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Previous epidemiological studies have indicated that ingested inorganic arsenic is strongly associated
with a wide spectrum of internal cancers. Little is conducted, however, to assess health effects at long-
term low dose exposures by linking biologically based mechanistic models and arsenic epidemiological
data. We present an integrated approach by linking the Weibull dose-response function and a physi-
ologically based pharmacokinetic (PBPK) model to estimate reference arsenic guideline. The proposed
epidemiological data are based on an 8 years follow-up study of 10,138 residents in arseniasis-endemic
areas in southwestern and northeastern Taiwan. The 0.01% and 1% excess lifetime cancer risk based point-
of-departure analysis were adopted to quantify the internal cancer risks from arsenic in drinking water.
Positive relationships between arsenic exposures and cumulative incidence ratios of bladder, lung, and
urinary-related cancers were found using Weibull dose-response model r% =0.58-0.89). The result shows
that the reference arsenic guideline is recommended to be 3.4 pgL~! based on male bladder cancer with
an excess risk of 10~ for a 75-year lifetime exposure. The likelihood of reference arsenic guideline and
excess lifetime cancer risk estimates range from 1.9-10.2 wgL~! and 2.84 x 10~> to 1.96 x 104, respec-
tively, based on the drinking water uptake rates of 1.08-6.52 Ld~'. This study implicates that the Weibull
model-based arsenic epidemiological and the PBPK framework can provide a scientific basis to quantify
internal cancer risks from arsenic in drinking water and to further recommend the reference drinking
water arsenic guideline.
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1. Introduction arsenic intoxication are referred to as arsenicosis (hyperpigmenta-

tion and keratosis).

Previous epidemiological studies have indicated that ingested
inorganic arsenic is strongly associated with a wide spectrum of
adverse health outcomes, primary cancers (lung, bladder, kidney,
skin) and other chronic diseases such as dermal, cardiovascular,
neurological, and diabetic effects in arseniasis-endemic area in
southwestern and northeastern Taiwan [1-8]. Chronic and systemic
exposure to arsenic is known to lead to serious disorders, such as
vascular diseases (blackfoot disease (BFD) and hypertension) and
irritations of the skin and mucous membranes as well as dermati-
tis, keratosis, and melanosis. The clinical manifestations of chronic
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Chronic toxicity is observed from exposure to drinking water
that contains ppb levels of inorganic arsenic [9]. The final regulation
by the U.S. Environmental Protection Agency (USEPA) on arsenic
in drinking water lowered the standard from 50 to 10 wgL~! [10].
There are still great uncertainties on health effects of arsenic at
low doses. Research is needed to investigate and assess human
health effects of arsenic at long-term low dose exposures using
biologically based mechanistic models. Humans are potentially
exposed to multiple valence forms or metabolites of arsenic. As(V)
and As(IIl) exhibit very different toxicities and biokinetics, as do
the methylated metabolites, monomethyl arsonate (MMA) and
dimethyl arsonate (DMA), leading to species-specific differences
in detoxification, metabolism, or uptake or accumulation in target
tissues [11]. The residents are exposed to inorganic arsenic primar-
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ily through natural enrichment of drinking well water via the oral
route. Inorganic arsenic is methylated into less toxic organic forms
in the body via alternating reduction of As(V) to As(Ill) and oxida-
tive methylation to MMA and DMA, which are excreted mainly in
the urine.

The most recent physiologically based pharmacokinetic (PBPK)
models for arsenic have a number of similarities [12]. Yu [13]
extended his own developed parsimonious PBPK model [14] to fit
the human child including all arsenic species, and considering both
reductive metabolism and methylation. Yu [15] further refined the
model to fit the human adult, indicating that the input parame-
ters that most significantly affected the output of the model were
the maximum methylation reaction rate, the level of GSH for deter-
mination of the reaction rate of As(V) to As(Ill), and the urinary
excretion constants. Mann et al. [16,17] have developed a PBPK
model for arsenic in hamsters and rabbits, which was subsequently
scaled to humans.

The choice of an appropriate dose-response model to represent
pharmacodynamic (PD) characteristics is an important considera-
tion in risk assessment. Generally, at high doses, most of the models
are quite similar. At low doses, however, the log-logit and Weibull
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 [18], ten Berge [19], and Kodell et al. [20]
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.

This paper is the first to report dose-response function for inter-
nal cancers based on an 8-year follow-up study of 10,138 residents
in arseniasis-endemic areas in southwestern and northeastern Tai-
wan. The main aim of this study was to quantify internal cancer risks
from arsenic in drinking water and to further estimate the reference
arsenic guideline based on the proposed PBPK and Weibull model-
based epidemiological framework in arseniasis-endemic areas. This
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study can provide a scientific basis for risk analysis to enhance
broad risk management strategies for the regulatory authority.

2. Materials and methods
2.1. Quantitative arsenic epidemiological data

Fig. 1 shows the research framework for interaction among epi-
demiological data, Weibull model, and internal cancer risks from
arsenic in drinking water. The incorporation of external exposure
concentration (EEC) to internal exposure concentration (IEC) was
considered in the age-stage PBPK model to account for the variabil-
ity of risk estimates.

Thanks to Blackfoot Disease Study Group (BDSG) in Taiwan
who has provided the remarkable dataset related to arsenic epi-
demiology in arseniasis-endemic areas in Taiwan. The arsenic
epidemiological data give us the opportunity to test all theoretical
considerations of arsenic exposure effects and quantify its strength.
We appraised the dataset from the cohort study in arseniasis-
endemic areas in Taiwan to quantitatively reconstruct arsenic
epidemiology data (Tables 1 and 2). BDSG used a standardized
questionnaire interview to collect information including arsenic
exposure, cigarette smoking and alcohol consumption, and other
risk factors such as sociodemographic characteristics, residential
and occupational history, and history of drinking well water by
two well-trained public health nurses. A total of 2050 residents in
four townships of Peimen, Hsuehchia, Putai, and Ichu on the south-
western coast and 8088 in four townships of Tungshan, Chuangwei,
Chiaohsi, and Wuchieh in the northeastern Lanyang Plain were fol-
lowed up for an average period of 8 years. A detailed description
of the recruitment procedure for cohort studies and cancer cases
ascertainment has been reported previously [7,20].

Residents in the southwestern endemic area had consumed
artesian well water (100-300 m in depth) for more than 50 years
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Fig. 1. A conceptual diagram showing Weibull model associated with epidemiological data and PBPK model to estimate cancer risk.
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Table 1

Distribution of cancer cases and the surveyed male populations by age group and concentration of arsenic in the arseniasis-endemic areas in Taiwan.

As concentration (g L-1) Age group (year)

Cancer <40 40-49 50-59 60-69 >70 Total
Male
<10 Liver 62(0)2 293(5) 448(13) 377(8) 211(4) 1391(30)
Lung? 26(0) 96(0) 107(0) 70(1) 46(1) 345(2)
Bladder 62(0) 293(1) 448(2) 377(2) 211(2) 1391(7)
Bladder, kidney, urinary 62(0,0,0) 293(1,1,2) 448(2,2,4) 377(2,0,2) 211(2,1,3) -
10-49 Liver 2(0) 232(0) 357(5) 312(4) 192(1) 1095(10)
Lung 1(0) 80(0) 76(1) 55(0) 33(0) 245(1)
Bladder 2(0) 232(0) 357(1) 312(1) 192(1) 1095(3)
Bladder, kidney, urinary 2(0,0,0) 232(0,0,0) 357(1,1,2) 312(1,0,1) 192(1,0,1) -
50-99 Liver 1(0) 78(1) 165(2) 145(1) 79(1) 468(5)
Lung 1(0) 19(0) 37(0) 19(1) 15(0) 91(1)
Bladder 1(0) 78(0) 165(0) 145(0) 79(1) 468(1)
Bladder, kidney, urinary 1(0,0,0) 78(0,0,0) 165(0,1,1) 145(0,0,0) 79(1,0,1) -
100-149 Liver 1(0) 71(1) 90(0) 76(0) 33(1) 271(2)
Lung 0(0) 21(0) 21(0) 14(0) 6(0) 62(0)
Bladder 1(0) 71(0) 90(1) 76(0) 33(0) 271(1)
Bladder, kidney, urinary 1(0,0,0) 71(0,0,0) 90(1,0,1) 76(0,0,0) 33(0,0,0) -
150-299 Liver 2(0) 51(0) 65(3) 65(0) 35(0) 218(3)
Lung 0(0) 18(0) 22(0) 15(0) 9(0) 64(0)
Bladder 2(0) 51(0) 65(1) 65(0) 35(0) 218(1)
Bladder, kidney, urinary 2(0,0,0) 51(0,0,0) 65(1,0,1) 65(0,0,0) 35(0,0,0) -
300-599 Liver 4(0) 39(1) 97(3) 62(4) 47(1) 249(9)
Lung 4(0) 12(0) 23(0) 9(0) 13(0) 61(0)
Bladder 4(0) 39(1) 97(1) 62(1) 47(1) 249(4)
Bladder, kidney, urinary 4(0,0,0) 39(1,0,1) 97(1,1,2) 62(1,0,1) 47(1,1,2) -
>600 Liver 103(2) 186(3) 242(4) 108(3) 45(2) 684(14)
Lung 45(0) 82(0) 95(2) 37(1) 18(0) 277(3)
Bladder 103(2) 186(6) 242(14) 108(6) 45(3) 684(31)
Bladder, kidney, urinary 103(2,1,2) 186(6,1,7) 242(14,7,19) 108(6,2,8) 45(3,1,3) -

2 Observed number (cancer number).
b Excluding cigarette smokers.

before the implementation of the tap water supply system in the
early 1960. The estimated amount of ingested arsenic mainly from
drinking water was >1mgd~! in this area [21]. Residences in the
northeastern endemic area had consumed water from shallow well
(<40m in depth) since the late 1940s through the early 1990s,
when the tap water system was implemented. Arsenic levels in
well water in the northeastern Lanyang Plain ranged from <0.15 to
>3000 gL~ [20]. The larger number of study participants (10,138
residents from southwestern and northeastern Taiwan), longer
period of follow-up with more incident cancer cases, and wider
range of arsenic exposure levels leads us with a unique opportu-
nity to further investigate the dose-response relationship between
ingested arsenic exposure and cancer risks.

2.2. Weibull dose-response function
Here we used the Weibull cumulative distribution function to

account for the age-specific cumulative incidence ratio for human
long-term exposure to low doses of arsenic,

g(t, (C)) = &(C)katk2 T exp (—£(C)tk2), (1)
with
&(C) = koCK1 + k3, (2)

where g(t,e(C)) represents the cancer-specific cumulative incidence
ratio for human exposed to arsenic concentration C(wgL~1)atage t
(year), &(C) is the C-dependent shape parameter, and kg, kq, k2, and
ks are the cancer-specific best-fitted parameters. The best-fitted
parameters of k; and k, may regard as the connection degree of
the cumulative incidence ratio with arsenic concentration and age,

respectively. The cumulative incidence ratio for human exposed to
arsenic concentration C at age t can then be obtained by integral of
Eq. (1) as

t
P(t, C) = / g(t, &(C))dt = 1 — exp(—&(C)tk2)
0

=1 —exp(—(koC*t + k3)tk2). (3)

We employed TableCurve 3D (Version 4, AISN Software Inc.,
Mapleton, OR, USA) to perform model fitting to arsenic epidemi-
ological data.

2.3. PBPK model

We appropriately refined the basic compartmental structure
that has been previously employed in many PBPK models for
arsenic exposure in humans [13,15,17] to describe the absorp-
tion, distribution, metabolism, and elimination of arsenic in target
organs. The tissue compartments included in the model were
(Fig. 2A): lung, liver, kidney, GI tract, skin, muscle, richly and slowly
perfused tissues in that each tissue compartment is interconnected
by blood flow. Physiological parameters such as blood flow rates;
organ volumes and water elimination were linking with the varia-
tion of body weight in the difference age stage (Table A1). Hence,
PBPK model can estimate the arsenic concentration in tissues based
on age-specific physiology stage.

The biotransformation of arsenic in the body consists of an
oxidation/reduction and two methylation reactions (Fig. 2B). The
oxidation/reduction of inorganic arsenic takes place in the plasma,
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Table 2
Distribution of cancer cases and the surveyed female populations by age group and concentration of arsenic in the arseniasis-endemic areas in Taiwan.
As concentration (pgL~!) Age group (year)
Cancer <40 40-49 50-59 60-69 >70 Total
Female
<10 Liver 78(0) 310(0) 450(2) 315(1) 240(2) 1393(5)
Lung® 78(0) 306(1) 441(3) 301(5) 226(3) 1352(12)
Bladder 78(0) 310(1) 450(3) 315(1) 240(0) 1109(5)
Bladder, kidney, urinary 78(0,0,0) 310(1,0,1) 450(3,1,3) 315(1,1,2) 240(0,0,0) -
10-49 Liver 5(0) 228(0) 340(5) 269(1) 200(2) 1042(8)
Lung 5(0) 224(0) 332(4) 262(3) 191(1) 1014(8)
Bladder 5(0) 228(1) 340(0) 269(1) 200(1) 1042(3)
Bladder, kidney, urinary 5(0,0,0) 228(1,0,1) 340(0,0,0) 269(1,0,1) 200(1,0,1) -
50-99 Liver 1(0) 108(0) 170(7) 106(0) 78(1) 463(8)
Lung 1(0) 106(0) 166(3) 103(0) 75(1) 451(4)
Bladder 1(0) 108(1) 170(0) 106(0) 78(0) 463(1)
Bladder, kidney, urinary 1(0,0,0) 108(1,0,1) 170(0,0,0) 106(0,0,0) 78(0,0,0) -
100-149 Liver 3(0) 66(1) 96(0) 73(0) 39(1) 277(2)
Lung 3(0) 65(2) 93(0) 71(0) 37(2) 269(4)
Bladder 3(0) 66(0) 96(0) 73(1) 39(2) 277(3)
Bladder, kidney, urinary 3(0,0,0) 66(0,0,0) 96(0,1,1) 73(1,1,1) 39(2,1,2) -
150-299 Liver 10(0) 49(0) 64(0) 57(0) 40(0) 220(0)
Lung 10(0) 49(0) 62(1) 56(0) 36(1) 213(2)
Bladder 10(0) 49(0) 64(0) 57(0) 40(1) 220(1)
Bladder, kidney, urinary 10(0,0,0) 49(0,0,0) 64(0,0,0) 57(0,0,0) 40(1,0,1) -
300-599 Liver 7(0) 68(1) 119(1) 87(0) 48(0) 329(2)
Lung 7(0) 65(0) 115(2) 85(2) 45(0) 317(4)
Bladder 7(0) 68(0) 119(2) 87(0) 48(0) 329(2)
Bladder, kidney, urinary 7(0,0,0) 68(0,1,1) 119(2,3,5) 87(0,1,1) 48(0,1,0) -
>600 Liver 77(0) 165(1) 162(0) 71(0) 41(0) 516(1)
Lung 77(0) 165(4) 162(2) 71(2) 40(0) 515(8)
Bladder 77(2) 165(1) 162(6) 71(3) 41(1) 516(13)
Bladder, kidney, urinary 77(2,1,2) 165(1,1,2) 162(6,3,9) 71(3,2,4) 41(1,0,1) -

2 Observed number (cancer number).
b Excluding cigarette smokers.

whereas the methylation of As(Ill) takes place mainly in the liver
and kidney according to Michaelis—Menten kinetics [13,15].

Mann et al. [17] suggested that the reduction of As(V) to As(III)
can be modeled as a first-order oxidation/reduction reaction. The
dynamic behavior of PK and metabolic processes in the PBPK
model can be described by a set of first-order differential equa-
tions (see Appendix A for detail). The physiological parameters,
metabolic constants, tissue/blood partition coefficients, and bio-
chemical parameters are listed in Table A1 in Appendix A. We
employed the MATLAB® software (The Mathworks Inc., MA, USA)
to perform the PBPK simulations.

2.4. Reference arsenic guideline and risk estimates

We transformed arsenic exposure-response relationship into
internal dose-based response function by incorporating PBPK
model into Weibull model to account for the variability of
risk estimates and reference arsenic guideline based on drink-
ing water uptake rate distribution. To explicitly quantify the
uncertainty/variability of drinking water data, a Monte Carlo
simulation was performed with 10,000 iterations (stability condi-
tion) to obtain the 95% confidence interval (CI). The Monte Carlo
simulation is implemented by using the Crystal Ball software (Ver-
sion 2000.2, Decisioneering Inc., Denver, CO, USA). The x? and
Kolmogorov-Smirnov (K-S) statistics were used to optimize the
goodness-of-fit of distribution. Result shows that the selected log-
normal distribution had the optimal K-S and x? goodness-of-fit for
drinking water uptake rate.

The USEPA suggested point-of-departure analysis for cancer risk
assessment is to estimate a point on the exposure response curve

within the observed range of the data and then extrapolate lin-
early to lower dose [22,23]. Morales et al. [24] suggested that the
use of 1% and 5% excess risks (AEDg; and AEDgs, respectively)
for the point-of-departure analysis for cancer risk assessment sug-
gested by USEPA [23] are better than that of 10% excess risk (AEDqq)
because an excess risk of 10% is relatively large and happens only
at relative high doses in epidemiological studies. Morales et al. [24]
pointed out that traditionally employed unit excess lifetime risk of
10-6 is probably unreliable for epidemiological data where expo-
sure is not typically measured accurately enough to extrapolate
to such low risk levels. Hence, we use 0.01% excess risk (AEDg 1)
and AEDy; point-of-departure to quantify the risk and performed
excess cancer risk assessment by the Monte Carlo simulation tech-
nique.

3. Results
3.1. Fitting Weibull model to arsenic epidemiological data

Weibull dose-response function (Eq. (3)) was best fitted to
cumulative incidence ratios calculated from Tables 1 and 2 to
obtain the optimal fitted parameters kg, kq, k2, and k3 for lung,
liver, and bladder cancers for each gender (Table 3). We estimated
Weibull dose response function for the background incidence of
internal cancers and for the total incidence at a given arsenic con-
centration. A comparison population defining unexposed internal
mortality rates was used as our background incidence of internal
cancers, in which the internal cancer mortality data were col-
lected from death certificates of residents of 42 villages during
1973-1986 in Taiwan [24]. We further defined AP = P(t,C) — P(t,0) to
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Table 3

be the background-adjusted cumulative incidence ratio of internal
cancers.

Our results indicate that bladder cancer has the highest r2 val-
ues (>0.85) for all genders than those of lung (nearly 0.6) and liver
(<0.5) cancers, respectively (Fig. 3A and B). For bladder cancer,
higher 2 values reveal a significant association of cumulative inci-
dence ratios with arsenic concentration and age (the duration of
water consumption) (male r2 =0.86 and female 1% =0.87). Further-
more, the Weibull dose-response surface for bladder cancer also
presented in Fig. 4 and the cumulative incidence ratio was posi-
tive proportion of arsenic concentration in drinking water and age.
Specifically for male, age has notably influence than arsenic concen-
tration (ki =k, =1.13) comparing to female (k; =1.36 and k, =0.6)
(Table 3 and Fig. 3A and B).

For lung cancer, average r% value is nearly 0.6 (male r2=0.67
and female r% =0.58), indicating that arsenic exposure concentra-
tionis not the only influence factors for lung cancer incidence. In the
present study, the fitting of Weibull dose response model for lung
cancer could not be implemented if we did not exclude the smoking
population, implicating the cigarette smoking has significant effect
on the arsenic-lung cancer association [25]. On the other hand,
for liver cancer, the correlation of liver incidence between arsenic
exposure concentration and age is not significant (male r2=0.45
and female r2=0.41).

3.2. Variation analysis of arsenic concentration in PBPK model

We used the present PBPK model to depict the relationship
between drinking water uptake rate and arsenic species in blood.
The percentile estimates of drinking water of 2.5, 25, 50, 75, and
97.5% to be 1.08, 2.59, 3.29, 4.17, and 6.52Ld~! based on male
body weight of 60 kg. Our results indicate that As(V), As(Ill), and
MMA levels in the blood increase with the increasing drinking
water uptake rate (inorganic arsenic increasing from 12 to 25%
expressed as ratio of arsenic species to total arsenic contents),
whereas DMAY% level in blood decreases notably with increasing
water uptake (from 79 to 62%) based on water arsenic concentration
of 50 wgL~! (Fig. 3C). Simulation result from our life-stage-based
PBPK model reveals that children (body weight is nearly 20kg)

Gender- and cancer-specific best fitted parameters in Weibull dose-response function (P(t,C)=1 — exp(—(koCk! +k3)tk2)).

Best fitted parameters

kg k1 kz k3 7
Male
Cancer
Lung? 1.07 x 10-7P ((0-1.17) x 10-5) 0.7 (0-2.11) 1.46 (0.37-2.55) 6.25 x 106 ((0-3.49) x 10~2) 0.67
Liver¢ 5.24 x 107 ((0-5.00) x 10-6) 0.823 (0-2.01) 1.21 (0.33-2.09) 6.01 x 1075 ((0-2.82) x 10~4) 0.45
Bladder® 1.92 x 107 ((0-8.29) x 10~7) 1.13 (0.73-1.54) 1.13 (0.66-1.61) 4.38 x 1079 ((0-2.67) x 1072) 0.86
Bladder, kidney, urinary 213 x 107 ((0-1.01) x 10-5) 1.21 (0.74-1.69) 1.28 (0.74-1.73) 1.64 x 109 ((0-5.77) x 10~3) 0.86
Bladderd 5.76 x 10~7 ((0-2.19) x 10-6) 1.13 (0.76-1.51) 1.13 (0.69-1.58) 1.97 x 109 ((0-2.56) x 10~3) 0.89
Female
Lung? 8.72 x 1078 ((0-9.73) x 10-7) 0.83 (0-2.26) 1.45 (0.65-2.26) 1.45 x 105 ((0-6.40) x 10~3) 0.58
Liverc 1.50 x 1075 ((0-8.90) x 10~) 0.14 (0-0.43) 1.09 (0-2.2) 113 x 105 ((0-6.74) x 105) 0.41
Bladder® 2.02 x 107 ((0-1.28) x 10-6) 1.36 (0.63-2.08) 0.6 (0.04-1.16) 1.03 x 104 ((0-1.76) x 10-3) 0.87
Bladder, kidney, urinary 3.38 x 108 ((0-2.43) x 10~7) 1.78 (0.89-2.67) 0.67 (0.20-1.15) 5.03 x 10~% ((0-1.55) x 10—3) 0.84

2 Excluding smoking population.

b Best fitting value with 95% CI shown in parenthesis.
¢ A comparison population is used to define unexposed cancer mortality rates (i.e., cumulative cancer incidence ratio at C=0: P(t, 0)) in that cancer mortality data were

collected from death certificates of residents of 42 villages during 1973-1986 in Taiwan [24].

d Estimated from PBPK model calculated kidney dose associated with Weibull model fitted bladder incidence ratio.



C.-M. Liao et al. / Journal of Hazardous Materials 165 (2009) 652-663 657

6.0E-02
1.0E-02 pevenr
5.5E-02 | (A) Male B) Female _
A) 8.0E-03  (B) =0, 4
~ S.OE-02f .
A 6.0E-03 | L
2 4.5E-02 | > TP=058
S 4.0E-02 HOE03 T "
S 4.0E-02 | . —
g 20B-03 | el == o041
5 3.5E-02} P -
2 LoE0z 0.0E+00 . ‘ ‘ .
5 0 100 200 300 400 500
g 2SE02f Bladder
¢ 2.0E-02 — — Liver
E 1.5E-02 L B0 -
.i.; SE- ung ,;_2-4_3‘____’.—
£ 1.0E-02 [ o i
= - - 2 _
© 50E-03| = =067 .
00E+0plaes== 222" "7 777 7, ‘ '
o0 100 200 300 400 500
As exposure concentration (nug L‘l)
(C) ——DMA — — MMA
08| 1 1) J—— As(V)
—*— InAs
9
< 063
@ = -
- '; 003 | f flen e
= = Z
3 R
= g
% 04|z
< R
3 = 000 -
=3 é 0 200 400 600 800 1000
© o o02l Exposure time (h)
e A A e e T
0_0 L L L L I L
0.5 1.5 25 35 4.5 55 6.5
1

Drinking water uptake rate (L d")

Fig. 3. Weibull dose-response function predicted background-adjusted cumula-
tive incidence ratios as a function of arsenic exposure concentrations ranging from
0-500 wgL~! for (A) male and (B) female bladder, liver, and lung cancers. (C) Rela-
tionship between arsenic species/total arsenic ratios and drinking water uptake
rates ranging from 1.08 to 6.25Ld~'. (D) As(V) concentrations in blood varying with
exposure times for body weights ranging from 20 to 80 kg based on the long-term
exposure to drinking water arsenic content of 50 g L~ with a water uptake rate of
3.29Ld".

are relatively more sensitive to arsenic exposure during short-term
period at both the same arsenic levels and drinking water uptake
rate in the blood than those of adults (body weights ranging from
60 to 80 kg) (Fig. 3D).

3.3. Reference arsenic guideline estimates

Fitting Weibull models to specific cancer cumulative incidence
ratios reveals that the risk of male bladder cancer incidence is
the highest for the study participants of residents in arseniasis-
endemic areas (% =0.86). Therefore, based on male bladder cancer
as our index cancer, we estimate the drinking water arsenic con-
centration based on Fig. 4 with excess risk of 10~ suggested by
USEPA and a median daily drinking water uptake rate of 3.29Ld~1
(Fig. 5B) for lifetime exposure duration of 75 years and an average
male body weight of 60 kg.

Our result shows that the water inorganic arsenic guideline is
estimated to be 3.4 wgL~! based on a 0.01% excess risk (AEDg 7).
We further used 1% excess dose (AEDg) to linearly extrapolate
to the AEDgg; point at low concentration ranges, resulting in a
water inorganic arsenic concentration of 2 ug L~1. This result indi-
cates that Weibull dose-response function for male bladder cancer
demonstrates a nearly linear with slightly concave characteristic at

Cumulative incidence rate

Fig. 4. Best-fitted Weibull model-based dose-response surfaces reflecting an age-
specific relationship between cumulative incidence ratio and arsenic exposure
concentrations for male bladder cancer.

low arsenic concentration ranges. Therefore, based on male blad-
der cancer as the index, internal cancer with an excess lifetime
risk of 10~ to obtain the drinking water arsenic concentration
of 3.4pugL-1 (12>0.8) can be reasonably adopted as a reference
guideline value for drinking water in the present study.

0.10
(A) 20E-04( B) Aslevel = 3.42p/L 97.5% 1

¥ o 1.08LAl

3
< . 75% | osZ| — — 25014
=) 0.08 E1.51-,-04- % — — 4.17LAd
2 S - {06E[ e 6.52L/d
= Z10E-04 o £| ——3.201

k] 4 =
g 06 = 259 143
- % S.0E-051 z
= g 1028
= e 25%
£ .
LGN e 25933 407 652 J
E Drinking water uptake rate (L/d
] " e
= . il
E onp T el T e
© eset = i ——— -

el e e T—
e = T T
0.00 —= i ) .
0 100 200 300 400 500

Water As concentration (Ug L")

g

Reference InAs concentration (g LY

7.
5.
34
3r \Q\Q\Q
1 A .329 L ) L
1 2 37 4 5 6 7

Drinking water uptake rate (L d™)

Fig.5. (A)Relationship between cumulative incidence ratios and water arsenic con-
centration varied with different drinking water uptake rates ranging from 1.08 to
6.52Ld~!. (B) Excess lifetime cancer risk estimates varied with different drinking
water uptake rates based on the unit risk of 1.0 x 10~4 when drinking water arsenic
concentrationis 3.4 g L~1. (C) Estimated reference drinking water inorganic arsenic
guideline as a function of drinking water uptake rates for male 70 years with an aver-
age body weight of 60kg in that the fitted power relation y=10.125x=%913 is also
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3.4. Risk estimates

We adopted male bladder cancer as our index cancer to
estimate reference arsenic guideline. We used internal arsenic lev-
els calculated from the PBPK model to reconstruct an internal
dose-response relationship followed Weibull model and referred
to as the Weibull;,, model. We incorporated the PBPK model into
drinking water uptake rate distribution to estimate the internal
arsenic levels in specific tissue/organ. The results indicate that
cumulative bladder cancer incidence ratios or excess lifetime can-
cer risks range from 2.84 x 1075 to 1.96 x 10~4 varied with drinking
water uptake rates ranging from 1.08-6.52Ld~! (Fig. 5A and B).

The PBPK model associated with drinking water uptake rate
distribution was further employed to estimate the range values
of reference arsenic concentration. The result indicates that ref-
erence arsenic concentrations are estimated to be 5.3, 3.7, and
2.9 wgL-1, respectively, based on the drinking water uptake rates
of 2, 3, and 4Ld~! associated with the PBPK model-derived kid-
ney inorganic arsenic level of 1.17 x 103 pgg~! wet weight with
an excess unit risk of 10~4 (Fig. 5C). A parsimonious power model
(y=10.125x"9913 12 =0.99, p < 0.01) was best describes the relation-
ship between suggested reference arsenic concentrations (ranged
from 10.2 to 1.9 wgL-1) and drinking water uptake rates (ranged
from 1.08 to 6.52Ld~1) (Fig. 5C).

4. Discussion
4.1. Weibull model risk analysis

The cumulative incidence ratios of male internal cancers
revealed through the Weibull model-based arsenic epidemiology
follow the order of bladder > lung > liver cancers. Theoretically, from
the viewpoint of reference arsenic concentrations the order shall
follow liver >lung >bladder cancers. Yet we divided the arsenic
exposure concentration ranges into 0-15 and 0-300 gL~ to eval-
uate the cumulative incidence ratios of male internal cancers based
on the Weibull dose-response function. The results reveal that at
low arsenic concentration range (0-15 wgL~!) the cumulative inci-
dence ratios of liver and lung cancers are higher than that of bladder
cancer, whereas linearity exists in the high arsenic concentration
range (0-300 pgL~1) (Fig. 6A and B).

The reason for that may due in part to the epidemiological
studies involving largely unknown confounders resulted from the

long-term arsenic exposure investigations at external environmen-
tal conditions (average exposure period >20 years) and not only
experienced at the laboratory settings. Hence, low arsenic con-
centration induced adverse health effects are easily affected by
non-arsenic induced exposure factors that result in an unavoid-
able variability while fitting Weibull dose-response function to
epidemiological data in low concentration ranges. Due to the rela-
tive low 12 values (involving largely unknown confounders) for liver
and lung cancers, we suggested that AEDg; or AEDgs may be used
as the point-of-departure to linearly extrapolate to AEDg; point
to obtain the excess lifetime cancer risk for avoiding the largely
unknown potential influence factors.

4.2. Reference arsenic guideline analysis

Nation Research Council (NRC) indicated that male intakes
3 wg L1 ofarsenicresulting in an excess lifetime bladder cancer risk
of 2 x 10~ that is closed to our estimate. The safe drinking water
arsenic standard is recommended to be 10 wgL~! in Taiwan region
(EPAROC, 2005; http://w3.epa.gov.tw/epalaw/docfile/090040.pdf),
whereas USEPA in 2000 had suggested the guideline value may
lower to 5 ug L~! to meet public health concerns [4,9] and that was
also closed to our proposed guideline estimate of 3.4 ugL~1.

NRC [9] suggested the drinking water uptake rate for Taiwanese
male and female to be 3.5 and 2Ld~1, respectively. However, NRC
has also adjusted the estimates respectively to 4.5 and 3Ld~!
to take into account the cooking water ingestion rate of nearly
1Ld~!. Theoretically, there is somewhat a correlation between
body weight and drink water uptake rate. Generally, average body
weight of American (86.7 kg in 1999-2002) is much higher than
that of Taiwanese (60kg in 2002). A Monte Carlo technique was
used to estimate the Taiwanese average drinking water uptake rate
as 3.29Ld~! that is more reasonable than those of the estimates of
45Ld"! suggested by NRC and of traditionally assumed value of
2L/d in addition to 1 Ld~! of cooking water ingestion rate.

USEPA[10] reported that the average community drinking water
uptake rate is 1Ld~! and average total drinking water uptake
rate is 1.2Ld~1 in 1994-1996 with the 90%-tile estimates of 2.1
and 2.3Ld~1, respectively. Based on our proposed Weibull model-
based arsenic epidemiological with PBPK model framework, the
reference arsenic concentration was estimated to be 5.3 wgL~! for
people lived in Taiwan cities with a drinking water uptake rate of
2Ld-! (90%-tile estimate) (Fig. 5C). On the other hand, the ref-
erence arsenic concentration is estimated to be 10.2 ugL~! for
American people with an average drinking water uptake rate of
1Ld~'. Those estimates meet reasonable well with the safe drink-
ing water arsenic guideline of 10 wg L~ recommended by WHO and
of 5 wg L1 in Federal Register proposed by USEPA [10].

4.3. Implications

We expected that our present Weibull dose-response model
could be applied to predict and evaluate health effects in
Bangladesh or west Bengal where comprehensive studies of
arsenic-induced cancers have not been conducted to date. An
analysis of the implications of arsenic-induced cancer risks in
arseniasis-endemic areas would be more complex and would
include consideration of impacts on regionally specific informa-
tion on social, demographic, and economic trends. Moreover,
the arsenic-induced cancer risks plausible concurrent with
human-induced changes. These human-driven transitions in
arseniasis-endemic areas (e.g., cigarette smoking) are likely to have
a larger impact on risk profiling than arsenic-only-induced transi-
tions [25]. Although our information may not be able to provide
an unambiguous definition of reference arsenic guideline and risk
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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.

Looking forward, we proposed that this Weibull model-based
arsenic epidemiology and PBPK approach, which amounts to
arsenic-induced internal cancer risk profiling associated with a pro-
posed reference drinking water arsenic guideline, 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 characterize particular
aspects of risk analysis. A further inherent benefit of the Weibull-
PBPK approach is to provide interplay among 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 develop-
ment and to investigate how well the approach can be transferred
from Taiwan to Bangladesh or West Bengal populations, for whom
much greater carcinogenic and environmental variation would be
expected.

Recent developments in data analysis should assist safe drinking
water arsenic standard establishment and biomarkers identifica-
tion of arsenic-induced health hazards [3]. Metabolite profiling of
fluids in PBPK model other than urine and bile, such as blood and
fecal excretion, should provide additional information. In principle,

by using this methodology, the variability in risk estimates in low
arsenic concentration ranges could potentially be avoided and the
suggested reference drinking water arsenic guideline could be more
effectively estimated according to the robustness of the Weibull
model and proposed PBPK characteristics. We envisage that opti-
mal quantification of internal cancer risks from arsenic in drinking
water may eventually involve a variety of dose response-prediction
approaches, including both PBPK and physiologically based phar-
madynamics (PBPD).

However, by linking Weibull model-based arsenic epidemiology
and life-stage PBPK has an important theoretical advantage over
traditional models in that it can potentially take account of both
physiological and environmental factors affecting arsenic-induced
adverse health responses. Furthermore, although the proposed
framework would normally relate to predict reference drinking
water arsenic concentration and the likelihood of risk estimates,
we envisage that similar methodology could be applied to pre-
dict potential population-level long-term low dose cancer risk
responses to broader medical, dietary, microbiological or physio-
logical challenges.

Appendix A. Equations and input parameters used in the
PBPK model

See Table Al.



Table A1
Input parameters used in the PBPK model.

Tissue Blood flow fraction % of body weight Density (D;) Water elimination % total water Species-specific tissue/blood Oxidation/reduction rate constant (h=1)d (reduction
(F;) (%)? (W) (%)P (kgL-1)P amount (mL)¢ elimination  partition coefficient 1.37, oxidation 1.83), methylation affinity constants®
amount (%)°
As(Ill) As(V) MMA(V) DMA(V) As(Ill) - MMA(V) As(Ill) > DMA(V) MMA — DMA(V)

Lung 100 1.7 1.05 300 12 415 415 1.8 2.075
Kidneys 20 4.4 1.05 1500 60 415 415 1.8 2.075

Vmax (pmolh—1) 75 10.02 5

Km (pmol L~1) 100 100 100
Skin (fat) 5 20 0.92 20 2.5 2.5 1.25 1.25
Sweat in consciousness 400
Sweat in unconsciousness 100
Gl tract 20 2 1.04 200 8 2.8 2.8 1.2 14
Liver 5 2.57 1.04 53 53 2.35

Vimax (nmol h—1) 11.25 22.25 16.02

Km (pmol L-1) 100 100 100
Muscle 15 40 1.04 2.6 2.6 1.8 1.8
Richly perfused tissues 27.5 8.4 1.03 2.6 2.6 1.8 1.8
Slowly perfused tissues 7.5 20.93 1.04 0.3 0.3 0.3 0.3
Total 2500 100

Assume body weight (BW) is 70 kg. Blood flow rate Qp (Lh=1)=Q; (Lkg~! h=1) x BW?75 (kg), blood flow rate in specific organ Q; =F; x Qr, and organ volume V; =BW x W;/D; [26,27].

a

b Adpated from Hissink et al. [28] and Yu et al. [29].
¢ Adapted from Huang [30].

d Adapted from Mann et al. [16].

¢ Adapted from Yu [13,15].
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Abbreviations and parameter symbols: A}l:: dose of arsenic species j in organ/tissue i (mol), C{: concentration of arsenic species j in organ/tissue i (umolL~1), K{:ik:

Michaelis-Menten constant for arsenic species j methylated to k in organ/tissue i (wmolL~1), Pl’ tissue/blood partition coefficient of arsenic species j in tissue, Q;: blood

flow in organ/tissue i (Lh~1), V;: volume of organ/tissue i (L), an:’; i maximum reaction rate for arsenic species j methylated to k in organ/tissue i (wmol h—1), Whiliary: bile

elimination amount (L), Wy,y: human daily drinking water amount (L h=1), W;: percentage of the mass of organ i in body weight (%), Wj4q: percentage of kidney mass in

body weight (%).
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