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Soft tap water urgently needed
for reducing risks of kidney
stones at the rural villages in
Yangxin, a poverty-alleviated
county in central China

Jiaxin Zhao', Mingyao Wang?, Tan Jiang*, Fangsi Wang?,
Xinyue Shi?, Yun Zhang! and Kun Xu!*

!College of Life Sciences, Hubei Normal University, Huangshi, Hubei, China, 2Department of Human
Resources and Social Security of Hubei Province, Center for Public Employment and Entrepreneurship
Guidance and Information Service, Wuhan, Hubei, China

Introduction: Clean drinking water is a necessity for maintaining public health
and livelihoods. Hard water containing excessive calcium and magnesium
threatens urinary health with elevated risks of kidney stones at rural villages
with tap water shortages. After entitled poverty alleviation in 2019, residents of
Yangxin county of Hubei Province in central China unexpected suffered shortage
of tap water and additional cost of water softening. However, the impact of lack
of tap water on risks of kidney stones was not yet quantified for residents at rural
villages in Yangxin.

Methods: We conducted a cross-sectional analysis by testing 216 water
samples from 114 families at four villages and surveying urinary health and living
conditions of each householder.

Results: Lab tests showed that mean total hardness of well and tap water at
each village was above 355 mg/L CaCO3, except tap water from the village with
government support for industrial development. Mean softening depth was 309.3
mg/L at the families paying for filters or bottle water, and mean annual cost of
water was 1,915 CNY (1 CNY = 0.14 USD) equivalent to 5.8% of mean annual
household income. Mean tap water availability was only 34%, and the prevalence
of kidney stones among the four villages was 33.9%, 25.0% higher than the rate
of kidney stones in Hubei Province. About 60% of the families showed strong
willingness to accept annual government compensation of 3,324 CNY for clean
water supply, whereas only 2.6% of the families wanted to pay government for
water treatment. Using logistic and random forest regression models, we identify
factors associated with the prevalence of kidney stones as gender (males have
3.78 times the risks of females), age (2.42 times greater risks if 10 years older),
body mass index (higher risks if overweight or obese), total hardness of drinking
water (2.59 times for a 100 mg/L increase in total hardness), and tap water
availability (2.42 times higher among those without tap water supply compared
to those with constant supply).

Discussion: Old and obese males are more likely to be diagnosed with kidney
stones, but tap water shortages and high total hardness of drinking water increase
the risks for all residents. To improve urinary health and meet support needs of
residents, tap water supply of soft water is urgently needed at the rural villages
in Yangxin.
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1 Introduction

Drinking watel safety is a global challenge for public health
and economic development, especially in developing countries
where freshwater resources are prioritized for industrial use and
water quality worsens due to pollution (Sobsey, 2006; Liu and
Yang, 2012; Li and Wu, 2019). Water softening is a common
practice to reduce total hardness of water for life and production
purposes (Godskesen et al., 2012; Wasana et al., 2017; Sulaiman
et al., 2020). Total hardness is the sum of concentration of
alkaline earth ions, namely calcium (Ca) and magnesium (Mg)
ions, in water, commonly expressed as the concentration of calcium
carbonate (CaCOs; mg/L) (Ansell, 2005). Total hardness and
the calcium:magnesium ratio were found associated with health
conditions of water users, especially cardiovascular and urinary
health (Yang et al., 2016; Wasana et al., 2017; Sulaiman et al., 2020;
Peng et al.,, 2023). Developed countries, such as Germany, Canada,
and Japan, defined drinking water as “hard” if its total hardness is
>93, 200, and 300 mg/L CaCOs3, respectively (Sayre, 1988; Hori
et al, 2021; Hintz et al., 2022). Regarding hardness in drinking
water, the World Health Organization (WHO) recommended that
the concentration of CaCOj3 in drinking water should be below
180 mg/L (World Health Organization, 2010). On the contrary,
limited by economic development, water resource availability, and
public health awareness, developing countries set loose standards
for total hardness of drinking water, e.g., >1,000 mg/L CaCO3 in
Ethiopia (Werkneh et al., 2015), or even no standard (Wasana et al.,
2017). In China, the current national standards for drinking water
quality (GB 5749-2022) require that total hardness of drinking
water should be <450 mg/L CaCOs3, which apply to groundwater,
tap water, centralized water (water supplied by a centralized station
at the village for residential use of water), bottled water, and
other types of drinking water (Standards Press of China, 2022). A
recent nationwide study on water safety showed that the average
concentration of calcium and magnesium ions in public drinking
water was 40.4 and 12.4 mg/L, respectively, equivalent to total
hardness of 144.4 mg/L CaCOj3 (Peng et al., 2023). However, a
large variation in total hardness of drinking water was identified
across China, ranging from 7.0 to 674.4 mg/L CaCOs, with higher
total hardness of water in rural than neighboring urban regions
(Yang et al., 2016; Peng et al., 2023). This variation might largely
be due to the variation of calcium concentrations in water shaped
by the spatial distribution of carbonate rocks and karst springs
in China (Zhou et al.,, 2013; Yang et al., 2016; Sun et al., 2020).
In addition, coal mining activities altered chemical characteristics
and increased total hardness of water (Zhou et al.,, 2013; Zhang
etal., 2014). Water samples with total hardness >450 mg/L CaCOs3
from lakes and groundwater were frequently detected in rural
areas of central China where pollution from coal mining industries
persisted (Zhang et al., 2014; Li and Wu, 2019; Qiu et al., 2023). The
positive association between total hardness of drinking water and
the prevalence of non-communicable cardiovascular and urinary
diseases, e.g., kidney stones, implied that lack of soft drinking water
threatened public health, especially at rural villages (i.e., villages
administered by townships outside prefectural cities in China)
(Monarca et al., 2006; Yang et al., 2016; Peng et al., 2023).

Kidney stones threatened urinary health and livelihoods of the
public (Monarca et al., 2006; Frassetto and Kohlstadt, 2011), and
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the prevalence of kidney stones increased globally (Edvardsson
et al., 2013; Sorokin et al, 2017; Thongprayoon et al., 2020).
The patients suffered long-lasting pain that might not be relieved
unless treatment was received upon diagnosis by ultrasound or
computed tomography (CT) examination (Frassetto and Kohlstadt,
2011; Thongprayoon et al., 2020). Despite short-term relief of the
pain, the high recurrence rate of kidney stones increased cost
of healthcare and loss of labor globally (Hyams and Matlaga,
2014; Khan et al., 2016), especially among adult males in China
(Wang et al, 2017; Zeng et al, 2017; Tan et al., 2024) and
India (Guha et al,, 2019), two of the most populated countries
in the world. Many factors, including age, gender, obesity, and
genetic background, were found associated with the prevalence
of kidney stones (Khan et al., 2016; Sorokin et al., 2017; Wang
et al., 2017; Zeng et al., 2017; Liu et al., 2018; Tan et al., 2024), of
which body mass index (BMI) was a common indicator for this
disease (Semins et al., 2010; Zeng et al., 2017). The prevalence
of kidney stones was positively associated with age for various
reasons, including changes in living habits, lifestyles, and metabolic
levels due to aging (Zeng et al., 2017). Diseases such as diabetes,
hypertension, and urinary infections that were more common
among the elderly were associated with kidney stones (Wang et al.,
2017). In terms of gender difference, higher intake of animal
protein and salt, more stressful work, and less healthy lifestyle of
males than females might contribute to the higher prevalence of
kidney stones in Chinese males (Wang et al., 2017; Tan et al., 2024).
Metals taken in from diets were also related to the prevalence of
kidney stones, among which daily intake of hard water and water
with high calcium:magnesium ratio were two contributors to the
disease (Serio and Fraioli, 1999; Guha et al., 2019; Sulaiman et al.,
20205 Siener, 2021). WHO recommends daily intake of calcium
<2,500 mg to reduce the incidence of kidney stones to reflect the
global prevalence of kidney stones, which affects the quality of life of
the patients (World Health Organization, 2010; Khan et al., 2016).
The prevalence of kidney stones in western countries was reported
between 5 and 14% of the population (Sorokin et al., 2017), with
8.8% in the US (Scales Jr et al., 2012) and 14.0% in Iceland
(Edvardsson et al., 2013). It was even more varied in Asia, ranging
from 1% to 19.1% (Sorokin et al., 2017; Liu et al., 2018), with 12.0%
in India (Guha et al., 2019), 17.5% in Thailand (Ingsathit et al.,
2010), and 19.1% in Saudi Arabia (Ahmad et al., 2015). A relatively
low prevalence of kidney stones was reported in China, i.e., 6.4%
in 2014 (Zeng et al., 2017), though it kept increasing at the rate
of 2.8% net increase per decade (Wang et al.,, 2017). Among the
over 4 billion populations in Asia, the number of patients with
kidney stones is expected to be substantially higher than 0.3 billion
(calculation based on the reported rate of kidney stones in China
and India and their populations in 2023 according to the World
Bank; Wang et al.,, 2017; Guha et al,, 2019), considering patients
undiagnosed due to limited access to medical examination in rural
areas (Khan etal., 2016; Thongprayoon et al., 2020). There is a need
to study the actual prevalence of kidney stones among the residents
at rural villages to update understanding of this disease in the wide
range of populations in developing countries (Sorokin et al., 2017;
Liu et al., 2018).

Among provinces of China, its prevalence in Hubei Province
(8.9%), one with the highest gross domestic production (GDP) per
capita in central China, was 1.39 times the national prevalence
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(6.4%) (Tan et al., 2024). Within Hubei Province, soil and water
pollution correlated with a high prevalence of kidney stones in rural
areas, especially at the villages relying on farming (Leng et al., 2023)
and mining (Zhou et al., 2013), where use of calcium-magnesium
phosphate fertilizer (Zhou et al., 2013; Leng et al., 2023) and mining
activities (Li et al., 2013; Zhou et al., 2013) increased total hardness
of water. According to the National Energy Administration (2014),
87.5% of large coal mineral deposits (coal stock >1.2 million tons)
were located outside the 12 prefectural cities across 30 counties
in Hubei Province. In addition, considering farming as the major
way of living for residents in nearly 30,000 villages in the province
(National Bureau of Statistics of China, 2024), the prevalence of
kidney stones was expected to be higher in rural villages than
the provincial average rate. Located in eastern Hubei Province,
Yangxin county used to be a community-oriented agriculture and
farming hub but transformed to develop a secondary industry,
including processing raw mines and manufacturing industrial
materials, a decade ago (Hubei Provincial Government, 2019). With
a rapid increase in GDP, it was entitled to exit the list of national
poverty-stricken counties of China in April 2019 (Hubei Provincial
Government, 2019). During the poverty alleviation progress, it was
reported that the economy and infrastructure in Yangxin county
had been improved (People’s Government of Yangxin County,
2021), during which ensuring drinking water safety was a priority
(Department of Water Resources of Hubei Province, 2020). By
the end of 2019, the rate of supply of centralized water and
that of tap water increased to over 94 and 91%, respectively,
according to the Department of Water Resources of Hubei Province
(2020). However, due to high demand for clean water in secondary
industries and due to water shortage in the surrounding reservoir,
available tap water supply was limited and sometimes suspended
at rural villages in Yangxin county to support water use for
mining, manufacturing, and logistics (People’s Government of
Yangxin County, 2022). Under pressure of tap water shortages,
local government suggested that residents should use the abundant
resources of groundwater, i.e., well water, in case of suspension in
tap water supply for agriculture, food preparation, and drinking
(People’s Government of Yangxin County, 2022). This suggestion
was risky given the fact that groundwater in central China
contained high concentrations of calcium and magnesium (Yang
et al,, 2016; Xi et al., 2021; Leng et al., 2023). Moreover, despite
high total hardness of groundwater, Yangxin county invested little
on green agriculture and environmental pollution control (People’s
Government of Yangxin County, 2021). Government acts on water
issues might be perceived as lack of care and support by the
residents suffering tap water shortages. Water issues drove a group
of residents of rural villages in Yangxin to install water filters or
purchase bottle water from local water purification stations at their
own costs. For the residents unable to afford filtered or bottle water,
they had to rely on well water at the cost of taking in excessive
calcium, magnesium, and heavy metals (Xi et al., 2021). If such
water issues last longer, the prevalence of kidney stones would
increase, damaging public health and livelihoods, as lessons from
India (Guha et al., 2019), Indonesia (Bakker et al., 2008), Malaysia
(Loi et al., 2022), Tanzania (Jiménez and Pérez-Foguet, 2010), and
Thailand (Ingsathit et al., 2010). However, how total hardness of
drinking water and tap water availability were associated with the
prevalence of kidney stones was not yet tested at rural villages in

Frontiersin Water

10.3389/frwa.2024.1464783

Yangxin. To quantify the impacts of lack of tap water on urinary
health for residents of the rural villages, we conducted a cross-
sectional analysis on the prevalence of kidney stones in 114 families
at four rural villages. Our findings emphasize the needs for stable
tap water supply of soft water to improve urinary health and
livelihoods at rural villages in Yangxin.

2 Materials and methods
2.1 Study area

The four villages, Luoyugiu (LYQ), Wubian (WB), Yaozhi
(YZ), and Zuojiapu (ZJP), administered by Yangxin county are
located along the highway S315 in eastern Hubei Province
of China (30°4'16.4634'N 115°1158.4514 E-—30°5'11.112"N
115°12'52.4514"E; Figure 1). Within the northern subtropical
monsoon climate zone, mean annual temperature of Yangxin is
16.8°C with mean annual precipitation of 1389.6 mm (Chen et al.,
2022). The villages are located in the hilly area at the northern foot
of the Mufu Mountain Range, where over 40 mineral deposits are
proven in the county (Chen et al., 2022). The lithological unit of
the soil is quaternary (Xi et al., 2021), which is rich in carbonates
and gypsum and often saline (Alaily, 1995). The groundwater there
is categorized as not suitable for drinking even after treatment due
to excessive heavy metals (Xi et al., 2021), but well water has been
a common source of water for residents at rural villages in the
county (People’s Government of Yangxin County, 2022). In terms of
surface water, a large heavy metal-contaminated lake, Daye Lake, is
5km northwest to ZJP (Zhang et al., 2014), and a smaller fertilizer-
polluted lake, Haikou Lake, is 3 km southeast to LYQ (Qiu et al,,
2023) (Figure 1).

The four villages have been administered under different
socioeconomic development plans for agriculture, mining,
logistics, and manufacturing during the past three decades
(People’s Government of Yangxin County, 2019, 2021). Specifically,
YZ has been a traditional agriculture-oriented village with
emphasis on farming, breeding, and transportation of agricultural
produce (People’s Government of Yangxin County, 2019). Mining
and coal production have been the primary industries for ZJP and
WB since 1988, which contributed to the total coal production
of 3 x 10° tons per year in Yangxin county (National Energy
Administration, 2014). LYQ received policy and financial support
from the government in 2013 for its fast transformation to a
modern logistics industry district (People’s Government of Yangxin
County, 2021). The mean GDP per capita of the four villages was
3.13 x 10* CNY (4.41 x 10° USD) in 2020 (Bureau of Statistics
of Huangshi, 2022). Availability of tap water supply varied from
stable, temporary to no supply at these villages depending on
whether industrial use of tap water was fulfilled and on levels of
support for socioeconomic development provided by the local
administration (People’s Government of Yangxin County, 2022).

2.2 Field survey

There were 87-143 families at each village according to the
registration records, and the population density ranged between
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Map of the four villages in Yangxin county of Hubei province in central China. The base map shows elevation (m) derived from a 30 m spatial
resolution Digital Surface Model (Tadono et al.,, 2016). The four village centers are marked by green dots, the boundary of townships are in dashed
lines, and roads are in solid lines. A part of Daye Lake is in the northeast, and a part of Haikou Lake is in the southwest of the map. Location of Yangxin
county is identified in red in the top right panel of the figure. The coordinates of the four villages are LYQ: 30°4'47.388"N 115°12'52.4514"E, ZJP:
30°5'11.112"N 115°12'36.5394E, WB: 30°4'59.3394"N 115°11'58.4514"E, and YZ: 30°4' 16.4634 N 115°12'8.6394"E.

290 and 358 per km? in 2020 (Chen et al, 2020). Before field
survey, we generated random numbers to sample approximately
one-third of registered families at each village as our target groups
(29, 37, 58, and 33 for LYQ, ZJP, WB, and YZ, respectively).
During the 6th—13th of July 2023, we managed to visit 114
families willing to provide responses and water samples for our
study (21 at LYQ, 27 ZJP, 42WB, and 24 YZ; covering 25.9%
of families). We collected water samples from each family and
surveyed householders for demographic, economic, and urinary
health conditions, water availability, and perspectives on water
safety and government support. Questions were designed for
answers of yes/no, multiple choice, and simple filled-in text for
statistical analysis (Supplementary Table 1).

Householder of a family is the adult with name in the
front page of the family registration book. All householders
were informed about the sole academic purpose of the survey.
Participation was anonymous and voluntary, and householders
could withdraw any time before, during, and after the survey
without consequences. Each survey was conducted on adults (aged
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18 or over) and was not influenced or manipulated by government-
related personnel. Only the researchers had access to the survey
data. The procedures followed the provision of the Scientific
Research and Academic Ethics Committees of Hubei Normal
University (approval no. EWPL202312).

Well and tap water samples, if available, were collected from
each family using two clean and pre-labeled 500 ml plastic bottles.
In addition, if the family drank another source of water, such as
bottle water (small-—500 ml or large-—19 L) purchased from a local
water purification station, filtered well, and filtered tap water, these
sources of water were also sampled. At 43 families, reverse osmosis
water filters were installed at their cost to improve water quality by
removing metal ions from hard water (Vingerhoeds et al., 2016), of
which 19 installed the filter at the well pump and 24 at the kitchen
faucet. Overall, five types of water were sampled, including bottle,
tap and filtered tap, and well and filtered well, and the primary
type of drinking water was marked corresponding to the survey
question (hereafter drinking water). Softening depth was calculated
as the decrease in total hardness by filtering well or tap water or by
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purchasing bottle water, and it was 0 if drinking water was directly
utilized from well or tap (Godskesen et al., 2012).

There were three parts of questions in the questionnaire
regarding (1) demographic and economic, (2) urinary health,
(3) tap water availability, and perspectives on water safety and
government support. First, each householder was asked for
gender, age, height, weight, annual household income in the last
year (negative if expenses exceed receipts), and the number of
adult family members. Based on weight (kg) and height (m)
of householders, body mass index (BMI ;:: iﬁ;, kg/mz)
was calculated, and BMI <18.5, 18.5-23.9, 24.0-27.9, and >28.0
indicated underweight, normal weight, overweight, and obesity

of a Chinese adult, respectively (Zhou, 2002). Based on annual
household income and family size, annual per capita household
income was calculated by dividing annual household income by the
number of adult family members. Second, the prevalence of kidney
stones was estimated as the occurrence of householders diagnosed
with kidney stones either by ultrasound or computed tomography
(Tan et al., 2024) based on the responses of householders. Their
diagnoses of kidney stones were based on a free examination
for urinary health provided for each adult rural resident after
2019 when Yangxin county exited the list of national poverty-
stricken counties as a one-time benefit (People’s Government
of Yangxin County, 2021). The third part was for tap water
availability and perspectives of water safety and government
support. Tap water availability at each family was determined
as the percentage of days with tap water supply over the past
3 months (90 days) to the best of householders’ memory. Tap
water supply remained the same after the establishment of tap
tubes in 2019, and tap water shortages frequently occurred
at families with tap tubes among the four villages (Pecoples
Government of Yangxin County, 2022). Householders were then
asked for their annual cost of clean source(s) of water for the
family in the last year. The cost included well establishment
and maintenance, tap establishment and utility, filter device and
replacement, and bottle water supply. Lastly, they were asked for
their awareness of environmental pollution, awareness of hard
water, willingness to accept compensation for water issues (if so,
also asked for the amount of compensation willing to accept
each year), confidence in receiving government compensation, and
willingness to pay government for water treatment. Responses to
these questions were checked for completeness before visiting the
next family.

2.3 Lab tests

Water samples were tested for turbidity, pH, and total hardness
at the lab. First, turbidity was visually examined against the 1
mg/L standard diatomite solution to determine if sample turbidity
was above or below 1 Nephelometric Turbidity Unit (NTU)
(Downing, 2004). Samples with turbidity <1 NTU, the national
limit for turbidity of drinking water (Standards Press of China,
2022), were then tested for pH and concentration of calcium and
magnesium. pH was determined using a pH electrode at 25°C,
as a supplementary indicator of alkalinity (Shaver, 1993). The
concentration of calcium and magnesium ions was determined

Frontiersin Water

10.3389/frwa.2024.1464783

using the Avio 200 Inductively Coupled Plasma Optical Emission
Spectrometer (Zheng et al., 2017).

Total hardness (mg/L) was calculated as sum of concentration
of calcium hardness and that of magnesium hardness both as
CaCO3 (mg/L):

Total Hardness = 2.497c¢ (Ca) + 4.118c (Mg),

where ¢(Ca) and c(Mg) were concentrations of calcium and
magnesium ions in the water sample, respectively. The multipliers,
2.497 and 4.118, are divisions of molar mass between CaCO3 and

Ca (100.087/40.078) and between CaCO3 and Mg (100.087/24.305),
c(Ca)
c(Mg)
A positive relationship between pH and total hardness was expected

respectively. Calcium:magnesium ratio ( ) was also calculated.
under the acid-base balance of water samples (Larson et al., 1942)
and the geological environment carry capacity of Yangxin (Xi et al.,
2021).

2.4 Data analysis

Data analysis consisted of three parts, namely (1) homogeneity
tests on demographic and economic conditions of families at the
four villages, (2) classification of water types on total hardness, and
(3) a cross-sectional analysis of the prevalence of kidney stones.
First, a one-way analysis of variance (ANOVA) was used to test if
mean age, BMI, annual household income, family size, and annual
per capita income were different across the four villages. Then,
a two-way ANOVA was conducted on total hardness among the
five water types and the four villages. Multiple comparison of
total hardness with Tukey method for p-value adjustment by water
types and by villages was conducted using the R package emmeans
(Lenth, 2022). Ellipses were constructed to classify water types
based on the multivariate ¢-distribution of pH and total hardness
using the R package ggplot2 (Wickham, 2011). And the relationship
between pH and total hardness was estimated using the ordinary
least squares regression.

Third, the prevalence of kidney stones was estimated using two
regression methods, namely the logistic regression model with a log
link (Menard, 2002) and the random forest regression model for the
binary response (Breiman, 2001) using R 4.3.0 (Ihka and Gentlema,
1996). Candidate explanatory variables included five water (total
hardness and calcium:magnesium ratio of drinking water, softening
depth, availability of tap water, and annual cost of water), four
demographic (gender, age, BMI, and BMI?), two economic (annual
household income and annual per capita household income), and
five perspective variables (awareness of water issues, willingness to
accept, willingness to pay, hope government to solve, and trust in
government for water treatment; Tables 1, 2). Pearson’s correlation
coefficient (r) between each pair of explanatory variables was tested
<0.8 to prevent multicollinearity from logistic regression models
(Menard, 2002). Logistic regression models were estimated using
stepwise selection on the 16 candidate explanatory variables for the
fitted model with the lowest AIC (Menard, 2002). Log odds ratio
[log (1%7)’ p as the probability of being diagnosed with kidney
stones and 1-p as that of not being diagnosed] for 1 unit increase in
a given variable was estimated as the coeflicient () of that variable
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TABLE 1 Summary of gender, age (years), body mass index (BMI; kg/m?), total hardness of drinking water (mg/L), tap water availability, and the number
of residents diagnosed with kidney stones at LYQ, WB, YZ, and ZJP villages in Yangxin county.

LYQ (n = 21) WB (n = 42) YZ (n = 24) ZJP (n = 27) Total (n = 114)
Gender Female: 16 Female: 15 Female: 18 Female: 6 Female: 57

Male: 5 Male: 25 Male: 6 Male: 21 Male: 57
Age 18-75 (44.7 £ 13.9) 18-79 (46.2 + 16.2) 32-84 (50.7 & 14.5) 28-75(49.3 £ 11.8) 18-84 (47.6 + 14.5)
BMI 18.0-31.1 (23.4 +3.2) 16.1-28.0 (21.5 £ 2.7) 17.8-27.1 (22.1 £ 2.1) 16.6-28.0 (22.3 +2.7) 16.1-31.1 (22.2 +2.7)
Total hardness 11.3-315.0 (57.6 & 68.7) 2.2-504.6 (56.3 £ 76.6) 7.8-542.1 (113.4 £ 155.1) 9.5-502.5 (95.8 & 134.1) 2.2-542.1(77.9 £ 112.2)
Tap availability 0-1(0.68 % 0.29) 0-1(0.34 %+ 0.28) 0-1(0.27 + 0.37) 0-0.33 (0.13 £ 0.15) 0-1(0.34 + 0.33)
Kidney stones 7 (33.3%) 15 (35.7%) 8 (33.3%) 10 (37.0%) 40 (35.1%)

Mean = standard error of age, BMI, total hardness of drinking water, and tap water availability, as well as percentage of residents diagnosed with kidney stones, are in brackets.

TABLE 2 Summary of family size (the number of adult members), annual household income (CNY), annual per capita income (CNY), annual cost of clean
source(s) of water (CNY), amount of compensation willing to accept (CNY), and softening depth (mg/L) at the four villages in Yangxin county.

LYQ (n = 21)

WB (n = 42)

YZ (n = 24) ZJP (n = 27) Total (n = 114)

Family size 3t010(6.1 +2.1) 4to13(8.5+3.4)

3t015(7.5+4.3) 2to 11 (5.6 £2.3) 2to 15 (6.6 £3.1)

Household income 0 to 55,000 (25,625 +

16,241)

1,000 to 115,000 (41,188 £
40,615)

5,000 to 55,000 (27,545 +
16,256)

—15,000 to 150,000
(38,512 £+ 41,619)

—15,000 to 115,000
(33,223 £ 31,568)

Per capita income 0 to 13,750 (4,841 £+ 143 to 14,000 (5,050 +

1,000 to 11,000 (4,409 + —2,143 to 27,500 —2,143 to 27,500

78.9) 60.1)

4,068) 5,140) 2,975) (7,054 =+ 8,083) (5,561 % 5,764)
Cost of water 912 to 3,352 (1,924 + 1,000 to 3,440 (1,957 £ 656) | 1,000 to 3,352 (1,924 + 811) | 912t02,272 (1,833 & 912 to 3,440 (1,915 +
734) 384) 649)
Amount willing to 2,500 to 3,000 (2,700 600 to 25,000 (3,922 + 2,000 t0 2,500 (2,333 £ 174) | 2,500 to 5,400 (3,633 + | 600 to 25,000 (3,234 +
accept 207) 5,250) 1,096) 3,489)
Softening depth 102.8 to 441.8 (194.6 = 172.5 to 452.7 (312.1 & 165.0 to 480.1 (352.2 & 258.310439.1 (3614 + | 102.8 to 480.1 (309.3 £

87.8) 46.0) 88.3)

Mean = standard error are in brackets.

in the fitted model given other variables unchanged. Higher the
P
I=p
kidney stones, and > 0 indicates a positive relationship between

odds ratio ) the more likely the individual is diagnosed with
that variable and the probability of being diagnosed (Szumilas,
2010). The Receiver Operating Characteristic (ROC) curve of the
estimated model was produced using the R package pROC (Robin
et al., 2011), and the area under the curve (AUC) was calculated
to evaluate the prediction performance of the model (Mandrekar,
2010). In order to examine the robustness of the logistic regression
model, simulation of modeling with 10% fewer data was conducted
for 1,000 times of iteration. In each time of iteration, 10% of data at
each village were randomly dropped, and the estimated coeflicients
of the refitted model were extracted to compare with those by the
model built on the complete data, and the number of times p < 0.05
were counted.

In addition to the logistic regression models, random forest
regression models were built using the same set of variables in the
estimated logistic regression model. After 1,000 times of iteration,
the random forest regression model with the lowest classification
error rate was built using the R package randomForest (Breiman,
2001). The number of trees was set to 300, and the number of
variables tried at each split was 2 for the model. Mean decrease
Gini that measures the average gain of purity of nodes and leaves in
the resulting random forest by including the variable was calculated
(Breiman, 2001). The higher mean decrease in Gini was, the more
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important the variable was to the model. Partial dependence plots
of the prevalence of kidney stones on each of the variables in the
model were produced using the R package pdp to visualize how
estimated risks of kidney stones were dependent on that variable
marginalizing over the other variables (Greenwell, 2017). Estimated
effects of the variables in the logistic regression and random forest
regression models were compared to reduce bias in this cross-
sectional analysis (Kirasich et al., 2018). The R codes for the logistic
regression and the random forest regression models are available in
Supplementary material.

3 Results

3.1 Total hardness of water

Of the 114 families, 104 established wells (91.2%), but only 19
of the 104 families (18.3%; 12 at WB, 1 YZ, and 6 ZJP) installed well
water filters on the pumps. Tap tubes were installed at 20, 29, 11,
and 13 families at LYQ, WB, YZ, and ZJP, respectively. Tap water
supply was constantly available at only 11 families (9.6%), while it
was not at all available at 41 families (36.0%). Mean availability of
tap water was 0.34, but it varied across the four villages, with 0.68
at LYQ, 0.34 at WB, 0.27 at YZ, and 0.13 at ZJP. We found that 24
families installed filters at their kitchen faucets, but due to shortage
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of tap water supply, we were able to collect samples of filtered tap
water from 17 of them (6 at LYQ, 6 WB, 4 YZ, and 1 ZJP). For the
same reason, we were able to collect water samples directly from tap
at 38 families. There were 29 (1 at LYQ, 13 WB, 6 YZ, and 9 ZJP) and
18 (7 at LYQ, 6 WB, 4 YZ, and 1 ZJP) families reporting well and
tap water as their primary sources of drinking water, respectively.
In addition to these families, there were 67 families (13 at LYQ,
23 WB, 14 YZ, and 17 ZJP) drinking bottle water purchased from
the local water purification station.

The average annual cost of water per family is 1,915 CNY with
a standard error of 650 CNY, which is not significantly different by
villages (p = 0.897). Turbidity tests show that turbidity of 19 well
water samples is over 1 NTU and that of other samples is below 1
NTU. In total, 216 water samples (75 well, 19 filtered well, 38 tap,
17 filtered tap, and 67 bottle) are tested for pH and concentration
of calcium and magnesium. Concentration of magnesium of tap
water (10.5-18.2 with mean 14.5 and standard error 2.1 mg/L) is
not significantly different from the national mean, 12.4 mg/L (p =
0.279), but concentration of calcium of tap water (73.6-178.2 with
mean 135.9 and standard error 34.1 mg/L) is significantly higher
than the national mean, 40.4 mg/L (p = 0.003) (Li and Wu, 2019).
Total hardness of well and tap water at each village is significantly
higher than the national mean, 144.1 mg/L (Peng et al., 2023),
with t-test p-value of the comparison between each village and the
national mean <0.001.

In terms of heterogeneity among water types and villages, no
difference is found in calcium:magnesium ratio (6.6-14.2 with
mean 11.7 and standard error 2.7) by water types (p = 0.539),
villages (p = 0.133), or their interaction (p = 0.272). In fact,
no difference in the ratio is detected in water samples from
the adjacent Jianghan plain (Zhou et al., 2013), which might be
due to homogeneous geogenic characteristics of groundwater in
central and eastern Hubei Province (Yang et al., 2016). On the
contrary, total hardness is highly varied from 2.2 to 542.1 mg/L
CaCO3; among the five water types (p < 0.001) and the four
villages (p < 0.001), where the interaction between water types
and villages is also significant (p = 0.001; Figure 2A). Multiple
comparison of total hardness by water types shows no difference
in bottle, filtered tap, well, or filtered well water among the four
villages (p > 0.05 for each pair), as well as no difference in
total hardness of tap water at WB, YZ, and ZJP, but significantly
lower total hardness of tap water at LYQ than that at the other
three villages (p < 0.001 when comparing LYQ against each of
the other three villages; Figure 2A). In addition, no difference in
total hardness is found among bottle, filtered tap, and filtered
well water at each village (p > 0.05 for each pair). And no
difference in total hardness is found between tap and well water
at each village (p > 0.05), while significantly higher total hardness
is identified in tap or well water than bottle, filtered tap, or
filtered well water at every village (p < 0.001 for each pair of
comparison; Figure 2A). Under the current national standards for
drinking water (GB 5749-2022; Standards Press of China, 2022),
there are 32 samples (14.8%) with total hardness >450 mg/L
CaCO;3, of which five are from tap water and 27 from well water.
Total hardness of only four samples from LYQ (one tap water)
exceeds the national limit, whereas that of 8 (one tap water),
10 (one tap water), and 10 (two tap water) samples from WB,
YZ, and ZJP exceeds 450 mg/L CaCOs3, respectively. Ellipses of
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water types by the multivariate ¢-distribution of pH and total
hardness show that tap and well water samples are clustered
apart from bottle, filtered tap, and filtered well (Figure 2B). The
fitted ordinary least squares regression of total hardness on pH is
Total Hardness = 189.71 pH 970.69, where pH ranges between
4.7 and 7.7 (p < 0.001 for both estimated slope and intercept; R?
= 0.705).

3.2 Demographic and economic conditions

The sex ratio is 1:1 for the 114 householders with mean age of
47.6 years, and their BMI ranges from 16.1 to 31.1 (mean 22.2 and
standard error 2.7; Table 1). BMI indicates that 75 householders
are in normal weight (66.8%) whereas 11 underweight (9.6%), 25
overweight (21.9%), and three obesity (2.6%). Annual household
income ranges from —15,000 to 115,000 CNY with mean of 33,223
and standard error of 31,568 CNY (Table 2). Given family size
between 2 and 15 (mean 6.6 adults per family), annual per capita
income is from —2,143 to 27,500 CNY (Table 2). One-way ANOVA
shows no significant difference in mean age (p = 0.447), BMI
(p = 0.068), annual household income (p = 0.362), family size
(p = 0.176), or annual per capita income (p = 0.421) across the
four villages.

3.3 Perspectives of water issues

Perspectives of water issues are comparable among the four
villages (Table 3), which justifies the quality of data from survey.
Most householders (87.0%) are aware of water issues (76.2% at
LYQ, 90.5% WB, 83.3% YZ, and 92.6% ZJP), and over half (50.9%)
report their notice of deterioration in water quality (47.5% at LYQ,
50.0% WB, 37.5% YZ, and 66.7% ZJP; Table 3). Only 10.5% of
householders clearly reject government financial support on water
issues (9.5% at LYQ, 11.9% WB, 12.5% YZ, and 7.4% Z]JP), while
68 out of the 114 householders (59.6%; 61.9% at LYQ, 54.8% WB,
70.8% YZ, and 55.6% ZJP) are willing to accept compensation
on water issues, such as tap water shortages and water pollution
(Table 3). The mean amount willing to accept is 3,234 CNY per
year (Table 2), not correlated with annual cost of clean source(s) of
water for the families (p = 0.91). Meanwhile, 58.8% of householders
are not willing to pay the government for improving water quality
(47.6% at LYQ, 52.4% WB, 70.8% YZ, and 66.7% ZJP; Table 3). On
the other hand, 76.3% of householders hope that government could
solve the water problems, especially at ZJP (88.9%), despite lack of
confidence in government, i.e., only 11 householders (9.6%) believe
that government would actually provide compensation for water
problems (Table 3).

3.4 Prevalence of kidney stones
The overall prevalence of kidney stones is 35.1% with 33.3% at
LYQ, 35.7% WB, 33.3% YZ, and 37.0% ZJP (Table 1). The fitted

logistic regression model indicates that gender, age, BMI, total
hardness of drinking water, and tap water availability, but not
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FIGURE 2
Total hardness of 216 water samples (A) grouped by water type and villages, and (B) classified with pH under water type. (A, B) The five types of water
are bottle, tap, filtered tap, well, and filtered well, displayed in different colors shown in the legend. (B) Ellipses are constructed to classify water types
based on the multivariate t-distribution of pH and total hardness.

TABLE 3 Summary of perspectives of the 114 householders on water issues, including awareness of water issues, notice of deterioration in water quality,

willingness to accept government compensation for water issues, willingness to pay government for water treatment, hoping government to solve

water issues, and confidence in receiving compensation.

Aware of water issues

LYQ (n = 21)

No: 5

WB (n = 42)

No: 4

YZ (n = 24)

No: 4

ZJP (n =27)

No: 2

Total (n = 114)

No: 15

Yes: 16 (76.2%)

Yes: 38 (90.5%)

Yes: 20 (83.3%)

Yes: 25 (92.6%)

Yes: 99 (86.8%)

Noticed deterioration

No: 11

No: 21

No: 15

No: 9

No: 56

Yes: 10 (47.6%)

Yes: 21 (50.0%)

Yes: 9 (37.5%)

Yes: 18 (66.7%)

Yes: 58 (50.9%)

Willing to accept No: 8 No: 19 No: 7 No: 12 No: 46
Yes: 13 (61.9%) Yes: 23 (54.8%) Yes: 17 (70.8%) Yes: 15 (55.6%) Yes: 68 (59.6%)
Willing to pay No: 20 No: 39 No: 19 No: 25 No: 103

Yes: 1 (4.8%)

Yes: 3 (7.1%)

Yes: 5 (20.8%)

Yes: 2 (7.4%)

Yes: 11 (9.6%)

Hope government to treat

No: 7

No: 11

No: 6

No: 3

No: 27

Yes: 14 (66.7%)

Yes: 31 (73.8%)

Yes: 18 (75.0%)

Yes: 24 (88.9%)

Yes: 87 (76.3%)

Confident in government

No: 20

No: 42

No: 22

No: 27

No: 111

Yes: 1 (4.8%)

Yes: 0 (0%)

Yes: 2 (8.3%)

Yes: 0 (0%)

Yes: 3 (2.6%)

The numbers of responses for yes or no are provided with percentages of residents choosing yes to each question at the four villages.

others, are significantly associated with the prevalence of kidney
stones at these villages (Table 4). The AUC of the ROC curve of
our logistic regression model is 0.855 (Supplementary Figure 1),
indicating excellent diagnostic accuracy of the model (Mandrekar,
2010). Results for the simulation of the robustness of the logistic
regression model for 10% fewer data show that the estimated
coefficients are similar between the fitted model (Table 4) and
simulated models (Supplementary Table 2). Gender, age, BMI?,
total hardness of drinking water, and tap water availability are
significant in 92.3%, 100%, 57.4%, 99.7%, and 71.9% times
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of iteration, respectively (Supplementary Table 2). The logistic
regression model shows that log odds of kidney stones are
significantly higher in male, older, and overweight householders
with limited tap water supply and high total hardness of drinking
water (Table 4). Gender male, age, BMI?, and total hardness of
drinking water are positively related to log odds of kidney stones,
whereas tap water availability is negatively related to it (Table 4). By
providing stable tap water for a householder currently without any
tap water supply (i.e., increase in tap water availability from 0 to
1), the risk of kidney stones is expected to decrease to 0.11 (e=22!)
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times (p = 0.027), given the other four variables unchanged. On
the other hand, if total hardness of drinking water decreases by 100
mg/L CaCOs, the risk of kidney stones is expected to decrease to
0.39 (¢~ 100x0:00951) times (p = 7.1 x 1073).

The random forest regression model achieves a low
classification error rate, i.e., 19.3%. The model performs very
well for classifying those not diagnosed with kidney stones, with an
error rate of 10.8%. Gender, age, BMI, tap water availability, and
total hardness of drinking water are important variables, where
total hardness of drinking water is the most and gender the least
important variable (Figure 3A). Partial dependence plots of the
prevalence of kidney stones on age (Supplementary Figure 2A),
BMI (Supplementary Figure 2B), total hardness of drinking
water (Supplementary Figure 2C), and tap water availability
(Supplementary Figure 2D) show that householders at a young
age and within the normal range of BMI (Zhou, 2002) and those
with low total hardness of drinking water and high availability of
tap water are less likely to be diagnosed with kidney stones. In
terms of partial dependence on the combination between age and
BMI, householders at the age of 18-30 with BMI between 22.0
and 23.5 are least likely to suffer kidney stones (Figure 3B). Taking
marginals of gender, age, and BMI, householders with constant
tap water availability and total hardness below 50 mg/L CaCO3
are exposed to the smallest risk of being diagnosed with kidney
stones (Figure 3C). The association between the predicted risks of
being diagnosed with kidney stones and the explanatory variables
shown in the partial dependence plots (Supplementary Figure 2,
Figures 3B, C) is in line with the estimated effects of these variables
by the fitted logistic regression model (Table 4).

4 Discussion

This study identifies the association between five variables and
the prevalence of kidney stones at four villages in Yangxin county
(Table 4). Among the five variables, four are commonly identified
factors (Semins et al., 2010; Khan et al., 2016; Yang et al., 2016;
Zeng et al., 2017; Liu et al,, 2018; Tan et al., 2024), but tap water
availability has often been ignored because tap water is reported
widely available (National Bureau of Statistics of China, 2024) and
because previous studies usually focused on groups already having
access to tap water (Zeng et al., 2017; Liu et al., 2018; Shu et al,,
2019; Tan et al., 2024). Tap water shortages force residents to drink
well water or purchase bottle water at extra cost that might not be
affordable to many residents at rural villages in Yangxin. Relying
on well water likely increases the probability of stone formation
due to excessive minerals and harmful geogenic contaminants
from groundwater (Yang et al., 2016; Sulaiman et al., 2020). Apart
from tap water shortages, higher risks of kidney stones are found
associated among males, older population, and underweight or
overweight population at the four villages, in agreement with
other studies on Chinese populations (Zeng et al., 2017; Liu et al.,
2018; Shu et al., 2019; Tan et al., 2024). Gender differences might
be due to higher animal protein and salt intake, more stressful
workload, and less healthy lifestyle of Chinese males than females
(Shu et al., 2019; Duan et al.,, 2022; Tan et al., 2024). Aging-related
changes in physical activities, diets, and metabolic levels as well as
aging-related diseases such as diabetes, hypertension, and urinary
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infections are found related to occurrences of kidney stones in the
elderly populations (Wang et al., 2017; Zeng et al.,, 2017; Duan
et al,, 2022). Overweight and obese body statuses increase chances
of diabetes, heart diseases, and metabolic disorders, which might
trigger stone development (Monarca et al, 2006; Wang et al,
2017). Choices of carbohydrate-rich food and sweet soft drinks by
overweight and obese populations also contribute to formation of
calcium stones in human bodies (Guha et al., 2019; Duan et al.,,
2022).

Another common risk factor is total hardness of drinking water,
which has been found positively related to risks of kidney stones
globally (Serio and Fraioli, 1999; Yang et al., 2016; Wasana et al.,
2017; Sulaiman et al., 2020). The likelihood of being diagnosed
with kidney stones is estimated to increase by 2.59 times for a
100 mg/L rise in total hardness based on our logistic regression
model (Table 4). Higher intake of calcium from drinking water
is found associated with the occurrence of hypercalciuria, i.e.,
excess calcium in the urine, which would lead to formation of
kidney stones (Sulaiman et al., 2020). At the four villages, total
hardness of well water is 2.47-2.91 times the national mean total
hardness of groundwater, i.e., 144.1 mg/L (Peng et al., 2023), mostly
due to its high concentration of calcium derived from metal-rich
groundwater in central China (Zhou et al., 2013; Yang et al., 2016; Xi
etal, 2021), especially in areas near Daye Lake (Zhang et al., 2014;
Qiu et al,, 2023). Mining and fertilization also contribute to high
total hardness of well water (Li et al., 2013; Leng et al., 2023). Such a
high total hardness of well water makes it risky for residents without
well water filters or funds for bottle water to intake more calcium
than the WHO recommended amount (<2,500 mg per day) (World
Health Organization, 2010). High total hardness of well water
might not be that problematic if tap water were soft and its supply
were stable. However, total hardness of tap water is as high as that
of well water at these villages (Figure 2A), also significantly higher
than the national mean total hardness of drinking water (Peng
et al., 2023). Total hardness of tap water at LYQ is lower than that
at the other three villages (Figure 2A) because tap water supply
of soft water has been provided under the local infrastructure
reforming program to support development of logistic industry at
LYQ (People’s Government of Yangxin County, 2021). High total
hardness of tap water samples from the other three villages might
be due to the simplified water softening procedure followed by the
centralized stations at the three villages (Godskesen et al., 2012).

Even if drinking water became softer, limited tap water
availability would still put residents in danger of kidney stones
(Table 2). Tap water availability at the villages is 56.7% behind
the national tap water availability at rural villages, i.e., 90% in
2023 (Center for International Knowledge on Development, 2023).
Without tap water supply, one is likely to suffer 9.13 times the
risk of kidney stones than those with stable tap water supply.
Unfortunately, 5 years after entitled poverty alleviation across the
entire Yangxin county, families at rural villages still have limited
access to tap water (Table 1; People’s Government of Yangxin
County, 2022). Lessons from Indonesia (Bakker et al, 2008),
Malaysia (Loi et al., 2022), and Tanzania (Jiménez and Pérez-
Foguet, 2010) show the importance of sufficient and stable tap
water supply to prevent increasing risks of kidney stones and
other public health conditions. Soft tap water seems to be the only
reliable and economic source of water for these rural villages and
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TABLE 4 Summary of the fitted logistic regression model for the prevalence of kidney stones estimated on gender (males against females), age (years),
BMI? (kg/m?), total hardness of drinking water (mg/L), and tap water availability.

Estimated coefficient Standard error z-value p-value
Intercept —8.17 224 —3.64 2.7 x 1074
Gender 1.33 0.53 2.51 0.012
Age 8.83 x 1072 2.56 x 1072 3.45 5.7 x 1074
BMI? 4.50 x 1073 2.15 x 1073 2.10 0.036
Total hardness of drinking water 9.51 x 1073 353 x 1073 2.69 7.1 %1073
Tap water availability —2.21 1.00 —2.21 0.027
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FIGURE 3
(A) Variance importance measured by decrease in Gini of the five variables in the random forest regression model. Partial dependence of prevalence
of kidney stones on (B) age and BMI, and that on (C) total hardness of drinking water and tap water availability. The color gradient represents the
range of estimated probability of being diagnosed with kidney stones and is given in the legends of (B, C).

is urgently needed to reduce the prevalence of kidney stones at the
four villages, which is already 28.7% higher than the national rate
(Zeng et al., 2017) and 25.0% higher than the provincial rate (Tan
et al., 2024).

Though an average softening depth of 309.3 mg/L CaCOj3
is achieved by 103 families installing filters or purchasing bottle
water at their own cost (i.e., clusters of filtered and bottle water
in Figure 2B), it adds extra financial burden to these families,
which is not economically sustainable. According to the National
Bureau of Statistics of China (2024), in 2023, the average low-
income family’s per capita income is 9,215 CNY, 65.7% higher
than the average of the four villages. According to our survey,
families at the four villages have to pay 3,234 CNY for water each
year on average, accounting for 9.7% of their annual household
income. Long-term financial burden for water would threaten
public health and labor supply at these rural villages (Ingsathit
et al, 2010; Hyams and Matlaga, 2014; Zeng et al., 2017; Tan
et al, 2024). Residents demonstrate strong willingness to accept
government compensation but low confidence in receiving the
compensation and no willingness to pay for water treatment.
This situation should raise much attention to government to
avoid further deterioration in public health and confidence in
government (Biswas and Tortajada, 2010; Browne, 2015; Werkneh
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et al,, 2015). The high percentage of householders willing to
accept government compensation for water issues (59.6%) with the
mean amount of 3,234 CNY indicates a conflict between residents’
needs and government support for water supply. Despite the
urgent needs, only 9.6% of householders demonstrate confidence
in receiving government support, and even fewer (2.6%) are willing
to pay government for water treatment. Considering lack of trust in
government and long-term financial burden due to water issues, it
is not surprising to find that only three householders are willing to
pay government for water treatment. However, potential solutions
to the high prevalence of kidney stones rely on rebuilding trust
in government support, protecting water bodies and surrounding
environment, and optimizing allocation of tap water supply at the
rural villages. Local government should schedule comprehensive
water quality assessments by third-party labs (Loi et al., 2022).
Lab test and data analysis reports should be released to the public
and kept available for at least 10 years before being archived (Loi
et al., 2022). Local government may consider setting dedicated
rates within the tap distribution and supply network for tap water
supply authority responsible for the villages (Biswas and Tortajada,
2010). It is also necessary for local government to protect reservoirs
and limit groundwater pollution, and to regularly replace used
well filters for free, which provides additional security in case of
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temporary tap water shortages (Liu and Yang, 2012). Needs-based
allocation of tap water may be helpful to better meet residential
demand for clean water (Jiménez and Pérez-Foguet, 2010). This
management protocol has been adopted by a number of developed
countries to optimize their freshwater resources (Browne, 2015).
With lessons from successful cases of rural water supply (Jiménez
and Pérez-Foguet, 2010; Liu and Yang, 2012; Loi et al., 2022;
Browne, 2015), issues regarding high total hardness of water and
the limited tap water availability might be carefully handled and
timely solved by government.

The 114 families surveyed in this study represented 25.9% of
the families at the four villages. This percentage of coverage can be
improved in future studies focusing on rural villages. By extending
the study area and increasing the rate of families surveyed, the
effects of socioeconomic factors, such as per capita income and
GDP (Shu et al, 2019; Duan et al., 2022), on the prevalence of
kidney stones may be identified, though they are highly varied and
not significant in our models. The prevalence of kidney stones is
estimated based on self-reported health conditions, which has been
commonly used in other studies (Ingsathit et al., 2010; Semins et al.,
20105 Shu et al., 2019; Duan et al., 2022). Tap water availability
could be indexed using the method developed by Jeandron et al.
(2019) if tap invoices and data of piped water connections are
available in Yangxin county. However, without this information,
we could only rely on the responses of householders to estimate
the percentage of days with tap water during the past 90 days (not
the past year to control uncertainty due to memory decay), and
use this percentage to account for tap water availability at each
family. Because no change of plan was made for tap water supply
at the four villages by the government since 2019, and because the
free one-time urinary health examination was provided for each
adult resident in 2019, tap water availability and the prevalence
of kidney stones are responses for the same period, i.e., between
April 2019 and July 2023. Though determinant factors of kidney
stones remain unclear (Khan et al., 2016), many factors have been
identified associated with the disease, including gender, age, body
weight status, genetic background, dietary, physical activity, and
medication (Semins et al., 2010; Wang et al., 2017; Zeng et al., 2017;
Guha et al., 2019; Shu et al.,, 2019; Sulaiman et al., 2020; Duan et al.,
2022; Tan et al., 2024). This study considers five factors, including
gender, age, body weight status, total hardness of drinking water,
and tap water availability, while controlling genetic background
by surveying only the householder at each family and minimizing
impacts of physical activity and medication through randomization
in family visits. Our logistic regression model has an AUC of
0.855 (Supplementary Figure 1), indicating an 85.5% chance that
the model will correctly distinguish those diagnosed with and
without kidney stones based on the five variables (Mandrekar,
2010). The error rate of our random forest regression is also low,
ie, 19.3%, and partial dependence of the prevalence of kidney
stones on the same set of explanatory variables (Figures 3B, C;
Supplementary Figure 2) is in agreement with the estimated effects
by the fitted logistic regression model (Table 4) (Kirasich et al,
2018). Based on the two models of the prevalence of kidney stones,
our findings indicate urgent needs for tap water supply of soft
water and raise attention to the government on providing timely
solutions to water issues and supporting residents at rural villages
in Yangxin county.
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5 Conclusion

The high prevalence of kidney stones, 25.0% higher than the
provincial rate, and the low tap water availability (i.e., 34%) should
raise public health concerns at the four villages in Yangxin county.
In addition to the four common factors, namely gender, age, BMI,
and total hardness of drinking water, this study identifies that tap
water availability was negatively associated with the prevalence of
kidney stones. Although paying extra for water filters and bottle
water might reduce total hardness of drinking water, such cost is
too much for most families at the rural villages. As residents aging,
despite individual effort in controlling body weight within the range
of normal BMI, softening drinking water and enhancing supply
for tap water are two realistic options for government to reduce
the risks of kidney stones, achievable by providing soft tap water
for every family. Under the circumstance that most families hoped
government to financially support them for drinking water and to
solve the water issues, tap water supply of soft water is urgently
needed by families at the four rural villages in Yangxin and other
families suffering tap water shortages at rural villages in central
China. Further studies aiming to raise public and government
attention to water-related public health issues in less developed
areas may dig deeper into the association between tap water
shortages and diseases in other rural villages in China and other
developing countries.
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