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Abstract The suffering from arsenic toxicity is
a long-standing concern in Asian countries. The
role of the key factors (arsenic intake, age and sex)
regulating arsenic toxicity is aimed to evaluate for a
severely exposed population from Murshidabad dis-
trict, West Bengal. Mean arsenic concentrations in
drinking water supplied through tube well, Sajaldhara
treatment plant and pipeline were observed as 208,
27 and 54 pg/l, respectively. Urinary arsenic con-
centration had been observed as<3-42.1,<3-56.2
and <3-80 pg/l in children, teenagers and adults,
respectively. Mean concentrations of hair and nail
arsenic were found to be 0.84 and 2.38 mg/kg; 3.07
and 6.18 mg/kg; and 4.41 and 9.07 mg/kg, respec-
tively, for the studied age-groups. Water arsenic was
found to be associated with hair and nail (r=0.57 and
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0.60), higher than urine (r=0.37). Arsenic deposition
in biomarkers appeared to be dependent on age; how-
ever, it is independent of sex. Principal component
analysis showed a direct relationship between dietary
intake of arsenic and chronic biomarkers. Nail was
proved as the most fitted biomarker of arsenic toxicity
by Dunn’s post hoc test. Monte Carlo sensitivity anal-
ysis and cluster analysis showed that the most signifi-
cant factor regulating health risk is ‘concentration of
arsenic’ than ‘exposure duration’, ‘body weight’ and
‘intake rate’. The contribution of arsenic concentra-
tion towards calculated health risk was highest in
teenagers (45.5-61.2%), followed by adults (47.8—
49%) and children (21-27.6%). Regular and sufficient
access to arsenic-safe drinking water is an immediate
need for the affected population.
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Introduction

Arsenic contamination in groundwater is a natu-
ral hazard affecting countries worldwide, especially
the south-eastern countries like India, China, Bang-
ladesh, Vietnam, etc. (Ravenscroft et al., 2011).
Recently, several other countries have been exposed
to high groundwater arsenic such as Bolivia, Uru-
guay, Ecuador, Nicaragua, Honduras and El Salva-
dor (Shaji et al., 2021). The average arsenic concen-
tration in igneous and sedimentary rocks is 2 mg/
kg, although elevated concentrations were found
in finer-grained argillaceous sediments and phos-
phorites (Mandal & Suzuki, 2002). Over the world,
groundwater arsenic is majorly linked with rocks and
sediments degradation, rainwater-mediated deposits
of weathered sulphide ore, desorption from arsenic-
enriched pyrites and hydroxides, which are influ-
enced by several anions, dissolved organic carbon
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vroula, 2014; Alexakis et al., 2021; Casentini et al.,
2011; Chakraborty et al., 2015; Golfinopoulos et al.,
2021; Harvey et al., 2002). So far, 20 states and 4 UT
(Union Territories) in India are affected by ground-
water arsenic contamination (Shaji et al., 2021). The
suffering of more than 500 million people living in
the Ganga—Meghna—Brahmaputra (GMB) plain, cov-
ering approximately 569,749 sq. km area from arse-
nic contamination, is a prolonged matter of concern
(Chakraborti et al., 2004, 2013; Chowdhury et al.,
2000). In the state of West Bengal, India, arsenic con-
tamination has turned into the worst-case scenario in
districts like Murshidabad, Nadia, North 24 Parganas,
South 24 Parganas (Chakraborti et al., 2009; Santra
et al., 2013). A huge amount of arsenic contaminated
groundwater is irrigated for cultivation in these afore-
mentioned districts throughout the year (Chowdhury
et al., 2018; Das et al., 2021a; Roychowdhury et al.,
2005). Average arsenic concentrations in domestic/
community tube wells and agricultural tube wells in
Raninagar II block, Murshidabad, were reported as
63.8 g/l (range <3-995 pg/l, n=366) and 138 pg/l
(range <3-990 pg/l, n=67), respectively (Das et al.,
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2021a). The annual withdrawal of arsenic through
irrigational water was reported as nearly 12.5 tonnes,
and its deposition rate in the cultivated fields of
the studied block was estimated as 0.23-4.70 kg/
ha annually. Surface soil arsenic concentrations in
paddy fields from Murshidabad and North 24 Parga-
nas districts were observed as 9.5-19.4 mg/kg and
22.4-60.2 mg/kg, respectively (Chowdhury et al.,
2018; Roychowdhury et al., 2005). Moreover, rice
grain being a significant cultivable crop, its bio-
accumulation value of arsenic showed the capacity of
hyper-accumulation (Das et al., 2021a; Samal et al.,
2021). Therefore, besides the consumption of drink-
ing water, arsenic-contaminated foodstuffs, espe-
cially rice grains, increase people’s health risk (Bhat-
tacharya et al., 2010; Das et al., 2021a; Joardar et al.,
2021a). Rice being the staple food in West Bengal
contributes a substantial amount of arsenic through
the daily diets and poses a significant health risk to
the populations residing in both arsenic exposed and
unexposed areas (Biswas et al., 2019; Joardar et al.,
2021a). Even, animal by-products used as foods from
arsenic endemic areas are observed to cause human
health risk considerably (Das et al., 2021b).

While acute arsenic exposure causes respiratory
troubles, cardiovascular problems, abdominal pain,
diarrhoea or lungs dysfunction, neurological dis-
orders, etc., chronic toxicity poses serious carcino-
genic health complications (Chakraborti et al., 2017).
Arsenic-induced toxicity is also reported to affect the
reproductive system adversely; pre-mature birth, still-
birth, neonatal and perinatal mortality are some of
the instances (Chakraborti et al., 2013). Continuous
intake of arsenic causes thickening of the skin, hyper-
pigmentation, keratosis, melanosis, black-foot dis-
ease, and gangrene followed by cancer (Abdul et al.,
2015; Rahman et al., 2009; Ratnaike, 2003). The tox-
icity level is diagnosed by estimation of arsenic con-
centration in the biomarkers of the human body, i.e.
urine, hair and nail (RGI, 2003; Vahter et al., 1994).

Several research reports found that arsenic expo-
sure is limited neither to arsenic endemic areas nor to
any specific age-groups (Biswas et al., 2019; Joardar
et al., 2021a, 2021b). The severity of arsenic expo-
sure depends on various factors like daily dietary
intake through food and drinking water (Joardar
et al., 2021a; Roychowdhury et al., 2003), exposure
frequency, age and sex of the population (Rahman
et al., 2006), genetic susceptibility, nutritional status,

socioeconomic strata (Chakraborti et al., 2018; Rah-
man et al., 2018), occupational status (Brima et al.,
2006; Hata et al., 2007), etc. School children aged
between 5 to 15 years have been seen to be affected by
arsenic toxicity in both exposed and apparently con-
trol areas of West Bengal (Das et al., 2021c; Joardar
et al., 2021b). Health effects and risk assessment
due to arsenic toxicity have been assessed among the
mothers (aged 23-31 years old) and their children
(7 months—4 years old) in an arsenic-exposed village
in North 24 Parganas district, which shows that the
populations are sub-clinically affected (Joardar et al.,
2021c). While Joardar et al. (2021a) showed that the
studied adults in the differently arsenic exposed vil-
lages have higher arsenic concentrations in urine or
hair than children, Bibi et al. (2015) suggested that
children and elderly people have higher arsenic accu-
mulation in hair samples than adults, which might be
a result of weaker metabolism and more susceptibil-
ity towards diseases. However, age and gender both
were reported to be non-significant variables towards
the affected people’s hair arsenic concentration (Das
et al., 2018; Hadi & Praveen, 2004; Wu & Chen,
2010). It is pertinent to mention here that inorganic
arsenic (As-V and As-III) is more toxic than organic
arsenic. Metabolism of arsenic turns inorganic arsenic
into organic one in the human body, which includes
reduction of arsenate to arsenite followed by methyla-
tion into different species, MMA and DMA (mono-
methylarsonic acid and dimethylarsinic acid) (Vahter,
1999). A higher concentration of inorganic arsenic
reduces the methylation capacity of arsenic resulting
in higher inorganic urinary arsenic (Torres-Sanchez
et al., 2016). Arsenic metabolism in human systems is
also reliant on sex and age differences (Bozack et al.,
2018; Torres-Sanchez et al., 2016). The government
has taken several mitigation measures for abatement
of groundwater arsenic contamination in Murshi-
dabad, which include installation of the new hand
pumps, big diameter deeper aquifer tube wells, arse-
nic removal plants and surface water-based pipeline
water supply. A number of 80 dug wells are installed
in the affected areas till the year 2007 under the sec-
ond action plan and 34 numbers under state-funded
action plan (Halder, 2019). However, Das et al.
(2021a) found the incompetence of the governmen-
tal mitigation strategies in the district as the pipeline
water and treated water from arsenic removal plants
are found to be arsenic-contaminated. Therefore, it
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is important to investigate the state of the inhabitants
after the administrative interventions in the past few
years.

The present study aims to assess the extent of arse-
nic exposure to the affected population from sixty
families including three different age groups (chil-
dren, teenagers and adults) residing in the Raninagar
IT block based on three main hypotheses related to
arsenic intake through drinking water and rice grain
(staple food), age and sex. The distribution pattern of
arsenic in intake (drinking water) and excrete (urine,
hair, nail) has been studied through probability distri-
bution (Q—Q) plots. Arsenic accumulation in the bio-
logical indices has been evaluated statistically consid-
ering gender and age differences and the relationship
between arsenic intakes and excretes. Moreover, the
study is a unique statistical attempt on identifying
the most efficient biomarker of arsenic toxicity. The
differences in all kinds of available drinking water
sources have been collated to understand and define
the safest source of drinking water. An extensive
health risk assessment (cancer and non-cancer) has
been performed for the studied population through
consumption of arsenic-contaminated water and rice
grain. Finally, inspecting the relative significance of
the key factors behind health risk (cancer or non-can-
cer) of different studied age-groups is another prime
focus of this study, which has been evaluated through
Monte Carlo simulation and cluster analysis. The
novelty of this work embraces drawing the attention
of the policy makers with highlighting the present
scenario after several mitigation strategies undertaken
by the authorities.

Materials and methods
Study area

Murshidabad, the district located at the east bank of
the river Bhagirathi, on the border between West Ben-
gal and Bangladesh is well reported for arsenic con-
tamination in groundwater (Chakraborti et al., 2009;
Das, 2013; Rahman et al., 2005a). The study area
has been selected covering certain villages from one
of the worst arsenic-affected blocks in Murshidabad
district of West Bengal, under Domkal sub-division,
named Raninagar II (Supplementary Fig S1). Ranina-
gar II is reportedly one of the worst arsenic-affected
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blocks in the Murshidabad district where 1091 villag-
ers were registered with distinct arsenical skin lesions
among total of 5827 examined villagers (Mukherjee
et al., 2005). The community development block con-
sists of 9 g panchayats (clusters of villages) covering
a population of nearly 1.91 lakhs (Census, 2011). A
targeted population from sixty families including
three different age groups (children: <10 years, teen-
agers: > 10-20 years, and adults: >20-80 years) from
severely arsenic-affected three gram panchayats (Mal-
ibari-I, Katlamari-I and Raninagar-1I) of Raninagar II
block have been studied under the present work.

Sample collection and preservation

The study was performed by collecting the drinking
water, raw rice grain, and biological samples (scalp
hair, nail, and urine) from the family members of
the three affected gram panchayats including three
different age groups; children (<10 years), teenag-
ers (> 10-20 years) and adults (>20-80 years). The
samples were collected during September—October
2019 without maintaining any seasonal variation.
All kinds of available drinking water samples (tube
well, pipeline and treated water from the Sajaldhara
treatment plant) were collected from the houses of
the families in polyethylene containers that were
pre-washed with distilled water. The collected water
samples were preserved by adding 0.1% (v/v) con-
centrated nitric acid, kept in a cooled icebox during
transportation and stored in a refrigerator at 4 °C in
the laboratory for arsenic analysis (Das et al., 2020,
2021a). Rice as the staple food in Bengal (Biswas
et al., 2021) was collected from the families in
individual sterile zip-locks and preserved at room
temperature. Human biological samples like urine,
hair and nail were collected from each of the family
members for estimation of acute and chronic arse-
nic exposure in their health. Urine samples were
collected individually in sterile polyethylene con-
tainers and transported to the laboratory placed in a
cooled ice-box and stored at —20 °C in the refrig-
erator. All the urine samples were diluted (1:1)
with double distilled water and filtered to diminish
matrix effects and to eliminate colloidal particles
before analysis of arsenic. The scalp hair and nail
samples were collected in separate polyethylene
zip-locks and conserved at room temperature. To
remove the external contamination of arsenic, the
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hair and nail samples were washed carefully using
double distilled water, followed by acetone on a
magnetic stirrer and dried at 50 °C overnight in a
hot air oven. The detailed information on sample
collection, preservation, storage and processing of
solid and liquid samples was discussed in our previ-
ous reports (Das et al., 2021b; Joardar et al., 2021a,
2021b).

Chemicals and reagents

All the chemicals used in this study were of analyti-
cal grade. Double distilled water was used through-
out the analytical work. Concentrated HNO; (69%)
and H,0, (30% v/v) were used for digestion of the
solid samples, while for the estimation of total arse-
nic concentration, 0.6% NaBH, (in 0.5% NaOH)
and 5-10 M HCI from Merck, Mumbai, India, were
used in the hydride generation-atomic absorption
spectrometry (HG-AAS) method. About 10% of
KI solution (aq.) and 8% of concentrated HCI were
added during sample preparation, and the mixed
solution was allowed to settle down for 45 min
before analysis of arsenic. Detailed information on
chemicals and reagents was described earlier (Das
et al., 2021a).

Digestion

The solid samples (scalp hair, nail and rice grain)
were digested with a mixture solution of concentrated
HNO; and H,0, (2:1) in Teflon bomb at 120 °C for
6 h within the hot air oven. The volume of digested
solution was reduced on the hot plate at about
90 °C for 1 h. The evaporated samples were made
up to a final volume of 2-5 ml with double distilled
water and filtered through a suction filter (Millipore
0.45 um). The filtered solutions were stored in fresh
polyethylene containers for the estimation of total
arsenic. Detailed information on the digestion proce-
dure was discussed in Joardar et al., (2021a, 2021b).
No digestion process was maintained for liquid sam-
ples (drinking water and urine) (Das et al., 2021b).

Analysis

The arsenic concentration of targeted samples was
estimated using atomic absorption spectrophotom-
eter (Varian AA140, USA) coupled with Vapor Gen-
eration Accessory (VGA-77, Agilent Technologies,
Malaysia) with software version 5.1 in the HG-AAS
method. More information on the instrumentation and
its methodology are described in our earlier publica-
tions (Das et al., 2020; Joardar et al., 2021a, b).

Quality control and quality assurance

The quality of the analytical work was maintained by
digesting about 30-35% of solid samples on the hot
plate. To validate the analytical results, arsenic con-
centration in standard reference material (SRM) was
also measured using both the Teflon bomb and hot-
plate digestion methods. The SRM samples used in
this study were rice flour 1568a (NBS, Gaithersburg,
MD, USA), and Human hair ERM-DB001 (European
Commission, JRC, IRMM, Retieseweg, Geel, Bel-
gium) which showed 94 and 90%, recovery through
Teflon Bomb digestion against their certified val-
ues (0.29 and 0.044 pg/g). The same SRM samples
showed 82 and 81% recovery, respectively, in the hot-
plate digestion method. The accuracy of the generated
data was also verified by analysing duplicates (£5%
variation) and through recovery calculation of spiked
digested samples. The comprehensive information on
digestion and recovery of arsenic in SRM samples are
well documented in Joardar et al. (2021a) and Das
et al. (2021a).

Statistical analysis

Probability distribution of samples through Q-Q
(Quantile-Quantile) plots, hypothesis-based Chi-
squared test and a ‘two-sample paired t test’ for sex
and age dependence have been performed using Excel
2016 (Microsoft Office). Spearman correlation, prin-
cipal component analysis (PCA), hypothesis-based
Kruskal-Wallis test and Dunn’s test were done with
the help of PAST (version 4.09) to understand the
relation between arsenic intake and excrete. The sen-
sitivity analysis study has been evaluated for health
risk assessment through Monte Carlo simulation
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technique using ‘sensitivity’ package (version
1.27.0)! in R version 3.6.32. The cluster analysis has
been measured for understanding the influence of the
variables in health risk assessment using Origin 2017.

Data analysis
Health risk assessment

Human health risk assessment was performed to cal-
culate the cancer and non-cancer risk on the different-
aged studied populations based on the USEPA (2001)
model of health risk assessment. At first, the daily
exposure from arsenic-contaminated drinking water
and rice grain has been estimated through average
daily dose (ADD) calculation:

ADD = (C*IR*ED*EF)/(BW*AT) (1)

where C=concentration of arsenic through drinking
water (ug/l) and rice grain (ug/kg); IR=oral intake
rate per day (children: 2 I, range 2-3 1; teenager:
3 1, range 2-4.5 1; adult: 4 1; range 2-5 1 for drink-
ing water and children: 200 g, range 200400 g;

Fig. 1 Drinking water arse- (a)
nic contamination status: 0 50
a distribution in the study .

teenager: 350 g, range 200-600 g; adult: 400 g; range
300-600 g for rice grain); ED=exposure duration
in years (individual age for the participants in the
three studied age group of populations); EF =expo-
sure frequency (365 days); BW=body weight
(children: 19 kg, range 7-47 kg; teenager: 45 kg,
range 20-50 kg; adult: 65 kg; range 32-75 kg) and
AT =average lifetime (365%65=23,725 days).

Cancer risk (CR) is calculated by multiplying
ADD with cancer slope factor (CSF), and non-carci-
nogenic risk or hazard quotient (HQ) is determined
dividing ADD by reference dose (RfD).

CR = ADD*CSF )

(CSF of arsenic=1.5 per mg/kg bw/day) (USEPA,
2005)

HQ = ADD * RfD 3)

(RfD of arsenic=0.0003 mg/kg bw/day) (USEPA,
2005).
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Results and discussion

Arsenic concentration status in drinking water and
rice grain

The present study took place considering the selected
population of the three worst affected gram pan-
chayats named Malibari- I, Katlamari- I and Rani-
nagar- II, where approximately 70.6, 60 and 71.4%
of drinking water samples were found to be arsenic
contaminated with higher than the permissible limit
in drinking water (Fig. la). The range and mean
arsenic concentrations in drinking water of the three
gram panchayats were observed to be (<3-598 ug/l,
n=20), (<3-754 pg/l, n=20), (<3-847 pg/l, n=11)
and 115, 178 and 294 pg/l, respectively. On a cumu-
lative approach, the mean arsenic concentration of
drinking water samples (range <3-847 ug/l, n=>51)
in the three studied sites is 17.6 times higher than
the WHO (2011)-provided recommended limit of
arsenic, i.e. 10 pg/l (Supplementary Table S1). The
population residing in the study area majorly depends
on groundwater withdrawn by tube wells for drink-
ing purposes, while there are some alternative drink-
ing water sources available too like pipeline supplied
water or treated water from arsenic removal plants
(Das et al., 2021a). The mean arsenic concentration
was found to be 208 +259 pg/l (range <3-847 ug/l,
n=35) in the tube well water, 54 +81.2 pg/l (range
4.1-250 pg/l, n=12) in Sajaldhara plant treated water
and 27+29 pg/l (range 3-68 pg/l, n=>5) in pipeline
supplied water, respectively (Fig. 1b). Also, it was
observed that approximately 77.1, 60 and 45.5%
of drinking water samples from tube well, pipe-
line and Sajaldhara water treatment plants contain
arsenic concentration higher than its recommended
value in drinking water (Fig. 1b). Unlawfully tap-
ping of pipeline for irrigation or any other domestic
purpose is pretty frequent in these rural belts, which
ultimately cause damage of the pipelines during sup-
ply of water. Also, in some places, it is seen that the
foundation of accessible pipeline water is not surface
treated water; however, direct withdrawal of ground-
water is supplied after storing in reservoirs overnight
(Das et al., 2021a). More to it, the poor efficiency of
arsenic-iron removal plants installed in West Ben-
gal causes the population to drink arsenic-contami-
nated water unknowingly. Our previous study found
the mean arsenic concentration in pipeline supplied

water as 21+14.3 pg/l (range <3-48.1 pg/l, n=10)
and in Sajaldhara-treated water as 13.6+16.8 g/l
(<3-56.1 pg/l, n=16) from Raninagar II block, Mur-
shidabad (Das et al., 2021a). This clearly explains the
lack of maintenance in the water treatment plants as
well as no regular monitoring of pipeline water qual-
ity before supplying it to the villagers, which results
in their poor health. The adverse health effect of
arsenic is observed both pre-clinically and clinically.
Spotted and diffuse melanosis, diffuse or nodular ker-
atosis along with oedema of the feet, liver and spleen
enlargement, diarrhoea are frequently observed (Man-
dal et al., 2022; Mukhopadhyay et al., 2020; Rahman
et al., 2005b). The agony and despair observed in the
community responses are ineffable.

The rice grain samples collected from the families
for the present study showed an arsenic concentra-
tion range of 52-668 pg/kg (mean 211+ 167 pg/kg;
n=28) (Supplementary Table S1). It is important to
discuss that the tolerable concentration of arsenic in
rice grain for consumption is 200 pg/kg (European
Commission, 2015). The same value has also been
suggested as the maximum inorganic arsenic con-
centration in polished white rice, which covers 79%
of the international market by Codex Alimentarius,
coordinated by the United Nations Food and Agri-
culture Organization (FAO) and the World Health
Organization (WHO) (Codex Alimentarius Commis-
sion, 2014). Das et al. (2021a) have thoroughly shown
the effect of arsenic-contaminated groundwater on the
locally cultivated rice in Raninagar II block, Murshi-
dabad. Approximately, 0.18% of arsenic is accumu-
lated every year in rice grain from deposition in soil
which explains the severity of arsenic exposure in
agricultural lands.

Observed daily dietary intake of arsenic in three
differently aged populations

The present study observed varied contributions of
different arsenic-contaminated sources in the daily
diet of three different-aged populations (Supple-
mentary Fig. S2). The study observed that majority
of people in the study area rely on drinking water
withdrawn through tube wells than alternative drink-
ing water sources. The study results revealed that
the daily intake rate of arsenic from drinking water
through tube well is highest: 26.4 (range 0.31-89.2),
22.6 (range 0.47-56.5) and 15.5 (range 0.18-67.8)
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pg/kg bw/day for children, teenagers and adults,
respectively. The average arsenic ingestion rates
from the treated water of Sajaldhara water treatment
plants were found to be 7.67 (range 0.43-43.6), 12.3
(range 0.48-27.6) and 8.03 (range 0.23-33.1) ug/kg
bw/day, respectively, which are much higher than
the provisional tolerable daily dietary intake rate of
arsenic (3.0 ug/kg bw/day), recommended by WHO
(2011) (Supplementary Fig. S2a). The average daily
intake rate of arsenic from pipeline supplied water
was found lower than the PTDI value: 2.7 ug/kg bw/
day (range 0.99—4.41) in children, 1.71 pg/kg bw/day
(range 0.63-2.79) in teenagers and 2.33 ug/kg bw/
day (range 0.58-3.35) in adults, respectively. Moreo-
ver, arsenic-contaminated rice grains also imposed a
significant amount of burden on the daily diets of the
populations. Arsenic intake rate from rice grains was
found to be higher in children (average 2.75, range
1.10-5.48 pg/kg bw/day) than teenagers (average
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1.77, range 1.11-2.04 pg/kg bw/day) and adults (aver-
age 1.77, range 0.32-5.34 pg/kg bw/day). The per-
cent contribution of arsenic in daily diet is seemed to
be almost highest in children from all the ingestion
sources. Dietary intake of arsenic contributed 41, 27,
and 40% in children; 35, 44 and 25% in teenagers; and
24,29 and 35% in adults from tube well water, Sajald-
hara plant treated water and pipeline supplied water,
respectively (Supplementary Fig. S2b). Contribution
from arsenic-contaminated rice grain in daily dietary
intake was found to be 44, 28 and 28% for children,
teenager and adults, respectively (Supplementary Fig.
S2b). The varied range of data in different age groups
helps to understand that the daily dietary intake rate
depends on both the factors like arsenic concentra-
tion in the consumption source and participants’ body
weight. It also evinces that both drinking water and
rice grain contribute to arsenic toxicity in the popula-
tion concurrently.
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Probability distribution of arsenic in drinking water
and biomarkers

The distribution of arsenic in drinking water and
biomarkers (urine, hair and nail) samples are highly
skewed, which is demonstrated through respec-
tive probability distribution plots (Fig. 2). The Q-Q
(Quantile-Quantile) plot is a graphical method of
‘goodness-of-fit’ model where the datasets are veri-
fied whether they are normally distributed or not
in comparison with a theoretical normal distribu-
tion. Arsenic concentration in urine (n=118), hair
(n=118) and nail (n=118) samples is positively
skewed with skewness values of 1.66, 1.91 and 1.29,
respectively (Fig. 2b—d). Similar observations were
observed by Hinwood et al. (2003) where biological
arsenic concentration were all skewed to the right. A
standard normal distribution kurtosis value is 3 and
is called mesokurtic. The distribution of hair arsenic

concentration is leptokurtic with a kurtosis value of
3.78, which signifies that arsenic distribution is heav-
ily tailed with an abundance of outliers, while urine
and nail arsenic concentrations are platyurtic (less
peaked distribution) with respective kurtosis values
of 2.22, and 0.78. Arsenic concentration in drinking
water (n=50) is rightly skewed with a value of 1.29
and platykurtic with a small kurtosis value of 0.55
(Fig. 2a), which signifies that drinking water arsenic
distribution is light tailed with a lack of outliers and
flat in nature. It can be thus stated that hair arsenic
concentration is least symmetric and highly peaked in
nature.

Arsenic concentration in biomarkers
The extent of arsenic toxicity is generally assessed

through the estimation of arsenic concentration in
the biological markers of the human body, i.e. urine,
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hair and nail. About 70% of inorganic arsenic gets
excreted from the body system through urine with
a half-life of approximately 4 days (Hughes, 2006;
NRC, 1999). Thus, for evaluation of recent or acute
exposure, urinary arsenic is used as the major and
primary body marker (Buchet et al., 1981; Vahter
et al., 1994). The observed mean urinary arse-
nic concentration in children, teenagers and adults
was (11.9+11.3) pg/l (range <3-42.1 pg/l, n=21),
(11.1+11.9) pg/l (range 3-56.2 pg/l, n=35) and
(11.3+14 pg/l) (range <3-80 pg/l, n=176), respec-
tively (Fig. 3). Urinary arsenic concentration range in
the male and female studied population was observed
as (<3-48.3 ug/l, n=69) and (<3-80 pg/l, n=066),
respectively (Supplementary Table S1). For under-
standing long-term arsenic exposure, evaluation
of arsenic accumulation in hair and nail is the best
likely way followed by dermatological manifestations
(Shankar et al. 2014; Wade et al., 2015). The impact
of arsenic toxicity on human health occurs after a time
duration of 2-5 months for hair and 12-18 months
for nails (Nowak & Kozlowski, 1998; Pororinskaya
& Karpenko, 2009). In the present study, hair arse-
nic concentrations were found to be 0.84+0.76 mg/
kg (range 0.38-2.7 mg/kg, n=10) in -children,
3.07+1.73 mg/kg (range 0.64-5.73 mg/kg, n=15) in
teenagers and 4.41 +4.31 mg/kg (range 0.03-24 mg/
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kg, n=91) in adults, while nail arsenic concentra-
tions were 2.38+1.62 mg/kg (range 0.5-5 mg/kg,
n=10), 6.18+4.73 mg/kg (range 0.55-14.8 mg/kg,
n=15) and 9.07 +6.48 mg/kg (range 1.14-25.3 mg/
kg, n=91) in children, teenagers and adults, respec-
tively (Fig. 3). It is clearly understood that accumu-
lation of arsenic in hair and nail increases with age;
from children to teenagers it is increased by 3.65 and
2.6 times and from teenagers to adults it is escalated
by 1.44 and 1.47 times. Nail arsenic concentrations
seem to be higher than hair arsenic concentrations by
2.83, 2.01 and 2.05 times in children, teenagers and
adults, respectively. Contrastingly, the mean arsenic
concentration in nail samples of the male and female
population (8.41+7.11 and 7.69+7.84 mg/kg) was
visibly higher than that of hair samples (4.14+3.74
and 4.33+5.37 mg/kg) (Supplementary Table S1).
This justifies the report by NRC (1999) that the rate
of deposition of arsenic is faster in nails than in hair.
Also, arsenic concentration in the hair and nail of
this studied population is seemingly higher than the
respective recommended limits for humans (Supple-
mentary Table S1). Higher mean nail arsenic concen-
tration than hair was also observed in populations of
other countries like north-eastern Thailand (Wong-
sasuluk et al., 2018); Vietnam (Nguyen et al., 2019);
Cambodia (Gault et al., 2008), etc.

Urine As

Component 1 (57.9 %)

Fig. 4 Relation between arsenic intake and excrete: a spearman correlation, b principal component analysis
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Arsenical skin manifestations

The arsenical body burden scenario discloses that a
majority of the villagers are sub-clinically affected
without any direct skin lesion, although some of the
individuals of the critically exposed population are
diagnosed with arsenic-induced symptoms. Arseni-
cal skin manifestations of a few affected individu-
als from the study area are shown in Supplementary
Fig. S3. Different types of skin lesions are observed
among the people like raindrop pigmentation in the
dorsal part of the hand, feet or whole body, spotted
and diffused keratosis, melanosis, even bowens. Leu-
comelanosis is found too in a few severely affected
people who have stopped drinking arsenic-contami-
nated water; however, we had spotted melanosis ear-
lier. Detailed information about the chronic patients
is also described in Supplementary Table S2. In a
previous study in the Murshidabad district, research-
ers found 19% of people with distinct arsenical skin
manifestations among the total surveyed villagers
(n=25,274), where the most predominant symptom
observed was spotted and diffused melanosis on the
trunk (Mukherjee et al., 2005).

Exposure of arsenic with respect to arsenic intake

A Spearman’s correlation has been performed at 95%
confidence interval to estimate the relation among
arsenic in drinking water and rice grain and arsenic
concentration in biomarkers (Fig. 4a). It is observed
that the drinking water arsenic is most strongly corre-
lated with nail arsenic (r=0.60) followed by hair and
urine arsenic (r=0.57 and 0.38), whereas the effect of
rice grain arsenic is not significant as it is poorly cor-
related with urine, hair and nail arsenic (r=0.18, 0.13
and 0.14). The correlation (r) values (given in Supple-
mentary Table S3a) signify that arsenic from drinking
water deposits in the keratin tissues slowly, however
strongly. Thus, arsenic accumulation in chronic bio-
markers is an easier way to estimate toxicity level
than that of acute biomarkers (Brima et al., 20006;
Samanta et al., 2004). The effect of arsenic from
drinking water is always more than other foodstuffs as
it is the direct way of intake inorganic arsenic through
contaminated groundwater (Rakhunde et al., 2012;
Tokunaga et al., 2005). A considerable decrease in
arsenic concentration was observed in urine, hair and
nail samples of some children of North 24 Parganas

district, West Bengal, when they were given com-
pletely arsenic-safe drinking water, i.e. treated surface
water (Joardar et al., 2021a). Arsenic-contaminated
drinking water is also a proven exposure route in
scalp hair reported in other arsenic endemic regions
like Thailand (Rujiralai et al., 2018) and Cambodia
(Sthiannopkao et al., 2010). In some arsenic-exposed
populations from Nadia district, West Bengal, signifi-
cant dependence was observed between ‘daily arsenic
intake through drinking water per body weight’ and
‘arsenic concentration in hair’ (Das et al., 2021c¢);
however, no considerable dependence was observed
between ‘arsenic intake through diet’ and ‘arsenic
concentration in hair’ using copula-based bivariate
mixed regression model (Das et al., 2018). Water
arsenic has been the main path of exposure in toenail
arsenic concentration as reported earlier (Signes-Pas-
tor et al., 2021). Hair and nail grow slowly and are
mostly similar in keratin composition; as a result, the
association between toenail and hair arsenic concen-
tration is proved to be quite strong (r=0.76) (Fig. 4a),
which is corroborated in other studies also (Signes-
Pastor et al., 2021). Secondly, a principal component
analysis (PCA) has been executed to understand the
nature of association between ‘dietary intake of arse-
nic through drinking water or DI and arsenic concen-
tration in the respective biological matrices (Fig. 4b).
PCA is usually used to lessen the dimensionality of a
data set by finding correlation among the variables in
the form of a small number of principal components
(Chowdhury et al., 2018; De et al., 2022; Wenning
& Erickson, 1994). It clearly shows that the vectors
of DI, hair arsenic and nail arsenic are close to each
other, explaining that they are directly related to other
(quadrant 1). On the other hand, DI and urinary arse-
nic fall under two opposite quadrant indicating no
direct relationship between them. The two principal
components explained 47.5% and 33.9% variance,
respectively, and the eigenvalues of the four compo-
nents analysed along with their variance are given in
Supplementary Table S3b. Therefore, it can be said
that arsenic through the daily dietary intake is directly
manifested through the chronic biomarkers like hair
and nail compared to urine (Fig. 4b). Hair and nail
tissues are made of keratin which is nothing but a
scleroprotein, rich in cysteine residues containing
sulfhydryl groups where arsenic gets easily bound
with Gault et al.,, 2008. Thus, the most favourable
biomarkers of metal exposure for human systems
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Table 1 Hypothesis testing among DI and arsenic in chronic biomarkers through Kruskal-Wallis test followed by Dunn’s post hoc

test (¢=0.05)

Hypothesis assumed:

H,

o
H,
Kruskal-Wallis test for equal medians:

H (chiz) =21.05; H (crit) (Yates-corrected) =21.05; p=2.689* 107

No significant difference exists among the groups
Significant difference exists among the groups

Remarks: There is a significant difference between two group sample medians (H,, is rejected)

p value in Dunn’s post hoc test:

DI (Daily intake of As) (n=118)

DI
Hair As* 0.6877
Nail As 0.0001721

Hair As (n=118)
0.6877

Nail As (n=118)
0.0001721

3.199 x 107
3.199 x 107

*H, is rejected for hair As (p > 0.05)

are keratin proteins (Byrne et al., 2010; Kumar et al.,
2021; Samanta et al., 2004).

The relation between arsenic intake and excre-
tion through the two chronic biomarkers has been
validated through a Kruskal-Wallis test followed
by a Dunn’s post hoc test to find out the most fitted
biomarker for arsenic toxicity. A Kruskal-Wallis
test is used to decide whether there exists a statisti-
cally significant difference between the medians of
the selected groups (Table 1). The study considered

‘DI’ as an independent variable and ‘arsenic con-
centrations in biomarkers’ as dependent variables.
At 95% confidence interval, a significant differ-
ence is found between sample medians as p value is
found to be <0.05 (2.69 x 107) and the chi® value
is found to be 21.05 (N=354). Therefore, a Dunn’s
post hoc test is conducted to determine which spe-
cific group creates the significant difference. It
is observed that the null hypothesis is rejected
for hair arsenic because it shows an insignificant

Table 2 Dependence of age on arsenic deposition in biomarkers of the studied population (two-sample paired ¢ test)

Hypothesis assumed:

H, No significant difference exists between age and As concentration in biomarkers
H, Significant difference exists between age and As concentration in biomarkers
Age (years) Urine As Age (years) Hair As Age (years) Nail As
(ng/h) (mg/kg) (mg/kg)
Mean 334 11.1 34.4 4.02 344 9.16
Variance 259 124 257 20.4 257 74.2
Observations 127 127 116 116 116 116
Pearson correlation —0.00027 0.111 0.322
Hypothesized mean difference 0 0 0
Degree of freedom (df) 126 115 115
Iy ODE tail 12.83 20.2 174
p (T<?) one-tail 6.35%107% 6.11x107% 2.23%107%
t.i One-tail 1.657 1.658 1.658
p (T<?) two-tail 1.27x107% 1.22x107% 4.46x107%
t.¢ tWoO tail 1.98 1.98 1.98
Remarks H, is rejected H, is rejected H, is rejected
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p value upon daily intake of arsenic (0.69), while
nail arsenic is significant (p=1.72 x 107*). The p
values along with the hypothesis assumed for the
tests are mentioned in Table 1. Thus, on a cumu-
lative approach, it can be concluded that the most
imperative biomarker for estimating arsenic toxicity
is the nail sample. Toenails are globally known to
have more stable and long-term metal accumula-
tions than other biomarkers of recent exposures like
urine (Gutiérrez-Gonzélez et al., 2019; Signes-Pas-
tor et al., 2021).

Exposure of arsenic with respect to age

Accumulation of arsenic in the biomarkers of the
studied population is seemed to be age dependent,
which is explained by a ‘two-sample paired t test’
(Table 2). For this, a hypothesis is tested to confirm
whether any significant difference exists between
age and arsenic concentration in different biomark-
ers. The ¢, values (12.83, 20.2 and 17.4) are found
to be much higher than 7. value, 1.98; df=126,
115 and 115 for urine, hair and nail, respectively.

In every case, the null hypothesis (H,) is rejected,
i.e. there exists a significant difference between age
and arsenic concentration in the biomarkers. Also, a
negative and mild-to-moderate positive correlation is
found between age and arsenic concentration in urine
(r=-0.00027), hair (r=0.111) and nail (r=0.322)
(Table 2). The present study is significant in terms of
the arsenic deposition trend in the biomarkers accord-
ing to the age of the participants. Deposition of arse-
nic varies with age, which means accumulation of
metals occurs with frequency and duration of expo-
sure that too depends on work pattern and occupation
(Nath et al., 2008). In the present study, with increase
in age, the mean nail arsenic concentration visibly
rises (Fig. 5a); however, the percentage of increase
gradually drops (Fig. 5b). Mean nail arsenic concen-
tration is highest (14.8 mg/kg) in the old people aged
between 60 to 80 years and lowest (2.38 mg/kg) in
children aged below 10 years. Hair and nail arsenic
concentration increases maximum from children to
teenagers by about 265 and 160%, while it decreases
towards adults. At the same time, the deposition
of arsenic in urine does not follow any exact trend.

Fig. 5 Arsenic exposure (a) Error bars signify 5% standard error
with age: a deposition @ Hair mNail @Urine
of arsenic in biomarkers 18 25
in seven subsequent age En 16 ][.
groups, b percentage varia- 0 14 - 20
tion of biomarkers’ arsenic £ 12 | s
. w =
concentration between each < 10 - 15 \?
age group s <
z 8 10 £
E S :
= 4 LS
= 2
0 i 0
0-10 >10-20 | >20-30 >30-40 >40-50 >50-60 >60-80 |
(Children) (Teenager) (Adults)
(b)
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w
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b 0 4= —— ——%—-—57*— —
<] =
E 1 2 3 4 5 6 i
2 Hair 265 64.5 -1.4 -23.3 14.9 -55.6
= [Nail 160 45.5 11.2 2.2 29.2 12.1
Urine -2.6 12.5 -18.3 -6.4 -6.7 142

* Interval between each age group
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Urinary arsenic deposition slowly drops in the three
consequent age groups from 30 to 60 years by 18.3,
6.4, and 6.7% and suddenly increases in the old peo-
ple by nearly 142% (Fig. 5b). The mean urinary and
hair arsenic concentration is observed to be highest in
participants of > 60-80 years (21.9 pg/l and 14.8 mg/
kg), whereas their mean hair arsenic concentration
(1.95 mg/kg) is comparatively lower than that of other
adult groups (Fig. 5a). Around 50-70% of absorbed
arsenic is eliminated in kidneys through methylation
and the rest of it is stored in hair, nail and other tissues
(Nielsen, 2001). Nail arsenic concentration is higher
than that of hair in every age gap by almost 3.13 times
on an average (range 1.78-7.59), which might be due
to having higher arsenic binding proteins in nail than
in hair along with a slower growth rate (Maity et al.,
2012; Mandal & Suzuki, 2002; Tobin, 2005). There-
fore, nail arsenic concentration can be termed as the
most effective biomarker for arsenic toxicity irrespec-
tive of an individual’s age. Accumulation of arsenic
in body tissues takes place according to age and the
strength of metabolism (Mitra et al., 2004). In another
worst arsenic-affected district of West Bengal, North
24 Parganas, researchers observed that arsenic con-
centration in the biological matrices of some popula-
tion increases with age and decreases after 57 years of
age (Maity et al., 2012). Some researchers from Paki-
stan showed that the distribution of arsenic is highest
in adults followed by children and old people and it is
found to be maximum in nail and blood samples fol-
lowed by urine and hair (Bibi et al., 2015). The popu-
lation from Huainan city, China, observed an increas-
ing trend in hair arsenic concentration with age (Fang
et al., 2019). However, some studies also observed no
significant effect of age on arsenic concentration in
chronic biomarkers (Rasheed et al., 2019).

Exposure of arsenic with respect to sex

Gender or sex was found to be a predominant factor
in the physical and socioeconomic health of some
arsenic-exposed populations in the Murshidabad dis-
trict (Das, 2013). The observed mean urinary and
hair arsenic concentration in the female population
(11.6+13.5 pg/l and 4.33+5.37 mg/kg) is approxi-
mately 1.15 and 1.05 times higher than that of the
male population (10.1+9.51 pg/l and 4.14 +3.74 mg/
kg) (Supplementary Table S1). However, the
observed mean nail arsenic concentration is nearly

@ Springer

1.09 times higher in male population (8.41 +7.11 mg/
kg, range 0.3-28 mg/kg, n=>58) compared to female
ones (7.69+7.84 mg/kg, range 0.35-29 mg/kg,
n=60) (Supplementary Table S1). Exposure of
arsenic with respect to sex is tested through arsenic
deposition in biomarkers of the studied population.
A Chi-square test is conducted considering a null
hypothesis (H,): ‘As concentration in biomarkers is
independent of gender’ where arsenic concentration
in urine, hair and nail of the male and the female
population is categorized according to their respec-
tive acceptable range (Table 3). It is observed that
approximately 7.25% male population (n=69) have
higher urinary arsenic concentration than the normal
range while that of the female population is 10.5%
(n=67), whereas, in another study, higher toxic
metals in urine were observed in women than men,
which might be a result of their increased gastroin-
testinal absorption at micronutrient deficiencies like
iron and zinc (Berglund et al., 2011). Remarkably, the
magnitude of chronic exposure in both the male and
female populations is very high than acute exposure.
The present study observed 96.6% male (n=58) and
91.7% female (n=60) hair samples having arsenic
concentrations above the allowable range, whereas
nail arsenic is observed to be higher than the normal
range in 91.4% of male and 91.7% of female popula-
tion (n=>58 and 60), respectively. Another study from
this district found 95% of the nail, 75% of the hair and
94% of the urine samples with arsenic above the nor-
mal levels among total of 3800 biological (nail, urine
and hair) samples of the affected villagers (Rahman
et al., 2005a). Also, 85% of biological samples were
found to contain arsenic above normal range of toxic-
ity, out of the 850 samples from the affected villages
of Sagarpara gram panchayats, Murshidabad (Rah-
man et al., 2005b). In the present study, in each case,
the calculated chi® value (0.13, 0.54 and 0.075 for
urine, hair and nail) is observed to be lower than the
critical value (3.84), which results in acceptance of
the H,, i.e. deposition of arsenic is not controlled by
the sex of the mass (Table 3). Das et al. (2018) found
similar observations which corroborated with the pre-
sent study that gender is neither a significant predic-
tor of arsenic concentration in hair nor of skin lesions.
However, some studies proved that gender plays an
important role in the metabolism of arsenic or its
deposition in body markers. Rahman et al. (2006)
showed that Bangladeshi males are more prone to



3437

Environ Geochem Health (2023) 45:3423-3446

pringer

A's

padaooe st °y padaooe st °y paydoooe st °y SyIewIoy
8¢ 8¢ 8¢ ate)
8L°0 90 L0 onfea d
SLOO ¥$°0 €10 R o)
ap)
WOy
1 1 1 Jo 22132
09 S (%L°16) SS 09 S (%L16) SS L9 09 (%S01) L S[ewo
8¢ S (%¥°16) €S 8¢ C (%996) 9§ 69 9 %STL) S SN
a3uer [ewr J3uer [ew a8uer fewr a3ue1 [ew 93ue1 [ew q3ue1 [ew
-IOU>"0U0d  -IOU < "JU0D (1)  -I0U>'DUOD  -IOU < 'JUOD -I0U>0U0d  -IOU < 'JU0D dnoi3
(1) JUNOd [v10], sy sy Junod [eI0], sy sy (1) JUNOd 2107, sy sy 1o A1o3are)
[reN ey Junp)  sIeyIeworg
10puag uo spuadop SIIRWION] UI UOTIBIUIIUOD Sy g
I9pudg Jo yuopuadopur ST SIONIBWOI]Q U UOHRIUIIUOD Sy °

:pownsse s1sayjodAy

(papn[our uORIALI0d $AEX ‘3593 YD) uonendod parpnys Sy Jo SIMIBWOIG UL UORISOdIp OIUSSIE U0 JOPUST Jo oudpuddaq ¢ AqEL



3438

Environ Geochem Health (2023) 45:3423-3446

Fig. 6 Health risk (cancer
and non-cancer) assessment

@ Tube-well water @ Sajaldhara plant treated water OPipeline water ERice grain

for the three studied age 100

groups through different

dietary sources 10

0.1

0.01

Health risk (log scale)

0.001

0.0001

Children

obtain arsenic-induced skin lesions than females
when exposed to arsenic-contaminated water from
tube wells. Some researchers suggested that adult
women have a better methylation capacity of arsenic
than men, which is explained by the stimulating effect
of estrogens on the synthesis of choline, involved in
the re-methylation of homocysteine to methionine
(Tseng, 2009). Lindberg et al (2008) showed that
pregnant women had higher arsenic methylation effi-
ciency than men because of sex hormones.

Health risk assessment

A health risk assessment has been performed for the
studied age groups to evaluate the extent of future
threats due to prolonged exposure to arsenic. The
results are shown in Fig. 6 with a detailed expla-
nation placed in Supplementary Table S4. Results
show that the alternate drinking water sources also
provide sufficient health risk; however, the children
who consumed drinking water through tube well
suffer from higher cancer risk (average 4.53x 107,
range 1.5x 107°-2x 1072) than those who consume
alternative drinking water (Fig. 6). Sajaldhara
plant treated water and pipeline supplied water,
both being the alternative drinking water sources
in the arsenic endemic zone, pose higher cancer
risk in children (1.49x 1073, range 5x 107°-9%1073
and 4.43x107, range 7.10x107°-8.14x107%,
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respectively) (Supplementary Table S4) than the
allowable value suggested by USEPA; 1x107°
(USEPA, 2005). The average cancer risk value
from tube well water is observed as 8.1x 107> and
1.53*1072 for teenagers and adults with a range of
(1.6x107-1.79x10) and (1.3x107*-8x 107,
respectively (Supplementary Table S4). Simi-
larly, the respective average cancer risk value from
Sajaldhara treated water is measured as 4.04x 107
(range 1.7 % 10*-1.02x 1072) and 6.7x 1073 (range
1.7><10’4—2.47><10’2) for teenager and adults,
respectively (Supplementary Table S4). Rice grain
arsenic too is a potential agent for causing can-
cer risk as the calculated average values are found
to be 4.95x10™* (range 1.8x107*-1.27x107),
6.19x10* (range 1.9x10-1.78%¥10) and
1.67x107 (range 1.85x107-5.6x107%) for the
three consequent groups of populations. The esti-
mated values being higher than the threshold limit
(1x107%) reveal that the studied population faces a
significant risk that may cause cancerous diseases
in the long future. It has been observed that all the
studied age groups are suffering from a considerable
amount of non-cancer risk too through every source
of drinking water as well as rice grain compared to
the threshold value of non-cancer risk provided by
the USEPA. The calculated average non-cancer risk
is higher in adults followed by teenager and chil-
dren; HQ (tube well water) are 34, 18 and 10; HQ
(Sajaldhara plant treated water) are 14.9, 8.97, and
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3.32; and HQ (pipeline supplied water) are 4.65,
1.33, and 0.90 for adults, teenagers and children,
respectively (Fig. 6). The rice grain shows the low-
est amount of quotient value, which is sufficient
to cause non-cancer risk as the calculated average
values are 1.10, 1.38 and 3.72 for children, teen-
ager and adults, respectively (Fig. 6). The estimated
ranges of HQ values for the three studied group of
populations from drinking water and rice grain are
presented in Supplementary Table S4. Cumula-
tively it can be stated that the health risk order is:
tube well water > Sajaldhara treated water > rice
grain > pipeline supplied water for children and
teenagers, while it is tube well water > Sajaldhara
treated water > pipeline supplied water >rice grain
for adults. The results suggest that health risk of a
population depends on various factors such as con-
centration of the metal in the source, exposure dura-
tion of the individuals (age in the present study) and
body weight. Also, poor nutritional status in rural
Bengal is one more possible reason for suffering
from arsenic toxicity (Roychowdhury, 2010; Roy-
chowdhury et al., 2003). Das et al. (2021a) reported
that the dug wells are apparently the safest source
of drinking water from the same study area. They
observed low concentration of arsenic in the studied
dug well water samples (mean 3.78 pg/l, range <3
to 5.5 pg/l). Thus, the use of dug wells should be

increased for both drinking and other domestic pur-
poses in these arsenic endemic zones.

Comparative significance of the variables used in
health risk assessment

Monte Carlo simulation and sensitivity analysis

High uncertainty is observed during health risk
assessment when single point values are used to esti-
mate the risk of a selected population. Therefore,
Monte Carlo (MC) technique has been used to quan-
tify the uncertainties of arsenic exposure through
drinking water and rice grain. In MC simulation,
instead of using a single point value of a variable,
a range of the variable is used and repeated several
times to achieve a degree of assurance. The values
obtained as different input variables were used to
reduce the uncertainties caused by distribution fac-
tors. The relative significance of the variables asso-
ciated with the health risk of the populations is then
evaluated through sensitivity analysis (Fig. 7), which
shows the percent input of the variables (exposure
duration or ED, intake rate or IR, arsenic concen-
tration in drinking water/rice grain or C and body
weight or BW) upon estimated health risk. A sensitiv-
ity analysis study is performed with HQ and CR val-
ues, which reveal that concentration of arsenic (C) is
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apparently the principal variable operational towards
health risk among all other factors in all the three
age groups. The influence of arsenic concentration
in drinking water towards the calculated health risk
is found to be highest in teenagers (61.2%), followed
by adults (49%) and children (27.6%), whereas, for
rice grain it is highest in adults (47.8%), followed by
teenagers (45.5%) and children (21%). In the case of
children, the second and third most influential factor
towards health risk is BW and ED; 47.5% and 8.97%
through rice grain and 27.4% and 17.8% through
drinking water, respectively (Fig. 7). In adults, both
drinking water and rice grain, contribution of ED
(17.2% and 20.1%) is higher than BW (9.26% and
12.1%), whereas in teenagers, the contribution of
ED (4.62% and 5.81%) is less than BW (13.7% and
17.3%). For drinking water caused health risk, IR is
the fourth significant parameter; contribution per-
centages are 1.36, 9.49 and 9.23%, respectively, in
children, teenagers and adults, while the input of
IR through contaminated rice grain is 5.63, 20 and
7.34% in the three age groups (Fig. 7). Therefore, it
can be concluded that to lessen the health risk, it is
required to reduce the contamination at source, i.e. to
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Fig. 8 Cluster analysis among the variables used in assess-
ment of health risk through arsenic-contaminated dietary
items: a drinking water and b rice grain

@ Springer

find the safe drinking water source. As consumption
of arsenic-contaminated rice grain also poses a suf-
ficient amount of health risk, cultivation with higher
arsenic-contaminated irrigational water should be
prohibited. These findings can be supported by the
work done by Giri et al. (2020) in the mining areas
of Singhbhum, India, where they showed that con-
centration of the metals in groundwater and exposure
duration were the two most significant input vari-
ables in assessing the non-cancer risk of populations.
Influence of metal concentration and ED was found
to be 52.4-53.3% and 40.7-41.4%, respectively, in
three age groups. Similarly, Pirsaheb et al. (2021) and
Sharafi et al. (2019) showed that the most imperative
aspects affecting the HQ value of some Iranian popu-
lations were metal concentration and body weight.

Cluster analysis

A dendrogram plot visually groups the variables into
different small or large clusters according to their
similar nature or relationship (Das et al., 2020). The
cluster analysis in the present study also shows that
the concentration of the metal (C) is the primary fac-
tor, which is directly associated with cancer risk (CR)
and non-cancer risk (HQ) (Fig. 8). Being similar in
nature, CR and HQ are so closely arranged that their
cluster is almost merged. The distinct cluster heights
between ‘C’ and ‘CR’ or ‘HQ’ reveal that the concen-
tration of arsenic in drinking water (Fig. 8a) is more
intensely linked with health risk than rice grain arse-
nic concentration (Fig. 8b). The smallest cluster made
with intake rate (IR) and body weight (BW) sug-
gests that these two variables are directly dependent
on each other, which results into an association with
exposure duration (ED).

Conclusion

The population of Raninagar II block, Murshi-
dabad, is significantly suffering from arsenic toxic-
ity through contaminated drinking water and rice
grain. Both the conventional drinking water and the
alternate drinking water are arsenic-contaminated,
which show negligence as well as the lack of cog-
nizance of the authority. Approximately, 60 and
45.5% of drinking water samples from pipeline sup-
plied water and Sajaldhara plant treated water are
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arsenic-contaminated above the permissible limit
in drinking water. The present study concludes that
the deposition of arsenic in biomarkers is extremely
related to age of the individuals, while it is independ-
ent of sex. Nail arsenic concentration is higher than
hair arsenic by an average of 3.13 times in each age-
group. This study statistically proves that nail arsenic
concentration is the most competent biomarker to
determine arsenic toxicity in the body system than
urine or hair arsenic. Adults have a higher health risk
than two other studied age groups and drinking water
through tube well imposes maximum health risk
compared to Sajaldhara plant treated water or pipe-
line supplied water. Calculated mean cancer risk from
the alternate drinking water sources is undoubtedly
higher than the threshold limit. Sensitivity analysis
study suggests that the most important factor influ-
encing health risk of the studied population is ‘con-
centration of arsenic’ in drinking water and rice grain
followed by ‘exposure duration’ and ‘body weight’.
Therefore, regular and sufficient supply of arsenic-
safe drinking water should be addressed by the local
governments and policy makers to these arsenic-
endemic zones. The arsenic removal plants must be
monitored consistently and the pipeline supplied
water should be evaluated properly before reaching to
the population. Increased usage of dug wells, treated
surface water and rainwater harvesting is immedi-
ately advised in this sternly arsenic-affected zone for
drinking as well as cultivation purposes. Evaluating
the hypotheses of the present work against a selected
population from an arsenic-unexposed zone comes
under the future scope of this study.
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