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Even moderate arsenic exposure may lead to health problems, and thus quantifying inorganic arsenic (iAs)
exposure from food for different population groups in China is essential. By analyzing the data from the China
National Nutrition and Health Survey (CNNHS) and collecting reported values of iAs in major food groups, we
developed a framework of calculating average iAs daily intake for different regions of China. Based on this
framework, cancer risks from iAs in food was deterministically and probabilistically quantified. The article
presents estimates for health risk due to the ingestion of food products contaminated with arsenic. Both
per individual and for total population estimates were obtained. For the total population, daily iAs intake
is around 42 μg day−1, and rice is the largest contributor of total iAs intake accounting for about 60%.
Incremental lifetime cancer risk from food iAs intake is 106 per 100,000 for adult individuals and the median
population cancer risk is 177 per 100,000 varying between regions. Population in the Southern region has a
higher cancer risk than that in the Northern region and the total population. Sensitive analysis indicated that
cancer slope factor, ingestion rates of rice, aquatic products and iAs concentration in rice were the most
relevant variables in the model, as indicated by their higher contribution to variance of the incremental
lifetime cancer risk. We conclude that rice may be the largest contributor of iAs through food route for
the Chinese people. The population from the South has greater cancer risk than that from the North and the
whole population.
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1. Introduction

Arsenic (As) is one of the first chemicals designated as a group I
carcinogen (IARC, 1973), with its severe impacts on human health due
to chronic exposure having been widely acknowledged for many
years. The epidemiological studies of As disease have arisen in the
main from incidences of potable water contamination, which have
been linked not only to increases in skin, bladder and lung cancers
but also to developmental, cardiovascular and metabolic disorders
(Abernathy et al., 1999; Chen et al., 2009; Lubin et al., 2007; NRC,
2001; Smith and Steinmaus, 2009). For example, a study conducted in
Inner Mongolia (Northwest China) found that cancer mortality and
all-cause mortalities were associated with well-water As exposure,
subject to candidates having used the As elevated water sources for
over 10 years (Wade et al., 2009). Similarly, in Bangladesh chronic
As exposure via tubewell water is also associated with an increase
in all-cause and chronic disease mortality rate (Argos et al., 2010).
Whereas a strong dose–response relationship between As in
tubewell water and skin lesion development, a precursor of skin
cancer, has been observed, with even low exposure to As was shown
to be problematic (Ahsan et al., 2006). Low level As intake may also
play a role in diabetes prevalence, based on findings from a cross-
sectional study of 788 adults in the USA (Navas-Acien et al., 2008), in
addition to impairing H1N1 infection immune system in responses
(Kozul et al., 2009). These research findings amongst others have
prompted critical re-evaluation of exposure thresholds for As (WHO/
FAO, 2010).

The principal exposures routes for As are via drinking water, foods
and inhaled particulates (Mondal et al., 2010), with many studies
detailing the importanceof the foodpathway tooverall As body burdens
(Georgopoulos et al., 2007; Meacher et al., 2002; Mondal et al., 2010;
Schoof et al., 1999; Xue et al., 2010). In West Bengal (India) it has been
shown that even for populations exposed to high As levels in the
drinkingwater, rice constitutes amajor source of iAs in the diet (Mondal
and Polya, 2008). Yet, rice is the dominant exposure route in all
scenarios with seafood also being of importance, especially in those
dietswithout a preference for the grain (Baeyens et al., 2009; Carbonell-
Barrachina et al., 2009; ESFA, 2009). Indeed understanding iAs exposure
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Table 1
Variables used in the deterministic risk model.

Variables Parameter characteristics

ED (year) Constant=70
EF (day) Constant=365
C (mg/kg) From the published literature listed in

Supplementary data, Table S4
IR (g/day) From Table 3 obtained from Jin (2008)
LT (year) Constant=25,550
BW (kg) Constant=60
CSF (per mg/kg/d) Constant=1.50 (ATSDR, 2010; USEPA, 2010)
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from rice relies upon the interplay from rice consumption rates,
variability in grain As concentrations and the proportion of iAs in the
grain (Meharg et al., 2009; Mondal and Polya, 2008).

Rice has been shown to be particularly susceptible to As uptake in
comparison with other cereal crops (Williams et al., 2007), reflecting
the As levels in the environments in which it is grown. China annually
discharges around 195 t of arsenic into the atmosphere from coal
power stations alone (Luo et al., 2004). Other prolific, industrial
emission sources include mining, non-ferrous metal ores processing
and chemical manufacturing (Li et al., 2006a). Far from abating,
emission trends will likely be sustained if not increase further
in the next few years given China's rapid economic expansion,
thereby continuing to threaten food supply chains. We have reported
a nationwide survey of As in rice, and found that over 95% of market
rice samples contained less than the national food safety standard
of 0.15 iAs mg/kg (China Food Standard Agency, 2005); but for rice
collected from mining-impacted sites in Hunan and Guangdong
provinces a large percentage of the samples failed the national
food safety standard (Williams et al., 2009; Zhu et al., 2008a) and this
needs to be also considered.

Estimates of dietary iAs exposure for the Chinese population have
been attempted, for example Li et al. (2006b) reported that the iAs
intake from food by adult males was 1.26 μg/kg body weight,
however, rice was not separated from other grains in this analysis.
More recently, Meharg et al. (2009) estimated global iAs intakes
from rice, calculating the associated excess cancer risk for the Chinese
population due to rice consumption to be 152 per 100,000. This was
derived from a sample base of 124 rice samples and modeled using
average rice consumption values for China and United States
Environmental Protection Agency (USEPA) excess internal cancer
risk slopes. However, given the wide ranging variability in dietary
habits of sub-populations within China, coupled with the increasing
use of rice based ingredients being used in other products such as
health-foods, non-dairy alternatives to milk and snack foods (ESFA,
2009; Meharg et al., 2008; Sun et al., 2009), the range of iAs exposures
via all food groups and therefore associated cancer risks could be
considerable and is currently unclear.

Thepresent study therefore aims to address this issue, by compiling
a database of iAs in Chinese food, to quantify at the national and
regional level trends in average iAs intake. Furthermore, we propose
to model increasing lifetime cancer risks for individuals and the total
population due to the ingestion of iAs via food.

2. Materials and methods

2.1. Food consumption data

Trends in regional and national dietary habits were taken from
the 2002 China National Nutrition and Health Survey (CNNHS)
(Jin, 2008). This database is China's principal nutrition reference
source, containing the dietary patterns of 68,962 individuals from
31 provinces (excluding Hong Kong, Taiwan and Macau). Based
on consumption frequency in order to reflect the most commonly
consumed products, the food types are categorized into one of 10
groupings: rice, flour, coarse cereal, pulses, vegetables, fruit, meat,
milk, eggs, and aquatic products. Categorization of sub-population
followed three themes: i) urban vs. rural ii) geographic segregation,
i.e. Northern vs. Southern China iii) proximity to the sea, i.e. coastal vs.
inland (Further details are provided in the Supplementary data,
Table S1). In brief, standard economic development criteria like like
gross industrial product, gross domestic product and local financial
revenues were used to differentiate, urban and rural areas (Liu et al.,
2003). Classification of North and South China was achieved using a
geographical divide running from the Huai river to the Qinling
mountains (Han et al., 2009), while the coastal and inland regions
were categorized by the location of the province. The food consump-
tion rates of the whole nation and the urban and rural categories were
directly obtained from the CNNHS survey report (Jin, 2008); those
of the other two regions (north and south, coastal and inland) were
calculated by weighting the population proportion of the involved
provinces (Tables S1–S3). For example, the food consumption of the
north region was obtained by the following formula: food consump-
tion rate=∑R × P R: food consumption rate of the province in north
region; P: the proportion of the province in the north region.

2.2. iAs concentrations in different types of food

The database of iAs concentrations in different food types was
compiled from the published literature. As shown in Table S4 as
Supplementary data, a total of 13,684 data points for iAs concentra-
tions were collected. Due to the lack of original data, statistics for
iAs concentration for food types other than rice was used for arsenic
exposure.

Data for total arsenic concentrations in rice from our dataset (494
samples, Table S4, Supplementary data) was converted to inorganic
arsenic concentration by using the regression equations reported
in the Supplementary data, Fig. S1 in accordance with the method
of Meharg et al. (2009). Because a portion of the data featuring total
and inorganic arsenic concentrations in rice was obtained from the
literature and based on dry weight, while rice consumption rate is on
fresh weight, we converted the concentrations based on dry weight
into equivalent fresh weight concentration, with the assumption that
water content of rice grain is 10% (Williams et al., 2005).

The iAs concentrations in vegetables, fruit, meat, milk, eggs and
aquatic products were based on wet weight. Milk powder was
converted into fresh milk during the calculation. Meanwhile, for the
variation of iAs in meat and aquatic products, the mean iAs
concentrations in them were calculated by weighting their supply
from FAO statistical databases (FAOSTAT, 2005).

2.3. Calculation of estimated daily intake of iAs (EDI)

To determine the iAs exposure through food, we calculated the
estimated daily intake of iAs by multiplying daily food consumption
rate with corresponding iAs residues according to the following
equation:

EDIiAs = ∑ðCi × IRi iÞ

Where EDI is estimated daily intake of iAs (μg/day); Ci is inorganic
As concentration in subscripted food (mg/kg); i refers to different
types of food (rice, flour, coarse cereal, pulses, vegetables, fruit, meat,
milk, eggs, and aquatic products); IRi is the ingestion rate for the
subscripted food (g/day), which is the amount of food item consumed
per day (Jin, 2008).

We calculated the daily iAs intake with the assumption that the
contribution to iAs of some food types like oil, salt, sugar and pastry
was neglected, and the main food types were involved, which
accounted for about 85% of the total intake amount (Jin, 2008).



Table 2
Variables used in the probabilistic risk model.a

Variables Assumed probabilistic density function Observations

BW men (kg) Custom from data
(Yang et al., 2005)

BW women (kg) Custom from data
(Yang et al., 2005)

ED (year) Custom from data
(NBS, 2007)

EF (day) Constant=365
LT (day) Constant=25,550
IRi (g/d) North South

IRrice LN(4.85; 5.01) W(−58.48;
409.36; 5.27)

Adjusted
to data;
constrained to
only positive
values

IRflour N(255.8; 10170.7) W(4.10; 52.33; 0.97)
IRcoarse cereal W(0.0; 41.0; 0.97) W(0.0; 5.70; 0.48)
IRpulses W(−0.38; 15.29; 1.52) LN(2.81; 0.33)
IRvegetables N(236.1; 4723.8) N(318.5; 6768.7)
IRfruit W(−0.64; 6′.0; 1.20) W(0.30; 39.75; 0.96)
IRmeat W(−0.56; 60.14; 1.57) LN(4.56; 0.17)
IRmilk W(0.0; 36.24; 0.81) W(0.0; 17.04; 0.64)
IReggs N(30.58; 241.5) LN(3.18; 3.22)
IRaquatic products N(18.28; 512.1) W(0.0; 45.75; 0.97)

Cj (iAs mg/kg)
Crice N(0.092; 0.020) LN(0.099; 0.042) Adjusted

to data;
constrained to
values above the
detection limit
(0.0075mg/kg)

Cflour Constant=0.075 Constant=0.075
Ccoarse cereal N(0.06; 0.0596) N(0.06; 0.0596)
Cpulses N(0.0094; 0.0049) N(0.0094; 0.0049)
Cvegetables N(0.0110; 0.0190) N(0.0110; 0.0190)
Cfruit N(0.008; 0.0113) N(0.008; 0.0113)
Cmeat N(0.174; 0.290) N(0.174; 0.290)
Cmilk N(0.0210; 0.1364) N(0.0210; 0.1364)
Ceggs N(0.0180;0.0171) N(0.0180;0.0171)
Cfreshwater fish N(0.0280; 0.0310) N(0.0280; 0.0310)
Cmarine fish N(0.0090; 0.0098) N(0.0090; 0.0098)
Cshellfish N(0.970; 0.1153) N(0.970; 0.1153)
Csea food N(0.1710;0.0897) N(0.1710;0.0897)

CSF (per mg/kg/d) Constant=1.50 As indicated by
(ATSDR, 2010;
USEPA, 2010)

a LN means Lognormal distribution; W represents Weibull distribution; N means
normal distribution; Cj stands for iAs concentration in the item of “j”.
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2.4. Cancer risk calculation

Incremental Lifetime Cancer Risk (ILTR) is calculated by the
following equation,

ILTR =
ED × EF × ∑

i
IRi × Ci

� �

BW × LE
× CSF

where ILTR is the cancer risk; ED is the exposure duration (year); EF is
the exposure frequency (day); BW is the body weight; LE is the life
Table 3
Average estimate daily intake for inorganic arsenic (iAs) through main routes for populatio

Food types iAs
concentration
(mg/kg)

Food intake rate (g/day)a

National Urban Rural North

Rice 0.103 238.30 217.80 246.20 123.82
Flour 0.015 140.30 131.90 143.50 249.38
Coarse cereal 0.06 23.60 16.30 26.40 38.97
Pulses 0.036 16.00 15.50 16.30 12.95
Vegetables 0.0254 276.20 251.90 285.60 232.57
Fruit 0.0136 45.00 69.40 35.60 50.85
Meat 0.024 78.60 104.40 68.70 49.12
Milk 0.021 26.60 65.80 11.40 33.38
Eggs 0.018 23.70 33.30 20.00 31.14
Aquatic products 0.112 29.60 44.90 23.70 19.90
Total intake (g for food, μg for iAs) 897.90 951.20 877.40 842.08

a The data for food intake rate was adapted from Jin (2008). See Supplementary data, Ta
b iAs intake was calculated by multiplying the food intake rate by the mean iAs concentr
expectancy of the exposed person (day); CSF (cancer slope factor) is
the oral cancer slope factor for iAs (per mg/kg/day) (ATSDR, 2010;
USEPA, 2010). The details for the parameters characteristics in the
equation are shown in the following two paragraphs.

ILTR was determined for an average adult individual (determin-
istic model) and for the entire population (probabilistic model). For
the first estimate, all variables in the equation take a single value,
representative of exposure for an adult with 60 kg during his lifetime
(lifetime cancer risk) and therefore represent the risk for these
specific conditions (Table 1).

Population risk is obtained by assuming some of the variables as
probabilistic, i.e., instead of taking single values, these may take any
value from a predefined statistical distribution. Hence, population
cancer risk is the risk calculated for the entire population, considering
all its variability. The parameters used in the probabilistic risk
model were indicated in Table 2. A more detailed description of the
probabilistic risk model involved is included in the Supplementary
data, Section 1. Both riskmeasures were necessary as for some regions
of the country the required statistical information was not available.

2.5. Sensitivity analysis

The sensitivity of each variable in the probabilistic calculation
was assessed by calculating the parameters between each input
and output during simulations and then evaluating each input
contribution to the output variance by squaring the output variance
and normalizing to 100%. The Monte Carlo simulation and sensitivity
analysis were implemented using Crystal Ball® (Oracle, Oracle
Corporation, Denver, Colorado, USA. 2010).

3. Results

3.1. Chinese dietary patterns

Except for the population from the North, rice is the largest dietary component
(Table 3). Vegetable intake was nearly the same for the whole population, although the
actual varieties of vegetables may vary between regions. Rural population trends show
much lower intake of fruits, meat, milk and aquatic products. Populations from Inland
and Northern regions had much lower intake of aquatic products, and the population
from the South had much higher intake of rice and lower intake of flour than other
regions.

3.2. Inorganic arsenic in different food groups

A total of 13,684 data points for inorganic arsenic in Chinese food was compiled
based on the published literature (Supplementary data, Table S4). The highest
inorganic As (iAs) concentration was found to be 3.599 mg/kg in shellfish, and in
flour themeanwas 0.015 mg/kg. Rice generally contained high iAs with amean value of
0.103 mg/kg, very similar to that of aquatic products (0.112 mg/kg). iAs concentrations
in non-rice plant food were much lower than in rice, and the lowest mean iAs
concentration of 0.015 mg/kg was found in wheat flour.
ns from different regions.

Daily iAs intake (μg/day)b

South Coastal Inland National Urban Rural North South Coastal Inland

326.65 235.09 244.63 24.54 22.43 25.36 12.75 33.65 24.21 25.20
55.85 117.31 151.32 2.10 1.98 2.15 3.74 0.84 1.76 2.27
13.17 22.29 24.95 1.42 0.98 1.58 2.34 0.79 1.34 1.50
19.71 17.10 16.78 0.58 0.56 0.59 0.47 0.71 0.62 0.60

308.91 260.05 286.78 7.02 6.40 7.25 5.91 7.85 6.61 7.28
39.06 65.68 34.41 0.61 0.94 0.48 0.69 0.53 0.89 0.47

105.45 94.24 76.89 1.89 2.51 1.65 1.18 2.53 2.26 1.85
22.24 32.65 25.62 0.56 1.38 0.24 0.70 0.47 0. 69 0.54
22.70 31.68 23.89 0.43 0.60 0.36 0.56 0.41 0. 57 0.43
42.28 63.26 18.98 3.32 5.03 2.65 2.23 4.73 7.08 2.13

956.02 939.35 904.25 42.46 42.81 42.32 30.57 52.50 46.03 42.26

bles S1–S3 for more details.
ation from Supplementary data, Table S4.



Fig. 1. Contribution of various foods to daily iAs intake in different regions.
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3.3. Estimated daily intake of inorganic arsenic

Based on the national nutrition and health survey in China, average daily intake for
iAs was calculated; the data are listed in Table 3. There was a large variation in iAs
intake between regions. The people from the North had the lowest iAs intake of around
30 μg/day, whereas from the South they had the highest of over 50 μg/day. For the
whole population daily iAs intake was 42.46 μg/day, and populations in rural and urban
had comparable daily iAs intake.

The breakdown of iAs contributions from different food groups also varied between
regions. In general, rice is the main contributor of iAs intake. For the total population, rice
represented the largest source of iAs accounting for 58%, followed by vegetables and
aquaticproducts (Fig. 1). For thepopulation in theNorth, rice contributed41.7%of the total
iAs intake,with vegetables and flour also being of importance. In contrast, rice contributed
64.1% of the total iAs intake for the South, followed by vegetables and aquatic products.
Except for the coastal region, aquatic products contributed less than 10% of iAs intake.

3.4. Estimated cancer risk from iAs in food

Weekly iAs intake from food ranged from 3.29 to 6.13 μg/kg BW. Weekly iAs intake
from food for the total population was 4.95 μg/kg BW, accounting for over 30% of the
provisional tolerable weekly intake (PTWI). The values of estimated ILTR are presented
in Table 4.
Table 4
Food consumption rate and excess internal cancer risk in different regions of China.

Region Per capita daily food
consumption (g/cap/d)

Daily iAs intake per body
weight (μg/kg BW)a

Weekly iAs intake per
body weight (μg/kg BW

National 897.9 0.71 4.95
Urban 951.2 0.71 4.99
Rural 877.4 0.71 4.94
North 858.3 0.47 3.29
South 956.0 0.88 6.13
Coastal 939.4 0.77 5.37
Inland 904.3 0.70 4.93

a A body weight of 60 kg for the human was used. Take the National as the example, dail
divided by body weight (60 kg) to get the result of 0.71 μg/kg BW. The daily iAs intake mu

b It is obtained from Summary of Evaluations Performed by the Joint FAO/WHO Expert Com
longer appropriate to assess the risk exposure to iAs early last year (WHO/FAO, 2010).

c Reference dose (RfD) of inorganic arsenic is adapted from Integrated Risk Informa
htm#reforal.

d The deterministic and probabilistic ILTR was calculated from the equation presented in M
The national population was also used to demonstrate the calculation of the individual ILTR (d
obtained by the formula in Materials and methods and the parameters in Table 1 to get 1.06
operations are made between random variables. Instead of a single value, a set of possible o
estimates for the two regions and the national. The figure also indicated the 50th and 95th
Probability density functions (pdfs) for lifetime risk for national, Northern, and
Southern populations are shown in Fig. 2. The pdfs were distinguishably different
between regions, as for the Northern population the ILTR was more concentrated
towards the very low values with a long tail to the right; whereas the ILTR for the
Southern population had a less markedly skewed distribution. The whole national
population showed a pdf with an intermediate behavior, which indicated that an
important fraction of the population was exposed to very high risk, as reflected by the
long tail toward high values. In fact, 5% of the population had an incremental cancer risk
of between less than 495 per 100,000 and 420 per 100,000 (see Supplementary data,
Table S5). Given the non-Normality of ILTR pdf, the median value was used here as the
measure of population risk.

Individual adult ILTR from food iAs intake was 106 per 100,000, while population
incremental cancer risk was 177 per 100,000 (Table 4). The population from the North
had the lowest cancer risk of 123 per 100,000, while that from the South had the
highest cancer risk of 201 per 100,000. Except for the populations in the North and the
South, the individual cancer risk from food iAs intake was nearly the same for other
regions (Table 4; Fig. 2).

3.5. Sensitivity analysis

Sensitivity analysis showed that iAs concentration in rice and aquatic products,
ingestion rates for rice and aquatic products (Fig. 3), and cancer slope factor are the
)a
PTWI (μg/kg BW)b RfD (μg/kg BW/day)c Individual ILTRd Population ILTRd

1.06×10−3 1.77×10−3

1.07×10−3 –

1.06×10−3 –

15 0.3 0.76×10−3 1.23×10−3

1.31×10−3 2.01×10−3

1.15×10−3 –

1.06×10−3 –

y iAs intake per boday weight was calculated by the daily iAs intake of total population
ltiplied by 7 was made to get the weekly iAs intake per body weight (4.95 μg/kg BW).
mittee on Food Additives: Arsenic (WHO, 1988). However, JECFA noted that PTWI is no

tion System (IRIS) of USEPA (IRIS, 1988) http://www.epa.gov/ncea/iris/subst/0278.

aterials and methods, and more details are indicated in Supplementary data, Section 1.
eterministic model) and population ILTR (probabilistic model). The individual ILTR was
×10−3. For the population, the same reasoning was applied, but now the mathematical
utcomes is obtained. This is reflected in Fig. 2, which shows the histograms of the risk
percentiles. The value of population ILTR in the table is the median cancer risk.

http://www.epa.gov/ncea/iris/subst/0278.htm#reforal
http://www.epa.gov/ncea/iris/subst/0278.htm#reforal


Fig. 2. Probability density functions for ILTR. The 50th and95th percentiles are also indicated.

Fig. 3. Sensitivity analysis — contribution to variance (%). C: inorganic arsenic
concentration; IR: ingestion rate; N: northern region; S: Southern region.
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most relevant variables. Data for CSF from several sources is presented in
Supplementary data, Table S6. Results from uncertainty analysis showed that relatively
small change in the values of the concentration of iAs in rice and cancer slope factor,
may cause important alterations in the estimates (Supplementary data, Section 2 and
Fig. S2), being that the impact was greater for higher percentiles (Supplementary data,
Table S7 and Fig. S2). These results are in agreement with the observed sensitivity of the
model to the values of the same variables. Given the sensitivity of the model to iAs
concentration in rice, the better its statistical distribution is characterized, the less
prone to errors the risk estimates will be, as small differences in the value of the
concentration will be reflected in relatively large differences in the value of the risk
estimate.

4. Discussion

Cancer risk from food iAs intake in China has not been assessed so
far at the national level. Through collating literature data and based on
the national nutrition survey, this study provides a framework for
assessing the health risk of food iAs in China. In the present study,
we constructed a detailed breakdown of food types for populations
from different regions in China enabling the fractionation of dietary
iAs intake. This study presents estimates for health risk due to
the ingestion of food products contaminated with arsenic, both per
individual and for total population. The total dietary iAs intake
estimated in this study is somewhat lower than that reported by Li
et al. (2006b), which might be due to the fact that they combined
all cereals together leading to possible overestimation, as rice contain
10-fold more iAs than other cereals (Williams et al., 2007). The
weekly iAs intake of the total population is much less than the PTWI
of 15 μg/kg BW (WHO, 1988). However, the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) noted that PTWI is no longer
appropriate to assess the risk of exposure to iAs (WHO/FAO, 2010).
Meantime, PTWI, which is set on a logical and up-to-date basis, is also
a useful approach for considering multiple exposure ways (Meharg
and Raab, 2010). The present study shows that rice is the main
contributor of iAs intake for the general population in China, which is
in accordance with other studies elsewhere for populations reliant
on rice as the staple food (Kile et al., 2007; Mondal and Polya, 2008;
Zhu et al., 2008b). The mean iAs concentration in rice we derived
from this study is 103 μg/kg, which is very similar to the value
used in a USA study (Zavala et al., 2008). In a global survey, Meharg
et al. (2009) reported that median total As concentration in rice
varied 7-fold, and iAs concentration was typically around or below
100 μg/kg. However, much higher iAs has been reported in rice
samples from contaminated areas, such as mining-impacted soils in
Hunan, China (Zhu et al., 2008a).

It is clear from the current study that iAs in rice is the main
contributor to excess cancer risk to the general population in China
through the food exposure pathway. Given that for most people in
China, arsenic in water is not a major problem (Sun, 2004; Xia and Liu,
2004; Yu et al., 2007), controlling therefore, iAs in rice appears to be
an urgent public health issue. Sensitivity analysis also indicated that
the ingestion rates of aquatic products and rice and iAs concentration
in rice in the South are the most relevant variables (Fig. 3). Future
studies can take this information into consideration when collecting
base data, as more effort of sampling should be concentrated on the
most sensitive variables in order to better capture their variability.
Since rice is the largest contributor of iAs intake, interventions
limiting iAs in rice may be effective in reducing iAs intake from the
Chinese population, and mitigating cancer risk. This conclusion is in
agreement with the study conducted in a low arsenic groundwater
region in Bangladesh (Mondal and Polya, 2008). Besides, controlling
other factors like iAs concentrations in vegetable, shellfish and
milk should also be paid attention to since the sensitivity analysis

image of Fig.�2
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results indicated that they were also the key factors contributing to
the cancer risk.

Althoughpopulations in urban and rural have very different dietary
patterns, cancer risk from food iAs are comparable. This is due to the
offsetting effect of rice and aquatic products, both having relatively
high iAs concentrations but contrasting intake amounts of these two
food types for the urban and rural settings. The difference in cancer risk
between coastal and inland population may be mainly derived from
the difference in aquatic products intake. The difference between the
North and the South may be largely due to rice consumption, with the
population in the North consuming much less rice. Animal-derived
foodstuffs have minimal contribution to iAs intake for the Chinese
population. Individual ILTR is always lower than the population
estimate by about 40%, which is low when compared to the relative
interquartile range ((p75−p25)/p50) of the most relevant variables:
25.5% for bodyweight, 110% for ingestion of aquatic products, and 71%
for concentration of iAs in rice in the Southern region. The individual
estimate is within the interquartile range of the estimated population
ILTR. Therefore, individual estimate is a good predictor of the
population risk, but lacks the advantages of the probabilistic approach
in regards to the identification of the most relevant variables, the
richer statistical results and uncertainty analysis.

There are few papers concerning the impact on cancer risk
caused by iAs through various food types, although many cancer risk
calculations have taken a drinking water approach or just focused on
individual food item like rice (see details in Supplementary data,
Table S8). The estimated cancer risks in different countries and from
various food pathways are quite variable. Mondal and Polya (2008)
found that the median ILTR due to iAs intake of cooked rice was 76.2
per 100,000 and the median total risk from combined rice and water
intake was 148 per 100,000 in West Bengal, India. The mean skin
cancer risk was calculated to be only 24 per 100,000 for Japanese
exposed to iAs through cooked hijiki consumption (Nakamura et al.,
2008). Our estimated cancer risk for the total population from food
is 177 per 100,000 (Table 4), which is similar to that of Bangladash
from rice (221 per 10,000) (Meharg et al., 2009), butmuch higher than
USA (10 per 100,000) (Tsuji et al., 2007). USEPA estimated skin cancer
risk of 130 per 100,000 for Americanmale exposed to 1 μg/kg BW/day
iAs from drinking water through a 76-year lifespan (Brown et al.,
1989). Chen and Chen (1991) estimated a potency index for
developing lung cancer from 460 per 100,000 to 2400 per 100,000
for an American male exposed to 1 μg/kg BW/day iAs, which is much
higher than our estimation of 177 per 100,000 for the whole
population exposed to 0.71 μg/kg BW/day iAs. Compared to the cancer
risks of the two studies mentioned above, our estimate is in the same
order of magnitude and evenmuch lower. Furthermore, our estimates
in this study may even underestimate the effective risk because part
of the dietary ingestion of arsenic has not been accounted for due to
the lack of information on some other food types (e.g., oil, sugar,
pastry, etc.), which may further add as much as 15% total food intake
amount, and inevitably contribute to more iAs intake, though the
available data is too scarce to allow the calculation of cancer risk.

Data from the International Agency for Research on Cancer (IARC)
(http://globocan.iarc.fr/) that publishes estimates of cancer incidence
based on country registries demonstrates that all cancers excluding
non-melanoma skin cancer for the entire population indicates an
incidence rate of 209.5 per 100,000. Our estimated risk of 177 per
100,000 was much close to actual value. However, it should be kept in
mind that many other agents like cadmium in food can also cause the
cancers (Nawrot et al., 2006), and iAs is only one of them. Therefore,
the cancer risk might be overestimated by our model.

5. Conclusions

There are very few epidemiological studies addressing the issue of
iAs intake from food in China. Future studies to understand the link
between food iAs intake and health outcomes, such as biomarkers
and body burden (e.g. urine and hair As concentrations), are highly
needed in China. Since China is such a vast country and has very
diverse dietary patterns, any study attempting to understand this link
should be conducted for specific regions, and perhaps for represen-
tative ethnic groups. Such zoom-in studies should then be integrated
and be scaled up, so that a better picture of iAs exposure through food
in China can be drawn. Although deterministic and probabilistic risk
assessment models were both used to evaluate the cancer risk, the
probabilistic model was better in identifying the most relevant factors
of cancer risk and uncertainty analysis. Therefore, the model can
provide a tool to consider the pros and cons of various schemes to
mitigate iAs intake. Furthermore, these studies will equally be useful
for the assessment of risks associatedwith other toxic chemicals or iAs
through food in other countries.
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