Parallel trend. The second largest category is Fluctuating and 20% to 31% of the WSAs are in this group.
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(a) (b) 

(c) (d) 

Figure 5. Temporal variations in yearly mean concentration at water supply area (WSA) level
1980–2016: (a) Na; (b) K; (c) Mg; (d) Ca. Concentration intervals are equal to quartiles of mean
yearly concentration 2011–2015.

Table 4. Categorization of drinking water concentrations of Na, K, Mg and Ca at water supply area
(WSA) level according to the temporal distribution ranked in trend categories.

Cation
Total
WSA

Too Few
n (%)

Constant
n (%)

Decreasing/
Increasing n (%)

Change-Point
n (%)

Parallel
n (%)

Fluctuating
n (%)

Na 2539 41 (1.6) 1136 (44.7) 723 (28.5) 56 (2.2) 86 (3.4) 497 (19.6)
K 2537 41 (1.6) 925 (36.5) 551 (21.7) 100 (3.9) 134 (5.3) 786 (31.0)

Mg 2539 42 (1.7) 1003 (39.5) 675 (26.6) 76 (3.0) 64 (2.5) 679 (26.7)
Ca 2549 25 (1.0) 786 (30.8) 831 (32.6) 103 (4.0) 148 (5.8) 656 (25.7)

4. Discussion

4.1. Key Findings

The mean drinking water concentrations of Na, K, Mg and Ca for the period 1980–2017 are
31.4 mg/L, 3.5 mg/L, 12.1 mg/L and 84.5 mg/L, respectively. We found statistically significant
geographical variations in all four cations, with higher concentrations in the east Denmark and
lower in west. The pattern reflects the general geological structures in Denmark. We found that the
concentrations were constant, or with only a little increase or decrease per year for about 60% of the WSAs.
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4.2. Comparison with Similar Studies

Median concentrations in comparison with concentrations found in selected studies are presented
in Table 5. Our results are comparable with the median concentrations found in a similar sandy
aquifer type in North Germany [42]. Compared to the concentrations in chalk in Denmark, both K,
Mg and Ca are relatively lower, which underlines the finding of generally higher concentrations in
chalk/limestone compared to Tertiary sandy aquifers.

Table 5. Median concentration (mg/L) of the four cations in the present study in comparison to
other studies.

Concentration (mg/L)

Cation
Present
Study

European Tap
Water [43] 1

European Bottled
Water [43] 1

Copenhagen
Baseline

(Chalk) [8]

North Germany
Groundwater

[42]

UK Chalk
[44]

Groundwater
Slovakia [45] 2

Na 20.0 9.47 17.8 19 19.3 36 20.34
K 2.8 1.6 2.5 4 3.4 6.8 11.10

Mg 9.8 9.61 18.9 19 9.1 19 28.29
Ca 85.0 59.5 76.3 114 71 57 93.56

1 Euro Geo Surveys (EGS) 2010, in [43]; 2 Concentration given as mean value.

The geographical patterns in the drinking water concentrations of Na, K, Mg and Ca are similar
to known concentration levels in groundwater, with higher concentrations in eastern Denmark and
lower concentrations at the glacial outwash plain in the west. The results correspond to an earlier
study on geogenic elements, where higher concentrations of iodine, lithium and strontium were found
in eastern Denmark and lower concentrations in the west [46]. (High concentrations of iodine were,
however, also found in the northernmost part of Denmark).

The slightly increased Na concentrations along the west coast of Jylland may be caused by high
atmospheric deposition, flooding or saltwater intrusion in the aquifers. However, increased Na
concentrations are not found specifically in coastal regions but also inland, where Na concentrations
in groundwater are primarily caused by residual saltwater in marine deposits as e.g., chalk [8].
Furthermore, saltwater intrusion is expected to be most relevant in the distance of 200–300 meters
from the coastline, and the size of the WSA might therefore weaken a possible relation.

About 90% of the WSAs categorized as Constant trend are only supplied by one waterworks, whereas
about 40% of the WSAs categorized as Fluctuating, are supplied by >1 waterworks (see Supplementary
Data, Table S2). The variation in concentrations, are thereby firstly explained by changes in active
extraction wells or change in the water supply structure, compared to natural changes in the aquifers.

4.3. Limitations

4.3.1. Validity of Drinking Water Quality Data

During this study, misclassified concentration levels have been found and e.g., data on yearly
extracted water volume are not complete. Lack of validation might influence the result, by blurring
correct patterns and over or under estimation of concentrations. Compared to the high number of
samples, this is expected to have a minor effect on the results.

The geographical variations of WSAs with assigned concentrations were analyzed, and the
missing data were linked with specific geographical regions. Until around year 2000 there were no
water samples from the former counties in southern Denmark, northern Denmark and west Sjælland.
Water samples do exist before 2000, but no registration on sample purpose is listed in the database.
Schullehner et al. [33] included nitrate samples not registered as drinking water samples. This would be
incorrect in the present study where Ca can change during water treatment. The unequal geographical
distribution of number and interval of water samples reduces the certainty of the temporal variations
results and the distribution of trend categories.
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However, no association between the number of WSAs with water samples and the overall change
in concentrations has been found, and the estimated trends are therefore assessed as a reliable indicator
for the general trend in concentrations in drinking water.

The trend category Parallel is partly subjectively estimated, and the estimated number of WSAs
in the group is therefore an approximation. Statistically based criteria have been set up for the other
categories, and it is expected that the overall tendency will not change.

4.3.2. Water Samples from Waterworks or Water Pipe

Drinking water samples taken at the outlet of waterworks, in the water pipe system, and at the
inlet to households were included in the study. Comparison of the groups for each cation showed no
visual difference. The results from the multilevel mixed-effects linear regression model showed, that
the mean concentrations were significantly different between the two groups for Na (p-value = 0.003)
and Mg (p-value = 0.001). For both cations, the mean concentration was lowest in the water pipe
system (5.4 mg/L for Na and 4.27 mg/L for Mg) compared to the waterworks, although only 146
and 148 measurements, respectively, were included in the analyses. For Mg, the difference was not
statistically significant when the waterworks with highest concentrations (>40 mg/L) were excluded
from the analysis, p-value = 0.132. Due to the low number of measurements and the fact that a small
variation is expected because of time lag between the water samples at each waterworks, water samples
from both waterworks and water pipes are included in the study.

4.3.3. Public and Private Waterworks

A total of 2444, 1249, 1284 and 1448 samples from private wells exist for Ca, Na, Mg and K,
respectively. Concentration levels have visually been compared with concentration levels at nearest
public WSA, and the concentrations were estimated to be similar. Schullehner et al. [33] found
significantly higher concentrations of nitrate in private wells, which are mainly explained by higher
agricultural nitrate pollution of the private wells compared to the public waterworks.

4.3.4. Classification of Groundwater Aquifers

Classification of aquifers is based on a model, and uncertainties thereby exist. Although only
WSAs assigned with one aquifer type are included in the regression analyses, the aquifer type is still an
approximation to the aquifer type from which 80% of the water is extracted. The analyses have been
tested on only WSAs categorized as a Constant trend. However, this resulted in too few observations
in both Tertiary sand and Hard rock for the analyses to be valid.

4.3.5. Accuracy of Concentration Estimate

WSAs are assumed constant in time, which is a necessary simplification of reality.
The misclassification of WSAs is expected to have a larger influence in areas with larger population
growth compared to more rural areas. On the other hand, several of the well-fields to the WSAs for
the capital are more than 30 years old. A larger change is found in the rural areas, where there is
a tendency to change from private wells to public water supply. Since the geographical variations
indicate that drinking water concentrations in a WSA are similar to neighboring WSAs the issue seems
less important.

4.4. Strengths

Compared to other countries, the large number of water samples is an asset for the study. It results
in a unique data set, for which the major cations otherwise might not be regularly measured and
registered in a national database. The decentralized water supply structure, close to 100% groundwater
based drinking water, low consumption of bottled water and the relatively high number of drinking
water samples are advantages in studies of drinking water and health (see e.g., [24–27]). This has
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proven to be useful in the present study where the cation concentrations have not been studied at this
detailed level earlier.

Furthermore, the well-researched geology in Denmark is a strength for the study, improving
the understanding of the mechanisms controlling the drinking water concentrations, and thereby
revealing an opportunity for in future studies to define exposure variable concentrations based on the
knowledge of geology and not only based on similar concentrations in the neighborhood.

5. Conclusions

Yearly mean concentrations (2011–2015) of the major cations Na, K, Mg and Ca in drinking water
in Denmark are estimated at 31.4 mg/L, 3.5 mg/L, 12.1 mg/L and 84.5 mg/L, respectively. A strong
association has been found between aquifer types and drinking water concentrations, with decreasing
concentration in the order of Tertiary/Cretaceous limestone, Quaternary sand and Tertiary sand.
Our study shows that the concentrations of Na, K, Mg and Ca in drinking water are constant in time for
about 31% to 45% WSAs. Where concentrations vary, the main explanation is that several waterworks
are supplying the same WSA. In future studies, concentrations of Na, K, Mg and Ca in drinking water
can be reasonably estimated as a yearly mean, despite lack of concentrations in space and time with a
few exceptions. However, precaution must be applied when estimating correct exposure for drinking
water consumers in about 23−36% of WSAs where concentrations have been identified as fluctuating
or with two parallel concentration levels.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/6/1212/s1,
Figure S1: Workflow, Figure S2: Description and selected illustrations of the different trends in concentration,
Table S1: Statistical significant clusters, Table S2: Comparison between number of waterworks and trend
in concentration.
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Abstract: In France, 95% of people are supplied with chlorinated tap water. Due to the presence
of natural organic matter that reacts with chlorine, the concentrations of chlorination by-products
(CBPs) are much higher in chlorinated water produced from surface water than from groundwater.
Surface water supplies 33% of the French population. Until the 1980s, almost all surface water
utilities pre-chlorinated water at the intake. Pre-chlorination was then gradually banned from
1980 to 2000. Trihalomethanes (THMs) are the only regulated CBP in France. Since 2003, THMs
have been monitored at the outlet of all utilities. This study assessed current (2005–2011) and past
(1960–2000) exposure of the French population to THMs. We developed an original method to
model THM concentrations between 1960 and 2000 according to current concentrations of THMs,
concentration of total organic carbon in raw and finished water, and the evolution of water treatments
from 1960 onward. Current and past mean exposure of the French population to THMs was
estimated at 11.7 μg·L−1 and 17.3 μg·L−1, respectively. In the past, approximately 10% of the
French population was exposed to concentrations >50 μg·L−1 vs. 1% currently. Large variations
in exposure were observed among France’s 100 administrative districts, mainly depending on the
water origin (i.e., surface vs. ground), ranging between 0.2 and 122.1 μg·L−1 versus between 1.8 and
38.6 μg·L−1 currently.

Keywords: chlorination by-product; France; environmental exposure; organic matter; tap water;
trihalomethanes

1. Introduction

Today, almost all the French population is supplied with chlorinated tap water. Chlorination
can interact with organic matter dissolved in the water, leading to the formation of unwanted and
potentially toxic chlorination by-products (CBPs). The first CBPs were identified in drinking water in
the early 1970s with the detection of chloroform and other organohalides [1]. As analytical methods
improved, the number of CBPs identified in tap water increased considerably and now includes over
750 substances [2]. The toxicity of several of these substances has been evaluated, and some, including
chloroform, bromodichloromethane, and dichloroacetic acid, are considered possible carcinogens for
humans (group 2B) by the International Agency for Research on Cancer (IARC) [3].

In France, approximately 33% of the population is supplied by large drinking water treatment
plants (DWTPs) fed by surface water, and 67% by smaller DWTPs fed by groundwater [4,5]. Because of
its higher organic matter, surface water has a greater potential for CBP formation than groundwater.
Some karstic and alluvial groundwater bodies influenced by surface water may also contain a
non-negligible amounts of organic matter. The CBP formation potential depends mainly on the

Int. J. Environ. Res. Public Health 2018, 15, 1669 188 www.mdpi.com/journal/ijerph



Int. J. Environ. Res. Public Health 2018, 15, 1669

effectiveness of the treatment process used to eliminate organic matter, as well as on the chlorination
process. Prechlorination of surface water—banned in France since 2000—required higher doses of
chorine than chlorination at the outlet of the DWTP and was therefore responsible for the development
of many more CBPs.

The population’s main source of exposure to CBP is tap water, through ingestion, inhalation,
and skin absorption [6]. The latter two are responsible for the greatest exposure to most CBPs, especially
trihalomethanes (THMs), the exposure to which mainly occurs during showers and baths [7]. THMs
are the most common CBPs, and the first to have been studied and regulated. The regulatory limit has
been set at 100 μg·L−1 in France since 2008, while in the U.S. and Quebec, it is 80 μg·L−1. In Europe,
they are the only regulated CBP. THM analytical data are widely used as indicators of exposure to
CBPs in tap water. Many studies have shown a link between THM concentrations in tap water and
bladder cancer in men, a link confirmed by meta-analyses [8,9] and pooled analyses [9,10] of the most
robust studies. The average THM concentration, as measured at the consumer’s tap or at the outlet
of DWTP, is the indicator most often used in epidemiological studies [11–14]. Using the data from a
Spanish case-control study, Salas showed that average concentration over forty years was the most
appropriate THM-based indicator for studying the risk of bladder cancer [15].

We used the updated exposure-risk function published in 2011 by Costet et al. [9] to conduct a
quantitative health impact assessment of CBP in water intended for human consumption in France [16].
This paper describes the levels of THMs and their trend in French water distribution systems between
1960 and 2011, and the use of water monitoring data for past (1960–2000) exposure assessment.

2. Materials and Methods

The geographical unit we used to determine the population’s exposure to CBP was the water
distribution zone (WDZ). WDZs are fed by one or more DWTP. The water quality data used come
from samples collected from DWTP water.

Since THM data were not available before 2000, past concentrations were modelled. For this
purpose, we developed methods that account for changes that occurred in treatment practices from
1960 onwards for both ground and surface water.

After estimating mean concentrations for 1960–2000 and 2005–2011 for all WDZs throughout
France, we calculated administrative district (called département in France) and national averages,
by weighting WDZ values by the size of the population supplied.

2.1. Water Data

DWTP data (location, type of water used, treatment facilities, towns and populations served) and
water analytical data were extracted from the national database SISE-Eaux, which is used to monitor
tap-water quality. The THM concentration data used in this study came from samples taken at the
outlet of all DWTPs under regulatory monitoring from 2005 to 2011. From the SISE-Eaux database,
we extracted 88,350 THM analyses from 13,732 DWTPs. Analysis of THMs was performed with a
gas chromatography and mass spectrometry system by a static headspace technique (HS-GC-MS)
according to the ISO 20595 standard [17]; or with a Purge and Trap and gas chromatography system
according to the ISO 15680 standard [18] (Water quality—Determination of selected highly volatile
organic compounds in water—Method using gas chromatography and mass spectrometry by static
headspace technique (HS-GC-MS)) adapted to THM concentration measurement in tap water following
the ISO 5725 standard [19].

The drinking water produced in France from surface water has always undergone
post-chlorination. That is not the case for groundwater, a significant proportion being distributed
without chlorination before 2003. In 2003, health authorities promoted post-chlorination [20] of
groundwater and it was gradually implemented into all of France’s DWTPs.

To identify when water chlorination of a given groundwater DWTP commenced, we looked for
the earliest chlorine-free analyses in SISE-Eaux. Since no chlorination data were available before 2000,
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we assumed that DWTPs with no chlorine analysis after 2000 were not equipped with chlorination
facilities before 2000. When data were available for the period 2000–2003, we assumed that, for the
1960–2000 period, the serviced population was supplied with chlorinated water. Approximately
130,000 samples of free chlorine were collected in 9400 DWTP supplied with groundwater between
2000 and 2003, i.e., 66% of these DWTP and 90% of the total population supplied with groundwater.

Our method to model the past concentrations of THMs (see section “Estimating past average
concentrations of THM”) also necessitated having total organic carbon (TOC) data. A total of 33,496
TOC values taken from analyses of raw water, and 68,604 from analyses of treated water, were extracted
from the SISE-Eaux database.

2.2. Processing of the THM Measurements below the Limit of Quantification

Seventy-seven percent of the THM analyses had at least one compound whose concentration was
below the limit of quantification (LQ). For 37% of the THM analyses, all the parameters measured were
below the LQ. We therefore produced two estimates of average concentration per DWTP, a high and a
low estimate calculated by assigning to the values below the LQ the LQ value or zero, respectively.
The mean estimate, as referred in the “Results section”, is the average of the low and high estimates.

2.3. Correction for the Seasonality of THM Concentrations

The combination of seasonal effects of both sampling frequency and THM concentrations resulted
in potential bias in the assessment of THM average concentrations that we analyzed and corrected.
As the seasonal effect on THM concentration varies depending on local climate, we firstly modeled by
a spline function the seasonal variations at the district level, using available THM data for all DWTPs
fed by surface water in the district. We then weighted the THM measurements made for each DWTP.

2.4. Estimating the Current Average Concentrations of THM

The current exposure of the population living in a given WDZ was defined as the average
THM concentration of water for each DWTP feeding this WDZ for the 2005–2011 period. Data were
corrected for seasonal variations affecting both THM concentrations and sampling plans. The latter
were developed at the district level (i.e., smaller than the WDZ level) and possibly did not target
same seasons. Accordingly, to correct for this, we calculated the average seasonal component of THM
concentrations at the district level and referred to this distribution to correct the available data sample
at the WDZ scale. Average concentrations of THM in the WDZs were estimated as the average of all
selected concentration measurements.

2.4.1. Estimating Past Average Concentrations of THM in Treated Surface Water

Two different methods were used to estimate THM levels in treated surface water. Both take
into account the greater exposure to THM at the outlet of DWTP caused by prechlorination (vs.
postchlorination) prior to 2000. We assumed that all DWTP ran prechlorination before 1960 and
gradually stopping it from 1980 onwards, before it was finally banned in 2000.

The first method (Method 1) was used by Chevrier et al. in their case-control study [12]. It uses the
results of a pilot experiment reproducing types of treatment facilities in use before 2000, and focuses
on the impact of different chlorination practices on THM formation. Average concentrations of THM
ranging from 0 to 78 μg·L−1 were found for the eight (i.e., four each for ground and surface water) most
common combinations of treatments. Two of these combinations prevailed in DWTP using surface
water: (i) treatment including both pre-chlorination and post-chlorination and (ii) post-chlorination
but no pre-chlorination. The average THM concentration was estimated, respectively, at 78.3 μg·L−1

and 31.8 μg·L−1 (i.e., 2.5 times lower).
We chose this ratio (2.5) of THM concentrations (THM2005–2011) to estimate past values THMpre-chlo

(i.e., before pre-chlorination was banned) from the current value THM2005–2011.
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THMpre_chlo = THM2005–2011 × 2.5 (1)

The second method (Method 2) is an original method which we developed. It is based on the
observed correlation between THM concentrations and TOC concentrations [21,22]. We estimated past
concentrations THMpre-chlo to be the product of the current concentration (THM2005–2011) and the ratio
between TOC concentrations in raw (TOCRW) and treated water (TOCTW):

THMpre−chlo

THM2005−2011
=

TOCRW
TOCTW

→THMpre−chlo = THM2005−2011 × TOCRW
TOCTW

(2)

Method 2 assumes:

(1) The constancy of the organic matter content of raw water;
(2) The constancy of the ratio of the THM concentration at the outlet of the DWTP to the TOC

concentration at the chlorine injection point, irrespective of the location of the chlorine injection
point. This implies that:

(a) The qualitative composition of organic matter responsible for THM formation did not
differ between raw and treated water, despite the huge reduction seen in the amount of
organic matter.

(b) Chlorine was not a limiting factor of THM formation, either in pre- or post-chlorination.
We assumed that raw water quality remained stable from 1960 onward and that TOC at
the chlorine injection point determined the total amount of THM produced.

The average THM concentration for each DWTP from 1960 to 2000 (THM1960–2000) was calculated
by using the average of THMpre-chlo and THM2005–2011, weighted by the number of years with and
without pre-chlorination. As data for year t, when pre-chlorination was banned for a given DWTP,
were not available for all DWTP, t was randomly chosen for each DWTP following a uniform
distribution between 1980 and 2000:

THM1960−2000 =
(

THMpre−chlo × (t − 1960)
)
+ (THM2005−2011 × (2000 − t)) (3)

2.4.2. Estimating Past THM Levels in Treated Groundwater

Whether chlorination occurred before 2003 or not was determined by the presence or not of
measurements of free chlorine in the SISE-Eaux database from 2000 to 2003. We assumed that past
chlorination practices were similar to current ones and that the content of organic matter of raw water
did not significantly change over the study period, and therefore that THM1960–2000 = THM2005–2011.
If no residual chlorine measurements were available, we assumed that the water was not chlorinated
(i.e., neither pre- nor post-) before 2003 (THM1960–2000 = 0).

2.5. Calculating National and District Averages

Once the estimating concentrations of THMs for 1960–2000 and 2005–2011 were determined for
each DWTP, we calculated district and national averages weighted by the size of the population.

3. Results

The sampling plan, elaborated at the district level, shew seasonal variations in sampling frequency
with high density in spring and fall and lower density in summer and winter (Figure 1).
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Figure 1. Number of samples for the measurement of THM, per month (13,732 DWTP).
THM: trihalomethanes.

The average current THM concentrations in France (11.7 g·L−1) depend on the nature of the
resource (10.3 for groundwater origin vs. 20.3 μg·L−1 for surface water origin) in direct relation with
their content in organic matter). TOC in raw surface water ranged 0.2–15.0 mg·L−1 (median = 1.8
average = 2.7) and TOC in corresponding finished water ranged 0.2–5.7 mg·L−1 (median = 1.2
average = 1.3). THM concentrations in water of surface origin peaked in summer (Figure 2) and linearly
decreased during the period 2005–2011(Figure 2), since THM concentration in finished groundwater
remained quite stable across seasons and years.

Figure 2. Average THM concentrations of (μg·L−1), by month and year depending on the nature of the
water (line in bold: surface water; thin line: groundwater).

With regard to past exposure, Method 1 and Method 2 yielded similar average THM concentration
estimates in France (17.3 and 17.5 μg·L−1, respectively), reflecting a dramatic decrease in comparison
with current exposure (Table 1).

The two methods used to estimate past contamination yielded similar average contamination
estimates. Method 2 saw a slightly lower prevalence of low concentrations (35% vs. 36%) and a slightly
higher estimate of high concentrations (8% vs. 7%). (Table 2).
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Table 1. Average concentrations of THM in finished water (2005–2011), France.

THM (in μg·L−1)

Sources

Groundwater Surface Water Total

Mean (min; max) Mean (min; max) Mean (min; max)

2005–2011 10.3 (8.6; 11.9) 20.3 (18.9; 21.6) 11.7 (10.3; 13.2)
1960–2000 (Method 1)

8.9 (7.5; 10.2)
43.8 (41.0; 46.7) 17.5 (15.8; 19.2)

1960–2000 (Method 2) 39.0 (36.6; 41.4) 17.3 (15.7; 18.9)

Sources: SISE-Eaux, French Ministry of Health.

Table 2. Distribution of the French population in terms of current and past exposure to THM (in %).

THM (μg·L−1)
Ground Water Surface Water Total

0–5 5–25 25–50 >50 0–5 5–25 25–50 >50 0–5 5–25 25–50 >50

2005–2011 29% 66% 5% 0% 8% 42% 45% 5% 32% 58% 9% 1%
1960–2000 (Method 1)

36% 59% 5% 0%
4% 21% 46% 28% 35% 43% 15% 8%

1960–2000 (Method 2) 6% 26% 44% 24% 36% 44% 13% 7%

Sources: SISE-Eaux, French Ministry of Health.

THM concentrations decreased by one third between 1960–2000 and 2005–2011. This decrease was
driven by a fall in concentrations in the most contaminated districts. One percent of the population
was exposed to concentrations over 50 μg·L−1 in 2005–2011, compared with 8% in 1960–2000. This can
be attributed to treatment progress: the banning of pre-chlorination and further removal of organic
matter prior to post-chlorination.

For groundwater, a slight increase in average concentrations of THM between 1960–2000 and
2005–2011 was observed (Table 2), linked to the roll-out of post-chlorination.

Large variations in exposure were observed between France’s 100 (at the time of the study)
administrative districts, these spatial variations broadly remaining unchanged throughout the study
period (Figure 3). The districts with the highest THM concentrations were in western France
(Vendée with 38.6 μg·L−1; Morbihan and Ille-et-Vilaine with 34.5 μg·L−1), in North-Eastern France,
(Meurthe-et-Moselle with 28.2 μg·L−1), and overseas (Guyane with 31.1 μg.L−1; and Martinique
with 22.3 μg·L−1). This disparity essentially reflects the proportion of the population supplied with
surface water. Current THM contaminations may thus be worse than past contamination in districts
where groundwater is mainly used as a drinking water resource, because of the implementation of
chlorination between the two periods considered. Indeed, among the 31 districts where the THM
concentration increased, all except one were mainly fed by groundwater (>75% of the distributed flow).
Within this category, the difference between past and current THM average concentrations ranged
from 0 to 7.7 μg·L−1, with a mean of 0.9 μg·L−1 and a median of 0.4 μg·L−1. In contrast, among the
districts where water quality improved (N = 67), the difference ranged from 0 to 40.7 μg·L−1, with a
mean of 9.0 μg·L−1 and a median of 6.8 μg·L−1, the greatest improvements being associated with more
than 50% of the production provided by surface water.
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Figure 3. Average THM concentrations in the 100 French districts. (a) Current concentrations
(2005–2011); (b) Past concentrations (1960–2000, Method 1); (c) Past concentrations (1960–2000, Method 2).

4. Discussion

4.1. Added Value of Method 2

THM concentrations gathered between 2005 and 2011 provided estimates for current exposure
to CBP. In France, current concentrations should not be used as an estimate of past exposure since
important changes in the treatment processes driving THM concentrations have occurred in the last
few decades. However, these estimates can be useful for predicting the future impact and testing
the potential effects of management actions, such as lowering the regulatory limit value for THM
concentrations in tap water.

To reconstruct the past exposure of the French population to CBP, we used two methods that
explicitly accounted for changes in water treatment methods. This helped estimate exposure over a
long period in the absence of past THM measurements. In particular, these methods took the end of
pre-chlorination of surface water into account. This element is critical, because ending pre-chlorination
resulted in a 50% decrease in CBP exposure. The first method consisted in applying an overall
increase coefficient to current exposure, as a proxy of past exposure associated with the presence of
pre-chlorination. However, this method did not account for actual levels of organic matter in the
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surface resources nor for the capacity of the treatment to reduce TOC concentration in water. We
therefore developed a second method which, like the first, relied on the reconstruction of the history of
changes in treatment, but importantly accounted for local specificities, i.e., the content of organic matter
in local resources measured by evaluating the TOC in raw water and the capacity of local treatment to
reduce the TOC. This was measured using the ratios of TOC in raw and finished water. TOC data are
available in the SISE-Eaux database from 2000 onward for all DWTP that use surface water. Method
2 assumed that TOC data measured at the chlorine injection point roughly determine the amount of
THM formed. Some data and studies support this hypothesis [21]. The fact that Method 2 yielded
a national level estimate for exposure similar to the one obtained through pilot simulation (Method
1) is in favors of its validity at a national level. Furthermore, Method 2 provided a more contrasted
and realistic distribution of exposure than Method 1, due to the spread of the DWTP TOCRW/TOCTW,
the 25th and 75th percentiles of which being, respectively, 1.06 and 2.55.

Estimates of past THM levels were reassessed in the USA, for a case-control epidemiologic study
conducted in Iowa [23]. In the original analysis, surface water treatment plants were assigned one of
two possible THM levels depending on the point of chlorination. The reassessment considered multiple
treatment/disinfection scenarios and water quality parameters with actual DBP measurements, in order
to develop estimates of past levels. As in Method 2, the water quality and treatments impacting DBP
formation were taken into account. We therefore recommend Method 2 for estimating past exposure in
France, in the absence of THM data.

4.2. Uncertainties Due to Data

The main sources of uncertainty affecting estimates of past THM contamination levels in
distributed water stem from the hypothesis made on the model of reconstruction of past exposure.
This hypothesis cannot be validated given the absence of THM data for DWTP that included
pre-chlorination, and the gaps and uncertainties in the data detailed below.

4.2.1. THM Limits of Quantification

Thirty seven percent of THM analyses had at least one compound whose concentration was below
the limit of quantification and were thus categorized < LQ (Limits of Quantification). We observed
large gaps between low and high exposure estimates for the least contaminated DWTP. The effect of
these censored data was taken into account in the confidence intervals and exposure estimates.

4.2.2. Point of Collection of Water Samples for THM Analysis

We estimated exposure as the mean THM concentration at the outlet of the DWTP. With current
chlorination practices, THM concentrations increase during water transit in distribution networks.
Within a single WDZ, the THM concentration can increase by a mean factor of 2 to 6 from the
outlet of DWTP to consumers’ taps [24], and this partly depends on the time for water transit.
Consequently drinking water THM is greatly underestimated, especially in widespread networks
and networks supplied with water containing high levels of organic matter, i.e., mainly networks
supplied with surface water, where re-chlorination stations maintain a chlorine residual everywhere
within the distribution network. Thus, the greatest increase in THM concentration from DWTP to
taps is seen in rural districts served by a few, spread out WDZs fed by surface water (e.g., in the
Loire-Atlantique district), while the lowest increases are seen where populations are dense and
distribution networks compact.

4.2.3. Uncertainty about Treatment Evolution

Due to the lack of easy-to-obtain information about the dates of implementation and of cessation
of pre-chlorination at the DWTP level, we assumed that all DWTP treating surface water used
pre-chlorination from 1960 to 1980. We randomly generated the date of cessation within the next
20-year period of time (i.e., 1980–2000). Several simulated dates resulted in variations under 3%
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between the estimates and the average past exposure of the French population supplied with surface
water. This relative insensitivity of exposure to simulated dates of pre-chlorination cessation at the
national level does not imply insensitivity at the district level, given the smaller number of DWTP
involved. Maximum uncertainty was found for districts supplied by a small number of WDZ (e.g.,
in the Loire-Atlantique district, supplied by only 9 WDZ).

In addition to the uncertainty about the period when pre-chlorination prevailed, we identified
two categories of water systems for which high uncertainty hindered the assessment of past THM
concentrations. The use of a common model for all WDZ fed by groundwater is questionable in the
case of groundwater influenced by surface water. This category covers karstic and shallow alluvial
aquifers. In the case of karstic water, clarification facilities may have been implemented during the
time period considered for exposure to cope with turbidity spates. Since the vulnerability of aquifers
to surface water influence is not clearly labelled in the SISE-Eaux database, no specific processing
has been implemented in model 2. Ozonation also may change the quantity and the quality of the
residual organic matter. The presence of ozonation could reduce the risk of bladder cancer associated
with THM [12]. Again, among the WDZ fed by surface water, we cannot distinguish in the SISE-Eaux
database those whose treatment includes ozonation from those that do not. Accordingly, it would be
worth it to collect additional information on treatment evolution within the sectors included in an
epidemiological study, in particular the actual date when prechlorination stopped, the presence of
ozonation, and the implementation of clarification facilities for WDZ fed by karst groundwater.

4.2.4. Existence of Multiple Water Resources

Twenty-five percent of WDZ and 42% of the French population are supplied by several DWTPs.
Twelve percent of the population is supplied by more than three DWTPs. However, the contamination
of one WDZ is estimated as the arithmetic average of the concentration for all DWTPs feeding into
that WDZ, without weighting it by the volume of water supplied by the DWTP, creating a bias.
This resulting bias is nevertheless moderated by the fact that the greater the volume supplied by the
DWTP, the greater the frequency of regulatory sampling.

4.2.5. Low Frequency of THM Analyses

The annual number of analyses required by regulations is low for DWTPs serving fewer than
500 inhabitants (between 0.1 and 0.5 analyses per year). The average THM concentrations over the
period from 2005–2011 were estimated based on one to four analyses, leading to very imprecise mean
contamination estimates, given the variations in concentrations over time. However, the corresponding
population accounted for only 3% of the French population, almost all exclusively (98%) supplied with
groundwater with very low levels of contamination, which remains quite consistent throughout the
year. The bias that this introduced in average contamination estimates was therefore negligible at the
district and national levels. The problem is more serious for DWTPs that supply water to between 500
and 4999 inhabitants. Even though a higher number of measurements was available for these DWTPs
(one per year, seven over the studied period), the population supplied represented only 22% of the
whole French population, 19% of whom being supplied only surface water. For DWTPs supplying
water to over 5000 inhabitants, the number of samples (5–12 samples per year) provided an acceptable
accuracy in average contamination assessment at the district level.

4.2.6. Non-Random THM Sampling Strategy

Current French regulations establish the annual number of analyses that must be collected,
without specifying how these analyses should be distributed throughout the year. Sampling
strategies differ noticeably from one district to another, based on the choices of health authorities’
district representatives. Data show that some local authorities search for the maximum THM
concentrations, leading to over-represented summer measurements, while others avoid conducting
sampling campaigns during the summer. The average concentration estimates are subject to biases
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resulting from the combination of seasonal variations of concentrations and district sampling practices.
We controlled for this potential bias in DWTPs fed by surface water, by correcting the measured
concentrations for seasonal variations modelled at the district level.

4.2.7. Conclusion: Uncertainties that Matter

THM data related to surface water resources were corrected for by using non-random THM
sampling strategy. Inaccuracy due to censored analyses (<LQ) was incorporated into the confidence
intervals. The main source of non-corrected uncertainty affecting estimates of past THM contamination
in distributed water was the date when pre-chlorination of the DWTP ended. This resulted in possibly
large errors in mean contamination estimates at the WDZ level, moderate errors at the district level,
and a negligible error at the national level.

4.3. Ways Forward

4.3.1. Water Quality Management

Results from Method 2 suggest that THM exposure halved between 1960–2000 and 2005–2011,
in direct correlation with the end of pre-chlorination of surface water. This change in treatment firstly
translated into a dramatic decrease in extreme exposure: from 7% to 1% for those exposed to more
than 50 μg·L−1, and from 24% to 5% for those whose tap water came from surface water resources.
The decrease in exposure continued over the 2005–2011 period despite reinforced disinfection
procedures. This demonstrates the efforts of water operators to reduce soluble organic matter in
water before chlorination [25] and adapt their strategy to maintain residual chlorine in the distribution
network in a more parsimonious way (i.e., by injecting less chlorine at the outlet of the DWTP and
counterbalancing this cut with appropriate re-chlorination points within the WDZ).

4.3.2. From Exposure to Health Impact

Accurately estimating past exposure is a major limitation for retrospective epidemiological
studies focusing on cancer and diseases with long incubation periods. We developed a new method to
estimate past THM contamination of tap water across France. The present study’s greatest limitation
is inaccuracy about exposure to THM in surface water-fed WDZs. This problem is the result of not
knowing exactly when pre-chlorination for specific WDZs was abandoned. However, this inaccuracy
decreases appreciably at the district level, due to the law of large numbers, and becomes negligible
when assessing the national average exposure. Accordingly, this method is suitable for epidemiological
studies and health impact assessments in France, depending on the geographical scale considered.
More specifically, it is only a limitation for epidemiological studies requiring the estimation of
exposure to the DWZ. For health impact assessments at a larger geographical scale, this limitation is
greatly reduced.

Besides the limitation arising from not knowing when pre-chlorination was abandoned, our choice
to consider THM samples at the outlet of the DWTP clearly led to a systematic underestimation of
exposure levels. Having said that, most epidemiological studies [11–13] also consider these data
for the same practical reasons which guided our choice: data availability and representativeness.
However, when carrying out a health impact assessment, replicating the exposure assessment design
formerly used in epidemiological studies selected to build the concentration-risk function, means that
unbiased risk estimates can be made. In other words, unbiased risk estimates may be assessed from our
biased exposure estimate, provided that the methods used for exposure assessment are homogenous
between both the Health Impact Assessment and the studies selected to build the concentration-risk
function formulation.

Estimating past exposure is a challenge faced by all epidemiological studies dealing with long
exposure outcomes. Our study points out the crucial importance of considering the evolution of
treatments in past exposure modeling. It could be adapted to other countries, for example, countries

197



Int. J. Environ. Res. Public Health 2018, 15, 1669

in the European Community, which share a common framework for water management and quality
monitoring. The exposure of the population is however the result of a combination of the contamination
of tap water and the user behavior. People are exposed more to THMs through showering and bathing
than drinking tap water [14]. However, consumer behavior may have evolved during the time period
considered for exposure assessment. In particular, the time given to bathing and showering has
most likely increased from 1960 to nowadays, resulting in more exposure to constant contamination.
Consequently, THM concentration at the outlet of DWTP may be considered an indicator of the
contamination at the consumer’s tap but only a proxy of exposure, if the changes in exposure behaviors
are ignored.

5. Conclusions

In this article, we assess the current and past concentrations of THMs from data collected in the
framework of European regulations. We observed a dramatic decrease in tap water contamination
by THMs in France, with an average concentration of 11.7 μg·L−1 in 2005–2011, vs. 17.3 μg·L−1 in
1960–2000. The population supplied with surface water was two times less potentially exposed in
2011 than in 1960, but still two times more exposed than the population supplied with groundwater.
Geographical inequalities remained due to the type of resources operated.

Our study confirms the crucial importance of considering the evolution of treatments in the
past exposure modeling. It proposes an alternative approach to measuring past exposure of the
French population to THMs, based not only on historical treatment method changes impacting THM
formation, something previously done elsewhere, but also on the organic content in water resources.
The model can be used for health impact assessment at the country and district levels. At the WDZ
level, our estimates were inaccurate due to a lack of knowledge about local treatment changes. This is
the main way forward to improve the specificity of model 2 for an epidemiological use.
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Abstract: Due to an optimal fluoride concentration in drinking water advised for caries prevention
purposes, the population is now exposed to multiple sources of fluoride. The availability of
population biomonitoring data currently allow us to evaluate the magnitude of this exposure.
The objective of this work was, therefore, to use such data in order to estimate whether
community water fluoridation still represents a significant contribution toward achieving a suggested
daily optimal fluoride (external) intake of 0.05 mg/kg/day. Therefore, a physiologically-based
pharmacokinetic model for fluoride published in the literature was used and adapted in Excel
for a typical 4-year-old and 8-year-old child. Biomonitoring data from the Canadian Health
Measures Survey among people living in provinces with very different drinking water fluoridation
coverage (Quebec, 2.5%; Ontario, 70% of the population) were analyzed using this adapted model.
Absorbed doses for the 4-year-old and 8-year-old children were, respectively, 0.03 mg/kg/day and
0.02 mg/kg/day in Quebec and of 0.06 mg/kg/day and 0.05 mg/kg/day in Ontario. These results
show that community water fluoridation contributes to increased fluoride intake among children,
which leads to reaching, and in some cases even exceeding, the suggested optimal absorbed dose
of 0.04 mg/kg/day, which corresponds to the suggested optimal fluoride intake mentioned above.
In conclusion, this study constitutes an incentive to further explore the multiple sources of fluoride
intake and suggests that a new balance between them including drinking water should be examined
in accordance with the age-related physiological differences that influence fluoride metabolism.

Keywords: biomonitoring; dental health; drinking water; fluoride; pharmacokinetic modeling

1. Introduction

Intentional fluoridation of drinking water has been in use as early as the 1950s in order to prevent
tooth decay both in children and adults. Based on data extracted from McClure’s [1] work, for the past
several decades, an intake (that is, an external dose) of 0.05 mg/kg/day of fluoride has been considered
to correspond to an “optimal fluoride intake” for caries prevention while minimizing fluorosis risk.
It is the underlying population intake target behind the artificial fluoridation of drinking water at a
concentration varying between 0.5 mg/L and 1 mg/L. This is now generally considered by many dental
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health professionals as a key public dental health measure [2]. Such fluoridation is recommended
by the World Health Organization and supported by several organizations such as Health Canada,
the Canadian Dental Association, the Centers for Disease Control and Prevention (CDC), and the
United States Environmental Protection Agency (US EPA) [3]. Fluoride’s mechanism of action to
prevent caries relies on its effect on tooth enamel, which is mainly composed of hydroxyapatite crystals.
Exposure to fluoride results in the substitution of the hydroxy group by the fluoride anion to produce
fluoroapatite. At the same time, hydroxyapatite is soluble at a pH of 5.5 and fluoroapatite is soluble at
pH 4.5. Lactic acid produced by cariogenic bacteria can cause the pH at the surface of enamel to drop
to between 5.5 and 4.5, which causes demineralization of the enamel. Therefore, the caries preventive
effect of fluoride stems from its ability to be incorporated into dental enamel and form fluoroapatite,
which is resistant to demineralization at a lower pH [4].

In Canada, the proportion of the population with access to intentionally fluoridated water
is currently about 37% [3], but interprovincial disparities on this proportion, which do not vary
throughout the year as a function of the season (contrary to some other places in the world),
is important. Furthermore, approximately 70% of Ontario’s population now benefit from this public
health measure. The public health concern has decreased from 12% in the early 2000s to less than
2.5% today in the neighboring Province of Quebec [5]. In this context, it is interesting to note that,
according to the Ontario Association of Public Health Dentistry (OAPHD), for the 2012–2013 school
year, Grade 2 students in Ontario had a mean DMFT index (decayed, missing, or filled teeth due to
caries) in primary and permanent teeth (dmft+DMFT) of 2.22 with 50% of students being caries free.
This result is based on screening data voluntarily reported by participating public health units to the
OAPHD [6]. In Quebec, the Clinical Study on the Oral Health of Quebec Elementary School Students
in 2012–2013 revealed, for the same age group, a mean dmft+DMFT of 2.67 with 44% of students being
caries-free [7]. It should be recalled that dental caries have a multifactorial etiology and that the study
groups were neither sampled nor weighted, according to fluoride exposure.

Proponents of community water fluoridation (CWF) highlight its contribution to address social
health disparities [8]. In addition, nearly one in three Canadians does not have dental insurance and
cannot receive the treatments needed due to their cost [9]. In Canada, dental caries treatments are
second only to mental health problems with regard to societal costs ever since the mid-1970s [10].
Since tooth decay can affect children and adults as well as the elderly, the protective effect of
fluoridated water consumption benefits everyone regardless of age. However, overexposure to fluoride
during the tooth development can cause dental fluorosis. Mild to severe dental fluorosis is observed
more frequently when the concentrations of fluoride in drinking water increase. Chronic exposure
to high levels of fluoride may also cause more severe effects such as skeletal fluorosis and bone
fractures [3,11–14], but the relevant studies have many limitations inherent to their ecological design.
In addition, Health Canada’s fluoride expert panel concluded a decade ago that the scientific studies
available at the time did not support a link between intentional fluoridation of drinking water and
cancer or any other adverse effect than fluorosis [15]. Since that time, further studies have raised some
concerns regarding the neurodevelopmental toxicity of fluoride. However, at exposure levels that are
generally well above the exposure levels correspond to intentional fluoridation of drinking water [16].
Additional studies have further supported the presumption that drinking water fluoridation is not
associated with an increased risk of osteosarcoma [17–21] nor with altered thyroid function [22].

In contrast with the era when the optimal fluoride concentration in drinking water was
determined, the population is now exposed to multiple sources of fluoride that contribute to
the total daily fluoride intake (TDFI) such as through the use of fluoride toothpaste but also
by ingesting a greater variety of foods and beverages as well as existing exposure routes such
as soil ingestion and inhalation of residual air concentrations. Therefore, it appears relevant
to re-examine the contribution of drinking water fluoride for caries prevention purposes today.
The availability of both a physiologically-based pharmacokinetic (PBPK) model for fluoride [23]
as well as population biomonitoring data for this element within the Canadian Health Measures
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Survey (CHMS) [24], which is combined with the acknowledged disparity between drinking water
fluoridation coverage between two provinces mentioned above, represent a unique opportunity in
this regard. The considerable statistical weight of the participants from the provinces of Quebec
and Ontario within the whole CHMS allows the extraction of data specific to these provinces and
considered as reasonably representative of their population’s exposure to the measured chemicals
including fluoride [25].

The objective of this work was, therefore, to apply a PBPK modeling approach based on fluoride
biomonitoring data from two CHMS provinces with very different drinking water fluoridation
coverage in order to examine the resulting contribution of drinking water to achieving an optimal dose
of fluoride in children from a caries prevention perspective.

2. Materials and Methods

The approach followed here relies on the use of a PBPK model in order to estimate internal
exposure in the provinces of Quebec and Ontario using corresponding fluoride biomonitoring data
from the second and third cycles (2009–2013) of the CHMS. The obtained doses are then compared to
the suggested optimal intake for dental health of 0.05 mg/kg/day. Lastly, the internal dose metrics
(IDM) in blood and urine corresponding to the chronic consumption of 0.7 mg/L fluoridated water
were compared to the same IDM associated with the suggested optimal intake of 0.05 mg/kg/day.

2.1. PBPK Model Development and Validation

2.1.1. Model Structure

The PBPK modeling approach used in this work is based on the model developed by Rao et al. [23]
to simulate the bone kinetics of fluorides for life-long chronic exposure in rats and humans (Figure 1).

Figure 1. Conceptual diagram of (A), the original PBPK model of Rao et al. [23] and (B) the PBPK
model simplified for the purposes of this work. Each box represents a compartment (an organ or a set
of organs). The arrows symbolize the distribution of fluoride through the bloodstream.

The initial model of Rao et al. [23] considers the subdivision of the bone compartment into the
surface bone and the inner bulk bone in order to simulate the bone kinetics of fluoride in detail.
The original objective of these authors was to model the variation of the bone fluoride concentration
for a period of several years. For the purposes of the current work, however, solely the blood and
urinary concentrations of fluoride were of interest. In addition, since the model aimed to simulate
fluoride’s kinetics in children, the targeted population in the current study, in whom there is virtually
no bone resorption because of growth, the inclusion of a compartment to consider the mobilization
of bone fluoride and its release into the blood circulation was not required. Therefore, the original
Rao et al. [23] model was simplified by considering a single bone compartment, which was reproduced

203



Int. J. Environ. Res. Public Health 2018, 15, 1358

in Microsoft Excel™ by Haddad et al. [26] and modified to specifically reflect the kinetics of fluoride
in children.

2.1.2. Model Parameters

In order to adapt the model of Rao et al. [23] in children, the fixed values of the physiological
parameters used in the original model were replaced by formulas described in the literature [27–30].
These equations allow for accounting the age-specific and body weight-specific variations of blood
flow and volume in the child. In doing so, average human equations for both sexes were used because
provincial biomonitoring data for the current work were not distinguished by gender. The tissue
partition coefficients of the Rao et al. [23] model were applied unchanged. The model considers that
fluorides are solely eliminated by renal clearance. Therefore, the plasma clearance formula used
by Rao et al. [23] was normalized to body weight to the 0.75th power. In a longitudinal dog study,
bone clearance and renal clearance accounted respectively for 90% and 10% of plasma clearance in
the pup and 50% each in the mature dog [23]. Assuming this relation is linear, this reasoning was
used to draw two lines (0, 90, 18, 50) and (0, 10, 18, 50) whose slopes make it possible to obtain the
percentages of the plasma clearance attributable to bone clearance or renal clearance as a function
of age. By multiplying these percentages by plasma clearance, values for bone clearance and renal
clearance were obtained.

Since the model aims to consider various sources of fluoride exposure such as air, tap water,
soil (dust), fluoride toothpaste, food, and beverages (bottled water included), source-specific
bioavailability factors were assigned in the model according to available literature [11]. Bioavailability
factors of 83%, 100%, 100%, and 40% were used for water [31–33], air [34], fluoride toothpaste [35],
and diet [36], respectively. For soil, the same bioavailability factor used for diet was attributed given
that the factors influencing its bioavailability are similar. Due to the lack of available data on oral
absorption constants from the GI tract in human PBPK models for fluoride, direct infusion in the
liver was assumed, which triggers the withdrawal of the GI track compartment from the initial model
(Figure 1B). Therefore, any daily dose ingested would be transformed into a minute-based infused
dose in the liver over 24 h.

2.1.3. Model Validation

For the purpose of model validation, data described in several published studies [37–41] in which
fluoride intake was estimated and its urinary excretion measured were used in order to compare model
simulations with observed data for given exposure conditions of specific child subjects. Additionally,
among the available studies with measured fluoride intake and excretion in 24-h urine samples,
the need for study participants to be aged eight years and under, in accordance with the targeted
population for the modeling, was retained as a selection criterion. Since no such studies were found for
children in Canada, studies from various countries (Venezuela, Chile, Germany, and United Kingdom)
were selected to validate the model. Table 1 shows the five studies selected for fluoride intake and the
amount of excreted urinary fluoride they measured.

Table 1. Fluoride intake and urinary fluoride measured in the studies were selected to validate the model.

Age (years) Children (n)
Intake (mg/day)

AuF-24 1 (mg/day) Country
Diet Toothpaste Water Supplement

4 31 0.560 0.706 0.042 - 0.3682 Venezuela [37]
4 20 0.533 0.254 0.231 - 0.358 Chile [38]
5 61 0.151 0.608 0.407 - 0.3705 UK [39]
5 11 0.092 0.274 0.111 0.455 2 0.476 Germany [40]
7 21 0.187 0.606 0.154 - 0.297 UK [41]
7 12 0.229 1.130 0.349 - 0.393 UK [41]

1 Amount of urinary fluoride excreted in 24 h. 2 Fully absorbed fluoride tablets.
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2.2. Exposure Scenarios

2.2.1. Subjects of Interest

Since this study aimed to interpret and use Canadian biomonitoring measures of fluorides,
specific PBPK models for children of the corresponding age were built. In doing so, the median age of
the two CHMS child age groups, was entered in the generic model described in Section 2.1. Specifically,
distinct models for 4-year-old and 8-year-old children were built. Additionally, the 3-year to 5-year
age group (median age: 4 years) was selected to evaluate the risk of dental fluorosis. In this age
group, permanent teeth are still in development. Although the esthetic effects of dental fluorosis on
permanent anterior teeth are generally considered to have taken place from birth to age 3, there was a
lack of studies permitting a suitable validation of the model for this group. Complimentarily, the 6-year
to 11-year age group (median age: 8 years) was selected in order to bring out insights on the possible
age-related physiological differences that influence fluoride metabolism. The 50th percentile values
of the World Health Organization (WHO) growth charts adapted for Canada in 2014 [42] were used
to determine body weights and heights of the targeted median children. Then, data reflecting the
Canadian exposure context were sought. The intake considered for fluoride toothpaste originated
from an internal consultant report discovered by Health Canada based on data collected in the early
2000s concerning toothpaste containing between 996 and 1455 ppm of fluoride [11] while air and soil
intakes were taken from the INSPQ [43]. Data on food and beverage intake from a survey of fluoride
intake in the Canadian diet were also used [11]. With respect to the daily rate of water consumption,
direct water consumption from a UK study [44] was selected. This was due to available Canadian data
that did not concern the specific ages targeted herein or include indirect water consumption already
taken into account by the food and beverage intake. Age-specific parameter values are presented
in Table 2.

Table 2. Age-specific fixed parameter values needed to model fluoride exposure.

Age (year) Weight (kg) Height (cm)

Sources of Fluorides

Toothpaste
(μg/kg/day)

Diet
(μg/kg/day)

Soil
(μg/kg/day)

Air
(μg/kg/day)

Water
(L/day)

4 16 103 40 21 1.19 0.01 0.442
8 25 127 30 17.5 0.21 0.01 0.56

2.2.2. Model Simulations of Internal Dose Metrics of Interest

Continuous fluoride exposure until the steady-state is reached, after approximately 150 days for
both arterial blood and urinary fluoride (see example in Figure 2), was simulated with the models.
Given that CHMS biomonitoring data, which will be used further, result from spot urine samples,
an assumption that the measured urinary fluoride is a consequence of steady-state exposure is made.
This presumption is a state-of-the art hypothesis for the interpretation. For instance, Biomonitoring
Equivalents (BE) [45] of data was collected in large biomonitoring surveys such as the National
Health and Nutrition Examination Survey (NHANES) [46], the German chemical Exposure Study
(GERes) [47,48], and CHMS [49] with model-derived or model-simulated exposures.

By entering the available fluoride’s external exposure data for Quebec and Ontario as input in
the PBPK model, the resulting urinary levels can be compared to the corresponding CHMS values,
which exhibit significantly greater population mean urinary fluoride concentration in Ontario as
compared to Quebec [25]. Specifically, a 24-h steady state amount of excreted urinary fluoride was
obtained by subtracting the simulated amount of urinary fluoride excreted after 149 days of continuous
exposure from the same amount excreted after 150 days.
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Figure 2. (A) Arterial and (B) urinary fluoride concentration in a 4-year-old child continuously exposed
to 0.7 mg/L of fluoridated water.

2.2.3. Exposure Scenarios Simulated

Three exposure scenarios were considered. In the first scenario, exposure for a 4-year old and
an 8-year old child from Ontario is modeled based on intakes listed in Table 2 from air, soil, diet,
fluoride toothpaste, and fluoridated water (Figure 3). Since 70% of Ontario’s population including
children has access to fluoridated water at 0.7 mg/L. An equivalent average fluoride concentration of
0.5 mg/L was calculated assuming that the remaining 30% non-fluoridated water had a concentration
of 0.05 mg/L (detection limit). In the second scenario, in the deemed representative of a 4-year old or
an 8-year old child in Quebec, it is assumed that the only difference in exposure sources lies in the much
lower access to fluoridated water at 0.7 mg/L. Therefore, this second scenario was modeled with 2.5%
of the Quebec child population consuming fluoridated water at 0.7 mg/L for an equivalent average of
0.06 mg/L (if 97.5% of inhabitants drink non-fluoridated water at a concentration of 0.05 mg/L).

Figure 3. Flow chart describing the methodological rationale underlying the fluoride exposure scenarios
simulated by PBPK modeling in order to examine the original research question.
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As shown later (see Results), the simulation of the second scenario tends to overestimate the
urinary concentration of fluoride. In order to evaluate the contribution of drinking water to TDFI in
Quebec, the consistency between input parameters used in the model and reality, presumably reflected
accurately by CHMS data, is required. This contribution was evaluated differentially by modeling the
daily amounts of urinary fluoride excreted at steady-state levels assuming the exposure conditions
present in Ontario vs. Quebec and comparing them to those modeled for the TDFI using available
fluoride intake input parameters. Therefore, for determining the contribution of drinking water to the
overall fluoride exposure, it was necessary to account for the fact that fluoride concentrations in water
may affect those found in foods via cooking and preparation of processed food. Therefore, the third
scenario was modeled without fluoride intake from the diet to better reflect the exposure of a 4-year
old or an 8-year old child in Quebec.

2.3. Determination of Mean Absorbed Fluoride Dose in Average Children from Quebec and Ontario Using
Biomonitoring Data

Since the present work relies in part on biomonitoring data, an absorbed dose is deemed more
relevant to work for the purpose of the present study than an intake. Therefore, the calculated total
ingested fluoride intake from water and diet were converted into corresponding absorbed doses by
applying the relevant bioavailability factors of 83% and 40% presented above (see Appendix A
Table A1). A mean resulting absorbed dose across all ages investigated (1–12 years old) of
0.04 mg/kg/day was obtained and was, henceforth, used for the purpose of this work.

Based on the mean and 95th percentile values of urinary concentrations of fluoride measured in
the two CHMS provinces, corresponding absorbed doses in Quebec and Ontario could be modeled
using the solver complement in Microsoft Excel™. The solver provides a value for a given parameter
by modifying one or more model parameters while including constraints as needed. Therefore,
CHMS urinary concentrations were converted to excreted amounts of urinary fluoride using daily
urinary fluoride excretion rates [50]. The converted CHMS fluoride amount was entered into the
solver as a 24-h steady state parameter and the model was only allowed to change the absorbed TDFI
parameter while retaining the values and equations for all other parameters. The only constraint in
this case was that the TDFI had to be a positive number (greater than zero). The solver then made it
possible to determine the absorbed dose associated with the amount of urinary fluoride. The absorbed
doses from Quebec and Ontario obtained by using the solver with CHMS urinary fluoride amounts
at the mean and 95th percentile values could then be analyzed to determine if (1) the absorbed dose
of 0.04 mg/kg/day detailed above was reached in those provinces and (2) the resulting intakes
correspond to the total intakes computed in Section 2.2.2 considering different exposure levels via
drinking water fluoridation.

2.4. PBPK Model Sensitivity Analyses

In order to know the impact of the variation of each parameter on the predicted internal
concentrations of fluoride, a sensitivity analysis of the model parameters was carried out, according to
the following formula (Valcke & Krishnan [29]).

SIP =
AexcF2 − AexcFi

P2 − Pi
× Pi

AexcF_i
(1)

where SI_P is the sensitivity index of the parameter “P”, AexcF_2 is the quantity of urinary fluoride
excreted over 24 h at a steady-state after reduction of the “P” parameter by 2% of its initial value,
AexcF_i is the initial value of the quantity of urinary fluoride excreted over 24 h at a steady-state, Pi is
the initial value of a parameter “P”, and P2 is its value after being reduced by 2% of its initial value.
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3. Results

3.1. Model Validation

For intakes ranging from 0.04 mg/kg/day to 0.08 mg/kg/day in the studies used as validation,
the amounts of urinary fluoride predicted by the PBPK model were always greater than the amounts
measured (Figure 4). In order to overcome this systematic overestimation by the model, the average
ratios “urinary fluoride measured/urinary fluoride modeled” were calculated to obtain the average
empirical adjustment factor of 0.43. This factor was incorporated into the final model prior to running
the simulation of exposure scenarios and model-based interpretation of biomonitoring data for which
the results are presented hereafter in Sections 3.2 and 3.3.

Figure 4. Results of model simulation of exposure data in the literature as a function of experimental
biological measures in children aged 4 to 7 years. Each point represents a study while the line represents
a perfect agreement. The values at the top of the points represent the ratios between the modeled
values and the experimental values. Panels (A,B) illustrate, respectively, the over-estimation and
underestimation of the modeled values. Panels (C,D) show the predicted values around the perfect
agreement line when adjusted by multiplying by the adjustment factor of 0.43 in (C) and 1/0.43 in (D).

3.2. Modeled Exposure Scenarios

Table 3 shows that the modeled urinary concentrations of fluoride for the first scenario are slightly
higher than the concentrations measured in Ontario’s CHMS participants with ratios of 1.02 and
1.09. For the second scenario, the modeled concentrations were much higher than those measured in
Quebec’s CHMS participants with ratios of 1.81 and 1.78. This suggests that the modeled exposure
for this scenario does not correspond to the actual exposure likely due to one or more sources of
fluoride are overestimated for Quebec. The concentrations modeled for exposure in the third scenario
approximate the measured concentrations while remaining higher with ratios of 1.47 and 1.41.
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Table 3. Urinary fluoride concentrations (mg/L) modeled in a 4-year-old and an 8-year-old child for
different exposure scenarios compared with Province-specific CHMS biomonitoring data.

Province Scenario

Age-Specific Results

4 year-old Child 8 year-old Child

Model CHMS Ratio 1 Model CHMS Ratio 1

Ontario 1. (Fluoridation of drinking
water at 0.7 mg/L) 0.846 0.83 1.02 0.73 0.67 1.09

Quebec 2. (Fluoridation at 0.06 mg/L
with dietary intake) 0.708 0.39 1.81 0.605 0.34 1.78

Quebec–modified 3. (Fluoridation at 0.06 mg/L
without dietary intake) 0.574 1.47 0.48 1.41

1 Ratio of the modeled urinary concentration over the CHMS bio-monitored urinary concentration.

Table 4 shows the average absorbed fluoride doses, which were modeled based on CHMS urine
concentrations using Microsoft Excel™’s solver complement. In Quebec, it is lower than the suggested
optimal absorbed dose of 0.04 mg/kg/day. In Ontario, this dose is reached and even exceeded.
However, when looking at the 95th percentile, the suggested optimal absorbed dose is exceeded in
both provinces.

Table 4. Absorbed fluoride doses (mg/kg/d) modeled with CHMS biomonitoring data from Quebec
and Ontario.

Age Quebec, Geometric Mean (95th Percentile) Ontario, Geometric Mean (95th Percentile)

4 0.03 (0.13) 0.06 (0.17)
8 0.02 (0.05) 0.05 (0.12)

3.3. Contribution of Drinking Water to the Total Intake of Fluoride

Figure 5 shows the contribution, based on PBPK model simulations, of different fluoride sources
(see Table 2) to total intake as well as amounts or urinary fluoride for Quebec and Ontario converted
from CHMS biomonitoring data. The contribution of air and soil is minimal. The most important
source is toothpaste followed by fluoridated water at 0.7 mg/L and diet. The TDFI when the water
is fluoridated at 0.7 mg/L is above the suggested optimal intake, which is slightly higher than what
was measured in Ontario. In Quebec, where the majority of fluoride exposure is through ingestion of
fluoride toothpaste, the intake measured by the CHMS is even lower than the modeled intake from
fluoride toothpaste.

Figure 5. Modelled excreted fluoride over 24 h at a steady-state, according to the different intakes
considered in the 4-year-old (A) and 8-year-old (B) child. The data from Table 2 were used for fluoride
sources. These modeled data are compared to CHMS biomonitoring geometric mean data for cycles
2 and 3 combined for Quebec (QC) and Ontario (ONT) for children aged 3–5 years-old (A) and
6–11 years-old (B). Symbols: OAI: suggested Optimal absorbed intake of 0.04 mg/kg/day. TI: Total
(absorbed) intake. FT: Fluoride toothpaste. FW: 0.07 mg/L fluoridated water. FB: Food and beverages.
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3.4. Sensitivity Analyses

Figure 6 shows the parameters with the highest sensitivity indexes (SI) in the model. These include
body weight, oral absorption fraction, renal clearance, bone volume, and fluoride intake (by using
water, food, and toothpaste ingestion). For concision reasons, Figure 6 only includes parameters
exhibiting an SI equal to or greater than 0.05.

Figure 6. Sensitivity indices of the model parameters above the arbitrarily determined threshold of 0.05.
Symbols: BW: Body weight. OAF: Oral absorption fraction. RC: Renal clearance. BV: Bone volume.
WI: water intake. FBI: Food and beverages intake. TI: Toothpaste intake. AUC vc 4: Area under the
curve of venous concentrations of fluorides over 24 h for a 4-year-old child. AUC vc 8: Area under the
curve of venous concentrations of fluorides over 24 h for an 8-year-old child. Aexc 4: Amount of urinary
fluorides excreted over 24 h for a 4-year-old child. Aexc 8: Amount of urinary fluorides excreted over
24 h for an 8-year-old child.

4. Discussion

To the best of the author’s knowledge, this study is the first of its kind considering a coupled
PBPK/biomonitoring data modeling approach to the comparison of fluoride intake in children living
in regions with significantly differences in their access to intentionally fluoridated drinking water.
PBPK modeling is an extensively used approach in order to interpret population biomonitoring data
on chemical exposures [51–58], but it has never been applied to fluoride in this perspective nor has it
been applied to fluoride exposure through drinking water from a dental health perspective. Therefore,
the comparison made regarding the fluoride intake in children from two Canadian provinces differing
in their access to optimally fluoridated water proposes new methodological insights with regard to
future fluoride intake assessments.

This study suggests that drinking water fluoride still represents an important contribution for
children under 8 years of age to attain the suggested daily optimal fluoride intake to prevent caries,
but that a reduction in the intake of fluoride could also be desirable from the perspective of the
most exposed children in order to prevent them from exhibiting a total exposure that may exceed
toxicological reference values. Such a reduction could still be made while continuing to benefit from
the protective effects of fluoride against tooth decay.

Although fluoride is classified as a non-essential mineral, it does have a protective effect against
tooth decay. As any other preventive measure, its relevance is directly related to the risk of developing
caries. It may not be relevant to use fluorides in populations who are not at risk of developing dental
caries. In addition, fluoride’s effect being predominantly topical, it is important not to confuse the
systemic absorption of fluoride with its topical effect since “topical fluorides” will always have some
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degree of ingestion and “systemic fluorides” will exert topical effects through saliva and crevicular
fluid [59].

The use of an “optimal fluoride dose” based on McClure’s work, though controversial, remains the
most appropriate population-level estimate for the purposes of this study because there is no other
estimate currently available to predict how much fluoride is likely to confer a caries preventive effect
while minimizing the risk of developing fluorosis. Although the relevancy of the notion of “optimal
fluoride dose” to prevent dental caries exceeds the scope of this paper, it is worth mentioning that it
has recently been suggested that the term optimal or “optimum” be dropped in favor of defining a
value that provides “appropriate outcomes” for both caries and fluorosis [60]. However, considering
the varying levels of caries risk between population subgroups as well as physiological differences
affecting fluoride metabolism and absorption, a range of values may be more appropriate for future
population level modeling studies [61].

By using the daily urinary fluoride presented in Figure 5, the contribution of drinking water
fluoridated at 0.7 mg/L was calculated as 25% of the TDFI. At first glance, it may seem different
from what other studies have found. In a US EPA relative source contribution analysis based on a
mean exposure scenario in the United States, a relative contribution of 42% was found for children
between 4 and 6 years old [62]. However, the fluoride concentration used in their scenario was
0.87 mg/L and the 90th percentile of water consumption (0.943 L/day) was used rather than the mean
(0.442 L/day), which can partly explain the difference with the present analysis. Health Canada’s
assessment [11] based on exposure scenarios using daily Canadian intakes suggests a contribution of
water to the TDFI of 48%. Both direct and indirect water consumption were included in that assessment.
If only direct water consumption was considered, as is the case in the present study, drinking water
contribution would drop to 17%. In another study [63], using a three-day food diary and samples
collected from various fluoride sources (tap water, drinks, foods, toothpastes, and tooth-brushing
expectorate) consumed by 3–4 year old children residing in the Gaza Strip, water contribution to the
TDFI was found to be 12%. The authors of that study mention that very little tap water was used
as a drink. Therefore, the lower contribution of water to the TDFI. Estimates of fluoride intake by
analysis of various sources with a fluoride ion selective electrode were made in South India in order to
assess drinking water contribution to the TDFI, which was evaluated at 39% in 3 year old to 10 year
old children [64]. On the other hand, fluoride toothpaste was not included in that assessment nor
mentioned in the article. If the fluoride toothpaste intake considered in the current study was added in
their contribution assessment, a relative water contribution to the TDFI value of 25% can be obtained.
Therefore, the contribution of drinking water to the TDFI of 25%, as found in the present study using
model simulations, is rather coherent with the values obtained in the aforementioned studies.

The results obtained here suggest that the difference in exposure levels between children from
Quebec and Ontario, brought out by the biomonitoring data, cannot be solely explained by the
fluoridated drinking water at 0.7 mg/L. Furthermore, it can be deduced from studying Figure 5 that
the difference between the two provinces also appears to result from dietary exposure. Since water
is used in the preparation of many foods and beverages, it is to be expected that the concentration
of fluoride in drinking water will affect the concentration found in the diet, which can explain the
difference between both provinces. Taking into account the halo effect, it would be expected that in
Quebec, where only 2.5% of the population has access to fluoridated water, fluoride would still be
found in foods imported from Ontario or the United States. For example, it would be found where
fluoridation is more prevalent. This effect indicates that foods produced in a fluoridated city will
contain a higher fluoride concentration than those produced in a non-fluoridated city where it could be
distributed and consumed, which increases the fluoride exposure of non-fluoridated areas’ residents
and vice-versa [65]. Conversely, modeled dietary intakes do not seem to contribute significantly
to the total intake estimated from biomonitoring data in Quebec, according to Figure 5. However,
this assertion appears rather uncertain given that modeled data on fluoride levels in foods were taken
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from a 1969 Nutrition Canada study [11] and may have changed since then based on the population’s
dietary habits.

The results also suggest that, at age 4, intake from fluoride toothpaste could be sufficient to
reach the suggested optimal intake in the specific population of the present study while, at 8 years
of age, the contribution from other sources would also be necessary (Figure 5). However, Ontario’s
modeled intake exceeds the suggested optimal intake and, therefore, it is possible that only a fraction
of the contribution from the other sources than fluoride toothpaste (drinking water and food) may be
sufficient. These fractions are to be determined. This observation is important given that, although
fluoride exposure prevents tooth decay, it may trigger adverse health effects particularly fluorosis if the
exposure is too high. Setting a drinking water fluoride concentration limit, therefore, requires an ideal
compromise between risk and benefits from a dental health perspective [66]. Still, by applying
the bioavailability factors previously mentioned to tolerable daily intakes (TDI) recommended
by Health Canada (0.1 mg/kg/day) [3,11,15] and, more recently, Australia and New Zealand
(0.20 mg/kg/day) [67], it is possible to compute absorbed TDI values determined to be 0.08 mg/kg/day
by Canadian public health authorities and 0.16 mg/kg/day by those from Australia/New Zealand.
The CHMS biomonitoring data-derived exposure dose for the mean and 95th percentile of Quebec
and Ontario can, therefore, be compared to these absorbed TDIs. This allowed us to evaluate the risk
of exceeding TDIs when drinking water contains fluoride at concentrations targeted with the aim of
reaching a suggested optimal dose against tooth decay.

When comparing those absorbed TDIs with absorbed doses calculated from CHMS data
(see Table 4), it can be noted that, on average, the fluoride intake in Quebec and Ontario is lower than
the Canadian TDI. However, at age 4, the 95th percentile in Quebec has an intake greater than the
Canadian TDI but lower than the Australia/New Zealand TDI. In Ontario, the 95th percentile exceeds
the Canadian TDI at ages 4 and 8 and exceeds the Australia/New Zealand TDI at age 4. Conversely,
in a context where water is generally not fluoridated as in Quebec, the TDI of Australia/New Zealand
is not exceeded. Likewise in Ontario, where most of the population has access to fluoridated water
at a level of 0.7 mg/L, children in the 95th percentile may have an intake greater than the TDI
of Australia/New Zealand at age 4 and, therefore, presents a potentially increased risk of severe,
otherwise rare, dental fluorosis. Additionally, this TDI is twice as permissible as the Canadian one.
Yet, while both TDIs are determined in order to be protective of any adverse health effect including
fluorosis, it is noteworthy to recall that any TDI does not necessarily correspond to an exposure over
which the prevalence of adverse health effects automatically increases, but rather an exposure below
which any effect is likely to occur based on the available weight of evidence. Therefore, we consider
whether a fraction of the population exceeding a given TDI should be thought of as a safeguard
rather than an absolute threshold. Since the dose is expressed in mg/kg, the fluoride intake would
have to increase in proportion to body weight in the long-term to remain at 0.2 mg/kg/day and,
therefore, increase risks of adverse effects. Increased monitoring using tools such as the urinary
fluoride/creatinine ratio (UF/Cr) of 1.69 mg/g suggested by Zohoori and Maguire [68] in order
to detect an excessively high fluoride intake well before the onset of dental fluorosis, could be an
alternative for amending the water fluoridation guideline.

This study has some limitations that must be acknowledged. In the first place, the PBPK models
used are built based on an original one that has seldom, if ever, been used nor validated since its
publication. Therefore, this limits the assessment of its validity. However, the validation process
realized herein shows that, when corrected appropriately, it can reproduce experimental data rather
well (Figure 4). The models are deterministic and represent theoretical average exposure levels
in the two ages considered. They, therefore, do not consider the physiological variations in the
individuals of the same age group nor of different ages. Neither did they account for the variations in
fluoride concentrations in the different exposure sources contrary to the population biomonitoring
data used. This may have contributed in some cases to the lack of agreement between modeled
and measured urinary fluoride values. In this line, a systematic overestimation by a factor of about
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2.5 of the modeled urinary concentration and, therefore, an underestimation of the associated fluoride
intake was observed. The model parameters attributable to such overestimations are revealed by the
sensitivity analysis (Figure 6).

First, the bone clearance of the model, related to the bone volume in the model, which exhibits
a negative AUC-based sensitivity index, may be too low. As a result, the plasma concentration is
overestimated with correspondingly overestimated modeled urine concentration. Since bone clearance
was calculated with a two-point line assuming that the relationship was linear (see Methods), it is
also possible that the values used are not accurate enough. In addition, the model’s overestimation
of urinary fluoride could be explained by an excessive modeled renal clearance, which also exhibits
a negative AUC-based sensitivity index and a positive Aexc-based one. However, according to
the values found in the literature, this does not appear to be the case [8]. Lastly, the absorption
fraction appears to be the main contributor to the overestimation. Direct infusion into the liver was
considered herein rather than via an intermediate gastrointestinal compartment from which part of
the ingested fluoride is absorbed following a rate dictated by an oral absorption constant. The highly
model-sensitive correspondent absorption fraction modeled herein (Figure 6) is probably too high as
a result. Excessive modeled bioavailability for toothpaste is also a valid explanation. Bioavailability
studies are often performed on an empty stomach while tooth brushing is recommended after eating
a meal. The ingestion of toothpaste is more likely to happen in the presence of food, which could
decrease its true bioavailability. This is supported by a lower modeled Aexc for toothpaste exposure
alone than what CHMS data suggests (Figure 5). Unfortunately, the lack of availability of a relevant
oral absorption constant and toothpaste bioavailability for different states of stomach emptiness have
precluded correcting the model in any other way than applying an empirical modification of the model
by a factor of 0.43, which did, however, correct the initial systematic error (Figure 4).

Another limitation related to the fluoride intake may come from dental care or dental hygiene
measures other than the use of fluoride toothpaste. Furthermore, this intake was not taken into
account in the model due to a lack of data precise enough to be used in the model. However,
because professional dental care is provided only a few times each year, it does not appear to
be a significant source of long-term exposure, which, in principle, is what is reflected in CHMS
biomonitoring data. For other personal fluoride products such as mouthwash, these are not
recommended for children under 12 and, therefore, should not affect the estimates in this work.
The lack of information on water fluoride levels associated with CHMS biomonitoring data is a source
of uncertainty as well.

Two final sources of uncertainties in this study that preclude drawing firm conclusions include
the low statistical power of the provincial biomonitoring data for the age groups corresponding to
the typical individuals whose exposure was modeled as well as the fact that the child data used to
validate the model did not come from Canadian studies despite Canadian biomonitoring data being
used in this work. Therefore, since this is the first study of its kind, it needs to be replicated in future
studies to validate the findings. In this regard, obtaining more robust data on fluoride levels in foods
and their bioavailability in foods for cities with variable levels of fluoride content in the drinking water
would improve our assessment particularly with respect to the halo effect of drinking water on food.
Probabilistic modeling should be considered, e.g., via Monte Carlo simulations, in order to address
the limitation issue related to the inter-individual variability of the various fluoride intakes and of the
physiological determinants of its kinetics in children.

5. Conclusions

According to the present model, the currently recommended absorbed fluoride dose of
0.04 mg/kg/day to prevent tooth decay is not attained in Quebec children where drinking water
fluoridation is sparse while it is surpassed by children in Ontario where such fluoridation is extended.
Since this study is the first of its kind regarding the use of biomonitoring data under a PBPK modeling
approach in order to compare fluoride intake in children from two regions differing in their access
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to intentionally fluoridated water, further research needs to be undertaken in order to confirm these
results. In addition, these results are an incentive to further explore the multiple sources of fluoride
intake since they suggest that a new balance between them are sought, which is in accordance with
the physiological differences that influence fluoride metabolism in each age group. This is important
from a public health perspective since the aim is to maximize the number of individuals capable of
achieving a daily fluoride intake that provides appropriate outcomes in terms of caries prevention and
minimizing the risk of fluorosis.
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Appendix A

Table A1. Absorbed doses calculated from the McClure [1] data on intakes from water and diet 1.

Age
(year)

Weight
(kg)

Water
(mL/day)

Diet
(mg/day)

Total
(mg/day)

Intake (mg/kg/day)
Absorbed Dose
(mg/kg/day) 1

1 to 3 8 à 16 0.39–0.56 0.027–0.265 0.417–0.825 0.026–0.103 (0.065) 0.036–0.058 (0.047)

4 to 6 13 à 24 0.52–0.745 0.036–0.360 0.556–1.105 0.023–0.085 (0.054) 0.030–0.049 (0.040)

7 to 9 16 à 35 0.65–0.93 0.045–0.450 0.695–1.380 0.020–0.086 (0.053) 0.029–0.048 (0.039)

10 to 12 25 à 54 0.81–1.66 0.056–0.560 0.866–1.725 0.016–0.069 (0.043) 0.023–0.037 (0.031)
1 Absorbed optimal doses were calculated by multiplying mean water and diet intake by their respective
bioavailability factors of 83% and 40% and dividing that total absorbed dose by the mean weight for that age group.
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Abstract: Nitrate levels in our water resources have increased in many areas of the world largely due
to applications of inorganic fertilizer and animal manure in agricultural areas. The regulatory limit
for nitrate in public drinking water supplies was set to protect against infant methemoglobinemia,
but other health effects were not considered. Risk of specific cancers and birth defects may be
increased when nitrate is ingested under conditions that increase formation of N-nitroso compounds.
We previously reviewed epidemiologic studies before 2005 of nitrate intake from drinking water
and cancer, adverse reproductive outcomes and other health effects. Since that review, more than
30 epidemiologic studies have evaluated drinking water nitrate and these outcomes. The most
common endpoints studied were colorectal cancer, bladder, and breast cancer (three studies each),
and thyroid disease (four studies). Considering all studies, the strongest evidence for a relationship
between drinking water nitrate ingestion and adverse health outcomes (besides methemoglobinemia)
is for colorectal cancer, thyroid disease, and neural tube defects. Many studies observed increased risk
with ingestion of water nitrate levels that were below regulatory limits. Future studies of these and
other health outcomes should include improved exposure assessment and accurate characterization
of individual factors that affect endogenous nitrosation.

Keywords: drinking water; nitrate; cancer; adverse reproductive outcomes; methemoglobinemia;
thyroid disease; endogenous nitrosation; N-nitroso compounds

1. Introduction

Since the mid-1920s, humans have doubled the natural rate at which nitrogen is deposited
onto land through the production and application of nitrogen fertilizers (inorganic and manure),
the combustion of fossil fuels, and replacement of natural vegetation with nitrogen-fixing crops such
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as soybeans [1,2]. The major anthropogenic source of nitrogen in the environment is nitrogen fertilizer,
the application of which increased exponentially after the development of the Haber–Bosch process
in the 1920s. Most synthetic fertilizer applications to agricultural land occurred after 1980 [3]. Since
approximately half of all applied nitrogen drains from agricultural fields to contaminate surface and
groundwater, nitrate concentrations in our water resources have also increased [1].

The maximum contaminant level (MCL) for nitrate in public drinking water supplies in the United
States (U.S.) is 10 mg/L as nitrate-nitrogen (NO3-N). This concentration is approximately equivalent to
the World Health Organization (WHO) guideline of 50 mg/L as NO3 or 11.3 mg/L NO3-N (multiply
NO3 mg/L by 0.2258). The MCL was set to protect against infant methemoglobinemia; however
other health effects including cancer and adverse reproductive outcomes were not considered [4].
Through endogenous nitrosation, nitrate is a precursor in the formation of N-nitroso compounds
(NOC); most NOC are carcinogens and teratogens. Thus, exposure to NOC formed after ingestion of
nitrate from drinking water and dietary sources may result in cancer, birth defects, or other adverse
health effects. Nitrate is found in many foods, with the highest levels occurring in some green leafy
and root vegetables [5,6]. Average daily intakes from food are in the range of 30–130 mg/day as
NO3 (7–29 mg/day NO3-N) [5]. Because NOC formation is inhibited by ascorbic acid, polyphenols,
and other compounds present at high levels in most vegetables, dietary nitrate intake may not result
in substantial endogenous NOC formation [5,7].

Studies of health effects related to nitrate exposure from drinking water were previously reviewed
through early 2004 [8]. Further, an International Agency for Research on Cancer (IARC) Working
Group reviewed human, animal, and mechanistic studies of cancer through mid-2006 and concluded
that ingested nitrate and nitrite, under conditions that result in endogenous nitrosation, are probably
carcinogenic [5]. Here, our objective is to provide updated information on human exposure and to
review mechanistic and health effects studies since 2004. We summarize how the additional studies
contribute to the overall evidence for health effects and we discuss what future research may be
most informative.

2. Drinking Water Nitrate Exposures in the United States and Europe

Approximately 45 million people in the U.S. (about 14% of the population) had self-supplied
water at their residence in 2010 [9]. Almost all (98%) were private wells, which are not regulated by the
U.S. Environmental Protection Agency (EPA). The rest of the population was served by public water
supplies, which use groundwater, surface water, or both. The U.S. Geological Survey’s National Water
Quality Assessment (USGS-NAWQA) Project [10] sampled principal groundwater aquifers used as
U.S. public and private drinking water supplies in 1988–2015. Nitrate levels in groundwater under
agricultural land were about three times the national background level of 1 mg/L NO3-N (Figure 1) [11].
The mixed land use category mostly had nitrate concentrations below background levels reflecting
levels in deeper private and public water supply wells. Based on the NAWQA study, it was estimated
that 2% of public-supply wells and 6% of private wells exceeded the MCL; whereas, in agricultural
areas, 21% of private wells exceeded the MCL [10]. The USGS-NAWQA study also revealed significant
decadal-scale changes in groundwater nitrate concentrations among wells sampled first in 1988–2000
and again in 2001–2010 for agricultural, urban, and mixed land uses [12]. More sampling networks
had increases in median nitrate concentration than had decreases.

A study of U.S. public water supplies (PWS) using data from EPA’s Safe Drinking Water
Information System estimated that the percentage of PWS violating the MCL increased from 0.28 to
0.42% during 1994–2009; most increases were for small to medium PWS (<10,000 population served)
using groundwater [13]. As a result of increasing nitrate levels, some PWS have incurred expensive
upgrades to their treatment systems to comply with the regulatory level [14–16].
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Figure 1. Boxplots of nitrate concentrations in shallow groundwater beneath agricultural and
urban land uses, and at depths of private and public drinking water supplies beneath mixed land
use. The number of sampled wells were 1573 (agricultural land), 1054 (urban), and 3417 (mixed).
The agricultural and urban wells were sampled to assess land use effects, whereas the mixed category
wells were sampled at depths of private and public supplies. Median depths of wells in the agricultural,
urban, and mixed categories were 34, 32, and 200 feet, respectively. The height of the upper bar is
1.5 times the length of the box, and the lower bound was truncated at the nitrate detection limit of
0.05 mg/L NO3-N.

In Europe, the Nitrates Directive was set in 1991 [17,18] to reduce or prevent nitrate pollution
from agriculture. Areas most affected by nitrate pollution are designated as ‘nitrate vulnerable zones’
and are subject to mandatory Codes of Good Agricultural Practice [18]. The results of compliance with
this directive have been reflected in the time trends of nitrate in some countries. For example, nitrate
levels in groundwater in Denmark increased in 1950–1980 and decreased since the 1990s [19]. Average
nitrate levels in groundwater in most other European countries have been stable at around 17.5 mg/L
NO3 (4 mg/L NO3-N) across Europe over a 20-year period (1992–2012), with some differences between
countries both in trends and concentrations. Average concentrations are lowest in Finland (around
1 mg/L NO3 in 1992–2012) and highest in Malta (58.1 mg/L in 2000–2012) [20]. Average annual nitrate
concentrations at river monitoring stations in Europe showed a steady decline from 2.7 NO3-N in 1992
to 2.1 mg/L in 2012 [20], with the lowest average levels in Norway (0.2 mg/L NO3-N in 2012) and
highest in Greece (6.6 mg/L NO3-N in 2012).

Levels in finished public drinking water have been published only for a few European countries.
Trends of nitrate in drinking water supplies from 1976 to 2012 in Denmark showed a decline in
public supplies but not in private wells [21]. In Spain, median concentrations were 3.5 mg/L NO3

(range: 0.4−66.8) in 108 municipalities in 2012 [22], and 4.2 mg/L (range: <1−29) in 11 provinces in
2010 [23]. Levels in other countries included a median of 0.18 mg/L (range: <0.02−7.9) in Iceland in
2001−2012 [24], a mean of 16.1 mg/L (range: 0.05−296 mg/L) in Sicily, Italy in 2004−2005 [25] and a
range from undetected to 63.3 mg/L in Deux-Sèvres, France in in 2005−2009 [26].

Nitrate levels in bottled water have been measured in a few areas of the EU and the U.S. and have
been found to be below the MCL. In Sicily, the mean level was 15.2 mg/L NO3(range: 1.2−31.8 mg/L)
in 16 brands [25] and in Spain, the median level was 5.2 mg/L NO3 (range: <1.0−29.0 mg/L) in
9 brands [23]. In the U.S., a survey of bottle water sold in 42 Iowa and 32 Texas communities found
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varying but generally low nitrate levels. Nitrate concentrations ranged from below the limit of detection
(0.1 mg/L NO3-N) to 4.9 mg/L NO3-N for U.S. domestic spring water purchased in Texas.

There are few published studies of nitrate concentrations in drinking water outside the U.S. and
Europe. Nitrate concentrations in groundwater were reported for Morocco, Niger, Nigeria, Senegal,
India-Pakistan, Japan, Lebanon, Philippines and Turkey with maximum levels in Senegal (median
42.9 mg/L NO3-N) [5]. In India, nitrate in drinking water supplies is particularly high in rural areas,
where average levels have been reported to be 45.7 mg/L NO3 [27,28] and 66.6 mg/L NO3 [28];
maximum levels in drinking water exceeded 100 mg/L NO3 in several regions [27,29]. Extremely
high levels of nitrate have been reported in The Gaza Strip, where nitrate reached concentrations of
500 mg/L NO3 in some areas, and more than 50% of public-supply wells had nitrate concentrations
above 45 mg/L NO3 [30].

3. Exposure Assessment in Epidemiologic Studies

With the implementation of the Safe Drinking Water Act in 1974, more than 40 years of
monitoring data for public water supplies in the U.S. provide a framework of measurements to
support exposure assessments. Historical data for Europe are more limited, but a quadrennial nitrate
reporting requirement was implemented as part of the EU Nitrates Directive [17,18]. In the U.S.,
the frequency of sampling for nitrate in community water systems is stipulated by their sources
(ground versus surface waters) and whether concentrations are below the MCL, and historically, by
the size of the population served and vulnerability to nitrate contamination. Therefore, the exposure
assessment for study participants who report using a public drinking water source may be based on
a variable number of measurements, raising concerns about exposure misclassification. In a study
of bladder cancer risk in Iowa, associations were stronger in sensitivity analyses based on more
comprehensive measurement data [31]. Other studies have restricted analyses to subgroups with
more complete or recent measurements [32–35], with implications for study power and possible
selection biases. Sampling frequency also limits the extent to which temporal variation in exposure
can be represented within a study population, such as the monthly or trimester-based estimates of
exposure most relevant for etiologic investigations of adverse reproductive outcomes. In Denmark,
limited seasonal variation in nitrate monitoring data suggested these data would sufficiently capture
temporal variation for long-term exposure estimates [36]. Studies have often combined regulatory
measurements with questionnaire and ancillary data to better characterize individual variation in
nitrate exposure, such as to capture changes in water supply characteristics over time or a participant’s
duration at a drinking water source [31,33,37,38]. Most case-control studies of drinking water nitrate
and cancer obtained lifetime residence and drinking water source histories, whereas cohort studies
typically have collected only the current water source. Many studies lacked information about study
participants’ water consumption, which may be an important determinant of exposure to drinking
water contaminants [39].

Due to sparse measurement data, exposures for individuals served by private wells are more
difficult to estimate than exposures for those on public water supplies. However, advances in
geographic-based modeling efforts that incorporate available measurements, nitrogen inputs, aquifer
characteristics, and other data hold promise for this purpose. These models include predictor variables
describing land use, nitrogen inputs (fertilizer applications, animal feeding operations), soils, geology,
climate, management practices, and other factors at the scale of interest. Nolan and Hitt [40] and
Messier et al. [41] used nonlinear regression models with terms representing nitrogen inputs at the land
surface, transport in soils and groundwater, and nitrate removal by processes such as denitrification,
to predict groundwater nitrate concentration at the national scale and for North Carolina, respectively.
Predictor variables in the models included N fertilizer and manure, agricultural or forested land
use, soils, and, in Nolan and Hitt [40], water-use practices and major geology. Nolan and Hitt [40]
reported a training R2 values of 0.77 for a model of groundwater used mainly for private supplies and
Messier, Kane, Bolich and Serre [41] reported a cross-validation testing R2 value of 0.33 for a point-level
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private well model. These and earlier regression approaches for groundwater nitrate [42–46] relied
on predictor variables describing surficial soils and activities at the land surface, because conditions
at depth in the aquifer typically are unknown. Redox conditions in the aquifer and the time since
water entered the subsurface (i.e., groundwater age) are two of the most important factors affecting
groundwater nitrate, but redox constituents typically are not analyzed, and age is difficult to measure.
Even if a well has sufficient data to estimate these conditions, the data must be available for all wells in
order to predict water quality in unsampled areas. In most of the above studies, well depth was used
as a proxy for age and redox and set to average private or public-supply well depth for prediction.

Recent advances in groundwater nitrate exposure modeling have involved machine-learning
methods such as random forest (RF) and boosted regression trees (BRT), along with improved
characterization of aquifer conditions at the depth of the well screen (the perforated portion of the
well where groundwater intake occurs). Tree-based models do not require data transformation,
can fit nonlinear relations, and automatically incorporate interactions among predictors [47].
Wheeler et al. [48] used RF to estimate private well nitrate levels in Iowa. In addition to land use
and soil variables, predictor variables included aquifer characteristics at the depth of the well screen,
such as total thickness of fine-grained glacial deposits above the well screen, average and minimum
thicknesses of glacial deposits near sampled wells, and horizontal and vertical hydraulic conductivities
near the wells. Well depth, landscape features, nitrogen sources, and aquifer characteristics ranked
highly in the final model, which explained 77% and 38% of the variation in training and hold-out
nitrate data, respectively.

Ransom et al. [49] used BRT to predict nitrate concentration at the depths of private and
public-supply wells for the Central Valley, California. The model used as input estimates of
groundwater age at the depth of the well screen (from MODFLOW/MODPATH models) and
depth-related reducing conditions in the groundwater. These estimates were generated by separate
models and were available throughout the aquifer. Other MODFLOW-based predictor variables
comprised depth to groundwater, and vertical water fluxes and the percent coarse material in
the uppermost part of the aquifer where groundwater flow was simulated by MODFLOW. Redox
variables were top-ranked in the final BRT model, which also included land use-based N leaching
flux, precipitation, soil characteristics, and the MODFLOW-based variables described above. The final
model retained 25 of an initial 145 predictor variables considered, had training and hold-out R2 values
of 0.83 and 0.44 respectively, and was used to produce a 3D visualization of nitrate in the aquifer. These
studies show that modeling advances and improved characterization of aquifer conditions at depth
are increasing our ability to predict nitrate exposure from drinking water supplied by private wells.

4. Nitrate Intake and Endogenous Formation of N-Nitroso Compounds

Drinking water nitrate is readily absorbed in the upper gastrointestinal tract and distributed
in the human body. When it reaches the salivary glands, it is actively transported from blood into
saliva and levels may be up to 20 times higher than in the plasma [50–53]. In the oral cavity 6–7%
of the total nitrate can be reduced to nitrite, predominantly by nitrate-reducing bacteria [52,54,55].
The secreted nitrate as well as the nitrite generated in the oral cavity re-enter the gastrointestinal tract
when swallowed.

Under acidic conditions in the stomach, nitrite can be protonated to nitrous acid (HNO2),
and subsequently yield dinitrogen trioxide (N2O3), nitric oxide (NO), and nitrogen dioxide (NO2).
Since the discovery of endogenous NO formation, it has become clear that NO is involved in a wide
range of NO-mediated physiological effects. These comprise the regulation of blood pressure and
blood flow by mediating vasodilation [56–58], the maintenance of blood vessel tonus [59], the inhibition
of platelet adhesion and aggregation [60,61], modulation of mitochondrial function [62] and several
other processes [63–66].

On the other hand, various nitrate and nitrite derived metabolites such as nitrous acid
(HNO2) are powerful nitrosating agents and known to drive the formation of NOC, which are
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suggested to be the causal agents in many of the nitrate-associated adverse health outcomes. NOC
comprise N-nitrosamines and N-nitrosamides, and may be formed when nitrosating agents encounter
N-nitrosatable amino acids, which are also from dietary origin. The nitrosation process depends on
the reaction mechanisms involved, on the concentration of the compounds involved, the pH of the
reaction environment, and further modifying factors, including the presence of catalysts or inhibitors
of N-nitrosation [66–69].

Endogenous nitrosation can also be inhibited, for instance by dietary compounds like vitamin
C, which has the capacity to reduce HNO2 to NO; and alpha-tocopherol or polyphenols, which can
reduce nitrite to NO [54,70–72]. Inhibitory effects on nitrosation have also been described for dietary
flavonoids such as quercetin, ferulic and caffeic acid, betel nut extracts, garlic, coffee, and green tea
polyphenols [73,74]. Earlier studies showed that the intake of 250 mg or 1 g ascorbic acid per day
substantially inhibited N-nitrosodimethylamine (NDMA) excretion in 25 women consuming a fish
meal rich in amines (nitrosatable precursors) for seven days, in combination with drinking water
containing nitrate at the acceptable daily intake (ADI) [75]. In addition, strawberries, garlic juice,
and kale juice were shown to inhibit NDMA excretion in humans [76]. The effect of these fruits
and vegetables is unlikely to be due solely to ascorbic acid. Using the N-nitrosoproline (NPRO) test,
Helser et al. [77] found that ascorbic acid only inhibited nitrosamine formation by 24% compared with
41–63% following ingestion of juices (100 mL) made of green pepper, pineapple, strawberry or carrot
containing an equal total amount of ascorbic acid.

The protective potential of such dietary inhibitors depends not only on the reaction rates of
N-nitrosatable precursors and nitrosation inhibitors, but also on their biokinetics, since an effective
inhibitor needs to follow gastrointestinal circulation kinetics similar to nitrate [78]. It has been argued
that consumption of some vegetables with high nitrate content, can at least partially inhibit the
formation of NOC [79–81]. This might apply for green leafy vegetables such as spinach and rocket
salad, celery or kale [77] as well as other vegetables rich in both nitrate and natural nitrosation
inhibitors. Preliminary data show that daily consumption of one bottle of beetroot juice containing
400 mg nitrate (the minimal amount advised for athletes to increase their sports performances) for one
day and seven days by 29 young individuals results in an increased urinary excretion of apparent total
nitroso compounds (ATNC), an effect that can only be partially inhibited by vitamin C supplements
(1 g per day) [82].

Also, the amount of nitrosatable precursors is a key factor in the formation of NOC. Dietary
intakes of red and processed meat are of particular importance [83–87] as increased consumption
of red meat (600 vs. 60 g/day), but not white meat, was found to cause a three-fold increase in
fecal NOC levels [85]. It was demonstrated that heme iron stimulated endogenous nitrosation [84],
thereby providing a possible explanation for the differences in colon cancer risk between red and white
meat consumption [88]. The link between meat consumption and colon cancer risk is even stronger
for nitrite-preserved processed meat than for fresh meat leading an IARC review to conclude that
processed meat is carcinogenic to humans [89].

In a human feeding study [90], the replacement of nitrite in processed meat products by natural
antioxidants and the impact of drinking water nitrate ingestion is being evaluated in relation to fecal
excretion of NOC, accounting for intakes of meat and dietary vitamin C. A pilot study demonstrated
that fecal excretion of ATNC increased after participants switched from ingesting drinking water with
low nitrate levels to drinking water with nitrate levels at the acceptable daily intake level of 3.7 mg/kg.
The 20 volunteers were assigned to a group consuming either 3.75 g/kg body weight (maximum
300 g per day) red processed meat or fresh (unprocessed) white meat. Comparison of the two dietary
groups showed that the most pronounced effect of drinking water nitrate was observed in the red
processed meat group. No inhibitory effect of vitamin C intake on ATNC levels in feces was found
(unpublished results).
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5. Methemoglobinemia

The physiologic processes that can lead to methemoglobinemia in infants under six months
of age have been described in detail previously [8,91]. Ingested nitrate is reduced to nitrite by
bacteria in the mouth and in the infant stomach, which is less acidic than adults. Nitrite binds
to hemoglobin to form methemoglobin, which interferes with the oxygen carrying capacity of the
blood. Methemoglobinemia is a life-threatening condition that occurs when methemoglobin levels
exceed about 10% [8,91]. Risk factors for infant methemoglobinemia include formula made with
water containing high nitrate levels, foods and medications that have high nitrate levels [91,92], and
enteric infections [93]. Methemoglobinemia related to high nitrate levels in drinking water used to
make infant formula was first reported in 1945 [94]. The U.S. EPA limit of 10 mg/L NO3-N was set
as about one-half the level at which there were no observed cases [95]. The most recent U.S. cases
related to nitrate in drinking water were reported by Knobeloch and colleagues in the late 1990s in
Wisconsin [96] and were not described in our prior review. Nitrate concentrations in the private wells
were about two-times the MCL and bacterial contamination was not a factor. They also summarize
another U.S. case in 1999 related to nitrate contamination of a private well and six infant deaths
attributed to methemoglobinemia in the U.S. between 1979–1999 only one of which was reported in
the literature [96,97]. High incidence of infant methemoglobinemia in eastern Europe has also been
described previously [98,99]. A 2002 WHO report on water and health [100] noted that there were
41 cases in Hungary annually, 2913 cases in Romania from 1985–1996 and 46 cases in Albania in 1996.

Results of several epidemiologic studies conducted before 2005 that examined the relationship
between nitrate in drinking water and levels of methemoglobin or methemoglobinemia in infants have
been described previously [8]. Briefly, nitrate levels >10 mg/L NO3-N were usually associated with
increased methemoglobin levels but clinical methemoglobinemia was not always present. Since our
last review, a cross-sectional study conducted in Gaza found elevated methemoglobin levels in infants
on supplemental feeding with formula made from well water in an area with the highest mean nitrate
concentration of 195 mg/L NO3 (range: 18–440) compared to an area with lower nitrate concentration
(mean: 119 mg/L NO3; range 18–244) [101]. A cross-sectional study in Morocco found a 22% increased
risk of methemoglobinemia in infants in an area with drinking water nitrate >50 mg/L (>11 as NO3-N)
compared to infants in an area with nitrate levels <50 mg/L nitrate [102]. A retrospective cohort study
in Iowa of persons (aged 1–60 years) consuming private well water with nitrate levels <10 mg/L
NO3-N found a positive relationship between methemoglobin levels in the blood and the amount of
nitrate ingestion [103]. Among pregnant women in rural Minnesota with drinking water supplies that
were mostly ≤3 mg/L NO3-N, there was no relationship between water nitrate intake and women’s
methemoglobin levels around 36 weeks’ gestation [104].

6. Adverse Pregnancy Outcomes

Maternal drinking water nitrate intake during pregnancy has been investigated as a risk factor
for a range of pregnancy outcomes, including spontaneous abortion, fetal deaths, prematurity,
intrauterine growth retardation, low birth weight, congenital malformations, and neonatal deaths.
The relation between drinking water nitrate and congenital malformations in offspring has been the
most extensively studied, most likely because of the availability of birth defect surveillance systems
around the world.

Our earlier review focused on studies of drinking water nitrate and adverse pregnancy outcomes
published before 2005 [8]. In that review, we cited several studies on the relation between maternal
exposure to drinking water nitrate and spontaneous abortion including a cluster investigation that
suggested a positive association [105] and a case-control study that found no association [106]. These
studies were published over 20 years ago. In the present review, we were unable to identify any
recently published studies on this outcome. In Table 1, we describe the findings of studies published
since 2004 on the relation between drinking water nitrate and prematurity, low birthweight, and
congenital malformations. We report results for nitrate in the units (mg/L NO3 or NO3-N) that
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were reported in the publications. In a historic cohort study conducted in the Deux-Sèvres district
(France), Migeot et al. [26] linked maternal addresses from birth records to community water system
measurements of nitrate, atrazine, and other pesticides. Exposure to the second tertile of nitrate
(14–27 mg/L NO3) without detectable atrazine metabolites was associated with small-for-gestational
age births (Odds Ratio (OR) 1.74, 95% CI 1.1, 2.8), but without a monotonic increase in risk with
exposures. There was no association with nitrate among those with atrazine detected in their drinking
water supplies. Within the same cohort, Albouy-Llaty and colleagues did not observe any association
between higher water nitrate concentrations (with or without the presence of atrazine) and preterm
birth [107].

Stayner and colleagues also investigated the relation between atrazine and nitrate in drinking
water and rates of low birth weight and preterm birth in 46 counties in four Midwestern U.S. states
that were required by EPA to measure nitrate and atrazine monthly due to prior atrazine MCL
violations [108]. The investigators developed county-level population-weighted metrics of average
monthly nitrate concentrations in public drinking water supplies. When analyses were restricted to
counties with less than 20% private well usage (to reduce misclassification due to unknown nitrate
levels), average nitrate concentrations during the pregnancy were associated with increased rates of
very low birth weight (<1.5 kg Rate Ratio (RR)per 1 ppm = 1.17, 95% CI 1.08, 1.25) and very preterm
births (<32 weeks RRper 1 ppm = 1.08, 95% CI 1.02, 1.15) but not with low birth weight or preterm
birth overall.

In record-based prevalence study in Perth Australia, Joyce et al. mapped births to their water
distribution zone and noted positive associations between increasing tertiles of nitrate levels and
prevalence of term premature rupture of membranes (PROM) adjusted for smoking and socioeconomic
status [109]. Nitrate concentrations were low; the upper tertile cut point was 0.350 mg/L and
the maximum concentration was 1.80 mg/L NO3-N. Preterm PROM was not associated with
nitrate concentrations.

Among studies of drinking water nitrate and congenital malformations, few before 2005 included
birth defects other than central nervous system defects [8]. More recently, Mattix et al. [110] noted
higher rates of abdominal wall defects (AWD) in Indiana compared to U.S. rates for specific years
during the period 1990–2002. They observed a positive correlation between monthly AWD rates and
monthly atrazine concentrations in surface waters but no correlation with nitrate levels. Water quality
data were obtained from the USGS-NAWQA project that monitors agricultural chemicals in streams
and shallow groundwater that are mostly not used as drinking water sources. A case-control study of
gastroschisis (one of the two major types of AWD), in Washington State [111] also used USGS-NAWQA
measurements of nitrate and pesticides in surface water and determined the distance between maternal
residences (zip code centroids) and the closest monitoring site with concentrations above the MCL for
nitrate, nitrite, and atrazine. Gastrochisis was not associated with maternal proximity to surface water
above the MCL for nitrate (>10 mg/L NO3-N) or nitrite (>1 mg/L NO2-N) but there was a positive
relationship with proximity to sites with atrazine concentrations above the MCL. In a USA-wide
study, Winchester et al. [112] linked the USGS-NAWQA monthly surface water nitrate and pesticide
concentrations computed for the month of the last menstrual period with monthly rates of 22 types
of birth defects in 1996–2002. Rates of birth defects among women who were estimated to have
conceived during April through July were higher than rates among women conceiving in other months.
In multivariable models that included nitrate, atrazine, and other pesticides, atrazine (but not nitrate
or other pesticides) was associated with several types of anomalies. Nitrate was associated with birth
defects in the category of “other congenital anomalies” (OR 1.18, 95% CI 1.14, 1.21); the authors did
not specify what defects were included in this category. None of these three studies included local
or regional data to support the assumption that surface water nitrate and pesticide concentrations
correlated with drinking water exposures to these contaminants.

Using a more refined exposure assessment than the aforementioned studies, Holtby et al. [113]
conducted a case-control study of congenital anomalies in an agricultural county in Nova Scotia,

226



Int. J. Environ. Res. Public Health 2018, 15, 1557

Canada. They linked maternal addresses at delivery to municipal water supply median nitrate
concentrations and used kriging of monthly measurements from a network of 140 private wells to
estimate drinking water nitrate concentrations in private wells. They observed no associations between
drinking water nitrate and all birth defects combined for conceptions during 1987–1997. However, the
prevalence of all birth defects occurring during 1998–2006 was associated with drinking water nitrate
concentrations of 1–5.56 mg/L NO3-N (OR 2.44, 95% CI 1.05, 5.66) and ≥5.56 mg/L (OR 2.25, 95% CI
0.92, 5.52).

None of the studies of congenital anomalies accounted for maternal consumption of bottled
water or the quantity of water consumed during the first trimester, the most critical period of
organ/structural morphogenesis. Attempting to overcome some of these limitations, Brender, Weyer,
and colleagues [38,114] conducted a population-based, case-control study in the states of Iowa and
Texas where they: (1) linked maternal addresses during the first trimester to public water utilities and
respective nitrate measurements; (2) estimated nitrate intake from bottled water based on a survey of
products consumed and measurement of nitrate in the major products; (3) predicted drinking water
nitrate from private wells through modeling (Texas only); and (4) estimated daily nitrate ingestion
from women’s drinking water sources and daily consumption of water. The study populations were
participants of the U.S. National Birth Defects Prevention Study [115]. Compared to the lowest tertile
of nitrate ingestion from drinking water (<0.91 mg/day NO3), mothers of babies with spina bifida
were twice as likely (95% CI 1.3, 3.2) to ingest ≥5 mg/day NO3 from drinking water than control
mothers. Mothers of babies with limb deficiencies, cleft palate, and cleft lip were, respectively,
1.8 (95% CI 1.1, 3.1), 1.9 (95% CI 1.2, 3.1), and 1.8 (95% CI 1.1, 3.1) times more likely to ingest
≥5.4 mg/day of water NO3 than controls. Women were also classified by their nitrosatable drug
exposure during the first trimester [116] and by their daily nitrate and nitrite intake based on a
food frequency questionnaire [117]. Higher ingestion of drinking water nitrate did not strengthen
associations between maternal nitrosatable drug exposure and birth defects in offspring [38]. However,
a pattern was observed of stronger associations between nitrosatable drug exposure and selected birth
defects for women in the upper two tertiles of total nitrite ingestion that included contributions from
drinking water nitrate and dietary intakes of nitrate and nitrite compared to women in the lowest
tertile. Higher intake of food nitrate/nitrite was found to also modify the associations of nitrosatable
drug exposure and birth defects in this study [118,119] as well as in an earlier study of neural tube
defects conducted in south Texas [120]. Multiplicative interactions were observed between higher food
nitrate/nitrite and nitrosatable drug exposures for conotruncal heart, limb deficiency, and oral cleft
defects [118].

In summary, five out of six studies, conducted since the 1980s of drinking water nitrate and central
nervous system defects, found positive associations between higher drinking water nitrate exposure
during pregnancy and neural tube defects or central nervous system defects combined [38,120–123].
The sixth study, which did not find a relationship, did not include measures of association, but
compared average drinking water nitrate concentrations between mothers with and without neural
tube defect-affected births, which were comparable [124].
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7. Cancer

Most early epidemiologic studies of cancer were ecologic studies of stomach cancer mortality
that used exposure estimates concurrent with the time of death. Results were mixed, with some
studies showing positive associations, many showing no association, and a few showing inverse
associations. The results of ecologic studies through 1995 were reviewed by Cantor [125]. Our previous
review included ecologic studies of the brain, esophagus, stomach, kidney, ovary, and non-Hodgkin
lymphoma (NHL) published between 1999 and 2003 that were largely null [8]. We did not include
ecologic studies or mortality case-control studies in this review due to the limitations of these study
designs, especially their inability to assess individual-level exposure and dietary factors that influence
the endogenous formation of NOC.

Since our review of drinking water nitrate and health in 2005 [8], eight case-control studies and
eight analyses in three cohorts have evaluated historical nitrate levels in PWS in relation to several
cancers. Nitrate levels were largely below 10 mg/L NO3-N. Most of these studies evaluated potential
confounders and factors affecting nitrosation. Table 2 shows the study designs and results of studies
published from 2005 through 2018, including findings from periodic follow-ups of a cohort study
of postmenopausal women in Iowa (USA) [31,37,126–129]. In the first analysis of drinking water
nitrate in the Iowa cohort with follow-up through 1998, Weyer and colleagues [130] reported that
ovarian and bladder cancers were positively associated with the long-term average PWS nitrate
levels prior to enrollment (highest quartile average 1955–1988: >2.46 mg/L NO3-N). They observed
inverse associations for uterine and rectal cancer, but no associations with cancers of the breast, colon,
rectum, pancreas, kidney, lung, melanoma, non-Hodgkin lymphoma (NHL), or leukemia. Analyses
of PWS nitrate concentrations and cancers of the thyroid, breast, ovary, bladder, and kidney were
published after additional follow-up of the cohort. The exposure assessment was improved by: (a) the
computation of average nitrate levels and years of exposure at or above 5 mg/L NO3-N, based on time
in residence (vs. one long-term PWS average nitrate estimate used by Weyer and colleagues); and
(b) by estimation of total trihalomethanes (TTHM) and dietary nitrite intake.

Thyroid cancer was evaluated for the first time after follow-up of the cohort through 2004. A total
of 40 cases were identified [37]. Among women with >10 years on PWS with levels exceeding 5 mg/L
NO3-N for five years or more, thyroid cancer risk was 2.6 times higher than that of women whose
supplies never exceeded 5 mg/L. With follow-up through 2010, the risk of ovarian cancer remained
increased among women in the highest quartile of average nitrate in PWS [129]. Ovarian cancer risk
among private well users was also elevated compared to the lowest PWS nitrate quartile. Associations
were stronger when vitamin C intake was below median levels with a significant interaction for users
of private wells. Overall, breast cancer risk was not associated with water nitrate levels with follow-up
through 2008 [128]. Among women with folate intake ≥ 400 μg/day, risk was increased for those
in the highest average nitrate quintile (Hazard Ratio (HR) = 1.40; 95% CI: = 1.05–1.87) and among
private well users (HR = 1.38; 95% CI: = 1.05–1.82), compared to those with the lowest average nitrate
quintile. There was no association with nitrate exposure among women with lower folate intake.
With follow-up through 2010, there were 130 bladder cancer cases among women who had used
PWS >10 years. Risk remained elevated among women with the highest average nitrate levels and
was 1.6 times higher among women whose drinking water concentration exceeded 5 mg/L NO3-N for
at least four years [31]. Risk estimates were not changed by adjustment for TTHM, which are suspected
bladder cancer risk factors. Smoking, but not vitamin C intake, modified the association with nitrate
in water; increased risk was apparent only in current smokers (p-interaction <0.03). With follow-up
through 2010, there were 125 kidney cancer cases among women using PWS; risk was increased among
those in the 95th percentile of average nitrate (>5.0 mg/L NO3-N) compared with the lowest quartile
(HR = 2.2, 95% CI: 1.2–4.2) [127]. There was no positive trend with the average nitrate level and no
increased risk for women using private wells, compared to those with low average nitrate in their
public supply. An investigation of pancreatic cancer in the same population (follow-up through 2011)
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found no association with average water nitrate levels in public supplies and no association among
women on private wells [126].

In contrast to the positive findings for bladder cancer among the cohort of Iowa women, a cohort
study of men and women aged 55–69 in the Netherlands with lower nitrate levels in PWS found no
association between water nitrate ingestion (median in top quintile = 2.4 mg/day NO3-N) and bladder
cancer risk [131]. Dietary intake of vitamins C and E and history of cigarette smoking did not modify
the association. A hospital-based case-control study of bladder cancer in multiple areas of Spain [33]
assessed lifetime water sources and usual intake of tap water. Nitrate levels in PWS were low, with
almost all average levels below 2 mg/L NO3-N. Risk of bladder cancer was not associated with the
nitrate level in drinking water or with estimated nitrate ingestion from drinking water, and there was
no evidence of interaction with factors affecting endogenous nitrosation.

Several case-control studies conducted in the Midwestern U.S. obtained lifetime histories of
drinking water sources and estimated exposure for PWS users. In contrast to findings of an increased
risk of NHL associated with nitrate levels in Nebraska PWS in an earlier study [132], there was no
association with similar concentrations in public water sources in a case-control study of NHL in
Iowa [35]. A study of renal cell carcinoma in Iowa [34] found no association with the level of nitrate
in PWS, including the number of years that levels exceeded 5 or 10 mg/L NO3-N. However, higher
nitrate levels in PWS increased risk among subgroups who reported above the median intake of red
meat intake or below the median intake of vitamin C (p-interaction <0.05). A small case-control study
of adenocarcinoma of the stomach and esophagus among men and women in Nebraska [133] estimated
nitrate levels among long-term users of PWS and found no association between average nitrate levels
and risk.

A case-control study of colorectal cancer among rural women in Wisconsin estimated nitrate
levels in private wells using spatial interpolation of nitrate concentrations from a 1994 water quality
survey and found increased risk of proximal colon cancer among women estimated to have nitrate
levels >10 mg/L NO3-N compared to levels < 0.5 mg/L. Risk of distal colon cancer and rectal cancer
were not associated with nitrate levels [134]. Water nitrate ingestion from public supplies, bottled water,
and private wells and springs over the adult lifetime was estimated in analyses that pooled case-control
studies of colorectal cancer in Spain and Italy [135]. Risk of colorectal cancer was increased among
those with >2.3 mg/day NO3-N (vs. <1.1 mg/day). There were no interactions with red meat, vitamins
C and E, and fiber except for a borderline interaction (p-interaction = 0.07) for rectum cancer with
fiber intake. A small hospital-based case-control study in Indonesia found that drinking water nitrate
levels above the WHO standard (>11.3 mg/L as NO3-N) was associated with colorectal cancer [136].
A national registry-based cohort study in Denmark [32] evaluated average nitrate concentrations in
PWS and private wells in relation to colorectal cancer incidence among those whose 35th birthday
occurred during 1978–2011. The average nitrate level was computed over residential water supplies
from age 20 to 35. Increased risks for colon and rectum cancer were observed in association with
average nitrate levels ≥9.25 mg/L NO3 (≥2.1 as NO3-N) and ≥3.87 mg/L NO3 (>0.87 as NO3-N),
respectively, with a significant positive trend. Because the study did not interview individuals, it could
not evaluate individual-level risk factors that might influence endogenous nitrosation.

A case-control study of breast cancer in Cape Cod, Massachusetts (US) [137] estimated nitrate
concentrations in PWS over approximately 20 years as an historical proxy for wastewater contamination
and potential exposure to endocrine disruption compounds. Average exposures >1.2 mg/L NO3-N
(vs. <0.3 mg/L) were not associated with risk. A hospital-based case-control study in Spain found no
association between water nitrate ingestion and pre- and post-menopausal breast cancers [138].
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Animal studies demonstrate that in utero exposure to nitrosamides can cause brain tumors in the
exposed offspring. Water nitrate and nitrite intake during pregnancy was estimated in a multi-center
case-control study of childhood brain tumors in five countries based on the maternal residential water
source [139]. Results for the California and Washington State sites were reported in our previous
review [8,140]. Nitrate/nitrite levels in water supplies were measured using a nitrate test strip method
in four countries including these U.S. sites; most of these measurements occurred many years after
the pregnancy. Measured nitrate concentrations were not associated with risk of childhood brain
tumors. However, higher nitrite levels (>1.5 mg/L NO2-N) in the drinking water were associated with
increased risk of astrocytomas.

8. Thyroid Disease

Animal studies demonstrate that ingestion of nitrate at high doses can competitively inhibit
iodine uptake and induce hypertrophy of the thyroid gland [141]. An early study of women in the
Netherlands consuming water with nitrate levels at or above the MCL, found increased prevalence
of thyroid hypertrophy [142]. Since the last review, five studies have evaluated nitrate ingestion
from drinking water (the Iowa cohort study also assessed diet) and prevalence of thyroid disease.
A study of school-age children in Slovakia found increased prevalence of subclinical hypothyroidism
among children in an area with high nitrate levels (51–274 mg/L NO3) in water supplies compared
with children ingesting water with nitrate ≤50 mg/L (11 mg/L NO3-N). In Bulgarian villages with
high nitrate levels (75 mg/L NO3) and low nitrate levels (8 mg/L), clinical examinations of the
thyroids of pregnant women and school children revealed an approximately four- and three-fold
increased prevalence of goiter, respectively, in the high nitrate village [143,144]. The iodine status of the
populations in both studies was adequate. Self-reported hypothyroidism and hyperthyroidism among
a cohort of post-menopausal women in Iowa was not associated with average nitrate concentrations in
PWS [37]. However, dietary nitrate, the predominant source of intake, was associated with increased
prevalence of hypothyroidism but not hyperthyroidism. Modeled estimates of nitrate concentrations
in private wells among a cohort of Old Order Amish in Pennsylvania (USA) were associated with
increased prevalence of subclinical hypothyroidism as determined by thyroid stimulating hormone
measurements, among women but not men [145].

9. Other Health Effects

Associations between nitrate in drinking water and other non-cancer health effects, including
type 1 childhood diabetes (T1D), blood pressure, and acute respiratory tract infections in children were
previously reviewed [8]. Since 2004, a small number of studies have contributed additional mixed
evidence for these associations. Animal studies indicate that NOC may play a role in the pathology
of T1D through damage to pancreatic beta cells [146]. A registry-based study in Finland [147] found
a positive trend in T1D incidence with levels of nitrate in drinking water. In contrast, an ecological
analysis in Italy showed an inverse correlation with water nitrate levels and T1D rates [148]. A small
T1D case-control study in Canada with 57 cases showed no association between T1D and estimated
intake of nitrate from drinking water (highest quartile >2.7 mg/day NO3-N) [149]. Concentrations of
nitrate in drinking water (median ~2.1 mg/L NO3-N) were not associated with progression to T1D in
a German nested case-control study of islet autoantibody-positive children, who may be at increased
risk of the disease [150].

In a prospective, population-based cohort study in Wisconsin (USA), increased incidence of
early and late age-related macular degeneration was positively associated with higher nitrate levels
(≥5 mg/L vs. <5 mg/L NO3-N) in rural private drinking water supplies [151]. The authors suggested
several possible mechanisms, including methemoglobin-induced lipid peroxidation in the retina.

Potential benefits of nitrate ingestion include lowering of blood pressure due to production of
nitric oxide in the acidic stomach and subsequent vasodilation, antithrombotic, and immunoregulatory
effects [152]. Experimental studies in animals and controlled feeding studies in humans have
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demonstrated mixed evidence of these effects and on other cardiovascular endpoints such as vascular
hypertrophy, heart failure, and myocardial infarction (e.g., [152–154]). Ingested nitrite from diet has
also been associated with increased blood flow in certain parts of the brain [155]. Epidemiologic
studies of these effects are limited to estimation of dietary exposures or biomarkers that integrate
exposures from nitrate from diet and drinking water. Recent findings in the Framingham Offspring
Study suggested that plasma nitrate was associated with increased overall risk of death that attenuated
when adjusted for glomerular function (HR: 1.16, 95% CI: 1.0–1.35) but no association was observed
for incident cardiovascular disease [156]. No epidemiologic studies have specifically evaluated nitrate
ingested from drinking water in relation to these outcomes. Another potential beneficial effect of
nitrate is protection against bacterial infections via its reduction to nitrite by enteric bacteria. In an
experimental inflammatory bowel disease mouse model, nitrite in drinking water was associated with
both preventive and therapeutic effects [157]. However, there is limited epidemiologic evidence for a
reduced risk of gastrointestinal disease in populations with high drinking water nitrate intake. One
small, cross-sectional study in Iran found no association between nitrate levels in public water supplies
with mean levels of ~5.6 mg/L NO3-N and gastrointestinal disease [158].

10. Discussion

Since our last review of studies through 2004 [8], more than 30 epidemiologic studies have
evaluated drinking water nitrate and risk of cancer, adverse reproductive outcomes, or thyroid disease.
However, the number of studies of any one outcome was not large and there are still too few studies to
allow firm conclusions about risk. The most common endpoints studied were colorectal cancer, bladder,
and breast cancer (three studies each) and thyroid disease (four studies). Considering all studies to
date, the strongest evidence for a relationship between drinking water nitrate ingestion and adverse
health outcomes (besides methemoglobinemia) is for colorectal cancer, thyroid disease, and neural
tube defects. Four of the five published studies of colorectal cancer found evidence of an increased
risk of colorectal cancer or colon cancer associated with water nitrate levels that were mostly below
the respective regulatory limits [32,134,135,159]. In one of the four positive studies [159], increased
risk was only observed in subgroups likely to have increased nitrosation. Four of the five studies of
thyroid disease found evidence for an increased prevalence of subclinical hypothyroidism with higher
ingestion of drinking water nitrate among children, pregnant women, or women only [37,144,145,160].
Positive associations with drinking water nitrate were observed at nitrate concentrations close to or
above the MCL. The fifth study, a cohort of post-menopausal women in Iowa, had lower drinking
water nitrate exposure but observed a positive association with dietary nitrate [37]. To date, five of six
studies of neural tube defects showed increased risk with exposure to drinking water nitrate below the
MCL. Thus, the evidence continues to accumulate that higher nitrate intake during the pregnancy is a
risk factor for this group of birth defects.

All but one of the 17 cancer studies conducted since 2004 were in the U.S. or Europe, the majority
of which were investigations of nitrate in regulated public drinking water. Thyroid cancer was studied
for the first time [37] with a positive finding that should be evaluated in future studies. Bladder
cancer, a site for which other drinking water contaminants (arsenic, disinfection by-products [DBPs])
are established or suspected risk factors, was not associated with drinking water nitrate in three
of the four studies. Most of the cancer studies since 2004 evaluated effect modification by factors
known to influence endogenous nitrosation, although few observed evidence for these effects. Several
studies of adverse reproductive outcomes since 2004 have indicated a positive association between
maternal prenatal exposure to nitrate concentrations below the MCL and low birth weight and small
for gestational age births. However, most studies did not account for co-exposure to other water
contaminants, nor did they adjust for potential risk factors. The relation between drinking water
nitrate and spontaneous abortion continues to be understudied. Few cases of methemoglobinemia,
the health concern that lead to the regulation of nitrate in public water supplies, have been reported in
the U.S. since the 1990s. However, as described by Knobeloch et al. [96], cases may be underreported
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and only a small proportion of cases are thoroughly investigated and described in the literature.
Based on published reports, [100] areas of the world of particular concern include several eastern
European countries, Gaza, and Morocco, where high nitrate concentrations in water supplies have
been linked to high levels of methemoglobin in children. Therefore, continued surveillance and
education of physicians and parents will be important. Biological plausibility exists for relationships
between nitrate ingestion from drinking water and a few other health outcomes including diabetes
and beneficial effects on the cardiovascular system, but there have been only a limited number of
epidemiologic studies.

Assessment of drinking water nitrate exposures in future studies should be improved by obtaining
drinking water sources at home and at work, estimating the amount of water consumed from each
source, and collecting information on water filtration systems that may impact exposure. These efforts
are important for reducing misclassification of exposure. Since our last review, an additional decade
of PWS monitoring data are available in the U.S. and European countries, which has allowed
assessment of exposure over a substantial proportion of participants’ lifetimes in recent studies.
Future studies should estimate exposure to multiple water contaminants as has been done in recent
cancer studies [31,33,127,129]. For instance, nitrate and atrazine frequently occur together in drinking
water in agricultural areas [161] and animal studies have found this mixture to be teratogenic [162].
Regulatory monitoring data for pesticides in PWS has been available for over 20 years in the U.S.;
therefore, it is now feasible to evaluate co-exposure to these contaminants. Additionally, water
supplies in agricultural areas that rely on alluvial aquifers or surface water often have elevated levels
of both DBPs and nitrate. Under this exposure scenario, there is the possibility of formation of
the nitrogenated DBPs including the carcinogenic NDMA, especially if chloramination treatment is
used for disinfection [163,164]. Studies of health effects in countries outside the U.S. and Europe are
also needed.

A comprehensive assessment of nitrate and nitrite from drinking water and dietary sources as
well as estimation of intakes of antioxidants and other inhibitors of endogenous nitrosation including
dietary polyphenols and flavonoids is needed in future studies. Heme iron from red meat, which
increases fecal NOC in human feeding studies, should also be assessed as a potential effect modifier of
risk from nitrate ingestion. More research is needed on the potential interaction of nitrate ingestion and
nitrosatable drugs (those with secondary and tertiary amines or amides). Evidence from several studies
of birth defects [38,118–120] implicates nitrosatable drug intake during pregnancy as a risk factor for
specific congenital anomalies especially in combination with nitrate. Drugs with nitrosatable groups
include many over-the-counter and prescription drugs. Future studies with electronic medical records
and record-linkage studies in countries like Denmark with national pharmacy data may provide
opportunities for evaluation of these exposures.

Populations with the highest exposure to nitrate from their drinking water are those living in
agricultural regions, especially those drinking water from shallow wells near nitrogen sources (e.g.,
crop fields, animal feeding operations). Estimating exposure for private well users is important because
it allows assessment of risk over a greater range of nitrate exposures compared to studies focusing
solely on populations using PWS. Future health studies should focus on these populations, many
of which may have been exposed to elevated nitrate in drinking water from early childhood into
adulthood. A major challenge in conducting studies in these regions is the high prevalence of private
well use with limited nitrate measurement data for exposure assessment. Recent efforts to model
nitrate concentrations in private wells have shown that it is feasible to develop predictive models
where sufficient measurement data are available [41,48,49]. However, predictive models from one area
are not likely to be directly translatable to other geographic regions with different aquifers, soils, and
nitrogen inputs.

Controlled human feeding studies have demonstrated that endogenous nitrosation occurs after
ingestion of drinking water with nitrate concentrations above the MCL of 10 mg/L NO3-N (~44 mg/L
as NO3). However, the extent of NOC formation after ingestion of drinking water with nitrate
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concentrations below the MCL has not been well characterized. Increased risks of specific cancers and
central nervous system birth defects in study populations consuming nitrate below the MCL is indirect
evidence that nitrate ingestion at these levels may be a risk factor under some conditions. However,
confounding by other exposures or risk factors can be difficult to rule out in many studies. Controlled
human studies to evaluate endogenous nitrosation at levels below the MCL are needed to understand
interindividual variability and factors that affect endogenous nitrosation at drinking water nitrate
levels below the MCL.

A key step in the endogenous formation of NOC is the reduction of nitrate, which has been
transported from the bloodstream into the saliva, to nitrite by the nitrate-reducing bacteria that are
located primarily in the crypts on the back of the tongue [165–167]. Tools for measuring bacterial
DNA and characterizing the oral microbiome are now available and are currently being incorporated
into epidemiologic studies [168,169]. Buccal cell samples that have been collected in epidemiologic
studies can be used to characterize the oral microbiome and to determine the relative abundance of
the nitrate-reducing bacteria. Studies are needed to characterize the stability of the nitrate-reducing
capacity of the oral microbiome over time and to determine factors that may modify this capacity such
as diet, oral hygiene, and periodontal disease. Interindividual variability in the oral nitrate-reducing
bacteria may play an important role in modifying endogenous NOC formation. The quantification
of an individual’s nitrate-reducing bacteria in future epidemiologic studies is likely to improve our
ability to classify participants by their intrinsic capacity for endogenous nitrosation.

In addition to characterizing the oral microbiome, future epidemiologic studies should incorporate
biomarkers of NOC (e.g., urinary or fecal NOC), markers of genetic damage, and determine genetic
variability in NOC metabolism. As many NOC require α-hydroxylation by CYP2E1 for bioactivation
and for formation of DNA adducts, it is important to investigate the influence of polymorphisms
in the gene encoding for this enzyme. Studies are also needed among populations with medical
conditions that increase nitrosation such as patients with inflammatory bowel disease and periodontal
disease [8]. Because NOC exposures induce characteristic gene expression profiles [170,171],
further studies linking drinking water intake to NOC excretion and gene expression responses are
relevant to our understanding of health risks associated with drinking water nitrate. The field of
‘Exposome-research’ [172,173] generates large numbers of genomics profiles in human population
studies for which dietary exposures and biobank materials are also available. These studies provide
opportunities to measure urinary levels of nitrate and NOC that could be associated with molecular
markers of exposure and disease risk.

Nitrate concentrations in global water supplies are likely to increase in the future due to population
growth, increases in nitrogen fertilizer use, and increasing intensity and concentration of animal
agriculture. Even with increased inputs, mitigation of nitrate concentrations in water resources
is possible through local, national, and global efforts. Examples of the latter are the International
Nitrogen Initiative [174] and the EU Nitrates Directive [17,18], which aim to quantify human effects
on the nitrogen cycle and to validate and promote methods for sustainable nitrogen management.
Evidence for the effectiveness of these efforts, which include the identification of vulnerable areas,
establishment of codes of good agricultural practices, and national monitoring and reporting are
indicated by decreasing trends in groundwater nitrate concentrations in some European countries
after the implementation of the EU Nitrates Directive [19]. However, the effect of this initiative
was variable across the EU. In the U.S., nitrogen applications to crop fields are not regulated and
efforts to reduce nitrogen runoff are voluntary. Although strategies such as appropriate timing of
fertilizer applications, diversified crop rotations, planting of cover crops, and reduced tillage can be
effective [175], concentrations in U.S. ground and surface water have continued to increase in most
areas [10]. Climate change is expected to affect nitrogen in aquatic ecosystems and groundwater
through alterations of the hydrological cycle [176]. Climatic factors that affect nitrate in groundwater
include the amount, intensity, and timing of precipitation. Increasing rainfall intensity, especially in
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the winter and spring, can lead to increases in nitrogen runoff from agricultural fields and leaching
to groundwater.

11. Conclusions

In summary, most adverse health effects related to drinking water nitrate are likely due to a
combination of high nitrate ingestion and factors that increase endogenous nitrosation. Some of the
recent studies of cancer and some birth defects have been able to identify subgroups of the population
likely to have greater potential for endogenous nitrosation. However, direct methods of assessing
these individuals are needed. New methods for quantifying the nitrate-reducing bacteria in the oral
microbiome and characterizing genetic variation in NOC metabolism hold promise for identifying
high risk groups in epidemiologic studies.

To date, the number of well-designed studies of individual health outcomes is still too few to draw
firm conclusions about risk from drinking water nitrate ingestion. Additional studies that incorporate
improved exposure assessment for populations on PWS, measured or predicted exposure for private
well users, quantification of nitrate-reducing bacteria, and estimates of dietary and other factors
affecting nitrosation are needed. Studies of colorectal cancer, thyroid disease, and central nervous
system birth defects, which show the most consistent associations with water nitrate ingestion, will be
particularly useful for clarifying these risks. Future studies of other health effects with more limited
evidence of increased risk are also needed including cancers of the thyroid, ovary, and kidney, and
the adverse reproductive outcomes of spontaneous abortion, preterm birth, and small for gestational
age births.
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Abstract: The epidemiological evidence demonstrating the effect of disinfection by-products (DBPs)
from drinking water on colon and rectal cancers is well documented. However, no systematic
assessment has been conducted to assess the potential effect measure modification (EMM) in the
relationship between DBPs and cancer. The objective of this paper is to conduct a systematic literature
review to determine the extent to which EMM has been assessed in the relationship between DBPs
in drinking water in past epidemiological studies. Selected articles (n = 19) were reviewed, and
effect estimates and covariates that could have been used in an EMM assessment were gathered.
Approximately half of the studies assess EMM (n = 10), but the majority of studies only estimate
it relative to sex subgroups (n = 6 for bladder cancer and n = 2 both for rectal and colon cancers).
Although EMM is rarely assessed, several variables that could have a potential modification effect are
routinely collected in these studies, such as socioeconomic status or age. The role of environmental
exposures through drinking water can play an important role and contribute to cancer disparities.
We encourage a systematic use of subgroup analysis to understand which populations or territories
are more vulnerable to the health impacts of DBPs.

Keywords: THMs; cancer; effect measure modification; drinking water

1. Introduction

Disinfection is widely used for drinking water treatment to inactivate pathogens and to prevent
waterborne diseases. This process can produce disinfection by-products (DBPs), which result from
a chemical reaction between disinfectants such as chlorine and organic or inorganic matter in the
water [1]. Among the various DBPs (>600) [2], trihalomethanes (THMs) are the most studied due to
their relatively high prevalence and concentration in drinking water.

Numerous studies assess the association between exposure to chlorinated water and diverse
health outcomes. Some of them investigate the influence of chlorinated water or THMs on reproductive
health, such as small for gestational age [3,4], stillbirth, and low birth rate [3,5]. However, the majority
of epidemiological studies investigate the impact of such water quality exposure on cancer outcomes.

Int. J. Environ. Res. Public Health 2018, 15, 979 250 www.mdpi.com/journal/ijerph



Int. J. Environ. Res. Public Health 2018, 15, 979

Epidemiological studies have shown that DBP exposure through drinking water is associated
particularly with some types of cancer, namely, colon, rectal, and bladder [2,6–8], though contrasting
results for colon and rectal cancers have been found [6]. Reviews revealing a consistent association
between long-term exposure to THMs and risk of bladder cancer have been published in recent
years [8–10]. Additionally, several epidemiological studies found other risk factors for colon, rectal,
and bladder cancer, such as tobacco consumption [11–15], and dietary and genetic factors [13,16–21].
Other potential risk factors include urban residence [13,22] and alcohol consumption [13,16]. The
duration of exposure is also associated with an increasing risk of bladder cancer [7].

In a pooled analysis published in 2004, it was observed that the effect of THMs on bladder
cancer risk was more pronounced in men than women [23]. Several explanations were discussed,
including residual confounding and biological plausibility such as sex differences in metabolizing
DBPs. A proposed mechanism to explain this difference is the role of sex hormones in the modulation of
enzymes that metabolize chlorination by-products (for chloroform and brominated THMs) into reactive
metabolites. Other possible explanations are anatomic differences or variation in voiding frequency
between men and women, which can influence the action of DBPs as hormone disruptors [23].

To our knowledge, besides the study described above, no systematic review has attempted to
synthesize the literature that directly evaluates potential effect measure modifiers other than sex in
the association between disinfection by-products in drinking water and cancer. Yet, several other
potential effect measure modifiers such as socio-economic status could be particularly relevant to
shaping policies that target vulnerable populations or territories and aim to reduce inequalities in
cancer risks. This could help frame interventions to target specific subgroups and ensure exposure of
DBPs, such as THMs and HAAs, are below harmful levels. Such assessments for populations that are
unfairly treated in regard to their environmental exposures are relevant to the field of environmental
justice, which has drawn recent attention with important concerns about other water contaminants
such as with lead exposure in the Flint crisis [24]. In addition, these assessments can identify which
populations and territories are more vulnerable to the harmful effects of exposure to THMs and inform
interventions to reduce health disparities.

The literature in relation to environmental health inequalities emerged during these last two
decades and distinguishes two types of environmental inequalities: (i) inequalities related to the level of
exposure and (ii) inequalities related to the level of vulnerability (when the effect of an environmental
exposure is modified according to different sub-groups strata of the population) [25–28].

Findings from studies investigating differential exposure have shown that deprived populations
can be more exposed to contaminants in drinking water [5,24,29–35]. Among the few studies
dedicated to the analysis of environmental inequalities associated with DBPs, all focus on inequalities
related to the level of exposure, and show contrasting results. Briggs et al. [36] found a positive
association between levels of THMs in drinking water and an index of multiple deprivation. Inversely,
Delpla et al. [32] showed that municipalities with a lower material deprivation index have a lower
risk of elevated THMs levels at their tap. Evans et al. [33] and Vrijheid et al. [35] found no significant
relationships between individuals or community deprivation and THM concentrations in drinking
water. The absence of an association could be linked to one or more of the following: geographical
size of a study that could attenuate the associations when extending the studied area [36], lower
participation among people of lower education, type of exposure studied, location of both the early-life
and current residence of the person, and/or type of socio-economic indicator chosen [35].

This review focuses on differential vulnerability, which refers to the notion of “effect measure
modification” in epidemiology. This concept of vulnerability can be defined as a “greater likelihood
of an adverse outcome given a specific exposure, compared with the general population, including
both host (individual) and environmental (contextual) factors” [37]. We will focus this review on
socioeconomic status (SES) variables, but we will also consider potential vulnerability factors as
sex/gender and health behaviors.
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Differences in health opportunities and resources related to social class, race, and geographic
area can lead to a lower health status for vulnerable groups [38]. For example, it has been shown
in the last decade that that neighborhood SES can modify the effect of air pollutants [38,39] on
mortality. Such evidence has been used to provide recommendations towards interventions aimed
at specific low SES areas to reduce inequalities in mortality [40]. Understanding the effect measure
modification (EMM) in the health impacts of DBPs will be useful in shaping policies to reduce cancer
inequalities through proportionated interventions aimed at reducing exposure to DBPs. Yet, some
drinking water distribution systems may span large geographic areas and serve large and diverse
populations, so interventions on the distribution systems may be insufficient. In such a case, targeted
local interventions in the infrastructure or through awareness campaigns may be relevant.

The overall objectives of this paper are to synthetize the literature studying the role of EMM in
the relationship between DBPs in drinking water and cancer, and understand the extent to which it
has been assessed in past epidemiological studies. If this epidemiological information is available
in existing publications, this review will allow us to report the epidemiological evidence on the
differential vulnerability of DBPs to cancer risk. If epidemiological information is lacking on this
topic, the review will serve to highlight the knowledge gap and motivate future studies in this area.
Two successive stages are performed: (i) An updated systematic review is conducted on studies
measuring the association between DBPs in drinking water and colorectal and bladder cancers and
(ii) The presence of EMM is evaluated according to socio-demographic characteristics and individual
behaviors considered in the identified studies.

2. Materials and Methods

2.1. Search Strategy

We aim to identify all epidemiological studies investigating the effects of DBPs in drinking water
on colorectal and bladder cancers published in English in scientific journals between January 1975 and
August 2015. The strategy used to conduct this review, in accordance with the PRISMA guidelines [41],
consisted of grouping keywords that represented (i) the exposure (namely DBPs in drinking water)
and (ii) the health outcomes (namely, colon and rectal cancer (CRC) and bladder cancer). Keywords,
titles, and abstracts were searched in PubMed and Elsevier Embase on the Ovid SP portal and Web of
Science. There was no restriction on geographical location.

The keywords used for the literature search are as follows: (Disinfection by-products OR
Disinfection-by-products OR water disinfection OR chlorination by-products OR water chlorination
OR trichloromethane OR chloroform OR bromoform OR tribromomethane OR dichlorobromomethane
OR dibromochloromethane OR THM OR Haloacetic acids) AND (colorectal cancer OR colorectal
neoplasm OR colon cancer OR rectal cancer OR bladder cancer OR CRC).

Terms describing EMM were not included at this stage to avoid being too restrictive. Instead,
we appraised the EMM assessment during the data extraction process (see below). We did not include
keywords related to study design at this stage, but instead assessed this question while selecting
studies (see below).

2.2. Selection of Studies

In the first stage, the first two authors of this paper read and screened the abstract of each
returned article.

Papers meeting the following criteria were excluded from our review:

• Commentaries, editorials, review articles, or meta-analysis
• Studies not performed on human populations
• Studies not published in English
• Studies not including DBPs in drinking water or chlorinated water as the exposure
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• Qualitative studies

When reviewers disagreed about whether a study should be excluded, the two met in person to
discuss until an agreement was reached.

In a second stage, papers selected in the previous stage were fully screened and then excluded
according to the following criteria:

• Studies not reporting a quantitative estimate between DBPs in drinking water or chlorinated
waters and colorectal cancer or bladder cancer

• Studies not including colorectal cancer and/or bladder cancer as health outcomes
• Studies using an ecological design or only a spatial analysis

In addition, the reference section of studies identified was searched, and relevant references that
were not initially identified were added.

2.3. Data Extraction

Selected articles were reviewed separately by the first two researchers, and each documented
the first author, location, date of publication, sample size, study design (case-control, cohort study or
case-cohort), exposure measurement, health outcomes assessed, effect size and CI (Confidence Interval),
whether they included EMM assessment, and which subgroup was included in this assessment.

Finally, among studies that did not include an assessment of EMM, collected variables (i.e., those
presented in the sample description used as confounders) that could potentially be used for an EMM
assessment were reported. We included variables for which there is some evidence of EMM in other
environmental determinants of population health and with documented mechanisms leading to a
differential effect. We thus included the following variables: age [42–45], socio-economic factors [39,46],
urbanization level [47,48], smoking status, and other health behaviors (alcohol consumption, diet, and
physical activity) [49,50]. Sex was also included in the review. Socio-economic factors include SES
variables such as education and occupation, as well as indexes that were used in the studies selected.

3. Results

3.1. Description of Studies Selected

The abstracts of 226 articles were assessed, and 26 articles were retained for in-depth review after
applying the first stage of exclusion criteria. Nine articles were added after screening the references
of selected papers. Finally, 19 scientific articles were retained following the second stage exclusion
criteria (Figure 1).

Table 1 summarizes the studies that provide a measure of the cancer risk associated with exposure
to disinfection by-products through drinking water.

Eleven studies were conducted in North America, six in Europe, and two in Asia (Taiwan). The
studies were published between 1981 and 2010. The majority of studies focus on bladder cancer
(n = 14), followed by colon cancer (n = 4) and rectal cancer (n = 5). All are case-control studies, with
the exception of Wilkins and Comsock, [51] and Koivusalo et al., [52] which are cohort studies. The
majority of studies use values of THMs issued from field measurements (n = 10) or modeling (n = 3)
to assess the exposure. The remaining ones use presence or absence of chlorinated water (n = 4) or
the level of mutagenicity of waters (n = 2) as a marker of exposure to DBPs. THMs cut-offs varied
between studies, because the exposure was calculated differently. Studies use long term (>30 years),
fixed [53,54], or variable duration of exposure [55,56], although the majority use fixed levels (but
different values) of DBPs [57–62]. The association between exposure and health issues is almost always
assessed using logistic regression, with Odds Ratios (OR) or Risks Ratios (RR) being reported.
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Studies included for the final review (n=19)

Studies identified withkeywords (n=226)

Studies identified withabstract screening (n=26)
Articles added with referencesscreening (n=9)

• Studies not reporting an association between DBPs in drinking water or chlorinated waters and colorectal cancer or bladder cancer (n=4)
• Studies not including colorectal cancer and/or bladder cancer as health outcomes (n=4)
• Studies using an ecological design or a spatial analysis (n=4)
• Studies using an unrelevant subgroup analysis (n=4)

• Commentaries, editorials, review articles or meta-analysis (n=52)
• Studies not performed on human populations (n=70)
• Studies not published in English (n=0)
• Studies not including DBPs in drinking water or chlorinated water as the exposure (n=73)
• Qualitative studies (n=5)

Exclusion criteria – First stage

Exclusion criteria – Second stage

Figure 1. Flowchart of the selection of studies.

Odds Ratios in the studies selected are between 1.20 and 2.99 for bladder cancer, 0.90 and 1.66
for colon cancer, and 1.01 and 1.68 for rectal cancer (for OR calculated on the whole population
under study). Fourteen studies found a significant relationship with cancer [52,53,55,57–60,62–68].
Five studies did not find a significant relationship between exposure to chlorinated water/DBPs and
cancer, four of which studied bladder cancer [51,54,56,61] and one which studied colon cancer [69].
The majority of studies considered the exposure to THMs as a group of compounds without assessing
the effects of the different compounds. Only the studies of Bove et al. [59,63] considered different
species of THMs (chloroform, bromoform, bromodichloromethane, and chlorodibromomethane) in
their analysis.

Approximately half of the studies assess EMM (n = 10), but the majority of them estimate it
relative to different sex subgroups (total: n = 8, n = 6 for bladder cancer and n = 2 both for rectal
and colon cancers). Generally, higher ORs and relationships that are more significant were noted
for men when studying bladder and colon cancers. For example, in the study of Cantor et al. [64],
an OR of 1.8 for men compared to an OR of 0.6 for women was found for bladder cancer. For rectal
cancer, the results are contradictory, but the number of studies is too limited (n = 2) to draw any
conclusion relative to sex. For women, only one study, which is also a cohort study [52], noted positive
relationships for bladder and rectal cancer. Moreover, the study of Koivusalo et al. [52] is the only one
that found higher risks for women than men (for the three different types of cancer). The duration of
exposure was associated with an increase in bladder cancer risk for men only [7,64]. Fewer studies
assessed the EMM relative to smoking status (n = 3). Finally, one study assessed EMM considering
gene polymorphisms [62]. Generally, in all studies, the EMM assessment was conducted with stratified
analyses. In the study of King et al. [57], an interaction term between exposure and sex was calculated.
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3.2. Covariables Collected

Table 2 reports the variables collected that could be used for potential EMM assessment for each
of the selected studies.

Table 2. Co-variables collected in the selected studies (candidates for a potential effect measure
modification assessment).

Study Age Sex
Socio-Economic

Factors *
Urbanization

Level
Smoking

Other Health
Behaviors

Wilkins and Comstock 1981 [51] X X X X
Gottlieb and Carr 1982 [65] X X

Zierler et al. 1988 [55] X X
McGeehin et al. 1993 [53] X

King and Marrett 1996 [67] X X X X
Freedman et al. 1997 [54] X X X
Koivusalo et al. 1997 [52] X X X X X

Cantor et al. 1998 [64] X X X X
Hildesheim et al. 1998 [66] X X
Koivusalo et al. 1998 [56] X X X X X

King et al. 2000 [57] X X X X
Chevrier et al. 2004 [58] X X X X

Bove et al. 2007 [63] X X X
Bove et al. 2007 [59] X X X

Chang et al. 2007 [60] X X
Michaud et al. 2007 [61] X X X

Villanueva et al. 2007 [68] X X X X X
Kuo et al. 2009 [69] X X X

Cantor et al. 2010 [62] X X X X

* Include education, occupation status, or SES index.

Although EMM is not assessed in the majority of the selected papers, some studies collect
covariables that could be used in the future for an heterogeneity assessment. Information about age is
commonly collected in selected studies (n = 16). Moreover, other individual data such as education
and/or occupation status are collected in some of the studies (n = 11). Others report an SES index
(n = 12). Information about the level of urbanization is also frequently collected (n = 9).

4. Discussion

The majority of studies assessing the relationship between THMs and cancer are case-control
studies that focus on bladder cancer. These studies use exposure data issued from direct measurements
or modelling. The majority of studies found an association between chronic exposure to THMs and
bladder cancer. This review revealed that the majority of studies assessed EMM, but primarily for
the effect of sex. Six studies show that the EMM of sex in the association between exposure to DBPs
and bladder cancer may exist, with a higher effect for men than for women. However, only a very
small number of studies have assessed this effect modification for other cancer sites such as colon and
rectal cancer (n = 2 for both cancers), thus preventing any further conclusion about this parameter.
Sex has been found as a more consistent EMM in bladder cancer, and several mechanisms have been
proposed, as previously mentioned. More precisely, pharmacokinetic models in humans have shown
that the activity of CYP2E1, which plays a role in chloroform metabolism, could be higher in men
than in women [70,71]. The role of sex hormones in the modulation of enzymes that metabolizes
DBPs has also been proposed. Brominated THMs are metabolized through a glutathione conjugation
reaction and several studies have shown that glutathione transferases are regulated by thyroid and sex
hormones [23].

The duration of exposure is also an important factor, as the outcomes are cancers at different
sites with different latencies, and it is associated with an increase in bladder cancer risk for men [7,64].
Despite this, the exposure metrics (duration of exposure and means of exposure assessment) differ
between studies selected. This could influence the results obtained in the different studies selected.
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Furthermore, many epidemiological studies on DBPs collect other covariables in addition to
sex, such as SES, age, urbanization level, and smoking status but without evaluating the EMM.
This information could be used to conduct an EMM assessment in future studies and document
the existence of vulnerability factors in the association between DBPs and risk of cancer (notably,
bladder, colon, and rectal cancers). Of course, EMM assessments should be motivated and rely on
a documented hypothesis. These assessments are particularly useful in targeting populations or
territories that public policies should prioritize to reduce socio-demographic inequalities in cancer
risks from water contaminants exposure. We thus strongly encourage further studies to assess the
role of socio-demographic factors such as SES, age, or urbanization level as potential EMMs in the
relationship between DBPs and cancer risk. It is also important to mention that various methods exist in
the literature that assess EMM, such as the Breslow-Day test, the Wald χ2 test, and the regression-based
test of interaction [72,73].

This review is subject to a number of limitations. We included studies that measured THMs
exposure in a range of different approaches. THMs exposure measurement methods have drastically
evolved in the last decades, but we decided to include older studies, as they can inform one of our aims
to reveal possible EMM in the association between THMs exposure and cancer risk. We added 9 studies
after the screening of references of existing papers. This may be due to some missing keywords (e.g.,
“treated drinking water”) despite the fact that we used similar keywords to other systematic reviews
on this topic. Finally, some papers that have been recently published are not included in our review.
For instance, a case–control study conducted in Spain and Italy by Villanueva et al. [74] assessed the
impact of long-term exposure to THMs on colorectal cancer and found no association, considering the
total population without including any EMM assessment.

The majority of the studies quantitatively include gender as a subgroup analysis, but very few
studies focused on other potentially relevant EMMs such as SES. However, we observed that many
studies included in the review collected standard details on covariates that could be, but often are
not, used as stratifying variables. By doing so, we aim to highlight that EMM assessments are easily
feasible in future studies using data that is already collected. We hope that this assessment will
encourage future studies that will assess which populations are more vulnerable to the impacts of
THMs exposure.

Studies on EMM are important to improve public health interventions and better estimate
the potential benefits of an intervention (or its public health impact). For instance, within a large
community/municipality that is supplied by a unique water treatment plant, inequalities in DBP
exposure can be associated with the geographical location of deprived population groups within the
municipality, living in neighborhoods or sectors with relatively high concentration of DBPs in drinking
water (explained by variable residence time of water in the distribution network, pipe material, age and
maintenance, or plumbing systems characteristics). In these cases, local interventions can reduce DBP
exposure and could include two dimensions: (i) infrastructure: for instance, the renewal of distribution
system pipes locally, including plumbing systems, the improving of the local hydraulic management
of the system to reduce stagnation of water, or a better management of booster disinfection; and
(ii) promoting awareness campaigns directed at deprived population concerning the exposure to DBPs
through tap water and other domestic water uses as bath and showering (for example, the adequate
use of domestic equipment to reduce DBPs, such as domestic water filtering, boiling, and refrigeration).

5. Conclusions

Inequalities in cancer incidence according to socio-demographic characteristics [75–77] or location
(ex: rural areas compared to urban areas) have been highlighted in the literature. The role of
environmental exposures such as drinking water contaminants can play an important role in
such disparities. However, the documentation of EMM evidence is still lacking. We therefore
strongly recommend greater use of subgroup analysis when possible, which will provide a greater
understanding of which populations or territories are more vulnerable to the impacts of DBPs.
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Abstract: Atrazine, a common water contaminant in the U.S., has been associated with adverse birth
outcomes in previous studies. This study aimed to determine if atrazine concentrations in drinking water
are associated with adverse birth outcomes including small for gestational age (SGA), term low birth
weight (term LBW), very low birth weight (VLBW), preterm birth (PTB), and very preterm birth (VPTB).
This study included 14,445 live singleton births from Ohio communities served by 22 water systems
enrolled in the U.S. Environmental Protection Agency’s Atrazine Monitoring Program between 2006 and
2008. Mean gestational and trimester-specific atrazine concentrations were calculated. Significantly
increased odds of term LBW birth was associated with atrazine exposure over the entire gestational
period (OR 1.27, 95% CI 1.10, 1.45), as well as the first (OR 1.20, 95% CI 1.08, 1.34) and second trimesters
(OR 1.13, 95% CI 1.07, 1.20) of pregnancy. We observed no evidence of an association between atrazine
exposure via drinking water and SGA, VLBW, PTB, or VPTB. Our results suggest that atrazine exposure
is associated with reduced birth weight among term infants and that exposure to atrazine in drinking
water in early and mid-pregnancy may be most critical for its toxic effects on the fetus.

Keywords: atrazine; community water system; low birth weight; preterm birth; small for gestational
age; water contamination; endocrine disruptor

1. Introduction

Atrazine is the second most widely used herbicide in the United States, primarily applied to corn and
sorghum crops [1]. Much of the concern about atrazine arises from its persistence in soil and its transport
to surface and groundwater drinking water sources [2], making it the most commonly detected pesticide
in surface water sources in the United States and frequently detected in groundwater sources as well [1,3].

Atrazine is an endocrine disruptor [1,4,5], and while some aspects of the toxic mechanisms are
unclear, atrazine disrupts the hypothalamic-pituitary-gonadal axis by inhibiting luteinizing hormone
production, increasing aromatase production, and disrupting ovarian function [6–9]. Low ecologically
relevant doses of atrazine have been shown to decrease testosterone levels, reduce spermatogenesis,
and alter gonad development in amphibians, leading sometimes to complete chemical feminization
of male frogs [10,11]. Exposure to atrazine induces delayed puberty, decreased testosterone and
increased estradiol levels, reduced sperm counts, and altered testis architecture [8,12–15] among male
rats and delayed puberty, lengthened estrous cycles, and decreased number of menstrual cycles [9,16]
among females.
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There is limited epidemiologic evidence of an effect of prenatal exposure to atrazine on adverse
birth outcomes in humans. Winchester et al. [17] observed a temporal association between atrazine
application and birth defects in an ecologic study in the U.S. Two studies of births in the Midwest have
found that increased atrazine levels in drinking water sources is associated with elevated odds of small
for gestational age (SGA), with one indicating that the timing of exposure is critical for understanding
this association [18,19]. Exposure to atrazine through contaminated drinking water has been associated
with increased risk of preterm birth in Kentucky [20] and four Midwestern states [21]. In France,
Chevrier et al. [22] reported that the presence of atrazine biomarkers in maternal urine was associated
with lower birth weight, length, and head circumference. A recent study found an association between
atrazine and both preterm birth and very preterm births in Midwestern counties in which <10% of the
population is using private well water [21]. With the exception of the one prospective cohort study in
France [22], all previous epidemiological studies of atrazine and birth outcomes have relied on ecologic
exposure estimates obtained retrospectively through environmental monitoring data.

The United States Environmental Protection Agency (USEPA) defines the legal limits for water
contaminants and water testing schedules, as mandated in the Safe Drinking Water Act. The maximum
contaminant level (MCL) for atrazine in drinking water is 3 μg/L [23]. Public water systems are
required to test for atrazine quarterly, unless atrazine concentrations are consistently below the MCL,
at which point testing can be reduced to once every three years. Those water systems that have atrazine
or total combined triazine measurements exceeding 2.6 μg/L in finished water, or 12.5 μg/L in raw
water, over a 90-day average are inducted into the Atrazine Monitoring Program (AMP) for 5 years.
Community water systems (CWS) in the AMP are required to measure atrazine weekly during the
season of peak atrazine use and biweekly throughout the remainder of the year [24].

The primary objective of this study was to examine the association between atrazine
concentrations in drinking water and selected adverse birth outcomes among those communities
receiving drinking water from community water systems that were part of USEPA’s Atrazine
Monitoring Program between 2006 and 2008 in the state of Ohio. This study also aimed to explore the
utility of environmental and health data collected through routine monitoring by state and federal
agencies for addressing epidemiologic questions, in line with the Centers for Disease Control and
Prevention Environmental Public Health Tracking Program [25].

2. Materials and Methods

2.1. Study Population

This study used birth certificate data from all births occurring within the 22 Ohio communities
receiving drinking water from a CWS in the USEPA’s AMP between 2006 and 2008. There were
14,897 births in these cities, of which 14,445 (97%) were singleton births. This analysis was restricted
to singleton births as multiple births (e.g., twins and more) have smaller birth weights and shorter
gestational periods [26]. The singleton births in this analysis comprised 3.4% of births state-wide
(n = 428,804) during this time period. Individual-level, de-identified birth certificate data for children
born in Ohio were provided by the Ohio Department of Health.

2.2. Birth Outcomes

The birth outcomes of interest in this study were small for gestational age (SGA), term low birth
weight (term LBW), very low birth weight (VLBW), preterm birth (PTB), and very preterm birth (VPTB).
SGA was defined as the smallest 10% of infants, according to birth weight, at each gestational age in the
population [26]. Small for gestational age status was calculated using sex- and gestational age-specific
national birth weight references [27]. Term LBW was defined as an infant weighing <2500 g at time of
delivery among term infants (≥37 weeks gestation). An infant was considered VLBW if it weighed
<1500 g at time of delivery, regardless of gestational age. Preterm birth and VPTB were defined as
infants delivered prior to 37 and 32 weeks gestation, respectively. Gestational age was based on the
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reported last normal menstrual period. If the last menstrual period was unknown or implausible,
a clinical estimate of gestation was used. All birth outcomes were either reported directly on or were
calculated from variables reported on the birth certificates.

2.3. Exposure Assessment

Drinking water measurements of atrazine in finished water from 2005 to 2008 were obtained
from the USEPA’s AMP public data portal [28] for all 22 AMP water systems in Ohio. Each of these
water systems were enrolled in the AMP for all years of the study. We made the assumption that the
service boundaries of each CWS in the AMP corresponded to the city limits in which the water system
was located. To verify this assumption, we attempted to contact an employee at each AMP water
system in Ohio. We successfully reached personnel at 70% of water systems included in this study,
and our assumption regarding city and water system boundaries was verified by personnel at 10 of
the 15 water systems where contact was made (Ohio Atrazine Monitoring Program Community Water
Systems, 2015, personal communications). Personnel at the remaining five water systems were not
able to provide this information.

Monthly mean estimates of atrazine in each AMP water system were calculated from the weekly
and biweekly samples in the AMP data. Using the mean monthly estimates, we calculated the mean
atrazine concentrations for the entire gestational period of the pregnancy (“gestational atrazine”)
as well as for each trimester of pregnancy, based on date of birth and gestational age at birth. The limit
of detection for atrazine was 0.1 μg/L in 2006 and was 0.05 μg/L in 2007 and 2008 [29]. Measurements
below the limit of detection (LOD) were assigned a value of the LOD/2 in this analysis. Surface water
was the source for all water systems included in this analysis. Atrazine exposure measures were linked
with birth records by the city code of the mother’s residence, which is provided on the birth certificate,
as well as the year and month of birth of the infant.

2.4. Covariates

The covariates examined in this study included infant sex, maternal age at birth, maternal
race/ethnicity, maternal educational attainment, marital status, prenatal care status, socioeconomic
status, parity, cigarette use, and maternal pre-pregnancy body mass index (BMI). Maternal age was
categorized as <20, 20–34, and ≥35 years of age. Maternal race/ethnicity was defined as non-Hispanic
white, non-Hispanic black, Hispanic, and other/unknown. Maternal educational attainment was
categorized as less than a high school degree, high school degree, some college, and college degree or
higher. Marital status was dichotomized as married or unmarried. The unmarried category includes
mothers who responded single, widowed, or divorced. The Kotelchuck index was used to define the
adequacy of prenatal care utilization, based on the month of entry into prenatal care and total number of
prenatal care visits [30]. Women were categorized as inadequate, intermediate, adequate, or adequate
plus—a category that indicates an individual has had more than the recommended amount of prenatal
care. Maternal smoking was dichotomized as smoker versus non-smoker. The cigarette use data was
non-specific to the window of time including pregnancy. Whether or not the mother was enrolled in the
Women, Infant, and Children (WIC) supplemental nutrition program was used as a proxy for low SES.
The WIC program is a federally funded nutrition and assistance program for low-income pregnant and
post-partum women, infants, and children under the age of five [31]. Maternal pre-pregnancy BMI was
categorized according to the Centers for Disease Control and Prevention definitions of underweight,
normal, overweight, and obese [32]. Parity was categorized as having had 0, 1, 2, or ≥3 previous
live births.

2.5. Data Analysis

This is a cross-sectional study of dichotomous birth outcomes among singleton births in Ohio
cities served by AMP CWSs. Bivariate associations between atrazine concentrations, outcomes,
and covariates were assessed using t-tests for continuous variables, Rao-Scott Chi-Square tests for
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dichotomous variables, and ANOVA test for covariates with >2 categories. Potential confounders
were considered as those variables that were associated with both the exposure measures and outcome
measures and were not conceptually in the causal pathway.

We developed generalized estimating equation (GEE) logistic regression models, with an
exchangeable working correlation structure and robust standard errors, to estimate the association
between atrazine in drinking water and each birth outcome—SGA, term LBW, VLBW, PTB,
and VPTB—while accounting for clustering at the city level. Models of continuous and categorical
(tertiles) atrazine exposure were tested. Maternal age, maternal race/ethnicity, and year of birth
were included in all adjusted models based on a priori knowledge. We assessed confounding
throughout the model building process and in an effort to maximize parsimony, we retained only those
variables that had a substantial (>10%) effect on the estimate of the effect of atrazine in the models.
Final adjusted models were built using the gestational atrazine exposure measure. The covariates
identified as confounders in these models were applied to models of trimester-specific atrazine
exposure. Third trimester models were not performed for the outcome VLBW because only two of the
VLBW births in this population were delivered at full term. Linear GEE regression models of birth
weight and gestation in weeks were performed controlling for those covariates identified in the logistic
regression model-building procedures. Between 0.5 and 3.5% of observations were not used due to
missing data on covariates, exposure, or outcome status. All analyses were performed using SAS®,
Version 9.4 [33].

We performed a sensitivity analysis to further reduce exposure misclassification by restricting the
analysis to only those water systems where we had confirmation from on-site representatives that the
service boundaries of the water system corresponded to the city limits in which it was located and that
>95% of the population was likely to be receiving their public water from the AMP water system in
question (n = 10 water systems). Additionally, we restricted the data set to those with a gestational
atrazine concentration ≤3 μg/L to evaluate the relationship between atrazine in drinking water and
selected birth outcomes when exposure is below permissible levels in public drinking water.

This work was reviewed and approved by the Institutional Review Board of the University of Illinois
at Chicago (#2010-0907) and the Institutional Review Board of the Ohio Department of Health (#2016-17).

3. Results

3.1. Atrazine Concentrations in Drinking Water

Monthly mean atrazine concentrations in Ohio’s AMP water systems ranged from 0 to 15.7 μg/L
between 2006 and 2008 (Table 1). Atrazine measurements followed a sharp seasonal pattern, peaking in
the months of May and June (Figure 1). Across all years, monthly mean concentrations were missing in
2.3% of AMP water systems, with annual variation in the missing pattern between 0.5 and 5%. Overall,
less than 1% of births were missing an estimate of atrazine exposure during their entire gestation or
during any of their trimester estimates of exposure.

Table 1. Summary of monthly mean atrazine concentrations reported in finished drinking water by
Atrazine Monitoring Program (AMP) community water systems (n = 22) in Ohio, 2006–2008.

Year
Geometric Mean,

GSD (μg/L)
Median

Concentration (μg/L)
Minimum

Concentration (μg/L)
Maximum

Concentration (μg/L)
Percent

Missing a (%)

2006 0.29, 3.04 0.17 0.00 7.22 1.5
2007 0.15, 3.43 0.16 0.03 4.23 0.4
2008 0.16, 4.35 0.17 0.03 15.66 4.9

a Percentage of community water systems missing monthly mean atrazine concentration. GSD: geometric
standard deviation.
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Figure 1. Seasonal variations in mean monthly atrazine concentration (μg/L) in finished water samples
from 22 AMP community water systems in Ohio, 2006–2008.

3.2. Study Population

There were 14,445 live singleton births within the 22 cities which received their public drinking
water supply from AMP water systems in Ohio between 2006 and 2008, of which 51% were males
(Table 2). The majority of these births were born to mothers who were non-Hispanic white (86%),
between 20 and 34 years old (81%), were married (54%), and parous (59%). Half of the births during this
time period were born to mothers with a high school degree or less. Overall, 68% of mothers reported
adequate plus, intermediate, or adequate prenatal care, but 19% had an unknown level of prenatal care.
The proportion of infants born to mothers enrolled in the WIC program in our sample was higher than
for the state as a whole (50% versus 42%) as was the proportion of infants born to mothers who reported
smoking (35% versus 26%) (not shown). There was a high prevalence of pre-pregnancy obesity (25%)
among the mothers in this population. Among live singleton births, 10.3% were SGA, 1.1% were very
low birth weight, 9.9% were preterm, and 1.6% very preterm. Among singleton term births, 2.4% were
term LBW. Between <1% and 3% of observations were dropped in fully covariate-adjusted models due
to missing data on either outcomes, covariates, or exposure estimates.

Table 2. Distribution of demographic and economic covariates across the population of live singleton
births (n = 14,445) and the prevalence of outcomes by covariates in Atrazine Monitoring Program
communities in Ohio, 2006–2008.

Variable n (%)
SGA Term LBW VLBW PTB VPTB

% % % % %

Gender
Male 7431 (51) 9.9 1.9 1.1 10.5 1.7
Female 7014 (49) 10.6 3.4 1.1 9.3 1.6

Race/Ethnicity
Non-Hispanic white 12,471 (86) 9.7 2.4 1.0 9.5 1.5
Non-Hispanic black 1068 (7) 17.8 6.2 2.4 13.9 2.9
Hispanic 689 (5) 8.9 1.8 1.5 10.3 2.0
Other 217 (2) 9.7 3.2 1.4 13.4 2.3

Maternal Age at Birth
<20 1811 (13) 15.4 4.0 1.7 13.2 2.7
20−34 11,710 (81) 9.7 2.5 1.0 9.4 1.4
35+ 923 (6) 7.8 2.7 1.5 10.1 2.1

Maternal Education
High School or less 7203 (50) 12.8 3.1 1.4 11.4 2.0
Some College/Degree 7203 (50) 7.7 2.2 0.8 8.4 1.3
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Table 2. Cont.

Variable n (%)
SGA Term LBW VLBW PTB VPTB

% % % % %

Maternal Smoking
Yes 4995 (35) 7.9 3.9 1.4 11.5 2.1
No 9449 (65) 14.7 2.0 0.9 9.1 1.4

Prenatal Care
Inadequate 1861 (13) 13.2 3.8 1.0 11.2 1.9
Intermediate/Adequate 5970 (41) 9.7 1.6 0.3 3.0 0.4
Adequate Plus 3902 (27) 9.6 3.8 1.4 17.5 2.2
Unknown 2712 (19) 10.6 3.0 2.5 13.3 3.3

WIC use a

Yes 7064 (50) 12.6 3.3 1.2 9.1 1.8
No 7108 (50) 7.9 2.0 1.0 10.6 1.4

Pre-pregnancy BMI
Underweight 673 (8) 17.8 6.8 1.2 11.6 1.5
Normal 6664 (47) 11.2 2.8 1.1 9.9 1.7
Overweight 3170 (22) 8.8 2.0 1.0 9.2 1.4
Obese 3781 (26) 8.6 2.4 1.2 10.2 1.6

Parity
0 5892 (41) 12.0 3.2 1.3 10.0 1.8
1 4515 (32) 8.3 2.3 0.9 9.0 1.4
2 2334 (16) 9.3 2.0 1.0 9.6 1.5
≥3 1483 (10) 11.2 2.9 0.7 12.8 1.7

Marital Status
Married 7765 (54) 7.1 1.8 0.8 8.5 1.0
Unmarried 6680 (46) 13.9 3.8 1.5 11.6 2.3

a WIC use indicates participation in the Women, Infant and Children nutrition and assistance program. SGA: small
for gestational age; Term LBW: term low birth weight; VLBW: very low birth weight; PTB: preterm birth; VPTB:
very preterm birth.

3.3. Regression Analyses

We found weak and statistically non-significant evidence of a positive association between
gestational averages of atrazine and SGA in either crude or fully covariate-adjust models (AOR 1.06,
95% CI 0.96, 1.17) (Table 3). In our examination of trimester-specific exposure windows, we similarly
observed only a weak association between average atrazine exposure in the first trimesters and SGA
(Table 4).

Mean gestational atrazine exposure was associated with significantly increased odds of term
LBW birth in both crude and adjusted models (Table 3; AOR 1.27, 95% CI 1.10, 1.45). In our models of
trimester-specific exposure windows, we observed a significant increase in odds of term LBW birth
with increasing atrazine exposure during the first and second trimesters, but not in the third trimester
(Table 4; Figure 2). In categorical analyses, we observed a significant increase in odds of term LBW
among those in the highest tertile of mean gestational atrazine exposure compared to those in the
lowest (Table 5), although odds increased across each tertile of exposure (test for trend p = 0.0007).

Results from linear regression analyses indicated that an increasing gestational atrazine exposure
was related to decreased birth weight among term infants (−2.7 grams per 1μg/L increase, p = 0.77)
and gestational age in weeks among all infants (−0.03 weeks per 1 μg/L increase, p = 0.62), but these
findings were non-significant.

We observed no evidence of an association between gestational or trimester averages of atrazine
exposure with odds of VLBW, PTB, or VPTB in this population (Tables 3 and 4).
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Table 3. Associations a between gestational mean atrazine concentrations in drinking water and SGA,
term LBW, VLBW, PTB, and VPTB in AMP communities (n = 22) in Ohio, 2006–2008.

Outcome Model n OR g (95% CI)

SGA b Crude 13,942 0.99 (0.88, 1.12)
Adjusted 13,942 1.06 (0.96, 1.17)

Term LBW c Crude 12,567 1.15 (1.01, 1.31)
Adjusted 12,567 1.27 (1.10, 1.45)

VLWB d Crude 14,089 0.90 (0.50, 1.60)
Adjusted 14,089 0.81 (0.47, 1.39)

PTB e Crude 14,098 1.01 (0.89, 1.14)
Adjusted 14,098 0.99 (0.88, 1.11)

VPTB f Crude 14,349 1.15 (0.86, 1.55)
Adjusted 14,349 1.11 (0.81, 1.51)

a All adjusted models included maternal race/ethnicity, maternal age, and birth year a priori. b Small for gestational
age defined as the smallest 10% of infants, according to birth weight, at each gestational age in the population.
In addition to a priori variables, the final model for SGA included maternal education, WIC status, marital status,
maternal pre-pregnancy BMI. c Term low birth weight is defined as < 2500 g among term births (≥ 37 weeks
gestation). In addition to a priori variables, the final model for term LBW included infant sex, maternal education,
WIC status, marital status, maternal smoking status, and maternal pre-pregnancy BMI. d Very low birth weight is
defined as < 1500 g at time of delivery. In addition to a priori variables, the final model for term LBW included
maternal education, marital status, and parity. e Preterm births defined as infants delivered before 37 weeks
gestation. In addition to a priori variables, the final model for PTB included maternal education, maternal smoking
status, and parity. f Very preterm births defined as infants delivered before 32 weeks gestation. In addition to a
priori variables, the final model for PTB included maternal marital status. g Odds ratios reflect increase in odds per
1 μg/L increase in atrazine in drinking water.

Table 4. Associations a between trimester-specific atrazine concentrations (μg/L) and SGA, term LBW,
VLBW, PTB and VPTB among AMP communities (n = 22) in Ohio, 2006–2008.

Outcome Model n OR g (95%CI)

First Trimester

SGA b Crude 14,022 1.02 (0.95, 1.09)
Adjusted 14,022 1.04 (0.98, 1.11)

Term LBW c Crude 12,647 1.14 (1.01, 1.28)
Adjusted 12,647 1.20 (1.08, 1.34)

VLWB d Crude 14,170 1.09 (0.86, 1.37)
Adjusted 14,170 1.07 (0.86, 1.34)

PTB e Crude 14,179 1.01 (0.90, 1.13)
Adjusted 14,179 0.99 (0.90, 1.10)

VPTB f Crude 14,432 1.11 (0.81, 1.53)
Adjusted 14,432 1.11 (0.81, 1.53)

Second Trimester

SGA a Crude 14,002 0.97 (0.93, 1.00)
Adjusted 14,002 0.99 (0.96, 1.02)

Term LBW
Crude 12,647 1.06 (0.98, 1.14)

Adjusted 12,647 1.13 (1.07, 1.20)

VLWB
Crude 14,148 0.79 (0.55, 1.14)

Adjusted 14,148 0.76 (0.51, 1.13)

PTB
Crude 14,156 0.99 (0.95, 1.04)

Adjusted 14,156 0.99 (0.95, 1.04)
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Table 4. Cont.

Outcome Model n OR g (95%CI)

Third Trimester

SGA a Crude 12,648 0.98 (0.87, 1.10)
Adjusted 12,648 1.00 (0.93, 1.08)

Term LBW
Crude 12,647 0.97 (0.80, 1.16)

Adjusted 12,647 1.03 (0.87, 1.22)
a All adjusted models included maternal race/ethnicity, maternal age, and birth year a priori. b Small for gestational
age defined as the smallest 10% of infants, according to birth weight, at each gestational age in the population.
In addition to a priori variables, the final model for SGA included maternal education, WIC status, marital status,
and maternal pre-pregnancy BMI. c Term low birth weight is defined as <2500 g among term births (≥37 weeks
gestation). In addition to a priori variables, the final model for term LBW included infant sex, maternal education,
WIC status, marital status, maternal smoking status, and maternal pre-pregnancy BMI. d Very low birth weight
is defined as <1500 g at time of delivery. In addition to a priori variables, the final model for term LBW included
maternal education, marital status, and parity. e Preterm births defined as infants delivered before 37 weeks’
gestation. In addition to a priori variables, the final model for PTB included maternal education, maternal smoking
status, and parity. f Very preterm births defined as infants delivered before 32 weeks’ gestation. In addition to a
priori variables, the final model for PTB included maternal marital status. g Odds ratios reflect increase in odds per
1 μg/L increase in atrazine in drinking water.

Figure 2. Association between gestational and trimester mean estimates of atrazine exposure in
drinking water and term LBW in communities served by water systems enrolled in USEPA’s AMP
(n = 22) in Ohio, 2006–2008.

Table 5. Association a between term low birth weight births and tertiles of gestational atrazine exposure
among live singleton births in AMP communities (n = 22) in Ohio, 2006–2008.

Tertile Exposure Range (μg/L) OR a (95% CI)

1 0–0.1537 Ref.
2 0.1538–0.4622 1.11 (0.92, 1.34)
3 0.4623–5.9337 1.26 (1.11, 1.44)

p for trend = 0.0007
a Model adjusted for maternal race/ethnicity, maternal age, birth year, infant sex, maternal education, WIC status,
marital status, maternal smoking status, and maternal pre-pregnancy BMI.
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3.4. Sensitivity Analyses

We restricted the mean gestational and trimester-specific atrazine exposure models to include
only those water systems where an on-site representative confirmed that the service boundaries
corresponded to the city boundaries. There were 4488 births within these 10 AMP water systems.
We observed elevated odds of term LBW per 1 μg/L increase in mean gestational atrazine in this
subgroup (AOR 1.16, 95% CI 0.77, 1.74), but the association was not significant (Table 6). We observed
no association between gestational atrazine concentrations and SGA or PTB. Covariate-adjusted models
did not converge for VPT or VLBW, but no association between atrazine and either outcome was seen
in crude models.

Table 6. Associations a between gestational and trimester-specific mean concentrations of atrazine in
drinking water and term LBW among AMP communities with verified service boundaries (n = 10) in
Ohio, 2006–2008.

Exposure Model n OR b (95% CI)

Gestational mean
Crude 3929 1.04 (0.62, 1.72)

Adjusted 3929 1.16 (0.77, 1.74)

First trimester
Crude 3961 1.13 (0.96, 1.33)

Adjusted 3961 1.17 (1.03, 1.34)

Second trimester
Crude 3961 0.95 (0.77, 1.17)

Adjusted 3961 1.01 (0.83, 1.22)

Third trimester
Crude 3961 0.96 (0.66, 1.40)

Adjusted 3961 1.01 (0.72, 1.41)
a Term low birth weight is defined as <2500 g among term births (≥37 weeks’ gestation). All adjusted models
included maternal race/ethnicity, maternal age, birth year, infant sex, maternal education, WIC status, marital
status, maternal smoking status, and maternal pre-pregnancy BMI. b Odds ratios reflect increase in odds per 1 μg/L
increase in atrazine in drinking water.

Mean exposure to atrazine in the first trimester was significantly associated with an increase in
the odds of term LBW in these restricted models (AORT1 1.17, 95% CI 1.03, 1.34) (Table 6). Atrazine
exposure during the first trimester was inversely associated with the odds of PTB in crude and adjusted
models. No association between atrazine exposure in the second or third trimesters and either SGA,
term LBW, or PTB was observed in adjusted models. Third trimester atrazine exposure was not
assessed for its relationship to PTB.

In a separate sensitivity analysis of term LBW, we restricted the data set to include only those
term births with a mean gestational atrazine concentration ≤3 μg/L (n = 12,980), the current MCL set
by the USEPA. Used as a continuous measure in the models, mean gestational atrazine exposure was
associated with a significant increase in the odds of term LBW (AOR 1.33, 95% CI 1.08, 1.64). Odds of
term LBW increased across tertiles of mean atrazine exposure, but only those in the highest tertile of
gestational atrazine exposure were at significantly increased odds of term LBW compared to those in
the lowest tertile (AOR 1.25, 95% CI 1.10, 1.43).

4. Discussion

The aim of this study was to examine the relationship between atrazine exposure during
pregnancy and selected adverse birth outcomes among communities that have been served by
water systems monitored by the USEPA’s Atrazine Monitoring Program. Furthermore, this research
was aimed at elucidating the window of exposure that is most critical for these birth outcomes.
In this analysis of all live singleton births within AMP communities in Ohio between 2006 and 2008,
we observed a significant increase in odds of term LBW births with increasing atrazine exposure.
This association was observed within models of atrazine exposure averaged over the entire gestation
of the pregnancy. Furthermore, our results suggest that atrazine exposure within the first and second
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trimesters of pregnancy, but not during the third trimester, are associated with term LBW, indicating
that exposure to atrazine in drinking water in early and mid-pregnancy may be most critical for its
toxic effects on the fetus. We observed no significant evidence of an association between atrazine
exposure via drinking water and SGA, VLBW, PTB, or VPTB.

The exact mechanism through which atrazine would reduce birth weight is not well understood.
Findings from rat models showing reduced pup weight after in utero exposure to atrazine lend biologic
plausibility to our findings [34,35]. Our findings are consistent with previous epidemiologic research
which has shown an inverse relationship between atrazine exposure and birth weight [22], but conflicts
with another study which found no association between atrazine exposure via drinking water and
low birth weight in a population of infants in Brittany, France [36]. While previous studies have
shown evidence of an association between atrazine exposure and small for gestational age and preterm
birth [21], we found no evidence of these associations in our study of singleton births occurring within
communities served by AMP water systems in Ohio from 2006 to 2008.

Reduced birth weight has serious public health impacts. The risk of neonatal mortality is highest
among the smallest and largest infants, as measured by birth weight. This same pattern of increased
risk is seen later in life as well, with a reversed “J” shape association between birthweight and
cardiovascular disease and all-cause mortality [26]. Our findings suggest that the morbidity and
mortality burden from this adverse birth outcome can be lessened through reducing gestational
exposures to atrazine in drinking water.

Water systems are enrolled in the AMP as a result of repeated exceedances of the 3 μg/L MCL for
atrazine, but only 4% of samples from the water systems in this study exceeded the MCL. Our findings
are unchanged when we remove those observations for which gestational atrazine estimates exceeded
the MCL. While further epidemiologic research is needed, these results suggest that the current MCL
for atrazine may not be protective against some adverse birth outcomes such as term low birth weight.

Most previous epidemiologic studies of atrazine and birth outcomes have been limited by ecologic
exposure and outcome assessment. In the present study, birth outcomes and covariates were assessed
at the individual level from birth certificates, providing more accurate outcome ascertainment and
robust control of confounding. Atrazine exposure was estimated at the water system level in this study,
which offers substantial refinement of exposure classification from the ecologic measurements that
combine observations across multiple CWSs used in some of the prior studies [18,20,36]. Furthermore,
the sampling frame under the USEPA’s Atrazine Monitoring Program is more intensive than the frame
for low-risk CWSs, which allows more robust determination of monthly atrazine concentrations and
minimizes the number of months missing data in this analysis. Despite the reduction in exposure
misclassification by estimating atrazine for each unique water system, we remain unable to account
for personal drinking water behaviors (e.g., use of bottled water or filters), which can substantially
influence an individual’s exposure. We lacked data on atrazine exposure from other sources such
as diet, although atrazine residue is not often detected on food products and is not considered to be
a significant contributor to overall atrazine exposure in the general population [37]. Furthermore,
this study assessed the relationship between exposure to one contaminant and multiple birth outcomes,
which does not address the fact that drinking water contains varying levels of multiple contaminants.

We made an assumption that the service boundaries of the AMP water systems in this study
corresponded to the geographic boundaries of the city in which each was located. For nearly half
of these water systems, we received verbal confirmation from treatment plant operators and water
system managers that this was in fact the case. We performed a sensitivity analysis by restricting
the gestational atrazine models to only these confirmed water systems to attempt to further reduce
exposure misclassification. In this sub-group analysis, we saw consistent magnitude and direction of
association between atrazine and term low birth weight compared with the full sample, but lacked
sufficient numbers to detect a significant increase in odds of this rare outcome.

Our outcome and covariate data originated from birth certificates. The reliability of birth certificate
data, however, varies widely by data element. Overall, the Ohio birth certificate data contained low
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levels (<3%) of missing data on the key covariates used in these analyses. A notable exception is the
high level of missing data on prenatal care (26%). Those who were missing data on their prenatal care
status were more likely to be non-Hispanic black, “Other” race/ethnicity, and young. We chose to only
use those covariates that are considered to be well-reported and highly accurate on birth certificates,
such as maternal age, race/ethnicity, marital status, parity, plurality, infant gender, birth weight,
and gestational age [38–45].

We lacked information on whether or not the mothers of the infants in these analyses had moved
at any point during their pregnancy and assumed that the residence listed on the birth certificate was
the residence throughout the entire pregnancy. Rates of pregnancy mobility are estimated between
12 and 32% [46–49], and vary by geography and demographic factors.

Our study was restricted to a small percentage of births (3%) in the state of Ohio for this analysis
of AMP water systems. The population in these AMP communities differed from the state population
in important ways. A much higher percentage of infants were born to mothers who were non-Hispanic
white (86%) compared to the state as a whole (76%). Additionally, these AMP communities had
a higher proportion of births from women enrolled in WIC (50% versus 42%) and who reported
smoking (35% versus 26%). The small sample size relative to the state population and the demographic
differences between the AMP communities and the state as a whole limit the generalizability of the
study results. Ideally, future research on the association between atrazine in drinking water and
adverse birth outcomes would include a representative sample of births to increase the generalizability
of study findings.

Despite these limitations, the study had several notable strengths. The exposure estimates used in
this study are highly geographically and temporally refined, which allowed specific exposure windows,
such as trimesters, to be examined. The large number of births included in this study allowed the
examination of two rare outcomes, very preterm birth and very low birth weight, which have not
been reported previously. Furthermore, this study also benefited from individual-level data on
important covariates.

Our findings suggest that additional epidemiologic research should examine the reproductive
effects of exposure to atrazine in areas of relatively low contaminant exposure. Ideally, future research
would employ biomarkers of exposure or individual assessment of drinking water exposures rather
than relying on the ecologic exposure measures presented in these analyses. Despite the limitations
in the exposure ascertainment, our findings demonstrate that linking environmental monitoring
data with health outcomes data, such as vital statistics databases, holds promise for identifying
potential associations, which can subsequently be investigated using with more refined exposure and
outcome ascertainment.

5. Conclusions

We found an association between atrazine concentrations in drinking water and the odds of term
LBW births within communities served by water systems enrolled in USEPA’s Atrazine Monitoring
Program in Ohio. This is the first study to show such an association for term LBW by linking maternal
residence to a specific water system. Water systems are enrolled in the AMP as a result of repeated
exceedances of the 3 μg/L MCL for atrazine, but only 4% of samples from the water systems in this
study exceeded the MCL. We observed an increase in the odds of term LBW births among those with
average gestational atrazine below the current MCL. While further epidemiologic research is needed,
these results suggest that the current MCL for atrazine may not be protective against some adverse
birth outcomes such as term LBW.

Author Contributions: Conceptualization, K.S.A., L.T.S., and M.E.T.; Methodology, K.S.A., R.M.J, and S.F.; Formal
Analysis, K.S.A.; Investigation, K.S.A., L.T.S., and M.E.T.; Data Curation, L.T.S., M.E.T., and R.M.J; Writing–Original
Draft Preparation, K.S.A.; Writing–Review and Editing, K.S.A, M.E.T, R.M.J, K.R., S.F., L.T.S.; Funding Acquisition,
L.T.S., M.E.T., R.M.J.

273



Int. J. Environ. Res. Public Health 2018, 15, 1889

Funding: This research was supported in part by the US Centers for Disease and Control Prevention’s
Environmental Public Health Tracking Program (#200-2010-37442).

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results. The contents of this document including data analysis, interpretation or conclusions
are solely the responsibility of the authors and do not represent the official views of Ohio Department of Health.

References

1. United States Environmental Protection Agency (USEPA) Atrazine Chemical Summary 2007. Available
online: https://archive.epa.gov/region5/teach/web/pdf/atrazine_summary.pdf (accessed on 5 July 2018).

2. Jayachandran, K.; Steinheimer, T.R.; Somasundaram, L.; Moorman, T.B.; Kanwar, R.S.; Coats, J.R.
Occurrence of atrazine and degradates as contaminants of subsurface drainage and shallow groundwater.
J. Environ. Qual. 1994, 23, 311–319. [CrossRef]

3. Gilliom, R.J.; Barbash, J.E.; Crawford, C.G.; Hamilton, P.A.; Martin, J.D.; Nakagaki, N.; Nowell, L.; Scott, J.C.;
Stackelberg, P.E.; Thelin, G.P.; et al. Pesticides in the Nation’s Streams and Ground Water, 1992–2001; Revised
February 2007; U.S. Geological Survey: Reston, VA, USA, 2006.

4. Quignot, N.; Arnaud, M.; Robidel, F.; Lecomte, A.; Tournier, M.; Cren-Olivé, C.; Barouki, R.; Lemazurier, E.
Characterization of endocrine-disrupting chemicals based on hormonal balance disruption in male and
female adult rats. Reprod. Toxicol. 2012, 33, 339–352. [CrossRef] [PubMed]

5. Vandenberg, L.N.; Colborn, T.; Hayes, T.B.; Heindel, J.J.; Jacobs, D.R.; Lee, D.H.; Shioda, T.; Soto, A.M.;
vom Saal, F.S.; Welshons, W.V.; et al. Hormones and endocrine-disrupting chemicals: Low-dose effects and
nonmonotonic dose responses. Endocr. Rev. 2012, 33, 378–455. [CrossRef] [PubMed]

6. Cooper, R.L.; Stoker, T.E.; Goldman, J.M.; Parrish, M.B.; Tyrey, L. Effect of atrazine on ovarian function in the
rat. Reprod. Toxicol. 1996, 10, 257–264. [CrossRef]

7. Cooper, R.L.; Stoker, T.E.; Tyrey, L.; Goldman, J.M.; McElroy, W.K. Atrazine disrupts the hypothalamic
control of pituitary-ovarian function. Toxicol. Sci. 2000, 53, 297–307. [CrossRef] [PubMed]

8. Victor-Costa, A.B.; Bandeira, S.M.C.; Oliveira, A.G.; Mahecha, G.A.B.; Oliveira, C.A. Changes in testicular
morphology and steroidogenesis in adult rats exposed to Atrazine. Reprod. Toxicol. 2010, 29, 323–331.
[CrossRef] [PubMed]

9. Zorrilla, L.M.; Gibson, E.K.; Stoker, T.E. The effects of simazine, a chlorotriazine herbicide, on pubertal
development in the female Wistar rat. Reprod. Toxicol. 2010, 29, 393–400. [CrossRef] [PubMed]

10. Hayes, T.B.; Collins, A.; Lee, M.; Mendoza, M.; Noriega, N.; Stuart, A.A.; Vonk, A. Hermaphroditic,
demasculinized frogs after exposure to the herbicide atrazine at low ecologically relevant doses. Proc. Natl.
Acad. Sci. USA 2002, 99, 5476–5480. [CrossRef] [PubMed]

11. Hayes, T.B.; Khoury, V.; Narayan, A.; Nazir, M.; Park, A.; Brown, T.; Adame, L.; Chan, E.; Buchholz, D.;
Stueve, T.; et al. Atrazine induces complete feminization and chemical castration in male African clawed
frogs (Xenopus laevis). Proc. Natl. Acad. Sci. USA 2010, 107, 4612–4617. [CrossRef] [PubMed]

12. Stoker, T.E.; Laws, S.C.; Guidici, D.L.; Cooper, R.L. The effect of atrazine on puberty in male Wistar rats:
An evaluation in the protocol for the assessment of pubertal development and thyroid function. Toxicol. Sci.
2000, 58, 50–59. [CrossRef] [PubMed]

13. Friedmann, A.S. Atrazine inhibition of testosterone production in rat males following peripubertal exposure.
Reprod. Toxicol. 2002, 16, 275–279. [CrossRef]

14. Belloni, V.; Dessì-Fulgheri, F.; Zaccaroni, M.; Di Consiglio, E.; De Angelis, G.; Testai, E.; Santochirico, M.;
Alleva, E.; Santucci, D. Early exposure to low doses of atrazine affects behavior in juvenile and adult CD1
mice. Toxicology 2011, 279, 19–26. [CrossRef] [PubMed]

15. Jin, Y.; Wang, L.; Fu, Z. Oral exposure to atrazine modulates hormone synthesis and the transcription of
steroidogenic genes in male peripubertal mice. Gen. Comp. Endocrinol. 2013, 184, 120–127. [CrossRef]
[PubMed]

16. Wetzel, L.T.; Luempert, L.G.; Breckenridge, C.B.; Tisdel, M.O.; Stevens, J.T.; Thakur, A.K.; Extrom, P.J.;
Eldridge, J.C. Chronic effects of atrazine on estrus and mammary tumor formation in female Sprague-Dawley
and Fischer 344 rats. J. Toxicol. Environ. Health 1994, 43, 169–182. [CrossRef] [PubMed]

17. Winchester, P.D.; Huskins, J.; Ying, J. Agrichemicals in surface water and birth defects in the United States.
Acta. Paediatr. 2009, 98, 664–669. [CrossRef] [PubMed]

274



Int. J. Environ. Res. Public Health 2018, 15, 1889

18. Munger, R.; Isacson, P.; Hu, S.; Burns, T.; Hanson, J.; Lynch, C.F.; Cherryholmes, K.; Van Dorpe, P.;
Hausler, W.J. Intrauterine growth retardation in Iowa communities with herbicide-contaminated drinking
water supplies. Environ. Health Perspect. 1997, 105, 308–314. [CrossRef] [PubMed]

19. Ochoa-Acuña, H.; Frankenberger, J.; Hahn, L.; Carbajo, C. Drinking-water herbicide exposure in Indiana and
prevalence of small-for-gestational-age and preterm delivery. Environ. Health Perspect. 2009, 117, 1619–1624.
[CrossRef] [PubMed]

20. Rinsky, J.L.; Hopenhayn, C.; Golla, V.; Browning, S.; Bush, H.M. Atrazine exposure in public drinking water
and preterm birth. Public Health Rep. 2012, 127, 72–80. [CrossRef] [PubMed]

21. Stayner, L.T.; Almberg, K.; Jones, R.; Graber, J.; Pedersen, M.; Turyk, M. Atrazine and nitrate in drinking
water and the risk of preterm delivery and low birth weight in four Midwestern states. Environ. Res. 2017,
152, 294–303. [CrossRef] [PubMed]

22. Chevrier, C.; Limon, G.; Monfort, C.; Rouget, F.; Garlantézec, R.; Petit, C.; Durand, G.; Cordier, S. Urinary
biomarkers of prenatal atrazine exposure and adverse birth outcomes in the PELAGIE birth cohort.
Environ. Health Perspect. 2011, 119, 1034–1041. [CrossRef] [PubMed]

23. 40 CFR 141.61-Maximum Contaminant Levels for Organic Contaminants. Available online: https://www.gpo.
gov/fdsys/granule/CFR-2012-title40-vol24/CFR-2012-title40-vol24-sec141-61 (accessed on 5 July 2018).

24. United States Environmental Protection Agency (USEPA) Atrazine-Background and Updates. Available
online: https://www.epa.gov/ingredients-used-pesticide-products/atrazine-background-and-updates#
drinking-water (accessed on 5 July 2018).

25. Balluz, L.S. CDC’s environmental public health tracking network: an innovative dynamic surveillance
system for you. J. Environ. Health 2014, 76, 48–50. [PubMed]

26. Wilcox, A.J. Fertility and Pregnancy: An. Epidemiologic Perspective, 1st ed.; Oxford University Press: New York,
NY, USA, 2010.

27. Duryea, E.L.; Hawkins, J.S.; McIntire, D.D.; Casey, B.M.; Leveno, K.J. A revised birth weight reference for the
United States. Obstet. Gynecol. 2014, 124, 16–22. [CrossRef] [PubMed]

28. United States Environmental Protection Agency Atrazine Monitoring Program Data and Results. Available
online: https://www.epa.gov/ingredients-used-pesticide-products/atrazine-monitoring-program-data-
and-results (accessed on 5 July 2018).

29. Jones, R.M.; Stayner, L.T.; Demirtas, H. Multiple imputation for assessment of exposures to drinking
water contaminants: Evaluation with the Atrazine Monitoring Program. Environ. Res. 2014, 134, 466–473.
[CrossRef] [PubMed]

30. Kotelchuck, M. The adequacy of prenatal care utilization index: Its US distribution and association with low
birthweight. Am. J. Public Health 1994, 84, 1486–1489. [CrossRef] [PubMed]

31. United States Department of Agriculture the Special Supplemental Nutrition Program for Women, Infants
and Children (WIC Program) 2018. Available online: https://fns-prod.azureedge.net/sites/default/files/
wic/wic-fact-sheet.pdf (accessed on 16 August 2018).

32. Centers for Disease Control and Prevention about Adult BMI|Healthy Weight|CDC. Available online:
https://www.cdc.gov/healthyweight/assessing/bmi/adult_bmi/index.html (accessed on 5 July 2018).

33. SAS, version 9.4; SAS Institute: Cary, NC, USA, 2002.
34. Rayner, J.L.; Enoch, R.R.; Fenton, S.E. Adverse effects of prenatal exposure to atrazine during a critical period

of mammary gland growth. Toxicol. Sci. 2005, 87, 255–266. [CrossRef] [PubMed]
35. Rayner, J.L.; Wood, C.; Fenton, S.E. Exposure parameters necessary for delayed puberty and mammary gland

development in Long-Evans rats exposed in utero to atrazine. Toxicol. Appl. Pharmacol. 2004, 195, 23–34.
[CrossRef] [PubMed]

36. Villanueva, C.M.; Durand, G.; Coutté, M.B.; Chevrier, C.; Cordier, S. Atrazine in municipal drinking water
and risk of low birth weight, preterm delivery, and small-for-gestational-age status. Occup. Environ. Med.
2005, 62, 400–405. [CrossRef] [PubMed]

37. Agency for Toxic Substances and Disease Registry Toxicological Profile for Atrazine. Available online:
https://www.atsdr.cdc.gov/toxprofiles/tp.asp?id=338&tid=59 (accessed on 27 August 2018).

38. Querec, L.J. Comparability of reporting between the birth certificate and the National Natality Survey.
Vital Health Stat. Ser. 2 1980, 83, 1–44.

39. Schoendorf, K.C.; Parker, J.D.; Batkhan, L.Z.; Kiely, J.L. Comparability of the birth certificate and 1988
Maternal and Infant Health Survey. Vital Health Stat. Ser. 2 1993, 116, 1–19.

275



Int. J. Environ. Res. Public Health 2018, 15, 1889

40. Green, D.C.; Moore, J.M.; Adams, M.M.; Berg, C.J.; Wilcox, L.S.; McCarthy, B.J. Are we underestimating
rates of vaginal birth after previous cesarean birth? The validity of delivery methods from birth certificates.
Am. J. Epidemiol. 1998, 147, 581–586. [CrossRef] [PubMed]

41. Reichman, N.E.; Hade, E.M. Validation of birth certificate data. A study of women in New Jersey’s Health
Start program. Ann. Epidemiol. 2001, 11, 186–193. [CrossRef]

42. DiGiuseppe, D.L.; Aron, D.C.; Ranbom, L.; Harper, D.L.; Rosenthal, G.E. Reliability of birth certificate
data: A multi-hospital comparison to medical records information. Matern. Child Health J. 2002, 6, 169–179.
[CrossRef] [PubMed]

43. Roohan, P.J.; Josberger, R.E.; Acar, J.; Dabir, P.; Feder, H.M.; Gagliano, P.J. Validation of birth certificate data
in New York State. J. Community Health 2003, 28, 335–346. [CrossRef] [PubMed]

44. Northam, S.; Knapp, T.R. The reliability and validity of birth certificates. J. Obstet. Gynecol. Neonatal Nurs.
2006, 35, 3–12. [CrossRef] [PubMed]

45. Zollinger, T.W.; Przybylski, M.J.; Gamache, R.E. Reliability of Indiana birth certificate data compared to
medical records. Ann. Epidemiol. 2006, 16, 1–10. [CrossRef] [PubMed]

46. Fell, D.B.; Dodds, L.; King, W.D. Residential mobility during pregnancy. Paediatr. Perinat. Epidemiol. 2004,
18, 408–414. [CrossRef] [PubMed]

47. Canfield, M.A.; Ramadhani, T.A.; Langlois, P.H.; Waller, D.K. Residential mobility patterns and exposure
misclassification in epidemiologic studies of birth defects. J. Expo. Sci. Environ. Epidemiol. 2006, 16, 538–543.
[CrossRef] [PubMed]

48. Miller, A.; Siffel, C.; Correa, A. Residential mobility during pregnancy: Patterns and correlates. Matern. Child
Health J. 2010, 14, 625–634. [CrossRef] [PubMed]

49. Zender, R.; Bachand, A.M.; Reif, J.S. Exposure to tap water during pregnancy. J. Expo. Anal. Environ. Epidemiol.
2001, 11, 224–230. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

276



International  Journal  of

Environmental Research

and Public Health

Article

Associations between Water Quality Measures and
Chronic Kidney Disease Prevalence in Taiwan

Kuan Y. Chang 1,†, I-Wen Wu 2,†, Bo-Ruei Huang 1, Jih-Gau Juang 3, Jia-Chyi Wu 3,

Su-Wei Chang 4,5 and Chung Cheng Chang 6,*

1 Department of Computer Science and Engineering, National Taiwan Ocean University, Keelung 202, Taiwan;
kchang@ntou.edu.tw (K.Y.C.); rrayhhuang@gmail.com (B.-R.H.)

2 Division of Nephrology, Keelung Chang Gung Memorial Hospital, Keelung 204, Taiwan; fliawu@yahoo.com
3 Department of Communications, Navigation and Control Engineering, National Taiwan Ocean University,

Keelung 202, Taiwan; jgjuang@mail.ntou.edu.tw (J.-G.J.); jcwu@mail.ntou.edu.tw (J.-C.W.)
4 Clinical Informatics and Medical Statistics Research Center, College of Medicine, Chang Gung University,

Taoyuan 333, Taiwan; shwchang@mail.cgu.edu.tw
5 Division of Allergy, Asthma, and Rheumatology, Department of Pediatrics, Chang Gung Memorial Hospital

at Linkou, Taoyuan 333, Taiwan
6 Department of Electrical Engineering, National Taiwan Ocean University, Keelung 202, Taiwan
* Correspondence: ccchang@mail.ntou.edu.tw; Tel.: +886-2-2462-2192 (ext. 6350)
† These authors contributed equally to this work.

Received: 16 October 2018; Accepted: 28 November 2018; Published: 3 December 2018

Abstract: To determine the relationships between exposure to environmental contaminants in water
and chronic kidney disease (CKD), we investigated the associations of 61 water attributes with
the prevalence of CKD and End-Stage Renal Disease (ESRD) using data from 2005 to 2011 from
all 22 counties and cities in the main island of Taiwan. We acquired patient information from
the Taiwan Longitudinal Health Insurance Database to calculate the age-standardized CKD and
ESRD prevalence rates and linked the patients’ residences to the water quality monitoring data,
which were sampled periodically for a total of over 45,000 observations obtained from the Taiwan
Environmental Water Quality Information Database. The association analysis adjusting for gender,
age, and annual effects showed that the zinc (Zn), ammonia, chemical oxygen demand (COD),
and dissolved oxygen in rivers were weakly correlated with CKD (τ = 0.268/0.250/0.238/−0.267,
p = 6.01×10−6/2.52×10−5/6.05×10−5/3.30×10−5, respectively), but none for ESRD. The importances
of Zn and COD in rivers were also demonstrated in a CKD regression model. Moreover, an unusually
high CKD prevalence was related to arsenic contamination in groundwater. A further prospective
cohort study would improve our understanding of what level of environmental water with risky
properties could affect the development of CKD.

Keywords: chronic kidney disease; end-stage renal disease; water contaminants; zinc; ammonia;
chemical oxygen demand; dissolved oxygen; arsenic

1. Introduction

Understanding risk factors is key to preventing and controlling the development of chronic
kidney disease (CKD). The known risk factors for developing CKD can be put into four categories.
First, demographic conditions. People at risk are, for example, female [1], over 75 years old [2],
non-Hispanic blacks [3], receiving only primary education or no education [4,5], and having a family
history of chronic renal diseases [6]. Second, comorbidities include diabetes [1,7], hypertension [1,8],
metabolic syndrome [9], heart failure [10], hepatitis B [11], hepatitis C [12], glomerulonephritis [13],
hyperuricemia [14], hyperlipidemia [1], anemia [15], and systemic lupus erythematosus [16]. Third,
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lifestyles, including smoking for more than five pack-years [17], drinking alcohol heavily with
30 g/day [18], betel nut chewing [19], exercising lightly with <30 min of bicycling per day or an
equal amount of activities [20], and having a low water intake of <2.0 L/day [21]. The last category
is environmental and physiological conditions, including having cadmium in one’s blood and/or
urine [22], lead in the blood [23], and organophosphorus herbicides in water [24]. A recent study even
suggested that dehydration resulted from climate change may also be a risk factor for developing
CKD [25]. Among all of these factors, diabetes and hypertension are highly recognized to associated
with CKD [8,26].

Taiwan, infamous for the highest prevalence rate of end-stage renal disease (ESRD) in the
world [27,28], has suffered the prevalence of CKD. CKD is also a global health problem. Approximately
13.4% of the world’s population has CKD [29]. The CKD prevalence rate in Taiwan was approximately
11.9%, estimated by a large-scale study of 462,293 Taiwanese adults in 2006 [27]. In other words,
approximately 2.03 million Taiwanese people had CKD [27]. CKD, which can be divided into five
stages of increasing severity, is becoming an increasingly serious health problem worldwide. Until
2015, Taiwan had the highest prevalence of ESRD in the world (3317 cases per million people) [28].
A total of 77,920 Taiwanese patients received an ESRD diagnosis in 2015 [28]. ESRD is not only
life-threatening and inconvenient for patients’ daily living, but also a burden on the society’s medical
resources. Therefore, the early diagnosis and prevention of CKD are critical objectives in maintaining a
healthy public.

Unprocessed raw water can affect one’s health. Not only can unprocessed water be a source of
drinking water, but it can also influence agricultural soils, plants, and animals, subsequently affecting
our health. In Taiwan, three categories of water resources (reservoirs, rivers, and groundwater)
dominate the sources of drinking water. About three-fourths drinking water is tap water [30]. More
than half of tap water comes from reservoirs, about one third from surface water like rivers, and about
ten percent from groundwater [31]. Raw water before drinking undergoes a series of water treatment
processes, which involve physical, chemical, and biological processes in order to remove contaminants
such as pesticides, organic pollutants, and volatile organics. Yet, the remaining contaminants may still
be delivered into human bodies.

Although water is essential for kidney function, a full-scale investigation into the environment’s
exposure to water contaminants in the development of CKD/ERSD has yet to be conducted in Taiwan
in order to identify any potential water-related risk factors for CKD/ESRD. This study aimed to
investigate the associations between the 61 water attributes of the three water resources and the
CKD/ESRD prevalence rates in Taiwan from 2005 to 2011. To our knowledge, this is the first study to
assess the relationships between CKD/ESRD and a wide range of water properties in the environment.

2. Materials and Methods

To evaluate the relationships between large-scale water attributes and CKD/ESRD, an ecological
study using longitudinal data was performed. The examined longitudinal data involved aggregated
de-identified health records and water monitoring data in Taiwanese counties and cities from 2005 to
2011. The unit of observation was either a county or a city in a specific year. To detect a significant
relationship, both the annual average water quality values and age-standardized CKD/ESRD
prevalence rates of the subjects were utilized. An annual average water quality was derived from the
data from all monitoring stations within a particular county or city in a year, where each sample was
given an equal weight. Finally, to lower the Type I error, the significances of the 61 relationships were
determined using partial correlation with a Bonferroni–Holm correction [32] at an α level of 0.01.

2.1. Study Area

Taiwan is a narrow and long island with a north-to-south orientation. The total area of the island
is approximately 36,193 km2. It is located southeast of the Asian continent and is part of the East
Asian island arcs in the west bank of the Pacific Ocean. Located in the subtropical climate zone (23◦ N,
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120◦ E), Taiwan neighbors the archipelagos of Japan and Ryukyu to the north, the Philippines to the
south, and mainland China to the west. The two-thirds island area is dominated by rugged mountains
that are covered by forests and the rest of the island consists of rolling hills, plateaus, coastal plains,
and basins. There are a total of 22 counties and cities in Taiwan (Figure 1).

Figure 1. The 22 counties and cities in Taiwan. The map colors have no special meanings.

2.2. Water-Quality Monitoring Data

The water-monitoring data were acquired from the Environmental Water Quality Information
Database maintained by the Environmental Protection Administration of Taiwan [33]. The monitoring
data are divided into five categories according to the source of water resources: reservoirs, groundwater,
rivers, beaches, and coastal oceans. Because water resources in Taiwan are distributed unevenly, the
number of monitoring stations and observations in each county or city vary. Of all the 1096 water
monitoring stations in Taiwan, 448 stations were for groundwater, 319 for rivers, 121 for reservoirs, 105
for coastal oceans, and 103 for beaches. Between 2005 and 2011, these stations collected a total of 51,037
water-monitoring observations, comprising 9345 observations of groundwater, 31,791 of rivers, 4710 of
reservoirs, 2662 of oceans, and 2529 of beaches. We selected groundwater, rivers, and reservoirs to be
examined because they are closely related to tap water.

There were 61 water quality measures that we examined: 23 for groundwater, 15 for reservoirs,
and 23 for rivers. Each water resource monitored a different subset of 36 water quality items. A total of
20 of the 36 monitored items were specific metal or inorganic substances in water and the rest (16 items)
belonged to the physicochemical and biological properties of water. Tables S1–S3 for groundwater,
reservoirs, and rivers show the levels of water attributes in the study area.

2.3. CKD/ESRD Prevalence Rates

The age-adjusted standardized CKD/ESRD prevalence rates standardized by the World Health
Organization (WHO) 2000–2025 standard population were used. This study adhered to the Declaration
of Helsinki and was approved by the ethics committee of the Institutional Review Board of Chang
Gung Memorial Hospital (IRB No. 100-4385A3 and 102-2508B). This study employed de-identified
secondary data from the National Health Insurance Database (NHID) and thus was exempted from
informed consent. The original prevalence data were retrieved from NHID, which covered almost 99%
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of the entire population of Taiwan [34]. The prevalent CKD patients were defined by the presence of
the several diagnostic codes (ICD-9-CM codes: 250.4, 274.1, 283.11, 403.1, 404.2, 404.3, 440.1, 442.1,
447.3, 572.3, 580–588, 593, 642.1, 646.2, and 753.1) in at least three ambulatory claims or one inpatient
claim between 2005 and 2011. The prevalent ESRD patients were identified if the patient had both an
ICD-9-CM code of 585 and an inclusion in the Registry for Catastrophic Illness [1,35–37], a rigorous
requisite for the NHI payment of dialysis therapies. The details of ICD-9 codes for CKD and ESRD are
listed at Tables A1 and A2. Those excluded were patients who died, who lacked IDs, who were less
than 18 years old, and those who exited the insurance program or underwent renal transplantation. The
township of cases was identified by the location of the medical setting of the patient with CKD. Briefly,
the standardized prevalence rates were age-adjusted to the WHO 2000–2025 standard population
using 18 age groups (0–4, 5–9, . . . , 80–84, 85+). The standardized CKD/ESRD prevalence rates of this
study are consistent with those of previous studies [38–40].

Like the prevalence rates, the gender ratios—one of the controlling factors—were also
standardized with age adjustment. The other demographic variables including the national population
estimates, the townships’ population densities, and the townships’ population median ages were
obtained from Taiwan’s socio-economic database (http://segis.moi.gov.tw/STAT/). Out of the 25.56
million individuals enrolled in NHID, about 1,000,000 enrolled beneficiaries were randomly sampled
in 2005 and were followed up with until 2011. Table 1 describes the baseline characteristics of the study
population from 2005 to 2011.

Table 1. The baseline characteristics of the study population.

Year 2005 2006 2007 2008 2009 2010 2011

Total population, n 1,075,535 1,074,803 1,070,511 1,065,938 1,061,195 1,056,549 1,051,921

Age (mean ± SD) 36.4 ± 23.3 37.3 ± 23.4 38.2 ± 23.4 39.2 ± 23.4 40.1 ± 23.5 41.0 ± 23.5 41.9 ± 23.5

Age group

<40 59.53% 58.30% 56.95% 55.58% 54.20% 52.77% 51.39%
40–49 15.84% 15.94% 16.12% 16.31% 16.42% 16.57% 16.67%
50–59 11.05% 11.89% 12.59% 13.17% 13.75% 14.29% 14.65%
60–69 6.66% 6.61% 6.73% 6.98% 7.30% 7.63% 8.17%
70–79 4.69% 4.80% 4.93% 5.03% 5.15% 5.29% 5.43%
>80 2.24% 2.46% 2.69% 2.93% 3.18% 3.45% 3.69%

Male 48.60% 48.53% 48.45% 48.37% 48.29% 48.21% 48.11%

CKD prevalence 4.00% 4.24% 4.49% 4.73% 4.97% 5.21% 5.53%

ESRD prevalence 0.20% 0.21% 0.23% 0.24% 0.26% 0.27% 0.28%

Comorbidity

Diabetes 6.40% 7.00% 7.20% 8.20% 8.90% 9.60% 10.30%
Hypertension 11.70% 12.70% 13.80% 14.80% 15.80% 16.80% 17.80%
Hyperlipidemia 7.50% 8.50% 9.61% 10.70% 11.81% 12.90% 14.00%

CKD: chronic kidney disease; ESRD: end-stage renal disease.

2.4. Correlation between Water Quality and CKD/ESRD

To assess the relationship between the average water quality and the CKD/ESRD prevalence
rates, partial Kendall correlations [41] were applied. Partial correlation τyx·z calculates the correlation
between X and Y by controlling Z or, more literally, by removing the effects of Z. Its formula is
as follows:

τyx·z =
τyx − (τyz)(τxz)√
1 − τ2

yz
√

1 − τ2
xz

(1)

where τyx, τzx, and τyz are Kendall’s correlations [42] between Y and X, Z and X, and Y and Z,
respectively. The correlation magnitude was classified into four levels: strong (1.0 ≥ τ ≥ 0.7), moderate
(0.7 > τ ≥ 0.4), weak (0.4 > τ ≥ 0.1), and negligible (0.1 > τ ≥ 0). When the difference between τyx·z and
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τyx was negligible, Z had no effect on the relationship between Y and X, suggesting that Y and X may
have a direct relationship. When τyx·z < τyx, it meant that Y and X may have a spurious relationship
or that Z may be a common cause or an intermediate factor between Y and X. When τyx·z > τyx, the
suggestion is that the effect of X on Y might be independent of that of Z on Y. In other words, X and
Z have no correlation but, by removing the covariates between Y and Z, the correlation between Y
and X improves. In our case, we aimed to control the confounding factors such as gender, age, annul,
or time-dependent bias. That is, X, Y, and Z are water quality, the prevalence of CKD/ESRD, and
control variables (population gender ratio, population median age, and sampling year), respectively.
The “ppcor” package in R was used to perform the partial Kendall’s correlation.

2.5. CKD Regression Analysis Using Selected Water Attributes

We built a CKD prevalence prediction model using nonparametric generalized additive models
(GAMs) [43]. GAMs were used to associate the regional CKD prevalence rates as the dependent
variable and the corresponding regional water attributes as the independent variables. In this study,
multiple GAMs were constructed and the optimal model was determined using the Akaike Information
Criterion [44]. A GAM adjusting for confounding sex, age, and year can be expressed as follows:

E(Y) = B0 + s(Sex) + s(Age) + s(Year) + s1(X1) + s2(X2) + · · ·+ sn(Xn) (2)

where E(Y) refers to the expected regional CKD prevalence rate during the year, s( ) are the smoothing
functions by splines, and Xi are the selected river quality attributes such as Zn, COD, DO, and NH3.
The “mgcv” package in R was applied to build the GAMs.

3. Results

3.1. Associations between Water Attributes and CKD in Taiwan

Table 2 presents the partial correlations adjusted for region-wise population, gender, age, and
time-dependent annual effects between the water attributes and the CKD prevalence rates. Only four
out of the 61 water attributes that passed the Bonferroni–Holm test displayed significant associations:
the CKD prevalence rate was significantly correlated with the magnitude of Zn, ammonia (NH3-N), and
the chemical oxygen demand (COD) of rivers (τ = 0.268/0.250/0.238, p = 6.01×10−6/2.52×10−5/6.05×
10−5, respectively) and it was inversely correlated with the magnitude of the dissolved oxygen (DO) of
rivers (τ = −0.267, p = 3.30 × 10−5). The results indicated that a region with a higher CKD prevalence
rate may be associated with a larger amount of Zn, ammonia, or COD of rivers, as well as a lower
magnitude of DO of rivers.

3.2. Associations between Water Attributes and ESRD in Taiwan

Table 3 presents the partial correlations adjusted for region-wise population, gender, age, and
time-dependent annual effects between the water attributes and the ESRD prevalence rates. None of
the 61 water attributes displayed a significant association with the ESRD prevalence rates because they
all failed the Bonferroni–Holm correction test.

3.3. Influential Observations Found in the Scatter Plots

Figure 2 illustrates the influential observations between arsenic in groundwater and CKD/ESRD.
Seven highly influential observations that were far away from the other observations on the X axis
were identified on the top right corner of Figure 2. We realized that all these high influencers came
from the same region, Chiayi city. A clear trend was revealed in that the arsenic in the groundwater
accompanying the CKD/ESRD prevalence in Chiayi city increased with time. The Z-score bar chart
of all the monitored substances of Chiayi city (Figure S1) indicates that Chiayi city was like the other
places in Taiwan except that it had an unusual high level of arsenic in the groundwater, with a Z-score
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was 3.85. In other words, the concentration of arsenic in the groundwater in Chiayi city was over
75 μg/L, a value that was exceptionally higher than those of the other regions in Taiwan.

Table 2. The correlation between water attribute and age-standardized CKD prevalence rate, adjusting
for gender, age, and annual effects (2005–2011).

Substance
Groundwater Reservoir River

τ p-Value τ p-Value τ p-Value

Metal and Inorganics

Ag - - −0.088 0.139

As 0.140 0.018 - 0.074 0.213

Ca 0.007 0.902 - -

Cd 0.089 0.132 - −0.038 0.520

Cl −0.007 0.912 - -

Cr −0.072 0.227 - −0.009 0.873

Cu −0.057 0.335 - 0.022 0.714

Fe −0.091 0.126 - -

Hg - - −0.017 0.779

K 0.005 0.933 - -

Mg 0.044 0.457 - -

Mn −0.028 0.636 - 0.032 0.594

Na 0.070 0.236 - -

NH3-N 0.030 0.613 −0.077 0.282 0.250 ** 2.52 × 10−5 **

NO2-N - −0.073 0.363 0.211 * 3.79 × 10−4 *

NO3-N −0.180 0.002 0.078 0.272 0.191 0.001

Pb −0.034 0.568 - 0.059 0.318

Se - - −0.061 0.383

SO2−
4 −0.010 0.869 - -

Zn −0.047 0.426 - 0.268 ** 6.01 × 10−6 **

Physicochemical and biological properties

Alk 0.090 0.128 0.266 * 1.89 × 10−4 * -

BOD - - 0.222 * 1.84 × 10−4 *

Chl-A - 0.021 0.773 -

COD - 0.032 0.648 0.238 ** 6.05 × 10−5 **

Coliform - - 0.148 0.013

DO - 0.031 0.687 −0.267 ** 3.30 × 10−5 **

EC 0.062 0.292 0.159 0.026 −0.048 0.416

pH 0.125 0.035 0.015 0.833 −0.194 0.001

SD - −0.088 0.276 -

SS - 0.197 0.006 0.022 0.706

TB - 0.167 0.019 -

TDS 0.051 0.389 - -

TH 0.019 0.745 0.174 0.014 -

TKN - - 0.235 0.044

TOC 0.031 0.597 0.035 0.627 0.181 0.002

WT 0.130 0.028 0.036 0.618 0.143 0.016

Significance levels of the Bonferroni–Holm test: ** ≤ 0.01, * ≤ 0.05. Abbreviations: Alk: Alkalinity; BOD: Biochemical
Oxygen Demand; Chl-A: Chlorophyll-A; COD: Chemical Oxygen Demand; DO: Dissolved Oxygen; EC: Electrical
conductivity; SD: Secchi Depth (Transparency); SS: Suspended Solids; TB: Turbidity; TDS: Total Dissolved Solids;
TH: Total Hardness; TKN: Total Kjeldahl nitrogen; TOC: Total Organic Carbon; WT: Water Temperature.
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Table 3. The correlation between water attribute and age-standardized ESRD prevalence rate adjusting
for gender, age, and annual effects (2005–2011).

Substance
Groundwater Reservoir River

τ p-Value τ p-Value τ p-Value

Metal and Inorganics

Ag - - −0.034 0.568

As 0.106 0.073 - −0.017 0.777

Ca 0.007 0.900 - -

Cd 0.165 0.005 - 0.021 0.718

Cl −0.058 0.379 - -

Cr −0.043 0.472 - −0.009 0.878

Cu −0.061 0.300 - 0.004 0.949

Fe −0.079 0.182 - -

Hg - - −0.080 0.179

K −0.112 0.058 - -

Mg −0.097 0.100 - -

Mn −0.016 0.793 - 0.074 0.214

Na −0.059 0.319 - -

NH3-N 0.018 0.764 −0.176 0.013 0.094 0.111

NO2-N - −0.064 0.426 0.109 0.067

NO3-N −0.113 0.057 0.055 0.441 0.086 0.149

Pb 0.030 0.616 - 0.046 0.438

Se - - −0.012 0.867

SO2−
4 −0.103 0.084 - -

Zn −0.135 0.023 - 0.167 0.005

Physicochemical and biological properties

Alk 0.005 0.932 −0.008 0.914 -

BOD - - 0.073 0.215

Chl-A - −0.017 0.807 -

COD - −0.056 0.429 0.138 0.020

Coliform - - 0.018 0.762

DO - 0.052 0.501 −0.056 0.388

EC −0.033 0.577 −0.096 0.178 −0.081 0.172

pH 0.100 0.090 −0.134 0.060 −0.132 0.026

SD - 0.047 0.560 -

SS - −0.021 0.768 −0.044 0.459

TB - 0.002 0.973 -

TDS −0.021 0.728 - -

TH −0.018 0.766 −0.088 0.218 -

TKN - - −0.047 0.685

TOC −0.046 0.439 −0.050 0.486 0.077 0.077

WT 0.010 0.865 0.014 0.845 0.054 0.364

None passed the Bonferroni–Holm test. Abbreviations: Alk: Alkalinity; BOD: Biochemical Oxygen Demand; Chl-A:
Chlorophyll-A; COD: Chemical Oxygen Demand; DO: Dissolved Oxygen; EC: Electrical conductivity; SD: Secchi
Depth (Transparency); SS: Suspended Solids; TB: Turbidity; TDS: Total Dissolved Solids; TH: Total Hardness; TKN:
Total Kjeldahl nitrogen; TOC: Total Organic Carbon; WT: Water Temperature.
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We performed an additional analysis by excluding Chiayi city because we suspected that the
arsenic in the groundwater of Chiayi city could dominate the association of the CKD/ESRD prevalence.
However, albeit with some differences, the associations were rather stable.

 
(a) (b) 

Figure 2. The relationship between arsenic in groundwater and age-standardized chronic kidney
disease (CKD)/ end-stage renal disease (ESRD) prevalence rates (2005–2011): (a) the CKD prevalence
rate in groundwater and (b) the ESRD prevalence rate in groundwater. The influential observations are
labeled by the color-coded year symbols ‘×’.

3.4. Optimal CKD Regression Model Using Selected River Attributes

Table 4 indicates that the GAM built by Zn and the COD of rivers with confounding covariates
(sex, age, and year) was the optimal model with the minimum AIC value (−987.6). The larger model
with one additional parameter (NH3) and the smaller model that considered only Zn had similar AIC
performance values to the optimal model, differing by AIC values of 1.3 and 2.4, respectively.

Table 4. The generalized additive models (GAMs) of CKD prevalence in Taiwan using selected
river attributes.

Model AIC ΔAIC R2 DE (%)

sex + age + year −955.0 32.6 0.742 70.7
sex + age + year + COD −972.2 15.4 0.769 75.0
sex + age + year + DO −844.2 143.4 0.788 77.2
sex + age + year + NH3 −973.0 14.6 0.772 75.6
sex + age + year + Zn −985.2 2.4 0.821 78.2
sex + age + year + Zn + COD −987.6 0 0.820 78.8
sex + age + year + Zn + DO −846.5 141.1 0.805 78.2
sex + age + year + Zn + NH3 −983.9 3.7 0.817 78.5
sex + age + year + Zn + COD + NH3 −986.3 1.3 0.818 78.9
sex + age + year + Zn + COD + DO + NH3 −850.3 137.3 0.809 80.1

ΔAICi = AICi − AICmin; Abbreviations: AlC: Akaike Information Criterion; COD: Chemical Oxygen Demand; DE:
Deviance explained; DO: Dissolved Oxygen.

4. Discussion

To our knowledge, this is the first ecological study with seven years of monitoring to associate the
CKD and ESRD prevalence rates with a wide range of water attributes of the environment. We found
that Zn, ammonia, COD, and DO of rivers were weakly correlated with the CKD prevalence rates, but
none of them were linked to ESRD under the stringent Bonferroni–Holm test.

The GAM with the Zn and COD of rivers was the best model for the given data (Table 4).
Although including additional NH3 or omitting COD in the model led to a similar AIC performance
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when compared to the best model, the results did not support the inclusion of one more parameter
(NH3). However, the necessity of the inclusion of COD in the model was unclear. The differences in
AIC did not support the notion that the Zn only model was substantially inferior to the best model.

Zn in the environment has been linked to CKD. In fact, both our correlation and regression results
supported that Zn was a relatively stronger indicator of CKD prevalence than the three other river
attributes. A recent study that indicated that Zn in residential soil was a risk factor for CKD progression
also supports our findings [45]. We suspect that a Zn contaminated river, which can pollute soil, may
reach CKD patients in the same way that Zn contaminated soil does. On the other hand, Zn homeostasis
is important for kidney function. A Zn deficiency is present in CKD patients [46]. Although oxidized
Zn particles which interfere with Zn homeostasis in rats are toxic [47], further investigations are needed
to confirm whether exposure to environmental Zn could cause the development of CKD in humans.

To our knowledge, this is also the first report to link environmental water quality indicators
to CKD in humans. Ammonia, COD, and DO all are indicative measures of water quality. They
are interrelated in some way. For example, ammonia can acidify water, consume oxygen, and raise
the COD. Ammonia can be a key indicator to determine whether water resources are undergoing
anthropogenic pollution. Excessive anthropogenic pollutants—which mainly come from unprocessed
livestock wastewater, domestic sewage, and industrial manufacturing—are enriched with ammonia.
Elevated levels of ammonia in the water have been demonstrated to degenerate the kidneys of Nile
tilapia [48]. However, further studies are needed to verify its role in humans.

Like a high level of ammonia in water, a low DO may mean a poor water quality. A low DO
may be caused by overfertilization, causing water plants to overgrow and dead plants to draw a lot
of bacteria, which, in turn, depletes the DO level. A river with a lower DO can support less aquatic
organisms, implying that the environment’s water is more toxic. A region with a lower DO may mean
that its environment is more toxic, thus linking it to CKD patients. Besides, hypoxia, a condition
defined by the body being deprived of oxygen, is known to accelerate CKD progression [49]. An
adequate oxygen supply is important for the functioning of the kidneys. However, it is unclear whether
oxygen-deprived water would reduce the oxygen levels in the kidneys.

A high COD, which indicates more oxidizable pollutants, also suggest that the environment is
more toxic in our findings. However, there is a lack of direct evidence that a high COD in water would
lead to the development of CKD.

Our results linked arsenic in groundwater to higher CKD prevalence. In fact, the relationship
between arsenic and CKD has been extensively studied. Previous animal research on mice and dogs
confirmed that exposure to arsenic may damage kidney function [50,51]. A recent systematic review of
studies on exposure to arsenic and kidney disease mortality in humans over the past 30 years found
evidence that generally supported a positive association between the arsenic and CKD [52]. Our
study strengthens their finding through the prevalence rate of kidney disease, not the mortality rate,
suggesting that exposure to arsenic in groundwater may relate to the development of CKD/ESRD
in Taiwan.

The alarmingly high arsenic concentration in groundwater concurrent with the high prevalence
rate of CKD/ESRD in Chiayi city might be the best example to demonstrate a plausible link between
exposure to arsenic and CKD/ESRD. Low-dose arsenic levels did not exhibit a clear correlation,
suggesting that arsenic in groundwater may need to pass a certain threshold to be associated with
CKD/ESRD. Because arsenic exists in the natural environment, such as in the soil, air, water, and food,
it may enter human bodies through breathing, drinking, or eating. Chiayi is infamous for its 1950s
Blackfoot disease endemic [53], which resulted from the exposure to arsenic in drinking water from
artesian wells, consequently impairing the blood vessels of the lower limbs of patients and causing
them to develop gangrene. Based on the 1962 groundwater data, two ecological studies linked arsenic
to the increased mortality of kidney disease in Chiayi [54,55]. They also indicated the exposure to
arsenic in locals had since ceased [54,55]. Instead, we used contemporary water monitoring data to
associate arsenic with the prevalence of kidney disease. The results led us to speculate the possible
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long latent effects of arsenic or the recurrent arsenic contamination in Chiayi in its drinking water,
crops, or farmed seafood. A recent study reported that arsenic in drinking water in Taiwan was linked
to the progression of CKD [56]. However, further investigations are needed to verify our speculation.

Because this was a longitudinal study, patients enrolled in this ecological population-based study
were aging. Some died and the population declined each year. The mean age of our patients may be
older than the national estimate because only those older than 18 years were included in our analysis.
Younger patients were excluded from the study to avoid possible confounding effects in renal diseases
that are genetic disorders. However, the aging and shrinking populations should not affect our results
as the age factor was controlled and the prevalence rates were applied in our analyses.

The reason why CKD and ESRD did not share the same correlation magnitude with water
attributes may either be due to random fluctuations or may involve a complex progression of kidney
disease. To determine the reason, more information is required.

Limitations and Strengths

This study has some limitations. First, this is an observational study at the city or county level so
we cannot account for cases smaller than a city or county (e.g., a town or village). Second, although
we already adjusted for the gender, age, and annual effects, we still cannot eliminate the possibility
that the associations may result from other confounding factors that we did not adjust for. Third,
we did not have direct quality measures of drinking water. We instead examined three related water
resources. Thus, oral exposure may not necessarily be the same as the environmental exposure studied
here. Fourth, unlike incidence cases, prevalence may not capture the full risks of abruptly developing
diseases. However, to manifest a renal disease, a long-term exposure may be needed. The exact date at
which the exposure started is unknown and to follow up from the first exposure is unfeasible due to
the burden of the disease [57,58]. We thus preferred using prevalence data instead of incident cases to
measure the burden of the disease during a seven-year time lapse in the Taiwanese population in this
ecological study.

However, the use of nationwide health data; the extensive coverage of inorganic, physicochemical,
and biological properties of water quality data; and computational analyses adjusted for important
covariates, have strengthened the conjecture of this study. Although unmeasured confounders may
be still present, we adjusted our data to all the possible covariates whose data were available to
us. Needless to say, environmental raw water is important not only because it can be a source of
drinking water but also because it is connected to our health through the food chain via agriculture
and animals. Although the three water resources were only an approximate to drinking water,
they—representing the majority of drinking water sources in Taiwan—were the best ones with a
massive amount of information available for this study. Overall, we examined a total of 45,846
water-monitoring observations between 2005 and 2011 to address the issue of the temporality of
association. Consequently, the monitored water attributes were found to correlate with the national
cohort of patients since 2005 and to 2011 in the development of CKD or ESRD. The seven years of data
should be reliable enough to establish meaningful associations in a clinical setting.

In fact, this study has several implications. First, the poor water quality in the environment may
be linked to renal disease. Second, regulatory water monitoring of these suspicious contaminants
should be strictly done from a public health perspective. Third, water with highly suspicious
contaminants should be re-treated or drunk with caution. Fourth, water quality management could be
imperative for current public health policymaking. Finally, further clinical trials should be warranted
to assure the exact roles of the implicated environmental contaminants, such as Zn in rivers, in renal
disease mechanisms.

5. Conclusions

Environmental exposure to water containments such as heavy metal Zn is weakly but significantly
associated with CKD. Out of the 61 water attributes, only the rivers’ Zn, ammonia, and COD, as
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well as DO, were found to be weakly correlated with the CKD prevalence rates. Moreover, arsenic
contamination in groundwater may be linked to an unusually high CKD prevalence. To confirm our
findings, further investigation of individual exposure to the exact amount of water containments
should be conducted. Reducing water pollution and better managing the water quality may benefit
public health and CKD patients.
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Descriptive statistics for rivers in Taiwan.
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Abbreviations

The following abbreviations are used in this manuscript:

Alk Alkalinity
BOD Biochemical Oxygen Demand
Chl-A Chlorophyll-A
CKD Chronic Kidney Disease
COD Chemical Oxygen Demand
DO Dissolved Oxygen
EC Electrical conductivity
ESRD End Stage Renal Disease
SD Secchi Depth (Transparency)
SS Suspended Solids
TB Turbidity
TDS Total Dissolved Solids
TH Total Hardness
TKN Total Kjeldahl nitrogen
TOC Total Organic Carbon
WHO World Health Organization
WT Water Temperature

Appendix A

Table A1. ICD-9 codes for CKD and ESRD.

Disease ICD-9 Codes

CKD
250.4, 274.1, 283.11, 403.1, 404.2, 404.3, 440.1, 442.1,

447.3, 572.3, 580–588, 593, 642.1, 646.2, 753.1
ESRD 585 and associates
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Table A2. Description of ICD-9 codes.

ICD-9 Codes Disease Description

250.4 Diabetic Nephropathy
274.1 Gouty Nephropathy
283.11 Hemolytic Uremic Syndrome
403.1 Hypertensive Nephropathy
404.2 Malignant hypertension with renal and cardiac complication
404.2 Malignant hypertension with renal and cardiac failure
440.1 Renovascular atherosclerotic disease
442.1 Aneurysm of renovascular system
447.3 Renovascular hyperplasia
572.3 Renovascular hypertension
580 Acute glomerulonephritis
581 Nephrotic syndrome
582 Chronic glomerulonephritis
583 Nephritis and renal disease
584 Acute kidney failure
585 Chronic kidney failure
586 Kidney failure
587 Renal sclerosis
588 Disease complicated by renal failure
593 Renal and ureter disease

642.1 Gestational, pregnancy related renal disease
646.2 Gestational, pregnancy related renal disease
753.1 Polycystic kidney disease
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Abstract: Manganese is a natural contaminant of water sources. It is an essential oligo-element,
which may exert toxicity at high doses, particularly via inhalation. Its toxicity by the oral route is
less known, but epidemiological and experimental studies tend to support its neurodevelopmental
toxicity in infants and children. This paper describes the method used by a middle-size public health
institution to derive a Drinking Water Guideline (DWG) for manganese. After reviewing the work
done by major public health institutions, authors confirmed the use of experimental data to derive a
point-of-departure (POD) of 25 mg of manganese/kg/day, based on neurodevelopmental effects on
pup rats. Then, a total uncertainty factor of 450 was applied to calculate a Toxicological Reference
Value (TRV) of 55 μg/kg/day. The final DWG proposed for manganese is 60 μg/L and is based on a
relative source contribution (RSC) of water of 20% and an infant drinking scenario of 182 mL/kg of
body weight (BW) of water (95th percentile of the ingestion rate distribution for 0–6 months). Despite
its limitations, e.g., starting with the work done by other agencies, such an approach demonstrates in
a transparent way the rationale and challenging choices made by regulators when deriving a DWG.

Keywords: drinking water; inorganic manganese; health-based guideline; infants

1. Introduction

Manganese is a metal mostly occurring naturally in the environment. Food is the main source
of exposure for humans, but water may sometimes become a significant source. In particular, high
levels of manganese may be found in surface or groundwater, occurring in aerobic or low oxidation
conditions [1]. Inorganic manganese is considered an essential element for human beings, despite few
reported cases of clinical deficiency [2]. It has a well-known toxicity in workers exposed by inhalation,
leading to neurotoxic effects and Parkinson-like symptoms, sometimes called manganism [3]. However,
its toxicity by the oral route has long been considered low, particularly due to homeostasis control of
its excretion.

Very few epidemiological studies were conducted on manganese exposure from drinking water
in adults. They had limited designs and gave mixed results [4,5]. However, several studies with
better designs have since then reported possible negative impact on the neurodevelopment of infants
and young children [6–9]. Infants might be particularly vulnerable to overexposure due to their
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greater gastrointestinal absorption and immaturity of their homeostatic control of bile excretion [2,10].
Therefore, growing concerns with regard to manganese neurotoxicity are being expressed [10,11].

Until now, few jurisdictions have proposed a drinking water quality criteria for manganese based
on health effects. The last version of the WHO guidelines did not report any formal guideline for
manganese, due to the fact aesthetic acceptability problems usually occur before health concerns [1].
The USEPA has proposed a lifetime health advisory of 300 μg/L based on a dietary daily intake of
10 mg for adults and 20% contribution for drinking water [12]. The same value was also recommended
for infants younger than 6 months for an acute exposure of 10 days, contrary to 1 mg/L for older
children and adults, because of concerns of possible overexposure of infants [12]. More recently,
the Minnesota Department of Health has proposed a short term Health-Based Value of 100 μg/L [13].
In doing so, the possible higher risk for the neurodevelopment of infants bottle fed with plain tap water
or given reconstituted formula is specifically targeted. Indeed, this guideline is based on cognitive
and behavioral effects found in newborn rats exposed to manganese in water [14] and accounts for
infant-specific body weight-adjusted drinking water ingestion rate.

Such a guideline brings out the growing concerns of public health institutions with regard to
the particular susceptibility of young infants to manganese, not only from the perspective of the
health effect but also of the increase exposure, also highlighted by Goeden [15] (in this IJERPH special
issue). Given the presence of manganese in several groundwater sources in Quebec [16,17] and the
absence of any official health based standard for this parameter in Quebec and Canada, the Institut
de santé publique du Québec (INSPQ, Québec, QC, Canada) was asked by the Quebec Ministry of
Healh and Social Services to propose a health-based guideline value for manganese in drinking water.
The objective of this paper is to describe a systematic method applied by the INSPQ to derive a
Drinking Water Guideline (DWG) for the non-carcinogenic contaminant that is manganese.

2. Methodology

We present here the method used by the INSPQ to derive its health-based drinking water guideline
for manganese in Quebec [18]. It relies mainly on the critical use of assessments already made available
by public health institutions around the world for manganese. The approach includes four mains
steps, namely: (1) identification of the existing relevant toxicological reference values (TRV) derived by
these institutions in order to select the most appropriate point of departure (POD); (2) determination
of the required uncertainty factors (UF) based on available data rather than default values if possible;
(3) application of the required UF to divide the POD determined in step 1 and (4) consideration of the
relative source contribution and drinking water ingestion rate in order to compute the final numerical
value of the DWG.

2.1. Inventory of Available TRVs for Selection of the Most Appropriate POD

TRVs for manganese were searched among the following sources: Health Canada’s Drinking
Water Documents [19], US EPA’s IRIS and Drinking Water Health advisoires [12,20], CalEPA’s Public
Health Goals [21], the Human Health-Based Water Guidances from the Minnesota Department of
Health (MDH, St. Paul, MN, USA) [22], WHO’s Drinking Water Guidelines [1], ATSDR’s Minimum
Risk Levels (MRL)s [23], and the Advices for Drinking Water Quality from the French Agency for
Food, Environment and Occupational Health & Safety (ANSES, Maisons-Alfort, France) [24]. These
represent the most commonly cited public health institutions with regard to the determination of
populationnal TRVs for environmental contaminants. Not only official positions are retained at this
step, but also provisional guidelines and draft documents when they are publicly available.

The POD that could be identified for manganese from these institution reviews were critically
analyzed based on the following criteria: (1) the relevance of the exposure route to the targeted
guideline; (2) the robustness of the original dose-response curve that have lead to the determination of
the POD; (3) the correspondence with the most sensitive adverse health effect.
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Precisely, given that the DWG purpose is to limit exposure resulting from the ingestion of drinking
water, TRV for the oral route are to be focused on. In the case of animal studies, administration via
drinking water rather than food or gavage is to be privileged, but epidemiological data are prioritized
over animal data when both types are considered of equivalent quality and robustness. With regard
specifically to the POD, benchmark doses are to be prioritized over NOAELs, as they include all the
available information provided by the dose-response curve, contrary to a single experimental point,
such as the NOAEL [25]. If none of these critical doses are available, LOAELs can be used. Finally,
should several PODs appear relevant based on the preceding criteria, the one corresponding to the
most sensitive effect, that is the lowest, is chosen.

2.2. Review and Application of The Required Uncertainty Factors

The application of uncertainty factors (UF) follows the general principles edicted by the US
EPA [26]. Such factors are applied to compensate for the uncertainty resulting from the use of a POD
that has been determined in conditions that differ from the conditions to which the targeted TRV
applies [27–29]. Thus, UF for animal-to-human extrapolation (UFA), interhuman variability (UFH),
subchronic-to-chronic extrapolation (UFS), LOAEL-to-NOAEL extrapolation (UFL) are considered.
All these UFs are usually attributed a 10 default value. Additionally, the available studies, among
which the one used for the determination of the POD is included, must comprise at least two
chronic toxicity studies and two developmental toxicity studies by the relevant exposure route,
in a rodent and non-rodent mammal species, as well as a multigenerational reproduction study.
Otherwise, an additional factor is applied to account for the deficiency in the database (UFD) [27–29].
The approach considered here implies that the value attributed to UFD is either 3, if one or two of the
aforementioned studies is missing, or 10 if more than two these studies are missing, or if the pattern of
the dose-response curve is unclear, if suspected evidences of epigenetic carcinogenicity are present or
any other justification that cannot be covered by the above-mentioned UFs. Once all the required UFs
are identified, a so-called “customized” TRV can be calculated, as the POD divided by the product of
each selected UF.

In accordance with the WHO/IPCS and US EPA guidances on the application of chemical-specific
or data-derived extrapolation adjustment factors [30–32], it is recommended to consider the possible
replacement of the 10-fold default value generally applied UFA and UFH by numerical values that are
computed from data relevant to the chemical of interest. This is proposed under the premise that the
default 10-fold value in fact corresponds to two components, one for toxicodynamic (TD) and one for
toxicokinetic (TK) variability.

In the case of manganese, available data only allow this replacement for UFH, for which the default
TK and TD component values are being attributed the value of square root of 10, that is 3.16 [30–32].
First, the comparison between average and sensitive individuals in both species was based on available
experimental data in rats and population biomonitoring data in humans [33–36]. This allowed to
evaluate whether or not the interindividual TK variability is greater in humans than in rats. Such
evaluation was necessary given that the POD retained results from a study conducted in neonate
rats (see Results), thus suggesting that the presumed increased sensitivity of newborn individuals,
as compared to adults, is intrinsically accounted for by this POD selection. The magnitude of the
interindividual TK variability that is possibly not accounted for by this POD selection was then
evaluated. Indeed, it cannot be excluded that some TK variability remains within the sensitive
human subpopulation itself, while it is apparently virtually limited in rats [33]. Thus, total blood Mn
concentrations measured in several human subpopulations presumed more sensitive to the effect of
Mn were taken from the literature, and the magnitude of the TK variability computed as prescribed by
the WHO/IPCS [30] and US EPA [31], and total UFH was calculated by multiplying resulting TK and
TD component accordingly.
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2.3. Caclulation of the Drinking Water Health-Based Guideline

The drinking water health-based guideline for manganese is calculated based on the oral TRV
determined above following the state-of-the-art approach for non-carcinogenic effects [1,37–39], given
that the critical effect of manganese is of neurotoxic nature [3,11,40]. Precisely, equation 1 show that
the relative source contribution (RSC), the body weight (BW) and the drinking water ingestion rate
(IR) are factored in for the guideline calculation:

DWG = (TRV × RSC × BW)/IR (1)

where, DWG is in mg/L, TRV is in mg/kg/day, RSC is unitless, BW is in kg, and IR is in L/day.
The relative source contribution (RSC) of drinking water corresponds to a fraction of the TRV to

which the exposure resulting from the use of drinking water can contribute. Indeed, it is necessary
from a public health perspective to ensure that this contribution does not result into exceeding the
TRV if summed to the exposure resulting from the non-drinking water potential sources [1,41–44].
Given the default assumption that total exposure to an environmental contaminant may come from
5 medias (drinking water, air, soil, food and household products; [1,41]), it is considered that up to one
fifth of this total exposure can be attributed to drinking water, thus triggering a default 20% RSC value
for all age groups. In certain circumstances, for which further details are provided in Supplemental
materials, an RSC value that differ from this 20% default can be chosen. That is, a RSC greater than
20% is justifiable when drinking water is believed to be the main or the only source of exposure,
while an RSC lower than 20% can be attributed when it is estimated that the other exposure sources
than drinking water, notably food, may contribute in total, to more than 80% of the TRV [1,41–44].
Manganese being an essential element and given that its main exposure source is in fact food, its RSC
was herein validated based on data of its concentrations found in cow or soya milk formula, which
constitutes the main manganese dietary exposure source for non-breast-fed neonates.

The choice of the values that are used in Equation (1) for BW and IR is driven by three considerations,
namely (1) the period of life during which the exposure that has allowed the determination of the POD
has occurred; (2) the concern for protecting the most sensitive individuals; and (3) making sure that
the DWG is adequately protective for the high-end consumers of drinking water. The specific values
chosen in the case of manganese are detailed and justified in Results, hereafter.

3. Results

3.1. Available Oral TRV for Manganese

The oral TRVs adopted for manganese by the various institutions investigated are detailed in
Table 1. They originate either from human or animal data. With the exception of MDH, every reviewed
institution have determined an oral TRV that applies to chronic exposure of the general population.
In the case of MDH, two TRV were determined, namely one for the chronic exposure of the general
population, which in fact is the same as the US EPA’s, and another one for exposure occuring in the
first year of life (short-term TRV). Oral TRV chosen by the US EPA, WHO and ATSDR are based on
human data, whereas the short-term TRV derived by MDH is based on animal data.

In addition to the institutions indicated in Table 1, Health Canada has also recently proposed,
as part of a public consultation, an oral TRV of 25 μg/kg BW/day based on a LOAEL of 25 mg/kg/day
divided by a composite UF of 1000 [19]. This value has not been officialy adopted to date, but is
still considered for the purpose of the present work, as it counts among the most recent documents
published on manganese by a recognized public health organization.
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Table 1. Oral TRV recommended by various public health institutions.

Institution POD (mg/kg/day) Type of POD Composite UF Oral TRV (μg/kg/day)

TRV based on human data

US EPA and MDH [12,20,45] 0.140 1 NOAEL 1 or 3 2 140 or 47 2

WHO [1] 0.183 3 NOAEL 3 61
ATSDR [3] 0.160 NOAEL 1 160 4

TRV based on animal data

MDH [13] 25 LOAEL 300 83 5

1 Rounded value, based on a NOAEL of 10 mg/day for a 70 kg adult; 2 Uncertainty factor that applies only to
non-dietary manganese exposure, including drinking water, for individuals older than 1 year-old. 3 WHO has
selected a NOAEL of 11 mg/day for a 60 kg adult. 4 Interim guideline. 5 This TRV only applies to infants younger
than 1 year old.

3.2. Determination of the Most Relevant POD

The TRV derived by the US EPA, WHO and ATSDR are all based on the upper bound estimated
daily dietary intake of manganese in the average vegetarian adult, determined as safe by various
authors after further analyses [2,46–50]. However, this TRV is not determined based on a toxicological
evaluation [10]. Moreover, either no data related to dietary manganese exposure are presented in the
cited sources, either these sources refer to other studies with limited data and for which there was no
focus on health outcome. Also noteworthy, these studies have been published back to at least the 80’s,
and as early as the 60’s. For these reasons, the human data-derived POD from the US EPA, WHO and
ATSDR is not retained here for the DWG derivation for manganese.

Conversely, considering the increasing weight-of-evidence towards infant neurotoxicity of
manganese in drinking water as the critical effect of interest, MDH and Health Canada have evaluated
the possibility to determine such guideline based on corresponding epidemiological data [13,19].
However, due to important limitations of available studies in this regard, both organizations have
considered that animal data are to be privileged. The INSPQ agrees with this evaluation. Thus, a POD
corresponding to a LOAEL of 25 mg/kg/day for neurobehavioral, motor and cognitive effects obtained
in juvenile rats exposed on post-natal days 1–21 (per os), or longer (via drinking water) to doses of
0, 25 or 50 mg/kg/day of manganese under the form of manganese chloride (MnCl2·4H2O), was
retained by both institutions [13,19]. This POD results from a series of three studies conducted by
the same research team [14,51,52]. In each one of these studies, at least one adverse effect occurred
at exposure doses of 25 mg/kg/day on post-natal days 1–21 [14,51] or during the entire 54 weeks
following birth [52], thus corresponding to a LOAEL (Table 2).

Table 2. Summary of the neurological effects observed in rats exposed orally to Mn following birth,
at doses of 0 (control group), 25 and 50 mg/kg/day.

Study
Postnatal

Exposure Days
Postnatal Effect

Days 1 Critical Observed Effect
LOAEL or NOAEL

(mg/kg/day) 2

Kern et al.,
2010 [14] 1–21 33-46

Decreased learning capacity
(increase use of stereotyped

response strategy) 3
25 (LOAEL)

Kern et al.,
2011 [51] 1–21 24 4 Increased expression of glial acid

protein in the prefrontal cortex 5 25 (LOAEL)

Beaudin et al.,
2013 [52]

1–21
120–150 6 Decreased fine sensorymotor

function 7
25 (NOAEL)

1–400 25 (LOAEL)
1 Lifestage where the observed effect has been measured. 2 n = 20 rats per dose. 3 This strategy consisted in
finding food hidden at extremities of an 8-arms labyrinth by systematically moving from one adjacent arm to the
other. 4 n = 16 to 24 rats per dose. 5 Results in an astrocytes activation, which constitutes a sign of neurological
inflammation. 6 n = 11 or 12 rats per dose. 7 Consist into seasing and eating food granules during the staircase test.
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Given the good quality of all three studies listed in Table 2 (precise experimental protocols, control
of confounding’s, justification of the chosen exposure doses), this neurodevelopmental LOAEL of 25 mg
of manganese/kg/day was chosen as a POD for the current DWG derivation. Although other LOAEL
lower than those POD have been proposed in some studies (reviewed by Health Canada [19], see
Supplemental materials), important limitations preclude their use in the present context. In particular,
these studies often included a single experimental dose or involved controls that were not readily
comparable to the exposed group, which equals to testing a single experimental dose.

3.3. Application of Uncertainty Factors

3.3.1. Default 10-Fold Value or not Applied (UF = 1) Uncertainty Factors

Given that no available data suggest a value that differs from the default 10-fold uncertainty
factor for animal-to-human extrapolation (UFA), it was retained for the current assessment.

The POD retained reflects an exposure that has occurred over a short period of time during the
first three weeks of life of the experimental pup rats, and to which are associated neurodevelopmental
effects occurring up to three months later. But prolonged exposure throughout lifetime did not result
in a different LOAEL [52]. Likely, this brings out the evidence of a mechanism of toxicity that involves
a window of susceptibility, and that the adverse effect that may occur following exposure during
this period is in fact the most sensitive one. Therefore, even though exposure may persist for longer
duration, it will likely not trigger another adverse effect than the one associated to that specific window
of susceptibility. This is further evidenced by the fact that LOAELs observed in chronic animal studies
for other adverse effect than the one considered here almost always exceeded 25 mg/kg/day [3].
Two exceptions are the studies of Gupta et al. [53] and Ishizuka et al. [54] which however the number
of individuals exposed was very low (4 rhesus monkeys and 2 mice, respectively), providing evidences
of very limited robustness. Thus, no subchronic-to-chronic uncertainty (UFS) factor was applied here.

3.3.2. Uncertainty Factors Different from the Default 10-Fold Value

Uncertainty factors that were applied and exhibit a magnitude that differ from the default 10-fold
value include those for human variability (UFH), for LOAEL-to-NOAEL extrapolation (UFL) and for
the incomplete database (UFD).

Human Variability

Experimental kinetic data on manganese in rats suggest that more than 80% of an administered
dose in neonate rats is retained as body burden [33] whereas this fraction is only about 5% in pup rats
and stays around this level until adulthood [34], suggesting a 16-fold variations between identified
sensitive and average rat. This is attributable to a reduce homeostatic capacity in the first few weeks of
life [33,34]. In humans, Japanese data were available with regard to measures specifically conducted
in newborns. Indeed, Mizogushi et al. [35] reported an arithmetic mean (± standard deviation (SD))
total blood concentration of manganese of 56.4 ± 16.4 μg/L in this subpopulation (n = 14), based on
which a 95th percentile value of 83.4 μg/L can be computed as [mean value + (1.64 × SD)], assuming
lognormal distribution. In comparison, the mean concentration in subjects aged 1–11 years (n = 36)
was 14.8 μg/L. Considering the expected difference between an arithmetic mean and a geometric
mean in a population distribution, this latter value compares rather well with the geometric mean
concentration observed in children aged 6–11 from the Canadian Health Measure Survey (CHMS), that
is 11 μg/L [36]. Besides, mean total blood manganese levels barely vary through lifetime according to
CHMS, as values between 9.1 and 10 μg/L were obtained in the participants aged from 12 to 79 years
old. From these elements, it can be suggested that the magnitude of the variability of manganese
levels is comparable between Japanese and Canadian populations. Therefore, using the Canadian
mean adult value of 9.8 μg/L for 6 to 79 years old [36], and under the WHO/IPCS approach for the
calculation of chemical-specific adjustment factor [30], the magnitude of TK variability for manganese
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in humans can be approximated as the ratio between the 95th percentile in sensitive individuals,
here newborn japanese over the median in adults, that is the Canadian value, yielding 83.4/9.8 ≈ 9.
This ratio appears rather conservative, as the corresponding ratio between newborn and older Japanese
children would have yield a value of ≈ 5.6 (84.5/14.8). Ratio values of 3 or less were observed by
Park et al. [55] as well as Alarcon et al. [56] in respectively Korean and Venezuelan infants. Even when
considering reported manganese levels in pregnant women, umbilical cord and neonates, including in
12 comparison studies detailed by Huang et al. [57], such ratio remains below 10 [57,58].

All in all, from the data mentioned in the preceding paragraph suggest that the magnitude of
the interindividual TK variability in rats is comparable, or even slightly greater, than that calculated
from human data. Although this assertion is made based on a quite limited number of measures
(11–24 per dose in rats depending on the study and 14 in humans), which limits their generalizability
to entire animal or human populations, it appears reasonable to propose that a major part of
interindividual TK variability is presumably accounted for by the use of a POD determined in neonate
rats, and the TK component of UFH can be diminished below its default 3.16 value. Also, literature
data on manganese TK variability within several presumably sensitive human subpopulations are
presented in Table S1. It can be seen that following the WHO/IPCS approach, [30], the computed
interindividual variability in toxicokinetics corresponds to a 1.7-fold magnitude in average, within the
most sensitive human individuals. This thus replaces the 3.16 default value for interindividual TK
variability factor and multiplies the other 3.16 default value for interindividual TD, yielding a resulting
rounded UFH value of 5.

LOAEL-to-NOAEL Extrapolation

Based on ATSDR’s compilation, both LOAEL and NOAEL values can be identified among
several of the reviewed experimental studies in neonate rodents, which covered a wide array of such
effects [14,51,52,59–62]. In each one of these studies, the NOAEL is at the most 3 times lower than the
LOAEL; therefore, a 3-fold LOAEL-to-NOAEL UFL is chosen here.

Database Deficiencies

The available relevant studies on manganese detailed by Health Canada [19] include all of the
required studies as per the state-of-the art determination of TRV (see Methods) [26–29]. Therefore,
no UFD would be needed under this aspect. However, some of the studies that were not retained
here due to the weaknesses mentioned in 3.2, still suggest a neurodevelopmental LOAEL that could
be lower than the 25 mg/kg/day value used herein (See Supplemental Materials). In particular,
the studies from Dorman et al. [61] and Brennemann et al. [60] suggest LOAEL values of 11 and
22 mg/kg/day, but the toxicological significance of the adverse effects considered in these studies
(increased reaction to an acoustic stimulus, and increased motor skills, respectively) is unclear. Still,
a 3-fold UFD is added in the current analysis at this step to compensate for the uncertainty added by
the existence of lower LOAEL values that were not retained for the purpose of the current assessment.

3.4. Determination of a Customized TRV

Based on the POD retained in 3.2 (LOAEL of 25 mg/kg/day) and the product of every uncertainty
factors applied as justified in Section 3.3 (UFH × UFA × UFSC × UFL × UFDB = 5 × 10 × 1 × 3 × 3 = 450),
the TRV calculated in this assessment is 25/450 = 55 μg/kg/day.

3.5. Consideration of the Relative Source Contribution and Drinking Water Ingestion Rate

3.5.1. Relative Source Contribution

Elevated manganese concentrations, up to the range of 300 à 400 μg/L, had been found in
milk formula, in particular based on soya milk [10,63]. A Canadian study has examined manganese
concentrations in various drinks destinated to neonates and infants [64]. Despite limited sample
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size, a mean manganese concentration of 100 ± 50 μg/L was measured in a cow milk-based formula.
Corresponding value for soya milk-based formula was 340 ± 110 μg/L.

Although present at roughly 3.4 times greater concentrations, manganese in soya milk-based
formula is up to 8 times less bioavailable than in cow milk-based formula; this is attributed in part
to the presence in soya milk of other chemicals (e.g., phitic acid) that compete with manganese for
GI absorption [65]. Overall, it appears reasonable to state that cow milk-based formula represents
a potential for greater internal manganese dose. Therefore, based on a 95th percentile manganese
concentration of 182 μg/L in cow milk-based formula computed under the same default statistical
considerations as those described in 3.3.2., an exposure dose of 33 μg/kg/day can be calculated.
This figure corresponds to 60% of the TRV determined above (55 μg/kg/day) and leaves a margin
of 40% of the TRV to every non-dietary sources of manganese exposure, drinking water being only
one of them. Else, the available data do not suggest that dietary and other non-drinking water sources
contribute to more than 80% of the total exposure. Overall then, under the premise of parting equally the
above-mentioned 40% contribution between drinking water on the one hand, and every other non-dietary
sources on the other hand, the default value of 20% can be retained here for DWG derivation.

3.5.2. Body Weight (BW) and Drinking Water Ingestion Rate (ING)

Given that the TRV determined above for manganese is based on a POD determined under the
consideration of a specific period of susceptibility, the values considered to the parameters related to
the drinking water contact rate are deemed to reflect this specific time period. Therefore, the mean BW
and 95th percentile value of ING for the infants aged ≤ 6 months for the Quebec population, described
elsewhere [66], are being used for the DWG calculation. This corresponds to 6.7 kg and 1.22 L/day
respectively, for a BW-adjusted equivalent ingestion rate of 0.182 L/kg/day. Other elements considered
by the present authors with regard to the choice of the appropriate BW-adjusted DW ingestion rate are
presented in Supplemental materials.

3.6. Calculation of the Drinking Water Guideline

Applying Equation (1) above to the TRV calculated in 3.4, the DWG for manganese is 61 μg/L,
rounded to 60 μg/L and based on a 20% RSC, a BW of 6.7 kg and a drinking water ingestion rate of
1.22 L/day. This guideline is more stringent than similar guidelines proposed by other public health
institutions around the world, as shown by Table 3.

Table 3. Comparison of drinking water guidelines proposed by various public health institutions,
including the one derived by the INSPQ.

Characteristics
Public Health Institution

Health Canada [19] US EPA [12] WHO [1] MDH [13] INSPQ [18]

Year of publication 2016 2004 2017 2012 2017

Critical studies,
(specie)

[14,51,52],
(rats)

[46,47,67],
(human)

[2],
(human)

[14],
(rats)

[14,51,52],
(rats)

POD, mg/kg/day
(Type)

25
(LOAEL)

0.14
(NOAEL)

0.183
(NOAEL)

25
(LOAEL)

25
(LOAEL)

Composite UF,
(detailed) 2

1000,
(10 × 10 × 1× 10 × 1)

3,
(3 × 1 × 1 × 1 × 1)

3,
(3 × 1 × 1 × 1 × 1)

300,
(10 × 10 × 1 × 3 × 1)

450,
(5 × 10 × 1 × 3 × 3)

TRV, μg/kg/day 25 47 61 83 55

BW, kg 7 70 60 - 6.7

RSC, % 50 20 20 50 20

ING, L/kgBW/day 3 0.107 0.029 0.033 0.29 0.182

Guideline value,
mg/L 100 300 400 100 1 60

Abreviations: BW, body weight; ING, daily ingestion rate; POD, point of departure; RSC, relative source contribution;
TRV, toxicological reference value; UF, uncertainty factor. 1 DWG applied to infants less than one year old. 2 UFH × UFA ×
UFSC × UFL × UFDB, see text for meaning. 3 The body-weight adjusted ingestion rates are obtained by dividing the ingestion rate,
in L/day, by the BW, in Kg, that are chosen by each institutions in the calculation of their respective drinking water guideline.
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4. Discussion

The objective of this work was to derive a health-base DWG for manganese and provide a
demonstration of the procedure used by a public health agency of a midsize jurisdiction such as the
province of Quebec, that is INSPQ, for such activity. The work is mainly based on a systematic analysis
of already existing guidelines determined by other public health institutions, with a focus on the
rationale and critical points determined by these institutions to justify their methodological choices.
Such an approach presents the advantage in that by building on existing work, it allows efficient
process of guideline derivation while optimizing often limited time and human resources in middle
size public health institutions. The DWG obtained here for manganese is 61 μg/L, rounded to 60 μg/L,
and was derived by focusing specifically on the concern of protecting the most vulnerable population,
that is children aged < 1 year old, not only by selecting the lowest relevant POD available and applying
the required UF, but also by considering a BW and drinking water ingestion rate that corresponds
specifically to this age group. Thus, the resulting guideline accounts for the greater drinking water
ingestion rate in neonates as compared to adults, on a BW basis. It therefore addresses the concerns
raised by Goeden [15].

Despite the fact that there are lower guidelines for manganese in drinking water based on
esthetical considerations, that is 50 μg/L and currently projected to be lowered to 20 μg/L [19,68,69],
the present health-based guideline is more stringent than corresponding health guidelines around
the world, as the next most severe guideline is MDH’s Risk Assessment Advice of 100 μg/L. Reasons
for such discrepancy can be identified from the values taken by the different variables entering in the
guideline calculation, which are detailed in Table 3.

The main source of greater conservatism in the current assessment as compared to the US EPA
and WHO mainly stems from the choice of the POD, an animal one that triggers the application of
several UFs, rather than the epidemiological POD with almost no UF applied. Indeed, the former
appears more justifiable given that in the latter case, the human data that were not evaluated from the
toxicological point of view, but rather the nutritional one [10].

The choice made here of the neurodevelopmental animal LOAEL of 25 mg/kg/day is also justified
based on the following four elements:

(1) Neurotoxic effects of ingested manganese are the most sensitive ones based on the array of the
toxicological tests listed in Table 2. Besides, this effect was observed in pup rodents at BW-adjusted
exposure doses that are lower than those observed in other rodent groups (post weaning or adult
animals) exposed chronically or subchronically to manganese [3]. Such sensitivity in rodent pups
appears related to the immaturity of their homeostatic regulation system, with the consequent
maximal absorption and minimal, if not absent, excretion during the first 15 to 18 postnatal
days [33,70–72].

(2) Because of the uncertainties associated with the characterization of exposure and the role of
confounders in epidemiological studies, corresponding data with regard to cognitive, motor
and behavioral effects [19,73] are difficult to use for quantitative risk assessment such as the
derivation of a health-based drinking water guideline.

(3) Although non-human primates would constitute the most appropriate toxicological model in
order to characterize the toxicity of ingested manganese in humans [74,75], the available data do
not appear sufficiently robust to do so. Indeed, such data result from experimental designs that
either involve a single tested dose or a manganese exposure occurring via the intravenous route,
or lacks comparable control experimental groups [53,75–82].

(4) The mechanism of action of manganese neurotoxicity through the oral exposure route is not fully
elucidated. It is likely multi-process, including perturbation of dopamine transmission [40]. Given
that such perturbation has been observed in both rodents and primates exposed to manganese [74],
using a rat-based LOAEL to determine a DWG in humans appears relevant.
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Once the choice of relying on animal data rather than human data has been made, differences
in the application of UF contribute to derive a different guideline than MDH and Health Canada.
However, at the end and as shown in Table 3, the composite UF of 450 positions itself in between
Health Canada composite UF (1000) and MDH one (300). As a result, the TRV obtained (55 μg/kg/day)
also lies midway between these two institution values (25 and 83 μg/kg/day). These numbers can be
analyzed in light of the essential nature of manganese by comparison with the minimum recommended
intakes of the Institute of Medicine (IOM). The TRV obtained here is significantly greater than the
minimum intake recommended for neonates aged ≤ 6 months (≈0.5 μg/kg/day) but may be lower
than, or equivalent to, this recommendation for other age groups, in particular children aged 1–3 years
(80 μg/kg/day) and 4–8 years (55 μg/kg/day) [2]. However, IOM recommended intakes are based on
real exposure data that are deemed corresponding to the minimum intakes required. Possibly, the true
required intake is much lower.

A source of greater conservatism herein is the application of 3-fold UFDB to account for the fact that
some lower LOAEL values—although apparently less robust than the POD selected here—could have
been used (See Supplemental Materials). This factor is not applied by any other public health institution.
Conversely, in some instances, less severe UF values were used. This is the case for UFH, as a 5-fold
factor was applied here contrary to the default 10-fold value applied by both MDH and Health Canada.
As clearly demonstrated in Section 3.3.2, available data support the application of a less-than-ten-fold
factor for UFH. In fact, MDH and Health Canada both argue that a significant variability is observed in
manganese metabolism in rats and thus such variability need to be accounted for when extrapolating
to animals (personnal communication with Health Canada and MDH). However, it is the current
authors position that this variability either leans towards greater variability in rats than humans, or that
the toxicokinetically more sensitive individuals were accounted for by the experimental design leading to
the selected animal POD. In such situation, it can be argued that only the toxicodynamic component of
the UFH, that is 3.16, need to be accounted for. Since some residual uncertainty still resides in assessing
human variability from animal variability data, it appears reasonable that such situation triggers an UFH

no lower than 4, and the data-derived approach used here is coherent with this argument.
In support of the current assessment, both MDH and Health Canada have applied the default

10-fold animal-to-human extrapolation factor while neither institution applied any UF for the use
of a less-than-chronic POD in guideline derivation. While MDH guideline specifically targets
short-term exposure [13], this position appears well justified. Health Canada, for its part, argues
that the consideration of a POD triggered by an exposure occurring during a restrained window
of susceptibility, as can be concluded from the experimental design detailed in Table 2, suggests
that the measured effect is likely more sensitive than any other (chronic) effect that may result from
long-term exposure to manganese in drinking water and that as a result, no UF for subchronic to
chronic extrapolation is required. Other coherent UF values include the 3-fold UFL applied here like
MDH and differently than the 10-fold default applied by Health Canada. This 3-fold value was also
based on the review of the magnitude of the LOAEL/NOAEL ratios for a same given adverse effect,
detailed by ATSDR (see also Supplemental Material). However, MDH argument differs in that it
qualifies as subtle the neurological adverse effect and thus does not require a 10-fold factor.

The attribution of a RSC of 20% rather than 50% contributes significantly to the derivation of a
lower guideline than MDH and Health Canada. Both institutions have justified this 50% value by
the fact that neonates are mainly exposed to manganese from two sources, namely drinking water
and food, each of which 50% of the overall contribution is attributed. Although this is based on some
rationale, the careful analysis of the available quantitative data suggests otherwise with regard to the
magnitude of this factor, as the 50% value retained by these institutions appear too high. Indeed, if 50%
of the TRV of 55 μg/kg/day calculated in Section 3.4 was attributed to drinking water, the potential is
real for some infants to be exposed to a total dose exceeding it. Given the 33 μg/kg figure calculated in
Section 3.5.1, this corresponds to 60% of the TRV as resulting from ingestion of milk formula, leaving
at the most a RSC for drinking water that should not be greater than 40%.
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In this regard, it is noteworthy that Krishnan and Carrier [20] describe the US EPA methodology
for deriving values that depart from default for this factor, based on available data on the presence of
the contaminant of interest in the various environmental medias. Thus, an RSC lower than 20% can be
required if it is estimated that the other exposure sources than drinking water may contribute, at the
total, to more than 80% of the TRV [1,31], as allowing as much as 20% of RSC to drinking water in
this case would undesirably translate into a total exposure that theoretically exceeds the threshold of
potential effect. Conversely, an RSC greater than 20% can be envisaged when it is known that drinking
water is likely the sole (e.g., up to 80%) or at least the main (e.g., at 50%) contributor to the total
human exposure [1,26,28,30,31], for instance because a chemical is added for water treatment purposes
(e.g., trihalomethanes, trihaloacetic acids). However, the data-derived approach implies that for a
situation in which the drinking water is more contaminated than the other medium, its RSC can be
greater than 20% and as a result, the guideline more permissible for more contaminated media than for
less contaminated ones. Although this can be justifiable from a risk management perspective, it is more
hardly so when reasoning strictly from the point of view of protecting human health. Besides, the IOM
stated that, for infants, the sole source of manganese as essential element should come from dietary
sources [2], therefore excluding any presence in drinking water. Obviously, this recommendation was
made at a time where not many toxicological data on manganese were available. But the default 20%
value was still retained here, and the data-derived approach proved to be useful in demonstrating that
the 50% figure appears too permissive.

One uncertainty that is worth mentionning with regard to the DWG determined here relates
to the fact that manganese speciation is sensitive to environmental conditions and drinking water
sources may vary considerably with regard to their physicochemical environment. Thus it cannot
be excluded that the population, for which the DWG aims at regulating its manganese exposure,
in fact is exposed to chemical forms of manganese that are different than the one that was used in
the study from which originates the POD used herein. Likewise, the dose-response relationship
could be different. However, the manganese chloride that was used in the chosen POD study is very
soluble and is ionized as Mn2+ in water, which happened also to be the vehicle of administration in
this study. Besides, epidemiological studies that brought out concerns for the neurodevelopmental
toxicity of manganese (see Introduction) have been conducted on population fed by groundwaters
and it is therefore reasonable to assume that most manganese was also present as Mn2+. Overall then,
the impact of the uncertainty associated with the possible variations of the dose-response relationship
according to the chemical form of manganese appears low with regard to the adequacy of the DWG
proposed herein.

A limitation of the method presented here that needs to be acknowledged is that a complete
literature review of all toxicological and epidemiological data available on manganese toxicity was not
performed, but rather a critical analysis of previous work done by other Agencies was done [12,13,19].
In particular, the POD for this risk assessment was based on a critical analysis of papers, which were
already selected and reviewed by those agencies. This approach was chosen in response to limited
resources but still appears appropriate in view of the credibility of these agencies and the fact that,
at least for the MDH [13,45] and Health Canada [19], their reviews of the literature were quite recent.
Should there have been no recent review available by credible agencies, a complete literature review
would have been required, but only for the time period not covered by the previous reviews. Despite
the fact that such an approach has some limitations (no replication of the original literature reviews),
it allows middle-size agencies to do such work with limited resources and time constraints, which is
not a negligible advantage from a public health perspective.

Finally, this DWG for manganese is based on a risk assessment conducted on the most vulnerable
population to this contaminant: infants fed with formula reconstituted with drinking water. Normally,
for convenience and simplicity of the communication message, it might be justified to propose such a
guideline for the entire population exposed to excessive concentration of manganese in drinking water.
However, because the homeostatis control for oral exposure is more developed in older children and
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adults, and cost of measures to be applied to reduce exposure (water treatment, changing the source of
water., etc.), some juridictions will prefer to use a different DWG for older populations. This is the case
of MDH who has recommended to use the USEPA Health advisory of 300 μg/L for older population
(>1 year old) [13]. Water treatment technologies, both at the community and individual levels are
available, but their implementation may represent additional financial costs and significant challenges
for drinking water system managers. However, given the organoleptic inconveniences caused by the
presence of manganese for exposed population, in particular staining of laundry and plumbing fixtures,
and eventually taste problems, it might be justified to implement measures to reduce the presence of
manganese in drinking water for the entire population. Thus, the organoleptic recommendation of
50 μg/L, as currently proposed by US-EPA [38] and WHO [68], or a lower one as the one proposed
recently by Health Canada [19], might therefore be considered as a target to be achieved for the entire
population. Our proposed DWG is not very different from these esthetical guidelines.

5. Conclusions

Deriving DWG is an important activity to protect public health [1]. However, the procedures used
to derive a guideline are sometimes very technical and not available in current literature. A simple
method used by a middle size institution (INSPQ, Québec, QC, Canada) using the critical review of
work done by other institutions as its first input was thus presented here, following a step by step
method to derive a guideline for non carcinogenic contaminants.

The proposed health based guideline proposed for manganese is based on the same animal
POD as the one chosen by other institutions [13,19] but its numerical value differs by using different
uncertainty factors, RSC of water to the TRV and water consumption. Globally, the proposed guidelines
of 60 μg/L is still higher than the usual esthetical guidelines values for manganese (50 μg/L, projected
to be lowered at 20 μg/L, [1,19]) but lower that other health based values [12,13,19]. The rationale
applied to the choices made herein were exposed and compared to the choices of other institutions.
This might help to open a transparent debate on the issues relative to deriving health based guidelines
for drinking water.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/6/1293/s1,
Table S1. Total blood concentrations (mean, standard derivation and 95th percentiles) of Mn measured in
presumably sensitive human subpopulations as reported in other studies. I. Consideration regarding the
application of 3-fold UFDB to account for the fact that some LOAEL values lower than the POD retained in
the current assessment are available in the literature. II.Considerations with regard to the choice of the appropriate
BW-adjusted drinking water ingestion rate.
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Abstract: Americans fill upward of four billion prescriptions for pharmaceuticals each year, and many
of those pharmaceuticals eventually make their way into the environment. Hundreds of different
active pharmaceutical ingredients (APIs) are detected in ambient waters and source water used for
drinking water in the U.S. Very few of these drugs have health-based guidance values that suggest a
safe level for individuals exposed in the ambient environment through drinking water. The Minnesota
Department of Health (MDH) has developed a novel method to derive screening-level human health
guidance values for APIs. This method was designed for rapid evaluation and relies on Food and
Drug Administration (FDA)-approved drug labels and limited additional public data resources
for necessary information. MDH developed an analytical framework using traditional and novel
uncertainty and adjustment factors specific to the information available for APIs. This framework,
along with an estimated lowest therapeutic dose (LTD), was used to derive screening reference
dose (sRfD) values. Water screening values (WSV) were then derived using the sRfD, a relative
source contribution factor (RSC), and a water intake rate for infants to represent a highly exposed
population. MDH used this new method to derive water screening values for 119 APIs that are
commonly prescribed and/or commonly monitored in Minnesota waters, including antibiotics,
antidepressants, steroids, and other classes of drugs. The derived WSVs can be used to provide
context to environmental detections, prioritize APIs for further health-based guidance development,
prioritize APIs for future environmental monitoring studies, and inform the development or
refinement of analytical methods.

Keywords: pharmaceuticals; human health; environment; drug labels; screening method; LTD;
uncertainty factors; risk assessment; risk context

1. Introduction

In the past twenty-five years, the portion of the United States population that uses at least
one prescription pharmaceutical has risen approximately ten percent. From 2011–2014, nearly half
of all Americans used at least one prescription medication, and nearly a quarter used three or
more [1]. In 2017, upward of four billion prescriptions, or 12.6 prescriptions per capita, were filled by
Americans [2]. Trends show that that percentage will continue to grow in the coming years.

The rapid growth in pharmaceutical use has contributed to increased detection of pharmaceuticals
in the environment [3–6]. Many pharmaceuticals are commonly detected in potential drinking
water sources and treated drinking water, yet very few of these drugs have established water
guidance values that inform the probability of certain health risks associated with large populations
consuming water containing prescription drugs [7]. Pharmaceuticals enter the environment through a
variety of pathways, including improper disposal down household drains and toilets, disposal into
landfills, runoff from manure in agricultural areas after use in animals, industrial releases, and human
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excretion. While detected environmental concentrations may be lower than other types of contaminants,
these compounds are designed to be biologically active and potent at low concentrations, warranting
special scrutiny to assess potential human health risk.

Despite the widespread presence of pharmaceuticals in water, these contaminants of emerging
concern are not currently regulated for drinking water and wastewater purposes. A number of
methodologies have been described in the literature for screening and prioritizing the hazard and
risk to human health from pharmaceuticals in the environment [8–11]. These approaches use various
techniques for calculating toxicity values and mainly rely on published data in the literature for
derivation of toxicity points of departure and adverse effects. The method developed by the Minnesota
Department of Health (MDH) builds on many of these approaches, adding assessment factors that
may be of specific concern for pharmaceuticals (e.g., endocrine activity), in addition to incorporating
many elements of MDH’s established risk assessment methods to derive water guidance values [12].
A key aspect of the rapid assessment method is a reliance on easily accessible data obtained from
the US Food and Drug Administration (FDA) drug labels to provide the majority of the information
needed. Pharmaceuticals typically have sufficient safety data as required by FDA; however, much of
the data relevant for risk assessment are not available in published literature and drug studies are
often considered proprietary. The data source allows for the rapid assessment of a large variety and
number of pharmaceuticals that could be present in potential drinking water sources.

The objectives pursued by MDH were: (1) to create a rapid assessment framework for deriving
screening reference doses (sRfDs) for orally administered pharmaceuticals using readily available
information (e.g., FDA approved drug labels); and (2) to use the sRfDs to derive water screening level
values for an initial set of commonly prescribed and detected pharmaceuticals. The developed values
can be used for a variety of purposes, including, providing human health context to environmental
detections, guiding future monitoring efforts, prioritization of development or refinement of analytical
methods, and prioritization the development of health-based standards.

2. Methods

2.1. Selecting the Most Relevant Pharmaceuticals for Value Development

MDH initially planned to focus on the pharmaceuticals most relevant in Minnesota. However,
prescription usage information was not available on a state-specific basis in 2013, when method
development was initiated. Information on the top 200 pharmaceuticals most commonly prescribed
and used in the United States from 2011–2012 [13,14] was considered representative of pharmaceutical
use in Minnesota. This list, which is updated each year, provided an approximation of what may be
entering the Minnesota environment, but not necessarily what is actually being found and in what
amounts. In addition to the top 200 pharmaceuticals from the national lists, other pharmaceuticals
were added if they were included in monitoring efforts relevant to Minnesota and were on common
analyte lists from national/federal laboratories. The active pharmaceutical ingredient (API) for each
pharmaceutical was identified using information from drug label information found on the National
Library of Medicine drug information website DailyMed [15]. Duplicate APIs were removed from
the list.

The developed framework provides a method to rapidly derive sRfDs for a large number of APIs
based on information from the FDA drug label. The sRfDs are appropriate for most orally administered
APIs, with a few exceptions (Table 1). The framework is not designed to address APIs with non-oral
routes of administration, genotoxic effects, lack of appropriate FDA labels, and those that are only
used for purposes that do not require a prescription for human use. These characteristics were used to
establish exclusion criteria. Approximately one-third of the unique APIs were excluded based on the
exclusion criteria.
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Table 1. Exclusion Criteria for Applicable APIs.

Exclusion Criteria Description

Non-oral route of administration

The bioavailability of an API given orally differs from that of an API
given via another route of administration. Route to route
modifications would be necessary to adjust for a non-oral route.
The MDH method was designed to rapidly derive water screening
values (WSV) related to oral ingestion, only. APIs designed to be
administered vaginally, dermally, sublingually, via suppository,
via injection (intraperitoneally, subcutaneously, or intravenously),
and via inhalation are not appropriate for this method.

Nutritional supplement

The acceptable daily intake (ADI) values and dietary reference
intake (DRI) levels for nutrients found in food and pharmaceuticals
are available and more appropriate for to deriving human-health
based guidance values than the calculated lowest therapeutic doses
(LTD) used in this method [16].

Over-the-Counter (OTC) medication only Labels for OTC drugs do not provide the necessary information to
use the developed method.

Illicit Substance

Most illicit substances do not have an FDA-approved label.
Some illicit substances may be used for therapeutic purposes with a
prescription; however, the potential adverse effects may not be
appropriate for analysis with this method.

Discontinued or Not Approved in US

Many discontinued products no longer have active FDA-approved
labels that contain the necessary information to use the developed
method. If the drug is not approved for use in the US, then it is not
likely to be found in US waters in significant quantities.

Registered for Veterinary Purposes only Labels for veterinary use APIs are not always required to provide
the same level of detail as labels with APIs intended for human use.

Genotoxic or Non-Threshold Carcinogen
The developed method may not be adequate to derive an
appropriately conservative screening reference doses (sRfD) or
WSVs for genotoxic or non-threshold carcinogens.

If an appropriate FDA-approved label was found for an API, the description section of the
label was searched for possible exclusion criteria. Exclusions based on genotoxic or non-threshold
carcinogenicity were generally determined during review of the label and selection of uncertainty and
adjustment factors. An unsuccessful search for an applicable FDA-approved label and supporting
information usually indicated that one or more of the exclusion criteria applied.

2.2. API Data Used for Rapid Assessment

Information for each API was obtained from the most current and appropriate FDA approved
label. Labels were accessed via DailyMed [15] and the most recently approved label available for oral
administration of the API was selected. Additionally, MDH selected a label for a drug containing
the API from an original packager, when available. If a suitable label could not be found for the
API in the DailyMed database, the FDA Drugs Database [17] was searched for an applicable label.
When information was not available from the drug label, or when additional data was needed to
further confirm or support information from the drug label, data was gathered from other sources such
as the National Toxicology Program (NTP), FDA New Drug Application (NDA) Data, International
Agency for Research on Cancer (IARC), and Hazardous Substances Data Bank (HSDB) [18–20].

2.3. Lowest Therapeutic Dose Calculation

The lowest therapeutic dose (LTD), the lowest amount of an API that is necessary to produce a
clinically effective outcome, was selected as the point of departure (POD) for deriving the sRfDs.
The lower end of an API’s therapeutic dosing range can be considered a lower threshold for
biological activity, approximating a lowest adverse effect level (LOAEL). The LTD was considered an
appropriate POD for the framework because API-related biological effects in the general population
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were considered undesirable. LTDs based on special dosing for individuals with certain physiological
conditions or existing disease (e.g., renal or hepatic impairment), requiring a lower, titrated, or limited
dosing, were considered not relevant for the general population and excluded from consideration.
Doses on FDA labels were typically expressed as milligram per day (mg/day). In some cases,
label instructions indicated dosing was required multiple times per day over various time increments
to attain a minimum therapeutic level. In these cases, the LTD included the full amount per an entire
24-h day and not the minimum amount per tablet/capsule (e.g., a 10 mg tablet taken 4 times per day
resulted in LTD of 40 mg/day). MDH subsequently calculated the final LTD by converting the selected
dose from mg/day to mg/kg-day (Equation (1)):

LTD (mg/kg-day) = Dose of API (mg/kg)/BW based on age (kg) (1)

An appropriate body weight (BW) in kilograms was selected from the US Environmental
Protection Agency (EPA) Exposure Factors Handbook [21,22]. Mean weights by age, as shown in
Table 2, that corresponded to the appropriate dosing recommendations from the label were used to
calculate the dosage in units of mg/kg-d. If a specific age or body weight range was described on the
FDA label (e.g., 12–17 years of age), the LTD calculations were performed on each age group separately
(e.g., 12–13, 13–14, etc.) to determine age-group specific LTDs. In these instances, however, the age
group with the highest mean weight usually produced the lowest LTD. If doses on the label were
already reported in mg/kg-day, no further calculations or adjustments were made.

Table 2. Mean Weights by Age Used in Lowest Therapeutic Dose Calculations.

Age (Years) Mean Weight (kg) 1

6–7 1 22.5
7–8 27.4
8–9 31.3

9–10 36.2
10–11 39.5
11–12 44.6
12–13 50.3
13–14 56.9
14–15 61.5
15–16 65.9
16–17 68.0
17–18 66.6
≥18 2 80

Selected mean weights were based on the dosing age range presented on the drug label. 1 Dosing for ages under
6 years of age normally reported as mg/kg with no need for further calculation. 2 The mean weight (kg) for
adults 18+ years of age is from EPA Exposure Factors Handbook 2011 Edition Table 8-1, comprising 1999–2006
data [22]. Increased weight reflects the higher average weight of a United States adult and adds to conservativeness
of calculations.

2.4. Uncertainty and Adjustment Factors

Uncertainty factors (UF) and adjustment factors (AF) were used to account for a range of
considerations in calculating appropriately conservative sRfDs. While the majority of the UFs applied
were based on standard chemical risk assessment methods, modifications to decision criteria for
application were developed to better fit specific considerations regarding APIs and the available data
from FDA approved labels. Additional AFs were applied to account for special considerations and
concerns related to the selected pharmaceuticals, including nonlinear (i.e., threshold) cancer potential
and endocrine activity. Unlike MDH’s methodology for developing health-based water guidance
following in-depth review, which uses the standard RfD derivation process for nonlinear carcinogens,
the MDH rapid assessment methodology for pharmaceuticals addressed carcinogenicity potential with
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an additional AF for cancer. In total, six potential UF or AFs, represented as UF/AF, may be applied to
account for various areas of uncertainty.

A Decision Tree was established to facilitate the selection of UFs and AFs (Figure 1).
Definitions and guidelines were incorporated into the Decision Tree to ensure consistency in defining
and applying the UFs and AFs. Each UF or AF could be assigned a value of 1, 3, or 10. The UF/AF
designation was based on the FDA-approved label data for the API or a representative API for the
therapeutic class, along with additional sources as needed. A value of 1 was assigned to indicate that
the particular UF or AF was not needed for the API. The minimum overall UF/AF possible (product of
all six UF/AFs) was 30 (default application of an intraspecies UF of 10 and at minimum a LOAEL
UF of 3) and the maximum UF/AF possible was 100,000 (a product of 10,000 for all UFs and 10 for
either the AF for endocrine activity or for cancer potential). The rationale for application of specific
UFs and AFs is detailed in Sections 2.4.1–2.4.6. Decision criteria for the application of each UF or AF
were designed to avoid overlap application of UF/AFs based on the same information. Therefore,
application of the maximum total UF/AF of 100,000 was not used in the current assessment and is
highly unlikely to occur in future assessments.

Consistent with MDH and EPA risk assessment methodology [12], individual UF/AFs of 3
and 10 were expressed as 30 (3 × 101), whereas individual UF/AFs of 3 and 3 were expressed as
10 (100.5 × 100.5 = 101). For the APIs evaluated, the overall UF/AF was usually at least 100. Each UF
and AF is described in more detail in the following subsections and in the Decision Tree (Figure 1).

2.4.1. Cancer Adjustment Factor (AFC)

MDH accounted for the risk of potential cancer of an API by applying an AF based on the
available information from the FDA label. If the API was determined to be a threshold carcinogen, i.e.,
a carcinogen for which there is sufficient evidence that a level of exposure exists below which there
is no cancer risk, the appropriate Cancer AF (AFC) was determined. The FDA labels did not directly
state whether or not an API had a threshold or non-threshold mode of action (MOA). Additional
literature sources were consulted and professional judgement was required to make determinations.
Non-threshold, i.e., linear, carcinogens were not appropriate for this method and were excluded from
the evaluation. Application of UFs/AFs to a POD is not appropriate for linear carcinogens. Assessment
of linear carcinogens requires access to appropriate cancer study data in order to derive a cancer slope
factor rather than deriving an RfD based on a no observable adverse effect level (NOAEL) or LOAEL.
For most APIs, appropriately detailed dose-response cancer data were not reported on FDA-approved
labels and were not publically available because the studies were considered proprietary. Therefore,
application of a rapid assessment method was not possible for linear carcinogens.

For traditional non-linear (threshold) carcinogen risk assessments, MDH evaluates the data to
ensure an RfD based on non-cancer effects will also be protective for cancer. A separate cancer-based
value using UFs is not typically derived for non-linear carcinogens. In contrast, the rapid screening
method was used to derive a sRfD, protective of non-linear cancer effects, by using a cancer adjustment
factor (AFC). In many cases, drugs tested for carcinogenicity were only found to cause cancer in animals
at human equivalent doses (HED) far above the maximum recommended human dose (MRHD). An
HED is the human dose estimated to be equivalent to the dose administered to the test animal, based
on allometric scaling. For pharmaceuticals, allometric scaling is based on relative body surface area
between animals and humans. The carcinogenicity sections on the FDA labels provided the HEDs and
comparisons with MRHDs necessary to make a determination about AFc. An AFc of 10 was applied
when the HED associated with tumors was near or below the MRHD or LTD. If the HED was far above
the MRHD or LTD, an AFc was not needed. An AFc was also not applied in cases where the particular
type of cancer reported in animals was not relevant to humans (rodent thyroid and liver tumors),
or if the cancer was localized at the site of administration and not relevant to oral administration
(carcinogenic effects only seen in studies with administration via subcutaneous or intraperitoneal
injection and effects not deactivated via first pass metabolism).
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Figure 1. The decision tree provides a summary and guide for the decisions made in regards to
application of Adjustment Factors (AFs), Uncertainty Factors (UFs), and calculation of Total UF/AF for
use in derivation of a screening reference dose (sRfD).
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2.4.2. Endocrine Activity Adjustment Factor (AFE)

MDH accounted for potential adverse effects relating to endocrine activity by applying an
Endocrine Activity AF (AFE). The AFE was applied when endocrine activity was either the intended
effect or a reported side effect of the API. Concerns that the application of the LOAEL-NOAEL
UF (UFL-N) of 10, discussed in Section 2.4.4, was not adequate to be protective of the very
low-level potencies of potential endocrine active APIs warranted the use of this additional AF.
MDH considered endocrine activity to include effects related to the female reproductive system,
male reproductive system, pituitary gland, adrenal gland, changes in hormones (including estrogen,
testosterone, and androgen), and hormonal changes related to the nervous system, blood sugar
changes, and metabolism [23]. For endocrine effects aggravated by, but not caused by, the API
(e.g., aggravation of diabetes symptoms in diabetic patients), an (AFE) was not applied unless an
endocrine mode-of-action was identified from the label. Additionally, an AFE was not applied if
endocrine effects were described as rare adverse effects on the label, or the API masked signs of
endocrine disease by controlling symptoms (e.g., controlled arrhythmias caused by hyperthyroidism).
If the AFC was already applied, the AFE was still noted but not additionally applied. This decision
was based both in part on the results of other assessment methodologies [10,24] for APIs and to
avoid overlapping conservatism in the application of UF/AFs. An Endocrine Activity AF (AFE)
of 3 was applied when at least one of the following conditions was present on the FDA label or
supporting information:

• Clear hormonal effects in animals were observed, but testing in humans was performed and no
effects were observed.

• Small but clinically insignificant changes in hormone levels were seen in animal studies.
• Endocrine effects were frequent in post market surveillance in humans but negative endocrine

effects were reported in animal studies, and no other precautions for endocrine effects were
provided on the label.

• Infrequent endocrine effects in post market surveillance or clinical trials in humans were noted
but there were no animal studies available on the label to support the observed endocrine effects.

An Endocrine Activity AF (AFE) of 10 was applied when at least one of the following conditions
was present on the FDA label or supporting information:

• The endocrine effects observed were the intended therapeutic effects of the API.
• The endocrine effects were described in the ‘Warnings/Precautions’ or ‘Pharmacodynamics’

section of the FDA label.
• The endocrine effects were described in the ‘Adverse Reactions’ section of the FDA label as

leading to discontinuation of treatment.
• There were hormonal lab tests that were required or recommended as part of the treatment, or for

monitoring individuals taking the API.
• The endocrine effects were described as frequent adverse reactions in post-marketing surveillance or

clinical trials and/or there are animal data indicating positive hormonal effects relevant to humans.

2.4.3. Intraspecies Variability Uncertainty Factor (UFHuman)

MDH accounted for the variation in how human individuals may respond to APIs by applying an
Intraspecies Variability UF of 10 to every API. This is consistent with EPA and MDH risk assessment
methods for deriving health-based guidance [12,25].

2.4.4. LOAEL-NOAEL (Dosing) Uncertainty Factor (UFL-N)

Although APIs are designed to exert a beneficial therapeutic effect on an individual, this effect
may be undesirable for the general population. Adverse side effects may also occur at the LTD and
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drug safety studies may not report or test for effects that occur at doses lower than the LTD. As a
result, the LTD was considered to be analogous to a LOAEL and could not be considered as a NOAEL.
Therefore, the LOAEL-NOAEL UF (UFL-N) was applied.

A LOAEL-NOAEL UF (UFL-N) of 3 was applied as a default. The LOAEL-NOAEL UF (UFL-N)
was increased to 10 if the FDA label or supporting information indicated that the API met any of the
following criteria:

• The API was labeled as Pregnancy Category D or X, or labeled as unsafe for pregnant women.
FDA pregnancy categories D and X indicate that there could be side effects that may affect sensitive
populations at the LTD. Category D is assigned when risks to the fetus were observed in humans,
but the benefits may outweigh the risks. Category X indicates studies in animals or humans have
shown fetal abnormalities or other risks to the fetus and the risks outweigh the benefits. These two
category classifications warrant the use of a more protective UF. In comparison, Categories A
and B indicate that adequate information in humans exist that demonstrate no substantial effect
to the fetus or that studies failed to demonstrate effects to the fetus and there have been no
well-controlled studies in pregnant women. Category C indicates that animal studies have shown
adverse effects to the fetus and that there are no adequate studies in humans, but the potential
benefits may outweigh the risks.

• The API was labeled as Pregnancy Category C and the LTD approximated the dose used in
reproductive or developmental studies that was indicated on the FDA label.

• The API was intended for life threatening conditions. APIs used to treat many serious conditions
often have severe side effects that can occur at the level of the LTD. The potential benefits of these
APIs may outweigh the risks for those seeking the therapeutic benefit, but the side effects may
not be acceptable to the general population.

• The API was not clinically tested in children or, if it was tested in children, it had a different safety
profile than adults and the LTD applied only to adults. This extra level of protectiveness was
warranted because children are often more sensitive to the effects of APIs.

• The LTD for the API was linked to serious and/or life threatening adverse effects.
• The FDA label for the API contained a black box warning. Certain serious warnings, particularly

those that may lead to death or serious injury, are often required to be presented as a black
box warning on the label with bold text marked ‘Warning’ [26]. Warnings for which a UF of
10 was applied included serious, life threatening effects not related to the condition or illness
that the API was treating. Examples of effects where a UF of 10 was applied include statements
concerning drug abuse or overdose, increased suicide from antidepressants, and those related to
specific polymorphisms. Potential vulnerability due to genetic polymorphisms is addressed by
the Intraspecies UF.

2.4.5. Database Uncertainty Factor (UFDB)

A Database UF (UFDB) was applied to account for APIs with less extensive toxicity testing,
especially if the data gap may be relevant to sensitive populations. A UFDB of 3 was applied to APIs
that may have extensive toxicity testing, but an important study appeared to be missing from the drug
label. The lack of multigenerational reproductive/developmental studies was a common cause for
setting this UF to 3. A UFDB of 10 was applied to APIs that had no animal studies or studies with very
limited endpoint testing as described on the available FDA label or other readily available sources
(e.g., NTP, HSDB). Additional information may have been available in the published scientific literature,
but an extensive literature search and subsequent in-depth analysis and critical review was outside the
scope bounds for conducting a rapid assessment because it is very time and resource intensive.
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2.4.6. Duration (of Administration) Uncertainty Factor (UFSC-C)

A Duration UF (UFSC-C) was applied to account for uncertainty based on the length of API use
or administration, to account for limited chronic testing, or to account for the potential for increased
severity of potential effects over time during the course of taking an API. A Duration UF (UFSC-C) of 3
was applied when at least one of the following conditions applied based on the available FDA label or
supporting information:

• The API was intended for chronic use (months to years) with no expected increase in severity of
adverse effects over time based on extensive time of human use, but had no or limited accessible
chronic animal studies.

• The API was intended for chronic use and had sufficient chronic studies in animals, but had some
evidence of increased or new risk of adverse effects in humans associated with longer durations
of use, including increased risk of dependence on the API.

• The API was intended for chronic use and had sufficient chronic studies in animals, but was
relatively new to market, and uncertainty about possible duration-related effects due to a relatively
short history of human use remains.

A Duration UF (UFSC-C) of 10 was applied when at least one of the following conditions applied
based on the available FDA label or supporting information:

• The API was intended for short-term use only (days to weeks)
• The API was intended for subchronic use (months) and had limited or no chronic testing in

animals. This includes APIs not intended to treat chronic or lifetime conditions.
• The API was intended for chronic and/or lifetime use with no or limited chronic testing in

animals, and there is evidence for increased severity of adverse effects with increasing and longer
durations of use.

2.5. Screening Reference Dose (sRfD) Calculation

The calculated LTDs, along with the UF/AF assignments, were used in the derivation of sRfDs
for each API. The sRfD is calculated in a similar manner to a traditional reference dose (RfD), a daily
oral dose that is not likely to have appreciable risk or adverse effects [25,27]. MDH calculated the sRfD
by dividing the LTD by the total UF/AF (Equation (2)):

sRfD (mg/kg-d) = LTD (mg/kg-d)/[(AFC or AFE) × UFHuman × UFL-N × UFDB × UFS-C] (2)

2.6. Water Screening Value (WSV) Calculation

The WSV was derived using the calculated sRfD, a relative source contribution factor (RSC),
a unit conversion factor, and a drinking water intake rate (Equation (3)). The WSV calculation is based
on the MDH standard non-cancer assessment algorithm for calculating short-term water guidance
values [12]:

WSV (μg/L) = (sRfD (mg/kg-d) × RSC × Conversion Factor (μg/mg))/Water Intake (L/kg-d)
WSV (μg/L) = (sRfD (mg/kg-d) × 0.8 × 1000 (μg/mg))/0.289 (L/kg-d)

(3)
Water intake may be only one of several pathways by which an individual may be exposed to a

contaminant. An RSC is used to account for exposure other than ingestion of water (e.g., inhalation of
volatilized chemicals, dermal absorption) as well as exposure from other media (e.g., diet) to ensure
that the cumulative exposure does not exceed the RfD, in this case the sRfD [25]. MDH used the EPA
Exposure Decision Tree [25,28] to identify the appropriate RSC value [28]. Within the EPA Decision
Tree framework, RSCs can range from 0.2 up to 0.8. The EPA methodology uses a ceiling of 0.8 (80%)
and minimum of 0.2 (20%) so that no more than 80% nor less than 20% of the RfD can be accounted for
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from ingestion of water at the developed guidance value [28]. WSVs were calculated using an RSC
of 0.8 for the majority of APIs, based on the assumption that individuals not taking a prescription
medication could receive the majority of their exposure through drinking water. An RSC of 0.2 was
applied to a very limited number of APIs that have prescription as well as numerous over-the-counter
uses, due to concerns regarding the frequency of unintended overdoses [29,30]. An example would
be acetaminophen or ibuprofen, which are widely used in infants and children cough, cold and
pain medications.

The intake rate used to calculate the WSV is 0.289 L/kg-d, which represents the 95th percentile
human infant intake for ages 1–3 months [12]. This is consistent with MDH methodology for completing
pesticide rapid assessments and with MDH risk assessment methodology for developing water
guidance values [12,31,32]. The use of this intake rate is protective for infants and special susceptible
populations, and was considered appropriately conservative for development of screening-level values.

3. Results

MDH identified 121 unique APIs from the 200 most prescribed pharmaceuticals in the United
States from the 2011 and 2012 Pharmacy Times lists [13,14]. Forty of the 121 unique APIs were excluded
from further analysis based on the exclusion criteria outlined in Table 1. Thirty-eight additional
unique APIs were identified from monitoring efforts in Minnesota waters. This resulted in a total of
119 APIs for evaluation, 81 from analysis of the top 200 prescribed pharmaceuticals in the United States
and 38 additional APIs that were commonly being monitored in Minnesota. Five APIs were included
in the assessment even though they did not have current FDA-approved labels or were discontinued
for use, despite the general exclusion criteria. These five included: lomefloxacin, norfloxacin,
oxytetracycline, propoxyphene, and sulfamethizole. Labels were identified in DailyMed [15] for these
five drugs, but it was discovered during the assessment that the API was either recently discontinued
for use or the label was too outdated to provide all of the necessary information needed for assessment.
In these cases, additional data sources [17,19,20] were relied upon to provide the needed information
to derive a sRfD and WSV.

MDH calculated LTDs for each of the 119 APIs. A large majority (106 or 89%) of calculated LTDs
used adult (i.e., ≥18 years of age) dosing, based on recommendations from the label. The remaining
13 (or 11%) used child or adolescent dosing and body weights (BW) from the label to serve as the basis
of the LTD (Figure 2). The calculated LTDs ranged from 0.0013 to 25 mg/kg-d, spanning four orders
of magnitude.

Figure 2. Breakdown of Dosing Basis for Lowest Therapeutic Dose Calculations for the 119 APIs
Evaluated. The child and adolescent body weights are based on averages for the ranges [21,22]
presented in Table 2.
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The LTDs were then used to generate sRfDs for 119 APIs. The total UF/AF adjustment applied
to the 119 APIs ranged from 100 to 30,000. The Intraspecies UF (UFHuman) of 10 was applied to all
APIs. The LOAEL-NOAEL UF (UFL-N) of 3 or 10 was applied to all APIs as well. A breakdown of the
frequency of application for each UF and AF is shown in Figure 3.

A UFL-N of 10 was applied to the majority of APIs (102 out of 119 or 86%) and a UFL-N of 3 was
applied to the remaining 17 APIs (14%) as a default UF. Often, multiple decision points for application
of a UFL-N of 10 applied to each API, such as a black box warning being present on the label and the
API not being intended for use in children. These instances were recorded, but only one UFL-N was
applied in these instances. Relevant black box warnings or pregnancy category D or X statements were
found on labels for 42% of APIs meeting the criteria for application of a UFL-N. The label for 24% of
APIs specifically indicated that the API was not intended for use in children, meeting the criteria for
application of a UFL-N. Serious adverse effects occurring at the LTD were noted on the label for 15% of
APIs and 14% were labeled with a Pregnancy Category C classification with an LTD that approximated
doses used in reproductive studies, both cases also meeting the criteria for application of a UFL-N of 10.

The UFS-C was applied to 92 of 119 (77%) of APIs. The UFS-C of 3 was applied slightly more
often (50 out of 92 or 54%) than the UFS-C of 10 (42 out of 92 or 46%). The UFS-C of 3 was typically
applied to account for intended chronic use of an API that had sufficient testing apparent on the label
or supporting information, but there was evidence of an increase in incidence or severity of effects
with increased duration of use. The UFS-C of 10 was most often applied to account for APIs intended
for short-term use (e.g., antibiotics, pain relievers, and sedatives).
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Figure 3. Frequency of Uncertainty (UF) and Adjustment (AF) Factors (described in Section 2.4)
Application During Derivation of API sRfD including application of UF/AF of 3 or 10 applied for
the Cancer AF (AFC), Endocrine AF (AFE), Intraspecies UF (UFHuman), LOAEL-NOAEL UF (UFL-N),
Database UF (UFDB), and the Duration UF (UFS-C).

A UFDB of 3 or 10 was applied to 103 of 119 (87%) of APIs. The UFDB of 3 was most often applied
(101 out of 103 or 98%) to account for a lack of multigenerational study to appropriately qualify
reproductive and developmental risks. The UFDB of 10 was applied to two APIs (2%), benztropine and
digoxin, to account for a lack of animal studies, most notably for reproductive and developmental
endpoints, being described on the label or supporting information.

The framework for deriving sRfDs included two novel adjustment factors: Cancer AF (AFC) and
Endocrine (AFE). These adjustment factors were applied to less than half of the 119 APIs. In cases where
both factors were deemed appropriate only the higher of the two AFs was applied in deriving the
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sRfD. The AFC of 10 was applied to nine APIs (digoxin, drospirenone, fenofibrate, gemofibrozil,
olanzapine, pioglitazone, primidone, quetiapine, and risperidone) to account for evidence of a
threshold carcinogenic mode of action with the threshold near or below the LTD or MRHD. The cancer
endpoints identified for these nine APIs included liver carcinomas and tumors, mammary gland and
interstitial testes tumors, bladder tumors, thyroid cancers, and adrenal gland tumors.

The AFE was applied to 45 APIs, with the application of a AFE of 10 being the most frequently
applied value (41 out of 45). The AFE of 10 was usually applied for one of two reasons: (1) for 61%
(25 out of 41) it was based on endocrine side-effects (e.g., antidiuretic hormone effects, increased
hormone levels, goitrogenic effects, gynecomastia) described in the warnings and precautions,
pharmacodynamics, and adverse reactions sections of the label; or (2) for the remaining 39% (16 of 41)
it was based on endocrine effects that were the intended therapeutic effect (e.g., insulin stimulation,
regulation of thyroid activity) for APIs that were glucocorticoids, antidepressants, hormones, or lipid
lowering drugs. The AFE of 3, on the other hand, was usually applied to account for infrequent
endocrine effects (hormone level changes) being reported in humans with no animal data to support
these observed effects.

Some individual APIs lacked data to adequately evaluate carcinogenic potential or endocrine
activity. During the assessment it was determined that APIs within the same class could be used to
address these data gaps. Three classes of APIs (i.e., statins, sulfonamides, and tetracyclines) were
assessed as a group for determining the appropriate application of the Cancer AF and/or Endocrine
Activity AF. A group assessment was considered appropriate since the general modes-of-action are
similar within each class.

Statins, including atorvastatin, lovastatin, pravastatin, rosuvastatin, and simvastatin, were each
assigned an AFE of 10 based on clear indications for endocrine effects on the ‘Warnings and Precautions’
section of the label. Sulfonamides, including sulfadiazine, sulfamethizole, and sulfamethoxazole,
were each assigned an AFE of 10 to account for known drug class effects on the thyroid. The tetracycline
drug class, including demeclocycline, doxycycline, minocycline, oxytetracycline, and tetracycline,
were reviewed together to determine Cancer and Endocrine AFs. The tetracycline class evaluation
was based on the label for minocycline and supporting information on labels for others in the group.
Tetracyclines were assigned an AFE of 10 for thyroid effects including thyroid hyperplasia and the
potential of thyroid related cancers. An AFC of 1 was assigned to the five tetracyclines based on the
lack of information provided on labels to determine relative dosing related to human doses for cancer
studies, and due to the likely cancer mechanism, if present, being related to endocrine mechanisms,
which was more appropriately covered with the application of the AFE.

The sRfDs were calculated using the LTD and overall UF (Equation (2)). Each sRfD along with
an RSC and an infant water intake rate were used to generate the WSV (Equation (3)). An RSC of 0.8
was used for the majority of the 119 APIs. However, an RSC of 0.2 was used for one API, ibuprofen,
because it is included in multiple over-the-counter (OTC) formulations intended for children in
addition to prescription pharmaceuticals. The derived sRfDs ranged from 0.00000016 mg/kg-d to
0.12 mg/kg-d, spanning six orders of magnitude. The final derived water screening values (Table 3)
also spanned six orders of magnitude with values ranging from 0.0004 μg/L to 400 μg/L. A detailed
breakdown of the calculation for each of the 119 APIs (i.e., LTD, sRfD, WSV, UF/AF application,
and reference label sources) is provided in Table S1. Pharmaceutical Water Screening Values Table
(see supplementary information).
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Table 3. Derived Water Screening Values (WSV), Screening Reference Doses (sRfD), Uncertainty and
Adjustment Factor (UF/AF) application, and calculated Lowest Therapeutic Doses (LTD) for 119 APIs 1.

API CASRN LTD (mg/kg) Total UF/AF sRfD (mg/kg-d) WSV (μg/L)

Albuterol 18559-94-9 0.075 100 0.00075 2
Alendronate 66376-36-1 0.063 300 0.00021 0.6
Allopurinol 315-30-0 2.50 100 0.025 70
Alprazolam 28981-97-7 0.0094 1000 0.0000094 0.03

Amitriptyline 50-48-6 0.74 10000 0.000074 0.2
Amlodipine 88150-42-9 0.037 100 0.00037 1
Amoxicillin 26787-78-0 12.5 1000 0.013 40

Amphetamine salts - 0.039 3000 0.000013 0.04
Ampicillin 69-53-4 12.5 3000 0.0042 10
Atenolol 29122-68-7 0.63 1000 0.00063 2

Atorvastatin 134523-00-5 0.13 3000 0.000043 0.1
Azithromycin 83905-01-5 3.13 3000 0.001 3
Benztropine 86-13-5 0.013 3000 0.0000043 0.01

Betaxolol 63659-18-7 0.13 1000 0.00013 0.4
Bisoprolol 66722-44-9 0.6 1000 0.0006 2

Carisoprodol 78-44-4 9.38 1000 0.0094 30
Carvedilol 72956-09-3 0.313 300 0.001 3
Celecoxib 169590-42-5 2.50 1000 0.0025 7

Cephalexin 15686-71-2 12.5 1000 0.013 40
Cimetidine 51481-61-9 10 1000 0.01 30

Ciprofloxacin 85721-33-1 6.25 3000 0.0021 6
Clarithromycin 81103-11-9 6.25 3000 0.0021 6

Clavulanate 58001-44-8 3.13 1000 0.0031 9
Clindamycin 18323-44-9 7.50 3000 0.0025 7
Clonazepam 1622-61-3 0.013 3000 0.0000043 0.01

Clonidine 4205-90-7 0.0025 300 0.0000083 0.02
Clopidogrel 113665-84-2 0.94 300 0.0031 9

Codeine 76-57-3 0.19 1000 0.00019 0.5
Cyclobenzaprine 303-53-7 0.19 10000 0.000019 0.05
Demeclocycline 127-33-3 7 30000 0.00023 0.6

Diazepam 439-14-5 0.044 300 0.00015 0.4
Diclofenac 15307-86-5 1.25 300 0.0042 10

Digoxin 20830-75-5 0.0016 10000 0.00000016 0.0004
Diltiazem 42399-41-7 1.5 1000 0.0015 4
Doxepin 1668-19-5 0.94 3000 0.00032 0.9

Doxycycline 564-25-0 0.91 30000 0.000030 0.08
Drospirenone 67392-87-4 0.038 10000 0.0000038 0.01

Duloxetine 116539-59-4 0.50 1000 0.0005 1
Enalapril 75847-73-3 0.063 300 0.00021 0.6

Erythromycin 114-07-8 12.5 1000 0.013 40
Escitalopram 128196-01-0 0.13 3000 0.000043 0.1

Ezetimibe 163222-33-1 0.125 300 0.00042 1
Fenofibrate 49562-28-9 0.60 3000 0.0002 0.6
Fenoprofen 31879-05-7 2.5 3000 0.00083 2
Fluconazole 86386-73-4 1.25 10000 0.00013 0.4
Fluoxetine 54910-89-3 0.25 3000 0.000083 0.2

Furosemide 54-31-9 0.25 300 0.00083 2
Gabapentin 60142-96-3 11.3 100 0.11 300
Gemfibrozil 25812-30-0 15 3000 0.005 10

Glipizide 29094-61-9 0.19 10000 0.000019 0.05
Glyburide 10238-21-8 0.016 10000 0.0000016 0.004

Hydrochlorothiazide 58-93-5 0.16 10000 0.000016 0.04
Hydrocodone 125-29-1 0.25 10000 0.000025 0.07

Hydrocortisone 50-23-7 0.25 30000 0.0000083 0.02
Ibuprofen 15687-27-1 20 3000 0.0067 5i

Imipramine 50-49-7 0.37 10000 0.000037 0.1
Indomethacin 53-86-1 0.63 300 0.0021 6

Ketoprofen 22071-15-4 0.94 1000 0.00094 3
Lamotrigine 84057-84-1 2.81 300 0.0094 30

Levothyroxine 51-48-9 0.0013 300 0.0000043 0.01
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Table 3. Cont.

API CASRN LTD (mg/kg) Total UF/AF sRfD (mg/kg-d) WSV (μg/L)

Lisdexamfetamine 608137-32-2 0.38 3000 0.00013 0.4
Lisinopril 76547-98-3 0.063 3000 0.000021 0.06

Lomefloxacin 98079-51-7 20 3000 0.0067 20
Lorazepam 846-49-1 0.025 3000 0.0000083 0.02

Losartan 114798-26-4 0.63 300 0.0021 6
Lovastatin 75330-75-5 0.13 10000 0.000013 0.04

Mefenamic acid 61-68-7 12.5 3000 0.0042 10
Meloxicam 71125-38-7 0.094 1000 0.000094 0.3
Memantine 19982-08-2 0.25 1000 0.00025 0.7

Meprobamate 57-53-4 3.98 1000 0.004 10
Metformin 657-24-9 14.7 10000 0.0015 4

Methylphenidate 113-45-1 0.25 1000 0.00025 0.7
Methylprednisolone 83-43-2 0.05 30000 0.0000017 0.005

Metoprolol 51384-51-1 0.31 300 0.001 3
Minocycline 10118-90-8 2.5 30000 0.000083 0.2
Montelukast 158966-92-8 0.081 100 0.00081 2

Naproxen 22204-53-1 6.25 1000 0.0063 20
Nebivolol 118457-14-0 0.031 1000 0.000031 0.09
Nifedipine 21829-25-4 0.38 1000 0.00038 1
Norfloxacin 70458-96-7 10 3000 0.0033 10
Ofloxacin 82419-36-1 5 3000 0.0017 5

Olanzapine 132539-06-1 0.037 10000 0.0000037 0.01
Olmesartan
medoxomil 144689-63-4 0.25 300 0.00083 2

Oxycodone 76-42-6 0.25 30000 0.0000083 0.02
Oxytetracycline 79-57-2 6.25 30000 0.00021 0.6

Penicillin V 87-08-1 9.38 3000 0.0031 9
Pentoxyifylline 6493-05-6 5 300 0.017 50

Pioglitazone 111025-46-8 0.19 10000 0.000019 0.05
Pravastatin 81093-37-0 0.35 10000 0.000035 0.1

Prednisolone 50-24-8 0.06 30000 0.000002 0.006
Prednisone 53-03-2 0.063 30000 0.0000021 0.006
Pregabalin 148553-50-8 1.88 300 0.0063 20
Primidone 125-33-7 9.38 3000 0.0031 9

Progesterone 57-83-0 2.5 30000 0.000083 0.2
Promethazine 60-87-7 0.23 3000 0.000077 0.2
Propranolol 525-66-6 0.38 3000 0.00013 0.4

Propoxyphene 469-62-5 4.88 3000 0.0016 4
Quetiapine 111974-69-7 0.63 10000 0.000063 0.2
Ranitidine 66357-35-5 2 100 0.02 60

Risperidone 106266-06-2 0.0074 3000 0.0000025 0.007
Rosuvastatin 287714-41-4 0.063 10000 0.0000063 0.02

Sertraline 79617-96-2 0.31 3000 0.0001 0.3
Sildenafil 139755-83-2 0.13 1000 0.00013 0.4

Simvastatin 79902-63-9 0.063 10000 0.0000063 0.02
Sitagliptin 486460-32-6 1.25 10000 0.00013 0.4

Sulfadiazine 68-35-9 25 10000 0.0025 7
Sulfamethizole 144-82-1 12.5 30000 0.00042 1

Tadalafil 171596-29-5 0.031 300 0.0001 0.3
Tamsulosin 106133-20-4 0.005 3000 0.0000017 0.005
Temazepam 846-50-4 0.09 3000 0.00003 0.08
Tetracycline 60-54-8 18.8 30000 0.00063 2

Tramadol 27203-92-5 2.50 1000 0.0025 7
Trazodone 19794-93-5 1.88 10000 0.00019 0.5

Triamterene 396-01-0 0.47 300 0.0016 4
Trimethoprim 738-70-5 4.57 3000 0.0015 4

Valsartan 137862-53-4 1 300 0.0033 9
Verapamil 52-53-9 2.25 1000 0.0023 6
Warfarin 81-81-2 0.025 1000 0.000025 0.07
Zolpidem 82626-48-0 0.063 3000 0.000021 0.06

1 Derived values are based on data and drug labels accessed in 2014 from DailyMed [15] and the FDA Drug
Database [17].
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4. Discussion

MDH developed a novel method to rapidly derive screening level values for APIs that have the
potential to be found in the environment. As described in Section 2, this method relied upon established
MDH risk assessment practices as well as pharmaceutical specific data to derive appropriately
conservative water screening values in a rapid manner.

4.1. Data Sources

The selection of an appropriate FDA label was key to deriving a WSV for each API. As previously
mentioned, it was important to find the most current and active FDA label available for oral
administration of the API. Labels from the original packager and brand names, that were no more
than three years old, were used to derive the screening values in 2014. When original labels were not
available, repackagers and generic labels were used. When labels in DailyMed [15] were older than
two years, the FDA Drugs Database [17] was consulted to confirm that it was the most up-to-date
available label.

The available FDA-approved labels can change over time due to new FDA labeling requirements
or availability of new safety data. Changes to labeling requirements could affect where relevant
information is found on the label and could change how the available data is interpreted.
During development of the 119 screening values, the FDA finalized a new Pregnancy and Lactation
Labeling Rule (PLLR) that changed how pregnancy and lactation data were presented on the label [33].
The new rule removed the use of pregnancy letter categories (A, B, C, D, and X) and replaced it with
three subsections labeled ‘Pregnancy’, ‘Lactation’, and ‘Females and Males of Reproductive Potential’.
This new rule gradually phased in the new requirements for existing products and immediately
impacted newly registered products. These changes do not impact the values already derived; however,
the evaluation of new products will have to be slightly altered to fit the new label presentation.
The developed methodology is still useful when evaluating these new products, as the description of
effects will still be available. However, the pregnancy letter categories which made the LOAEL-NOAEL
UF designation easy to apply, will not be present.

Additional changes to other label sections may occur if additional rule changes are made by the
FDA. Changes to labels may also occur as new safety data are added. When there is updated safety
information, the FDA [34] generally directs that relevant labels be updated to reflect those changes.
MDH, however, found that labels in DailyMed [15] were not always updated. Changes to labels can
also be due to changes in manufacturer or packager of the API, as well as formulations being acquired
by different companies as a product becomes generic. DailyMed [15] did not have an archive process
for these labels when a new label was issued under the same manufacturer at the time of the MDH
assessment. For these reasons, labels for assessment were chosen carefully and were identified during
value derivation (Table S1). With this knowledge, MDH relied heavily on the FDA-approved label,
but other sources were consulted to verify information and fill in data gaps.

The data sources used for this rapid assessment method placed constraints on the types of APIs
that could be evaluated. Over-the-counter drugs (OTC), genotoxic or non-threshold carcinogens,
and those with non-oral routes of administration cannot be adequately assessed using this method,
even though they are often detected in the environment. The Decision Tree in Figure 1 could be easily
adapted for OTC drugs; however, different sources of relevant information would need to be identified
to facilitate consistent and rapid reviews since OTC labels do not contain the same level of detail as
prescription labels. Appropriate risk assessments of genotoxic and non-linear carcinogens require
development of cancer slope factors. However, cancer slope factors are not available on FDA-approved
labels and cannot be developed without access to data that are currently not publicly available.
Drugs with non-oral routes of administration need to be assessed using route-to-route extrapolation.
While there are various methods available to conduct route-to-route extrapolation, there are currently
no methods developed to facilitate a rapid screening assessment for non-orally administered APIs.

322



Int. J. Environ. Res. Public Health 2018, 15, 1308

Additional or different methods, decision criteria data, and data sources would need be needed to
address these groups of APIs.

4.2. Appropriately Conservative Methodology

The rapid assessment method was designed to derive appropriately protective sRfDs and WSVs.
The method is designed to be more conservative than values generated using the established MDH
methodology for in-depth chemical reviews. The level of protectiveness is appropriate for a screening
value meant to protect the general population, including sensitive or highly exposed populations,
based on limited data or time for assessment. To ensure that the sRfDs and WSVs were sufficiently
protective, appropriately conservative selections were made for a variety of parameters used to derive
sRfDs and WSVs.

An adult body weight of 80 kg was used in the LTD calculations. As seen in Figure 2, the most
common body weight used in the development of the LTDs was the 80 kg adult body weight.
In most risk assessment methodologies, 70 kg is the standard adult body weight. According to
the EPA, the average adult body weight has increased in recent years, making the 80 kg estimate more
appropriate for the current general US adult population [22]. Use of the higher adult body weight
results in lower LTDs and sRfD.

The Decision Tree (Figure 1) for application of UF/AFs based on drug label and supporting
information was designed to ensure that the resulting sRfD, which was based on limited data and
level of evaluation, would be protective of the most sensitive members of the general population.
MDH risk assessment methodology for conducting in-depth chemical reviews, uses a maximum UF
of 3000 when deriving an RfDs [12]. A chemical with a UF over 3000 is deemed to have insufficient
information to derive an appropriate health-based value. The rapid assessment methodology resulted
in the application of overall UFs ranging from 100 to 30,000, with 33 (28%) having values greater
than 3000. The majority of APIs with a total UF greater than 3000 were either endocrine-active or
had a LOAEL-NOAEL UF (UFL-N) of 10 (Table S1). The common application of an UFL-N of 10 is not
unexpected given that APIs are designed to be biologically active at low doses.

Uncertainty factors for intraspecies variability (UFHUMAN), LOAEL-NOAEL extrapolation
(UFL-N), database deficiencies (UFDB), and duration (UFS-to-C) are commonly applied in established risk
assessment practices for industrial and commercial product environmental contaminants. Unlike APIs,
these environmental contaminants are not usually designed to be biologically active in humans.
To account for this intended biological activity, MDH included additional adjustment factors for cancer
(AFC) and endocrine activity potential (AFE) in the rapid assessment framework for pharmaceuticals.
The use of additional factors for cancer and endocrine activity has precedence based on other methods
and approaches described in the published literature [10,24]. The Australian government (AU) has
published guidelines for water recycling that include development of surrogate acceptable daily
intakes for pharmaceuticals [24]. The AU describes use of a 10-fold safety factor for hormonally active
steroids because normal hormone function and fertility could be adversely affected in those not taking
the medication for therapeutic benefits [24]. This hormonally-based safety factor used by the AU is
similar to the endocrine activity AF applied in MDH’s rapid assessment methodology. The WateReuse
Foundation also identified hormonally active compounds and genotoxic carcinogens to be of particular
concern and incorporated a UF of 10 in their assessment [10]. These additional AFs provided an extra
degree of protection for effects that were not necessarily captured by the other UFs, and may be related
to the intended biological effect of the API. The maximum LOAEL-NOAEL UF of 10 may not be
adequately protective for APIs designed to effect endocrine targets or for potential carcinogens.
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The use of a water intake rate based on bottle-fed infants of 0.289 L/kg-d also added to the
conservative nature of the derived screening values. Bottle-fed infants have a higher intake of water on
a per body weight basis than individuals at any other life-stage, and are more likely to ingest a higher
dose than adults [12,32]. The high infant intake rate is protective of formula-fed infants as well as other
sensitive populations. The same intake rate and rationale has been applied by MDH for deriving rapid
assessment values for pesticides [31] and is recommended for screening level values [32].

Comparison of WSVs with MDH Derived Health-Based Guidance (HBG)

To test the developed method, MDH compared the WSVs derived using the rapid assessment
methodology with health-based guidance values (HBGs) derived from traditional in-depth reviews for
five APIs [35]). The five APIs were acetaminophen [36], carbamazepine [37], 17a-ethinylestradiol [38],
sulfamethoxazole [39], and venlafaxine [40]. The HBGs are based on an in-depth evaluation of potential
health risk and are preferred over WSVs when available.

The WSVs derived using the rapid assessment methodology were 2 to 250 times lower, or more
conservative, than HBGs derived using established MDH in-depth review methods (Table 4). For four
of the five (acetaminophen, carbamazepine, sulfamethoxazole, and venlafaxine) APIs the same RSC
(0.2 for acetaminophen and 0.8 for the others) and intake rate (0.289 L/kg-d) were used to derive both
the WSV and the HBG. When these inputs were the same, the resulting WSVs were lower than HBGs
due, in part, to use of the LTD as the point of departure (POD) instead of a LOAEL or NOAEL, as well
as of the additional UFs and AFs. Total UF/AFs for WSVs were higher than those used for HBGs.
This was expected because full in-depth reviews required for HBG development were more refined
and involved critical examination of much larger datasets, which reduced the degree of uncertainty.

For the remaining API, 17a-ethinylestradiol, the RSC used to derive the WSV and HBG was 0.8,
but the intake rates differed. The HBG derived from a full in-depth review supported use of a lower,
sub-chronic water intake rate (0.070 L/kg-d) rather than the infant intake rate (0.289 L/kg-d) used in
deriving the WSV. The lower intake rate in the HBG calculation and the higher overall UF applied
in the WSV calculation resulted in a nearly identical values. This indicated that even for hormonal
active compounds that mimic endogenous chemicals, the derived WSVs are near or lower than values
derived with traditional methods.

The two WSVs for acetaminophen represented the recommended daily dose ranges for different
therapeutic purposes. For example, a simple headache might be treated effectively with only one tablet
but more severe pain or chronic conditions such as arthritis might require the maximum recommended
daily dosing of six tablets (i.e., 1 tablet every 4 h). The lower LTD of 3.75 mg/kg-d and WSV of 9 μg/L
were based on one tablet per day while the higher LTD of 22.5 mg/kg-d and WSV of 50 μg/L were
based on six tablets per day.

The limited comparison of rapid assessment-based WSVs and HBGs, which are based on an
in-depth review, demonstrates a reasonable level of conservatism. Therefore, WSVs were considered
appropriate for screening and prioritization purposes and were not likely to underestimate risk.
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Table 4. Comparison of Inputs and Values for the Pharmaceutical Rapid Assessment Method
for Deriving WSVs and MDH established traditional method for deriving Health-Based Guidance
Values (HBG).

API WSV (μg/L)
MDH HBG

(μg/L)
Level of Protection

Pharmaceutical Rapid
Assessment

Method Inputs

MDH Guidance
Value Inputs 1

Acetaminophen 2 9
50 200 4-22x

LTD1—3.75
LTD2—22.5 mg/kg-d

UFHUMAN—10
UFL-N—10
UFDB—3

UFS-C—10
Overall UF/AF—3000

POD—7.4 mg/kg-d
UFH—10
UFDB—3

Total UF—300

Carbamazepine 0.9 40 44x

LTD—1 mg/kg-d
AFC—10

UFHUMAN—10
UFL-N—10
UFS-C—3

Overall UF/AF—3000

POD—3.8 mg/kg-d
UFH—10

UFL-N—10
UFDB—3

Total UF—300

17a-Ethinylestradiol 0.0001 0.0002 2x

LTD—0.00044 mg/kg-d
AFE—10

UFHUMAN—10
UFL-N—10
UFDB—3
UFS-C—3

Overall UF/AF—3000

POD—4.2 × 10−7 mg/kg-d
UFH—10
UFA—3

Total UF—30

Sulfamethoxazole 0.4 100 250x

LTD—4.57 mg/kg-d
AFE—10

UFHUMAN—10
UFL-N—10
UFDB—3

UFS-C—10
Overall UF/AF—30,000

POD—1.2 mg/kg-d
UFH—10
UFA—3

Overall UF—30

Venlafaxine 0.3 10 33x

LTD—25 mg/kg-d
UFHUMAN—10

UFL-N—10
UFDB—3

UFS-C—10
Overall UF/AF—3000

POD—0.54 mg/kg-d
UFH—10

UFL-N—10
Total UF—100

1 Points-of-departure (POD) for derving MDH Health-Based Guidance (HBG) are NOAELS or LOAELS. Uncertainty
factors (UF) used in deriving HBGs include Intraspecies UF (UFH), Interspecies UF (UFA), LOAEL-NOAEL UF
(UFL-N), and a Database UF (UFDB). 2 The lower LTD of 3.75 mg/kg-d (LTD1) and WSV of 9 μg/L were based on
one tablet per day for acetaminophen, while the higher LTD of 22.5 mg/kg-d (LTD2) and WSV of 50 μg/L were
based on six tablets per day for acetaminophen. Both dosing regimens are therapeutically relevant and therefore
were both included as comparison values.

4.3. Applications of the Values and Use of the Method

The WSV derived by MDH using the rapid assessment methodology are most appropriate for
prioritization and screening purposes. MDH recommends using WSVs as a first tier assessment
for detections of APIs in a variety of water environments, including surface water, groundwater,
and treated drinking water. Ingestion of water is unlikely to pose a threat to human health when API
water concentrations are below the WSV. WSVs can also be used for: (1) setting priorities for deriving
new health-based guidance based on in-depth reviews; (2) setting priorities for developing new or
improved laboratory analytical methods; (3) selecting APIs to be included in future monitoring projects;
and (4) assisting in the evaluation of water quality. Situations in which water detections exceed the
WSV, may benefit from completing a more thorough risk assessment for the API. Many APIs may not
have any available analytical methods, making it impossible or difficult for them to be included in
environmental monitoring programs. The WSVs may help to identify APIs that warrant development
of new or improved analytical methods. The water screening values are not designed to be used
as definitive estimates of risk. A more refined assessment, including detailed toxicity and exposure
evaluations, should be done before specific risk management decisions are made.

To date, MDH has used the derived values to provide context to environmental detections
of various monitoring studies of surface water and groundwater in Minnesota. The majority of
detections have been below developed WSVs. Only two APIs, hydrochlorothiazide (WSV of 0.04 ug/L)
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and methylprednisolone (WSV of 0.005 ug/L), have been detected in Minnesota surface water at
concentrations exceeding the WSV (0.0571 ug/L and 0.006, respectively) [41,42]. No concentrations
for APIs in Minnesota groundwater have exceeded a WSV. Gabapentin, an anticonvulsant is detected
frequently and at relatively high concentrations compared to other APIs in Minnesota surface waters,
sometimes at concentrations over 1 ug/L [42]. While these concentrations appear of concern in contrast
to concentrations of other APIs, the concentrations are well below the developed WSV of 300 ug/L
indicating that gabapentin detections are not likely to pose a human health concern at detected
concentrations. It should be noted that WSVs may not be protective of ecological receptors.

Although, concentrations did not exceed the WSV for most APIs in Minnesota, that does not
indicate that concentrations of APIs in other areas and states are not of potential concern. The WSVs can
be used to provide context to environmental detections in waters throughout the country to similarly
prioritize monitoring efforts and determine potential health risk posed by detected concentrations.

Additionally, MDH compared the WSVs to available maximum detection limits (MDL) and
maximum reporting limits (MRL) for analytical schedules from EPA (Methods 1694, 1698) [43,44],
USGS (Methods 2434, 2440, and 2080) [45–47], and SGS Axys Analytical pharmaceutical methods [48],
all of which are commonly used to analyze Minnesota monitoring samples. The MDL or MRL
exceeded the WSV for eight APIs, including benztropine, digoxin, glyburide, hydrocortisone,
methylprednisolone, oxycodone, prednisolone, and prednisone, indicating that efforts to improve
(lower) detection limits of existing analytical methods may be warranted.

MDH was also unable to find evidence of monitoring capability for nearly 22% (18 of 81) of
the most commonly prescribed APIs. Given the potential for environmental release development of
analytical capabilities should be a research priority.

5. Conclusions

MDH has developed a rapid assessment method for deriving WSVs for APIs. This approach
is rooted in traditional risk assessment practices and builds upon related methods created by other
organizations. This method can be applied for most orally administered human prescription drugs.
Screening level values were developed relatively quickly using data from FDA-approved drug labels.
MDH used the rapid assessment method to derive sRfDs and WSVs for 119 unique APIs that are
commonly prescribed and/or monitored in the environment. The use of FDA-approved labels and
limited additional sources allowed for the derivation of consistent and appropriately conservative
screening level values. These screening values filled existing data gaps in the available guidance for
many of these APIs.

Over four billion pharmaceutical prescriptions were filled last year in the United States, and this
estimate is expected to increase in coming years. Continually increasing trends in prescription usage
means that APIs have an ever-growing presence in the natural environment. Pharmaceuticals are nearly
ubiquitous in most environmental media as a result of improper disposal and normal human excretion.
Growing concerns about widespread prevalence of APIs in the environment led to the realization that
a rapid method for developing values to provide context for the occurrence of APIs in the environment
was required. The rapid assessment method and screening values developed by MDH provide
information that can be used to respond to current detections and allow risk managers opportunities
to be proactive in setting future priorities. Some future priorities include continued monitoring
for pharmaceuticals in environmental media, setting priorities for more detailed and impactful
pharmaceutical risk assessments, and identifying the need for new or modified analytical methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/7/1308/
s1, Table S1: Active Pharmaceutical Ingredient (API) Rapid Assessment Method Inputs, Decisions, Values,
and Supporting Information.
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Abstract: In 2007, the Minnesota Department of Health (MDH) developed new risk assessment
methods for deriving human health-based water guidance (HBG) that incorporated the assessment
of multiple exposure durations and life stages. The methodology is based on US Environmental
Protection Agency recommendations for protecting children’s health (US EPA 2002). Over the last
10 years, the MDH has derived multiple duration (e.g., short-term, subchronic, and chronic) water
guidance for over 60 chemicals. This effort involved derivation of multiple duration reference doses
(RfDs) and selection of corresponding water intake rates (e.g., infant, child, and lifetime). As expected,
RfDs typically decreased with increasing exposure duration. However, the corresponding HBG
frequently did not decrease with increasing duration. For more than half of the chemicals, the shorter
duration HBG was lower than chronic HBG value. Conventional wisdom has been that chronic-based
values will be the most conservative and will therefore be protective of less than chronic exposures.
However, the MDH’s experience highlights the importance of evaluating short-term exposures.
For many chemicals, elevated intake rates early in life, coupled with short-term RfDs, resulted in
the lowest HBG. Drinking water criteria based on chronic assessments may not be protective of
short-term exposures in highly exposed populations such as formula-fed infants.

Keywords: drinking water guidance; infant exposure; chemical risk assessment; duration extrapolation

1. Introduction

Guidance values produced by human health risk assessments most often use animal experiments
of different durations and key endpoints of consideration to derive a quantitative guidance value for
the matrix of concern (water, air, soil, etc.). Chronic duration studies have been the preferred source of
toxicity information, as these longer duration studies provide ample time for toxic effects to manifest
from the exposure protocol. In recent years, a realization has been building that elevated sensitivity
or exposures during the developmental time period may provide data that drive a risk assessment
to a lower guidance value compared to use of longer duration chronic studies. In 1993, the National
Academy of Science (NAS) [1] recommended changes to regulatory practice in order to ensure proper
characterization of risks to infants and children. The specific recommendations included consideration
of greater physiological sensitivity of infants and children, using exposure estimates representative of
infants and children, and accounting for nondietary as well as dietary sources of exposure. The NAS
report prompted passage of the Food Quality and Protection Act and amendments to the Safe Drinking
Water Act related to children’s health protection. The US Environmental Protection Agency (US EPA)
subsequently established the reference dose/reference concentration (RfD/RfC) Technical Panel early
in 1999 to evaluate the RfD/RfC derivation process with respect to how well children and other
potentially sensitive subpopulations are protected. As a result of this review, the RfD/RfC Technical
Panel recommended derivation of RfD/RfCs for multiple exposure durations as well as enhanced or
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additional testing protocols to improve children’s health protection as part of the noncancer assessment
process [2].

In 2007, the Minnesota Department of Health (MDH) began implementing exposure
duration-specific methods that were adopted into state rule in 2009 [3]. For the derivation of
noncancer health-based guidance, the MDH relied heavily upon the RfD/RfC Technical Panel
recommendations [2] and additional duration- and life-stage specific US EPA guidance [4,5].
In addition, changes to MDH practice were mandated in Minnesota’s 2001 Health Standards Statute,
which required that safe drinking water standards include “a reasonable margin of safety to adequately
protect the health of infants, children, and adults . . . ” [6]. This statute was based on concerns
regarding children’s susceptibility to environmental contaminants. In response, the MDH’s approach
to multiple-duration guidance included consideration of “windows of sensitivity” to toxicants as well
as periods of high exposures.

The MDH derives human health-based guidance (HBG) to evaluate potential health risks of
environmental exposures. The focus of this manuscript are HBGs developed in response to concerns
over contaminated water. MDH guidance is used by state programs as regulatory tools for groundwater
protection, the prevention of exposure, remediation of contaminated sites, and to provide context for
risk management. The MDH also uses HBG to advise households about chemical contamination in
private wells. An HBG represents a water concentration (expressed as micrograms of chemical per
liter of water, μg/L) that can be consumed with no appreciable risk to human health. HBGs are based
on chemical toxicity (the dose that results in adverse effects), the duration of exposure (the time period
of exposure that results in adverse effects), and the amount of water individuals drink during the
exposure period.

Until 2007, the MDH used methods for deriving HBG that were similar to those used by the US
EPA Office of Water for calculating chronic (lifetime) health advisories [7]. The US EPA methods for
assessing noncancer health effects from lifetime exposure generally combine an adult water intake rate
(2 L per day for a person weighing 70 kg, 2 L/70 kg b.w./day) with a chronic reference dose (RfD) and
a relative source contribution factor (RSC) of 0.2. The RSC factor represents the maximum amount
of the RfD “apportioned” to drinking water [8]. US EPA also derives 1- and 10-day health advisories
using a child water intake rate (1 L per day for a child weighing 10 kg, 1 L/10 kg b.w./day) and no
RSC (allowing 100% of the RfD to be from consumption of water). This approach typically results in
short-term health advisory values that are greater than longer-term lifetime health advisory values.
In contrast, the MDH’s implementation of exposure duration-specific methods has resulted in HBGs
that have been more frequently driven by less-than-chronic exposure scenarios.

As of December 2017, the MDH has utilized the multiduration methodology discussed above to
derive HBG for 85 chemicals or chemical groups. A wide range of chemicals have been evaluated,
including, solvents, pesticides, consumer product/personal care-related chemicals, pharmaceuticals,
and perfluorinated compounds. This publication is a retrospective evaluation of the MDH’s decade
long experience of incorporating multiple duration evaluations into their process for deriving HBGs
for water. The specific objectives of the evaluation are to: (1) evaluate the significance of incorporating
multiple duration assessment methodology for deriving HBG intended for the general population
(rather than the traditional single chronic duration) and (2) determine the overall utility of conducting
multiple duration assessments for public health protection.

2. Materials and Methods

To derive HBG, the MDH followed the standard US EPA four-step risk assessment process: hazard
identification; dose–response/toxicity evaluation; exposure assessment; and risk characterization [9].
Hazard identification is a determination of the type of adverse effects posed by a chemical or substance.
Dose–response or toxicity evaluation describes the quantitative relationship between the amount of
exposure (i.e., dose) to a substance and the extent of toxic injury or disease. Exposure assessment
typically includes the magnitude, frequency, duration, and route of exposure. Finally, when applied
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to developing standards or guidance, risk characterization integrates all three previously mentioned
steps to derive a level of exposure that is unlikely to pose a health risk to the population of interest.

2.1. Hazard Assessment and Dose–Response

The chemicals chosen for review were identified by state agencies and the public as chemicals
known or anticipated to be groundwater or surface water contaminants in Minnesota. For each
chemical, government reports and peer-reviewed literature were searched for toxicity study
information that encompassed various life stages and durations. The MDH adopted the duration
definitions as recommended by the US EPA [2], as shown in Table 1.

Table 1. Defined study exposure duration [2].

Duration Definition

Short-term Repeated exposure for more than 24 h, up to 30 days.

Subchronic
Repeated exposure for more than 30 days, up to
approximately 10 percent of a lifetime (approximately
90 days in typical laboratory rodent studies)

Chronic
Repeated exposure for more than approximately 10
percent of a lifespan (more than 90 days, to 2 years in
typical laboratory rodent studies)

For each chemical assessment and each toxicity bioassay, the MDH evaluated information
regarding the specific periods of time (e.g., life stage most susceptible to a toxic effect) and durations
of exposure necessary to elicit an adverse effect. The MDH found that data were often not available
for all dose–response time points or all life stages of potential interest, such as fetal or neonatal life
stages. In addition, the time-point or exposure duration associated with effects was often not clear,
since many parameters (e.g., histopathology) were assessed only at study termination. Studies that
did include exposure during development (e.g., gestation, birth, and nursing) typically did not report
the dose to the fetus or neonate. In these cases, the MDH used the maternal dose as a surrogate.

Studies that did not include developmental exposure were useful for assessing shorter-duration
dose–response for non-developmental health endpoints. Unless data to the contrary were available,
these non-developmental endpoints (e.g., hepatotoxicity) were assumed to be relevant to any age
group, including infants and children, when matched to the appropriate exposure duration.

Reference Dose Derivation and Selection

Using the systematic approach recommended by the US EPA [2], the MDH derived an RfD for
each duration for which sufficient toxicity data were available. An appropriate point of departure
(e.g., no observable adverse effect level (NOAEL), lower confidence limit of a benchmark dose (BMDL),
or lowest observable adverse effect level (LOAEL)) was identified and adjusted by applicable human
equivalent dose conversion [10], uncertainty, and variability factors [3].

Since the RfD for each duration should be protective of all health endpoints that could occur within
the given duration of exposure [2,3], the MDH considered and compared the short-term, subchronic,
and chronic duration-based RfDs for a chemical prior to final RfD determination. Standard short-term,
subchronic, and chronic toxicity bioassays typically do not encompass all life stages or may not assess
all sensitive endpoints. In cases where the shorter-duration RfD was lower (more protective) than
a longer-duration RfD due to life stage sensitivity or health effect assessed in the shorter duration
study but not assessed in the longer-duration studies, the shorter-duration RfD was used as the
longer-duration RfD as well. For example, a short-term RfD, based on developmental effects, may be
lower than the chronic RfD based on evaluation of adult animals only. Since assessment of early
life stages was not included in the chronic studies, the final chronic RfD would be set at the lower
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short-term RfD to ensure that short-term exposures that occur within a chronic durations are adequately
protected. Shorter duration RfDs that were lower because of differences in study dose selection were
not used as RfDs for longer durations. For example, wider dose spacing in the subchronic study could
result in a lower subchronic RfD because the subchronic NOAEL was lower than the chronic NOAEL.
The differences in the RfDs is due to the different dose levels selected alone and not due to the lack of
life stage or endpoint assessment. This approach is consistent with US EPA recommendations [2] and
recent US EPA practice [11]. Specific case where these decisions were made are described in Section 3.1.

The duration specific RfD and its basis for each chemical is available on the MDH’s website (http:
//www.health.state.mn.us/divs/eh/risk/guidance/gw/table.html) in the form of chemical-specific
toxicity summaries. Links to the chemical specific summaries are also provided in Table S1 of the
Supplemental Information.

2.2. Exposure Assessment—Drinking Water Intake Rates and the RSC

Estimation of human doses from drinking water exposures requires a drinking water intake rate
for assessing exposure in the context of the RfD. An HBG is derived by incorporating a drinking
water intake rate, which is the quantity of water consumed per kilogram of body weight per day
(L/kg per day). In 2007, the MDH used the US EPA’s report, “Estimated Per Capita Water Ingestion
and Body Weight in the United States—An Update” [12] as a source of intake rates for the general
population and subpopulations (e.g., children, pregnant women). As recommended by the US EPA
Science Advisory Board (SAB) [13], the MDH used estimates of intake based on data for individuals
who drank at least some tap water (i.e., consumer-only). The US EPA has since updated the Exposure
Factors Handbook [14], which now serves as the source of water intake rates for the MDH’s HBG
(see Table 2).

Table 2. Age group water ingestion rates (Tables 3-1 and 3-3, consumers only [14]).

Age Group
Mean

(L/kg-Day)
Ratio to All

Ages
95th Percentile

(L/kg-Day)
Ratio to All

Ages

Birth to <1
month 0.137 8.6 0.238 5.4

1 to <3
months 0.119 7.4 0.285 6.5

3 to <6
months 0.080 5.0 0.173 3.9

6 to <12
months 0.053 3.3 0.129 2.9

1 to <2 years 0.027 1.7 0.075 1.7
2 to <3 years 0.026 1.6 0.062 1.4
3 to <6 years 0.021 1.3 0.052 1.2
6 to <11 years 0.017 1.1 0.047 1.1

11 to <16
years 0.012 0.8 0.035 0.8

16 to <18
years 0.010 0.6 0.030 0.7

18 to <21
years 0.011 0.7 0.036 0.8

≥21 years 0.016 1.0 0.042 1.0
All ages

(lifetime) 0.016 0.044

Pregnant
women 0.014 0.9 0.043 1.0

Lactating
women 0.026 1.6 0.055 1.3
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Infancy and early childhood are clearly periods during which exposure to water is the greatest,
as demonstrated by the much larger water intake rates on a per body weight (L/kg per day) basis.
Intake rates drop sharply with age, approximating adult rates on a per body weight basis by 6 to
11 years of age. The MDH selected the 95th percentile intake rates for HBG derivation. This ensured
that the HBG was protective of individuals who consume most of their water from a single source,
such as a private well.

For deriving short-term duration HBG, the MDH selected the 1 to <3 months old infant intake
rate of 0.285 L/kg per day. For longer-durations, the MDH calculated time-weighted averages
(TWA) starting at birth. The resulting subchronic (birth to approximately 8 years) and chronic
(birth to approximately 70 years) duration TWA intake rates were 0.070 and 0.044 L/kg per day,
respectively. These intake rates represent default values. Other exposure values were used if sufficient
chemical-specific information indicated that a different duration or intake rate was more appropriate.
For example, if a developmental effect was identified as the most sensitive effect and the susceptible
period was limited to in utero development for the health effect of concern (e.g., cardiac malformations),
the intake rate for pregnant women was used to calculate the HBG value.

Another aspect of exposure is the relative contribution that ingestion of water adds to the
total exposure to a chemical. Water intake may constitute only one of several exposure pathways.
A relative source contribution (RSC) factor is used to account for non-water ingestion related exposures
(e.g., inhalation of volatilized chemicals, dermal absorption) as well as exposures via other media
(e.g., consumer products, food, air, and soil) to ensure that the cumulative exposure does not exceed
the RfD.

The use of an RSC is mandated by Minnesota state statute [15] and is based on the US EPA’s historic
use of the RSC to derive drinking water health advisories and ambient water quality criteria. US EPA
guidance for the latter includes an exposure decision tree for selecting RSC values [8]. The decision tree
consists of a series of decision points at which the availability and quality of chemical and exposure
data are evaluated. In general, a lack of statistically significant exposure data will steer the process
towards a lower, more protective, RSC value. Higher RSC values may result if situation-specific data
indicate that alternate exposures may not be as significant as water ingestion. US EPA [8] recommends
that RSC values stay within the range of 0.2 to 0.8; the lower end of the range protects against other
routes of exposure when uncertainty is high, and the upper end of the range allows for unknown
exposures when uncertainty is low. Because the HBG are derived for exposure to the general public
rather than a site-specific situation the application of the decision tree results in an RSC of 0.2 for most
chemicals, which means that ingestion of water accounts for 20 percent of the RfD, with the remaining
80 percent coming from other pathways or sources of exposure.

A default RSC of 0.2 was used for the multiple duration HBG developed for most of the
85 chemicals studied, with some exceptions. The narrower range of environments encountered
by an infant during the first few months of life justified the use of an RSC of 0.5 for short-term
(infant) exposures to most chemicals found in drinking water. The MDH used an RSC of 0.2 for all
durations (including short-term based on infants) for chemicals that were classified as highly volatile,
because inhalation is likely to be a significant exposure pathway for all durations. For pharmaceuticals
available only through prescription, the MDH used an RSC of 0.8 for all durations because exposure
from non-water sources, apart from prescription use, is unlikely. The MDH’s derivation of the default
RSC values using US EPA’s decision tree process is documented in Appendix K of the MDH’s technical
support document [3].

2.3. Risk Characterization

Understanding the relationship between timing and duration of exposure to a chemical and the
subsequent adverse effects was essential in completing the characterization of risk. Calculation of
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each HBG combines a duration-specific RfD with the corresponding intake rate and a relative source
contribution factor (RSC)

nHBGduration =
RfDduration × RSC × 1000 μg/mg

IRduration
(1)

where:

nHBGduration = the noncancer health-based guidance value, for a given duration (see Table 1),
expressed in units of micrograms of chemical per liter of water (μg/L).
RfDduration = the reference dose, for a given duration (see Table 1), expressed in units of milligrams of
the chemical per kilogram of body weight per day (mg/kg per day).
RSC = the relative source contribution factor, as described above.
IRduration = the intake rate of water ingested for a given duration, as described above.

Departures from the HBG algorithm and parameter values discussed above were made if sufficient,
appropriate chemical-specific information was available. The MDH rounded the HBG value to one
significant figure, which was the least precise parameter used in the calculation.

Final Selection of Health-Based Guidance (HBG)

Similar to the decision process used for selection of RfDs, the MDH compared the longer-duration
HBG with the corresponding shorter-duration HBG prior to determining the final health-protective HBG
value. If the shorter-duration HBG value was lower than a longer-duration value, the shorter-duration
HBG value was selected as guidance for the longer-duration exposure. This ensures that shorter-duration
exposures that could occur within the longer-duration exposure period are protected.

A detailed description of the MDH’s methodology for deriving drinking water HBG was
published in a technical support document [3]. The MDH’s application of this methodology, in the
form of chemical-specific toxicological summaries, is publically available on the MDH website
(http://www.health.state.mn.us/divs/eh/risk/guidance/gw/table.html).

3. Results and Discussion

Of the 85 chemical assessments conducted between 2007 and 2017, the MDH was able to derive
short-term, subchronic and chronic RfDs and HBG in 63 (~74%) of the assessments. Subchronic and
chronic (but not short-term RfDs) and HBG were derived for an additional 15 chemicals, for a total of
78 (92%) of the 85 assessments. For the remaining seven chemicals, only a single value could be derived
(e.g., anatoxin-a, dichloromethane, 2-methylnaphthalene, NDMA, PFOA, PFOS, and triclocarban).

The retrospective evaluation focused on the comparison of short-term, subchronic, and chronic
duration values and was therefore limited to the 63 assessments containing values for all three
durations. The duration-specific RfDs and HBG for these 63 assessments are presented in Tables S1
and S2 (see Supplemental Information).

3.1. Comparison of Duration-Specific Reference Doses

As expected, based on established toxicological trends, the MDH found that, in general RfDs
decreased with increasing duration (short-term > subchronic > chronic), as shown in Figure 1.
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Figure 1. Comparison of reference doses (RfDs) across durations. a Includes four assessments in which
RfD was slightly lower than the chronic RfD due to dose selection.

In 45 of the 63 (71.4%) multiple duration assessments, the calculated chronic RfD was equal to
or lower than the selected short-term RfD. For 10 of the 63 (15.9%) assessments, the short-term
RfD was the lowest RfD. In 6 of the 10 cases, adverse developmental effects were the basis
of the short-term RfD. The six chemicals were benzo[a]pyrene, boron, butyl benzyl phthalate,
dibutyl phthalate, di-2-ethylhexyl phthalate, and ethylene glycol. Two of the remaining four chemicals
were cholinesterase inhibitors (chlorpyrifos and chlorpyrifos oxon). The final remaining two were
pharmaceuticals (desvenlafaxine and venlafaxine), where the RfD was based on a minimal therapeutic
dose level. The chronic studies upon which the chronic RfD was based did not assess the most sensitive
life stages or physiological state (e.g., pregnancy). The chronic RfD must be protective of health effects
that could result from less than chronic exposures, therefore the final chronic RfD was set to the lower
short-term RfD.

In 8 of the 63 (12.7%) multiple duration assessments the subchronic RfD was the lowest calculated
RfD value. In one case, trichloroethylene (TCE), the lower subchronic RfD was based on developmental
immune effects observed in a subchronic duration study. For three chemicals (17α-ethinylestradiol,
mestranol, and thiamethoxam), the RfD was based on male reproductive system effects observed in
a subchronic duration study. In these instances, the subchronic RfD was used as the final RfD for the
chronic duration as well to ensure that the chronic RfD was protective of subchronic exposures that
could occur within a chronic exposure.

For the remaining four chemical assessments (N,N-diethyl-meta-toluamide (DEET),
sulfamethozine/sulfamethoxazole, triclosan, and xylenes) the subchronic RfD was only slightly lower
than the chronic RfD and was due to the different dose levels selected for the subchronic and chronic
studies. For example, the NOAEL for the subchronic DEET study was lower than the NOAEL for
the chronic study. Benchmark dose estimates, which might have corrected for the difference in dose
selection, were not available. Another example is triclosan, in which the lowest dose tested for the
subchronic study was a LOAEL whereas the point of departure for the chronic study was a NOAEL.
Application of a LOAEL-to-NOAEL uncertainty factor, not differences in toxicological sensitivity,
produced a lower subchronic RfD. In these four instances, the calculated chronic RfD rather than the
slightly lower subchronic RfD was used as the RfD for the chronic duration.
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Although the RfDs, in general, decreased with increasing duration (short-term > subchronic > chronic),
the shorter duration RfDs were often not much higher than the longer duration RfDs. This is
demonstrated by a geometric mean ratio of 3.5 ± 2.8 for comparison of short-term to chronic RfDs
and 1.9 ± 2.0 for comparison of subchronic to chronic RfDs when all 63 assessments are considered.
The 95th percentile ratios for short-term to chronic and subchronic to chronic were 24.1 and 5.4,
respectively, See Table 3.

Table 3. Descriptive statistical summary analysis comparing measures of oral toxicity across
exposure durations.

Study
Comparison
Parameter a

Number of
Chemicals

Geometric
Mean ± GSD

95th
Percentile

Short-term to Chronic

Current Analysis RfD 63 3.5 ± 2.8 24.1
RfD b 18 2.9 ± 2.4 17.1

Batke et al. [16] NOAEL 14 3.4 ± 3.7 29.2

Zarn et al. [17]
NOAEL (rat) 107 4.3 ± 4.7 53.2

NOAEL (mouse) 56 3.4 ± 3.6 23.7

Malkiewicz et al. [18] NOAEL 26 3.1 ± 2.1

Groeneveld et al. [19] NOAEL 35 4.9 ± 3.5 38.6

Kramer et al. [20] NOAEL 71 4.1 ± 4.4 46

Subchronic to Chronic

Current Analysis RfD 63 1.9 ± 2.0 5.4
RfD b 18 1.6 ± 2.0 4.6

Batke et al. [16] NOAEL 58 1.4 ± 2.1 4.7

Zarn et al. [17] NOAEL (rat)
NOAEL (mouse)

222
99

2.5 ± 3.4
2.2 ± 3.9

17.4
21.4

Malkiewicz et al. [18] NOAEL 32 2.3 ± 2.0

Bokkers and Slob [21] NOAEL
benchmark dose

68
189

1.5 ± 5.3
1.7 ± 2.9

22.7
9.9

Groeneveld et al. [19] NOAEL 70 2.3 ± 3.6 18.4

Pieters et al. [22] NOAEL 149 1.7 ± 5.6 29

GSD—geometric standard deviation; a Comparison parameter: no observable adverse effect level (NOAEL);
lowest observable adverse effect level (LOAEL); and oral reference dose (RfD); b Limited to chemical assessments in
which comparison is across laboratory animal studies and the chronic RfD is based on a chronic study.

The application of duration-based uncertainty factors, as well as study design factors
(e.g., dose selection), can directly influence the comparison of chronic to shorter duration RfDs.
The MDH used the standard practice of applying a subchronic-to-chronic uncertainty factor if the
study used as the basis of the chronic RfD was less than chronic in duration. The maximum MDH
subchronic to chronic RfD ratio was 10, reflecting this practice. However, a factor of 10 was not
always applied when a less than chronic study was used. The MDH evaluated the entire data set for
each chemical to assess the evidence of increasing progression with increasing duration as a basis for
an uncertainty factor of 1, 3, or 10. Of the 63 chronic RfDs, 44 (69.8%) were based on subchronic duration
studies. Of these, four incorporated a subchronic-to-chronic uncertainty factor of 10; 20 incorporated
a factor of 3; 10 incorporated a factor of 1; and 10 were set to short-term RfD values.

Limiting the comparison of RfDs across durations to the subset of chemical assessments in which
the chronic RfD was based on a chronic animal study produced smaller RfD ratios. The geometric mean
and 95th percentile short-term to chronic RfD ratio decrease from 3.4 to 2.9 and 24.1 to 17.1, respectively.
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Likewise, the geometric mean and 95th percentile subchronic to chronic RfD ratio decrease from 1.9 to
1.6 and 5.4 to 4.6 (see Table 3).

Unlike a comparison of RfDs, the direct comparison of potential points of departure
(e.g., NOAELs, LOAELs) across durations is not influenced by the application of uncertainty factors.
Several investigators have compared potential points of departure across study durations ([16–22])
reporting geometric mean ratios of similar magnitude to the current analysis of RfD ratios (see Table 3).

3.2. Comparison of Duration-Specific Health-Based Guidance (HBG) Values

The short-term, subchronic, and chronic HBG for the 63 chemicals evaluated in this manuscript
are presented in Table S2 (see Supplemental Information). By design and intent, the MDH selected
a final HBG from the calculated values to ensure that the final chronic HBG value was protective for
all life stages and exposure durations.

In testing the presumption that HBG would decrease with increasing duration
(short-term > subchronic > chronic) the MDH found chronic HBG values to be the lowest
(or equal to the lowest shorter duration value) calculated HBG value in only 23 of 63 (36.5%)
assessments. See Figure 2. For 31 of the 63 (49.2%) assessments, the short-term HBG was the lowest
HBG value. Fifty percent of the short-term to calculated chronic HBG ratios were 0.8 or less and
30 percent of the ratios were 0.5 or less. In the nine remaining assessments, the subchronic HBG was
the lowest (or equal to the lowest shorter duration value). The 50th percentile subchronic to calculated
chronic HBG ratio was 1.0 and 10 percent of the ratios were 0.5 or less.

 

49.2%
(N=31)

14.3%a

(N=9)

36.5%a

(N=23)

0%

10%

20%

30%

40%

50%

60%

Lowest Calculated HBG by Duration

Short-term Subchronic Chronic

63 Assessments had HBG Values 

for All Three Durations

Figure 2. Comparison of health-based guidance (HBG) across durations. a Includes values that are
equal to the lowest value (e.g., calculated subchronic HBG same as short-term HBG or calculated
chronic HBG same as short-term or subchronic HBG).

High intake rates from early life exposure are a key contributing factor in these findings. As shown
in Table 2, short-term duration intake rates can be six to nine times higher than chronic intake
rates. The difference between the 95th percentile based short-term (0.285 L/kg per day) and chronic
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(0.044 L/kg per day) water intake rates used by the MDH is 6.5-fold. When shorter- and longer-duration
RfDs are similar in magnitude, the high intake rate from the shorter-duration resulted in a lower
shorter-duration HBG value relative to the longer-duration HBG value. Thus, in order to ensure that
the longer-duration HBG value, which encompasses all life stages, is protective for higher shorter-term
exposure that occurs within its defined time span, the longer-duration HBG value must be set equal to
the lower, shorter-duration HBG.

The choice of RSC can also impact the magnitude of each duration-specific HBG. The purpose of
the RSC is to account for multiple sources of exposure. As noted in the introduction, the US EPA Office
of Water typically does not apply an RSC factor to exposure durations that are less than chronic in
duration. However, accounting for both dietary and nondietary (e.g., water ingestion) exposures was
among the specific changes recommended by NAS [1].

The narrower range of environments encountered by an infant during the first few month of
life justified the use of an RSC of 0.5 for short-term (infant) exposures for chemicals not considered
highly volatile. For pharmaceuticals available only through prescription, the MDH used an RSC of
0.8 because exposure from non-water sources, apart from prescription use, is unlikely (see Appendix
K of [3] for further explanation). Shorter duration HBG values for non-highly volatile chemicals were
lower than the calculated chronic duration HBGs in 19 of 51 (37%) assessments.

For the derivation of HBG values for highly volatile chemicals, the MDH used a default RSC
factor of 0.2 across all durations since the principal route of exposure is expected to be inhalation
for all ages. Eight of the 12 (67%) assessments for highly volatile chemicals had a calculated shorter
duration (short-term or subchronic) HBG value that was lower than the calculated chronic HBG value
(see Supplemental Table S2). Therefore, when RSC is set equal across all durations, it becomes more
likely that the short-term duration HBG will be lower than the chronic HBG.

As mentioned above, the US EPA Office of Water typically does not apply an RSC factor to
exposure durations that are less than chronic in duration. If no RSC factor was used to derive shorter
duration HBG and a default RSC factor of 0.2 was always used in deriving chronic HBG, 12 of the
63 (19%) chronic HBG values would exceed the short-term HBG values (see Supplemental Table S3).
If an RSC of 0.8, US EPA’s the recommended ceiling value [8], is used for all short-term HBG and
an RSC of 0.2, the recommended floor value, is used for all chronic HBG the number of chronic HBG
values exceeding the short-term value increases to 16 (25%).

4. Conclusions

The present study of multiple duration guidance derived by the MDH over the past 10 years clearly
demonstrates the importance of incorporating shorter duration toxicity information and exposure
parameters when deriving public health protective water guidance.

Twenty years ago, NAS recommended changes to regulatory practice in order to better
characterize risk to infants and children. In response to these recommendations the US EPA issued their
policy on evaluating risks to children, which stated that the US EPA will consistently and explicitly
consider risks to infants and children as part of risk assessment and standard setting [23]. In 2013,
this policy was reaffirmed by the US EPA [24]. The World Health Organization has also recently
acknowledged the need to identify the most vulnerable, based on windows of sensitivity or high
exposure, and to incorporate this information into risk assessment [25]. While there is consensus
regarding the importance of characterizing risks to infants and children, methods to characterize these
risk have generally not been widely implemented.

In 2007, the MDH implemented a multiple-duration approach which included consideration of
“windows of sensitivity” to toxicants as well as periods of high exposures. As expected, RfDs typically
decreased as exposure duration increased. Exceptions were developmental toxicants and fast
acting neurological agents (e.g., cholinesterase inhibitors). The difference in magnitude of the RfDs,
however, was often relatively small, with the majority of chronic RfDs less than four-fold lower when
compared to the corresponding short-term RfD. This observation is consistent with those made by other
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investigators who have compared the magnitude of more direct measures of toxicity (e.g., NOAELs)
across exposure durations.

Combining the short-term RfD with the high, short-term infant water intake yielded short-term
duration guidance that was lower (more protective) than chronic guidance for a majority of chemicals
evaluated. The main reason for this phenomenon was the high water intake rate in young infants,
which is nearly seven-fold higher than in older children and adults. Derivation of short-term duration
guidance may be necessary to ensure protection for all periods of susceptibility in the general
population, including periods of high water intake and early-life stages.

As acknowledged by the US EPA Technical Panel [2], derivation of RfDs and RfCs has historically
focused on the chronic duration. Short-term and subchronic reference values are typically not
derived. Derivation of additional RfD and RfC values is resource intensive, one likely significant factor
undercutting the implementation of risk assessments that focus on multiple durations.

In situations where shorter duration reference values are needed to assess risk, the panel identified
the use of the chronic reference value to assess shorter duration exposures as one possible option.
Based on the relatively small differential between shorter and chronic duration toxicity values for many
chemicals (Table 3), utilization of a chronic RfD value, when shorter duration RfDs are not available,
appears to be a reasonable screening level approach to assessing whether shorter duration exposures
may be of potential concern. The MDH has incorporated the use of chronic RfDs into derivation of
rapid assessments (e.g., screening values) for nearly 160 pesticides [26] and 120 pharmaceuticals [27] in
water to assist in identifying situations in which potential risks from short duration exposures warrant
closer scrutiny.

The MDH’s HBG work, which incorporates US EPA guidance, underscores the importance of
evaluating shorter duration periods of high exposure in order to afford susceptible populations such
as infants and children, the same level of protection as adults. This retrospective analysis clearly
demonstrates the importance of deriving shorter-duration RfDs, whether based on adult or early-life
(developmental) toxicity studies, and characterizing risk for high, short-term exposure durations.

Supplementary Materials: The following are available online at: www.mdpi.com/1660-4601/15/3/512/s1,
Table S1: reference dose derivation information for 63 MDH chemical assessments with short-term, subchronic,
and chronic values, Table S2: health-based guidance derivation information, Table S3: health-based guidance
derivation information—RSC removed from less than chronic values.
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Abstract: The presence of toxic polonium-210 (Po-210) in the environment is due to the decay of
primordial uranium-238. Meanwhile, several studies have reported elevated Po-210 radioactivity in
the rivers around the world due to both natural and anthropogenic factors. However, the primary
source of Po-210 in Langat River, Malaysia might be the natural weathering of granite rock along with
mining, agriculture and industrial activities. Hence, this is the first study to determine the Po-210
activity in the drinking water supply chain in the Langat River Basin to simultaneously predict the
human health risks of Po-210 ingestion. Therefore, water samples were collected in 2015–2016 from
the four stages of the water supply chain to analyze by Alpha Spectrometry. Determined Po-210
activity, along with the influence of environmental parameters such as time-series rainfall, flood
incidents and water flow data (2005–2015), was well within the maximum limit for drinking water
quality standard proposed by the Ministry of Health Malaysia and World Health Organization.
Moreover, the annual effective dose of Po-210 ingestion via drinking water supply chain indicates an
acceptable carcinogenic risk for the populations in the Langat Basin at 95% confidence level; however,
the estimated annual effective dose at the basin is higher than in many countries. Although several
studies assume the carcinogenic risk of Po-210 ingestion to humans for a long time even at low
activity, however, there is no significant causal study which links Po-210 ingestion via drinking water
and cancer risk of the human. Since the conventional coagulation method is unable to remove Po-210
entirely from the treated water, introducing a two-layer water filtration system at the basin can be
useful to achieve SDG target 6.1 of achieving safe drinking water supplies well before 2030, which
might also be significant for other countries.

Keywords: drinking water; radioactivity; annual effective dose; carcinogenic

1. Introduction

Po-210, a decay element of U-238, is a naturally occurring radionuclide mostly found in water, soil
and food. The significant sources of terrestrial radiation are primordial radionuclides, namely U-238,
Th-232, and K-40, which are dispersed around the Earth’s crust and widely reported in Peninsular
Malaysia [1]. In the Langat River, Po-210 is mainly due the natural weathering of the minerals, uraninite
UO2 (pitchblend), carnotite, and autunite of the acid intrusive granitic rock [2–4]. Therefore, human
beings are at risk of ingestion of Po-210 through drinking water and exposure to annual effective doses
for a long time. Moreover, Po-210 is considered as one of the primary sources of alpha exposure [5]
to human beings through ingestion via drinking water [6–8]. Alam and Mohamed [5] also reported
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Po-210 is about 250,000 times more toxic than hydrogen cyanide; therefore, it could be carcinogenic if
ingested through drinking water [9–13].

Natural sources contribute about 80% to the radionuclides generated in Malaysia, the other
sources being anthropogenic ones such as industrial activities as well as mining of natural resources
along with gas and petroleum exploration [14]. Many studies in Peninsular Malaysia have investigated
the existence of radioactivity from Ra-226, Ra-228, Pb-210, Cs-137, Th-232, K-40 and Rn-222 in water
bodies [15–18] and it was reported that about 80 to 87% of the human exposure to radioactivity in
Peninsular Malaysia results mainly from natural sources such as primordial radionuclides, cosmogenic
radionuclides, etc. [14,16]. The atmospheric source is also considered as one of the sources of Po-210 in
water because of the decay of Rn-222 gas and the decay of naturally occurring U-238 [15,19].

Malaysia has seriously focused on industrial expansion to achieve developed country status
by 2020 [20,21]. As a result, the rivers in Malaysia have been found to be severely contaminated with
heavy metals [22] as well as radioactive elements [17,23,24]. Rapid mineralization of tin ore from the
Main Range Granite is the prime source of the high radioactivity associated with soil in the western
region of Peninsular Malaysia [2]. In Selangor state, the maximum activity of U-238, Ra-226, Th-232,
and K-40 recorded in sediments from the tin recycling ponds are higher than the rest of Malaysia and is
the world’s highest natural activity [25]. The DOE [26] reported that the industrial sector and quarries
are responsible for the source points of pollution in the Langat River, quantified at 8.14% and 0.24%,
respectively. Therefore, significant sources of primordial radionuclides in the Langat River Basin are
sand and gravel extraction 56.21%, and earth material extraction 28.10%, along with granite quarries
13.73% [27].

In Malaysia, the naturally occurring radionuclides are usually generated from the mining and
mineral processing industries. For instance, in Selangor, more than 30 illegal sand mining sites, mainly
in the Hulu Selangor, Sepang, and Kuala Langat districts have been identified in the last 20 years, while
the government has given permits to only 46 sites for sand mining in private lands [28]. In the Langat,
Lui, and Semenyih River Sub-basins, the mining area is about 3.28, 10.55, and 4.63 km2, respectively,
and the mining area trend is increasing [29]. However, the Malaysian government—based on the
Atomic Energy Licensing (Radioactive Waste Management) Regulations 2011—allows industries to
run if the generation of natural radionuclides remains below 1 Bq/g [30,31]. Similarly, the Ministry of
Health Malaysia recommends that the gross alpha (α) and gross beta (β) levels of both in the river and
drinking water should not exceed 0.1 Bq/L and 1.0 Bq/L, respectively, as set by the National Standard
for Drinking Water Quality [32].

Langat River in Selangor state is not only one of the primary local sources of drinking water [33,34],
but rivers are in general the primary sources of drinking water in all Malaysia. Studies on natural
radionuclides in the Langat River have reported that the radioactivity of some radionuclides in the river
such as U-238 (3.85 Bq/L), Th-232 (1.14 Bq/L), K-40 (145.67 Bq/L) [23], and Ra-226 (0.26 Bq/L) [35]
has exceeded the limit of both the gross alpha 0.1 Bq/L and gross beta 1.0 Bq/L emitters set by the
Malaysian standard for raw water quality [32]. Similarly, are only a few studies on the radioactivity
of radionuclides in the drinking water of Malaysia, which were reported safe through ingestion [36].
However, in some places of Malaysia the activity of Ra-226, i.e., 0.30 Bq/L in drinking water was
recorded above the standard set by the United States Environmental Protection Agency. Moreover,
the range of annual effective doses from radionuclides in some places of Malaysia was determined to
be 0.02 mSv/year to 0.06 mSv/year [19,37].

As there is no significant study on Po-210 in the drinking water supply chain of Malaysia, there
is an urgency to study the Po-210 activity in drinking water because of its high radiotoxicity. Since
the Langat River is situated on the acid intrusive granite rock belt that is the prime source of U-238
including Po-210, determining the Po-210 activity in the drinking water and its annual effective dose to
humans through ingestion is very important concerning human health carcinogenicity risks. Therefore,
this study investigated the Po-210 activity in the drinking water of Langat River Basin and the annual
effective dose through ingestion via drinking water.
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2. Materials and Methods

2.1. Water Sample Collection

There are a total nine water treatment plants (WTPs) in the Langat River Basin that provide
drinking water to one-third of the population in Selangor State of Malaysia [33] through the water
distributor Syarikat Bekalan Air Selangor Sdn Bhd (SYABAS). Although each WTP has been designed
to supply treated water in the specific areas of the basin, however, during water shortages treated
water from one plant may be channeled to the areas of other plants using the same pipeline. Therefore,
twenty liter water samples were collected in polyethylene containers from the Langat River precisely
from where the WTPs are located, except the Semenyih WTP were we could not collect samples of
raw water for treatment purposes in 2015 (Figure 1) during the rainy days. Similarly, twenty liter
treated water samples were collected from the outlets of the WTPs on the same day of the raw water
collection. Twenty liters of tap water from five households in the basin as well as three liters of water
after filtration were also collected from the same households based on five types of household water
filtration systems commonly used in the basin during the same period. Moreover, the collected water
samples were analyzed before the end of the half-life of Po-210 i.e., 138 days. Overall, no special
measures have been taken to analyze the samples.

 

Figure 1. Water sampling points at Langat River Basin, Malaysia.

2.2. Analysis of Po-210

Water samples were filtered with the ADVANTEC membrane filter (pore size: 0.45 μm) and
acidified with concentrated HNO3 immediately after collection in order to maintain pH ≤ 2 and to
avoid contamination. Then the water samples were analyzed for Po-210 following the modified
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International Atomic Energy Agency (IAEA) method of FeOH2 precipitation (Figure 2) [38,39].
Similarly, the activity concentrations of Po-210 in water samples were determined by a CANBERRA
Apex Alpha Spectrometer (Canberra Industries, Meriden, CT, USA) with a minimum detectable activity
(MDA) of less than 0.2 mBq for a counting efficiency of 12.79%.

Figure 2. Steps of chemical analysis of Po-210 for fresh water sample [38].

A Po-210 tracer has been used in this study to calculate the recovery though using Equation (1) [40].

Po-209 Recovery (%) = [{cpm (tracer)/Counting Efficiency}/Spiked tracer Po-209 (dpm)] × 100 (1)

Therefore, the following amounts of tracer Po-209 have been spiked for each sample (Table 1).

Table 1. Amount of Spiked Po-209 Tracer.

Sample
Spiked Weight of

Po-209 (g)
Stock Tracer Po-209

(dpm/g)
Spiked Tracer
Po-209 (dpm)

Pangsoon River 0.2893 12.17 3.52
Pangsoon WTP 0.4296 1.43 0.61

Lolo River 0.2957 12.17 3.60
Lolo WTP 0.3036 12.17 3.69
Serai River 0.4987 12.17 6.07
Serai WTP 0.3506 1.43 0.50

Langat River 0.2643 12.17 3.22
Langat WTP 0.4629 12.17 5.63
Cheras River 0.4695 12.17 5.71
Cheras WTP 0.4711 12.17 5.73
Bukit River 0.3597 12.17 4.38
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Table 1. Cont.

Sample
Spiked Weight of

Po-209 (g)
Stock Tracer Po-209

(dpm/g)
Spiked Tracer
Po-209 (dpm)

Bukit WTP 0.4844 12.17 5.90
Salak River 0.2297 12.17 2.80
Salak WTP 0.4430 12.17 5.39
Labu River 0.2030 1.43 0.29
Labu WTP 0.4896 12.17 5.96

Carbon Supply Hentian Kajang 0.2768 12.17 3.37
Carbon Filter Hentian Kajang 0.2186 12.17 2.66

Distilled Supply UKM 0.2090 1.43 0.30
Distilled Filter UKM 0.1940 12.17 2.36

RO Supply Hentian Kajang 0.3646 12.00 4.38
RO Filter Hentian Kajang 0.2097 12.00 2.52
Alkaline Supply Serdand 0.3289 12.17 4.00
Alkaline Filter Serdand 0.3251 12.17 3.96

UV Supply UKM 0.1880 12.17 2.29
UV Filter UKM 0.3090 12.17 3.76

2.3. Calculating Po-210 Activity

Equation (2) [40] has been used to calculate the activity of Po-210 in the water sampling date
(Table 2):

A0 =
A

e−λt (2)

where A0 = Po-210 activity during sampling date, A = Po-210 activity during counting date in
alpha-spectrometry, λ = Coefficient value of Po-210 is 0.005 per year, t = Half-life of Po-210 is 138 days

Table 2. Tracer Po-209 recovery (%) in drinking water supply chain samples in the Langat Basin.

Location Water (L) Recovery Po-209 (%) Sampling Date Test Date

Pangsoon River 20 19.68 6/8/2015 22/12/2015
Pangsoon WTP 20 26.43 6/8/2015 22/12/2015

Lolo River 20 19.27 6/8/2015 22/12/2015
Lolo WTP 20 33.36 6/8/2015 22/12/2015
Serai River 20 15.92 20/8/2015 2/1/2016
Serai WTP 20 58.84 20/8/2015 28/12/2015

Langat River 20 25.96 11/8/2015 22/12/2015
Langat WTP 20 20.13 11/8/2015 22/12/2015
Cheras River 20 28.70 12/8/2015 26/12/2015
Cheras WTP 20 12.87 12/8/2015 24/12/2015
Bukit River 20 16.84 13/8/2015 26/12/2015
Bukit WTP 20 25.23 13/8/2015 22/12/2015
Salak River 20 14.38 14/8/2015 23/1/2016
Salak WTP 20 11.37 14/8/2015 22/12/2015
Labu River 20 19.70 20/8/2015 2/1/2016
Labu WTP 20 20.62 20/8/2015 2/1/2016

Carbon Supply Hentian Kajang 3 44.09 20/11/2015 28/12/2015
Carbon Filter Hentian Kajang 3 18.81 20/11/2015 28/12/2015

Distilled Supply UKM 3 30.22 20/11/2015 26/12/2015
Distilled Filter UKM 3 23.83 5/5/2016 22/6/2016

RO Supply Hentian Kajang 3 40.20 18/11/2015 24/12/2015
RO Filter Hentian Kajang 3 31.94 18/11/2015 24/12/2015
Alkaline Supply Serdang 3 23.43 15/11/2015 30/1/2016
Alkaline Filter Serdang 3 26.78 15/11/2015 30/1/2016

UV Supply UKM 3 13.38 15/11/2015 30/1/2016
Carbon Supply Hentin Kajang 3 44.09 20/11/2015 28/12/2015
Carbon Filter Hentian Kajang 3 18.81 20/11/2015 28/12/2015

Note: WTP = Water Treatment Plant.
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Equation (3) [38] has been used to calculate the Po-210 activity in the counting date of samples
by Alpha-spectrometry:

A = {cpm (sample)/cpm (tracer)} × [{Spiked tracer Po-209 (dpm)} × {1/Volume of sample (L)}] (3)

where, cpm = Counts per minute; Spiked trace Po-209 (dpm) = {Spiked weight of tracer Po-209 (g) ×
Stock of trace Po-209 (dpm/g)}; dpm = Disintegrations per minute.

2.4. Calculating Annual Effective Dose of Po-210

The annual effective dose of Po-210 to an individual due to ingestion through drinking water was
estimated using Equation (4) [24,36]:

Dw = Cw × CRw × Dcw (4)

where Dw = Annual effective dose (mSv/year), Cw = Activity of Po-210 in the ingested water (Bq/L),
CRw = Annual intake of drinking water (i.e., average 1.996 L/Day by an individual in the Langat
Basin through questionnaire survey, so 728.54 L/year) and Dcw = Ingested dose conversion factor for
Po-210, which is 1.2 × 10−3 mSv/Bq based on the report of International Commission on Radiological
Protection (ICRP) 1996 [41,42].

2.5. Household Questionnaire Survey

According to the latest population census by the Department of Statistic Malaysia, the total
number of households [43] in the Langat River Basin (Malaysia) is 1,494,865. Therefore, 402 household
questionnaire surveys were conducted in the basin using Equation (5) [44,45] to get the average daily
drinking water intake by the population at the basin to calculate the annual effective dose of Po-210
ingestion through drinking water (Equation (4)).

n =
N

1 + N(e)2 (5)

where n = sample size; N = population size; e = level of precision, i.e., 0.05 at 95% confidence level.

2.6. Time-Series Environmental Data

Flood Incidents data (2005–2016) for the Langat River Basin and water flow data (2005–2015) in the
Langat River are obtained from the Dept. of Drainage and Irrigation Malaysia. Similarly, rainfall data
(2006–2015) for the basin was collected from the Malaysian Meteorological Department. These data are
plotted in the graphs below to show their trends and influences on the Po-210 activity in the Langat
River Basin.

3. Results and Discussion

3.1. Po-210 Status in Raw and Treated Water

Po-210 activity ranges in the river 0.63 ± 0.29 mBq/L to 14.98 ± 1.18 mBq/L and treated water
0.34 ± 0.10 mBq/L to 6.80 ± 0.71 mBq/L (Table 3) of water treatment plants (WTPs) were within the
maximum limit of raw and drinking water quality guideline of the Ministry of Health Malaysia [32]
and the World Health Organization [41] i.e., 0.1 × 103 mBq/L. Although Po-210 status in raw (t = 3.22,
p = 0.015) and treated water (t = 2.924, p = 0.022) was significantly safe at 95% confidence level
(i.e., t statistic) through drinking water, however, the overall efficiency of all the WTPs in the basin was
about 59% which might be due to an inability to remove Po-210 from treated water by the conventional
method used at the plants as well as the small number of water samples. The Serai and Langat WTPs
have the higher Po-210 removal efficiencies from treated water, about 93% and 81%, respectively,
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might be because of lower iron concentration (175 μg/L) in the upstream region of the Langat River
than the downstream (264 μg/L) [46] along with higher manganese and total dissolved solids at the
downstream [47,48], although all the WTPs in the basin follow a conventional coagulation method.

Table 3. Po-210 activity (mBq/L) in raw and treated water at the Langat River Basin.

Location River WTP Efficiency WTP (%) Weighted 1 Efficiency

Pangsoon 2.99 ± 0.33 1.22 ± 0.49 59 3.72
Lolo 2.54 ± 0.31 1.83 ± 0.20 28 1.49
Serai 5.02 ± 0.47 0.34 ± 0.10 93 9.83

Langat 14.98 ± 1.18 2.86 ± 0.31 81 25.49
Cheras 12.40 ± 0.84 6.80 ± 0.71 45 11.77
Bukit 7.14 ± 0.69 5.18 ± 0.42 27 4.12
Salak 1.86 ± 0.45 0.84 ± 0.20 55 2.14
Labu 0.63 ± 0.29 0.51 ± 0.11 20 0.26
Mean 5.95 ± 5.22 2.45 ± 2.37 59 58.83 (Total)

t value 3.220 2.924
p value 0.015 * 0.022 *

MOH (2010) <0.1 × 103 mBq/L
WOH (2017) <0.1 × 103 mBq/L

Note: Reported Po-210 activity is in the sampling date (Ao) and the standard deviation calculation are based on the
radiochemistry method, not on the replicates [49]. 1 Sum of the river Po-210 activity of the eight sampling points
has been taken as the basis of weighted average for each WTP. * Significant at 95% confidence level.

Sources of Po-210 in the Langat River

The Langat River originates at the hilly areas of Hulu Langat, Selangor, Malaysia that are an
extension of the Titiwangsa Mountain Range at the north of Selangor. Hence the river drains towards
west via the highly urbanized areas of Malaysia until it flows into the Strait of Malacca. Granite
rock, extended from the granite batholith of Peninsular Thailand, is widespread underneath central
Peninsular Malaysia, especially the entire Selangor state that is situated on two types of lithology based
on intrusive rock, i.e., the formation is mainly from gabbro >500 million years ago [2,3]. Therefore,
the mean dose rate of soil in Selangor is 183 ± 84 nGy/h with the range of 17.4 nGy/h to 500 nGy/h
and the mean value is two times higher than the rest of Malaysia as well as the world average
(i.e., 92 nGy/h) [3]. Moreover, a higher dose rate of 500 nGy/h has been recorded in Hulu Gombak
because of its location in the acid intrusive granite rock in the Titiwangsa Mountain Range of East
Selangor (Figure 3). Hence, through several steps such as weathering, erosion, etc. of granite, quartz
rocks [4], these natural radionuclides usually migrate into the Langat River and increase the activity
of radionuclides.

However, the higher Po-210 activity in the midstream of Langat River than the upstream might be
due to the aerial inputs of the radionuclide, accumulation of radionuclide-rich silt and organic matter,
and increased biological production [50] as well as agricultural, industrial and urban waste discharge
in the river [51]; since dissolved oxygen (DO) along with a declining trend (Table 4) and conductivity
shows a strongly significant inverse correlation (r = −0.811) at 99% confidence level (Table 5).

Table 4. Results of the Linear Regression-based Trend line of Po-210, Physiochemical and Environmental
Parameters.

Parameters Constant River Point Coefficient R-Square F-Stat

Po-210 6.81 (1.56) −0.09 (−0.22) 0.01 0.05 (0.832)
DO 10.66 (17.43) −0.95 (−7.63) 0.91 58.21 (0.0003)

Salinity 0.001 (0.61) 0.85 (4.01) 0.73 16.09 (0.007)
Water Flow −6.99 (−1.09) 0.89 (4.72) 0.79 22.28 (0.003)

Rainfall 3079.94 (22.62) −0.81 (−3.43) 0.66 11.79 (0.014)
Flood Incidents 13.24 (10.56) −0.74 (−2.70) 0.55 7.27 (0.036)
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Figure 3. Geological map of Langat River Basin, Malaysia [4].

Table 5. Correlation of water quality and environmental parameters in Langat River.

Parameters Po-210 Salinity DO Conductivity Temperature Flood Rainfall Water Flow

Po-210

Pearson
Correlation 1

Sig. (1-tailed)

Salinity
Pearson

Correlation 0.043 1

Sig. (1-tailed) 0.459

DO

Pearson
Correlation 0.244 −0.800 *** 1

Sig. (1-tailed) 0.280 0.009

Conductivity
Pearson

Correlation 0.016 0.995 *** −0.811 *** 1

Sig. (1-tailed) 0.485 0.000 0.007

Temperature
Pearson

Correlation 0.161 0.819 *** −0.852 *** 0.824 *** 1

Sig. (1-tailed) 0.352 0.006 0.004 0.006

Flood

Pearson
Correlation 0.542 * −0.287 0.743 * −0.318 −0.533 1

Sig. (1-tailed) 0.083 0.245 0.017 0.222 0.087

Rainfall

Pearson
Correlation 0.553 * −0.546 0.900 *** −0.556 −0.657 ** 0.922 ** 1

Sig. (1-tailed) 0.077 0.081 0.001 0.076 0.038 0.001

Water Flow

Pearson
Correlation −0.370 0.838 *** −0.867 *** 0.850 *** 0.815 *** −0.609 −0.805 *** 1

Sig. (1-tailed) 0.184 0.005 0.003 0.004 0.007 0.054 0.008

*** Correlation is significant at the 0.01 level (1-tailed); ** Correlation is significant at the 0.05 level (1-tailed).
* Correlation is significant at the 0.10 level (1-tailed).

Moreover, human activities such as mining, aquaculture, agriculture, and industrial effluent
discharged into the water also contribute to enhancing the levels of radionuclides in the water body [52].
Contrary, the inadequate collaboration among agencies has made the pollution management of river
very complex since the river drains through three different constituencies [53,54]. Therefore, the lower
Po-210 activity in the raw water at the upstream of Langat River might be due to higher DO as well as
non-conservative characteristics of Po-210 [38,55]. Therefore, both the DO (b = −0.95, p < 0.01) and
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Po-210 (b = −0.09, p > 0.10) show declining trends based on the linear regression (Figure 4, Table 4)
from upstream to downstream at the Langat River. However, salinity (b = 0.85, p < 0.01) shows an
increasing trend from upstream to downstream at the Langat River. It indicates that the Po-210 might
have precipitated due to the increasing salinity towards downstream while mixing with the sea water.

 

Figure 4. Po-210 activity in Langat River in relation with environmental parameters. Note: R2 indicates the
variance that is explained by the best-fit line from the upstream to the downstream of the Langat River.

Similarly, the increasing water flow (b = 0.89, p < 0.01) at the downstream (Figure 5, Table 4) might
have also diluted Po-210 activity in dissolved phase. Moreover, Po-210 activity and water flow in the
Langat River show a negative correlation (r = −0.370; Table 3). However, the declining rainfall trend
(b = −0.81, p < 0.01) (Figure 6, Table 4) and flood incidents (b = −0.74, p < 0.05) (Figure 7, Table 4)
trend towards downstream of Langat River indicates less atmospheric and terrestrial inputs to have
lower Po-210 activity towards downstream than the upstream to midstream. Therefore, Po-210 activity
shows a positive correlation (Table 5) with rainfall (r = 0.553; p = 0.077) and flood incidents (r = 0.542;
p = 0.083) that means there will be lower Po-210 activity in Langat River if there are less rainfall and
flood incidents.

Table 3 describes the influence of environmental and physiochemical parameters on the Po-210
activity in the Langat River. Significant positive correlations between Po-210 activity and rainfall
(r = 0.553 *) as well as Po-210 activity and flood incidents (r = 0.542 *) are observed at the 0.10 level,
respectively, in the Langat River, that might be because of their decreasing trends towards downstream.
The decreasing trend of rainfall during 2005 to 2016 (Figure 6) and flood incidents during 2004 to 2016
(Figure 7) in the Langat River from upstream to downstream also supports the positive correlations
between Po-210 and rainfall as well as Po-210 and flood incidents since there are less atmospheric
and terrestrial inputs into the river. Accordingly, based on the geochemical behavior of Po-210,
it precipitates toward downstream while mixing with the sea water [56]. Therefore, these findings
indicate when there is less terrestrial runoff in Langat River, then there might be less attribution from
natural and manmade sources to have lower Po-210 activity in raw water.
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Figure 5. Po-210 activity in Langat River in relation with water flow in the Langat River. Note: Average
water flow data (2005–2015) are from the Dept. of Drainage and Irrigation Malaysia. R2 indicates the
variance that is explained by the best-fit line from the upstream to the downstream of the Langat River.

 

Figure 6. Po-210 activity in Langat River in relation with rainfall in the Langat Basin. Note: Mean
rainfall data (2006–2015) from the Malaysian Meteorological Department. R2 indicates the variance
that is explained by the best-fit line from the upstream to the downstream of the Langat River.
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Figure 7. Po-210 activity in Langat River in relation with flood incidents in the Langat Basin. Note: Average
flood Incidents data (2005–2016) from the Dept. of Drainage and Irrigation Malaysia. R2 indicates the
variance that is explained by the best-fit line from the upstream to the downstream of the Langat River.

The activity of Po-210, U-238 decay series progeny, i.e., 14.98 ± 1.18 mBq/L, in the Langat
River is higher among many rivers around the world (Table 6); this might be because the river runs
through a former tin mining area that can be the source of Naturally Occurring Radioactive Materials
(NORM) [57,58]. The other reasons for the enhanced Po-210 activity in the Langat River might be
due to the weathering process on the granitic formation of the river basin, the origin of the water,
flow rate, flux of radionuclides, and geological characteristics of the area along with haze events in dry
seasons [59,60]. The sources of radionuclide pollutants are also from fertilizers, tin mining, aquaculture
feed [61] and industries [57]. Similarly, the higher Po-210 activity in the Vistula River, Poland 0.5 ± 0.1
to 9.8 ± 0.02 mBq/L, is mainly because of higher contamination from phosphate fertilizer and coal
mining, along with natural sources [62].

However, the world average activity of Po-210 in the drinking water from private wells is 7 to
48 mBq/L [63]. In Malaysia, rivers provide about 98% of the drinking water sources [64,65] and in the
case of the Langat River, it provides drinking water to over one-third of the population in the state of
Selangor [47,66]. Therefore, the annual effective doses through ingestion of Po-210 by drinking water
could be dangerous for human health.

Moreover, among the rivers of Malaysia, the annual effective dose of Po-210 from the Langat River
is estimated the highest, i.e., 1.31 × 10−2 mSv/year (Table 7), because the river is located in a high rich
uranium granite rock belt, although it is below the standard of 0.01 mSv/year. Comparison of the
annual effective dose of Po-210 from the Langat River with other rivers around the world indicates that
the Langat River is in the second position, while the Vistula River in Poland, i.e., 8.6 × 10−3 mSv/year,
is in the first position [62].
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Table 6. Activity of Po-210 (mBq/L) both in Malaysian and various rivers of the world.

River (Year) Minimum Maximum References

Langat, Malaysia 0.63 ± 0.29 14.98 ± 1.18 Present Study

Langat, Malaysia (2015) - 7.70 ± 0.60 [67]

Kuala Selangor, Malaysia (2010) 0.0002 ± 0.0001 0.014 ± 0.003 [38]

Kuala Selangor, Malaysia (2005) 0.22 ± 0.06 0.75 ± 0.28 [68]

Vistula, Poland (2004) 0.49 ± 0.09 9.80 ± 0.02

[62]Oder, Poland (2004) 0.60 ± 0.09 5.21 ± 0.19

Pomeranian, Poland (2004) 3.82 ± 0.24 5.50 ± 0.33

Yellow, China (1999) 0.25 ± 0.08 1.55 ± 0.50 [69]

Tagus, Portugal (1997) 0.50 ± 0.36 0.67 ± 0.03 [70]

Table 7. Annual effective dose of Po-210 (mSv/year) based on river water globally.

Location (Year) Minimum Maximum References

Langat, Malaysia 5.51 × 10−4 1.31 × 10−2 Present Study

Langat, Malaysia (2015) - 6.8 × 10−3 [67]

Kuala Selangor, Malaysia (2010) 0.0002 × 10−3 0.01 × 10−3 [38]

Kuala Selangor, Malaysia (2005) 0.2 × 10−3 0.7 × 10−3 [68]

Vistula, Poland (2004) 0.4 × 10−3 8.6 × 10−3

[62]Oder, Poland (2004) 0.5 × 10−3 4.6 × 10−3

Pomeranian, Poland (2004) 3.4 × 10−3 4.8 × 10−3

Yellow, China (1999) 0.2 × 10−3 1.4 × 10−3 [69]

Tagus, Portugal (1997) 0.4 × 10−3 0.6 × 10−3 [70]

3.2. Po-210 Status in Household’s Tap and Filtration Water

Po-210 activity ranges in tap water 1.05 ± 0.33 mBq/L to 22.35 ± 1.67 mBq/L and filtration water
0.49 ± 0.19 mBq/L to 7.30 ± 0.84 mBq/L at the household level in the Langat Basin were fairly within
the maximum limit of drinking water quality standard of MOH and WHO i.e., <0.1 × 103 mBq/L
(Table 8). However, the higher mean Po-210 activity in tap water than the raw and treated water
indicates contamination in the drinking water distribution pipeline. Terrestrial inputs might have
elevated the Po-210 activity in the tap water through the heavy repairing activities of the water
distribution pipeline while water was mixing with the soil at Hentian Kajang and UKM areas within
the basin. The soil in the granite rock of Peninsular Malaysia including the Langat River Basin highly
influences the radioactivity of naturally occurring radionuclides [2,4]. Similarly, the small number of
water samples might be one of the reasons of higher Po-210 activity in tap and filtration water as well
as the standard deviations. Fortunately, the effectiveness of the household water filtration systems to
remove Po-210 from the drinking water in the basin is about 74% (Table 6). Among the commonly
used household water filtration systems in the basin, the ultraviolet (UV) filtration system shows
higher efficiency (93%) followed by distilled filtration system (69%) in removing Po-210 from drinking
water and the Po-210 activity in drinking water at Langat River Basin is within both the national and
international drinking water quality guidelines.
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Table 8. Po-210 activity (mBq/L) in tap and filter water at Langat River Basin.

Location Tap Water Filter Type Filtration Water Efficiency Filter (%) Weighted 1 Efficiency

Hentian Kajang 1.33 ± 0.25 Carbon 1.05 ± 0.33 21 0.66
UKM 1.57 ± 0.70 Distilled 0.49 ± 0.19 69 2.55

Hentian Kajang 22.35 ± 1.67 RO 7.30 ± 0.84 67 35.51
Serdang 1.05 ± 0.33 Alkaline 0.87 ± 0.28 17 0.42

UKM 16.08 ± 2.27 UV 1.13 ± 0.37 93 35.28
Mean 8.48 ± 10.10 Mean 2.17 ± 2.88 74 74.42 (Total)

t value 1.885 t value 1.684
p value 1.32 p value 1.68

MOH (2010) <0.1 × 103 mBq/L
WOH (2017) <0.1 × 103 mBq/L

Note: Reported Po-210 activity is in the sampling date (Ao) and Calculation of standard deviation is based on the
radiochemistry method, not on the replicates [49]. 1 Sum of all the Po-210 activities in all the five-tap water has been
taken as the basis of weighted average for each household water filtration system.

Ahmed et al. [67] reported that the Po-210 activity in the supplied water (1.7 mBq/L) in the
Langat River Basin was slightly higher than the activity of the treated water 1.5 mBq/L at the outlet
of water treatment plants might be due to the contamination in the pipelines of the drinking water
supply system. Moreover, the activity of Po-210 in the supplied water in Malaysia is higher than many
countries of the world such as 1.0 mBq/L in Italy [70], 2 to 15.2 mBq/L in Hungary [6], 0.48 mBq/L in
Poland [71], 1.4 mBq/L in India [72], etc. (Table 9). On the other hand, Po-210 activity in the supplied
water of USA 5 mBq/L [73], Italy 3.25 mBq/L [9] and Bombay, India 1.9 mBq/L [72] were higher than
the Po-210 activity in the supplied water of Malaysia, 2015 (Table 7).

Table 9. Po-210 activity in household’s tap water around the world.

Location (Year) Activity (mBq/L) Dose (mSv/Year) References

Langat Basin 8.48 7.41 × 10−3 Present Study

Bangi, Malaysia (2015) 1.7 1.5 × 10−3 [67]

Italy (2009) 3.25 2.84 × 10−3 [9]

Italy (2007) 1 0.9 × 10−3 [70]

Hungary (2010) 2 1.75 × 10−3 [6]

Poland (2001) 0.48 0.42 × 10−3 [71]

India (2001) 1.4 1.2 × 10−3

[72]
Bombay, India (1977) 1.9 1.7 × 10−3

Brazil (1992) 1 0.9 × 10−3

Portugal (1995) 0.21 0.2 × 10−3

Syria (1995) 1 0.9 × 10−3

Austria (2001) 0.4 0.35 × 10−3 [74]

USA (2008) 5 4.4 × 10−3 [73]

3.3. Human Health Hazard of Po-210 Ingestion

The annual effective doses of Po-210 through ingestion via drinking water are significant in terms
of dose contributions. Although the radioactivity of Po-210 in drinking water is lower than the activity
of the isotopes of uranium, however Po-210 is considered highly toxic. Moreover, Po-210 is the most
important dose contributor through ingestion of drinking water. For instance, Jia et al. [9] investigated
that the mean Po-210 activity 3.25 mBq/L and the Po-210 activity in drinking water remained in the
last position in the series of U-238, Ra-228 and Pb-210, however in terms of annual effective dose
2.84 × 10−3 mSv/year Po-210 was the highest contributor in the same series of radionuclides (Table 9).
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Unfortunately, the Po-210 activity in the drinking water and its annual effective dose exposure for a
long time to human beings has not been studied extensively due the difficulties in determining the
radioactivity [19].

Therefore, the calculated annual effective dose of Po-210 ingestion via tap water 7.41 × 10−3 mSv/year
and household filtration water 1.90 × 10−3 mSv/year indicate an acceptable carcinogenic risk
for the populations at the Langat River Basin, since the values are within the standard of
UNSCAER < 0.12 mSv/year, WHO < 0.01 mSv/year, and ICRP < 1.0 mSv/year [36] and the Polish
Ministry of Health < 0.01 mSv/year [75,76] (Table 10). Although the higher standard deviations might
be due to the small number of environmental samples, however, the result indicates safe for human
consumption. Similarly, the annual effective dose of river 5.20 × 10−3 ± 4.56 × 10−3 mSv/year and
treated water 2.14 × 10−3 ± 2.07 × 10−3 mSv/year were significantly within the standard limit at 95%
confidence level.

Table 10. Annual effective dose of Po-210 via drinking water at Langat River Basin.

Location
River

(mSv/Year)
WTP

(mSv/Year)
Location

Tap
(mSv/Year)

Filter Type
Filtered

(mSv/Year)

Pangsoon 2.62 × 10−3 1.07 × 10−3 Hentian Kajang 1.16 × 10−3 Carbon Filter 9.18 × 10−4

Lolo 2.22 × 10−3 1.6 × 10−3 UKM 1.37 × 10−3 Distilled Filter 4.28 × 10−4

Serai 4.39 × 10−3 3.01 × 10−4 Hentian Kajang 1.95 × 10−2 RO Filter 6.38 × 10−3

Langat 1.31 × 10−2 2.50 × 10−3 Serdang 9.18 × 10−4 Alkaline Filter 7.61 × 10−4

Cheras 1.08 × 10−2 5.94 × 10−3 UKM 1.41 × 10−2 UV Filter 9.88 × 10−4

Bukit 6.24 × 10−3 4.53 × 10−3 Average 7.41 × 10−3 Average 1.90 × 10−3

Salak 1.63 × 10−3 7.35 × 10−4 Std. 8.78 × 10−3 Std. 2.52 × 10−3

Labu 5.52 × 10−4 4.43 × 10−4 t value 1.886 t value 1.684
Average 5.20 × 10−3 2.14 × 10−3 p value 0.132 p value 0.167

Std. 4.56 × 10−3 2.07 × 10−3

t value 3.223 2.926
p value 0.015 * 0.022 *

Note: * Significant at 95% confidence level. United Nations Scientific Committee on Effects of Atomic Radiation
(UNSCAER) < 0.12 mSv/year. World Health Organization (WHO) < 0.01 mSv/year. International Commission on
Radiological Protection (ICRP) < 1.0 mSv/year. Polish Ministry of Health < 0.01 mSv/year.

A few studies have predicted chronic human health risk of Po-210 ingestion via drinking
water [9,10,42,71,77]. Although Zaga et al. [77] estimated Po-210 inhalation and lung cancer, however,
there is no significant association study between ingestion of Po-210 via drinking water and types of
cancer in human. Luckily, Scott [78] has estimated acute risk of Po-210 ingestion through experimenting
on the animal. Scott [78] concluded that: (1) ingestion (or inhalation) of a few tenths of a milligram
of Po-210 will likely be fatal to all exposed persons; (2) Lethal intakes are expected to involve fatal
damage to the bone marrow which is likely to be compounded by damage caused by higher doses to
other organs including the kidneys and liver; (3) Lethal intakes are expected to cause severe damage
to the kidney, spleen, stomach, small and large intestines, lymph nodes, skin, and testes (males) in
addition to the fatal damage to bone marrow; (4) The time distribution of deaths is expected to depend
on the level of radioactivity ingested or inhaled.

Therefore, natural radioactivity ingestion is one of the main causes of human radiation exposure
(i.e., global average is 2.4 mSv/year) and it should not exceed 0.1 mSv/year for drinking water
according to the European Union Drinking Water Directives (DWD) 98/83/EC [79]. The naturally
existing radionuclides in the U-238, Th-232 series, and K-40 are present everywhere in the Earth’s
crust. Ra-226, U-238 decay series progeny, and K-40 receive more attention due to their high solubility
and mobility [80]. In fact, the radioactivity of radionuclides such as U-238, Th-232, and K-40 is
very common in water, soil, and rocks [17]. Hence, it presents a serious threat of radiation to the
population if ingested [23]. However, the amount of radioactivity of radionuclides in the surface
water varies among different places in the world because of territorial and atmospheric sources [81] as
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well as man-made activities [16]. The proportion of natural and artificial radioactivity rates on earth
is 85%:15% [69], whereas in Malaysia the proportion is 80%:20% [16].

4. Conclusions

Po-210 activity in the water supply chain of Langat Basin, Malaysia was within the drinking
water quality standard of the Ministry of Health Malaysia and World Health Organization. However,
Po-210 activity in the range of 0.63 ± 0.29 to 14.98 ± 1.18 mBq/L in the Langat River is higher than
many countries around the world. The Langat River drains through the granite zone, an extension
of the granite batholith series of Peninsular Thailand underneath the basin. Therefore, terrestrial
sources are the main contributors of primordial radionuclides, such as U-238 and its progeny Po-210
along with the atmospheric and anthropogenic sources to elevate Po-210 activity in the Langat River.
Moreover, the less efficiency i.e., an average 59% of conventional water treatment method to remove
Po-210 entirely from the treated water might be the reason of higher annual effective dose of Po-210
ingestion via drinking water i.e., via tap water 7.41 ×10−3 mSv/year than many countries around the
world, even though the limit is safe and the carcinogenic risk is acceptable for human beings. Previous
studies have already reported Po-210 is 250,000 times more toxic than hydrogen cyanide, hence it
can be carcinogenic to humans if ingested via drinking water for a long time. Moreover, the treated
water might become contaminated in the long pipelines in between treatment plants and households.
Therefore, a two-layer water filtration system (i.e., effective filtration system at the plants as well as at
the household level) should be introduced in the basin to obtain the status of a developed nation by
2020 as well as to achieve the SDG target 6.1 of getting safe drinking water supply well before 2030.
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