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Chronic kidney disease of unknown etiology (CKDu) has become an alarming health issue in Sri Lanka. ,e disease is more
notable among farming communities and people who consume groundwater as their main source of drinking water. To assess the
possible links between drinking water chemistry and expansion of CKDu, the study was compared with hydrogeochemical data of
drinking water sources in a CKDu prevalent area (Girandurukotte GND, Badulla District) and a reference area (Dambethalawa
GND, Ampara District) in Sri Lanka. Based on the results, nephrotoxic heavy metal (Cd, Cr, Pb, and As) concentrations were
significantly higher in the CKDu prevalent site than the reference area, compromised the harmful consequences to the people in
the CKDu hotspot. Results of the inverse distance weighted (IDW) interpolation tool indicated the nephrotoxic heavy metals
contents including Cd, Pb, As, and Cr in CKDu hotspot were changed in the ranges of 9.78–187.25 μg/L, 0.08–0.66 μg/L,
20.76–103.30 μg/L, and 0.03–0.34 μg/L. ,e random distribution patterns were shown by the result in Moran’s index values.
Noteworthy, the results have emphasized a strong association between fluoride and water hardness. ,e frequency of occurrence
above the threshold limit of fluoride was 28% in non-CKDu water samples, while 81% in CKDu prevalent sites. ,e hardness
values in the CKDu prevalent site indicated “moderately hard water,” while the non-CKDu area indicated the “soft water.”
Furthermore, this paper quantified overall water quality and heavy metal contamination and assessed the human health risks
associated with drinking water. According to the results of the water quality index, 90% of the samples in the CKDu prevalent area
were classified as “poor water” and “very poor water” for drinking purposes, while 73.33% of the samples in the non-CKDu area
were “good” and “excellent” for drinking usage. Calculated chronic daily intake (CDIoral) and hazard quotient (HQoral) of
nephrotoxicants were higher in CKDu hotspot than the non-CKDu site. Besides, the hazard index (HI) values obtained for the
CKDu prevalent area exceeding the acceptable limit (HI� 1) indicated potential health risks to the people in those areas. ,is
study suggests that long-term exposure to nephrotoxic heavy metals, water hardness, and fluoride present in drinking water may
threaten human health and affect kidney functions. ,erefore, regular monitoring and better management of water supplies in
CKDu prevalent areas are essential to determine the contamination load and reduce the health impacts due to excessive and long-
term exposure to the nephrotoxicants.

1. Introduction

CKDu is a new type of nephropathy reported in several
countries over the last few decades [1, 2], and the root causes
for this disease are still in question and research. Although

CKDu presents as kidney disease in patients, they do not
show common causative factors such as diabetes, hyper-
tension, primary glomerularnephritisis, or other known
etiologies [3–5]. Due to the increase in the number of pa-
tients and disease-related deaths that have reached epidemic
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proportions, CKDu becomes one of the most risk-bearing
health issues. ,is is a burning problem throughout the
world due to its mysterious nature [6–8]. CKDu is defined as
the occurrence of chronic kidney disease (CKD) without a
known underlying cause [7, 9, 10]. Although various studies
have been conducted to postulate the potential causes for
CKDu, no specific source or causative factor has been
identified for this noncommunicable disease with a multi-
factorial origin [11]. ,erefore, environmental toxins related
to the drinking water belong to prime suspected causative
factors for CKDu as apparent causative factors and effect
relationships remain unknown [4, 12–15].

CKDu is mostly distributed in the countries near the
equator and has flat lands with low elevations, prolonged
droughts, and low economic development with low
healthcare facilities, clean water, and safe sanitation. People
in CKDu-affected countries face global warming, increasing
temperature, El Niño effects, and prolonged dry spells
[11, 16, 17]. ,is incidence is observed mainly in developing
countries where agriculture is the primary income source
[18]. El-Salvador, Guatemala, Mexico, Nicaragua, Bulgaria,
Croatia, Serbia, Egypt, India, and Sri Lanka are major
geographic hot spots of CKDu with more than 50,000 pa-
tients with late-stage kidney disease [4, 13, 19–25]. CKDu is
now a significant public health problem due to its insidious
nature and irreversible progression. It is well recognized that
themajor effect of the disease is the permanent loss of kidney
function over time, and due to the nature of the unknown
etiology of this disease, it has been named CKD of unknown
etiology or CKDu [26].

According to the WHO records, in 2009, approximately
5,000 patients had been treated for chronic kidney disease in
Sri Lanka, and in 2012, the number of patients has increased
to 8,000 [27]. CKDu outbreak and the prevalence among the
people in Sri Lanka were first reported in the early 1990s [7].
Afterward, it was endemic to some areas in the country
where agriculture is the main occupation and the income of
the people [8, 20, 28]. According to the reported health
issues, the disease prevalence ranges from 2% to 3% [4] and
from 15% to 23% [21, 29–31]. As described by Wickra-
marathna et al. [20], approximately 70% of CKDu cases are
diagnosed among the chronic kidney disease (CKD) points
in the dry zone of Sri Lanka, and it has been reported among
residents between 30 years and 60 years [4, 12, 14, 21, 32].
,e affected areas lie in the North Central Province;
northern parts of the Uva Province, including Mahiyan-
ganaya and Girandurukotte; and some parts of the North-
Western Province comprising Nikawewa in Sri Lanka that
are belong to the dry zone of the country [12, 33]. Together,
these three areas can be introduced as unique geographical
terrain named the North Central Region (NCR) of Sri Lanka
[34, 35].

In Sri Lanka, CKDu is one of the very aggressive causes
with the absence of exact responsible reason. Notably, this is
very common among men (proportion of male:female is 3:1)
who are around the age of 40–60 years, and the majority of
them are farmers or agricultural farmers [4, 27, 34, 36, 37].
,e mean age of the CKDu-affected patients was 56.7 years
and 54.2 years for male and female farmers in 2007,

respectively, while 45.5 years for males and 47.4 years for
females in 2012 [38, 39]. ,erefore, CKDu has become a
major health burden in the country that attacks the social
and economic aspects of the people in Sri Lanka. In medical
terms of the CKDu, renal glomeruli are affected, and renal
tubules are damaged early in the disease. ,e late features of
the diseases are peripheral edema and hypertension
[12, 14, 20, 40]. An early clinical sign of CKDu is urine-
albumin excretion above standard thresholds. ,is disease
also shows similarities to Balkan endemic nephropathy
[41, 42]. Although various causative factors have been
proposed for the etiology of CKDu by different studies, there
are no adequate explanations for the cause of CKDu. ,ere
are various potential sources and hypotheses that lead to
CKDu, such as water contaminations, geo-accumulation
issues, excessive usage of agrochemicals, unidentified bio-
logical toxins, pesticide residues, nephrotoxic heavy metal
contaminations, high levels of fluorides, water hardness, use
of low-quality utensils in food preparations, exposure to
direct sunlight, consequent heat stress with recurrent de-
hydration, and some other environmental factors
[13, 33, 43–46]. ,e relationship between the water hardness
and the occurrence of CKDu has been reported in many
earlier studies, together with some other factors such as
excess levels of fluorides. Hard water mainly occurs in the
presence of calcium, magnesium, strontium, and iron to-
gether with carbonate, bicarbonate, sulfate, and chloride
anions [20, 47–49]. Interestingly, most CKDu prevailing
areas overlap with high fluoride zones in groundwater [12].
As described by World Health Organization [50], Sri Lanka
is one of the countries where the fluoride content in water
resources is higher, reaching themaximum standard value of
0.6mg/L. ,is shows that the quality of drinking water
requires closer investigation in exploring the onset of CKDu
root since the kidneys filter around 180 L of fluid every day
and as they are liquid intensive organs. Furthermore, ex-
cessive amounts of environmental toxicants containing
herbicides, pesticides, and fertilizers are significant con-
tributors to water contamination in agricultural regions,
especially in developing countries, including Sri Lanka
[11, 51].

In Sri Lanka, most of the population in dry zone regions
use shallow well water, deep well water, and tube wells
compared to those using natural spring water [20, 33].
Earlier studies show that the villagers in CKDu-affected
areas use groundwater from aquifers in high-grade meta-
morphic regolith, mainly unbound weathered or partly
weathered loose rocks or soils [12]. More than 87% of the
people in the CKDu prevalent areas of Sri Lanka consume
groundwater that bringing out a form from shallow wells
about 10m–60m depth [52, 53]. ,erefore, earlier studies
revealed that people who drink well water are more vul-
nerable to those who use water from natural springs,
rainwater, and surface waters from rivers and reservoirs
[12, 54]. Furthermore, there are possible effects of water with
excessive levels of ions that are combined with kidneys via
Hofmeister-type protein denaturation mechanisms
[12, 42, 55]. ,e health of a population depends on the
geochemistry of the terrain. ,e severe depletion of toxic
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elements or accumulation of the elements in toxic levels can
be seen in tropical regions as the terrains of these areas are
highly subjected to severe droughts and extreme rainfall
conditions [20, 48, 53]. ,ere are severe depletions of ele-
ments or excess levels of some elements such as fluoride,
iodine, and selenium due to the leaching, transferring, and
concentration in the environment, and they enhance various
chronic and endemic diseases [56]. In addition, heteroge-
neous distribution of chemical species in the geo-environ-
ment can occur in tropical environmental conditions such as
high temperatures, high rainfall alternating with very dry
spells, element fractionation during rock weathering, and
soil formation [4, 49]. Furthermore, it is speculated that
chronic exposure to heavy metals causes various human
disorders comprising renal damages such as CKDu
[11, 57–59]. Compared to organic pollutants, heavy metals
are high-density non-biodegradable metallic elements with
long-lasting toxic effects. ,e transfer of these heavy metals
to the environment has occurred through various pathways
[60–62]. Due to their bioaccumulation ability and high
toxicity, heavy metals are classified as severe environmental
pollutants [63]. Some early studies reported that most of the
water samples collected from CKDu prevalence areas show
low levels of heavy metal concentrations, which are not
exceeded the safe upper limits [5, 13, 14, 64]. In contrast,
some studies reported varying low levels of heavy metals in
water resources in CKDu prevalent areas [11, 43, 65]. Al-
though the quantities of heavy metals in some water samples
are lower than the safety levels, epidemiological studies have
indicated an interrelation between exposure to various
nephrotoxic heavy metals such as cadmium, lead, arsenic,
and chromium and the development of acute or chronic
renal failure [66]. Moreover, research findings indicated that
exposure to heavy metals at higher concentrations for
shorter periods (acute) or lower concentrations for more
extended periods (chronic) could cause renal failures
[11, 58, 67–69]. Furthermore, the chemical form of the heavy
metal, the dose and the concentration, and intermetal and
other chemical interactions are also causing chronic kidney
diseases [66, 70]. ,e combination of these heavy metals
with other nephrontoxins in prevalent areas with chronic
dehydration and oxidative stress causes CKDu. ,ey lead to
the development of CKDu even at lower concentrations of
probable individual agents such as nephrotoxic heavy metals
[11, 71, 72]. ,erefore, it is essential to determine the current
state of water in the study area and identify the spatial
patterns and potential sources of the nephrotoxic heavy
metals and other risk factors. Among various types of re-
searches regarding the onset of CKDu in Sri Lanka, only a
few studies have focused on the spatial distribution of dif-
ferent toxic substances. ,erefore, investigating the envi-
ronmental toxicant levels and distribution is much needed to
determine the ecological toxicant pollution status in CKDu
highly prevalent areas.

Moreover, health risk assessment is an essential tool for
understanding the nephrotoxic elements in water and their
health impacts in a sampling area. Based on the water quality
standards and the health risk benchmarks, the potential
impact of water contaminations can be quantified [73–75].

,e main purpose of risk evaluation is to minimize the
health risks associated with using contaminated drinking
water in CKDu prevalent areas. Pollution indices, including
heavy metal evaluation index (HEI), heavy metal pollution
index (HPI), and other indices such as water quality index
(WQI), chronic daily intake (CDI), hazard quotients (HQ),
and hazard index (HI), can be used in an attempt to cate-
gorize the water quality and health risks related with con-
taminated water resources [74, 76]. ,e reported health risk
assessment of the nephrotoxic heavy metals and other risk
factors in CKDu prevalent areas of Sri Lanka are less.
,erefore, this study is efficacious in assessing the various
human health risks associated with the use of water re-
sources in the study area. ,e main objectives of the study
were to (1) determine the major and trace ion constituents
(nephrotoxic elements) in drinking water as possible
causative factors for the onset of CKDu, (2) determine the
heavy metal pollution levels and indices in the study area, (3)
interpolate the spatial distribution of nephrotoxic heavy
metals using geostatistical tools, and (4) assess the inter-
relationship between the water quality and health risk pa-
rameters using the comparative analysis of results of disease
prevalent area and the reference area. It is expected that the
findings of this investigation would have implications for the
thousands of people living in CKDu prevalent areas in Sri
Lanka, and this will provide important insights into the
monitoring and management of drinking water resources in
Girandurukotte GND, Badulla District in Sri Lanka for
human health and the environment.

2. Materials and Methodology

2.1. Study Area Description. ,e present investigation was
carried out in Girandurukotte GND, a CKDu endemic area,
based on the information obtained from the Ministry of
Health, Sri Lanka. Girandurukotte GND is located in the
Badulla district in the Uva province in Sri Lanka, which
belongs to the dry zone low country region. Annual rainfall
is around 1,800mm, mainly fromOctober to December, and
the average temperature is about 30°C (29°C–30°C).
Groundwater, surface water, and rainwater are the primary
drinking water sources in Girandurukotte GND. In Gir-
andurukotte, farming is the primary occupation of the
majority of the population. ,is area has been identified as a
hotspot of the onset of CKDu recently, which is come out
like a kidney disease that is not related to any identified risk
factors, including hypertension, diabetes, and glomerulo-
nephritis [30, 77, 78]. ,e study area comes across the right
bank of the River Mahaweli. ,e sampling locations in
Girandurukotte GND are shown in Figure 1(a).

Geologically, Girandurukotte is underlined by high-
grade metamorphic rocks of the Precambrian age. Quartzite,
marble, and varieties of gneisses, including biotite gneisses,
garnet-biotite-hornblende gneisses, and calcgneiss, are the
most abundant metasedimentary suites in the Girandur-
ukotte study area. Besides meta-igneous suits of granodio-
ritic gneiss, varieties of charnockites, orthopyroxene-bearing
gneisses, are highly spread in the study area [20, 78]. A
majority of households consume groundwater from regolith
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aquifers in the study area. Most of the drinking water wells
penetrate the fluvial sediments or weathered metamorphic
overburden. ,ose dug wells were shallow, in which depths
vary from 5m to 10m below the ground level. Some of them
are down to depths of 30m. Most of the dug wells are
covered from surface runoff by cement brick walls.
Groundwater use for drinking purposes is considered an
important factor for the etiology of CKDu. ,erefore, the
determination of the combination of geology, hydrogeology,
and groundwater chemistry is important.

Dambethalawa GND in the Ampara district was selected
as the reference sampling site for the study as low CKDu
patients have reported under the same environmental and
agricultural conditions. It is located in the Eastern Province.
,e total population of the Dambethalawa GND is around
2,700, and the ratio between the female and male population
is 1:1.,emain occupation of the people in this area is paddy
cultivation and also home gardening. Dambethalawa GND
is located in the dry zone of the country, and the annual
rainfall of the sampling area is about 1,500mm to 2,000mm,
mainly from October to December as in the CKDu preva-
lence area selected for the study, and the mean temperature
of this area is around 30°C (28°C–32°C). Water samples from
Dambethalawa GND were collected from drinking water
wells that are shallow in depth.Most of the dug wells used for
drinking water in this area are also protected by cement
brick walls. ,e sampling locations in the Dambethalawa
GND are shown in Figure 1(b).

2.2. Sample Analysis. A total of 30 drinking water samples
were collected from each sampling site; CKDu hotspot
(Girandurukotte GND) and the reference (Dambethalawa
GND) were analyzed to achieve the aim of this study. For
sampling, wells that had been in use for five or more years by
households were selected. It was noted that some of these
wells were used by more than one family. All the wells

selected for this study are currently used by villagers for their
drinking and household purposes.,is study was conducted
using the random sampling method across the study areas
located in the home gardens of the residents. All the sam-
pling locations were recorded in the field using the global
positioning system (GPS). Sampling procedures were done
within February 2020 (dry season) for both sampling sites.
All the analyses were done in triplicates.

Electrical conductivity (EC), pH, water temperature, and
dissolved oxygen (DO) were measured using portable
multiparameter field meters as on-site measurements
according to the standard procedures. Fluoride concentra-
tions of collected samples were measured at the site using a
calibrated fluoride meter (Eutech Instrument, pH 510).
TISAB (III) buffer was used with the drinking water sample
in a 1:1 ratio when taking the readings to stabilize the pH.

For major ion analyses, two aliquots of 100mL were
collected into precleaned, uncontaminated Teflon bottles.
One set was acidified with ultrapure nitric acid (69% purity,
Sigma-Aldrich, India) for trace element analysis, and the
other set was not acidified. All drinking water samples were
then preserved at 4°C until analysis. All the chemical ana-
lyses were carried out in CKDu Research and Information
Centre, Sri Lanka.

For major trace element analysis, an amount of 15mL,
which were preacidified, was filtered through a 0.45 μm
pore size disposable nylon syringe filter into falcon tubes.
,e concentrations of trace elements including cadmium
(Cd), chromium (Cr), lead (Pb), arsenic (As), copper (Cu),
zinc (Zn), iron (Fe), manganese (Mn), aluminium (Al),
sodium (Na), potassium (K), calcium (Ca), and magnesium
(Mg) were analyzed using inductively coupled plasma mass
spectrometry (ICP-MS-7800-Agilent, Germany). Instru-
mental calibration was done using multielement ICP-MS
standards (AccuStandard, USA; 0.1–10.0 μg/L and
100.00–2,000.00 μg/L) to determine the small amounts of
the heavy metals and major cations. Five standard solution
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Figure 1:,e distribution of the sampling points in the CKDu prevalent area: (a) Girandurukotte GND, Badulla District, and reference area
and (b) Dambethalawa GND, Ampara District, Sri Lanka.
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series of 0.1 μg/L, 0.5 μg/L, 1.0 μg/L, 5.0 μg/L, and 10.0 μg/L
were used to construct the calibration curve for the heavy
metal analysis of drinking water samples. Another five
standard solution series of 100.00 μg/L, 500.00 μg/L,
1,000.00 μg/L, 1,500.00 μg/L, and 2,000.00 μg/L were used
to form the calibration curve for the major cations in-
cluding Na, K, Ca, and Mg. ,e instrumental minimum
detection limits (MDLs) for the measured metals and
metalloids using ICP-MS in μg/L were as follows: Cd
(0.0005), Cr (0.0005), Pb (0.0005), As (0.001), Cu (0.0005),
Zn (0.001), Fe (0.002), Mn (0.0005), Al (0.001), Na (0.01), K
(0.05), Ca (0.005), and Mg (0.001). A correlation coefficient
(R2) in the range of 0.99860–0.99999 was used to confirm
the calibration curve. Blanks were always less than MDLs.
,e accuracy of the analytical procedure was checked by
analyzing the standard reference materials. ,e accuracy of
the analyses was verified with standard reference materials
(ERM-CA615 – groundwater (trace elements), ERM®certified reference material (Sigma Aldrich, Germany)).
Major anions including nitrate (NO−

3 ), phosphate (PO2−
4 ),

and sulfate (SO2−
4 ) concentrations of the drinking water

samples were measured using ion chromatography (Met-
rohm Eco IC, Switzerland) instrument according to the US-
EPA standard procedures (Method 9056A). A mixture of
sodium bicarbonate (Sigma-Aldrich, India, CASRN 144-
55-8) and sodium carbonate (Sigma-Aldrich, India,
CASRN-497-19-7) was used as the elution solution, and
sulfuric acid (CASRN-7664-93-9, Sigma-Aldrich, India)
was used as the regeneration solution for IC. ACS reagent
grade l,000mg/L stock solutions of nitrate, phosphate, and
sulfate were used for the standards for anions prepared for a
range of concentrations (0.1mg/L–10mg/L). Prepared
standards and the nonacidified water samples were filtered
through 0.22 μm pore size disposable nylon syringe filters.
Samples were introduced into the ion chromatography
under the flow rate of 0.7mL/min, and the anions of in-
terest were separated and measured using a conductivity
detector. Total hardness values were determined based on
the Ca and Mg concentrations. It was calculated using the
following equation where the concentrations of Ca and Mg
are expressed in mg/L.

Total water hardness � 2.5 Ca2+
  + 4.1 Mg2+

  . (1)

,e factors 2.5 and 4.1 are the ratios of the formula
weight of calcium carbonate (100) to the weights of Ca (40)
and Mg (24.3) [79, 80]. Categorization of the total water
hardness levels is shown in Table 1.

2.3. Indexing Approach

2.3.1. Water Quality Index (WQI). ,e water quality index
(WQI) was calculated to determine the suitability of the
collected water samples for drinking purposes. It reduces
the water parameters to a single number, and it assists to
determine the overall water quality at a certain location
[81, 82]. In this study, WQI was calculated for both CKDu
prevalent area and reference area using the 12 measured
parameters at each site, as in the following steps. ,e

relative weights (Wi) of the selected chemical parameters
were calculated using the following equation as the first
step:

Wi � wi ÷ 
n

i(1)�1
wi, (2)

where wi is the weight of each parameter, and n is the
number of hydrochemical parameters. ,e value of the wi

for each parameter is varied from 1 to 5 according to the
impact of the contaminant on human health [81]. ,en, the
quality rating scale (Qi) of each parameter was estimated
using the following equation:

Qi � [(Ci − Cip)÷(Si − Cip)] × 100, (3)

where Ci is the concentration of each parameter in mg/L, Si
is the standard permissible value for each parameter inmg/L,
and Cip is the ideal value of the i parameter in pure water (it
considers Cjp� 0 for all, except the pH value where Cip� 7).
Finally,WQI was calculated using the obtained values forWi

and Qi using the following equation:

WQI � 
n

i�1
Wi × Qi . (4)

,en, the collected drinking water samples in both
CKDu prevalent site and the reference site were categorized
into different water types based on the calculated WQI
values as in Table 2.

2.3.2. Chronic Daily Intake (CDI). Primarily, the human
body absorbs hazardous compounds via drinking water, and
therefore, the health effects of nephrotoxic heavy metals
entered into the human body through drinking water were
considered in both CKDu prevalent and reference sites. ,e
chronic daily intake (CDI) risks due to ingesting a trace
element were computed for the adult population according
to the guidelines presented by US-EPA [81, 84, 85]. ,e
equation used is as follows:

CDI �
Cw × IRW × EF × ED

BW × AT
, (5)

where CDI is the chronic daily intake that is referred to as the
exposure dose (μg/kg/day), Cw indicates the concentration
of the contaminant in water, IRW signifies the water in-
gestion rate, EF represents the exposure frequency, ED
denotes the exposure duration, BW signifies the body
weight, and AT is the average exposure time [81, 86–88].,e
key parameters used to assess the chronic daily intake (CDI)
risks of nephrotoxic elements are shown in Table 3.

Table 1: Water hardness scale.

Total water hardness (mg/L) Status
<60 Soft water
60–120 Moderately hard water
120–180 Hard water
>180 Very hard water
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2.3.3. Hazard Quotient (HQ). ,ehazard quotient (HQ) of a
single element was computed using the following equation:

HQ �
CDI
RfD

, (6)

where RfD denotes the reference dose of a selected trace
metals (mg/kg/day). ,e RfD values for analyzed nephro-
toxic metals including Cd, Cr, Pb, As, Cu, Mn, Zn, and Al
were 0.001, 0.003, 0.0035, 0.001, 0.04, 0.014, 0.30, and 0.001,
respectively [75, 80, 89, 90].

2.3.4. Hazard Index (HI). Hazard index is the summation of
the hazard quotient values. ,e equation for the HI is as
follows:

HI � HQ . (7)

If HI is greater than one (HI> 1), it hints that the health
risk of ingesting the particular nephrotoxic trace element is
above the acceptable limit, whereas HI< 1 indicates that they
are within the acceptance limit [74, 91]. ,erefore, the
classification of the basis of HI values is (i) negligible (risk
level 1: HI< 0.1), (ii) low risk (risk level 2: HI≥ 0.1< 1),
medium risk (risk level 3: HI≥ 1< 4), and high risk (risk level
4: HI≥ 4) [74, 81, 92].

2.3.5. Heavy Metal Evaluation Index (HEI). Heavy metal
evaluation index (HEI) is a health risk assessment method
that gives an overall quality of waters with respect to their
heavy metal content [74, 93–95]. ,erefore, HEI was cal-
culated using the following equation:

HEI � 
n

i�1

Hc

HMAC
, (8)

where Hc signifies the monitored value and HMAC denotes
the maximum admissible concentration (MAC) of the i-th
parameter.

2.3.6. Heavy Metal Pollution Index (HPI). ,e heavy metal
pollution index (HPI) provides information about the
overall water quality regarding the heavymetal contents. It is
also a risk assessment method to determine the effects of
individual heavy metals on the overall water quality and the
drinking water suitability [74, 96]. In this study, HPI value
was calculated considering the concentrations of Cd, Cr, Pb,
As, Cu, Mn, Zn, and Al using the following equation
[74, 93, 97]:

HPI �
HMC/AL

n
, (9)

where HMC represents the selected trace metal concen-
tration in the water sample, AL signifies the allowable limit,
and n denotes the number of analyzed trace elements.
Drinking water standards recommended byWHO [50] were
used for the calculations.

2.4. Statistical Analysis and Geographical Data Analysis.
Statistical analysis was performed with the SPSS software
package at a significance level of 0.05. Descriptive statistics
were performed on the data sets, and paired t-test was
carried out to assess the differences or similarities of the
chemical parameters obtained for each sampling location.
Comparisons were made for the drinking water quality of
CKDu prevalent site and the reference site and the rec-
ommended by WHO [50] in stipulating drinking water
quality standards. ,e spatial distribution of the obtained
data was interpolated using the ArcMap 10.2.2 software
package. Inverse distance weighted (IDW) and Moran’s
index (MI) tools in ArcMap 10.2.2 software were used to
determine the impact of water quality in the CKDu prevalent
site and reflect the spatial groundwater quality change
pattern. ,e spatial autocorrelation aimed to determine the
spatial distribution difference of the drinking water con-
taminants in Girandurukotte and Dambethalawa GNDs. In
addition, variations of the contaminant concentration at
each sampling point were analyzed using themaps generated
using ArcMap software.

3. Results and Discussion

3.1. Major Physicochemical Characteristics of DrinkingWater
Samples. A total of 20 physicochemical parameters of col-
lected drinking water samples in both CKDu prevalent and
reference areas are summarized in Table 4 along with the
drinking water quality standards recommended by WHO.
,e selected parameters determined were pH, temperature,
DO, EC, Ca, Mg, Na, K, Cd, Cr, Pb, As, Cu, Fe, Mn, Zn, Al,
F−, PO2−

4 , SO2−
4 , and NO−

3 . Based on the results, the selected
minerals and other physicochemical characteristics obtained
from two geographical locations were varied. ,erefore, it
emphasizes that the geographical location influenced the
mineral compositions and the physicochemical character-
istics of the groundwater. ,e pH values of all the water
samples were neutral to alkaline, and the highest (9.66) and
the lowest (6.32) pH values were reported in non-CKDu
prevalent GND. ,e mean temperature values of CKDu

Table 3:,e key parameters for computing the CDI of nephrotoxic
elements through drinking water.

Parameter Units For an adult
Ingestion rate (IRW) L/day 2.94
Exposure frequency (EF) Day/year 365
Exposure duration (ED) Year 70
Body weight (BW) kg 70
Average time (AT) Days 25550
Concentration of element (Cw) mg/L Present study

Table 2: Status of water quality based on WQI [83].

WQI Status Grade
1 0–25 Excellent A
2 26–50 Good B
3 51–75 Poor C
4 76–100 Very poor D
5 100 and above Unsuitable for drinking E
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prevalent and reference GNDs were 28.65± 3.21°C and
27.53± 2.53°C, respectively.,emean electrical conductivity
(EC) values in CKDu prevalent GND was ranged from
111.63 μS/cm to 1,111.67 μS/cm with a mean value of
396.89 μS/cm. Considering the overall results of this study,
mean values of pH, EC, Mg, Ca, Na, Fe, F−, PO3−

4 , and NO−
3

were higher in drinking water samples collected from CKDu
prevalent GND compared to their non-CKDu counterparts.
Furthermore, the studied physicochemical characteristics,
major cation concentrations, and the analyzed anion con-
centrations except for fluoride in both sampling locations
were below the standard limits recommended by the WHO
guidelines (Table 4).

,e mean concentrations of Cd, Cr, Pb, As, Cu, Mn, Zn,
and Al in drinking water samples collected from Gir-
andurukotte GND were 0.13± 0.07 μg/L, 54.75± 18.38 μg/L,
0.20± 0.13μg/L, 30.18± 14.20μg/L, 1.06± 0.27μg/L, 108.31±
54.37μg/L, 18.40± 16.66μg/L, and 54.27± 22.50μg/L, respec-
tively, while the mean concentrations of Cd, Cr, Pb, As, Cu,
Mn, Zn, and Al in drinking water samples collected from
Dambethalawa GND were 0.02± 0.00μg/L, 39.94± 10.25μg/L,
0.04± 0.00μg/L, 5.80± 2.30μg/L, 1.38± 0.40μg/L, 58.00±
6.50μg/L, 51.29± 18.02μg/L, 1.03± 0.01μg/L, and 21.56±
5.04μg/L, respectively (Table 4). According to the obtained
results, all the analyzed mean trace metal concentrations
of drinking water samples in both sampling areas were
complied with standard guideline values recommended by
WHO (2011) [50], except Cr (54.75 ± 18.38 μg/L) and As
(30.18 ± 14.20 μg/L) in water samples collected from
Girandurukotte GND. Furthermore, it shows that the
nephrotoxic trace elements in drinking water samples,
including Cd, Cr, Pb, As, Mn, Zn, and Al collected from

CKDu prevalent area, were statistically significantly
higher (p< 0.05) from the water samples collected from
Dambethalawa GND. ,is indicates that a considerable
change could be identified between the mean nephrotoxic
heavy metal concentrations in Girandurukotte and
Dambethalawa GNDs. ,e results of this study are similar
to the results obtained by Balasooriya et al. [12], where the
analyzed trace element concentrations were higher in
CKDu wells compared to the non-CKDu wells. Moreover,
it has been concluded that one of the major risk factors in
CKDu prevalent areas is the presence of nephrotoxic
heavy metals [77, 98]. Although the concentrations of the
heavy metals were low in analyzed drinking water sam-
ples, the long-term exposure to these nephrotoxicants
may be harmful to the people in CKDu endemic areas as
bioaccumulation and dehydration. Cadmium, chromium,
lead, and arsenic deserve more attention as they are
known as nephrotoxic heavy metals that disrupt kidney
function. Furthermore, they are introduced as possible
causative factors for the onset of CKDu in Sri Lanka
[12, 13]. According to the results, the mean concentra-
tions of Cd, Cr, Pb, and As in the CKDu prevalent area
were higher compared to the non-CKDu site. Among
them, Cr (54.75 ± 18.38 μg/L) and As (30.18 ± 14.20 μg/L)
concentrations exceeded the maximum permissible levels
recommended by WHO, while the other two nephrotoxic
heavy metals complied with standard levels (Figure 2).

,e spatial distribution patterns of the selected trace
elements are shown in Figures 3(a)–3(d). According to the
results of the interpolated data via GIS, the concentrations of
the As, Pb, Cr, and Cd were ranged from 9.78–187.25 μg/L,
0.08–0.66 μg/L, 20.76–103.30 μg/L, and 0.03–0.34 μg/L,

Table 4: Physicochemical data of collected drinking water samples from both CKDu prevalent and reference GNDs.

Parameter and unit
Girandurukotte GND (CKDu prevalent

area) Dambethalawa GND (non-CKDu area)
Drinking water standard [50]

Minimum Maximum Mean± SD Minimum Maximum Mean± SD
pH 6.63 8.74 7.03± 0.52 6.32 9.66 6.93± 0.29 6.5–8.5
Temperature (°C) 27.85 31.20 28.65± 3.21 26.52 30.25 27.53± 2.53 —
DO (mg/L) 4.26 7.52 6.80± 1.26 5.41 15.62 9.52± 4.56 6.5–8.0
EC (μS/cm) 111.63 1111.67 396.89± 242.77 10.20 647.00 210.76± 148.82 400
Ca (mg/L) 0.06 1.94 1.05± 0.90 0.35 1.25 0.58± 0.20 75
Mg (mg/L) 44.56 12.36 20.29± 5.60 1.26 4.56 2.035± 0.04 100
Na (mg/L) 3.88 30.25 8.08± 5.26 3.59 18.96 5.98± 3.29 200
K (mg/L) 0.20 0.45 0.29± 0.25 0.63 1.20 0.73± 0.01 200
Cd (μg/L) 0.03 0.34 0.13± 0.07 0.01 0.02 0.02± 0.002 3
Cr (μg/L) 20.75 103.35 54.75± 18.38 22.85 89.65 39.94± 10.25 50
Pb (μg/L) 0.08 0.66 0.20± 0.13 0.02 0.05 0.04± 0.00 10
As (μg/L) 9.77 187.27 30.18± 14.20 1.83 13.56 5.80± 2.30 10
Cu (μg/L) 0.42 7.54 1.06± 0.27 0.32 3.81 1.38± 0.40 2000
Fe (μg/L) 8.24 484.61 108.31± 54.37 45.62 79.62 58.00± 6.50 300
Mn (μg/L) 86.92 344.92 118.45± 67.04 23.95 102.36 51.59± 18.02 400
Zn (μg/L) 2.00 85.16 18.40± 16.66 0.02 1.20 1.03± 0.01 300
Al (μg/L) 42.36 93.98 54.27± 22.50 64.52 15.20 21.56± 5.04 100
F− (mg/L) 0.24 5.74 1.63± 1.40 0.24 0.85 0.62± 0.23 1.0
PO2−

4 (mg/L) 0.99 0.126 0.96± 0.24 0.52 1.52 0.74± 0.31 0.03
SO2−

4 (mg/L) 13.53 114.57 60.28± 31.84 20.85 89.65 68.52± 15.62 70
NO−

3 (mg/L) 10.29 35.62 20.56± 9.54 9.52 12.35 14.52± 6.35 50
SD� Standard deviation.
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respectively, in the drinking water samples collected from
Girandurukotte GND. All the nephrotoxic heavy metals are
randomly distributed according to the obtained Moran’s
index values. Geochemical conditions, fertilizer runoff
containing heavy metals, and other ionic agents may con-
tribute to the pollution of drinking water sources in these
areas [99]. However, nephrotoxic heavy metals play an
important role in the onset of CKDu.,erefore, it is essential
to regular monitoring and the proper construction of the
drinking wells to seal off the surface contaminants.

Considering the nephrotoxicity of heavy metals, Pb
causes the damages of mitochondria, free radical formation
apoptosis, and intracellular depletion of Glutathione (GSH).
According to the literature, Pb is the most notable and best-
studied environmental nephrotoxic element. Acute Pb
poisoning (blood lead levels >80–100 μg/dL) disrupts
proximal tubular structure and function. Also, chronic Pb
nephrotoxicity causes loss of kidney function and conse-
quently elevated blood urea nitrogen and creatinine levels
[100]. After exposure, Pb accumulates in proximal renal
tubular lining cells as morphologically recognizable inclu-
sion bodies, lead-protein complexes. Furthermore, chronic
Pb toxicity leads to interstitial fibrosis, progressive nephron
loss, azotemia, and renal failure. Gout and hypertension are
two possible side effects of Pb nephropathy [101]. Consid-
ering the nephrotoxicity due to Cr, the chromate is accu-
mulated in the convoluted proximal tubule where necrosis
occurs. According to the literature, the adverse long-term
effect of low-dose Cr exposure on the kidneys is due to the
low molecular weight (LMW) proteinuria. ,e long-term
exposure to Cr leads to chromate-induced acute tubular
necrosis (ATN) and LMW proteinuria, which may produce
persistent renal injuries. Moreover, excessive urinary ex-
cretion of beta 2-microglobulin, a specific proximal tubule
brush border protein, and retinol-binding protein has been
reported among the workers in chromium plated welding
houses [102]. Exposure to the As is a major public health
problem due to its presence in nature in both inorganic or
organic compounds. Osorio et al. [103] described acute
tubular necrosis, renal cortical necrosis, diffuse interstitial
fibrosis, and further progression to chronic kidney failures
had been associated with As exposure. Some studies of
higher As excretion have been linked with lower plasma

lycopene levels, showing that kidney damage is mediated by
an increase in oxidative stress [104]. According to the lit-
erature, a synergetic impact between As and Cd has been
observed as people exposed to higher levels of both elements
had a higher prevalence of albuminuria and LMW pro-
teinuria than those who were simply exposed to As or Cd
[105]. Cd causes the Fanconi syndrome, a widespread
proximal tubular reabsorptive deficiency that is hypothe-
sized to be caused by reducing ATP synthesis and
Na–K-ATPase function at high enough cumulative doses.
Increased excretion of beta 2-microglobulin, retinol-binding
protein, and alpha1-microglobulin, indicative of decreased
proximal tubule function, are some of the major symptoms
that herald the Cd nephrotoxicity [106]. With long-term
exposure, Cd accumulates in the epithelial cells of the
proximal tubule, causing widespread reabsorptive failure
characterized by polyuria and low-molecular-weight pro-
teinuria. ,e accumulation of Cd into the proximal tubule
cells produces several relatively non-specific toxic effects that
cause renal epithelial cells’ death through necrotic or apo-
ptotic pathways [107]. ,e previous human and animal
studies based on nephrotoxic heavy metals including As, Cd,
Cr, and Pb show that these contaminants behave as sig-
nificant risk factors for renal tubular alterations and acute or
chronic renal failure, which may lead to chronic kidney
diseases.

3.2. 6e Role of Fluoride and Water Hardness. ,e mean
fluoride concentration level of the groundwater collected
from Girandurukotte GND varied from 0.24mg/L to
5.74mg/L with a mean value of 1.63mg/L. Based on the
results, the mean value of the fluoride concentration in
Dambethalawa GND was 0.62mg/L, which varied from
0.24mg/L to 0.85mg/L. ,e mean value of the fluoride in
drinking water samples collected fromGirandurukotte GND
has exceeded the maximum permissible levels (1.0mg/L)
recommended by WHO, while the mean fluoride content of
the drinking water samples collected from Dambethalawa
has not exceeded the standard levels (Table 4). Mean fluoride
values of both sampling locations were higher than the
0.6mg/L that was considered as a threshold for optimal
fluoride levels in drinking water recommended for the dry
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Figure 2:,e graphical representation of As, Pb, Cr, and Cd concentrations in collected drinking water samples from both CKDu prevalent
Girandurukotte GND and reference Dambethalawa GND.
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Figure 3:,e geospatial distribution of (a) Cr, (b) Pb, (c) As, and (d) Cd in the collected drinking water samples fromGirandurukotte GND,
Badulla district, Sri Lanka.
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zone of Sri Lanka [12, 108]. However, the frequency of
occurrence above the threshold limit was 28% in non-CKDu
water samples while 81% in CKDu prevalent. Similar ob-
servations have been reported in early studies that were
carried out in CKDu prevalent areas in Sri Lanka.

Dissanayake and Chandrajith [53] described that a
considerable amount of fluoride is added into the
groundwater due to the regolith weathering of hard rock
terrains in tropical climate conditions. Furthermore, fluo-
rides are leaching into the groundwater from fluoride-
bearing minerals such as mica, hornblende, and apatite
present in high-grade metamorphic rocks. ,e chemical
similarities of hydroxyl and the fluoride ions facilitate the
fluoride leaching process [12]. Excessive amounts and the
long residence time of bicarbonates, exchange reactions of
Na+ and Ca2+ induce themobilization and the enrichment of
Fluorides in groundwater aquifers [109]. Moreover, the
solute contents in drinking water, including fluorides, are
increased in most temperate regions due to the strong
evaporation rates [12, 110]. Considering the link between
environmental fluoride exposure and the onset of CKDu is
an important role as the kidneys are among the main
pathways of excreting fluoride from the body [12, 111]. Most
of the studies have proven that exposure to excessive levels of
fluoride along with drinking water may affect kidney
damages [12, 112, 113]. Moreover, some of the major health
problems related to the fluorides in CKDu prevalent areas
are dental and skeletal fluorosis [77]. Interestingly, the
combination of the fluorides in drinking water along with
water hardness can be affected to the onset of CKDu.
,erefore, it is crucial to investigate the relationship between
the fluoride and the water hardness towards the CKDu.

Ca2+ and Mg2+ are the most important cations that
contribute to water hardness. ,e total water hardness levels
of each sampling point in Girandurukotte GND and
Dambethalawa GND are shown in Figures 4 and 5, re-
spectively. According to the results, the mean water hardness
value in Girandurukotte GND was 83.58± 27.90mg/L,
which indicates the “moderately hard water.” ,e highest
and the lowest water hardness values were 22.95mg/L (soft
water) and 174.2mg/L (hard water), respectively (Figure 4).
,e highest and the lowest hardness values of the drinking
water collected from Dambethalawa GND were 103.51mg/L
(moderately hard water) and 13.43mg/L (soft water), re-
spectively, with a mean value of 31.62± 19.93mg/L that
indicates the “soft water” category (Figure 5). Based on the
results obtained by the study, the water hardness of the
drinking water collected from CKDu prevalent Girandur-
ukotte GND was higher compared to the hardness values
denotes by the drinking water collected from Dambethalawa
GND. Correspondingly, the earlier study of Dissanayake
et al. [114] has reported that the fluoride levels and the water
hardness levels are higher in CKDu prevalence areas than in
CKDu nonprevalence areas.

,e increase of weathering under tropical conditions
may be one factor for higher amounts of fluoride and water
hardness [12, 59]. Slow movement or stagnant groundwater
conditions lead to the dissolution of aquifer minerals. ,is
may be combined with low dilution from mixing with other

waters as the groundwater pockets are deeper. Fluoride-
bearing minerals can dissolve in such a situation, and in
time, water hardness and EC increase [12, 52]. Notably,
fluoride interactions with water hardness show a controlling
effect on the CKDu, which is depending on their dosage and
saturation factors [4, 5, 48]. ,erefore, this emphasizes the
close relationship between CKDu with the synergistic effect
of high water hardness and high fluoride in drinking water.
Furthermore, the chemical forms of fluoride and other trace
elements in water are modified in the presence of hardness
that may act as a secondary factor of the unknown etiology
[54]. Figure 6 shows the spatial distribution patterns of
fluoride (Figure 6(a)) and water hardness (Figure 6(b)) of the
sampling locations in Girandurukotte GND, which is the
CKDu endemic area. According to the inverse distance
weighted (IDW) method, the fluoride concentrations in
drinking water samples collected fromGirandurukotte GND
was varied from 0.244mg/L–5.743mg/L, while the water
hardness values were varied from 22.98mg/L–174.01mg/L.

3.3. Water Quality Index (WQI). ,e suitability of the col-
lected drinking water samples was analyzed using the
weighted arithmetic water quality index method. ,e most
commonly used water quality parameters, including pH, EC,
F−, SO2−

4 , NO−
3 , PO

3−
4 , Ca2+, Mg2+, Cd, Cr, Pb, and As, were

selected to classify the drinking water samples based on their
purity. ,e results of this method were computed following
the technique and guidelines as outlined by Egbueri and
Mgbenu [75]. ,e results of the WQI obtained for two
sampling areas are summarized in Table 5.

,eWQI values were varied from 42.53 to 96.23, with a
mean value of 71.53 ± 13.34 for Girandurukotte GND. ,e
status of the drinking water quality of the CKDu prevalent
samples was “poor,” while the drinking water samples in
non-CKDu samples signify “good” as the status. ,e WQI
values of non-CKDu samples were varied from 15.62 to
75.23 with a mean value of 42.70 ± 13.54. It was observed
that 90% of the samples in the CKDu prevalent area were
classified as “poor water” and “very poor water” for
drinking purposes, while 10% of the samples indicate the
“good” water quality with a “B” grade. Furthermore, only
the 26.67% samples collected from the non-CKDu area
showed the “poor” and “very poor” water quality. ,e rest
(73.33%) of the samples were of “good” and “excellent”
water quality for drinking usage. However, such variation
in water quality might be due to the geological charac-
teristics of the aquifers, nature, and depth of water sources.
WQI leads to a straightforward interpretation of water
quality by assembling different parameters into a single
number [80]. In conclusion, it can be pointed up according
to the WQI values that most of the drinking water samples
collected from CKDu prevalent areas are not suitable for
drinking and other household purposes compared to the
ware samples collected from the non-CKDu area, which
indicates the “good water” status. ,erefore, it is essential
to pay attention and enhance the water pollution control
measures when using the water from the contaminated
level high areas.
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3.4. Health Risk Assessment Using Water Quality Indices.
,e statistical summary of the health risk assessment indices
for the selected trace elements in drinking water collected
from CKDu endemic and reference area are presented in
Table 6. ,e calculated CDI (oral) values obtained by the
study were 5×10−6mg/kg/day, 2.31× 10−3mg/kg/day,
8×10−6mg/kg/day, 1.26×10−3mg/kg/day, 4.20×10−5mg/
kg/day, 4.956×10−3mg/kg/day, 7.73×10−3mg/kg/day, and
2.27×10−3mg/kg/day for Cd, Cr, Pb, As, Cu, Mn, Zn, and Al
in Girandurukotte GND. In contrast, the oral CDI values in
the Dambethalawa GND were 1× 10−6, 1.68×10−3, 2×10−6,
2.44×10−4, 5.80×10−5, 2.17×10−3, 4.30×10−5, and
9.06×10−4 for Cd, Cr, Pb, As, Cu, Mn, Zn, and Al,

respectively. ,e potential health risk through ingestion of
waters was measured based on the HQ and HI. In this study,
the adult population was considered as the target group. ,e
calculated HQ (oral) values for Cd, Cr, Pb, As, Cu, Mn, Zn,
and Al were 5.46×10−3, 7.70×10−1, 2.40×10−3, 1.26×100,
1.05×10−3, 3.54×10−1, 2.58×10−2, and 2.27×10−1 in Gir-
andurukotte GND and 8.4×10−4, 5.59×10−1, 4.80×10−4,
2.44×10−1, 1.45×10−3, 1.55×10−1, 1.44×10−4, and
9.06×10−2 for the drinking water collected from Dam-
bethalawa GND, respectively. Based on the results obtained
for HQ (oral), it can be summarized that the contribution of
the nephrotoxic trace elements to the human health risk was
in the sequence of As>Cr>Mn>Al>Zn>Cd>Pb>Cu in
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Figure 6: ,e spatial distribution patterns of (a) fluoride and (b) water hardness in sampling locations of Girandurukotte GND, Badulla
District, Sri Lanka.

Table 5: Water quality index (WQI) values and the relative description of drinking water samples collected from CKDu prevalent and non-
CKDu prevalent areas in Sri Lanka.

Sample ID
CKDu prevalent area (Girandurukotte GND) Non-CKDu prevalent area (Dambethalawa GND)

WQI value Description Grade WQI value Description Grade
1 68.65 Poor C 38.62 Good B
2 78.65 Very poor D 54.23 Poor C
3 84.52 Very poor D 42.36 Good B
4 86.23 Very poor D 21.56 Excellent A
5 42.53 Good B 36.52 Good B
6 78.69 Very poor D 45.23 Good B
7 87.96 Very poor D 75.23 Very poor D
8 89.65 Very poor D 32.65 Good B
9 72.65 Poor C 26.53 Good B
10 68.89 Poor C 42.36 Good B
11 68.92 Poor C 35.62 Good B
12 56.98 Poor C 48.63 Good B
13 78.62 Very poor D 32.52 Good B
14 65.92 Poor C 45.32 Good B
15 84.62 Very poor D 52.36 Poor C
16 78.92 Very poor D 56.32 Poor C
17 71.56 Poor C 63.52 Poor C
18 70.23 Poor C 46.35 Good B
19 81.23 Very poor D 51.25 Poor C
20 69.35 Poor C 43.23 Good B
21 59.62 Poor C 65.32 Poor C
22 60.23 Poor C 45.68 Good B
23 78.45 Very poor D 15.62 Excellent A
24 45.62 Good B 52.36 Poor C
25 76.32 Very poor D 44.52 Good B
26 45.96 Good B 32.52 Good B
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Girandurukotte GND and Cr>As>Mn>Al> Cu>Cd>
Pb>Zn in Dambethalawa GND, respectively. ,e calculated
HQ oral values for all the drinking water samples were below
1.0. It indicates that all trace elements were within an ac-
ceptable level of harmful health risk for both locations.
Furthermore, the HQ values obtained for the CKDu en-
demic area were significantly higher compared to the HQ
values obtained for the reference area (p< 0.05). However,
the HI values, indicated in Table 7, obtained for the adult
population in CKDu endemic area exceeding the acceptable
limit (HI� 1) indicate that there are potential health risks to
the people in those areas compared to the reference area.
,us, it can be concluded that the drinking water in CKDu
endemic areas possessed more harmful health effects
compared to the people in the reference area. However, these
results may be important for the decision-makers, and they
will provide the general risk information in the study areas to
make proper decisions. Furthermore, groundwater man-
agement is important in the CKDu endemic study area.

,e calculated HEI and HPI values for the drinking
water samples collected from CKDu endemic and reference
areas are shown in Table 7. HEI was calculated to determine
the overall quality of the drinking water collected from both
CKDu endemic and reference areas in the context of
nephrotoxic hazard elements, which is important to identify
and quantify the contamination levels of water. ,e mean

HEI values in CKDu endemic and reference areas were 5.04
and 1.73, respectively. Furthermore, the HPI values obtained
for the CKDu endemic and reference areas were 0.63 and
0.22. As HPI< 20 indicates the safe water quality, all the
analyzed drinking water samples are safe for drinking
purposes. However, the mean concentrations of heavy
metals and other nephrotoxic elements in the drinking water
obtained from CKDu prevalent areas were significantly
higher compared to the reference areas where no or low
CKDu patients. Furthermore, relatively higher levels of toxic
contaminant concentrations obtained in the CKDu preva-
lent areas may be due to the agricultural activities of paddy
fields as most of the agrochemicals including fertilizers and
pesticides consist of excessive amounts of toxic elements
[99]. ,us, considering the health risk in the CKDu endemic
areas compared to the non-CKDu areas, it is recommended
to carry out the regular monitoring of nephrotoxic elements
and establishing proper long-term drinking water treatment
technologies for the CKDu affected area to reduce the
harmful effect of drinking water.

4. Conclusion

,e primary source of drinking water is groundwater in the
Girandurukotte GND, where the CKDu is widely spread.
Among the sampled wells, both CKDu prevailing and non-

Table 5: Continued.

Sample ID
CKDu prevalent area (Girandurukotte GND) Non-CKDu prevalent area (Dambethalawa GND)

WQI value Description Grade WQI value Description Grade
27 96.32 Very poor D 25.47 Good B
28 78.52 Very poor D 27.82 Good B
29 60.52 Poor C 32.56 Good B
30 59.48 Poor C 48.52 Good B
Mean 71.53

Poor C

42.70

Good BMinimum 42.53 15.62
Maximum 96.32 75.23
SD 13.35 13.52
“Poor” indicates the status of the WQI in the CKDu prevalent area. “C” indicates the grade obtained for the WQI in the CKDu prevalent area. “Good” indicates the
status of the WQI in the non-CKDu prevalent area. “B” indicates the grade obtained for the WQI in the non-CKDu prevalent area. ,ese are based on Table 2.

Table 6: ,e calculated chronic daily intake (CDI) and hazard quotient (HQ) values of drinking water samples collected from CKDu
prevalent and non-CKDu prevalent areas, Sri Lanka.

Sampling site Cd Cr Pb As Cu Mn Zn Al

CDI (oral; mg/kg/day) GK 5×10−6 2.31× 10−3 8×10−6 1.26×10−3 4.20×10−5 4.96×10−3 7.73×10−3 2.27×10−3

DMB 1× 10−6 1.68×10−3 2×10−6 2.44×10−4 5.80×10−5 2.17×10−3 4.30×10−5 9.06×10−4

HQ (oral) GK 5.46×10−3 7.70×10−1 2.40×10−3 1.26×10° 1.05×10−3 3.54×10−1 2.58×10−2 2.27×10−1

DMB 8.4×10−4 5.59×10−1 4.80×10−4 2.44×10−1 1.45×10−3 1.55×10−1 1.44×10−4 9.06×10−2

GK�Girandurukotte and DMB�Dambethalawa.

Table 7: ,e estimated hazard index (HI), hazard evaluation index (HEI), and hazard pollution index (HPI) values for the drinking water
samples collected from CKDu endemic and reference areas, Sri Lanka.

Hazard index (HI) Hazard evaluation index (HEI) Hazard pollution index (HPI)
CKDu endemic area (GK) 2.65 5.04 0.63
Reference area (DMB) 0.95 1.73 0.22
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CKDu drinking waters showed low concentrations of
nephrotoxic trace elements, including As, Pb, Cr, and Cd
complied with maximum permissible levels recommended
by the WHO. However, there were statistically significant
differences in these nephrotoxic elements in drinking waters
between the CKDu prevailing and non-CKDu sites.
,erefore, it can be concluded that long-term exposure to
nephrotoxic trace elements may affect the loss of kidney
functions. According to the spatial distribution patterns of
the nephrotoxic heavy metals assessed through the ArcMap
10.2.2 software, a strong correlation can be observed be-
tween the heavy metal clustering and agriculturally intensive
regions (in the CKDu prevalence site–Girandurukotte
GND). ,e highest values obtained by the spatial auto-
correlation for As, Pb, Cr, and Cd were 187.25 μg/L, 0.66 μg/
L, 103.30 μg/L, and 0.34 μg/L, respectively, in the drinking
water samples collected from CKDu prevalent site. Geo-
chemical conditions, fertilizer runoff bearing heavy metals,
and other ionic agents may play a key role in the con-
taminations of drinking water sources in these areas. In
addition, drinking water in the CKDu prevailing site showed
higher concentrations of fluoride and water hardness
compared to the reference site, which exceeded the maxi-
mum permissible levels recommended by WHO. It may be
due to the geographical differences, long-term residence
times in hard rock aquifers. ,erefore, this study suggests
that the water hardness in combination with fluoride also
may be responsible for the deterioration of kidney functions.
,us, the health effects of fluoride together with water
hardness and the molecular mechanism related to fluoride
and water hardness need further investigations. Further-
more, this paper evaluates the possible health risk assess-
ment using various water quality indices in CKDu prevalent
and non-CKDu areas. Based on the WQI, about 90% of the
total samples in Girandurukotte were classed as “poor water”
and “very poor water” for drinking purposes. In comparison,
73.33% of the samples in Dambethalawa were classed as
“good” and “excellent” water quality. ,e computed HI
values revealed potential health risks to the people in the
CKDu prevalent area compared to the reference area as the
HI values obtained for the adult population in CKDu en-
demic area exceeded the acceptable limit. Overall, the results
of the study show the interrelation between the onset of
CKDu and the quality of drinking water. ,erefore, further
studies on water quality monitoring can be recommended to
investigate the sources and pathways of the contaminations
of nephrotoxic elements, fluorides, and other ions that
contributed to the prevalence of CKDu.
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