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A B S T R A C T

Fish and seafood consumption is a major source of human exposure to methylmercury (MeHg). This study
evaluated the potential health risk of MeHg in Taiwanese children from fish and seafood consumption using a
toxicokinetic model, hazard quotients and hazard indices (HIs). Two biomonitoring programs provided an im-
portant resource for blood specimens for assessing MeHg exposure in human populations. For internal exposures,
total mercury (THg) was measured as a biomarker of MeHg in whole blood (WB) and red blood cells using
inductively coupled plasma mass spectrometry and cold-vapor atomic absorption spectroscopy, respectively. The
THg concentrations were used to estimate MeHg concentrations. Consumption of fish and seafood was assessed
using the National Food Consumption database in Taiwan, while mercury concentrations in edible fish and
seafood were collected from published studies in Taiwan. Our results indicated that 1) the highest median THg
(representing estimated MeHg) daily intakes were found to decrease with increasing age in children consuming
saltwater fish for age groups 0–3, 4–6, 7–12, and 13–18 years: 0.03 > 0.02 > 0.017 > 0.007 (μg kg-
BW−1 day−1); 2) HI greater than one, based on WB-THg, was found in 28% of 4–6-year-old children and 3)
internal exposure estimates based on WB-THg, though slightly higher, were comparable to those based on fish
and seafood consumption. The results support the use of dietary intake estimates as surrogates for internal blood
MeHg levels in Taiwanese children to assess their exposure.

1. Introduction

Mercury (Hg) is a heavy metal widely used in industrial, medicinal,
agricultural and other applications (Kidd and Batchelar, 2011). In ad-
dition to the human activities, Hg is released into the aquatic en-
vironment from natural sources (Ullrich et al., 2001). There are three
forms of Hg in the aquatic ecosystems: elemental Hg (Hg0), inorganic
Hg and organic Hg, such as methylmercury (MeHg). Inorganic Hg re-
leased into the air and deposited in the environment can be transformed
into MeHg, which bioaccumulates and biomagnifies in the aquatic food
web (Kidd and Batchelar, 2011). MeHg has been a worldwide concern
for its potential impact on human health and ecosystems because of its
persistence, bioaccumulation potential, widespread occurrence and
toxicity (WHO, 1990). The developmental neurotoxicity of MeHg in
humans and its potential adverse effects on cardiovascular and immune
system have been documented (WHO, 2008; Roman et al., 2011;
Nyland et al., 2012).

Humans are exposed to MeHg mainly through the consumption of
freshwater and marine fish and other animals that eat fish (e.g., marine
mammals) (WHO, 2008). However, the extent of human MeHg ex-
posure depends on the species of fish and frequency of consumption
(Cho et al., 2014; Sheehan et al., 2014). Fish and seafood are primary
sources of proteins and lipids (i.e., omega-3 fatty acids) essential for
preventing hypertension and coronary heart diseases (Eshak et al.,
2014; Sioen et al., 2007).

Human exposure to environmental chemicals can be estimated in-
directly by calculating dietary intake, from aggregating data on MeHg
concentrations in edible fish and seafood tissues and consumption rates
of fish and seafood, or directly by quantifying MeHg in individual's
biological materials. Biomarkers, such as total Hg (THg) levels in hair,
whole blood (WB) or red blood cells (RBCs), have been used to reflect
MeHg exposure (Groth, 2010; Karagas, 2012; WHO, 1990). Various
studies have shown that 70–95% of THg in blood is in the form of MeHg
(Mortensen et al., 2014) and bound to the sulfhydryl groups of
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hemoglobin (Weed et al., 1962). There is a strong linear correlation
between MeHg in WB and MeHg in RBCs (Berglund et al., 2005; Oken
et al., 2008). The presence of Hg in blood indicates recent or current
exposure to Hg, and there is a direct relationship between Hg con-
centrations in human blood and consumption of fish contaminated with
MeHg (WHO, 2008). In this study, all THg concentrations in blood were
used to estimate MeHg concentrations. But references to toxicity, ha-
zard and risk were associated with MeHg.

Recently, increased attention has been focused on the vulnerability
of children and adolescents to environmental chemicals (Ha et al.,
2014; Ochoa-Martinez et al., 2016). MeHg may disturb the develop-
ment of the nervous system in children, such as impairing their ability
to learn and process information (Kim and Lee, 2010). In Taiwan, data
on MeHg exposure assessment in children and adolescents are under-
represented (Hsi et al., 2016; Lee et al., 2012).

Seafood is an essential part of the Taiwanese diet among all ages of
the general population, and its consumption was estimated at ap-
proximately 48% of total animal food consumption during 2014
(Taiwan CoA, 2017). Accordingly, the present study was undertaken to
determine: 1) internal THg dose based on blood measurements; 2) in-
takes of THg from fish and seafood consumption and THg levels in the
regional fish/seafood species of interest using data collected from pre-
vious surveys, and 3) the hazard indices (HIs) based on internal doses
and intake estimates from fish/seafood consumption.

2. Materials and methods

2.1. Internal exposure assessment

2.1.1. Subject data collection
Two Taiwan human biomonitoring programs, mainly for children

and adolescents, were used to assess the internal doses: 1) the
“Nutrition and Health Survey in Taiwan, NAHSIT” between 2005–2008
(7–18-year-olds) (Tu et al., 2007), and 2) the “Taiwan Maternal and
Infant Cohort Study, TMICS” during 2003 (4–6-year-olds) (Wang et al.,
2004). In the NAHSIT database, children aged less than 7 years were
not sampled. The TMICS database was used to provide data for pre-
school children aged 4–6 years. For those aged over 7 years, WB was
centrifuged to obtain the RBCs and plasma, for quantifying nutrients
and lipids while Hg was only measured in RBC.

To assess internal exposure from blood measurements, preschool
children aged 4–6 years, school children aged 7–12 years and adoles-
cents aged 13–18 years were chosen. A total of 815 subjects were
randomly stratified by age and gender according to the population
distribution in Taiwan. The participants’ inclusion criteria were de-
scribed by Tsai et al. (2016). Institutional Review Board approvals from
the Taiwan National Health Research Institutes were obtained for this
study.

2.1.2. Determination of THg
For NAHSIT study, venous fasting blood specimens were obtained

from children whose parents gave written informed consent in the
TMICS study during 2003. A total of 10ml WB was collected into a
heparinized tube and centrifuged immediately. One milliliter of RBCs
was transferred to a polypropylene tube and stored in liquid nitrogen.
The samples were kept in at −20 °C during transportation to the
Taiwan National Health Research Institutes laboratory (NHRI) and
stored at −80 °C in Taiwan NHRI laboratory before analysis for THg.
Detailed blood drawing and management flow were described by Tu
et al. (2007).

THg levels were measured in 1ml of WB from children aged 4–6
years using inductively coupled plasma mass spectrometry (ICP/MS,
NexION 350X, Perkin-Elmer, UK) at the Linkou Chang Gung Memorial
Hospital Department of Laboratory Medicine, Taoyuan, Taiwan.
Duplicate samples were used to check the precision of the ICP/MS
analysis. The relative standard deviation was less than 10%. All data

used in the trend analysis met the certified laboratory’s QA/QC stan-
dards. The detection limit of WB-THg was 0.02 μg L−1.

Approximately 1ml of the archived RBCs from children aged 7–18
years was used to quantify THg levels using an atomic absorption
spectrometry (AAS, AAnalyst 100, Perkin-Elmer, USA). The instrument
was equipped with a cold-vapor flow injection analysis system (CV-FIAS
100, Perkin-Elmer, USA) and located at the Taiwan NHRI. Intra-assay
precision was performed, in triplicate, by calculating the average of the
area under the curve, standard deviation and relative standard devia-
tion. The blank and spiked RBC samples were processed and analyzed
concurrently with blood samples, to check the accuracy of the method,
which was 101.5%. The recovery ranged from 94 to 108% and the
mean relative error for duplicate analyses was less than 6%. The de-
tection limit of RBC-THg was 0.13 μg L−1.

2.1.3. Blood Hg-based toxicokinetic (TK) model
We used a simple blood THg-based TK model developed by the

WHO (1990) to assess MeHg body burden in children based on WB-THg
concentrations that can be estimated according to the following for-
mula:

=
× ×

× ×

D c b V
A f BW

,b
b

(1)

where
Db is the estimated daily intake dose of THg (representing estimated

MeHg) (μg kg-BW−1 day−1),
Cb is the THg concentration in the WB (WB-THg) (μg L−1),
b is the elimination constant for MeHg (0.014 day−1),
V is the blood volume (9% of BW),
A is the fraction of MeHg in diet that is absorbed (0.95),
f is the absorbed fraction of MeHg distributed to the blood volume

(0.05), and
BW is the body weight (kg) of children estimated from the NAHSIT

2005–2012. The input values of the parameter (such as b, A, and f) were
adopted from Legrand et al. (2010).

An empirical equation (Eq. (2), Kershaw et al., 1980) was used to
calibrate RBC-THg concentration (Cb,RBC) and estimate the WB-THg
concentration (Cb), as indicated below:

Cb= Cb,RBC× h+ Cp (1− h), (2)

where
Cb,RBC is the RBC-THg concentration that is derived from this study

in children aged 7–12 and 13–18 years (μg L−1),
h is the hematocrit (39%) (Yen et al., 2008), and
CP is the plasma-THg concentration.
Here, because the ratio of RBC-THg concentration (Cb,RBC) to

plasma-THg concentration (Cp) is 6.3–1 (Berglund et al., 2005), the
value of (0.16× Cb,RBC) can be used to substitute the CP.

2.2. External exposure assessment

2.2.1. Fish and seafood consumption
The data on fish and seafood consumption, obtained from the

Taiwan National Food Consumption Database (TNFCD), during NAHSIT
2005–2012, targeting different populations and time periods. The
NAHSIT 2005–2012 utilized a 24-h recall method that was based on the
amount of daily intake per person. Targeted populations were pre-
schoolers (2005–2008), elementary school students (2005–2008), and
junior and senior high-school students (2010–2011). Detailed in-
formation on the study subjects and the sampling design were described
by the Taiwan Ministry of Health and Welfare (TMHW, 2015).

We assessed external exposure by reanalyzing the daily intake rates
of fish and seafood in children 0–3, 4–6, 7–12, and 13–18 years old,
individually. Three categories of fish and seafood were included: (1)
freshwater fish (F), (2) saltwater fish (S), and (3) shellfish, cephalopods
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and crustaceans (SCC).

2.2.2. Hg concentrations in fish and seafood
Hg and MeHg concentrations in fish and seafood were taken from

previous studies conducted in Taiwan (Han, 2005; Han and Chien,
2006; Han, 2007; Chen et al., 2002; Chen and Chen, 2004; Chen et al.,
2011, 2014; Chien et al., 2007), as shown in Table S1 and Fig. S1. We
reorganized theHg values of each fish species in the published articles
and separated them into the three categories as shown in Fig. S1. In
these studies, fish and seafood species were sampled from various lo-
cations, such as seaports, local markets, and aquaculture farms. Hg
concentrations were determined in edible tissues reported between
2002 and 2014 using a cold-vapor atomic absorption spectrometry.

2.2.3. MeHg intake calculation
The estimated daily intake dose of THg (representing estimated

MeHg) via consumption (including from F, SF, and SCC) was de-
termined using the following Eq. (3) (Shao et al., 2012):

=

× ×
−

D
C IR

BW
10

,s
f

8

(3)

where
Ds is the estimated daily intake doses of THg (representing estimated

MeHg) (mg kg-BW−1 day−1),
Cf is the estimated MeHg concentration (mg kg−1) for the three

categories of fish and seafood (F, SF, and SCC) (Table S1 and Fig. S1).
The 2012 European Food Safety Authority (EFSA) report assumed that
100% of the THg measured in fish meat was MeHg (EFSA, 2012). We
compiled the Hg concentrations in each fish and seafood and converted
them to estimated THg (representing estimated MeHg) concentrations
by applying conversion factors of 1.0 for F and SF, and 0.8 for SCC
(EFSA, 2012).

IR and BW are the intake rate (g day−1) and body weight (kg) of
children, both estimated from the NAHSIT 2005–2012.

2.3. Health risk estimation

The potential health risk to children from MeHg exposure was es-
timated using the hazard quotient (HQ) approach (U.S. EPA, 2005),
based on WB-THg or fish and seafood consumption divided by the re-
ference dose (RfD),

=HQ D
RfD

,i

(4)

where
Di is the Db or Ds (μg kg-BW−1 day−1), and
RfD is the modified oral reference dose for MeHg (0.23, μg kg-

BW−1 day−1) that is derived from the WHO provisional tolerable
weekly intake, established by the Joint FAO/WHO Expert Committee
on Food Additives (Table S2) (JECFA/WHO, 2003, 2007), but adjusted
for daily intake, and used instead of the USEPA oral reference dose.

The hazard index (HI) approach was used to assess the cumulative
Hg exposure for all three categories of fish and seafood. The estimated
HI was calculated as the sum of the HQs (U.S. EPA, 2005) as follows:

=HI Σ HQ.k
0 (5)

Where k is the estimated HQ values based on each fish and seafood
consumption exposure (including F, SF, and SCC). An HI exceeding one
represents a potential concern for neurodevelopmental risk, due to
MeHg exposure via fish and seafood consumption in children.

3. Results

The study framework for assessing MeHg exposure from fish and
seafood consumption is illustrated in Fig. 1. Because most Hg in fish,
seafood, human RBC and human WB was MeHg, which is the most toxic

form of Hg, estimated MeHg concentrations from THg was used to
evaluate effects on child neurodevelopment using the HI approach.

3.1. Internal doses and potential health risk

Fig. 2 illustrates the estimated daily intake doses of MeHg from fish
consumption and HIs, based on WB- and RBC-THg in children. The
median ± SD of WB-THg concentrations were 6.81 ± 6.22,
5.33 ± 3.29, and 4.03 ± 2.34 μg L−1 for preschoolers (4–6 years old),
elementary students (7–12 years old), and adolescents (13–18 years
old), respectively (Fig. 2A). Fig. 2B shows that the estimated median
daily intake doses were 0.15 (95% CI: 0.04–0.54), 0.12 (0.04–0.31),
and 0.09 (0.03–0.23) μg kg-body weight (BW)−1 day−1 for pre-
schoolers, elementary students, and adolescents, respectively. The
median HIs were 0.65 (95% CI=0.18–2.35), 0.51 (0.19–1.37), and
0.38 (0.15–0.99) for preschoolers, elementary students, and adoles-
cents, respectively (Fig. 2C). For approximately 28% preschoolers and
9% elementary students, the HI was greater than one.

3.2. Exposure from fish and seafood consumption

The estimated fish and seafood median intake rates, estimated
MeHg concentrations in different fish and seafood categories, and
children’s body weight (BW) are summarized in Table 1. Based on the
TNFCD, the estimated median intake rates were found to decrease with
intake rates in the following: SF (2.72) > F (0.71) > SCC (0.42)
g day−1. The highest estimated median intake rates (g day−1) of SF,
according to age groups, were 2.35 (0–3 years old), 2.94 (4–6 years
old), 3.57 (7–12 years old), and 2.50 (13–18 years old). The estimated
median MeHg concentrations in fish (mg kg−1) were in the following:
SF (0.12) > F (0.04) > SCC (0.01). The means of the BWs (kg), ac-
cording to age groups, were 12.92 (0–3 years old), 20.51 (4–6 years
old), 34.00 (7–12 years old), and 56.89 (13–18 years old).

Fig. 3 shows the estimated daily intake of MeHg based on fish and

Fig. 1. Study framework for estimating THg (representing estimated MeHg) exposure
based on internal exposures and fish and seafood consumption. (A) Exposure assessment,
(B) Hazard characterization, and (C) Health risk estimation.
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seafood consumption in children. The estimated median (95% CI)
MeHg intakes (μg kg-BW−1 day−1) from SF were found to decrease
with intake rates in the following: 0.03 (0.001, 1.10) (0–3 years
old) > 0.02 (0.001, 0.65) (4–6 years old) > 0.02 (0.001, 0.67) (7–12
years old), and 0.007 (0.0002,0.27) (13–18 years old).

3.3. Potential health risk for fish and seafood consumption

The HQs for only SF was greater than 1 (Fig. S2). The median HQ
(95%CI) values expressed in μg kg-BW−1 day−1 from SF intake were
found to decrease with age in the following for age groups 0–3, 4–6,
7–12, and 13–18 years: 0.13 (0.004, 4.80) > 0.10 (0.003,

Fig. 2. Estimated daily intake doses of THg (representing estimated MeHg) based on
internal dose in children. (A) Whole blood-total mercury (WB-THg) based on WB and red
blood cells, (B) Estimated daily intake doses of THg (representing MeHg), and (C) hazard
indices (HIs).

Table 1
Estimated daily intake rates among age groups and estimated THg (representing estimated MeHg) concentrations.

Age groups

0–3a 4–6a 7–12b 13–18b

Fish and seafood categories
Freshwater fish 0.42 (3× 10−4–164.88) 0.73 (1× 10−3–168.73) 0.75 (1× 10−3–165.72) 0.69 (5× 10−4–214.72)
Saltwater fish 2.35 (3× 10−3–226.02) 2.94 (2× 10−2–154.11) 3.57 (2× 10−2–454.89) 2.50 (5× 10−3–489.23)
Shellfish, cephalopods, and crustaceans 0.09 (1× 10−3–49.53) 0.48 (1× 10−3–188.95) 0.49 (1× 10−3–158.75) 0.36 (2× 10−4–262.10)

Estimated MeHg concentrations (mg/kg)c, median (minimum-maximum)
Freshwater fish 0.04 (0.01–0.24)
Saltwater fish 0.12 (6× 10−4–13.07)
Shellfish, cephalopods, and crustaceans 0.01 (1× 10−4–0.85)

Body weight (kg)d 12.92 (3.25) 20.51 (4.49) 34.00 (10.82) 56.89 (13.94)

a Estimated based on the research project “Nutrition and Health Survey in Taiwan” data during 2005–2008 years.
b Estimated based on the research project “Nutrition and Health Survey in Taiwan” data during 2010–2012 year.
c Estimated based on published papers (Han, 2005; Han and Chien, 2006; Han, 2007; Chen et al., 2002; Chen and Chen, 2004; Chen et al., 2011, 2014; Chien et al., 2007) (Table S1 and

Fig. S1).
d Mean (SD).

Fig. 3. Estimated daily intake dose of THg (representing estimated MeHg) based on fish
and seafood consumption in children aged (A) 0–3 years, (B) 4–6 years, (C) 7–12 years,
and (D) 13–18 years, respectively. F, S, and SCC represent freshwater fish, saltwater fish,
and shellfish, cephalopods, and crustaceans, respectively.
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2.84) > 0.08 (0.02, 2.90) > 0.03 (0.001, 1.17), respectively. Table 2
shows that the percentage of HQs was in the range 87–91% in the HIs.
The percentages of children consuming SF with HIs higher than 1 were
in the range 6–22%, for children between the age of 4–18 years old.

4. Discussion

This study was carried out to assess the potential health risk of
MeHg exposure to Taiwanese children from fish and seafood con-
sumption. It is well-documented that most of the Hg measured in fish,
seafood, human RBCs and human WB is mainly MeHg which is the most
toxic form of Hg. In this study, THg concentrations in these specimens
were used to estimate MeHg intakes for risk assessment. The results
showed that the estimated MeHg daily intakes were comparable when
using WB versus fish and seafood consumption data in children aged
4–18 years. The highest median estimated MeHg daily intakes among
the three age groups, based on the TNFCD, were found from the con-
sumption of SF. 6–22% of the studied children had HIs greater than 1,
indicating that SF is a major source of MeHg exposure.

The geometric mean of blood THg levels in the studied Taiwanese
children (aged 4–18 years) was 5.38 μg L−1. This value is 10 times
higher than those reported in Canadian children (aged 6–19 years,
0.3 μg L−1) (Lye et al., 2013) and US children (aged 1–5 years,
0.33 μg L−1) (Nielsen et al., 2014). Conversely, it is similar to those
found in Korean (aged 0–18 years, 2.09 μg L−1) (Park et al., 2014) and
Japanese children (aged 9 years, 4.55 μg L−1) (Ilmiawati et al., 2015).
Typically, residents of the island countries, such as Japan and Taiwan,
consume more fish than those living inland and therefore elevated
blood THg levels are expected (Kim and Lee, 2010).

The present study showed that the estimated MeHg daily intakes
calculated based on internal exposure were slightly higher than intakes
derived from fish and seafood consumption in Taiwanese children,
though statistically not significant (Table 3). Furthermore, we noted a
decreasing trend in the daily intakes among different children’s age

groups. A similar pattern was seen in a Korean study (Park et al., 2014),
but the exact reasons for this observation are unknown and beyond the
scope of the present study. However, it might be related to other factors
such as Hg-contaminated rice (Xu et al., 2017) low individual socio-
economic status (Lim et al., 2015).

We found that children consuming SF have the highest mean esti-
mated MeHg daily intakes. Similar findings were reported in other
countries (Burger and Gochfeld, 2011; Hsi et al., 2014). However,
children ate different types of fish and seafood. For example,
Rothenberg et al. (2016) found that shrimp and finfish were mostly
consumed in children aged 2–19 years according to the National Health
and Nutrition Examination Survey (NHANES) 2007–2011. Lee et al.
(2012) observed significantly higher blood THg in residents of Taiwan’s
coastal sites (median: 11.2 μg L−1) than those living in Taiwan inland
sites (8.1 μg L−1) because they ate small deep-sea fish, shrimp, oyster,
and octopus. Therefore, we recommend considering different sub-ca-
tegories of SF in the total diet surveys that assess MeHg exposure.

Various factors might affect the concentrations of THg in fish.
Predatory fish accumulate THg that tends to increase with fish size/age
(Bosch et al., 2016; Łuczyńska et al., 2016). Xu and Wang (2017)
measured THg concentrations in numerous kinds of fish and found that
carnivorous fish had higher THg concentrations than omnivore and
herbivore fish. Furthermore, environmental factors, such as water
temperature, water pH value, and oxygen concentration can affect THg
levels in fish (Dijkstra et al., 2013; Jardine et al., 2013).

An empirical TK model has been used by scientists in several
countries to estimate MeHg daily intakes, based on blood or hair Hg
levels (Jo et al., 2015; U.S. EPA, 1995; WHO, 1990). However, it has
shortcomings in providing information on uptake and disposition of
different Hg species in the individual’s organs and tissues (Clewell et al.,
1999; Carrier et al., 2001; Smith and Farries, 1996). Consequently, it is
crucial to develop a physiologically-based pharmacokinetic model for
simulating the appropriate dose levels of MeHg in children (Krishnan
and Chebekoue, 2017).

Certain factors associated with exposure assessments involve un-
certainties that should be considered when interpreting risk estimates.
Studies reported that cooking processes might affect the Hg con-
centration in fish (Cano-Sancho et al., 2015; Costa et al., 2015; Matos
et al., 2015; Ouédraogo and Amyot, 2011). Therefore, it is necessary to
evaluate the influence of cooking methods on MeHg levels in fish and
seafood.

While it is important to discuss the potential health risks of MeHg
from the fish intake, it is also essential to mention the health benefits
from fish consumption. The FAO/WHO Joint Expert Consultation on
the Risks and Benefits of Fish Consumption (FAO/WHO, 2010) noted
five important observations regarding fish consumption: (1) it provides
nutritional benefits; (2) it is an important aspect of culture in many
places worldwide; (3) it lowers the risk of mortality from coronary
heart disease, though, no evidence of risk of coronary heart disease
associated with MeHg was reported; (4) it is a source of long chain
omega-3 polyunsaturated fatty acids, which is essential for women of
childbearing age in lowering the risk of suboptimal neurodevelopment
in their offspring; and (5) there are insufficient data available among
infants, children, and adolescents that help to derive a quantitative
framework of the health risks and health benefits of eating fish. How-
ever, early life healthy dietary patterns that include fish consumption
would influence health during adult life.

Among the various studies reviewed by WHO (2010), two pro-
spective cohort studies provided quantitative data that showed neuro-
development benefits of the omega-3 fatty acid, docosahexaenoic acid
(DHA), in children following maternal fish consumption during gesta-
tion. The Avon Longitudinal Study of Parents and Children (ALSPAC)
(Hibbeln et al., 2007) which included 7223 mother-child pairs in
England, and Project Viva (Oken et al., 2008) which included 341
mother-child pairs in the US, showed dose-response relationships be-
tween maternal fish consumption and child verbal IQ gains.

Table 2
Percentages of HQs in HIs for fish and seafood categories.

Age (years
old)

Freshwater fish
(%)

Saltwater fish
(%)

Shellfish, cephalopods, and
crustaceans (%)

0–3 8 91 1
3–6 10 88 2
7–12 7 92 1
13–18 11 87 1

Table 3
Evaluation of THg (representing MeHg) exposure extrapolated from internal and con-
sumption exposures.

Age Internal extrapolation Consumption extrapolationc

Mean (95% CI: 2.5%–97.5%) Mean (95% CI: 2.5%–97.5%)
(years old) (μg/kg-BW/day) (μg/kg- BW/day)

0–3 – 0.16
(9× 10−4–1.18)

4–6 0.15a 0.11
(0.04–0.54) (8× 10−4–0.73)

7–12 0.12b 0.11
(0.04–0.31) (5× 10−4–0.71)

13–18 0.09b 0.05
(0.03–0.23) (2× 10−4–0.30)

a Estimation of THg (representing estimated MeHg) exposure from whole blood total
mercury concentration.

b Estimation of THg (representing estimated MeHg) exposure from red blood cell total
mercury concentration.

c Estimation of THg (representing estimated MeHg) exposure with “saltwater fish”,
“freshwater fish” and “shellfish, cephalopods, and crustaceans” from the research project
“Nutrition and Health Survey in Taiwan” consumption database.
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5. Study limitations

The present study had some limitations. First, the fish and seafood
consumption data were based on a 24-h recall method that may not
represent the precise consumed foods in specific populations. Second,
the Hg concentrations were obtained from fish and seafood species
collected during different seasons and from various locations in Taiwan.
Third, a conversion factor of 1.0 for Hg ingested from F and SF was
assumed, which could result in an overestimation of exposures (the
actual exposures could be less). Finally, this study could not distinguish
MeHg concentrations in all types of fish and seafood, based on the data
available. We have excluded processed products of fish and seafood,
which can be considered in future studies.

6. Conclusions

The present study showed that the estimated MeHg daily intakes,
based on blood measurements of studied subjects, correlated with es-
timates obtained from fish and seafood consumption rates in Taiwanese
children. We, therefore, recommend using dietary intake estimates as
surrogates for internal blood MeHg levels in Taiwanese children to
assess their exposure. This study revealed that approximately 28% of
the children aged 4–6 years had a median HI greater than one, based on
WB-THg, suggesting a potential health concern and that some risk-
management measures should be taken to reduce the risk. Though fe-
tuses are most susceptible to the neurodevelopmental effects of MeHg,
the brain remains vulnerable throughout childhood and into the
teenage years. Future efforts should consider more accurate data for
estimating exposure and explore possible measures or interventions for
reducing MeHg exposure in children, especially preschool children,
recognizing the benefits of eating fish in this age group. Overall, there is
a need to update and refine food consumption databases, monitor THg/
MeHg in fish and seafood, and provision of health advisories or safe
fish-eating guidelines to the public. In particular, information and
guidance need to be provided to women of childbearing age and the
developing young for them to make informed decisions to choose to eat
fish and seafood with low THg/MeHg levels.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

This study was supported by the National Health Research
Institutes, Taiwan (NHRI-EM-106-SP01) and (NHRI-EO-104-SP01).

References

Łuczyńska, J., Łuczyński, M.J., Paszczyk, B., Tońska, E., 2016. Concentration of mercury
in muscles of predatory and non-predatory fish from lake Pluszne (Poland). J. Vet.
Res. 60, 43–47.

Berglund, M., Lind, B., Björnberg, K.A., Palm, B., Einarsson, Ö., Vahter, M., 2005. Inter-
individual variations of human mercury exposure biomarkers: a cross-sectional as-
sessment. Environ. Health 4, 20.

Bosch, A.C., O’Neill, B., Sigge, G.O., Kerwath, S.E., Hoffman, L.C., 2016. Mercury accu-
mulation in Yellowfin tuna (Thunnus albacares) with regards to muscle type, muscle
position and fish size. Food Chem. 190, 351–356.

Burger, J., Gochfeld, M., 2011. Mercury and selenium levels in 19 species of saltwater fish
from New Jersey as a function of species size, and season. Sci. Total Environ. 409,
1418–1429.

Cano-Sancho, G., Perelló, G., Maulvault, A.L., Marques, A., Nadal, M., Domingo, J.L.,
2015. Oral bioaccessibility of arsenic, mercury and methylmercury in marine species
commercialized in Catalonia (Spain) and health risks for the consumers. Food Chem.
Toxicol. 86, 34–40.

Carrier, G., Brunet, R.C., Caza, M., Bouchard, M., 2001. A toxicokinetic model for pre-
dicting the tissue distribution and elimination of organic and inorganic mercury
following exposure to methylmercury in animals and humans. I. Development and
validation of the model using experimental data in rates. Toxicol. Appl. Pharmacol.
171, 38–49.

Chen, M.H., Chen, C.Y., 2004. Investigation on the Metal Concentrations of Seafood

Species in Kao-Ping River System in Order to Assess the Potential Risk of
Consumption. (in Chinese) [NSC93-2621-Z110-003].

Chen, M.H., Chen, C.Y., Hung, J.J., 2002. The Relationships Between the Mercury
Bioaccumulation Model and Trophic Level in Fishes (I). (in Chinese) [NSC90-2313-
B110-006].

Chen, M.H., Teng, P.Y., Chen, C.Y., Hsu, C.C., 2011. Organic and total mercury levels in
bugeye tuna Thunnus obesus, harvested by Taiwanese fishing vessels in the Atlantic
and Indian Oceans. Food Addit. Contam. Part B 4, 15–21.

Chen, C.Y., Lai, C.C., Chen, K.S., Hsu, C.C., Hung, C.C., Chen, M.H., 2014. Total and
organic mercury concentrations in the muscles of Pacific albacore (Thunnus ala-
lunga) and bigeye tuna (Thunnus obesus). Mar. Poll. Bull. 85, 606–612.

Chien, L.C., Yeh, C.Y., Jiang, C.B., Hsu, C.S., Han, B.C., 2007. Estimation of acceptable
mercury intake from fish in Taiwan. Chemosphere 67, 29–35.

Cho, S., Jacobs, D.R., Park, K., 2014. Population correlates of circulating mercury levels in
Korean adults: the Korea National Health and Nutrition Examination Survey IV. BMC
Public Health 14, 527.

Clewell, H.J., Gearhart, J.M., Gentry, P.R., Covington, T.R., VanLandingham, C.B.,
Crump, K.S., Shipp, A.M., 1999. Evaluation of the uncertainty in an oral reference
dose for methylmercury due to interindividual variability in pharmacokinetics. Risk
Anal. 19, 547–558.

Costa, S., Afonso, C., Cardoso, C., Batista, I., Chaveiro, N., Nunes, M.L., Bandarra, N.M.,
2015. Fatty acids, mercury, and methylmercury bioaccessibility in salmon (Salmo
salar) using an in vitromodel: effect of culinary treatment. Food Chem. 185, 268–276.

Dijkstra, J.A., Buckman, K.L., Ward, D., Evans, D.W., Dionne, M., Chen, C.Y., 2013.
Experimental and natural warming elevates mercury concentrations in estuarine fish.
PLoS One 8, e58401.

EFSA, European Food Safety Authority, 2012. Scientific opinion on the risk for public
health related to the presence of mercury and methylmercury in food. EFSA J. 10,
2985.

Eshak, E.S., Iso, H., Yamagishi, K., Kokubo, Y., Saito, I., Yatsuya, H., Sawada, N., Inoue,
M., Tsugane, S., 2014. Modification of the excess risk of coronary heart disease due to
smoking by seafood/fish intake. Am. J. Epidemiol. 179, 1173–1181.

FAO/WHO, Food and Agriculture Organization of the United Nation; World Health
Organization, 2010. FAO Fisheries and Aquaculture Report No. 978. Report of the
Joint FAO/WHO Expert Consultation on the Risks and Benefits of Fish Consumption.
FAO/WHO, Rome. Available: http://www.fao.org/docrep/014/ba0136e/
ba0136e00.pdf. (Accessed 16 June 2017).

Groth, E., 2010. Ranking the contributions of commercial fish and shellfish varieties to
mercury exposure in the United States: implications for risk communication. Environ.
Res. 110, 226–236.

Ha, M., Kwon, H.J., Leem, J.H., Kim, H.C., Lee, K.J., Park, I., Lim, Y.W., Lee, J.H., Kim, Y.,
Seo, J.H., Hong, S.J., Choi, Y.H., Yu, J., Kim, J., Yu, S.D., Lee, B.E., 2014. Korean
environmental health survey in children and adolescents (KorEHS-C): survey design
and pilot study results on selected exposure biomarkers. Int. J. Hyg. Environ. Health
217, 260–270.

Han, B.C., Chien, L.C., 2006. Risk Monitoring and Management for Total Mercury in
Seafood (II). (in Chinese) [PG9507-3190].

Han, B.C., 2005. Risk Monitoring and Management for Total Mercury in Seafood (I). (in
Chinese) [PG9410-1701].

Han, B.C., 2007. Risk Monitoring and Management for Total Mercury in Seafood (III). (in
Chinese) [PW9611-1114].

Hibbeln, J.R., Davis, J.M., Steer, C., Emmett, P., Rogers, I., Williams, C., Golding, J.,
2007. Maternal seafood consumption in pregnancy and neurodevelopmental out-
comes in childhood (ALSPAC study): an observational cohort study. Lancet 369,
578–585.

Hsi, H.C., Jiang, C.B., Yang, T.H., Chien, L.C., 2014. The neurological effects of prenatal
and postnatal mercury/methylmercury exposure on three-year-old children in
Taiwan. Chemosphere 100, 71–76.

Hsi, H.C., Hsu, Y.W., Chang, T.C., Chien, L.C., 2016. Methylmercury concentration in fish
and risk-benefit assessment of fish intake among pregnant versus infertile women in
Taiwan. PLoS One 11, e0155704.

Ilmiawati, C., Yoshida, T., Itoh, T., Nakagi, Y., Saijo, Y., Sugioka, Y., Sakamoto, M.,
Ikegami, A., Ogawa, M., Kayama, F., 2015. Biomonitoring of mercury, cadmium, and
lead exposure in Japanese children: a cross-sectional study. Environ. Health Prev.
Med. 20, 18–27.

JECFA/WHO, Joint Food and Agriculture Organization of the United Nations and World
Health Organization Expert Committee on Food Additives, 2003. In: Sixty-first
Meeting. Rome, 10–19 June 2003. . Summary and conclusions. Available: http://ftp.
fao.org/es/esn/jecfa/-jecfa61sc.pdf. (Accessed 16 June 2017).

JECFA/WHO, Joint Food and Agriculture Organization of the United Nations and World
Health Organization Expert Committee on Food Additives, 2007. Evaluation of
Certain Food Additives and Contaminants: Sixty-seventh Report of the Joint FAO/
WHO Expert Committee on Food Additives, vol. 67. Available: http://apps.who.int/
iris/bitstream/10665/43592/1/WHO_TRS_940_eng.pdf. (Accessed 12 December
2017).

Jardine, T.D., Kidd, K.A., O’Driscoll, N., 2013. Food web analysis reveals effects of pH on
mercury bioaccumulation at multiple trophic levels in streams. Aquat. Toxicol. 132,
46–52.

Jo, S., Woo, H.D., Kwon, H.J., Oh, S.Y., Park, J.D., Hong, Y.S., Pyo, H., Park, K.S., Ha, M.,
Kim, H., Sohn, S.J., Kim, Y.M., Lim, J.A., Lee, S.A., Eom, S.Y., Kim, B.G., Lee, K.M.,
Lee, J.H., Hwang, M.S., Kim, J., 2015. Estimation of the biological half-life of me-
thylmercury using a population toxicokinetic model. Int. J. Environ. Res. Public
Health 12, 9054–9067.

Karagas, M.R., Choi, A.L., Oken, E., Horvat, M., Schoeny, R., Kamai, E., Cowell, W.,
Grandjean, P., Korrick, S.v., 2012. Evidence on the human health effects of low-level
methylmercury exposure. Environ. Health Perspect. 120, 799–806.

S.H. You et al. International Journal of Hygiene and Environmental Health 221 (2018) 697–703

702

http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0005
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0005
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0005
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0010
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0010
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0010
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0015
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0015
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0015
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0020
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0020
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0020
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0025
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0025
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0025
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0025
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0030
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0030
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0030
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0030
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0030
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0035
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0035
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0035
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0040
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0040
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0040
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0045
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0045
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0045
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0050
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0050
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0050
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0055
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0055
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0060
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0060
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0060
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0065
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0065
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0065
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0065
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0070
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0070
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0070
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0075
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0075
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0075
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0080
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0080
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0080
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0085
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0085
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0085
http://www.fao.org/docrep/014/ba0136e/ba0136e00.pdf
http://www.fao.org/docrep/014/ba0136e/ba0136e00.pdf
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0095
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0095
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0095
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0100
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0100
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0100
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0100
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0100
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0105
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0105
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0110
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0110
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0115
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0115
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0120
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0120
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0120
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0120
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0125
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0125
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0125
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0130
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0130
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0130
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0135
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0135
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0135
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0135
http://ftp.fao.org/es/esn/jecfa/-jecfa61sc.pdf
http://ftp.fao.org/es/esn/jecfa/-jecfa61sc.pdf
http://apps.who.int/iris/bitstream/10665/43592/1/WHO_TRS_940_eng.pdf
http://apps.who.int/iris/bitstream/10665/43592/1/WHO_TRS_940_eng.pdf
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0150
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0150
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0150
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0155
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0155
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0155
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0155
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0155
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0160
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0160
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0160


Kershaw, T.G., Dhahir, P.H., Clarkson, T.W., 1980. Relationship between blood- levels
and dose of methylmercury in man. Arch. Environ. Health 35, 28–36.

Kidd, K., Batchelar, K., 2011. Mercury. In: In: Farrell, A.P., Wood, C.M., Brauner, C.J.
(Eds.), Fish Physiology: Homeostasis and Toxicology of Non-essential Metals, vol.
31A. Elsevier In, Amsterdam, pp. 237–295.

Kim, N.S., Lee, B.K., 2010. Blood total mercury and fish consumption in the Korean
general population in KNHANES III. 2005. Sci. Total Environ. 408, 4841–4847.

Krishnan, K., Chebekoue, S.F., 2017. Mercury. In: Gupta, R.C. (Ed.), Reproductive and
Developmental Toxicology. Elsevier Inc., Amsterdam, pp. 51–63.

Lee, C.C., Chang, J.W., Huang, H.Y., Chen, H.L., 2012. Factors influencing blood mercury
levels of inhabitants living near fishing areas. Sci. Total Environ. 424, 316–321.

Legrand, M., Feeley, M., Tikhonov, C., Schoen, D., Li-Muller, A., 2010. Methylmercury
blood guidance values for Canada. Can. J. Public Health 101, 28–31.

Lim, S., Ha, M., Hwang, S.S., Son, M., Kwon, H.J., 2015. Disparities in children’s blood
lead and mercury levels according to community and individual socioeconomic po-
sitions. Int. J. Environ. Res. Public Health 12, 6232–6248.

Lye, E., Legrand, M., Clarke, J., Probert, A., 2013. Blood total mercury concentrations in
the canadian population: Canadian Health Measure Survey cycle 1, 2007–2009. Can.
J. Public Health 104, e246–251.

Matos, J., Lourenço, H.M., Brito, P., Maulvault, A.L., Martins, L.L., Afonso, C., 2015.
Influence of bioaccessibility of total mercury methyl-mercury and selenium on the
risk/benefit associated to the consumption of raw and cooked blue shark (Prionace
glauca). Environ. Res. 143, 123–129.

Mortensen, M.E., Caudill, S.P., Caldwell, K.L., Ward, C.D., Jones, R.L., 2014. Total and
methyl mercury in whole blood measured for the first time in the U.S. population:
NHANES 2011–2012. Environ. Res. 134, 257–264.

Nielsen, S.J., Kit, B.K., Aoki, Y., Ogden, C.L., 2014. Seafood consumption and blood
mercury concentrations in adults aged ≥20 y, 2007–2010. Am. J. Clin. Nutr. 99,
1066–1070.

Nyland, J.F., Wang, S.B., Shirley, D.L., Santos, E.O., Ventura, A.M., de Souza, J.M.,
Silbergeld, E.K., 2012. Fetal and maternal immune responses to methylmercury ex-
posure: a cross-sectional study. Environ. Res. 111, 584–589.

Ochoa-Martinez, A.C., Orta-Garcia, S.T., Rico-Escobar, E.M., Carrizales-Yañez, L., Del
Campo, J.D.M., Pruneda-Alvarez, L.G., Ruiz-Vera, T., Gonzalez-Palomo, A.K., Piña-
Lopez, I.G., Torres-Dosal, A., Pérez-Maldonado, I.N., 2016. Exposure assessment to
environmental chemicals in children from Ciudad Juarez Chihuahua, Mexico. Arch.
Environ. Contam. Toxicol. 70, 657–670.

Oken, E., Radesky, J.S., Wright, R.O., Bellinger, D.C., Amarasiriwardena, C.J., Kleinman,
K.P., Hu, H., Gillman, M.W., 2008. Maternal fish intake during pregnancy, blood
mercury levels, and child cognition at age 3 years in a US cohort. Am. J. Epidemiol.
167, 1171–1181.

Ouédraogo, O., Amyot, M., 2011. Effects of various cooking methods and food compo-
nents on bioaccessibility of mercury from fish. Environ. Res. 111, 1064–1069.

Park, J.H., Hwang, M.S., Ko, A., Jeong, D.H., Kang, H.S., Yoon, H.J., Hong, J.H., 2014.
Total mercury concentrations in the general Korean population, 2008–2011. Regul.
Toxicol. Pharmacol. 70, 681–686.

Roman, H.A., Walsh, T.L., Coull, B.A., Dewailly, É., Guallar, E., Hattis, D., Mariën, K.,
Schwartz, J., Stern, A.H., Virtanen, J.K., Rice, G., 2011. Evaluation of the cardio-
vascular effects of methylmercury exposures: current evidence supports development
of a dose-response function for regulatory benefits analysis. Environ. Health Perspect.
119, 607–614.

Rothenberg, S.E., Korrick, S.A., Fayad, R., 2016. The influence of obesity on blood mer-
cury levels for U.S. non-pregnant adults and children: NHANES 2007–2010. Environ.
Res. 138, 173–180.

Shao, D.D., Wu, S.C., Liang, P., Kang, Y., Fu, W.J., Zhao, K.L., Cao, Z.H., Wong, M.H.,
2012. A human health risk assessment of mercury species in soil and food around
compact fluorescent lamp factories in Zhejiang Province, PR China. J. Hazard. Mater.
221–222, 28–34.

Sheehan, M.C., Burke, T.A., Navas-Acien, A., Breysse, P.N., McGready, J., Fox, M.A.,
2014. Global methylmercury exposure from seafood consumption and risk of devel-
opmental neurotoxicity: a systematic review. Bull. World Health Organ. 92,
254–269F.

Sioen, I., Matthys, C., De Backer, G., van Camp, J., Henauw, S.D., 2007. Importance of
seafood as nutrient source in the diet of Belgian adolescents. J. Hum. Nutr. Diet. 20,
580–589.

Smith, J.C., Farries, F.F., 1996. Methyl mercury pharmacokinetics in man: a reevaluation.
Toxicol. Appl. Pharmacol. 137, 245–252.

TMHW, Taiwan Ministry of Health and Welfare, 2015. Nutrition and Health Survey in
Taiwan (NAHSIT). Available: https://www.hpa.gov.tw/EngPages/Detail.aspx?
nodeid=1077&pid=6201. (Accessed 16 June 2017).

Taiwan CoA, Taiwan’s Council of Agriculture, 2017. Food Supply and Utilization Annual
Report. Council of Agriculture, Taiwan. Available: http://eng.coa.gov.tw/ws.php?
id=2503642. (Accessed 16 June 2017).

Tsai, T.L., Pan, W.H., Chung, Y.T., Wu, T.N., Tseng, Y.C., Liou, S.H., Wang, S.L., 2016.
Association between urinary lead and bone health in a general population from
Taiwan. J. Expo. Sci. Environ. Epidemiol. 26, 481–487.

Tu, S.H., Hung, Y.T., Chang, H.Y., Hang, C.M., Shaw, N.S., Lin, W., Lin, Y.C., Hu, S.W.,
Yang, Y.H., Wu, T.C., Chang, Y.H., Su, S.C., Hsu, H.C., Tsai, K.S., Chen, S.Y., Yeh, C.J.,
Pan, W.H., 2007. Nutrition and Health Survey of Taiwan elementary school children
2001–2002: research design, methods and scope. Asia Pac. J. Clin. Nutr. 16, 507–517.

U.S. EPA, United States Environmental Protection Agency, 1995. Mercury Study Report to
Congress. Office of research and development, Washington, DC. Available: https://
cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0692_summary.pdf.
(Accessed 16 June 2017).

U.S. EPA, United States Environmental Protection Agency, 2005. Available: https://
archive.epa.gov/epawaste/hazard/tsd/td/web/pdf/05hhrap7.pdf. (Accessed 9
August 2017).

Ullrich, S.M., Tanton, T.W., Abdrashitova, S.A., 2001. Mercury in the aquatic environ-
ment: a review of factors affecting methylation. Crit. Rev. Environ. Sci. Technol. 31,
241–293.

WHO, World Health Organization, 1990. Environmental Health Criteria, 101.
International Programme on Chemical Safety. World Health Organization, Geneva.
Available: http://www.inchem.org/documents/ehc/ehc/ehc101.htm. (Accessed 16
June 2017).

WHO, World Health Organization, 2008. Guidance for Identifying Populations at Risk
from Mercury Exposure. World Health Organization, Geneva. Available: http://www.
who.int/foodsafety/publications/chem/mercuryexposure.pdf?ua=1. (Accessed 16
June 2017).

WHO, World Health Organization, 2010. Report of the Joint FAO/WHO Expert
Consultation on the Risks and Benefits of Fish Consumption. World Health
Organization, Geneva. Rome, 25–29. Available: http://www.fao.org/docrep/014/
ba0136e/ba0136e00.pdf. (Accessed 26 February 2018).

Wang, S.L., Lin, C.Y., Guo, Y.L.L., Lin, L.Y., Chou, W.L., Chang, L.W., 2004. Infant ex-
posure to polychlorinated dibenzo-p-dioxins, dibenzofurans and biphenyls (PCDD/Fs,
PCBs)-correlation between prenatal and postnatal exposure. Chemosphere 54,
1459–1473.

Weed, R., EVER, J., Rothstein, A., 1962. Interaction of mercury with human erythrocytes.
J. Gen. Physiol. 45, 395–410.

Xu, X., Wang, W.X., 2017. Mercury exposure and source tracking in distinct marine-caged
fish farm in southern China. Environ. Pollut. 220, 1138–1146.

Xu, X., Meng, B., Zhang, C., Feng, X., Gu, C., Guo, J., Bishop, K., Xu, Z., Zhang, S., Qiu, G.,
2017. The local impact of a coal-fired power plant on inorganic mercury and methyl-
mercury distribution in rice (Oryza sativa L.). Environ. Pollut. 223, 11–18.

Yen, C.E., Yen, C.H., Huang, M.C., Cheng, C.H., Huang, Y.C., 2008. Dietary intake and
nutritional status of vegetarian and omnivorous preschool children and their parents
in Taiwan. Nutr. Res. 28, 430–436.

S.H. You et al. International Journal of Hygiene and Environmental Health 221 (2018) 697–703

703

http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0165
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0165
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0170
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0170
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0170
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0175
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0175
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0180
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0180
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0185
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0185
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0190
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0190
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0195
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0195
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0195
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0200
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0200
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0200
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0205
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0205
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0205
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0205
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0210
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0210
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0210
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0215
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0215
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0215
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0220
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0220
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0220
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0225
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0225
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0225
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0225
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0225
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0230
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0230
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0230
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0230
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0235
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0235
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0240
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0240
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0240
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0245
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0245
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0245
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0245
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0245
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0250
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0250
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0250
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0255
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0255
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0255
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0255
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0260
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0260
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0260
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0260
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0265
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0265
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0265
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0270
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0270
https://www.hpa.gov.tw/EngPages/Detail.aspx?nodeid=1077%26pid=6201
https://www.hpa.gov.tw/EngPages/Detail.aspx?nodeid=1077%26pid=6201
http://eng.coa.gov.tw/ws.php?id=2503642
http://eng.coa.gov.tw/ws.php?id=2503642
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0285
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0285
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0285
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0290
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0290
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0290
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0290
https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0692_summary.pdf
https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0692_summary.pdf
https://archive.epa.gov/epawaste/hazard/tsd/td/web/pdf/05hhrap7.pdf
https://archive.epa.gov/epawaste/hazard/tsd/td/web/pdf/05hhrap7.pdf
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0305
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0305
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0305
http://www.inchem.org/documents/ehc/ehc/ehc101.htm
http://www.who.int/foodsafety/publications/chem/mercuryexposure.pdf?ua=1
http://www.who.int/foodsafety/publications/chem/mercuryexposure.pdf?ua=1
http://www.fao.org/docrep/014/ba0136e/ba0136e00.pdf
http://www.fao.org/docrep/014/ba0136e/ba0136e00.pdf
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0325
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0325
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0325
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0325
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0330
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0330
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0335
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0335
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0340
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0340
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0340
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0345
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0345
http://refhub.elsevier.com/S1438-4639(17)30738-1/sbref0345

	Risk assessment of methylmercury based on internal exposure and fish and seafood consumption estimates in Taiwanese children
	Introduction
	Materials and methods
	Internal exposure assessment
	Subject data collection
	Determination of THg
	Blood Hg-based toxicokinetic (TK) model

	External exposure assessment
	Fish and seafood consumption
	Hg concentrations in fish and seafood
	MeHg intake calculation

	Health risk estimation

	Results
	Internal doses and potential health risk
	Exposure from fish and seafood consumption
	Potential health risk for fish and seafood consumption

	Discussion
	Study limitations
	Conclusions
	Conflict of interest
	Acknowledgments
	References




