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Chronic arsenic exposure and skin lesions (keratosis and hyperpigmentation) are inextricably
linked. This paper was to quantify the children skin lesions risks and to further recommend
safe drinking water arsenic standard based on reported arsenic epidemiological data. We
linked the Weibull dose–response function and a physiologically based pharmacokinetic
(PBPK) model to estimate safe drinking water arsenic concentrations and to perform the risk
characterization.We calculated odds ratios (ORs) to assess the relativemagnitude of the effect
of the arsenic exposure on the likelihood of the prevalence of children skin lesions by
calculating proposedWeibull-based prevalence ratios of exposed to control groups associated
with the age group-specific PBPK model predicted dimethylarsinite (MMA(III)) levels in urine.
Positive relationships between arsenic exposures and cumulative prevalence ratios of skin
lesions were found using Weibull dose–response model (r2=0.91–0.96). We reported that the
safe drinking water arsenic standards were recommended to be 2.2 and 1 μg/L for male and 6
and 2.8 μg/L for female in 0–6 and 7–18 years age groups, respectively, based on
hyperpigmentation with an excess risk of 10−3 for a 75 years lifetime exposure. Risk
predictions indicate that estimated ORs have 95% confidence intervals of 1.33–5.12, 1.74–19.15,
and 2.81–19.27 based onmeandrinkingwater arsenic contents of 283.19, 282.65, and468.81 μg/L,
respectively, in West Bengal, India, Bangladesh, and southwestern Taiwan. Our findings also
suggest that increasing urinary monomethylarsonic acid (MMA) levels are associated with an
increase in risks of arsenic-induced children skin lesions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ingested inorganic arsenic that is known to have adverse health
effects are thought to contribute to some complexdiseases such
as skin lesions, diabetes, cardiovascular disease, and cancers of
several organs (lung, bladder, kidney) in arseniasis-endemic
area in southwestern and northeastern Taiwan (Chen et al.,
2001, 2005; Chiou et al., 2001, 2005; Hsueh et al., 2003; Lamm
et al., 2006; Navas-Acien et al., 2005; Smith et al., 2002; Yang
et al., 2003a,b, 2005).

Chronic toxicity is observed from exposure to drinking
water that contains ppb levels of inorganic arsenic (NRC,

2001a,b). Chronic arsenic exposure and skin lesions (such as
keratosis and hyperpigmentation) are inextricably linked
(Ahsan et al., 2000; Caldwell et al., 2006; Guha Mazumder
et al., 1998; McCarty et al., 2006, 2007; McDonald et al., 2006;
Rahman et al., 2006a,b; Yu et al., 2003).

Earlyeffectsof exposure toarsenic indrinkingwater included
pigmentation changes and hyperkeratosis (IARC 2004; Smith
et al., 2000), which reportedly appeared after 5–10 years of ex-
posure (Guha Mazumder et al., 1998). These skin lesions may
develop into more serious and disabling forms, including can-
cer (Tseng 1977; GuhaMazumder et al., 1998; Tondel et al., 1999;
NRC 2001a,b; WHO/IPCS 2001; Haque et al., 2003; IARC 2004).
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Some evidence suggests that arsenic-induced skin lesions
are early biomarkers of other outcomes such as nonmelanoma
skin cancer and cancer of the internal organs (Cuzick et al.,
1982, 1984, 1992; Sun et al., 2007; Tseng et al., 1968; Tseng,
1977). There is, however, no effective therapy for skin lesions
nowadays (Bhattacharjee, 2007). Recently, health effects for
arsenic exposure in young children (0–6 years old) have be-
come a regulatory focus (ATSDR, 2000; USEPA, 2001, 2002).
Data to assess direct impacts of arsenic exposure on the
children arsenic-induced skin lesions are limited but consis-
tently indicate that they have been posed the potential risks
(Rahman et al., 2006a,b; Sun et al., 2007; Tseng et al., 1968).
Tseng et al. (1968) and Tseng (1977) reported that the youngest
patients with hyperpigmentation were 3–5, whereas the
youngest with keratosis were 4–15 years, implicating that
hyperpigmentation could occur in patients who have been
exposed for at least 5 years and keratosis for 14 years.

Arsenic methylation of urinary arsenic species is strong
associated with skin lesions (Chen et al., 2003a,b; McCarty

et al., 2007; Sun et al., 2007; Valenzuela et al., 2005).
Chowdhury et al. (2003) indicated that primary methylation
ratio (MMA/(As(III)+As(V))) was more active in adults than
children, whereas secondary methylation ratio (DMA/MMA)
was more active in children than adults. Valenzuela et al.
(2005) suggested that MMA(III) levels in urine may serve as an
indicator to identify individuals with increased susceptibility
to skin lesions of inorganic arsenic exposure. Sun et al. (2007)
indicated that children had higher capacity for secondary
methylation of arsenic than adults when exposed to the same
concentration of inorganic arsenic in drinking water. They
concluded that exposure to arsenic may increase the capacity
for methylation in children to some extent, implicating that
children may benefit from having better secondary methyla-
tion than adults. McCarty et al. (2007) suggested that in-
creasing primary methylation ratios were associated with an
increase in risk of arsenic-induced skin lesions.

In light of this relationship between arsenic methylation ca-
pacity and children skin lesions and its effect on manifestation

Fig. 1 –Schematic showing the proposed risk analysis framework for estimating the safe arsenic water guidelines and odds
ratio predictions. The methodology was modified from USEPA (1998).
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of skin cancer, we selected arsenic-induced skin lesions as a
model system in which to predict children safe arsenic intake
and to assess health effects in arseniasis-endemic areas based
on amodel-based risk assessment framework. Here we linked a
physiologically based pharmacokinetic (PBPK) with a Weibull
baseddose–responsemodel to formulate themechanisticmodel.

Themost recent PBPKmodels for arsenic have a number of
similarities (Easterling et al., 2002; Evans and Eklund, 2001;
Gentry et al., 2004; Kenyonet al., 2003; Kitchin et al., 1999;Mann
et al., 1996a,b; Yu, 1998, 1999a,b). The simplest PBPKmodel for
arsenic came fromYu (1999a). Yu (1998) extended the simplest
PBPKmodel to fit thehumanchild includingall arsenic species,
As(V), As(III), MMA, and DMA, and considering both reductive
metabolismandmethylation. Yu (1998) noted that reductionof
As(V) to As(III) is a second-order process, dependent on the
concentration of both As(V) and glutathione (GSH), suggesting
the potential use of a GSH synthesis/depletion submodel
linked to the primary kinetic model through the process of
arsenic reduction. Yu (1999b) further refined the model to fit
the human adult, indicating that the input parameters that
most significantly affected the output of the model were the
maximum methylation reaction rate, the level of GSH for
determination of the reaction rate of As(V) to As(III), and the
urinary excretion constants.

There are three empirical dose–response models (log–logit,
log–probit, andWeibull) that have received someattentions. At
high doses, all three models are quite similar. At low doses,
however, the log–logit andWeibull models are linear on a log-
log scale, whereas the log–probit model has a substantial
curvature and gives a much lower risk estimates. Christensen
and Nyholm (1984), ten Berge (1999), and Kodell et al. (2006)
suggested that the Weibull model was particularly well suited
for a long-term low dose exposure purpose on dose–response
modeling on lifetime cancer risk estimation.

The main aim of this study is to quantify children skin
lesions from arsenic in drinking water and to further estimate
the safe drinking water arsenic guidelines based on the
proposed PBPK and Weibull model-based epidemiological
framework on the basis of gender/age-specific epidemiologi-
cal data on arsenic exposure, skin lesions prevalence, and at-
risk population obtained from studies conducted in arsenia-
sis-endemic areas such as West Bengal, India and Bangladesh
and BFD-endemic area in Taiwan.

2. Materials and methods

Our risk assessment approach can be divided into four phases
(Fig. 1) based on USEPA ecological risk assessment paradigm
(USEPA, 1998) to account for the Weibull-PBPK model based
framework responds to a spectrum of adverse health effects of
arsenic-induced skin lesions that have been identified across a
wide range of gender/age-specific scales and is described in
subsequent sections.

2.1. Quantitative arsenic epidemiological data

A remarkable dataset related to arsenic epidemiology of
gander-specific and age-adjusted prevalence of arsenic-
induced skin lesions of keratosis and hyperpigmentation in

West Bengal, India (Guha Mazumder et al., 1998) give us the
opportunity to test all theoretical considerations of arsenic
exposure effects and quantify its strength. We appraise the
dataset from the cross-sectional survey conducting between
April 1995 andMarch 1996 to quantitatively reconstruct pooled
arsenic epidemiological data of gender- and skin lesion-
specific cumulative prevalence ratios (Fig. 2). A total of 7818
individuals participated in the drinking water study. Water–
arsenic levels were obtained for 7683 of the participants (4093
females and 3590 males). Guha Mazumder and co-workers
(1998) used a standardized questionnaire interview to collect
information including sources of drinking water, current diet
and water intake, medical symptoms, height and weight and
a general medical examination was also given. A detailed
description of the recruitment procedure for cross-sectional
survey and skin lesions cases ascertainment of keratosis and
hyperpigmentation has been reported previously (Guha
Mazumder et al., 1998).

GuhaMazumderetal. (1998) indicated that the age-adjusted
prevalence of keratosis was strongly related to water arsenic
levels, rising from zero in the lowest exposure level (b50 μg L−1)
to 8.3×10−2 for female drinking water containing N800 μg L−1,
and increasing from 0.2×10−2 in lowest exposure category to
10.7×10−2 for male in the highest exposure level (N800 μg L−1).
On the other hand, findings were similar for hyperpig-
mentation with strong dose–response relationships. The
larger number of study participants, 1-year follow-up with
more skin lesions cases, and wider range of arsenic exposure
levels (b50–N800 μg L−1) and gender specific age groups (b9–N
60 years) leads us with a unique opportunity to further
investigate the dose–response relationship between ingested
arsenic exposure and skin lesions risks.

2.2. Weibull dose–response model

Here we use the Weibull probability density function to ac-
count for the age-specific prevalence ratio for human long-
term exposure to low doses of arsenic,

g t; e Cð Þð Þ ¼ e Cð Þk2tk2�1exp �e Cð Þtk2
� �

ð1Þ

with

e Cð Þ ¼ k0Ck1 þ k3; ð2Þ

where g(t,ε(C)) represents the skin lesion-specific prevalence
ratio for human exposed to arsenic concentration C (μg L−1) at
age t (year), ε(C) is the C-dependent shape parameter, and k0,
k1, k2, and k3 are the skin lesion-specific best-fitted para-
meters. The cumulative prevalence ratio for human exposed
to arsenic concentration C at age t can then be obtained by
integral of Eq. (1) as,

P t;Cð Þ ¼
Z t

0
g t; e Cð Þð Þdt ¼ 1� exp �e Cð Þtk2

� �
¼ 1� exp � k0Ck1 þ k3

� �
tk2

� �
ð3Þ

We employed TableCurve 3D (Version 4, AISN Software Inc.,
Mapleton, OR, USA) to perform model fitting to pooled pub-
lished arsenic epidemiological data to reflect the reasonable
trend of dose–response relationships (Fig. 2).
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2.3. PBPK model

We appropriately refine the basic compartmental structure
that has been previously employed in many PBPK models
for arsenic exposure in humans (Mann et al., 1996a,b; Yu,
1998, 1999b) to describe the pharmacokinetics and metabo-
lism of arsenic in target organs. The tissue compartments

included in the model were (Fig. 3A): Lung, liver, kidney,
GI tract, skin, muscle, fat tissues in that each tissue com-
partment is interconnected by blood flow. The biotrans-
formation of arsenic in the body consists of an oxidation/
reduction and two methylation reactions (Fig. 3B). The oxi-
dation/reduction of inorganic arsenic takes place in the
plasma and in the kidney and liver, whereas the methylation

Fig. 2 –Reanalyzed published arsenic epidemiological data of gender- and skin lesion-specific prevalence ratios inWest Bengal,
India, showing the male/female hyperpigmentation (A, B), and keratosis (C, D).
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of As(III) takes place mainly in the liver and kidney according
to Michaelis–Menten kinetics (Yu, 1998, 1999b). Mann et al.
(1996a,b) suggested that the reduction of As(V) to As(III) can

be modeled as a first-order oxidation/reduction reaction.
Here we assume kidney and urine having the same levels of
arsenic species.

Fig. 3 –Schematic of the proposed PBPK-metabolism model showing (A) target tissue compartments of lung, skin, fat, muscle,
kidney, liver and GI tract interconnected by blood flow, (B) biotransformation of arsenic showing oxidation/reduction of
inorganic arsenic and methylation of As(III) in kidney and liver, and (C) the age-specific secondary methylation ratio (DMA/
MMA) distributions adopted from Chowdhury et al. (2003).
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We employed age-specific secondary methylation ratio
(DMA/MMA) distributions to adjust the age-dependent ar-
senic methylation rate constants based on a study focused

on the excretion of arsenic species in urine of children com-
pared to adults from an arsenic exposed area in Bangladesh
(Chowdhury et al., 2003), resulting in a fitted normal distribu-
tion of y=1.32+2.56 exp(−0.5((x−0.54)/1.0)2) (r2=0.80, pb0.05)
(Fig. 3C). The dynamic behavior of PBPK and metabolic pro-
cesses in the PBPK model can be described by a set of first-
order differential equations (see Appendix A for detail). The
physiological parameters, age-adjusted metabolic constants,
tissue/blood partition coefficients, and biochemical para-
meters are listed in Tables B1, B2, and B3 (Appendix B). We
employed the MATLAB® software (The Mathworks Inc., MA,
USA) to perform the PBPK simulations.

2.4. Quantitative safe arsenic intake and risk estimates

We assume daily water uptake rate undergoes a variability
analysis. We transform arsenic exposure–response relationship
into internal dose-based response functionby incorporatingPBPK

Table 1 –Weibull model fitting parameters (mean with
95%CI) for male and female of hyperpigmentation and
keratosis

Hyperpigmentation Keratosis

Male Female Male Female

k0 5.41×10−4

(0–1.3×10−3)
2.95×10−4

(0–8.15×10−4)
1.44×10−4

(0–3.02×10−4)
8.79×10−5

(0–2.55×10−4)
k1 0.62(0.43–0.82) 0.61(0.37–0.85) 0.70(0.55–0.85) 0.65(0.39–0.91)
k2 0.18(0.12–0.24) 0.17(0.10–0.24) 0.18(0.13–0.23) 0.12(0.047–0.19)
k3 1.00×10−4

(0–4.98×10−3)
1.00×10−4

(0–3.21×10−3)
1.00×10−4

(0–1.51×10−3)
1.00×10−4

(0–1.30×10−3)
r2 0.94 0.91 0.96 0.91

Fig. 4 –Weibull model predicted age-specific skin lesions cumulative prevalence ratios variedwith arsenic exposure for female/
male hyperpigmentation (A, B), and keratosis (C, D). Inset illustrates the best fittedWeibull model-based dose–response surface
for female hypermentation.
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model into Weibull model to account for the variability of risk
estimatesandsafedrinkingwater arsenic concentrationbasedon
drinking water uptake rate distribution. Morales et al. (2000)
suggested that theuseof 1%and5%excess risks (ΔED01andΔED05,
respectively) for the point-of-departure analysis for cancer risk
assessment suggested byUSEPA (1996) are better than that of 10%
excess risk (ΔED10) because an excess risk of 10% is relatively large
andhappensonlyat relativehighdoses inepidemiological studies.

The USEPA suggested point-of-departure analysis for can-
cer risk assessment is to estimate a point on the exposure
response curve within the observed range of the data and then
extrapolate linearly to lower dose (Morales et al., 2000). Morales
et al. (2000) also pointed out that traditionally employed unit
excess lifetime risk of 10−6 is probably unreliable for epide-
miological data where exposure is not typically measured
accurately enough to extrapolate to such low risk levels. In
the present study, we use 0.1% excess risk (ΔED0.1) point-of-
departure to predict the safe drinking water arsenic intake
guideline basedon thepublished reports of prevalence ratios on
health effects in Bangladesh (hyperpigmenation, male: 1.35%,
female: 0.63%; keratosis, male: 0.63%, female: 0.34%) (Yu et al.,

2003), in West Bengal, India (hyperpigmentation, male: 6.4%,
female: 3.1%; keratosis, male: 3.0%, female: 1.2%) (Guha
Mazumder et al., 1998), and in southwestern Taiwan (hyperpig-
mentation: 18.3%; keratosis: 7.1%) (Tseng et al., 1968).

We calculate odds ratios (ORs) to assess the relative mag-
nitude of the effect of the arsenic exposure on the likelihood
of the prevalence of children skin lesions at a particular
setting by calculating proposed Weibull-based prevalence
ratios of exposed to control groups associated with the age
group-specific PBPKmodel predictedMMA(III) levels in urine.
The MMA(III) level in urine is calculated based on the
proportions of 7.4% of MMA(III) and 2.8% of MMA(V) in total
urinary MMA (Valenzuela et al., 2005). Odds are the prob-
ability of an event occurring divided by the probability of it
not occurring. Thus, the OR can be defined in terms of
prevalence ratio as: OR=Pexp(CU-MMA(III),t)/Pcon(CU-MMA(III),t)
where subscripts exp, con, and U-MMA(III) represent
exposed, control, and urinary MMA(III) level, respectively.

To explicitly quantify the uncertainty/variability of data, a
Monte Carlo simulation is performed with 10,000 iterations
(stability condition) to obtain the 95% confidence interval (CI).
The Monte Carlo simulation is implemented by using the Crys-
tal Ball software (Version 2000.2, Decisioneering Inc., Denver,
CO, USA). The χ2 and Kolmogorov–Smirnov (K–S) statistics were
used to optimize the goodness-of-fit of the distribution.

3. Results

3.1. Fitting Weibull model to arsenic epidemiological data

Table 1 shows the best-fitted parameters k0, k1, k2, and k3 in
Eq. (3) for hyperpigmentation and keratosis for each gender by
fitting Weibull dose–response function (Eq. (3)) to gender- and
skin lesion-specific cumulative prevalence ratios (Fig. 2). Here
we estimate Weibull dose–response function for the back-
ground prevalence of skin lesions and for the total incidence at
a given arsenic concentration. We obtain Eq. (3) by incorpo-
rating a background dose response function into the original
dose–response function.

Our results indicate thatmale skin lesions have the highest r2

values (0.94–0.96) than those of female skin lesions (r2=0.91)
(Table 1). Specifically, arsenic exposure has notably influence
than that of age (k1=0.61–0.70, k2=0.12–0.18) for all gender skin

Fig. 5 – (A) Box and whisker plot showing the daily drinking
water uptake rate distribution for four age groups of 0–b1,
1–6, 7–12, and 13–18 year, respectively, and the gender-specific
safe drinking water arsenic concentration estimates for
(B) hyperpigmentation and (C) keratosis, respectively,
varied with different children age groups.

Table 2 – Recommended safe arsenic concentration (μg/L)
in drinking water with hyperpigmentation and keratosis
of males based on ED0.1

Gender Age group (year)

0–b1 1–6 7–12 13–18

Hyperpigmentation
Male 2.82 1.51 1.08 0.91
Female 7.83 4.20 3.02 2.56

Keratosis
Male 28.22 16.13 11.98 10.32
Female 41.77 28.00 22.7 20.45
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lesions, implicating that arsenic exposure is themajor attribute to
skin lesionprevalence ratio for the study participants of residents
in West Bengal, India (Table 1). The response surfaces of dose–
response function associated with an age-specific relationship
betweencumulativeprevalence ratioandarsenicexposurecanbe
fit reasonably well by Weibull model (Fig. 4A). A similar trend of
arsenic exposure specific cumulative prevalence ratio for gender/
age specific skin lesions is predicted for ages of the 1st, 7th, 13th,
and18thyear, indicating thatcumulativeprevalence ratiosof skin
lesions increasewith increasing arsenic exposure and age (Fig. 4).

3.2. Safe drinking water arsenic estimates

We use fitted Weibull model to further estimate the age-specific
safe drinking water arsenic concentrations based on Fig. 4 with
excess risk of 10−3 and age-specific median daily drinking water
uptake rates of 0.65, 1.29, 1.75, and 2.22 L d−1, respectively for four
age groups (Fig. 5, Table 2). Table 2 shows that the safe water
inorganic arsenic concentrations are estimated to be 2.82, 1.51,
1.08, and0.91μg L−1 formalehyperpigmentation,whereas the safe
arsenic estimates for male keratosis are 28.21, 16.13, 11.98, and
10.32 μg L−1, in age groups of 0–b1, 1–6, 7–12, and 13–18 years,
respectively, based on a 0.1% excess risk (ΔED0.1).

3.3. Risk prediction of children skin lesions

We applied the proposed Weibull-PBPK model to predict and
evaluate children skin lesions health effects in West Bengal,
India, Bangladesh, and southwestern Taiwan where compre-
hensive studies of arsenic-induced skin lesions have not been
fully conducted to date. The best fitted lognormal distribu-
tions (LN(geometric mean, geometric standard derivation) of
arsenic concentrations in well water of surveyed villages in
West Bengal, India (LN(283.19 μg L−1, 1.69), Bangladesh (LN
(282.65 μg L−1, 2.27)), and southwestern Taiwan (468.81 μg L−1,
1.73)) (Fig. 6A) were calculated based on the published data,
respectively, from Haque et al. (2003), Chowdhury et al. (2000),
and Tseng et al. (1968) in that the control arsenic exposure
levels were 50, 10, and 10 μg L−1, respectively, in West Bengal,
India, Bangladesh, and southwestern Taiwan.

We predict OR by incorporating age group-specific urinary
MMA(III) levels calculated from PBPK model (Fig. 6B) into
Weibull dose–response model. The results demonstrate that
male ORs are greater than that of female among the four
children age groups, whereas the ORs of hyperpigmentation
are greater than that of keratosis increasing with increased
ages in West Bengal, India, Bangladesh, and southwestern
Taiwan (Table 3, Fig. 6C). The findings depicted in Table 3

Fig. 6 – (A) Box and whisker plots showing the best fitted
lognormal distribution of arsenic concentration inwell water,
respectively, in West Bengal, India, Bangladesh, and
southwestern Taiwan, (B) age group-specific urinary MMA
(III) levels calculated from PBPK model for four age groups in
children, and (C) box and whisker plots showing the
predicted odds ratio distributions in West Bengal, India,
Bangladesh, and southwestern Taiwan in that the symbols
indicate the published data.

Table 3 – Odds ratio estimates for gender-specific
hyperpigmentation and keratosis in West Bengal, India,
Bangladesh, and southwestern Taiwan

Age group
(year)

Odds ratio

Hyperpigmentation Keratosis

Male Female Male Female

West Bengal
0–b1 2.73 2.53 2.51 2.25

(1.46–4.93) (1.41–4.44) (1.38–4.61) (1.33–3.88)
1–6 2.73 2.54 2.52 2.25

(1.46–4.93) (1.71–4.44) (1.38–4.62) (1.33–3.88)
7–12 2.76 2.58 2.63 2.35

(1.47–4.99) (1.42–4.54) (1.41–4.89) (1.35–4.11)
13–18 2.82 2.67 2.86 2.56

(1.48–5.12) (1.45–4.75) (1.47–5.47) (1.41–4.61)

Bangladesh
0–b1 6.48 5.35 4.54 3.76

(2.52–17.12) (2.23–5.35) (1.89–12.56) (1.74–9.40)
1–6 6.48 5.36 4.55 3.77

(2.52–17.12) (2.23–13.55) (1.90–12.61) (1.74–9.43)
7–12 6.70 5.63 5.04 4.14

(2.58–17.78) (2.31–14.34) (2.02–14.23) (1.84–10.56)
13–18 7.16 6.23 6.33 5.12

(2.71–19.15) (2.48–16.14) (2.35–18.53) (2.11–13.63)

Taiwan
0–b1 8.76 7.12 6.17 4.95

(4.64–17.23) (3.91–13.61) (3.28–12.65) (2.81–9.46)
1–6 8.77 7.13 6.20 4.96

(4.65–17.23) (3.92–13.63) (3.29–12.69) (2.82–9.49)
7–12 9.08 7.52 6.91 5.49

(4.79–17.89) (4.10–14.43) (3.60–14.33) (3.06–10.63)
13–18 9.73 8.37 8.81 6.91

(5.10–19.27) (4.50–16.24) (4.43–18.66) (3.71–13.72)
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indicate that children ages between 7–18 years are at a higher
risk of skin lesions to chronic arsenic exposure. The overall
predicted OR distributions of children skin lesions (Fig. 6C)
gave the mean estimates with 95% CI of 2.70 (1.26–4.95), 2.47
(1.29–4.33) and 5.92 (1.97–16.13), 4.92 (2.08–12.57) for male and
female, respectively, in West Bengal, India and Bangladesh;
whereas the risk in southwestern Taiwan was somewhat
more greater and had wider ranges of 95% CI for both male
(8.05 (3.58–16.24)) and for female (6.56 (3.61–12.65)).

4. Discussion

4.1. Skin lesions Weibull-PBPK model

We use Weibull model to estimate dose response function
based on the published epidemiological data in West Bengal,
India to derive the safe drinking water arsenic guidelines for
children skin lesions. We use urinary arsenic species
predicted from PBPK model as a biomarker of exposure to
relate the exposure characterized by arsenic methylation
capacity of urinary arsenic to exposures that may occurred
chronically. It is extremely difficult to use the data to
extrapolate dose response functions to low arsenic concen-
trations. The Weibull dose–response function based on our
present arsenic epidemiological data should provide better
estimates of skin lesions prevalence for areas where arsenic
concentrations are high (e.g., Bangladesh and Taiwan) and
for areas where incidence/prevalence rates must be extra-
polates to low arsenic concentrations (e.g., USA).

Morales et al. (2000) and Yu et al. (2003) indicated that dose
response functions of different parametric forms can lead to
quite different estimates of incidence rate and prevalence
ratio. NRC (2001a,b) also shows that risk estimates are
sensitive to how the data is grouped and to which arsenic
concentrations are included in the data. An analysis of the
implications of arsenic-induced children skin lesions risks in
arseniasis-endemic areas would be more complex and would
include consideration of impacts on regionally specific
information on social, demographic, and economic trends.
Moreover, the arsenic-induced skin lesions risks may occur
concurrent with human-induced changes. These human-
driven transitions in arseniasis-endemic areas are likely to
have a larger impact on risk profiling than arsenic-only-
induced transitions. Although our information may not be
able to provide an unambiguous definition of safe drinking
water arsenic and risk estimates, it may help to inform public
and regulatory authorities on discussions of risk management
and communication by drawing attention to the worldwide
arsenic issues.

In view of the higher odds ratio in 13–18 age groups, which
may be attributable to the higher drinking water uptake rate
(Fig. 5A) and the accumulation of exposure. Tseng et al. (1968)
were also pointed out that the prevalence rates of hyperpig-
mentation and keratosis increased steadily with age for
males and females. These lagged effects on chronic arsenic
exposure may explain why younger children have lower ORs.
Tseng et al. (1968) further indicated that hyperpigmrntation
can occur in patients who have been exposed for at least
3 years, keratosis for 4 years, and skin cancer for 24 years.

4.2. Safe arsenic guideline for children skin lesions

We recognize limitations in each of our data sources,
particularly the inherent problem of uncertainty and varia-
bility of the data. The strength of these results rests on the
robustness of the Weibull-PBPK model and the public and
regulatory authorities' guideline values. Our analysis may
provide a wider context for the interpretation of regional
arsenic-induced children skin lesions risk profiling that
produced diverging and controversial outcomes, which has
economic and policy implications. Although more complex
models may be necessary to answer specific questions
regarding risk or particular management strategies, our
simple model captures the essential risk analysis methodol-
ogy and it's flexible enough to integrate effects occurring at
varying subpopulation scales.

We argue that the present safe water arsenic guideline
values for children skin lesions are estimated based on arsenic
epidemiology data from long-term arsenic exposures and not
basedon animalmodels consideringuncertainty factorsused to
account for potential interspecies variation in response sensi-
tivity and potential intraspecies variation in human sensitivity.
Yet ifweemploy 10−6–10−4 asourunit excess lifetimecancer risk
to estimate the safewater arsenic guideline, the guideline value
will come out to be nearly 0 μg L−1. Consequently, the estimated
excess lifetimeskin lesions risks fromdrinkingwater exceed the
range of 10−6–10−4 and that should be interpreted cautiously to
avoid misleading (Brown, 1998; Smith and Sharp, 1985). We
suggest that a precautionary approach toward risk manage-
ment and communication should be given a high priority for
reducing children skin lesions risks.

There are a number of areas in which further researchmay
aid in decreasing the uncertainties in model development.
First, there is a need to conduct amore extensive characteriza-
tion of the distribution of exposures within given populations.
This would require the collection ofmore detailed information
on arsenic exposure data, arsenic levels in target organs, and
site- and species-specific arsenic epidemiological data. It
would be useful to characterize better the distribution of site-
and gender/age-specific exposures. Second, there is a need for
sensitivity analysis using the Monte Carlo simulation model
with the more detailed data sets as inputs. The uncertainties
may attributable to concentrations of arsenic in well water,
numbers of people who are expected to various arsenic
concentrations, and dose response function for health effects.

The ranges and distributions of parameters can then be
combined by use of the Monte Carlo simulation model to
produce a response surface. Relationships between the input
ranges and model output should then be assessed with
stepwise regression in order to identify the relationship
between output variability and input uncertainties and
variabilities. Finally, on the basis of the results of the
sensitivity analysis, research should be directed to those
parameters that, if better characterized, couldmost effectively
reduce variability in the results.

4.3. Implications

We propose that this Weibull model-based arsenic epidemiol-
ogy and PBPK approach, which amounts to arsenic-induced
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children skin lesions risk profiling associated with a proposed
safe drinking water arsenic standard, might provide the basis
of a future population-based risk management strategy.
Furthermore, this approach should have certain advantages
over methods for dose response profile selection that are
dependent on the use of arsenic epidemiological data to char-
acterize particular aspects of risk analysis. A further inherent
benefitof theWeibull-PBPKapproach is toprovide interplayamong
system approach, regulatory processes, and risk management.

The main potential application we envisage for Weibull-
PBPK approach is with respect to human health, and there is
clearly a need for further development and to investigate how
well the approach can be transferred from West Bengal to
Bangladesh or Taiwan populations, for whom much greater
chronic arsenic exposureandenvironmental variationwould be
expected. Recent developments in data analysis should assist
safe drinking water arsenic standard establishment and bio-
markers identification of arsenic-induced health hazards (Chen

et al., 2005). Metabolite profiling of fluids in PBPK model other
than urine and bile, such as blood, hair and nails and fecal
excretion, should provide additional information (Brown, 1998).

In closing, we envisage that optimal quantification of skin
lesions risks from chronic arsenic exposure in drinking water
may eventually involve a variety of dose response-prediction
approaches. However, by linking Weibull model-based
arsenic epidemiology and PBPK model has an important
theoretical advantage over traditional models in that it can
potentially take account of both physiological and environ-
mental factors affecting arsenic-induced adverse health
responses. Furthermore, although our proposed framework
would normally relate to predicting safe drinking water
arsenic concentration and the likelihood of risk estimates,
we envisage that similar methodology could be applied to
predicting potential population-level long-term low dose
pre-cancerous and cancer risk responses to broader medical,
dietary, microbiological or physiological challenges.

Appendix A – Equations used in the proposed PBPK model

Lung
As(III) dA3þ

Lung

dt
¼ QLung � C3þ

a �
C3þ
Lung

P3þ
Lung

 !
þ K1 � C5þ

Lung � K2 � CIII
Lung

� �
� VLung

As(V) dA5þ
Lung

dt
¼ QLung � C5þ

a �
C5þ
Lung

P5þ
Lung

 !
� K1 � C5þ

Lung � K2 � C5þ
Lung

� �
� VLung

MMA dAMMA
Lung

dt
¼ QLung � CMMA

a � CMMA
Lung

PMMA
Lung

 !

DMA dADMA
Lung

dt
¼ QLung � CDMA

a � CDMA
Lung

PDMA
Lung

 !

Kidney (urine)
As(III) dA3þ

Kid
dt

¼ QKid � C3þ
a � C3þ

Kid

P3þ
Kid

 !
þ K1 � C5þ

Kid � K2 � C3þ
Kid

� �� VKid � V3þYMMA
max;Kid � C3þ

Kid

K3þYMMA
m;Kid þ C3þ

Kid

� V3þYDMA
max;Kid � CIII

Kid

K3þYDMA
m;Kid þ CIII

Kid

�Wday � Kurine �
C3þ
Kid

P3þ
Kid

As(V) dA5þ
Kid
dt

¼ QKid � C5þ
a � C5þ

Kid

P5þ
Kid

 !
� K1 � C5þ

Kid � K2 � C3þ
Kid
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Kid

P5þ
Kid

MMA dAMMA
Kid
dt

¼ QKid � CMMA
a � CMMA

Kid

PMMA
Kid

 !
þ V3þYMMA

max;Kid � CIII
Kid

K3þYMMA
m;Kid þ CIII

Kid

� VMMAYDMA
max;Kid � CMMA

Kid

KMMAYDMA
m;Kid þ CMMA

Kid

�Wday � Kurine �
CMMA
Kid

PMMA
Kid

DMA dADMA
Kid
dt

¼ QKid � CDMA
a � CDMA

Kid

PDMA
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 !
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Kid
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max;Kid � CMMA

Kid

KMMAYDMA
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Kid

�Wday � Kurine �
CDMA
Kid
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Kid

Skin
As(III) dA3þ

Skin
dt

¼ QSkin � C3þ
a � C3þ

Skin

P3þ
Skin

 !
þ K1 � C5þ

Skin � K2 � C3þ
Skin

� �� VSkin �Wday � KSkin � C3þ
Skin

As(V) dA5þ
Skin
dt

¼ QSkin � C5þ
a � C5þ

Skin

P5þ
Skin

 !
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Skin � K2 � C3þ
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Appendix A (continued)

Lung
MMA dAMMA

Skin
dt

¼ QSkin � CMMA
a � CMMA

Skin

PMMA
Skin

 !
�Wday � KSkin � CMMA

Skin

DMA dADMA
Skin
dt

¼ QSkin � CDMA
a � CDMA

Skin

PDMA
Skin

 !
�Wday � KSkin � CDMA

Skin

G.I. tract
As(III) dA3þ

GI
dt

¼ QGI � C3þ
a � C3þ

GI

P3þ
GI

 !
� QGI � C3þ

GI

P3þ
GI

� C3þ
Liver

P3þ
Liver

 !
þ K1 � C5þ
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GI
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� QGI � CMMA
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�Wday � KGI � CMMA

GI

DMA dADMA
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 !
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As(III) dA3þ
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dt
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a � C3þ
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P3þ
Muscle

 !
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Muscle

� �� VMuscle
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dt
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dt
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Muscle

PMMA
Muscle

 !

DMA
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dt

¼ QMuscle � CDMA
a � CDMA

Muscle

PDMA
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Fat
As(III)

dA3þ
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dt
¼ QFat � C3þ

a � C3þ
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P3þFat

 !
þ K1 � C5þ

Fat � K2 � C3þ
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� �� VFat

(continued on next page)

Skin
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Appendix A (continued)

Lung
As(V) dA5þ

Fat
dt

¼ QFat � C5þ
a � C5þ

Fat

P5þFat

 !
� K1 � C5þ

Fat � K2 � C3þ
Fat

� �� VFat

MMA dAMMA
Fat
dt

¼ QFat � CMMA
a � CMMA

Fat
PMMA
Fat

� �

DMA dADMA
Fat
dt

¼ QFat � CDMA
a � CDMA

Fat

PDMA
Fat

� �

Blood
As(III) dA3þ

a
dt

¼
X8
i¼1

Qi �
C3þ
i

P3þ
i

�
X8
i¼1

Qi � C3þ
a

 !
þ K1 � C5þ

a � K2 � C3þ
a

� �� Va

As(V) dA5þ
a

dt
¼

X8
i¼1

Qi �
C5þ
i

P5þ
i

�
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i¼1

Qi � C5þ
a

 !
� K1 � C5þ

a � K2 � C3þ
a

� �� Va

MMA dAMMA
a
dt

¼
X8
i¼1

Qi �
CMMA
i

PMMA
i

�
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i¼1

Qi � CMMA
a

 !

DMA dADMA
a
dt

¼
X8
i¼1

Qi �
CDMA
i

PDMA
i

�
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i¼1

Qi � CDMA
a

 !

Abbreviations and parameter symbols: Ai
j: dose of arsenic species j in organ/tissue i (μmol), Ci

j: concentration of arsenic species j in organ/
tissue i (μmol/L), Km,i

j→ k: Michaelis–Menten constant for arsenic species j methylated to k in organ/tissue i (μmol/L), Pij: Tissue/blood partition
coefficient of arsenic species j in tissue, Qi: blood flow in organ/tissue i (L/h), Vi: volume of organ/tissue i (L), Vmax,i

j→k : maximum reaction rate
for arsenic species jmethylated to k in organ/tissue i (μmol/h),WBiliary: bile elimination amount (L),Wday: human daily drinking water amount (L/h),
Wi: percentage of the mass of organ i in body weight (%).

Appendix B. Input parameters used in the PBPK model

Table B1 – PBPK input parameters used for four age groups

Parameters Age groups (year)

0–b1 1–6 7–12 13–18

As3+ in drinking water (μg/L) 20

As5+ in drinking water (μg/L) 30

Daily drinking watera(L/day) 0.645(0.34–0.91) 1.29(1.005–1.595) 1.73(1.59–1.866) 2.20(1.944–2.362)

Lung QLung
b (L/h) 1.42 5.17 7.65 10.84

VLung
c (L) 0.104 0.257 0.507 0.888

Kidney QKid (L/h) 10.8 39.3 58.1 82.4
VKid (L) 0.0272 0.0669 0.132 0.231

Skin QSkin (L/h) 2.84 10.3 15.3 21.7
VSkin (L) 1.40 3.45 6.80 11.9

G.I. tract QGI (L/h) 11.4 41.3 61.2 86.7
VGI (L) 0.124 0.305 0.602 1.06
Kuptake
3+d (μmol/h) 0.00717 0.0144 0.0192 0.0244

Kuptake
5+ (μmol/h) 0.0108 0.0216 0.0288 0.0367

Liver QLiver (L/h) 2.84 10.3 15.3 21.7
VLiver (L) 0.159 0.392 0.773 1.36
WBiliary

e (L/day) 0.055 0.136 0.268 0.470

Fat

214 S C I E N C E O F T H E T O T A L E N V I R O N M E N T 3 9 2 ( 2 0 0 8 ) 2 0 3 – 2 1 7



Author's personal copy

Table B3 – Partition coefficients, blood flow fraction, and tissue density used in the PBPK model

Tissue Blood
flow

fraction
(Fi) (%)a

% of
body
weight
(Wi)
(%)a

Density
(Di)

(kg L−1)a

% of total
water

elimination
amount
(%)b

Species-specific tissue/blood partition coefficient
c

As(III) As(V) MMA(V) DMA(V)

Lung 2.5 1.7 1.05 12 4.15 4.15 1.8 2.075
Kidneys 19 4.4 1.05 60 4.15 4.15 1.8 2.075
Skin 5 20 1.05 20 2.5 2.5 1.25 1.25
GI tract 20 2 1.04 8 2.8 2.8 1.2 1.4
Liver 6.5 2.57 1.05 5.3 5.3 2.35 2.65
Muscle 17 40 1.04 2.6 2.6 1.8 2.8
Fat 27.5 21 0.92 0.3 0.3 0.3 0.3
Total 100

aAdapted from Hissink et al. (2000) and Yu and Kim (2004). bAdapted from Huang (2000).
cAdapted from Hissink et al. (2000) and Yu and Kim (2004).

Table B2 –Metabolic rate constants for arsenic in humans

Metabolic rate constants for arsenic in humans

Oxidation/reductiona First order
Reduction (1/h) 1.37
Oxidation (1/h) 1.83
Methylationb

Age groups(year) 0–b1 1–6 7–12 13–18
As3+→MMA As3+→DMA MMA→DMA

Liver
Vmax (μmol/h) 11.25 22.25 7.44 14.30 13.06 5.58

(6.08–8.72) (13.83–14.65) (10.61–14.87) (5.15–6.51)
Km (μmol/L) 100 100
Kidney

Vmax (μmol/h) 7.5 10.02 2.32 4.41 4.08 1.74
(1.90–2.72) (4.26–4.52) (3.31–4.64) (1.61–2.03)

Km (μmol/L) 100 100

aAdapted from Yu (1998). bAdapted from Mann (1996a).

Table B1 (continued)

Parameters Age groups (year)

0–b1 1–6 7–12 13–18

As3+ in drinking water (μg/L) 20

As5+ in drinking water (μg/L) 30

Daily drinking watera(L/day) 0.645(0.34–0.91) 1.29(1.005–1.595) 1.73(1.59–1.866) 2.20(1.944–2.362)

Muscle QMuscle (L/h) 9.66 35.1 52.0 73.7
VMuscle (L) 2.48 6.10 12.0 21.1

Fat QFat (L/h) 2.84 10.3 15.3 21.7
VFat (L) 1.30 3.19 6.30 11.0

Blood Va
f (L) 0.489 1.20 2.37 4.16

aDaily drinking water (L/day) was assumed that 0.1 (l/kg-day), 1+ (BW-10)×0.05 (l/kg-day), 1.5+ (BW-20)×0.02 (l/kg-day) for 3–10 kg, 10–20 kg,
N20 kg, respectively, whichwas adopted fromWong (2001). bQi=Fi×QT (Fi: blood flow fraction;QT: cardiac output rate) (Price et al., 2003). cVi (L)=
BW (kg)×Wi/Di (kg/L) (Vi: volume of organ i; BW: body weight;Wi: percentage of body weight; Di: density of organ i).
dKuptake (μmol/h)=as in drinking water (μg/L)×daily drinking water (L/day)/74.9216 (As=74.9216).
eWe assumed that WBiliary-Children=WBiliary-Adult×BWChildren/BWAdult.
fVa=BWChildren×0.08/Da (Haddad et al., 2001).
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