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Abstract The rice consumption behaviors of Thai citi-
zens vary among regions. However, the influence of
different consumption patterns on arsenic (As) exposure
has never been reported. This study was conducted to
investigate the effects of rice consumption behavior on
As exposure levels.White rice (n = 96) and sticky rice (n
= 63) samples were collected from local households in
northern Thailand. The actual rice consumption behav-
ior (type, frequency, and amount of rice consumed) was
surveyed from the households where the rice samples
were collected and used to calculate individual As ex-
posures. The white rice (2.1%) and sticky rice (6.3%)
samples contained inorganic As at higher concentrations
than the Codex standard (0.2 mg kg−1). Approximately
58.3% of participants consumed white rice for breakfast
and sticky rice for lunch and dinner, while 41.8% of
participants consumed only white rice or sticky rice
daily. Wide variations of As exposure (1 × 10−4 to 2 ×
10−3 mg kg−1 day−1) were found. The average As

exposure from only sticky rice consumption and com-
bined rice consumption was 2 times higher than the As
exposure from only white rice consumption. The rice
ingestion rate was the most important factor affecting
the level of As exposure resulting from the white rice–
only and combined rice consumption patterns. For the
combined rice consumption pattern, 45.7 to 93.5% of
the total As exposure was from sticky rice consumption.
Regarding individual characteristics, older and lower
weight participants tended to consume lower amounts
of rice. Thus, lower As exposure and fewer health
impacts were found in those participants.

Keywords Consumption pattern .White rice . Sticky
rice . Ingestion rate . Eating behavior . Thailand

Introduction

To survive and perform a number of activities, humans
need an energy supply, especially from food. One of the
main energy sources in the human diet is carbohydrates
(Jequier 1994), which can be found particularly in cereal
grains (Wirfalt et al. 2002; British Nutrition Foundation
2012). At least 50 to 100 g day−1 of carbohydrates can
prevent muscle breakdown, ketosis, and dehydration
(National Health Research Institutes 2010). Rice, in
particular, is the main staple grain that supplies carbo-
hydrates to most Asian populations (ILSI Southeast
Asian Region 2011).

Plant food tissues can be contaminated by many
different chemicals that occur in the environment in
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which they are cultivated (Reilly 2002). One of the most
toxic elements of public health concern is arsenic (As),
which is classified by the International Agency for Re-
search on Cancer (IARC) as a carcinogenic agent. Food
is one of the major sources of human As exposure
(IARC 2012; Flora 2015). For general populations liv-
ing in non-As endemic areas, rice is a principal source of
As exposure (Sohn 2014; Flora 2015; Al-Saleh and
Abduljabbar 2017).

The level of contaminant exposure and potential
health hazards to humans are controlled not only by
the concentration of contaminants in consumed foods
but also by eating behaviors and individual factors,
including body weight. For example, the collapse of
the Soviet Union in 1991 caused a reversion from the
consumption of radiocesium-free foodstuffs during
1988–1991 to the consumption of traditional and locally
produced food from the Chernobyl disaster impacted
areas. Thus, an increase in radiocesium ingestion was
observed (Zamostian et al. 2002), while a reduction in
fish consumption and a switch from a diet of piscivorous
fish to nonpiscivorous fish following the food consump-
tion advisory regarding the health hazards of methyl
mercury in contaminated fish resulted in a significant
decrease in mercury exposure in Cree living in northern
Quebec, Canada (McAuley and Knopper 2011).

Rice is a staple food for Thai citizens. White rice and
sticky rice are commonly consumed by more than 80%
and 40% of the population, respectively (Papier et al.
2017), yet rice consumption preferences differ among
regions (Thailand Rice Foundation 2017). Previous
studies on As exposure through rice consumption in
Thailand were based on secondary data of rice ingestion
without considering different rice consumption behav-
iors (Nookabkaew et al. 2013a; Hensawang and
Chanpiwat 2017). Therefore, this study was conducted
to (i) determine the As concentration in rice grains, (ii)
assess the potential health impacts of different rice con-
sumption behaviors, and (iii) investigate the influence of
rice consumption behavior on As exposure.

Materials and methods

Background of rice consumption patterns in Thailand

According to a food consumption survey conducted by
the National Bureau of Agricultural Commodity and
Food Standards (2016), white rice and sticky rice are

the most common staple grains that the Thai population
consumes on a daily basis. However, consumption be-
havior generally varies among regions. Populations liv-
ing in the central and southern parts of the country
normally consume white rice, while northern and north-
eastern populations prefer sticky rice (Thailand Rice
Foundation 2017). The national average per capita white
rice consumption (g day−1) is approximately 191.64 for
children, 237.52 for adolescents, 272.63 for adults, and
219.59 for seniors. The average per capita sticky rice
consumption (g day−1) is 53.99 for children, 70.10 for
adolescents, 76.57 for adults, and 78.09 for seniors
(National Bureau of Agricultural Commodity and
Food Standards 2016).

Sample and data collection

The Mae Tao Subdistrict, located in the Mae Sot
District of Tak Province in the northern part of
Thailand, was selected as a study area because local
households in this area normally cultivate white rice
and sticky rice for their consumption. After harvest-
ing, rice grains are kept in a rice barn. Before
consumption, each household’s rice grains are deliv-
ered to the local rice mill to remove the husks and
polish the grains until they are ready for consump-
tion. The appropriate number of studied households
and rice samples with a 90% confidence level were
determined according to the sample size calculation
recommended by Israel (1992).

For rice sample collection, sampling sites were
randomly selected from all 6 villages of the subdis-
trict. At each sampling household, a random grab
sample collection method was used to collect ap-
proximately 200 g of rice. Each sample was kept in
a clean and dry plastic bag and delivered to a labo-
ratory. A total of 159 rice samples, including 96
white rice and 63 sticky rice samples, were collected
from 85 representative households.

At the same time as the rice sample collections,
biodata information (sex, age, and body weight) and
rice consumption behaviors (type of rice consumed as
well as amount and frequency of consumption) were
collected from the inhabitants of the households where
the rice samples were collected. A total of 91 inhabitants
(31 male and 60 female) were surveyed. The informa-
tion obtained was used for individual As exposure
assessments.
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Sample preparation and analyses

After delivery to the laboratory, the rice sampleswere dried
in a hot air oven at 60 °C for 2 h (Fang et al. 2014). Then,
the sampleswere ground by a blender and sieved through a
425-μmsieve to obtain samples of the same particle size as
the National Institute of Standards and Technology (NIST)
standard reference material of rice flour (SRM 1568a).
Next, the sieved samples were dried in the oven at 85 °C
until a constant weight was obtained (FDA 2012). After-
ward, the samples were digested according to Phan et al.
(2013). Approximately 0.1 g of rice sample was digested
with 1 mL of concentrated nitric acid (Carlo Erba 67–69%
super pure for trace analysis) at room temperature for 48 h.
After digestion, the total solution volume was increased to
10 mL by adding deionized water, filtered with a 0.45-μm
syringe filter, and kept at 4 °C until further analysis. The
total As concentration in the digested solution was ana-
lyzed by inductively coupled plasma mass spectrometry
(Agilent 7500C ICP-MS). The ICP-MS limit of quantita-
tion for As in rice was 0.1 mg kg−1.

Quality assurance and quality control

The SRM of the rice flour (NIST SRM 1568a) was
treated, digested, and prepared for analysis in the
same manner as the samples for validation of the
digestion method. In addition, the SRM of trace
elements in water (NIST SRM 1643e) was used to
verify the accuracy and precision of the ICP-MS
analyses. The recovery rate of sample digestion
was 91.8%. The relative standard deviations of the
percentages of repeatability (RSDr) and reproduc-
ibility (RSDR) were 3.1% and 4.1%, respectively.
These performances were in line with the AOAC
performance requirements for the analysis of heavy
metals in foods, which are 60 to 115% for recovery,
15% for RSDr, and 32% for RSDR (AOAC
International 2013).

Assessment of As exposure and health risk

Exposure to As, particularly inorganic As, through rice
consumption was determined for each individual fol-
lowing the joint publication of the Food and Agriculture
Organization (FAO) of the United Nations and the
World Health Organization (WHO) (2009), as shown
in Eq. 1. All of the following variables were obtained
from the ICP-MS analyses and household surveys.

Dietary As exposure ¼ C� IR½ �=BW ð1Þ
where C is the estimated inorganic As concentration in
rice (mg kg−1), IR is the actual amount of rice consumed
(g day−1), and BW is individual body weight (kg). It
should be noted that the inorganic As concentration in
rice in this study was estimated by multiplying the total
As concentration in rice determined by the ICP-MS in
this study by the percentages of inorganic As in Thai
white rice (63.2%) and sticky rice (63.5%) reported by
Nookabkaew et al. (2013b).

The hazard quotient (HQ) for the potential noncarci-
nogenic health risks resulting from inorganic As expo-
sure for each individual was assessed by dividing the
dietary As exposure obtained from Eq. 1 by the oral
reference dose of safe inorganic As exposure (3 × 10−4

mg kg−1 day−1) (U.S. EPA 2017). An HQ less than or
equal to 1 is considered health protective. In contrast,
the more the HQ value exceeds 1, the greater the indi-
vidual’s potential impacted risks (U.S. EPA 1998).

Statistical analyses

All statistical analyses were performed using the Statis-
tical Package for the Social Sciences for Windows
(SPSS) version 22. Minimum, maximum, mean, medi-
an, specific percentiles, and standard errors of the means
(SEs) were calculated. The normality of the data was
checked using the Kolmogorov-Smirnov test (n < 50).
Because the data were not normally distributed, signif-
icant differences in total As concentrations in the differ-
ent types of rice and As exposure among different
genders and different rice consumption patterns were
analyzed by the Mann-Whitney U test. Spearman cor-
relations were performed to determine the relationships
among the level of inorganic As exposure, consumption
behaviors, and individual characteristics. A p value of
0.01 was used to determine significance.

Results and discussion

As concentrations in rice grains

As accumulation in rice and its potential health impacts
have been a global public health concern for several
decades as rice can accumulate 10-fold higher As than
other food grains (Sohn 2014). Therefore, the Codex
Alimentarius Commission, the joint FAO and WHO
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food standards program, has established a maximum
allowance level of 0.2 mg kg−1 for As, especially inor-
ganic As, in polished (white) rice grain (Codex
Alimentarius Commission 2014). In terms of a limita-
tion on inorganic As determination, the Codex has
agreed to use total As a screening level for inorganic
As. Quantification of inorganic As is necessary when
total As exceeds the regulated level. Rice with As con-
centrations below the standard is considered to be safe
for consumption.

The total As concentrations in white rice and sticky
rice are summarized in Table 1. The median As concen-
trations in white rice and sticky rice were 0.2096 and
0.1883 mg kg−1, respectively. There was no statistically
significant difference in the average total As concentra-
tion between the two types of rice (p value = 0.149). The
total As concentrations in all rice samples were well
below the Thailand national standard for As in food
(2 mg kg−1), as regulated by the Ministry of Public
Health (2003). It is worth noting that Thailand does
not regulate the level of As in rice grains. Because all
samples were polished rice, the total As in these samples
was initially compared with the Codex Alimentarius
Commission (2014) maximum level of inorganic As in

polished rice (0.2 mg kg−1). The Codex screening ap-
proach indicated that approximately 59.4% of white rice
and 44.4% of sticky rice contained total As higher than
the Codex standard. Because inorganic As determina-
tion was limited in this study, the concentrations of
inorganic As in white rice and sticky rice in this study
were estimated based on the percentages of inorganic As
(63.2% for white rice and 63.5% for sticky rice) reported
by Nookabkaew et al. (2013b). Based on this inorganic
As estimation, approximately 2.1% of white rice sam-
ples (n = 96) and 6.3% of sticky rice samples (n = 63)
contained inorganic As levels exceeding the Codex
maximum level of inorganic As in rice (0.2 mg kg−1).
This indicates the potential risk of inorganic As expo-
sure through rice consumption in some households in
the study area.

In comparison with previous market-based studies of
the total As concentration in rice grains in Thailand, the
median As concentration in white rice in this study
(0.210 ± 0.006 mg kg−1) was similar to the median As
concentration in white rice sold in Bangkok (0.212 ±
0.008 mg kg−1) reported by Hensawang and Chanpiwat
(2017). However, the maximum As concentration in
rice in this study was approximately 1.3 to 1.4 times
higher than the maximum levels reported by
Nookabkaew et al. (2013b) and Hensawang and
Chanpiwat (2017). Higher total As concentrations were
found for sticky rice in this study (0.196 ± 0.010 mg
kg−1) compared with those reported by Nookabkaew
et al. (2013b) (0.093 ± 0.005 mg kg−1) and
Hensawang and Chanpiwat (2017) (0.148 ± 0.005 mg
kg−1). The main reason for the differences in the As
concentrations of rice in this study and previous studies
is the source of rice production. The rice samples in this
study were locally cultivated in fields where the total As
in the soils (6.26 to 25.05 mg kg−1) was approximately
3.7 times higher than the Thai average for As concen-
tration in agricultural soil (Land Development
Department 2015). Previous studies collected rice that
was cultivated nationwide, distributed, and sold in local
markets. Thus, rice with lower As concentrations than
this study may have been collected and mixed in previ-
ous studies. When comparing the levels of total As in
white rice and sticky rice, the results were similar to
those of Hensawang and Chanpiwat (2017), in which
the total As concentration in sticky rice was lower than
that in white rice.

Regarding the comparison of inorganic As in white
rice and sticky rice in this study to previous

Table 1 Concentrations of As (mg kg−1) in rice grains

Descriptive statistics Type of rice

White rice
(n = 96)

Sticky rice
(n = 63)

Total As

Minimum < 0.1000 < 0.1000

Maximum 0.4033 0.4126

Mean 0.2121 0.1960

SEa 0.0056 0.0096

Percentage of sample containing
As higher than the Codex standardb

59.4 44.4

Inorganic Asc

Minimum < 0.1000 < 0.1000

Maximum 0.2549 0.2620

Mean 0.1340 0.1245

SEa 0.0035 0.0061

Percentage of sample containing
As higher than the Codex standardb

2.1 6.3

a Standard error of the mean
b Codex standard of inorganic As in polished rice is 0.2 mg kg−1

c Estimation was based on the percentages of inorganic As in rice
reported by Nookabkaew et al. (2013b).
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determinations of As species in Thai rice, both types of
rice in this study contained approximately 1.6 and 2.3
times more inorganic As than reported for white rice and
sticky rice, respectively, in the study of Nookabkaew
et al. 2013b. In addition, white rice in this study
contained approximately 1.5 times more inorganic As
than white rice collected from local markets in northern
Thailand (0.084 to 0.096 mg kg−1, average = 0.090 mg
kg−1, n = 8) (Nookabkaew et al. (2013b)).

Local demographic information and consumption
behaviors

The demographic information (age and body weight) of
the 91 participants involved in this study is summarized in
Table 2. Approximately 65.9% of the participants were
female, with ages varying between 27 and 69 years. The
average age of males was not significantly different from
the average age of females (p value = 0.289). The median
ages of males and females in this study were 59 and 57
years, respectively. Although the median body weights for
both genders were similar (males = 58.8 kg and females =
57.0 kg), males had significantly higher average body
weights than females (p value = 0.001).

All participants in this study consumed rice 3 times a
day. Their rice consumption behavior generally follow-
ed one of 3 different rice consumption patterns: the
consumption of a single type of rice (either white rice
or sticky rice) or combined rice consumption (Table 3).
Approximately 41.8% of participants consumed one
type of rice, which was either white rice (34.1%) or
sticky rice (7.7%) on a daily basis. The rest (58.3%)

consumed both white rice (for breakfast) and sticky rice
(for lunch and dinner) daily.

For the single-type rice consumers (Table 3), the
average consumption rates for white rice (347.93 ±
29.05 g day−1) and sticky rice (526.62 ± 29.05 g
day−1) were 1.3 to 1.6 and 6.7 to 6.9 times significantly
higher, respectively, than the national average consump-
tion rates for white rice and sticky rice (National Bureau
of Agricultural Commodity and Food Standards 2016).
However, the 97.5th percentile of the per capita white
rice (120.27 g day−1) and sticky rice (327.69 g day−1)
consumptions in this study were lower than those of the
national consumption rates for the same types of rice
(720 g day−1 for white rice and 444 g day−1 for sticky
rice), as reported by the National Bureau of Agricultural
Commodity and Food Standards (2016).

In the case of combined rice consumption, local
residents consumed an average of 128.70 ± 10.02 g
day−1 of white rice and 328.15 ± 50.24 g day−1 of sticky
rice. The 97.5th percentile of white rice and sticky rice
consumption rates for the combined rice consumption
pattern were 60.00 g day−1 for white rice and 113.54 g
day−1 for sticky rice.

Exposure to As from different rice consumption
behaviors

Even though As exposure from rice consumption in
Thailand has been assessed by a few groups of re-
searchers (Zarcinas et al. 2004; Laoharojanaphand
et al. 2012; Nookabkaew et al. 2013a, b; Hensawang
and Chanpiwat 2017), those previous works only con-
centrated on one type of rice consumption. In addition,

Table 2 Demographic information of participants in the study

Data Descriptive statistics Subject of the study (n = 91)

Population (n = 91) Male (n = 31) Female (n = 60)

Age Minimum 21.00 21.00 27.00

Maximum 86.00 86.00 69.00

Average 57.11 59.03 54.68

SEa 1.40 2.56 1.66

Body weight Minimum 45.00 50.00 45.00

Maximum 70.00 70.00 69.00

Average 56.11 58.89 54.68

SEa 0.47 0.69 0.54

a Standard error of the mean
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their exposure assessments, such as the amount of rice
consumed and other individual characteristics, e.g., age
and body weight, relied on secondary data from the
national database. This study was, therefore, the first
study on As exposure through rice consumption based
on actual rice consumption behaviors and individual
characteristics.

The distributions of the dietary As exposure levels of
participants in each of the three different rice consump-
tion behavior groups are presented in Fig. 1. Normal
distribution of As exposure levels was found for the
single type of rice (either white rice or sticky rice)
consumption pattern (Fig. 1a, b). Furthermore, the dis-
tribution of As exposure from combined rice consump-
tion was mainly right skewed (p value = 0.001, Fig. 1c).
The ranges of As exposure were 1.0 × 10−4 to 7.2 × 10−4

mg kg−1 day−1 for only white rice consumption, 2.6 ×
10−4 to 1.1 × 10−3 mg kg−1 day−1 for only sticky rice
consumption, and 2.5 × 10−4 to 2.0 × 10−3 mg kg−1

day−1 for combined rice consumption. The average dai-
ly As intakes from only sticky rice consumption (6.4 ×
10−4 mg kg−1 day−1, p value = 0.005) and combined rice
consumption (6.1 × 10−4 mg kg−1 day−1, p value =
0.001) were 2-fold higher than the As intake from only
white rice consumption (3.1 × 10−4 mg kg−1 day−1), and
the difference was significant. The average daily As
intakes among male and female participants in all three
rice consumption pattern groups (Fig. 2) were not sig-
nificantly different (p value = 0.509 for only white rice

consumption, p value = 0.329 for only sticky rice con-
sumption, and p value = 0.138 for combined rice
consumption).

When comparing As exposure in the white rice–
only consumption pattern group in this study to the
results reported by Hensawang and Chanpiwat
(2017), the average As exposure in participants in
the white rice–only consumption pattern was (3.1 ×
10−4 mg kg−1 day−1), which was approximately 1.2-
to 1.6-fold higher than reported in a previous study
(2.0 × 10−4 to 2.7 × 10−4 mg kg−1 day−1). This is
because the actual white rice consumption (347.9 g
day−1 on average) in this study was approximately
2.7 times higher than the rice consumption based on
the secondary data used in the study of Hensawang
and Chanpiwat (2017). In addition, the average inor-
ganic As concentration in this study (0.1425 mg
kg−1) was 1.2 times higher than the estimated inor-
ganic As concentrat ion in rice reported by
Hensawang and Chanpiwat (2017). However, the
average As exposure of participants in the white
rice–only consumption pattern group in this study
was on the same order of magnitude as the average
As exposures for national (3.740 × 10−4 mg kg−1

day−1) and northern region (3.797 × 10−4 mg kg−1

day−1) populations reported by Nookabkaew et al.
(2013b).

In the case of the sticky rice–only consumption
pattern, significantly higher As exposure (6.4 × 10−4

mg kg−1 day−1) was found compared with the previ-
ous study by Hensawang and Chanpiwat (2017) (5.1
to 5.6 × 10−4 mg kg−1 day−1) because the average
amount of sticky rice consumed in this study (526.6 g
day−1) was 4.1 times higher than the national average
consumpt ion amount used in the s tudy by
Hensawang and Chanpiwat (2017). In addition, the
lower body weights (54.86 kg) of the participants in
this study compared with the previous study (56.93
kg) could be related to the higher levels of As expo-
sure in this study.

Regarding the combined rice consumption pattern,
the As exposure results could not be compared with any
previous studies because this is the first study of As
exposure based on the actual consumption behavior, in
which both white rice and sticky rice were consumed
daily. The As exposure ranged from 2.5 × 10−4 to 2.0 ×
10−3 mg kg−1 day−1. The average and median As expo-
sures of local residents were 6.1 × 10−4 mg kg−1 day−1

and 5.2 × 10−4 mg kg−1 day−1, respectively.

Table 3 Local rice consumption behaviors

Consumption pattern Descriptive
statistics

Rice ingestion rate
(g day−1)a

White
rice

Sticky
rice

Single type of rice
consumptionb

Minimum 120.27 325.39

Maximum 721.08 872.92

Average 347.93 526.62

SEd 29.05 82.29

Combined rice
consumptionc

Minimum 60.00 113.54

Maximum 480.54 1,182.31

Average 128.70 328.15

SEd 10.02 50.24

a Values are presented as wet weight
b Either white rice or sticky rice is consumed on a daily basis
c Both white rice and sticky rice are consumed on a daily basis
d Standard error of the mean
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Dietary As exposure (mg kg -1 day-1)

ycneuqerF

(a)

ycneuqerF

(b)

Dietary As exposure (mg kg-1 day-1)
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(c)

Dietary As exposure (mg kg-1 day-1)

Fig. 1 Distributions of dietary As
exposure in participants with (a)
only white rice consumption, (b)
only sticky rice consumption, and
(c) combined rice consumption
patterns
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The daily As intakes for all three rice consumption
patterns strongly confirmed the differences among the
three rice consumption patterns; the As levels in rice and
the amounts consumed could result in different degrees
of As exposure for each individual.

Potential noncarcinogenic health risks of As from rice
consumption

Overall, approximately 70.3% of all participants had
HQ values higher than the threshold level of 1.
Concerning the consumption patterns, approximately
41.9%, 71.4%, and 86.8% of participants who con-
sumed only white rice, only sticky rice, and a combina-
tion of both types of rice, respectively, had HQs higher
than 1. The ranges of the HQ values for only white rice
consumption, only sticky rice consumption, and com-
bined rice consumption were 0.34 to 2.38, 0.88 to 3.50,
and 0.84 to 6.66, respectively. The order of the average
HQ was only sticky rice consumption (2.15) > com-
bined rice consumption (2.02) > only white rice con-
sumption (1.04). These results indicate that local resi-
dents may be at risk of noncarcinogenic impacts from
rice consumption.

Influence of rice consumption behaviors onAs exposure

Considering the relationships of consumption behav-
iors and individual characteristics with As exposure
among the different rice consumption patterns
(Table 4 and Fig. 3), the rice consumption rates
showed significant associations with the levels of

As exposure for both the white rice–only (R2 =
0.835, p value = 0.001) and combined rice consump-
tion patterns (R2 = 0.481 for white rice and R2 =
0.623 for sticky rice, p value = 0.001). These results
strongly confirm that higher As exposure rates result
from higher rice consumption.

Regarding the combined rice consumption pattern, it
is important to note that the percentage of As exposure
from sticky rice consumption (an average of 78.9%)was
more than that from white rice consumption (an average
of 21.1%). This is because the amount of sticky rice
consumed was, on average, 2.5 times higher than the
amount of white rice consumed (Table 3). Regarding the
actual rice consumption rates of the participants in this
study, the portions of rice consumed per meal and the
frequency of rice consumed per day were surveyed. It
was interesting to find that one portion of sticky rice had
a higher weight than one portion of white rice. This is in
accordance with the physiochemical properties of white
rice and sticky rice. Thomas et al. (2013) reported that
1,000 kernels of white rice and sticky rice weighed
16.97 ± 0.5 g and 19.43 ± 0.6 g, respectively. In addi-
tion, bulk density, an indication of the compact structure
of rice, was higher for sticky rice (0.83 ± 0.2 g mL−1)
than for white rice (0.81 ± 0.1 g mL−1). This means that
sticky rice is more compact than the white rice. Thus,
when serving themselves with a rice ladle, participants
generally took more sticky rice. This resulted in a higher
consumption rate of sticky rice than of white rice.
Therefore, approximately 45.7 to 93.5% of the total As
exposure was attributable to sticky rice consumption
(Fig. 4).

Male Female Male Female Male Female

Only white rice 
consumption

Only sticky rice
consumption

Combined rice
consumption

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

gk
g

m(
erusopxe

s
A

yratei
D

-1
da

y-1
)

Fig. 2 Comparisons of dietary
As exposure in males and females
in the different rice consumption
pattern groups
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Table 4 Correlationmatrix of As exposure to consumption behavior and individual characteristics of the different rice consumption patterns

Age Body weight Rice consumption rate Inorganic As in rice As exposure

Only white rice consumption pattern

Age 1.000

Body weight − 0.657* 1.000

Rice consumption rate − 0.097 0.251 1.000

Inorganic As in rice − 0.172 0.251 − 0.142 1.000

As exposure − 0.107 0.222 0.835* 0.310 1.000

Only sticky rice consumption pattern

Age 1.000

Body weight − 0.694 1.000

Rice consumption rate − 0.164 0.412 1.000

Inorganic As in rice 0.750 − 0.772 − 0.109 1.000

As exposure 0.487 0.428 0.633 0.595 1.000

Combined rice consumption pattern

Age 1.000

Body weight − 0.740* 1.000

Rice consumption rate − 0.199wr

− 0.048sr
0.352wr,*

0.308sr
1.000wr

1.000sr

Inorganic As in rice − 0.020wr

− 0.196sr
0.201wr

0.151sr
−0.053wr

0.132sr
1.000wr

1.000sr

As exposure − 0.140 0.237 0.481wr,*

0.623sr,*
0.030wr

0.604sr,*
1.000wr

1.000sr

* Significant correlation at the 0.01 level
wrWhite rice
sr Sticky rice

Only  white rice consumption pattern

Combined rice consumption pattern
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Fig. 3 Relationships between daily As intakes and rice consumption rates for white rice–only and combined rice consumption patterns
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Among all 53 participants with a combined rice
consumption pattern, those with the highest As expo-
sure (2.0 × 10−3 mg kg−1 day−1) and the highest HQ
(6.7) consumed the highest amount of both types of rice
(approximately 0.5 kg of white rice and 1 kg of sticky
rice), even though the concentration of inorganic As in
both types of rice grains was at the median level
(0.1352 mg kg−1 for white rice and 0.1234 mg kg−1

for sticky rice). In contrast, participants who consumed
the highest As concentrations from white rice and sticky
rice were exposed to 2.6 × 10−4 mg kg−1 day−1 and 7.9 ×
10−4 mg kg−1 day−1 of As, respectively. This is because
both groups consumed approximately 1.1- to 1.4-fold
less white rice and sticky rice, respectively, than the
average consumption rates (Table 3). These findings
clearly indicate that the consumption rate was the die-
tary factor that contributed most to As exposure through
rice consumption.

In addition to the actual rice consumption rate, which
was the most important dietary factor contributing to
dietary As exposure, age and body weight were individ-
ual characteristics that could indirectly affect As expo-
sure. Table 4 shows that individuals with higher body
weights generally consumed higher amounts of both
types of rice. In addition, negative relationships between
age and rice consumption rates were found for all con-
sumption patterns. These results indicate that younger
and higher weight participants tended to consume

higher amounts of rice than older and lower weight
participants. As a consequence, higher As exposure
could result.

Conclusions

Approximately 3.8% of the total staple rice samples
(2.1% of white rice and 6.3% of sticky rice) for local
northern Thai residents were found to have inorganic As
concentrations exceeding the Codex maximum standard
for inorganic As in polished rice (0.2 mg kg−1) in terms
of local rice consumption behaviors, which were char-
acterized by three different rice consumption patterns,
the consumption of sticky rice and both types
(combined) of rice resulted in higher As exposure than
the consumption of only white rice. The average As
exposure from all rice consumption patterns (3.1 ×
10−4 mg kg−1 day−1 for only white rice consumption
pattern, 6.4 × 10−4 mg kg−1 day−1 for only sticky rice
consumption pattern, and 6.1 × 10−4 mg kg−1 day−1 for
combined rice consumption pattern) was higher than the
oral reference dose for safe As exposure (3 × 10−4 mg
kg−1 day−1). The rice consumption rate was the most
important factor contributing to individual As exposure
levels. In addition, age and body weight were negatively
and positively correlated with the rice ingestion rate,
respectively; thus, they indirectly affected As exposure.
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Fig. 4 Stacked plots showing the contribution of white rice and sticky rice to As exposure in participants with a combined rice consumption
pattern
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Based on the results of this study, a reduction of the
amount of rice consumed by local residents to the na-
tional consumption rates should be considered to reduce
As exposure and potential health impacts. In addition,
exploration of the influence of actual rice consumption
behavior on As exposure should be expanded to the
nationwide level to determine the impact of regional
differences in rice consumption behavior.
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