
Citation: Toledo, M.C.; Lee, J.S.;

Batista, B.L.; Olympio, K.P.K.;

Nardocci, A.C. Exposure to Inorganic

Arsenic in Rice in Brazil: A Human

Health Risk Assessment. Int. J.

Environ. Res. Public Health 2022, 19,

16460. https://doi.org/10.3390/

ijerph192416460

Academic Editor: Paul B. Tchounwou

Received: 5 November 2022

Accepted: 5 December 2022

Published: 8 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Exposure to Inorganic Arsenic in Rice in Brazil: A Human
Health Risk Assessment
Michele C. Toledo 1,*, Janice S. Lee 2 , Bruno L. Batista 3 , Kelly P. K. Olympio 1 and Adelaide C. Nardocci 1

1 School of Public Health, University of São Paulo, São Paulo 01246-904, Brazil
2 United States Environmental Protection Agency, Research Triangle Park, NC 27711, USA
3 Center for Natural and Human Sciences, Federal University of the ABC, Santo André 09210-580, Brazil
* Correspondence: michele.toledo@alumni.usp.br

Abstract: In certain populations, rice is the main source of exposure to inorganic arsenic (iAs), which
is associated with cancer and non-cancer effects. Although rice is a staple food in Brazil, there have
been few studies about the health risks for the Brazilian population. The objective of this study
was to assess the risks of exposure to iAs from white rice and brown rice in Brazil, in terms of the
carcinogenic and non-carcinogenic effects, and to propose measures to mitigate those risks. The
incremental lifetime cancer risk (ILCR) and hazard quotient (HQ) were calculated in a probabilistic
framework. The mean ILCR was 1.5 × 10−4 for white rice and 6.0 × 10−6 for brown rice. The HQ
for white and brown rice was under 1. The ILCR for white and brown rice was high, even though
the iAs concentration in rice is below the maximum contaminant level. The risk for brown rice
consumption was lower, which was not expected. Various mitigation measures discussed in this
report are estimated to reduce the risk from rice consumption by 5–67%. With the support of public
policies, measures to reduce these risks for the Brazilian population would have a positive impact on
public health.

Keywords: probabilistic risk assessment; hazard quotient; Monte Carlo; dietary exposure risk;
mitigation measure; food contaminants

1. Introduction

Although arsenic exists in various chemical forms, it is mainly categorized, from a
public health perspective, as organic or inorganic. These different forms occur naturally in
the environment, and anthropogenic activities can substantially increase their concentration
and bioavailability in soil and water, allowing them to be absorbed by plants in agricultural
fields. Inorganic arsenic (iAs) is classified as a Group 1 carcinogen and is present in trace
amounts in rocks, soil, air, food, and water [1,2]. Food and water are the most important
sources of exposure to iAs, and rice (Oryza sativa) is the main source of exposure in some
populations [3,4]. Rice is usually cultivated in flooded fields, where the anaerobic conditions
increase iAs availability in soils. Arsenate is reduced to the more mobile arsenite, leading
to a higher concentration of both forms close to the plant roots. Arsenate and arsenite are
analogues of the plant micronutrients phosphate and silicic acid, respectively, therefore
being easily taken up and stored by the plant. Fertilizers, pesticides, and the water used to
irrigate the crops can also be sources of iAs [5,6].

Rice is a staple food for more than half of the world population, accounting for ap-
proximately 30% of the energy intake and 20% of the protein intake; it can, therefore, be
a significant source of iAs and other metals [7–9]. The European Food Safety Authority
has recognized rice as the main source of iAs for the European population [10]. In Asia,
rice is also a staple food and tends to be the major source of iAs from food [11]. In a study
conducted in China [12], the concentrations of iAs and other metals in rice were found to be
above the maximum contaminant levels (MCLs) of 200 ng g−1 established by the United Na-
tions Food and Agriculture Organization and the World Health Organization (FAO/WHO).
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In Brazil, rice is one of the main components of daily meals and is consumed by
the entire population, regardless of socioeconomic status. According to a national study
conducted by the Brazilian Institute of Geography and Statistics, the average daily con-
sumption of rice by adults is estimated to be 167 g [13], which is comparable to that reported
for some locations in China [14]. Rice consumption accounts for 46–79% of the iAs ingested
by the Brazilian population [15].

Epidemiological studies have shown that exposure to iAs is associated with cancer of
the lung, bladder, kidney, skin, liver, and prostate [2]. The non-cancer effects from long-term
oral exposure to iAs include dermal, cardiovascular, respiratory, and neurodevelopmental
changes, and acute high-dose oral exposure has been associated with nausea, vomiting,
diarrhea, and encephalopathy [16]. The susceptible life stages are pregnancy, infancy, and
early childhood [4]. The Joint FAO/WHO Expert Committee on Food Additives recognizes
iAs in rice as a public health concern [17], and quantitative risk assessment has been
considered an important tool for risk management and to support decision-making in
public health [18].

Only a few studies have evaluated exposure to iAs in rice in Brazil [15,19–24]. In
the present study, we focused on a probabilistic analysis of the risk of exposure to iAs
in polished (white) and husked (brown) rice from Brazil. Hypothetical scenarios of risk
reduction were also assessed. Cancer and non-cancer risks were estimated using the slope
factor and the U.S. Environmental Protection Agency (EPA) reference dose for iAs [25].

2. Materials and Methods
2.1. Average Daily Dose, Cancer Risk, and Hazard Quotient

The average daily dose by exposure pathway, which can account for differences
between the age group of the exposed people regarding exposure factors such as body
weight and eating habits, was estimated according to the following equation [26]:

ADDj =

[
C × IRj × EDj × EFj

][
BWj × AT

] (1)

where ADDj is the average daily dose in mg/kg-day estimated for the age group j; C is the
concentration of iAs in raw rice (mg iAs/g rice); IRj is the ingestion rate of rice (g rice/day)
for the age group j; EDj and EFj are the exposure duration (years) and exposure frequency
(days/year) for the age group j, respectively; BWj is the body weight for the age group j;
and AT is the average time, which is the EDj × 365 days.

As the exposure varies with age, the incremental lifetime cancer risk (ILCR) was
estimated by summing the cancer risk in each age group [27], as follows:

ILCR = ∑
j=1,n

(ADDj × SF)×
EDj

LT
) (2)

where SF is the slope factor for oral iAs, which is 1.5 (mg/kg-day)−1, LT is the lifetime,
which is 70 years, and n is the number of age intervals. The ILCR estimates the incremental
lifetime cancer risk for exposure to certain carcinogens. The result must be interpreted as a
probability, represented as a value between 0 and 1. A risk of 10−5 indicates a probability
of 1 chance in 100,000 of an individual developing cancer [26].

The risk of non-cancer effects (cardiovascular and dermal outcomes) was estimated by
the hazard quotient (HQ) summing the fractional HQ of each age group, which is the ADDj
divided by the RfD weighted by exposure duration j:

HQ = ∑
j=1,n

(
ADDj

R f D
) ×

EDj

LT
(3)

where RfD is the reference dose for oral exposure to iAs, which is 0.003 mg/kg per day [25],
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and n is the number of age intervals. An HQ above 1 indicates that the average daily dose
is higher than the reference dose, so there may be concern for potential noncancer effects.

The ILCR and HQ calculations (Supplementary Material) were implemented in a
probabilistic framework, with a Monte Carlo simulation of 100,000 iterations and with
a confidence interval of 95%. The simulations were performed using distributions for
the concentration of arsenic in rice. The probabilistic assessment was carried out in the
open-source software YASAIw from the State of Washington Department of Ecology [28]. A
limitation of this method is that the probabilistic analysis is an indirect measure of the risk.

2.2. Concentration of iAs in Brazilian Rice

The data related to the concentrations of iAs in white and brown rice (Supplementary
Material) were obtained from a study conducted by Batista et al. [29], one of the few studies
about iAs in rice from Brazil to which we had access. In that study, samples of raw rice
were collected from different areas in Brazil, mainly the southern region, which is the
largest rice-producing region in the country. There were 64 samples of white rice (all
obtained from markets) and 90 samples of brown rice (69 from farms and 21 from markets).
Firstly, the authors determined the total concentration of arsenic by microwave digestion
of the rice samples, as described by Paniz et al. [30]. For this purpose, the samples were
ground, sieved (<250 µm), and weighed (200 mg) in triplicate and then placed in 100-mL
polytetrafluoroethylene vessels, where 4 mL of sub-distilled HNO3 (20 vol%) and 1 mL of
H2O2 (30 vol%) were added. The tubes were then placed in a microwave system (up to
35 bar). After cooling, ultrapure water was added to make up 50 mL, and then the samples
were analyzed by inductively coupled plasma mass spectrometry (ICP-MS). Secondly, the
concentration of arsenic chemical species was determined. The speciation analysis was
performed as described by Batista et al. [19]. The samples, in two replicates, containing
about 200-mg of ground and sieved (<250 µm) rice, were weighed into 50-mL conical tubes,
treated with 10 mL of HNO3 (2 vol%), and then stirred (100 rpm) for 24 h. In sequence, the
tubes were heated (95 ◦C) in a water bath for 2.5 h. Finally, after cooling, the samples were
analyzed using a high-performance liquid chromatography coupled to an ICP-MS. The
concentration of iAs was considered the sum of the species arsenite and arsenate, and the
concentration of organic arsenic was considered the sum of the species dimethyl arsenic
and monomethyl arsenic. In this risk assessment, we only included iAs in the analysis.

2.3. Rice Consumption

The rice consumption for each age group, which includes only rice grain consumption
(not rice-derived products, such as rice flour, present in certain kinds of food), was obtained
from different sources, as also presented in Table S1 (Supplementary Material):

• From 4 months to 1 year and 5 to 10 years—the estimated rice consumption was
based on the quantity recommended by the São Paulo Municipal Department of
Education for consumption in schools and daycare centers [31,32]. Since we noticed
that the recommended consumption was overestimated in comparison with the actual
consumption for children 1 to 5 years of age (see below), we estimated that the actual
rice consumption for children 4 months to 1 year and 5 to 10 years of age was 39.8%
less than that. In the school diet, rice is served cooked (as a side dish, in soups,
or as a dessert) and the quantities were registered in grams of raw rice. Students
from 6 to 10 years of age have a part-time school period, having only one meal at
school (lunch or dinner), and daily rice consumption for that age group was, therefore,
estimated on the basis of the recommended quantity.

• From 1 to 5 years—data were obtained from a study involving 64 children at 2 daycare
centers in the city of São Paulo [33], in which the portions of 24-h duplicate diet
samples were recorded, including the food consumed at the daycare center and that
consumed at home. The consumption of rice and soup containing rice was evaluated.
Household measures (e.g., tablespoons) were converted to grams in accordance with
nutrition guidelines [34,35].
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• From 10 to 70 years—data were obtained from a study conducted by the Brazilian
Institute of Geography and Statistics [13], in which the consumption of cooked rice in
the last 48 h was determined on the basis of self-reports by interviewees in all Brazilian
states, from 10 to 70 years.

Since there are no available data regarding daily consumption of brown rice in Brazil,
the same rates were considered for white and brown rice.

2.4. Body Weight

Body weight was also obtained from the study conducted by the Brazilian Institute of
Geography and Statistics [36]. Body weight was calculated by the weighted average of the
male and female population, in relation to the total of interviewed individuals.

2.5. Exposure Frequency

Since rice is a staple food in Brazil, the exposure frequency (EF) for rice was considered
to be 6 days/week (312.85 days/year).

2.6. Statistical Analysis

The statistical analysis was conducted with R software, version 3.5.0, and R studio,
version 1.1.453 (The R Foundation for Statistical Computing, Vienna, Austria). We used the
fitdistrplus package in order to fit the distribution of the iAs concentration datasets. The
64 white rice and 90 brown rice iAs concentrations from Batista et al. [29] were fit using the
normal, lognormal and exponential distribution assumptions available in the fitdistrplus
package. The distribution with the lowest Akaike information criterion value was selected.
Pearson’s correlation coefficient was calculated to identify a correlation between iAs and
cadmium in rice as evidence of water management during rice cultivation.

Table S1 (Supplementary Material) summarizes the exposure parameters of body
weight and rice dietary consumption rates for various age groups, obtained or estimated
from the sources described above and adopted for the risk assessment.

The data for rice consumption and body weight did not have a good fit in any distri-
bution, so to minimize the uncertainty, avoiding using mean values for the lifetime, the
risk was assessed for age groups. The advantage of this approach is to obtain risk results
for each age group, with it being possible to identify which is more vulnerable.

2.7. Hypothetical Scenarios of Risk Reduction

Adopting the same dose–response model for each of six different scenarios, we as-
sessed hypothetical interventions intended to reduce the risk (Supplementary Material).
The objective was to simulate the impact of different mitigation strategies, some of which
were proposed by the U.S. Food and Drug Administration (FDA)—such as lowering the
MCL or interrupting the exposure of infants and children)—whereas others were based on
our results.

3. Results

Figure 1 shows a box plot of iAs concentrations in white and brown rice. Table S2 shows
the descriptive statistics (Supplementary Material). The normal distribution had the best fit
for the white rice dataset (mean, 100.2 ± 44.6), whereas the log-normal distribution had the
best fit for the brown rice data (µ = 4.1; δ = 0.9).
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Figure 1. Box plot of inorganic arsenic (iAs) concentrations in polished (white) and husked (brown) rice.

3.1. Cancer Risk Associated with Exposure to iAs in Rice

Table 1 presents the results of cancer risk by age and ILCR, and Table S3 (Supple-
mentary Material) presents the ADD by age. The mean and 95th percentiles of the total
incremental lifetime cancer risk (ILCR) were 1.51 × 10−4 and 2.60 × 10−4 for white rice
and 6.04 × 10−6 and 8.47 × 10−6 for brown rice. A limitation of this method is that it is not
possible to determine the risk of a specific cancer, but the overall cancer related to exposure
to iAs (liver, kidney, lung, bladder, and skin).

Table 1. Estimated incremental cancer risks and incremental lifetime cancer risk (means and 95th
percentiles) associated with exposure to inorganic arsenic in polished (white) and husked (brown) rice.

Age (Years) White Rice Cancer Risk and ILCR Brown Rice Cancer Risk and ILCR

Mean 95th Percentile Mean 95th Percentile

<1 1.62 × 10−6 2.79 × 10−6 6.47 × 10−8 9.08 × 10−8

1 9.19 × 10−6 1.58 × 10−05 3.66 × 10−7 5.14 × 10−7

2 7.39 × 10−6 1.27 × 10−05 2.95 × 10−7 4.14 × 10−7

3 7.23 × 10−6 1.24 × 10−05 2.88 × 10−7 4.05 × 10−7

4 7.02 × 10−6 1.21 × 10−05 2.80 × 10−7 3.93 × 10−7

5 5.52 × 10−6 9.48 × 10−6 2.20 × 10−7 3.09 × 10−7

6 5.09 × 10−6 8.75 × 10−6 2.03 × 10−7 2.85 × 10−7

7 4.52 × 10−6 7.76 × 10−6 1.80 × 10−7 2.53 × 10−7

8 4.07 × 10−6 7.00 × 10−6 1.62 × 10−7 2.28 × 10−7

9 3.56 × 10−6 6.12 × 10−6 1.42 × 10−7 1.99 × 10−7

10 3.12 × 10−6 5.36 × 10−6 1.24 × 10−7 1.74 × 10−7

11 2.77 × 10−6 4.75 × 10−6 1.10 × 10−7 1.55 × 10−7

12 2.45 × 10−6 4.21 × 10−6 9.76 × 10−08 1.37 × 10−7

13 2.21 × 10−6 3.80 × 10−6 8.82 × 10−08 1.24 × 10−7

14 2.06 × 10−6 3.54 × 10−6 8.21 × 10−08 1.15 × 10−7

15 1.92 × 10−6 3.30 × 10−6 7.66 × 10−08 1.07 × 10−7

16 1.85 × 10−6 3.19 × 10−6 7.40 × 10−08 1.04 × 10−7

17 1.79 × 10−6 3.08 × 10−6 7.15 × 10−08 1.00 × 10−7

18 1.75 × 10−6 3.00 × 10−6 6.96 × 10−08 9.77 × 10−08

19 1.79 × 10−6 3.07 × 10−6 7.13 × 10−08 1.00 × 10−7

20 to <25 8.58 × 10−6 1.47 × 10−05 3.42 × 10−7 4.80 × 10−7

25 to <30 8.20 × 10−6 1.41 × 10−05 3.27 × 10−7 4.59 × 10−7

30 to <35 8.05 × 10−6 1.38 × 10−05 3.21 × 10−7 4.50 × 10−7

35 to <45 1.59 × 10−05 2.73 × 10−05 6.32 × 10−7 8.88 × 10−7

45 to <55 1.57 × 10−05 2.70 × 10−05 6.27 × 10−7 8.80 × 10−7

55 to <65 1.46 × 10−05 2.51 × 10−05 5.82 × 10−7 8.18 × 10−7

65 to <70 3.46 × 10−6 5.94 × 10−6 1.38 × 10−7 1.94 × 10−7

ILCR 1.51 × 10−4 2.60 × 10−4 6.04 × 10−6 8.47 × 10−6

ILCR: incremental lifetime cancer risk.
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3.2. Non-Cancer Risk of Exposure to iAs in Rice

The results of our analysis of the non-cancer risks of exposure to iAs in white and
brown rice in Brazil, estimated by calculating the fractional HQ by age and the lifetime
HQ, are presented in Table 2. The fractional and lifetime HQ for white and brown rice
consumption were below 1 for individuals of all ages. The lifetime HQ found is 3.37 × 10−1

for white rice and 1.34 × 10−2 for brown rice. An HQ above 1 indicates that the dose
ingested is higher than the reference dose and that there is a potential for adverse effects, in
this context including cardiovascular and dermal effects [37].

Table 2. Estimated fractional hazard quotients by age and hazard quotient for a lifetime for exposure
to inorganic arsenic in polished (white) and husked (brown) rice.

Age (Years)
White Rice Brown Rice

Hazard Quotient Hazard Quotient

Mean 95th Percentile Mean 95th Percentile

<1 3.61 × 10−3 6.20 × 10−3 1.44 × 10−4 2.04 × 10−4

1 2.04 × 10−2 3.51 × 10−2 8.15 × 10−4 1.15 × 10−3

2 1.64 × 10−2 2.82 × 10−2 6.55 × 10−4 9.27 × 10−4

3 1.61 × 10−2 2.76 × 10−2 6.41 × 10−4 9.07 × 10−4

4 1.56 × 10−2 2.68 × 10−2 6.23 × 10−4 8.81 × 10−4

5 1.23 × 10−2 2.11 × 10−2 4.89 × 10−4 6.92 × 10−4

6 1.13 × 10−2 1.94 × 10−2 4.51 × 10−4 6.38 × 10−4

7 1.00 × 10−2 1.73 × 10−2 4.00 × 10−4 5.67 × 10−4

8 9.06 × 10−3 1.56 × 10−2 3.61 × 10−4 5.11 × 10−4

9 7.93 × 10−3 1.36 × 10−2 3.16 × 10−4 4.47 × 10−4

10 6.93 × 10−3 1.19 × 10−2 2.76 × 10−4 3.91 × 10−4

11 6.15 × 10−3 1.06 × 10−2 2.45 × 10−4 3.47 × 10−4

12 5.45 × 10−3 9.35 × 10−3 2.17 × 10−4 3.07 × 10−4

13 4.92 × 10−3 8.45 × 10−3 1.96 × 10−4 2.77 × 10−4

14 4.58 × 10−3 7.86 × 10−3 1.82 × 10−4 2.58 × 10−4

15 4.27 × 10−3 7.34 × 10−3 1.70 × 10−4 2.41 × 10−4

16 4.13 × 10−3 7.09 × 10−3 1.64 × 10−4 2.33 × 10−4

17 3.99 × 10−3 6.85 × 10−3 1.59 × 10−4 2.25 × 10−4

18 3.88 × 10−3 6.67 × 10−3 1.55 × 10−4 2.19 × 10−4

19 3.98 × 10−3 6.83 × 10−3 1.59 × 10−4 2.24 × 10−4

20 to <25 1.91 × 10−2 3.28 × 10−2 7.60 × 10−4 1.08 × 10−3

25 to <30 1.82 × 10−2 3.13 × 10−2 7.27 × 10−4 1.03 × 10−3

30 to <35 1.79 × 10−2 3.07 × 10−2 7.14 × 10−4 1.01 × 10−3

35 to <45 3.53 × 10−2 6.06 × 10−2 1.41 × 10−3 1.99 × 10−3

45 to <55 3.50 × 10−2 6.01 × 10−2 1.39 × 10−3 1.97 × 10−3

55 to <65 3.25 × 10−2 5.58 × 10−2 1.30 × 10−3 1.83 × 10−3

65 to <75 7.69 × 10−3 1.32 × 10−2 3.07 × 10−4 4.34 × 10−4

0 to <70 3.37 × 10−01 5.78 × 10−01 1.34 × 10−2 1.90 × 10−2

3.3. Exposure to iAs in Rice

In the present study, the mean concentration of iAs in white rice was found to be
100.1 ± 44.62 ng g−1, which is lower than the MCL of 300 ng g−1 proposed by the BNMH
for total arsenic [38]. That value is also lower than the MCL of 200 ng g−1 for iAs established
by the Joint FAO/WHO Codex Committee on Contaminants in Foods [39], European
Commission [40], and Chinese Ministry of Health [41]. Among the 64 samples of white rice
evaluated in the present study, the concentration of iAs was above the FAO/WHO MCL
(ranging from 200 ng g−1 to 220 ng g−1, and thus in accordance with Brazilian MCL) in
only 4 samples.

The mean concentration of iAs in brown rice was found to be 80.1 ± 55.5 ng g−1.
In Brazil, the MCL is the same (300.0 ng g−1) for brown and white rice, although the
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Joint FAO/WHO Codex Committee on Contaminants in Foods recommends an MCL of
350.0 ng g−1 for brown rice [42].

Many factors that can affect the concentration of iAs in rice can be associated with the
location of the rice field [43]. Therefore, we conducted an analysis based on the location
where the samples were collected, although we have that information only for the samples
of brown rice obtained directly from farms. The samples of white rice were all obtained
from markets, and the specific cultivation location was not noted on any of the labels [29]

Figure 2 shows a box plot of iAs concentrations in brown rice by cities where the farms
were located [29]. Only cities with more than two samples were included, resulting in three
of eight cities. The mean iAs concentration in samples from City 1 was 64.0 ± 19.0 ng g−1

(n = 9), 45.1 ± 43.0 ng g−1 (n = 30) from City 2, and 79.8 ± 22.0 ng g−1 (n = 14) from City 3.
City 2 presented the highest variation, but on average, the three locations produced rice
with concentration of iAs under 100 ng g−1, suggesting that the studied farms produced
rice with a low concentration of iAs.
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Figure 3 shows a box plot of iAs concentrations in brown rice by the origin of the
samples (farms or markets), which were similarly processed [29]. The mean concentration
of iAs for the samples obtained from markets (n = 21) of 154.91 ± 44.8 ng g−1 (range,
135.7–222.8 ng g−1) was similar to that reported in the literature, but much higher than
the 57.36 ± 34.6 ng g−1 (range, 45.1–79.7 ng g−1) estimate from the samples obtained
from farms (n = 69). That discrepancy influenced the overall mean iAs concentration in
the dataset for brown rice. The farms where the brown rice was cultivated are located in
two states in the southern region of Brazil—Rio Grande do Sul and Santa Catarina—the
two main rice-producing states in the country, accounting for approximately 69% and 9%
of the national rice production, respectively [44]. Of the brown rice samples purchased in
markets, most were produced in Rio Grande do Sul or São Paulo, although the labels did
not identify the specific cities, and 12 of the samples had labels that provided no information
regarding the state in which the rice was grown. Possible explanations for the lower iAs
concentrations in brown rice obtained from farms include the location and management of
the farms, which receive support from the Brazilian Agency for Agricultural Research, a
governmental agency linked to the Ministry of Agriculture, Livestock, and Food Supply.
The mission of the agency is to improve agriculture practices, and one of its goals is to
achieve food safety and food security, providing support for farmers to produce more
food and food free of hazardous substances [45]. Adopting good agriculture practices,
such as avoiding contamination sources and implementing water management, as well
as monitoring soil and water quality, could indirectly result in lower iAs concentrations
in rice.

In the southern region of Brazil, rice is usually cultivated in flooded fields. However,
we hypothesized that rice farmers could be cultivating rice in unsaturated soils, which
could explain the low concentration of iAs in rice, although it would also result in higher
cadmium concentrations. Using cadmium concentration as an indicator, we found no linear
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correlation between arsenic and cadmium concentration in brown rice from farms (r = 0.049;
p = 0.690), so there is no evidence that the rice was grown in unsaturated soils. Therefore,
the low concentration of iAs is probably attributable to other factors.
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3.4. Reducing the Risk

The concentration of arsenic in rice grains depends on the arsenic concentration in
soil, its bioavailability, and the rice genotype (cultivar). Since some rice cultivars reportedly
store less arsenic, selecting those cultivars could be a good strategy when the soil is known
to contain bioavailable arsenic [46].

In the present study, we had information about brown rice varieties only for the
samples collected directly from farms (i.e., not for those obtained from markets). Although
there are four rice varieties, we had more than one sample for only two. The mean iAs con-
centration was 80.7 ± 22.35 ng g−1 for the Irga 424 variety (n = 19) and 46.6 ± 31.69 ng g−1

for the Puitá variety (n = 48), as shown in Figure 4. Adopting this rice variety could be an
easy, effective strategy to reduce health risks for the population.
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The results of the present risk assessment describe the estimates of the incidence of
cancer in the Brazilian population, based on the application of EPA’s cancer slope and
exposure scenarios adopted. By changing the inputs of the Monte Carlo analysis, we
can simulate the likely impact of mitigation strategies [4]. We evaluated six different
interventions aimed at reducing the cancer risk, calculating the risk for each of those
interventions: scenario 1—consumption exclusively of brown rice from farms with low
levels of iAs; scenario 2—consumption exclusively of brown rice of the Puitá variety, which
was found to have the lowest iAs concentration (mean, 46.6 ng g−1); scenario 3—adoption
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of a white rice MCL of 100 ng g−1; scenario 4—adoption of a white rice MCL of 75 ng g−1;
scenario 5—adoption of a white rice MCL of 50 ng g−1; and scenario 6—no consumption of
white rice by infants and children ≤ 6 years of age (we chose white rice because it is the
type of rice most widely consumed in Brazil). The U.S. FDA has proposed interventions
similar to those evaluated here [4]. To calculate the risk for those hypothetical scenarios, any
samples above the proposed limit were removed. For scenarios 1 and 2, the complete dataset
was considered and the iAs limit was the maximum concentration found. Table 3 shows
the parameters and the results of the risk assessment for each scenario.

Table 3. Estimated incremental lifetime cancer risk and parameters for hypothetical scenarios of
interventions to reduce the cancer risk of exposure to inorganic arsenic in Brazil.

Scenario
iAs Limit

N

iAs Concentration
Distribution

(Mean; SD or µ; δ)
ILCR Reduction in ILCR

(ng g−1)

(ng g−1) Mean; SD Mean 95th Percentile (%)

1. Consumption of
brown rice from
farms with low

iAs levels

151.9 69 57.36; 34.36 Log-normal
(3.77; 0.87) 5.73 × 10−6 8.13 × 10−6 5.03

2. Consumption of
brown rice of the

Puitá variety
112 48 46.58; 31.68 Log-normal

(3.51; 0.91) 5.38 × 10−6 7.95 × 10−6 10.85

3. Imposition of a
white rice MCL of

100 ng g−1
100 37 71.94; 22.47 Normal

(71.94; 22.47) 1.10 × 10−4 1.66 × 10−4 27.29

4. Imposition of a
white rice MCL of

75 ng g−1)
75 17 53.74; 21.15 Normal

(53.74; 21.15) 8.27 × 10−05 1.35 × 10−4 45.39

5. Imposition of a
white rice MCL of

50 ng g−1)
50 6 30.55; 16.85 Normal

(30.55; 16.85) 4.88 × 10−05 8.95 × 10−05 67.79

6. No consumption
of white

rice ≤ 6 years
of age

200 64 100.17; 44.62 Normal
(100.17; 44.62) 1.17 × 10−4 1.99 × 10−4 22.67

iAs: inorganic arsenic; ILCR: incremental lifetime cancer risk; MCL: maximum contaminant level.

There is no guideline establishing an acceptable level of risk associated with exposure
to arsenic in food. Some studies have used the EPA guideline for contaminated areas, which
established an acceptable cancer risk ranging from 10−4 to 10−6 [12,47,48]. Scenario 2 pre-
sented the lowest ILCR, close to 10−6, in which the MCL was 48 ng g−1, more than 7 times
lower than the MCL proposed by the FAO for white rice [39]. In this scenario, there is a
reduction of almost 11% of the risk, compared with the risk of consuming brown rice. It
is likely that polishing Puitá rice would further reduce the iAs content and, consequently,
the risk.

Scenario 5 represents the adoption of an MCL of 50 ng g−1 for white rice, the kind of
rice most widely consumed in Brazil, resulting in the highest decrease in ILCR, around 68%
(compared with the risk from consumption of white rice) and third lowest ILCR. Excluding
rice from the diet of infants and young children (scenario 6) is also a scenario proposed by
the FDA [4], and it could reduce the ILCR by nearly 23%, although it would necessitate
a substantial change in Brazilian culture, which is unlikely to happen. Daycare centers
introduce rice into the diet of infants at four months of age, and that could be delayed,
with another type of food—also rich in nutrients and unprocessed—being prioritized. The
ILCR for scenario 6 is similar to that of reducing the MCL to 100 ng g−1 (scenario 3). In this
context, Segura et al. [49] emphasized the need for crop-tracking, given that the iAs content
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in rice can vary significantly, even among samples from the same producer. That would
allow the selection of grains with less iAs for consumption by vulnerable populations, such
as infants and children.

4. Discussion

Rice consumption starts at an early age in Brazil. According to food consumption
guidelines for daycare centers in the city of São Paulo, the consumption of rice and other
kinds of solid food starts at 4 months of age [31]. Since the standard maternity leave in
Brazil is 120 days [50], exclusive breastfeeding until 6 months of age, as recommended by
the WHO [51], is a challenge. Measures to increase maternity leave in the country have
recently been proposed. Since 2008, civil servants have had 180 days of maternity leave,
and there are tax incentives for companies that grant 180 days of maternity leave to their
employees [52]. However, the proportion of the workforce protected by labor laws that
guarantee maternity leave has decreased [53].

The ILCR for exposure to iAs in white rice obtained in our study is lower than that
reported for other countries where rice is also a staple food. In Saudi Arabia, Al-Saleh and
Abduljabbar [12] found a mean ILCR of 5.8 × 10−2 (minimum of 1.2 × 10−2 and maximum
of 2.6 × 10−1). The authors used the concentrations of total arsenic but estimated that
iAs represented 80–90% of the total. Another probabilistic risk assessment, conducted in
China by Li et al. [14], found an average ILCR of 1.77 × 10−3, higher than that found in
the present study. Those authors evaluated the consumption of white rice and other foods,
such as rice flour, coarse cereals, vegetables, fruit, meat, milk, eggs, and aquatic products.
They found that the most relevant variable was the rate of ingestion of aquatic products,
followed by the iAs concentration in rice. The ILCR varied among the different areas of the
country, and the authors concluded that the risk was mainly explained by the kind of food
consumed and the ingestion rate.

In Taiwan, Chen et al. [54] found the mean ILCR for exposure to iAs in white and
brown rice to be 1.04 × 10−4 for males and 7.87 × 10−5 for females. The mean ILCR for
exposure to iAs in white rice was reported to be 2.06 × 10−4 in Punjab, India [47]. These
results are similar to the result found in our study.

A major risk assessment conducted in the United States by the FDA found a median
ILCR of 3.4 × 10−5 for white rice (with 5% and 95% confidence limits of 0 and 6.9 × 10–5,
respectively) and 5.4 × 10−6 for brown rice (0 and 1.1 × 10–5 are the confidence limits of
5% and 95%, respectively) [4], both of which are lower than the values found in our study.
That could be attributed to the fact that rice consumption is higher in Brazil. The authors
of that study also calculated the risk associated with a higher—but still lower than that
reported for Brazil—per serving (per eating occasion) dose level. On that basis, the median
risk would be 1.36 × 10−4 for white rice (0 and 2.78 × 10−4 are the 5% and 95% confidence
limits, respectively) and 1.64 × 10−4 for brown rice (0 and 3.38 × 10−4 are the 5% and 95%
confidence limits, respectively).

The high ILCR values found in the present study are mainly associated with the
elevated rice consumption in Brazil, which is on average for all age groups 156.6 g/day,
compared with 17.1 g/day (including rice flour) in the United States [4]. According to
Meharg [50], rice consumption is also very low (10.0 g/day) in the United Kingdom.
However, rice consumption is much higher in most Asian countries, such as China, where
the daily rice consumption can be as high as 218.64 g [55], as well as Bangladesh, Laos, and
Myanmar, where it ranges from 400.0 g/day to 500.0 g/day [56].

Rice and beans make up 25% of the diet of the Brazilian population [13]. In Brazil,
there are over ten popular dishes and desserts prepared with rice. The consumption of
rice and beans is considered healthy compared with that of ultra-processed food, which
are formulations of ingredients created by a series of industrial techniques and processes,
such as packaged snacks, pre-prepared meat, pasta and pizza dishes, and others [57]. Rice
and beans are rich in nutrients and calories, and their consumption can guarantee the
daily ingestion of 50% of the recommended daily water intake. In Brazil, rice is also less
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expensive than is ultra-processed food and is accessible for people of all socioeconomic
levels [58]. Approximately 83% of the Brazilian population consumes white rice, and about
4% consumes brown rice [13]. Given that the current population of Brazil is approximately
211 million, the population exposed to iAs in white and brown rice could be approximately
175 million and 8.4 million people, respectively.

The risk of consuming white rice is higher than is that of consuming brown rice, which
is attributed to the lower concentration of iAs in brown rice. The Dietary Guidelines for the
Brazilian Population established by the BNMH recommend the consumption of brown rice,
rather than white rice, because of the composition, in terms of micronutrients and dietary
fiber, of the former [58]. Jo and Todorov [59] reported that, as a result of the polishing
process, white rice contains lower concentrations of phosphorus, potassium, manganese,
and iron than does brown rice. Considering the results of the present risk assessment, we
could conclude that brown rice is also a better option for human health. However, the
sample size in this study does not allow for the conclusion that all Brazilian brown rice has
less iAs than white rice. Further investigations of iAs in Brazilian rice are needed, given
that the levels of arsenic in rice vary according to soil properties, type of irrigation, plant
characteristics, and other factors. Samples of white and brown rice from the same location
would be more appropriated for a comparative analysis.

Brown rice is typically reported to contain higher levels of arsenic than does white
rice, because the arsenic is mainly stored in the external layers of the grain, which are
partially removed when the grain is polished [60,61]. However, in the present study, the iAs
concentration was found to be slightly lower in brown rice than in white rice, as confirmed
by a hypothesis test (t-test, 95% confidence interval). The samples of brown and white
rice came from different locations, and iAs concentration in rice can vary considerably
according to the region of origin [43].

Regarding non-cancer risk, some studies have found HQ values above 1 for exposure
to iAs in rice. In a study involving adults in Saudi Arabia, Al-Saleh et al. [12] found an
HQ of 1.2 (SD = 0.4) for exposure to iAs in white rice. The authors assumed a daily rice
consumption of 160 g/day to calculate the dose, and used the reference dose established
by the EPA, as was used in the present study. In India, where arsenic in rice is a public
health problem in some regions, Upadhyay et al. [62] estimated an HQ above 1 for all age
groups and a correlation test suggested that the risk of arsenic poisoning is higher among
infants and children than among adults. In a study conducted in Taiwan, Chen et al. [54]
found an HQ below 1 for all individuals ≤ 65 years of age (between 0.08 and 0.3), although
they adopted a 5-fold higher reference dose of 0.015 mg/kg per day. The same RfD was
adopted by Lin et al. [63], which conducted a study of the non-cancer risk of exposure to
total arsenic in rice for adults in 14 cities in China and found HQ values below 1 for all of
the cities, between 0.07 and 0.3. In Punjab, India, Sharma et al. [47] found an HQ of 0.45 for
exposure to total arsenic in specific rice varieties and an exposure period of 70 years, using
the RfD proposed by EPA.

The risk results are affected by the concentration of iAs in rice, and similar concentra-
tions have been found in other countries, including the United States and China. According
to the FDA [4], the weighted mean concentration of iAs in 429 samples of different types of
white rice based on the relative market-share estimates in the United States is 92.3 ng g−1

(standard error, 1.3). Considering different grain sizes, the mean concentration of iAs was
102.0 ng g−1 for long grain rice (n = 173), 81.5 ng g−1 for medium grain rice (n = 94), and
78.9 ng g−1 for short grain rice (n = 23). Similarly, in China, where rice is a staple food,
Li et al. [14] reported an iAs concentration of 103.0 ng g−1 in 151 samples of white rice from
published studies. Nevertheless, higher iAs concentrations, ranging from 290.0 ng g−1

to 950.0 ng g−1, exceeding the WHO MCL and more than 9 times higher than the mean
concentration found in our study, were found in white rice samples from India [62]. Lower
levels were found in white rice from Taiwan, where rice is the primary staple food, the mean
iAs concentration being 65.9 ng g−1 in 51 samples [54], and from Iran, a rice-producing
country, the mean iAs concentration in 15 samples being 82.0 ng g−1 [64].
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In Brazil, only a few studies have evaluated the concentration of iAs in white rice. One
study assessed white rice purchased in local markets in the state of Minas Gerais, in the
southeastern region of the country, and found an iAs concentration of 102.0 ng g−1 [15],
comparable to that observed in the present study. Cerveira et al. [65] reported a mean iAs
concentration of 94.2 ± 39.5 ng g−1 (range, 54.0–150.0 ng g−1; n = 7), similar to our findings.
Moreover, in the state of Minas Gerais, Corguinha et al. [66] found low concentrations
of total arsenic, below the detection limit of 15.0 ng g−1, which was attributed to a low
concentration of arsenic in soil. In the present study, we have access to data of three samples
from Minas Gerais and found iAs concentrations ranging from 105.0 ng g−1 to 132.0 ng g−1,
higher than the values reported in either of the studies cited above [29].

Higher mean concentrations of iAs were found in brown rice from Taiwan [54]:
103.9 ± 45.0 ng g−1 for arsenate and 2.2 ± 1.2 ng g−1 for mobile arsenite (n = 13). The
U.S. FDA [4] reported a mean iAs concentration in brown rice of 156.5 ng g−1 (range,
34.0–249.0 ng g−1), in 120 samples, as well as reporting a mean iAs concentration in 144 sam-
ples of jasmine, basmati, parboiled, and pre-cooked brown rice of 153.8 ± 3.2 ng g−1. In
contrast, Fu et al. [67] reported a mean predicted concentration of iAs in 282 samples of
brown rice from Hainan, an island in China, of 57.0 ng g−1, even lower than the concen-
tration found in our study. That concentration was considered lower than or similar to
that reported for other regions of China, which the authors suggested was attributed to
soil properties (organic matter, phosphorus content, humic acid, and iron–manganese) and
arsenic speciation in soil.

Other studies conducted in Brazil have reported concentrations of iAs in brown rice higher
than those adopted in the present study, reported by Batista et al. [24]. Cerveira et al. [65]
found concentrations ranging from 88.0 ng g−1 to 163.0 ng g−1 (n = 4), with a mean value of
131.0 ± 32.0 ng g−1. Batista et al. [19] reported a mean iAs concentration of 188 ng g−1 (range,
176.0–202.0 ng g−1) in samples of brown rice from the states of Rio Grande do Sul and São Paulo.
Kato et al. [23] found significant variation in the levels of total arsenic in brown rice from the
states of Rio Grande do Sul (235.0 ± 157.0 ng g−1), Santa Catarina (157.0 ± 108.0 ng g−1), and
Mato Grosso (4.0 ± 2.0 ng g−1), which was attributed to differences in water management and
local features.

The concentration of iAs in rice can vary according to the presence of arsenic in
soil or in water used for irrigation, natural or otherwise [68]; the current or past use of
pesticides containing arsenic; anthropogenic sources of iAs, such as mining or industrial
activities, near the rice paddies [5]; water management [69]; and rice variety [70,71]. In
Brazil, some studies have identified significant variation in iAs concentrations and other
non-essential elements in rice, even among rice grains from the same producer. Rice variety,
microclimatic conditions, and geochemical properties are reported to be major factors
affecting iAs concentration in rice [49,72].

Water management can influence arsenic concentration in rice. Rice cultivated under
flooded conditions absorbs more arsenic than does that cultivated in unsaturated soils,
while also absorbing less cadmium from soil [69]. Silva et al. [70] evaluated the iAs
concentration in three different varieties of rice cultivated under different water conditions
and during different phases of development. They found that water management had the
greatest impact on iAs concentration during the reproductive period, in which cultivation
in unsaturated soils resulted in the lowest arsenic accumulation in rice grains, as well as
the highest accumulation of cadmium and lead. Both were below the acceptable levels
established by the FAO/WHO [39].

Some types of fertilizers, pesticides, and soil acidity correctors, such as limestone,
can be a source of arsenic in the environment. In another study conducted in Brazil,
Avelar et al. [73] analyzed samples of limestone, a natural unprocessed mineral, and found
an arsenic concentration of 11.74 ± 1.42 µg g−1, similar to values reported for limestone in
the United States, where the U.S. FDA has declared it a major source of arsenic in the soil,
posing risks for humans and animals [4]. The anaerobic conditions in flooded fields favor
pH correction, so no limestone is necessary. However, in some cases, rice seeds are sown
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directly onto dry soil, and the field is flooded 30 days later. Therefore, the recommendation
is to use limestone only once every five years [74].

Phosphorus fertilizers can also be a source of arsenic in the environment. Avelar et al. [73]
evaluated samples of phosphorus fertilizers in Brazil and found concentrations of total ar-
senic similar to or even lower than those reported for other countries around the world—
11.74 ± 1.42 µg g−1. Those concentrations were below the MCL established for Brazil, al-
though Brazilian soils demand more phosphorus-rich fertilizers, because iron and aluminum
are more likely to be adsorbed by soil particles than is phosphorus. In comparison with Europe,
Brazil uses nearly 100 times more phosphorus fertilizer in agricultural fields (140 kg/ha). On
average, 6.4 ± 1.2 g/ha of arsenic is added to the soil in Brazil every year. Although the arsenic
concentrations in fertilizers do not pose a threat to human health in the short term, intensive
medium- to long-term use of such fertilizers could lead to the accumulation of arsenic in soil,
which can represent risks to human health, and soil monitoring is therefore necessary [75].
In a study conducted in the state of São Paulo, Campos [76] found that the intense use of
phosphorus fertilizers for decades increased the soil concentrations of arsenic, as well as its
mobility and availability, given that phosphorus, rather than arsenic, can be adsorbed by the
soil. That increased the concentration of arsenic in groundwater and, consequently, in well
water. In Rio Grande do Sul, the main rice-producing state in Brazil, contamination of soil and
groundwater with arsenic, due to fertilizer factory activities, has been reported. In a study
conducted in the Patos Lagoon Estuary, which is surrounded by rice paddies, Mirlean and
Roisenberg [77] reported arsenic concentrations ranging from 7.5 µg g−1 to 27.5 µg g−1 in soil,
exceeding the local background value (1.02 µg g−1), and from 1.23 µg g−1 to 25.45 ng mL−1

in water, also exceeding the local background value (0.14 ng mL−1). The authors concluded
that the soil and water contamination are a result of precipitation from factory emissions, over
a period of more than 40 years, accumulating total arsenic in the superficial horizon of the soil.
Most studies of arsenic in the environment of Brazil, including those conducted in the states
of Espírito Santo, Bahia, Rio de Janeiro, Paraná, and São Paulo [78–81], have attributed it to
industrial or mining activities, which do not typically occur near rice paddies.

The rice cultivar is also an important factor for arsenic concentration in rice, as shown
in Figure 3. In a study conducted in Punjab, India, Sharma et al. [47] investigated two rice
varieties (PUSA1121 and PR122) and found that they may be suitable for cultivation in
fields contaminated with arsenic. Another study conducted in India showed significant
variability of arsenic concentration in five rice varieties [62]. In that study, the Ranjit variety
showed a mean iAs concentration of 290 ± 0.021 ng g−1, more than three times lower than
the 950 ± 0.044 ng g−1 shown by the Gosai variety.

A number of measures for reducing the risk of iAs exposure associated with rice con-
sumption have been proposed. Practices that can be adopted by the consumers, including
rinsing, soaking, and some cooking methods, can remove part of the iAs. However, there
are uncertainties regarding the effectiveness of such practices and the influence of the type
of rice; in addition, the iAs content in the water used in cooking the rice can affect the final
iAs concentration [4,82].

Sengupta et al. [83] reported that a method of washing and cooking rice, specific
to India, removed up to 57% of the total arsenic from rice containing 203–540 ng g−1 of
arsenic. Washing the rice approximately six times, until the water is clear, reduced the
total arsenic concentration by approximately half, and cooking the rice at a rice-to-water
ratio of 1:6, thereafter discarding the excess water, removed the remaining arsenic. A study
conducted in Saudi Arabia showed that soaking rice for 20 min removed 98% of the total
arsenic and that rinsing rice 3 times removed 97% [12]. In a study conducted in Japan,
Naito et al. [84] observed that rinsing rice removed mainly iAs. Although rinsing and
cooking practices can reduce the arsenic concentration in rice, such practices also reduce
enriched iron, folate, thiamin, and niacin [4]. One study showed that rinsing rice before
cooking had a minimal effect on arsenic concentration, while removing nutrients such as
enriched iron, folate, thiamin, and niacin. Cooking rice in excess water proved to be more
effective in reducing the iAs concentration in rice, removing 40–60% depending on the
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type of rice, while reducing those same nutrients by 50–70% [85]. Cooking the rice can also
change the speciation of the arsenic to a form that is more toxic or less toxic, depending
on the type of rice and its region of origin [43]. Preliminary estimates indicate that the
reduction in iAs in rice from rinsing and cooking practices in water containing low levels
of arsenic (<3 µg/L) ranges from 28% to 60%. Since there is substantial uncertainty in those
estimates, there have been calls for further research to evaluate not only changes in total
arsenic and iAs concentrations in rice but also the impact on nutritional content [4].

Nachman et al. [86] proposed actions that stakeholders (regulators, food producers,
researchers, and health professionals) could take at each step of the supply chain to reduce
the risk associated with dietary exposure to iAs. Brazil is committed to the Sustainable
Development Goals of the United Nations, one of which, End Hunger, also calls for food
safety and sustainable agriculture [87]. Investments in research are essential to assess
best practices for reducing iAs concentrations in rice, and public policies could provide
support to rice producers through education and by promoting the adoption of good
agriculture practices.

Pedron et al. [88] evaluated polishing and washing rice for potential implementation
in the food industry. Polishing the grain removed 13–54% of total arsenic, depending on
the duration of the polishing, which ranged from 20 s to 60 s. In the case of brown rice,
washing the grains removed approximately 38.8% of total arsenic. Jo and Todorov [59]
found that polishing brown rice can remove 16–33% of iAs. However, these practices are
known to reduce some nutrients, as reported by Pedron et al. [88], who found that washing
and polishing rice reduced the concentrations of nutrients (manganese, iron, cobalt, copper,
zinc, and selenium) by 33–95%.

Another potential arsenic mitigation strategy is using fungi from the rhizosphere
of rice. Segura et al. [89] tested two genera of fungi and obtained promising results.
The authors concluded that direct application of Aspergillus sp. in soils might be a good
alternative for reducing iAs concentration in rice grains.

The Joint FAO/WHO Code of Practice for the Prevention and Reduction of Arsenic
Contamination in Rice states that national authorities should consider the implementation
of measures directed at the sources of iAs and the adoption of specific agricultural practices.
Authorities could determine which measures are most appropriate for their countries. Such
measures include the identification and avoidance of arsenic sources: water for irrigation,
contaminated soil, atmospheric emissions and wastewater from industry, materials used in
agricultural and livestock production (pesticides, veterinary medicines, feed, soil amend-
ments, and fertilizers), and waste from other materials (e.g., timber treated with copper
chrome arsenate). Specific agricultural measures include education programs for farm-
ers and implementing aerobic conditions or intermittent flooding during rice production,
although only if cadmium concentrations in rice are not a concern [5].

There is a need for additional studies aimed at determining which mitigation strate-
gies are the most suitable, taking into consideration the complexity of aspects related to
agriculture, daycare centers, schools, maternity leave, and culture. The same interventions
proposed in the risk assessment conducted by the U.S. FDA produced results that were less
significant, possibly because rice consumption is lower in the United States than in Brazil,
or because the dose–response model was different. In their risk assessment of exposure
to iAs in rice [4], eliminating rice from the diet of infants and children ≤ 6 years of age
would reduce the ILCR by 6%, imposing an MCL of 100 ng g−1 would reduce the ILCR
by 4.3–18.3%, imposing an MCL of 75 ng g−1 would reduce the ILCR by 20–37%, and
imposing an MCL of 50 ng g−1 would reduce the ILCR by 44.5%.

5. Conclusions

An important finding is that the ILCR, as well as the cancer risk for each age or
age group, associated with exposure to white rice in Brazil is high, even when the iAs
concentration is under the MCLs proposed by the FAO/WHO and BNMH. That might be
attributed to the high level of rice consumption in the country, and the MCL established
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by the BNMH does not seem to be appropriate in view of the exposure scenario. The
incremental cancer risk is highest at 35–65 years of age, when rice consumption is high
given the lower body weight at that age, resulting in a higher dose of iAs and, consequently,
a higher incremental cancer risk. The results are influenced by the exposure parameters
adopted and possibly by some uncertainties related to them. A more extensive exposure
assessment is needed.

According to our findings, in Brazil, the risk associated with the consumption of brown
rice appears to be lower than that associated with the consumption of white rice, given that
we found the iAs concentration to be lower in brown rice. It is possible that the brown rice
studied could be polished and sold as white rice. Thus, we can only conclude that samples
of rice from some farms presented a lower concentration of iAs, and it is not specific to
brown rice. Further studies are needed to verify our finding that some farms are producing
rice with a lower concentration of iAs and, if verified, to implement interventions based on
that understanding. We found some evidence that this low concentration of iAs could be
explained by the variety of rice and by the practices adopted in rice fields.

The non-cancer risk associated with exposure to rice in Brazil is not concerning.
The actual ILCR is probably higher than that found in this study, because we did not

consider the presence of rice in other foods, such as infant cereal and formula. On the other
hand, this probabilistic analysis has inherent limitations and is an indirect measure of risk.
In addition, we presented some potentially efficient options for mitigating the risk, each of
which could have social, political, and economic effects. Those effects should be evaluated
in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph192416460/s1. File S1: Probabilistic risk estimations of
exposure to iAs in rice (white and brown). File S2: Hazard Quotient (HQ) calculations from exposure
to iAs in rice. File S3: Inorganic As concentration in brown or white rice. File S4: Exposure to
inorganic arsenic in rice in Brazil: A human health risk assessment. (Table S1. Parameters adopted
for assessing the risk of exposure to inorganic arsenic in rice. Table S2. Descriptive statistics for
inorganic arsenic (iAs) concentrations in samples of polished (white) and husked (brown) rice.
Table S3. Estimated average daily dose (mg/kg-day) associated with exposure to inorganic arsenic
in polished (white) and husked (brown) rice.). File S5: Probabilistic risk estimations of exposure to
iAs in rice according 6 different scenarios of exposure to iAs in rice. References [13,29,31–33,36,90] is
cited in the supplementary materials.

Author Contributions: Conceptualization, M.C.T. and A.C.N.; methodology, M.C.T., J.S.L. and
A.C.N.; software, M.C.T.; validation, J.S.L. and A.C.N.; formal analysis, M.C.T.; investigation, M.C.T.,
J.S.L., B.L.B., K.P.K.O. and A.C.N.; resources, M.C.T. and A.C.N.; data curation, M.C.T., B.L.B. and
K.P.K.O.; writing—original draft preparation, M.C.T.; writing—review and editing, M.C.T., J.S.L.,
B.L.B., K.P.K.O. and A.C.N.; visualization, M.C.T., J.S.L. and A.C.N.; supervision, A.C.N.; project
administration, M.C.T. and A.C.N.; funding acquisition, M.C.T. and A.C.N. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded, in part, by the Brazilian Coordenação de Aperfeiçoamento de Pessoal
de Nível Superior (CAPES, Office for the Advancement of Higher Education; Funding Code 001).

Data Availability Statement: The data presented in this study are available in the Supplementary
Material.

Acknowledgments: We are grateful to Jeffrey Gift, Ingrid Druwe, and Allen Davis at USEPA for the
technical support they provided.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. IARC. Arsenic and Arsenic Compounds Monograph; IARC: Lyon, France, 2012; Volume 100C.
2. WHO. List of Classifications; WHO: Geneva, Switzerland, 2012; Volume 1–119.
3. EFSA Panel on Contaminants in the Food Chain. Statement on Tolerable Weekly Intake for Cadmium. Off. J. Eur. Union 2014, 9,

1975. [CrossRef]

https://www.mdpi.com/article/10.3390/ijerph192416460/s1
https://www.mdpi.com/article/10.3390/ijerph192416460/s1
http://doi.org/10.2903/j.efsa.2011.1975


Int. J. Environ. Res. Public Health 2022, 19, 16460 16 of 18

4. U.S. FDA. Arsenic in Rice and Rice Products Risk Assessment Report; Center for Food Safety and Applied Nutrition, Food and Drug
Administration, U.S. Department of Health and Human Services: College Park, MD, USA, 2016.

5. Joint FAO/WHO. Code of Practice for the Prevention and Reduction of Arsenic Contamination in Rice; Joint FAO/WHO: Geneva,
Switzerland, 2017; Volume 1984.

6. Zhao, F.-J.; McGrath, S.P.; Meharg, A.A. Arsenic as a Food Chain Contaminant: Mechanisms of Plant Uptake and Metabolism and
Mitigation Strategies. Annu. Rev. Plant Biol. 2010, 61, 535–559. [CrossRef]

7. Fu, Q.L.; Li, L.; Achal, V.; Jiao, A.Y.; Liu, Y. Concentrations of Heavy Metals and Arsenic in Market Rice Grain and Their Potential
Health Risks to the Population of Fuzhou, China. Hum. Ecol. Risk Assess. 2015, 21, 117–128. [CrossRef]

8. Gross, B.L.; Zhao, Z. Archaeological and Genetic Insights into the Origins of Domesticated Rice. Proc. Natl. Acad. Sci. USA 2014,
111, 6190–6197. [CrossRef]

9. Ma, L.; Wang, L.; Tang, J.; Yang, Z. Arsenic Speciation and Heavy Metal Distribution in Polished Rice Grown in Guangdong
Province, Southern China. Food Chem. 2017, 233, 110–116. [CrossRef]

10. EFSA. Dietary Exposure to Inorganic Arsenic in the European Population; EFSA: Parma, Italy, 2014.
11. Joint FAO/WHO. Evaluation of Certain Food Additives and Contaminants; Joint FAO/WHO: Geneva, Switzerland, 2011; Volume 14.
12. Al-Saleh, I.; Abduljabbar, M. Heavy Metals (Lead, Cadmium, Methylmercury, Arsenic) in Commonly Imported Rice Grains

(Oryza Sativa) Sold in Saudi Arabia and Their Potential Health Risk. Int. J. Hyg. Environ. Health 2017, 220, 1168–1178. [CrossRef]
13. IBGE. Pesquisa de Orçamentos Familiares: 2008–2009. In Análise Do Consumo Alimentar Pessoal No Brasil; IBGE: Rio de Janeiro,

Brazil, 2011.
14. Li, G.; Sun, G.X.; Williams, P.N.; Nunes, L.; Zhu, Y.G. Inorganic Arsenic in Chinese Food and Its Cancer Risk. Environ. Int. 2011,

37, 1219–1225. [CrossRef]
15. Ciminelli, V.S.T.; Gasparon, M.; Ng, J.C.; Silva, G.C.; Caldeira, C.L. Dietary Arsenic Exposure in Brazil: The Contribution of Rice

and Beans. Chemosphere 2017, 168, 996–1003. [CrossRef]
16. ATSDR. Toxicological Profile For Arsenic; ATSDR: Atlanta, GA, USA, 2007.
17. JECFA. Who Food Additives Series 64: Safety Evaluation of Certain Food Additives and Contaminants, Prepared by the Seventy-Third

Meeting of JECFA Lead; JECFA: Geneva, Switzerland, 2011.
18. FAO. Guidance for Risk Management Options in Light of Different Risk Assessment Outcomes; FAO: Kanagawa, Japan, 2015.
19. Batista, B.L.; Souza, J.M.O.; De Souza, S.S.; Barbosa, F. Speciation of Arsenic in Rice and Estimation of Daily Intake of Different

Arsenic Species by Brazilians through Rice Consumption. J. Hazard. Mater. 2011, 191, 342–348. [CrossRef]
20. Santos, L.M.G.; Barata-Silva, C.; Neto, S.A.V.; Magalhães, C.D.; Moreira, J.C.; Jacob, S.C. Analysis and Risk Assessment of Arsenic

in Rice from Different Regions of Brazil. J. Food Compos. Anal. 2021, 99, 103853. [CrossRef]
21. de Oliveira, V.F.; Busanello, C.; Viana, V.E.; Stafen, C.F.; Pedrolo, A.M.; Paniz, F.P.; Pedron, T.; Pereira, R.M.; Rosa, S.A.; de

Magalhães Junior, A.M.; et al. Assessing Mineral and Toxic Elements Content in Rice Grains Grown in Southern Brazil. J. Food
Compos. Anal. 2021, 100, 103914. [CrossRef]

22. Paulelli, A.C.C.; Martins, A.C.; Batista, B.L.; Barbosa, F. Evaluation of Uptake, Translocation, and Accumulation of Arsenic Species
by Six Different Brazilian Rice (Oryza sativa L.) Cultivars. Ecotoxicol. Environ. Saf. 2019, 169, 376–382. [CrossRef]

23. Kato, L.S.; De Nadai Fernandes, E.A.; Raab, A.; Bacchi, M.A.; Feldmann, J. Arsenic and Cadmium Contents in Brazilian Rice from
Different Origins Can Vary More than Two Orders of Magnitude. Food Chem. 2019, 286, 644–650. [CrossRef]

24. Segura, F.R.; de Oliveira Souza, J.M.; De Paula, E.S.; da Cunha Martins, A.; Paulelli, A.C.C.; Barbosa, F.; Batista, B.L. Arsenic
Speciation in Brazilian Rice Grains Organically and Traditionally Cultivated: Is There Any Difference in Arsenic Content? Food
Res. Int. 2016, 89, 169–176. [CrossRef] [PubMed]

25. U.S.EPA. Chemical Assessment Summary: Arsenic (Inorganic); U.S.EPA: Washington, DC, USA, 1995.
26. U.S. EPA. Risk Assessment Guidance for Superfund Volume I Human Health Evaluation Manual (Part A); U.S.EPA: Washington, DC,

USA, 1989; Volume I.
27. U.S. EPA. Guidance on Selecting Age Groups for Monitoring and Assessing Childhood Exposures to Environmental Contaminants; U.S.EPA:

Washington, DC, USA, 2005; p. 50.
28. Pelletier, B.G.; Box, P.O. YASAIw Xla—A Modified Version of an Open—Source Add—in for Excel to Provide Additional Functions

for Monte Carlo Simulation; Installing YASAIw. Wash. Dep. Ecol. Rep. 2009, 7710, 1–17.
29. Batista, L.B. Arsenic and Rice: Monitoring and (Bio)Remediation Studies for Food Safety; FAPESP: Santo André, Brazil, 2015.
30. Paniz, F.P.; Pedron, T.; Freire, B.M.; Torres, D.P.; Silva, F.F.; Batista, B.L. Effective Procedures for the Determination of As, Cd,

Cu, Fe, Hg, Mg, Mn, Ni, Pb, Se, Th, Zn, U and Rare Earth Elements in Plants and Foodstuffs. Anal. Methods 2018, 10, 4094–4103.
[CrossRef]

31. Manual de Orientação Para Centros de Educação Infantil—CEI. Esquema Alimentar e Porcionamentos; SME: Sao Paulo, Brazil, 2011.
32. Manual de Orientação Para EMEI e EMEF. Esquema Alimentar e Porcionamentos; SME: Sao Paulo, Brazil, 2011.
33. Leroux, I.N.; da Silva Ferreira, A.P.S.; Paniz, F.P.; Pedron, T.; Salles, F.J.; da Silva, F.F.; Maltez, H.F.; Batista, B.L.; Olympio, K.P.K.

Lead, Cadmium, and Arsenic Bioaccessibility of 24 h Duplicate Diet Ingested by Preschool Children Attending Day Care Centers
in Brazil. Int. J. Environ. Res. Public Health 2018, 15, 1778. [CrossRef]

34. Bompem, K.C.M.; Canella, D.C.; Bandoni, D.H.; Jaime, P.C. Manual de Medidas Caseiras e Receitas Para Cálculo Dietéticos; M. Books
do Brasil Ltd.: São Paulo, Brazil, 2012; ISBN 978-85-7680-137-5.

http://doi.org/10.1146/annurev-arplant-042809-112152
http://doi.org/10.1080/10807039.2014.884398
http://doi.org/10.1073/pnas.1308942110
http://doi.org/10.1016/j.foodchem.2017.04.097
http://doi.org/10.1016/j.ijheh.2017.07.007
http://doi.org/10.1016/j.envint.2011.05.007
http://doi.org/10.1016/j.chemosphere.2016.10.111
http://doi.org/10.1016/j.jhazmat.2011.04.087
http://doi.org/10.1016/j.jfca.2021.103853
http://doi.org/10.1016/j.jfca.2021.103914
http://doi.org/10.1016/j.ecoenv.2018.11.025
http://doi.org/10.1016/j.foodchem.2019.02.043
http://doi.org/10.1016/j.foodres.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/28460902
http://doi.org/10.1039/C8AY01295D
http://doi.org/10.3390/ijerph15081778


Int. J. Environ. Res. Public Health 2022, 19, 16460 17 of 18

35. Tomita, L.Y.; Cardoso, M.A. Relação de Medidas Caseiras, Composição Química e Receitas de Alimentos Nipo-Brasileiros; Faculdade de
Medicina de São José do Rio Preto: São José do Rio Preto, Brazil, 2000.

36. IBGE. Pesquisa de Orçamentos Familiares 2008–2009. In Antropometria e Estado Nutricinal de Crianças, Adolescentes e Adultos No
Brasil; IBGE: Rio de Janeiro, Brazil, 2010; Volume 46.

37. U.S. EPA. Risk Assessment Guidance for Superfund (RAGS) Volume III—Part A: Process for Conducting Probabilistic Risk
Assessment, Appendix B. U.S. Environ. Prot. Agency 2001, III, B1–B51.

38. Ministry of Health. RDC N◦ 42 de 29 de Agosto de 2013; Ministry of Health: Chiyoda, Tokyo, 2013.
39. Joint FAO/WHO. Report of the 12th Session of the Codex Committee on Contaminants in Foods; Joint FAO/WHO: Geneva, Switzerland, 2018.
40. EC. Amending Regulation (EC) No 1881/2006 as Regards Maximum Levels of Inorganic Arsenic in Foodstuffs; EC: Brussels, Belgium,

2015; Volume 58.
41. Ministry of Health of China. China’s Maximum Levels for Contaminants in Foods China; Ministry of Health of China: Beijing, China, 2014.
42. Joint FAO/WHO. Joint FAO/WHO Codex Alimentarius Commission; Joint FAO/WHO: Geneva, Switzerland, 2016.
43. Althobiti, R.A.; Sadiq, N.W.; Beauchemin, D. Realistic Risk Assessment of Arsenic in Rice. Food Chem. 2018, 257, 230–236.

[CrossRef]
44. Conab. A Cultura Do Arroz; Conab: Brasília, Brazil, 2015.
45. Ministry of Agriculture. Relatório de Gestão—Exercício 2018; Ministry of Agriculture: New Delhi, India, 2019; Volume 53.
46. Batista, B.L.; Nigar, M.; Mestrot, A.; Rocha, B.A.; Júnior, F.B.; Price, A.H.; Raab, A.; Feldmann, J. Identification and Quantification of

Phytochelatins in Roots of Rice to Long-Term Exposure: Evidence of Individual Role on Arsenic Accumulation and Translocation.
J. Exp. Bot. 2014, 65, 1467–1479. [CrossRef]

47. Sharma, S.; Kumar, R.; Sahoo, P.K.; Mittal, S. Geochemical Relationship and Translocation Mechanism of Arsenic in Rice Plants: A
Case Study from Health Prone South West Punjab, India. Groundw. Sustain. Dev. 2020, 10, 100333. [CrossRef]

48. Shibata, T.; Meng, C.; Umoren, J.; West, H. Risk Assessment of Arsenic in Rice Cereal and Other Dietary Sources for Infants and
Toddlers in the U.S. Int. J. Environ. Res. Public Health 2016, 13, 361. [CrossRef] [PubMed]

49. Segura, F.R.; Franco, D.F.; da Silva, J.J.C.; Batista, B.L. Variations in Total As and As Species in Rice Indicate the Need for
Crop-Tracking. J. Food Compos. Anal. 2020, 86, 103392. [CrossRef]

50. Senado Federal. Constituição Da República Federativa Do Brasil; Senado Federal, Centro Gráfico: Brasília, Brazil, 2016; Volume 6.
51. WHO. Guideline: Protecting, Promoting and Supporting Breastfeeding in Facilities Providing Maternity and Newborn Services; WHO:

Geneva, Switzerland, 2017.
52. Senado Federal. Lei n 11.770 de 9 de Setembro de 2008; Senado Federal: Brasília, Brazil, 2008; Volume 2, p. 2008.
53. Brasil. Trabalho e Família—Rumo a Novas Formas de Conciliação Com Co-Responsabilidade Social; Brasil: Brasília, Brazil, 2009.
54. Chen, H.L.; Lee, C.C.; Huang, W.J.; Huang, H.T.; Wu, Y.C.; Hsu, Y.C.; Kao, Y.T. Arsenic Speciation in Rice and Risk Assessment of

Inorganic Arsenic in Taiwan Population. Environ. Sci. Pollut. Res. 2016, 23, 4481–4488. [CrossRef] [PubMed]
55. Meharg, A.A.; Lawgali, Y.Y.; Deacon, C.M.; Williams, P.T. Levels of Arsenic in Rice—Literature Review. Food Stand. Agency

Contract CC101045 2007, 1, 1–65.
56. Meharg, A.A.; Williams, P.N.; Adomako, E.; Lawgali, Y.Y.; Villada, A.; Cambell, R.C.J.; Sun, G.; Zhu, Y.; Raab, A.; Zhao, F.; et al.

Geographical Variation in Total and Inorganic Arsenic Content of Polished (White) Rice. Environ. Sci. Technol. 2009, 43, 1612–1617.
[CrossRef]

57. Lange, C.N.; Monteiro, L.R.; Freire, B.M.; Franco, D.F.; de Souza, R.O.; dos Reis Ferreira, C.S.; da Silva, J.J.C.; Batista, B.L. Mineral
Profile Exploratory Analysis for Rice Grains Traceability. Food Chem. 2019, 300, 125145. [CrossRef]

58. Ministry of Health. Guia Alimentar Para a População Brasileira. Ministério Da Saúde; Ministry of Health: Chiyoda, Tokyo, 2014; ISBN
9788533421769.

59. Jo, G.; Todorov, T.I. Distribution of Nutrient and Toxic Elements in Brown and Polished Rice. Food Chem. 2019, 289, 299–307.
[CrossRef]

60. Meharg, A.A.; Raab, A. Getting to the Bottom of Arsenic Standards and Guidelines. Environ. Sci. Technol. 2010, 44, 4395–4399.
[CrossRef]

61. Yim, S.R.; Park, G.Y.; Lee, K.W.; Chung, M.S.; Shim, S.M. Determination of Total Arsenic Content and Arsenic Speciation in
Different Types of Rice. Food Sci. Biotechnol. 2017, 26, 293–298. [CrossRef]

62. Upadhyay, M.K.; Majumdar, A.; Barla, A.; Bose, S.; Srivastava, S. An Assessment of Arsenic Hazard in Groundwater–Soil–Rice
System in Two Villages of Nadia District, West Bengal, India. Environ. Geochem. Health 2019, 41, 2381–2395. [CrossRef] [PubMed]

63. Lin, K.; Lu, S.; Wang, J.; Yang, Y. The Arsenic Contamination of Rice in Guangdong Province, the Most Economically Dynamic
Provinces of China: Arsenic Speciation and Its Potential Health Risk. Environ. Geochem. Health 2015, 37, 353–361. [CrossRef]

64. Cano-Lamadrid, M.; Munera-Picazo, S.; Burló, F.; Hojjati, M.; Carbonell-Barrachina, Á.A. Total and Inorganic Arsenic in Iranian
Rice. J. Food Sci. 2015, 80, T1129–T1135. [CrossRef] [PubMed]

65. Cerveira, C.; Pozebon, D.; De Moraes, D.P.; Silva De Fraga, J.C. Speciation of Inorganic Arsenic in Rice Using Hydride Generation
Atomic Absorption Spectrometry (HG-AAS). Anal. Methods 2015, 7, 4528–4534. [CrossRef]

66. Corguinha, A.P.B.; de Souza, G.A.; Gonçalves, V.C.; de Andrade Carvalho, C.; de Lima, W.E.A.; Martins, F.A.D.; Yamanaka, C.H.;
Francisco, E.A.B.; Guilherme, L.R.G. Assessing Arsenic, Cadmium, and Lead Contents in Major Crops in Brazil for Food Safety
Purposes. J. Food Compos. Anal. 2015, 37, 143–150. [CrossRef]

http://doi.org/10.1016/j.foodchem.2018.03.015
http://doi.org/10.1093/jxb/eru018
http://doi.org/10.1016/j.gsd.2020.100333
http://doi.org/10.3390/ijerph13040361
http://www.ncbi.nlm.nih.gov/pubmed/27023581
http://doi.org/10.1016/j.jfca.2019.103392
http://doi.org/10.1007/s11356-015-5623-z
http://www.ncbi.nlm.nih.gov/pubmed/26511258
http://doi.org/10.1021/es802612a
http://doi.org/10.1016/j.foodchem.2019.125145
http://doi.org/10.1016/j.foodchem.2019.03.040
http://doi.org/10.1021/es9034304
http://doi.org/10.1007/s10068-017-0039-9
http://doi.org/10.1007/s10653-019-00289-4
http://www.ncbi.nlm.nih.gov/pubmed/30963366
http://doi.org/10.1007/s10653-014-9652-1
http://doi.org/10.1111/1750-3841.12849
http://www.ncbi.nlm.nih.gov/pubmed/25817563
http://doi.org/10.1039/C5AY00563A
http://doi.org/10.1016/j.jfca.2014.08.004


Int. J. Environ. Res. Public Health 2022, 19, 16460 18 of 18

67. Fu, Y.; Chen, M.; Bi, X.; He, Y.; Ren, L.; Xiang, W.; Qiao, S.; Yan, S.; Li, Z.; Ma, Z. Occurrence of Arsenic in Brown Rice and Its
Relationship to Soil Properties from Hainan Island, China. Environ. Pollut. 2011, 159, 1757–1762. [CrossRef]

68. Dittmar, J.; Voegelin, A.; Maurer, F.; Roberts, L.C.; Hug, S.J.; Saha, G.C.; Ali, M.A.; Badruzzaman, A.B.M.; Kretzschmar, R. Arsenic
in Soil and Irrigation Water Affects Arsenic Uptake by Rice: Complementary Insights from Field and Pot Studies. Environ. Sci.
Technol. 2010, 44, 8842–8848. [CrossRef]

69. Moreno-Jiménez, E.; Meharg, A.A.; Smolders, E.; Manzano, R.; Becerra, D.; Sánchez-Llerena, J.; Albarrán, Á.; López-Piñero, A.
Sprinkler Irrigation of Rice Fields Reduces Grain Arsenic but Enhances Cadmium. Sci. Total Environ. 2014, 485–486, 468–473.
[CrossRef] [PubMed]

70. Duan, G.; Shao, G.; Tang, Z.; Chen, H.; Wang, B.; Tang, Z.; Yang, Y.; Liu, Y.; Zhao, F.-J. Genotypic and Environmental Variations in
Grain Cadmium and Arsenic Concentrations Among a Panel of High Yielding Rice Cultivars. Rice 2017, 10, 9. [CrossRef]

71. Sommella, A.; Deacon, C.; Norton, G.; Pigna, M.; Violante, A.; Meharg, A.A. Total Arsenic, Inorganic Arsenic, and Other Elements
Concentrations in Italian Rice Grain Varies with Origin and Type. Environ. Pollut. 2013, 181, 38–43. [CrossRef]

72. Monteiro, L.R.; Lange, C.N.; Freire, B.M.; Pedron, T.; da Silva, J.J.C.; de Magalhães, A.M.; Pegoraro, C.; Busanello, C.; Batista, B.L.
Inter- and Intra-Variability in the Mineral Content of Rice Varieties Grown in Various Microclimatic Regions of Southern Brazil. J.
Food Compos. Anal. 2020, 92, 103535. [CrossRef]

73. Avelar, A.C.; Ferreira, W.M.; Pemberthy, D.; Abad, E.; Amaral, M.A. Dioxins, Furans, Biphenyls, Arsenic, Thorium and Uranium
in Natural and Anthropogenic Sources of Phosphorus and Calcium Used in Agriculture. Sci. Total Environ. 2016, 551–552, 695–698.
[CrossRef]

74. Ministry of Agriculture. Adubação e Calagem Para o Arroz Irrigado No Rio Grande Do Sul; Ministry of Agriculture: Pelotas, Brazil, 2007.
75. da Silva, F.B.V.; do Nascimento, C.W.A.; Araújo, P.R.M. Environmental Risk of Trace Elements in P-Containing Fertilizers

Marketed in Brazil. J. Soil Sci. Plant Nutr. 2017, 17, 635–647. [CrossRef]
76. Campos, V. Arsenic in Groundwater Affected by Phosphate Fertilizers at São Paulo, Brazil. Environ. Geol. 2002, 42, 83–87.

[CrossRef]
77. Mirlean, N.; Andrus, V.E.; Baisch, P.; Griep, G.; Casartelli, M.R. Arsenic Pollution in Patos Lagoon Estuarine Sediments, Brazil.

Mar. Pollut. Bull. 2003, 46, 1480–1484. [CrossRef] [PubMed]
78. Alves, R.I.S.; Sampaio, C.F.; Nadal, M.; Schuhmacher, M.; Domingo, J.L.; Segura-Muñoz, S.I. Metal Concentrations in Surface

Water and Sediments from Pardo River, Brazil: Human Health Risks. Environ. Res. 2014, 133, 149–155. [CrossRef] [PubMed]
79. Cagnin, R.C.; Quaresma, V.S.; Chaillou, G.; Franco, T.; Bastos, A.C. Arsenic Enrichment in Sediment on the Eastern Continental

Shelf of Brazil. Sci. Total Environ. 2017, 607–608, 304–316. [CrossRef] [PubMed]
80. Espinoza-Quiñones, F.R.; Módenes, A.N.; De Pauli, A.R.; Palácio, S.M. Analysis of Trace Elements in Groundwater Using ICP-OES

and TXRF Techniques and Its Compliance with Brazilian Protection Standards. Water. Air. Soil Pollut. 2015, 226, 1–12. [CrossRef]
81. Mirlean, N.; Baisch, P.; Diniz, D. Arsenic in Groundwater of the Paraiba Do Sul Delta, Brazil: An Atmospheric Source? Sci. Total

Environ. 2014, 482–483, 148–156. [CrossRef]
82. Joint FAO/WHO. Evaluation of Certain Contaminants in Food; Joint FAO/WHO: Geneva, Switzerland, 2011.
83. Sengupta, M.K.; Hossain, M.A.; Mukherjee, A.; Ahamed, S.; Das, B.; Nayak, B.; Pal, A.; Chakraborti, D. Arsenic Burden of Cooked

Rice: Traditional and Modern Methods. Food Chem. Toxicol. 2006, 44, 1823–1829. [CrossRef]
84. Naito, S.; Matsumoto, E.; Shindoh, K.; Nishimura, T. Effects of Polishing, Cooking, and Storing on Total Arsenic and Arsenic

Species Concentrations in Rice Cultivated in Japan. Food Chem. 2015, 168, 294–301. [CrossRef] [PubMed]
85. Gray, P.J.; Conklin, S.D.; Todorov, T.I.; Kasko, S.M. Cooking Rice in Excess Water Reduces Both Arsenic and Enriched Vitamins in

the Cooked Grain. Food Addit. Contam. Part A-Chem. Anal. Control Expo. Risk Assess. 2016, 33, 78–85. [CrossRef] [PubMed]
86. Nachman, K.E.; Punshon, T.; Rardin, L.; Signes-Pastor, A.J.; Murray, C.J.; Jackson, B.P.; Guerinot, M.L.; Burke, T.A.; Chen, C.Y.;

Ahsan, H.; et al. Opportunities and Challenges for Dietary Arsenic Intervention. Environ. Health Perspect. 2018, 126, 6–11.
[CrossRef] [PubMed]

87. United Nations. Transforming Our World: The 2030 Agenda for Sustainable Development; United Nations: San Francisco, CA, USA, 2015.
88. Pedron, T.; Segura, F.R.; Paniz, F.P.; de Moura Souza, F.; dos Santos, M.C.; de Magalhães Júnior, A.M.; Batista, B.L. Mitigation of

Arsenic in Rice Grains by Polishing and Washing: Evidencing the Benefit and the Cost. J. Cereal Sci. 2019, 87, 52–58. [CrossRef]
89. Segura, F.R.; Paulelli, A.C.C.; Braga, G.Ú.L.; Dos Reis Pedreira Filho, W.; Silva, F.F.; Batista, B.L. Promising Filamentous Native

Fungi Isolated from Paddy Soils for Arsenic Mitigation in Rice Grains Cultivated under Flooded Conditions. J. Environ. Chem.
Eng. 2018, 6, 3926–3932. [CrossRef]

90. UNICEF-WHO-UNESCO. Facts for Life, 4th ed.; UNICEF-WHO-UNESCO: New York, NY, USA, 2010.

http://doi.org/10.1016/j.envpol.2011.04.018
http://doi.org/10.1021/es101962d
http://doi.org/10.1016/j.scitotenv.2014.03.106
http://www.ncbi.nlm.nih.gov/pubmed/24742557
http://doi.org/10.1186/s12284-017-0149-2
http://doi.org/10.1016/j.envpol.2013.05.045
http://doi.org/10.1016/j.jfca.2020.103535
http://doi.org/10.1016/j.scitotenv.2016.01.126
http://doi.org/10.4067/S0718-95162017000300007
http://doi.org/10.1007/s00254-002-0540-0
http://doi.org/10.1016/S0025-326X(03)00257-1
http://www.ncbi.nlm.nih.gov/pubmed/14607545
http://doi.org/10.1016/j.envres.2014.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24949813
http://doi.org/10.1016/j.scitotenv.2017.06.162
http://www.ncbi.nlm.nih.gov/pubmed/28692900
http://doi.org/10.1007/s11270-015-2315-8
http://doi.org/10.1016/j.scitotenv.2014.02.138
http://doi.org/10.1016/j.fct.2006.06.003
http://doi.org/10.1016/j.foodchem.2014.07.060
http://www.ncbi.nlm.nih.gov/pubmed/25172713
http://doi.org/10.1080/19440049.2015.1103906
http://www.ncbi.nlm.nih.gov/pubmed/26515534
http://doi.org/10.1289/EHP3997
http://www.ncbi.nlm.nih.gov/pubmed/30235424
http://doi.org/10.1016/j.jcs.2019.03.003
http://doi.org/10.1016/j.jece.2018.05.036

	Introduction 
	Materials and Methods 
	Average Daily Dose, Cancer Risk, and Hazard Quotient 
	Concentration of iAs in Brazilian Rice 
	Rice Consumption 
	Body Weight 
	Exposure Frequency 
	Statistical Analysis 
	Hypothetical Scenarios of Risk Reduction 

	Results 
	Cancer Risk Associated with Exposure to iAs in Rice 
	Non-Cancer Risk of Exposure to iAs in Rice 
	Exposure to iAs in Rice 
	Reducing the Risk 

	Discussion 
	Conclusions 
	References

