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Abstract
The Japan Environment and Children’s Study (JECS) is a birth-cohort study of 100,000 mother–child dyads that aims
to investigate the effect of the environment on child health and development. Mercury (Hg), lead (Pb), cadmium (Cd),
manganese (Mn) and selenium (Se) are considered to be important co-exposures when examining the effect of
other chemical substances on child development. The levels of these elements in the blood of 20,000 randomly selected mid/
late-term pregnant women from the whole JECS cohort were analysed using inductively coupled plasma-mass spectrometry.
The median concentrations (interquartile ranges) for Pb, Hg, Cd, Mn and Se were 0.63 (0.51–0.78) µg dl−1, 3.83
(2.70–5.43) µg l−1, 0.70 (0.52–0.95) µg l−1, 16.1 (13.2–19.6) µg l−1 and 178 (165–192) µg l−1, respectively. Hg and Se
correlated positively with each other (Spearman’s ρ= 0.287), as did Pb and Cd (ρ= 0.239) and Cd and Mn (ρ= 0.267). The
blood Pb levels decreased by 5–10-fold over the past 25 years. The main predictors of the blood levels of each element were
fish consumption for Hg, maternal age and non-alcoholic beverage consumption for Pb, maternal age and smoking for Cd,
gestational age at sampling for Mn and serum protein levels for Se. These results revealed the historical trends and current
predictors of the blood levels of these elements in pregnant Japanese women.
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Introduction

The Ministry of the Environment of Japan has been con-
ducting a large-scale birth-cohort study since 2011 to
examine the effect of various environmental factors on child
health and development. This study is called the Japan
Environment and Children’s Study (JECS) and it involves
more than 100,000 mother–child dyads [1, 2]. It assesses
the effect of the environment, especially exposure to che-
mical substances, on the rate of reproduction/pregnancy
complications, congenital anomalies, developmental dis-
orders and immune/metabolic system dysfunction. Envir-
onmental exposure is assessed by using self-administered
questionnaires, by measuring the ambient environment, by
conducting numerical modelling and, in particular, by col-
lecting and analysing biological samples such as blood,
urine, hair and breast milk. Participant recruitment ended in
March 2014 [2]. The study registered a total of 103,099
pregnancies that resulted in 100,778 deliveries, of which
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100,148 were live births. All babies were born by 2015.
Biospecimens were collected during pregnancy, at birth and
at the first month check-up. After recruitment and sample
collection was completed in 2015, we started analysing the
biological samples for chemical contaminants.

Heavy metals such as lead (Pb), cadmium (Cd) and
mercury (Hg) have adverse effects on child health and
development [3–5]. Manganese (Mn) is one of the trace
metals that are essential for human development and
metabolism; it also has antioxidant properties. However,
it is neurotoxic when humans are exposed to it in early
childhood [6–9]. Selenium (Se) is also important for human
health but has a narrow ‘safe’ level and is toxic at high
levels [10]. Se interacts with Hg and may modify the
toxicological consequences of Hg exposure [11]. These
findings suggest that these elements are important co-
exposures when seeking to evaluate the effect of other
chemical contaminants on child health. To address this
issue, we aimed to analyse the concentrations of these
metallic elements in the maternal blood samples of all
JECS participants.

In 2015, 20,000 maternal whole blood samples that were
collected in mid/late-term pregnancy were randomly selec-
ted from all available samples of the same kind and the
concentrations of Hg, Pb, Cd, Mn and Se were measured.
The data were finalised and distributed to JECS researchers
in April 2017. The present study is based on these data and
had three purposes. First, it aimed to provide JECS with
basic data on the levels of the five metallic element levels:
these data can then be used as co-exposure variables when
analysing associations between the environment and child
health and development. Second, it aimed to illustrate the
current exposure status of pregnant Japanese women in
general: this is possible because the study recruits were
selected so that they closely represent the population of
pregnant women in Japan [2]. Third, the study aimed to
identify factors that predict the Hg, Pb, Cd, Mn and Se
levels in the blood of pregnant Japanese women to deter-
mine a way to mitigate unnecessary exposure.

Materials and methods

Study participants

The JECS study design has been published elsewhere [1].
Briefly, JECS is funded by the Ministry of the Environment
of Japan and operated by the Programme Office (National
Institute for Environmental Studies) in co-ordination with
the Medical Support Centre (National Centre for Child
Health and Development) and 15 Regional Centres (Hok-
kaido, Miyagi, Fukushima, Chiba, Kanagawa, Koshin,
Toyama, Aichi, Kyoto, Osaka, Hyogo, Tottori, Kochi,

Fukuoka and South Kyushu/Okinawa). Each Regional
Centre determined its own study areas (which consisted
of one or more local municipalities) and was responsible
for recruiting women in early pregnancy. Between January
2011 and March 2014, we registered 103,099 pregnant
women [2]. For the present study, 20,000 participants were
randomly selected from all JECS participating mothers
who provided blood samples in mid/late-term pregnancy.

The Ministry of the Environment’s Institutional Review
Board on Epidemiological Studies and the ethics commit-
tees of all participating institutions approved the JECS
protocol. The study was conducted according to the
tenets of the Declaration of Helsinki and its revisions.
Written informed consent was obtained from all mothers
who participated in the study.

Sample collection

Maternal whole blood samples were used to analyse the
associations between foetal exposure to five metallic ele-
ments and children’s health and development. While the
best surrogate for foetal exposure is cord blood, maternal
blood was selected because we thought it should be used
for subsequent development of reference standards based on
the study results. Blood samples (33 ml) were collected
by medical staff when the participants visited co-operating
health care providers [1]. Phlebotomy devices, including
needles and vacutainers, were provided by the Programme
Office through its contract laboratory. Of the 33 ml, 9 ml
was collected into a vacutainer with coagulant. The
remaining blood was placed into four containers (one 3-ml
tube and three 7-ml tubes) with sodium ethylenediamine-
tetraacetic acid (EDTA). The collected samples were
then transferred to the contract laboratory within 48 h via
land or air transportation.

The 9 ml sample was allowed to separate into serum and
the coagulated blood cells. Of the ~4 ml of serum that was
obtained from each sample, 2 ml was used for clinical
chemistry. The remaining 2 ml was aliquoted into two 2-ml
Data Matrix code-labelled cryogenic biobanking tubes
(Greiner Bio-One International GmbH, Kremsmünster,
Austria). The 3-ml whole blood sample was aliquoted into
two 2-ml cryogenic biobanking tubes. The three 7-ml
samples were centrifuged to produce plasma samples. Each
sample was then aliquoted into two 5-ml cryogenic bio-
banking tubes (Greiner Bio-One International GmbH).

All vacutainers and cryogenic tubes were tested for
potential contamination with the target chemicals: con-
tamination was not evident. Moreover, travel blanks,
namely, artificial plasma, were created and aliquoted at
some of the study sites according to the same process used
during phlebotomy, after which they were transported to
and handled and stored in the contract laboratory: analysis
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of these travel blanks revealed no obvious contamination
from any of these procedures. All blood samples were
stored at a central biorepository facility at −80 °C. In the
present study, we used one of the 2 ml whole blood aliquots
obtained from mothers during the second or third trimester.

Chemicals and reagents

All reagents were of high-quality grade unless specified
otherwise. Water was brought to ≥18MΩ cm by using a
Milli-Q Gradient A-10 system (Merck Millipore, Bedford,
MA). Ultrapure-grade nitric acids (1.38 g cm−3) and
L-cysteine hydrochloride monohydrate (98.0% purity) were
purchased from Kanto Chemical Co., Inc. (Tokyo, Japan).
Polyoxyethylene (10) octylphenyl ether (POE), practical
grade butan-1-ol and 25% w/v super special grade tetra-
methylammonium hydroxide (TMAH) were purchased
from Wako Pure Chemical Industries (Osaka, Japan). EDTA
was obtained from Sigma-Aldrich (St Louis, MO, USA).
The reference standard solutions (1000mg l−1) of Hg, Cd,
Se and indium (In) were purchased from Kanto Chemical
Co., Inc. The reference standard solutions (1000mg l−1) of
Pb, Mn, yttrium (Y), thallium (Tl) and molybdenum (Mo)
were obtained from Wako Pure Chemical Industries.

All glassware, sample tubes and containers were soaked
in 10% v/v nitric acid for at least 7 days and rinsed three
times with Milli-Q water prior to use.

Sample preparation

All solutions were prepared via a gravimetric procedure.
Blood samples were brought to room temperature and vortex-
mixed prior to preparing aliquots. Quality control (QC), blank
water and blood samples (200 µl) were diluted 1:19 (v/v) with
the dilution solution, which consisted of 2% (v/v) butan-1-ol,
0.1% TMAH, 0.5 g l−1 POE and 0.5 g l−1 EDTA, and vortex-
mixed prior to inductively coupled plasma-mass spectrometry
(ICP-MS) analysis. The calibration range is shown in
Table S1. All samples that were outside the calibration range
were re-analysed following further dilution.

Instrument analysis and calculations

ICP-MS measurements were performed by using an Agilent
7700 ICP-MS (Agilent Technologies, Tokyo, Japan). The
typical routine operating conditions and data acquisition
settings are documented in Table S2.

The method detection limits (MDLs) for each element
were calculated based on Currie’s method [12] using the
following equation:

MDL ¼ t n�1;0:05ð Þ � 2� s

Where t(n−1, 0.05) represents the Student’s t value under an α
level of 0.05 with n−1 degrees of freedom, and s represents
the standard deviation of blank measurements in n replicates
(n ≥ 7).

Repeatability and intermediate precision were deter-
mined on the basis of ISO 5725:1994 and 27148:2010.
Briefly, repeatability was determined by analysing the
reference standards and pooled QC samples by a single
operator using a single machine within a single day. Inter-
mediate precision was derived from the continuous analysis
of Seronorm QC samples by multiple personnel using
multiple machines for multiple days.

Quality control

Seronorm™ Trace Element Whole Blood L-1 (REF
210105, Lot. 1003191, Sero AS, Billingstad, Norway)
was used as a QC sample. Blood samples donated by the
Japanese Red Cross were used as a pooled QC sample.
The QC sample was treated according to the same
procedure as whole blood samples and analysed twice
in each analytical sequence. The Shewhart control chart
(X-Rm chart) was used for QC of day-to-day analysis
in accordance with ISO 7870. The ICP-MS method is
shown in Table S1. Seven-point calibration curves had
coefficients of determination (R2) higher than 0.9999.
The MDLs for Hg, Pb, Cd, Mn and Se were 0.0490,
0.129, 0.0234, 0.522 and 0.837 ng g−1, respectively.
Repeatability and intermediate precision were 1.6 and
2.5% for Hg, respectively; 0.82 and 1.2% for Pb,
respectively; 1.7 and 3.5% for Cd, respectively; 3.4
and 1.4% for Mn, respectively; and 1.4 and 0.89% for
Se, respectively (all as relative standard deviation).

Of the 20,000 blood samples, two were excluded
due to the withdrawal of the participant from the study
before analysis. The concentrations of the metallic elements
in the remaining 19,998 samples were measured in 468
batches. Thereafter, 1000 samples were randomly selected
from the 19,998 samples and re-analysed in a different
laboratory. Of the 468 batches, 42 batches (1999 samples)
were rejected because the data obtained from the re-
analysis did not meet the criteria (i.e., that the metallic
element concentrations measured by the second laboratory
should be within 30% agreement of the measurements
obtained in the first laboratory). After the ICP-MS
analyses but before data confirmation, a participant
withdrew from the study. Another participant was
excluded because the collection date of her sample had not
been recorded. Thus, in total, 17,997 measurement results
were used in this study (Fig. 1). The basic characteristics
of the 20,000 and 17,997 subjects did not differ (data
not shown).
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Data analysis

A gravimetric procedure that yielded data in gravimetric
units (ng g−1) was used to precisely aliquot the samples. For
comparison with reference values and previous study
reports, we converted our measurements in gravimetric
units to volumetric concentrations using 1.0506 as a typical
specific gravity of whole blood at 37 °C [13]. Statistics in
the original units (ng g−1) are shown in Table S3. The
maternal whole blood Hg, Pb and Cd concentrations were
log-transformed (base 10) for statistical analysis because
log-normal distribution fitted those elements better. Mn
and Se concentrations were used without transformation.
The relationships between the blood concentrations of each
element and maternal characteristics were examined by
using multiple regression analysis. For this, the concentra-
tion of each element was treated as the dependent variable
while the maternal characteristics served as the independent
variables. The maternal characteristics included gestational
week at sampling (weeks), age at delivery (years), gesta-
tional weight gain (three categories), marital status (two
categories), education (three categories), household income
(two categories), any smoking during pregnancy (yes/no),
any passive smoking during pregnancy (yes/no), any alco-
hol consumption during pregnancy (yes/no), parity (primi-
para or not), multiple pregnancy (yes/no), study area
(15 Regional Centres) and occupational exposure to
hazardous materials in mid/late-term pregnancy (yes/no).
Daily food consumption data were categorised into quar-
tiles, except for sugar/sweets and nuts (taken during preg-
nancy or not). Water consumption (tap/well and bottled)
was analysed as frequency data (times per week). These
data were obtained by a self-administered questionnaire, a
food frequency questionnaire [14] and medical record

transcriptions. Maternal characteristics were included in the
multiple regression models if they associated with the
dependent variable in the bivariate analysis (|ρ| > 0.1 by
Spearman’s correlation analysis for continuous variables
or p ≤ 0.0001 by Kruskal–Wallis tests followed by Steel’s
multiple comparison Wilcoxon tests for categorical vari-
ables; Table S4–6). The food groups were in accordance
with a French study [15]. In the final models, the same
variables were used for all elements, thus allowing the
relationships between all possible predictors and the five
elements to be assessed. In compliance with a statement
by the American Statistical Association [16], standardised
partial regression coefficients (β) were presented to directly
identify possible predictors of the target element levels in
blood. All statistical analyses were conducted using the R
version 3.4.0 [17] and JMP 13.0.0 software (SAS Institute
Japan Ltd., Tokyo, Japan).

Results

Concentrations of Hg, Pb, Cd, Mn and Se in maternal
whole blood

The characteristics of the study subjects are shown in Table 1.
Hg, Pb, Cd, Mn and Se were detected in all samples (Table 2).
The median concentrations (interquartile ranges [IQRs]) of
Hg, Pb, Cd, Mn and Se were 3.83 (2.70–5.43) µg l−1,
0.63 (0.51–0.78) µg dl−1, 0.70 (0.52–0.95) µg l−1, 16.1
(13.2–19.6) µg l−1 and 178 (165–192) µg l−1, respectively.
The geometric mean concentrations (95% confidence inter-
vals) of Hg, Pb, Cd, Mn, and Se were 3.83 (3.80–3.86) µg l−1,
0.64 (0.63–0.64) µg dl−1, 0.71 (0.71–0.72) µg l−1, 16.1
(16.0–16.2) and 179 (178–179) µg l−1, respectively. The
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Fig. 1 Graphical summary of the
distributions of and the
correlations between the
mercury (Hg), lead (Pb),
cadmium (Cd), manganese (Mn)
and selenium (Se)
concentrations in the maternal
blood. The upper matrix shows
the Spearman’s rank correlation
coefficients. The diagonal cells
illustrate the distribution of each
element concentration. The
lower matrix presents scatter
plots with axis units in µg l−1
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Table 1 Characteristics of the study subjects

n Unit Mean Standard
deviation

25th percentile Median 75th percentile

Gestational week at
sampling

17,884 week 27.1 3.2 25.0 27.0 29.0

Age at delivery 17,932 years 31.2 5.0 28.0 31.0 35.0

Body weight before
pregnancy

17,983 kg 53.2 8.9 47.2 52.0 57.0

Serum total protein 17,991 g dl−1 6.47 0.38 6.20 6.50 6.70

Serum phospholipid 17,991 mg dl−1 280 35 255 278 302

Serum folic acid 17,990 ng ml−1 7.24 4.82 3.80 5.60 9.00

n %

Marital status 17,702

Married 17,007 96.1

Unmarried/single 695 3.9

Missing 295

Gestational weight gain (kg) 17,568

<5 1311 7.5

5–13 12,216 69.5

≥13 4041 23.0

Missing 429

Education (years in school) 17,634

≤9 876 5.0

9–14 12,998 73.7

≥15 3760 21.3

Missing 363

Household income (million yen) 16,488

<6 12,140 73.6

≥6 4348 26.4

Missing 1509

Smoking during pregnancy 17,810

No 16,889 94.8

Yes 921 5.2

Missing 187

Passive smoking during pregnancy 17,674

No 10,862 61.4

Yes 6812 38.5

Missing 323

Alcohol consumption during pregnancy 17,833

No 17,255 96.8

Yes 578 3.2

Missing 164

Primipara 17,523

Yes 6927 39.5

No 10,596 60.5

Missing 474

Pregnancy situation 17,997

Singleton 17,828 99.1

Multiple 169 0.9

Study area (Regional centre) 17,997

Hokkaido 1384 7.7
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maximum concentrations of Hg, Pb, Cd, Mn and Se
were 30.6 µg l−1, 7.45 µg dl−1, 4.97 µg l−1, 44.5 µg l−1 and
390 µg l−1, respectively.

Figure 1 shows the distribution of the five target ele-
ments, all of which exhibited right-skewed distributions.
Little correlation among the target elements was observed.
The element pairs that showed correlation coefficients >0.2
were Hg–Se (Spearman’s ρ= 0.287), Pb–Cd (ρ= 0.239)
and Cd–Mn (ρ= 0.267).

Potential predictors of the maternal blood
concentrations of the target elements

Tables S4–S6 show the associations between the five ele-
ment concentrations and the maternal characteristics. In
general, the associations were weak. The relationships that
had absolute values of coefficients of correlation ≥0.1 were:
Cd–age at delivery (ρ= 0.217), Mn–gestational week at
sampling (ρ= 0.273), Se–gestational weight gain (ρ=
0.115), Hg–tuna consumption (ρ= 0.214), Hg–seafood
consumption (ρ= 0.187), Hg–dried fish consumption (ρ=
0.140), Hg–yellowtail tuna consumption (ρ= 0.174),
Hg–horse mackerel and sardine consumption (ρ= 0.105),
Hg–squid consumption (ρ= 0.112) and Se–tuna consump-
tion (ρ= 0.104).

Table 3 presents the results of the multiple regression
analysis for each element. The adjusted R2 were 0.149,
0.074, 0.188, 0.087 and 0.137 for Hg, Pb, Cd, Mn and Se,
respectively. The largest variance inflation factor (VIF) for
each element was 5.2 (maternal education for all element
models). Most of the VIFs were below or around 2, which
indicated that the collinearity did not affect the models. The
highest absolute β (|β|) for Hg was for the highest quartile of

seafood consumption (≥46.0 g day−1, β= 0.301) followed
by study area (Kochi, β= 0.248), maternal education (≥15
years, β= 0.109) and confectionery consumption (≥31.7 g
day−1, β=−0.102). For Pb, the order of |β| was as follows:
study areas (Toyama, β= 0.135; South Kyushu/Okinawa,
β= 0.128), maternal age at delivery (β= 0.117) and con-
sumption of non-alcoholic beverages (≥478 ml day−1, β=
0.105). For Cd, the largest |β| was maternal age at delivery
(β= 0.275) followed by smoking during pregnancy (β=
0.220), study area (Toyama, β= 0.200) and education (≥15
years, β=−0.131). The gestational age at sampling had the
highest |β| (β= 0.286) for Mn. For Se, serum total protein
had the highest |β| (β= 0.161) followed by folic acid con-
sumption (β=−0.145), study area (Kochi, β= 0.125) and
seafood consumption (≥46.0 g day−1, β= 0.116).

Discussion

Correlations among the elements

We found weak correlations in the Hg–Se (Spearman’s ρ=
0.287), Pb–Cd (ρ= 0.239) and Cd–Mn (ρ= 0.267) pairs.
A few previous studies reported correlations among these
elements in the blood of pregnant women. Ikeda et al.
found weak correlations between Pb and Cd (r= 0.235) and
between Cd and Mn (r= 0.168) in Japan [18]. Sun et al.
also reported a weak correlation between maternal blood Pb
and Cd (r= 0.24) in a Chinese study [19]. These previous
findings are consistent with our results (small correlation
coefficients). The absence or weakness of correlations
implies that these elements do not share sources of expo-
sure, i.e., they have different intake routes.

Table 1 (continued)

n %

Miyagi 1572 8.7

Fukushima 1968 10.9

Chiba 1062 5.9

Kanagawa 1083 6.0

Koshin (Yamanashi and Shinshu) 1379 7.7

Toyama 1026 5.7

Aichi 1074 6.0

Kyoto 659 3.7

Osaka 1513 8.4

Hyogo 967 5.4

Tottori 586 3.3

Kochi 1145 6.4

Fukuoka 1390 7.7

South Kyushu/Okinawa (Kumamoto, Miyazaki and Okinawa) 1189 6.6
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Mercury

The Japan Food Safety Commission states that the tolerable
weekly methylmercury intake is based on the total Hg
concentration in maternal hair of 11 ppm, which is derived
from the results of the Faroe Islands study and the Sey-
chelles Child Development Study. The Commission then
calculated the equivalent total Hg concentration in blood to
be 44 µg l−1, assuming that the hair:blood Hg ratio is 250:1
[20]. None of the 17,997 maternal samples had Hg con-
centrations that exceeded 44 µg l−1.

The German Human Biomonitoring Commission has
also published human biomonitoring (HBM) values [21].
These health-related HBM values are derived from epide-
miological studies and are defined as two types: HBM-I and
HBM-II. The HBM-I value is the concentration of a sub-
stance in a human specimen below which adverse health
effects are not expected. The HBM-II value is the con-
centration above which there is an increased risk of adverse
health effects. The HBM-I and -II values for Hg in the
blood of children and women of reproductive age are 5 and
15 µg l−1, respectively [22]. Of the 17,997 participants,
5372 (29.8%) had Hg concentrations between HBM-I and
HBM-II, which is in the range where health effects cannot
be excluded with sufficient certainty according to the Ger-
man HBM Commission. Only 104 participants (0.58%) had
Hg concentrations that exceeded HBM-II. The fact that
almost 30% of participants fell into the range between
HBM-I and II indicates that further studies are required to
examine the health effects of relatively low exposure to Hg.

The median and geometric mean Hg level in the
17,997 samples were both 3.83 µg l−1 (3.65 ng g−1). Com-
pared with other studies, these Hg levels are comparable

with the blood Hg levels in pregnant Japanese women in
2006–2007 (median, 3.79 ng g−1; n= 54) [23] and another
group of Japanese pregnant women (geometric mean,
5.18 ng g−1; n= 115, survey years not specified in the
reference) [24]. The blood Hg levels in our study were also
similar to those in pregnant Taiwanese women in
2010–2011 (median, 2.24 µg l−1; n= 145) [25]. However,
the blood Hg levels in our study were almost one order
of magnitude higher than the blood levels of pregnant
women in the USA: Morello-Frosch et al. reported a geo-
metric mean Hg level of 0.45 µg l−1 in 2010–2011 (n= 77)
[26] while Jain reported a geometric mean of 0.706 µg l−1 in
2003–2010 (n= 735) [27]. Similarly, low levels of blood
Hg were also detected in pregnant Canadian women in
the third trimester in 2008–2011 (median, 0.56 µg l−1; n=
1,673) [28] and pregnant Swedish women in 2002–2003
(median, 0.70 µg l−1; n= 100) [29]. This difference can
be attributed to the fact that East Asians tend to eat more
fish/seafood than North Americans and Europeans.

The major source of blood Hg in Japan is piscivorous
fish [30]. Indeed, the multivariate model showed that of all
factors that were examined, seafood consumption con-
tributed the most to the blood Hg levels, with the group with
the highest quartile seafood consumption (≥46.0 g day−1)
having 44% higher blood Hg levels than the lowest quartile
group (<14.3 g day−1). This is consistent with the findings
of other studies [31, 32]. Higher maternal education levels
are also associated with increased blood Hg concentrations.
It could be explained by the fact that higher the mother’s
education levels, the more fish they consumed (data not
shown). Some study areas also associated with higher blood
Hg levels. However, the study areas did not differ markedly
in fish consumption (data not shown). Thus, the association

Table 2 Summary statistics of
Hg, Pb, Cd, Mn and Se
concentrations in whole blood
samples (n= 17,997) collected
from JECS mothers during late/
mid-term pregnancy (volumetric
concentrationsa)

Hg µg l−1 Pb µg dl−1 Cd µg l−1 Mn µg l−1 Se µg l−1

% Detection 100 100 100 100 100

Summary statistics

Minimum 0.35 0.16 0.10 4.35 105

25th Percentile 2.70 0.51 0.52 13.2 165

Median 3.83 0.63 0.70 16.1 178

75th Percentile 5.43 0.78 0.95 19.6 192

95th Percentile 9.26 1.15 1.55 25.7 217

Maximum 30.6 7.45 4.97 44.5 390

Mean 4.41 0.68 0.79 16.1 180

Standard deviation 2.56 0.30 0.41 4.93 21.5

Geometric mean 3.83 0.64 0.71 16.1 179

95% CI for geometric mean 3.80–3.86 0.63–0.64 0.71–0.72 16.0–16.2 178–179

Hg mercury, Pb lead, Cd cadmium, Mn manganese, Se selenium, JECS Japan Environment and Children’s
Study, 95% CI 95% confidence interval.
a1.0506 was used as a typical specific gravity of whole blood to convert gravimetric concentrations to
volumetric concentrations.

Blood mercury, lead, cadmium, manganese and selenium levels in pregnant women and their determinants:. . . 639



Table 3 Multiple regression analysis to identify potential determinants of maternal blood metal concentrations

Log10 (Hg) Log10 (Pb) Log10 (Cd) Mn Se

N 15,225 15,225 15,225 15,225 15,219

Adjusted R2 0.149 0.074 0.188 0.087 0.137

y-intercept 0.373 0.633 −0.506 5.11 89.0

Determinants β SE β SE β SE β SE β SE

Gestational week at
sampling (week)

−0.010 0.009 0.049 0.009 0.064 0.008 0.286 0.009 −0.031 0.009

Maternal age at
delivery (years)

−0.002 0.008 0.117 0.009 0.275 0.008 −0.015 0.009 0.064 0.008

Pregnancy status

Single Ref Ref Ref Ref Ref

Multiple −0.024 0.008 −0.009 0.008 0.003 0.007 0.028 0.008 −0.022 0.008

Marital status

Married Ref Ref Ref Ref Ref

Unmarried/single −0.013 0.008 0.017 0.008 0.013 0.008 −0.011 0.008 0.002 0.008

Education (years in school)

≤9 Ref Ref Ref Ref Ref

9–14 0.073 0.016 −0.031 0.017 −0.108 0.016 −0.012 0.017 0.016 0.017

≥15 0.109 0.017 −0.045 0.018 −0.131 0.017 −0.028 0.018 0.010 0.017

Household income (million yen)

<6 Ref Ref Ref Ref Ref

≥6 0.081 0.008 0.006 0.008 0.000 0.008 −0.020 0.008 −0.005 0.008

Smoking during pregnancy

No Ref Ref Ref Ref Ref

Yes −0.007 0.008 0.071 0.008 0.220 0.008 −0.041 0.008 −0.001 0.008

Passive smoking during pregnancy

No Ref Ref Ref Ref Ref

Yes 0.007 0.008 0.049 0.008 0.030 0.008 −0.007 0.008 −0.005 0.008

Alcohol consumption during pregnancy

No Ref Ref Ref Ref Ref

Yes 0.011 0.008 0.051 0.008 −0.003 0.007 −0.002 0.008 0.020 0.008

Primipara

Yes Ref Ref Ref Ref Ref

No 0.003 0.008 −0.068 0.008 −0.053 0.008 0.040 0.008 0.049 0.008

Weight gain during pregnancy (kg)

<5 Ref Ref Ref Ref Ref

5–13 0.000 0.013 −0.016 0.014 0.023 0.013 0.012 0.014 −0.021 0.013

≥13 0.006 0.013 −0.005 0.014 0.046 0.013 0.033 0.014 −0.027 0.014

Study area

Hokkaido Ref Ref Ref Ref Ref

Miyagi 0.163 0.011 0.089 0.012 0.106 0.011 0.003 0.012 0.093 0.011

Fukushima 0.110 0.012 0.060 0.012 0.059 0.012 0.000 0.012 0.111 0.012

Chiba 0.174 0.010 −0.009 0.010 −0.011 0.010 −0.025 0.010 0.086 0.010

Kanagawa 0.172 0.010 −0.012 0.010 0.022 0.010 −0.008 0.010 0.102 0.010

Koshin 0.186 0.010 0.092 0.011 0.011 0.010 0.009 0.011 0.106 0.011

Toyama 0.108 0.010 0.135 0.010 0.200 0.010 0.000 0.010 0.073 0.010

Aichi 0.135 0.010 0.077 0.011 0.038 0.010 −0.010 0.010 0.119 0.010

Kyoto 0.065 0.009 0.069 0.010 0.048 0.009 0.004 0.009 0.037 0.009
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Table 3 (continued)

Determinants β SE β SE β SE β SE β SE

Osaka 0.110 0.011 0.088 0.011 0.029 0.011 −0.011 0.011 0.070 0.011

Hyogo 0.068 0.010 0.071 0.010 0.022 0.010 −0.006 0.010 0.065 0.010

Tottori 0.051 0.009 0.083 0.009 0.022 0.009 −0.017 0.009 0.026 0.009

Kochi 0.248 0.010 0.072 0.010 −0.032 0.010 −0.002 0.010 0.125 0.010

Fukuoka 0.026 0.011 0.061 0.011 −0.020 0.010 −0.014 0.011 0.009 0.011

South Kyushu/
Okinawa

0.086 0.010 0.128 0.011 −0.035 0.010 0.007 0.011 0.019 0.010

Food consumption (quartile or categorical)

Grain (g day−1)

<354 Ref Ref Ref Ref Ref

354–439 0.015 0.009 −0.020 0.010 0.020 0.009 0.016 0.010 0.022 0.009

439–528 0.032 0.010 −0.029 0.010 0.043 0.009 0.034 0.010 −0.002 0.010

≥528 0.027 0.010 −0.014 0.010 0.072 0.010 0.043 0.010 0.024 0.010

Tubers/starch (g day−1)

<10.7 Ref Ref Ref Ref Ref

10.7–19.3 −0.016 0.010 −0.014 0.010 −0.012 0.010 −0.008 0.010 −0.014 0.010

19.3–31.0 −0.043 0.010 −0.021 0.011 −0.003 0.010 0.008 0.011 −0.017 0.010

≥31.0 −0.045 0.011 −0.033 0.012 −0.009 0.011 0.009 0.012 −0.041 0.011

Sugar/sweets (taken during pregnancy)

No Ref Ref Ref Ref Ref

Yes −0.018 0.008 0.021 0.008 −0.010 0.008 −0.003 0.008 −0.020 0.008

Beans (g day−1)

<17.2 Ref Ref Ref Ref Ref

17.2–34.0 0.026 0.010 −0.007 0.010 −0.003 0.010 −0.007 0.010 0.012 0.010

34.0–64.0 0.017 0.010 0.001 0.011 0.006 0.010 −0.008 0.011 0.006 0.010

≥64.0 0.001 0.011 −0.018 0.011 −0.013 0.011 −0.024 0.011 −0.013 0.011

Nuts (taken during pregnancy)

No Ref Ref Ref Ref Ref

Yes −0.006 0.008 0.008 0.009 0.012 0.008 −0.001 0.009 −0.021 0.008

Vegetables (g day−1)

<95.4 Ref Ref Ref Ref Ref

95.4–149 −0.018 0.010 −0.005 0.010 0.009 0.010 0.001 0.010 −0.010 0.010

149–223 −0.004 0.011 0.005 0.011 0.007 0.011 −0.014 0.011 −0.010 0.011

≥223 0.008 0.012 0.038 0.013 0.002 0.012 −0.014 0.012 −0.024 0.012

Fruits (g day−1)

<48.8 Ref Ref Ref Ref Ref

48.8–109 0.007 0.010 −0.003 0.010 −0.009 0.009 0.003 0.010 −0.006 0.010

109–194 −0.007 0.010 −0.007 0.010 −0.009 0.010 0.019 0.010 −0.011 0.010

≥194 −0.005 0.010 −0.014 0.011 −0.032 0.010 0.013 0.011 −0.009 0.010

Mushrooms (g day−1)

<2.7 Ref Ref Ref Ref Ref

2.7–6.4 0.043 0.011 0.002 0.011 0.001 0.010 −0.026 0.011 0.011 0.011

6.4–12.9 0.058 0.011 0.015 0.011 0.013 0.011 −0.034 0.011 0.031 0.011

≥12.9 0.073 0.012 0.016 0.012 0.017 0.012 −0.031 0.012 0.030 0.012

Seaweeds (g day−1)

<1.5 Ref Ref Ref Ref Ref

1.5–4.3 0.009 0.010 0.027 0.011 0.010 0.010 −0.006 0.011 −0.015 0.010
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Table 3 (continued)

Determinants β SE β SE β SE β SE β SE

4.3–8.3 0.000 0.011 0.038 0.011 0.016 0.010 −0.004 0.011 −0.010 0.011

≥8.3 −0.013 0.011 0.035 0.012 0.031 0.011 0.007 0.012 −0.028 0.011

Seafood (g day−1)

<14.3 Ref Ref Ref Ref Ref

14.3–28.0 0.102 0.010 0.008 0.010 0.011 0.009 0.016 0.010 0.025 0.010

28.0–46.0 0.198 0.010 0.005 0.011 0.016 0.010 0.005 0.011 0.069 0.010

≥46.0 0.301 0.011 0.018 0.012 0.014 0.011 −0.006 0.012 0.116 0.011

Meat (g day−1)

<37.7 Ref Ref Ref Ref Ref

37.7–59.0 −0.019 0.010 0.003 0.010 −0.022 0.010 0.000 0.010 −0.031 0.010

59.0–89.7 −0.038 0.010 0.020 0.011 −0.025 0.010 0.001 0.011 −0.049 0.011

≥89.7 −0.044 0.012 0.021 0.012 −0.034 0.011 0.011 0.012 −0.071 0.012

Eggs (g day−1)

<10.7 Ref Ref Ref Ref Ref

10.7–25.0 −0.007 0.013 −0.006 0.013 −0.008 0.012 −0.001 0.013 −0.015 0.013

25.0–39.3 −0.015 0.013 −0.026 0.014 −0.011 0.013 −0.001 0.014 −0.019 0.013

≥39.3 −0.007 0.013 −0.016 0.014 −0.014 0.013 0.008 0.014 −0.043 0.013

Dairy (g day−1)

<104 Ref Ref Ref Ref Ref

104–200 −0.015 0.010 −0.026 0.010 −0.015 0.009 0.001 0.010 −0.029 0.010

200–325 −0.024 0.010 −0.057 0.010 −0.033 0.010 0.010 0.010 −0.036 0.010

≥325 −0.029 0.010 −0.079 0.011 −0.056 0.010 0.002 0.010 −0.071 0.010

Fat (g day−1)

<6.6 Ref Ref Ref Ref Ref

6.6–9.7 −0.013 0.010 −0.017 0.011 −0.016 0.010 −0.003 0.011 0.007 0.011

9.7–13.7 −0.027 0.011 −0.018 0.012 −0.009 0.011 0.009 0.012 0.053 0.011

≥13.7 −0.033 0.013 −0.022 0.014 −0.012 0.013 0.011 0.014 0.093 0.013

Confectionery (g day−1)

<9.3 Ref Ref Ref Ref Ref

9.3–18.4 −0.045 0.010 −0.018 0.010 −0.017 0.009 −0.014 0.010 −0.012 0.010

18.4–31.7 −0.084 0.010 −0.029 0.010 −0.019 0.010 −0.007 0.010 −0.044 0.010

≥31.7 −0.114 0.010 −0.034 0.011 −0.008 0.010 −0.010 0.011 −0.074 0.010

Non-alcohol beverages (ml day−1)

<126 Ref Ref Ref Ref Ref

126–271 0.016 0.010 0.035 0.010 0.020 0.009 −0.002 0.010 0.017 0.010

271–478 0.012 0.010 0.059 0.010 0.012 0.009 −0.003 0.010 0.004 0.010

≥478 0.032 0.010 0.105 0.010 0.021 0.010 0.016 0.010 0.025 0.010

Seasoning/spices (g day−1)

<9.7 Ref Ref Ref Ref Ref

9.7–15.0 −0.003 0.010 −0.009 0.010 0.006 0.009 −0.007 0.010 0.017 0.010

15.0–22.0 0.001 0.010 −0.014 0.011 0.005 0.010 −0.027 0.010 0.002 0.010

≥22.0 0.015 0.011 −0.002 0.011 0.029 0.011 −0.032 0.011 −0.011 0.011

Tap/well water (times per week)

<1 Ref Ref Ref Ref Ref

1–2 0.001 0.008 0.012 0.008 −0.008 0.008 −0.007 0.008 −0.015 0.008

≥3 0.006 0.008 0.051 0.008 0.006 0.008 0.009 0.008 −0.011 0.008
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between area and Hg levels may reflect different regional
preferences for fish such as tuna. Unlike previous studies
[31, 32], we did not observe that maternal age and smoking
habits associated with blood Hg levels. This could be due to
the fact that the age range of our participants was narrow
(mean, 31.2 years; standard deviation, 5.0 years) and very
few of the participants smoked during pregnancy (5.2%). It
is advised that both epidemiological and benefit-risk mod-
elling are used to develop advice regarding fish consump-
tion for pregnant women [33]. JECS will provide authorities
with additional epidemiological evidence to improve fish
consumption advice for pregnant women.

Lead

The HBM values are not set for Pb because the German
‘HBM Commission concluded that establishing an
effect threshold for blood Pb levels would be arbitrary
and therefore not justified [22]. However, the CDC
recommends follow-up blood Pb tests for pregnant
women whose blood Pb levels exceed 5 µg dl−1 and
taking action to reduce exposure to Pb sources [34]. In
the current study, five mothers (0.03%) had Pb con-
centrations above 5 µg dl−1.

A study on pregnant Japanese women in 1984 reported
that their mean blood Pb level was 8.2 µg dl−1 (n= 105)
[35]. Another study on postpartum Japanese women (on
average 2.9 days after birth) in 1988 reported that the
geometric mean blood Pb level was 3.6 µg dl−1 (n= 73)
[36]. In our study, the geometric mean Pb level was 0.64 µg
dl−1. This suggests that the blood Pb levels of pregnant
women in Japan have dropped by 5–10-fold in the past
25 years. The National Health and Nutrition Examination
Survey (NHANES) has recorded similar declines in
blood Pb levels in the general American population [37].
Consequently, the Pb level we detected (median, 0.63 µg dl

−1) is similar to the Pb levels in women in general from
the USA: Morello-Frosch et al. and Jain reported geometric
mean Pb levels of 0.65 µg dl−1 in 2010–2011 [26] and
0.638 µg dl−1 in 2003–2010 [27], respectively. The Pb
level in our study was also similar to the Pb levels in
pregnant Canadian women studied in 2008–2011 (median,
0.5595 µg dl−1) [28] but slightly lower than the median
blood Pb levels in pregnant Swedish women in 2002–2003
(1.1 µg dl−1) [29].

The Pb model resulted in a low adjusted R2 (0.074). This
suggests there were multiple sources of Pb. To our
knowledge, sources of Pb exposure have not been recently
identified in Japan. Of the possible sources that were
examined, the study area, maternal age and non-alcoholic
beverage consumption contributed the most, although their
individual effects were small. A previous study has shown
that blood Pb concentrations associate with smoking [38].
This association was not observed in this study (β= 0.071
and 0.049 for smoking and passive smoking during preg-
nancy, respectively). In our study, BMI was not included in
the model because it related highly with weight gain during
pregnancy (data not shown). Wang et al. reported that BMI
associated with blood Pb levels [39]. However, in the cur-
rent study, weight gain during pregnancy had little effect on
blood Pb levels (β= 0.046 for weight gain >13 kg). Saoudi
et al. reported that significant predictors of Pb levels in cord
blood were tap water consumption, alcohol consumption,
shellfish consumption, vegetable consumption, bread con-
sumption, smoking and the mother being born in countries
where lead is often used [15]. However, we did not find any
association between blood Pb levels and any of those fac-
tors except for non-alcoholic beverages. The correlation
between blood Pb levels and non-alcoholic beverage con-
sumption was weak (|r| < 0.1). A further study is required to
identify the exposure sources of Pb to reduce blood Pb
levels in pregnant women.

Table 3 (continued)

Determinants β SE β SE β SE β SE β SE

Bottled water (times per week)

<1 Ref Ref Ref Ref Ref

1–2 −0.012 0.008 −0.009 0.008 −0.001 0.008 0.008 0.008 0.010 0.008

≥3 −0.004 0.008 −0.020 0.009 −0.028 0.008 −0.002 0.009 0.016 0.008

Serum total protein
(g dl−1)

– − − − 0.161 0.008

Serum phospholipid
(mg dl−1)

– − − − 0.144 0.008

Serum folic acid
(ng ml−1)

– − − − −0.145 0.008

Hg mercury, Pb lead, Cd cadmium, Mn manganese, Se selenium, log10 common logarithm, R2 coefficient of determination, β standardised partial
regression coefficient, SE standard error, Ref reference.
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Cadmium

The CDC sets a Cd action level of 5 µg l−1 for its biomoni-
toring programme [40]. None of the 17,997 samples in this
study exceeded this value, although a few did approach that
level: in descending order, the first three highest concentra-
tion samples had Cd levels of 4.97, 4.90 and 4.57 µg l−1.

One study measured the blood Cd levels in pregnant
women in Japan. It was conducted in 1984 and reported a
mean Cd concentration of 7 ng g−1 [35]. In our study, the
mean Cd level was 0.76 ng g−1, which is 10 times lower
than the level reported previously. However, the Cd level in
our participants (geometric mean, 0.71 µg l−1; median, 0.70
µg l−1) was 2.3–3.5 times higher than the geometric mean
Cd levels in pregnant American women that were reported
by Morello-Frosch et al. in 2010–2014 (0.22 µg l−1) [26]
and Jain in 2003–2010 (0.246 µg l−1) [27], and the median
Cd levels in pregnant Canadian (0.2023 µg l−1) [28] and
Swedish (0.30 µg l−1) women [29]. Notably, the NHANES
study of the general American population reports that
pregnant non-Hispanic Asian women without a smoking
history had higher blood Cd than pregnant women from
other ethnic groups [41]. This may reflect higher con-
sumption of rice by Asians: rice is suggested to be a leading
source of dietary Cd intake in Japan [42].

The multivariate model suggested that Cd blood
increased with age. Smoking also associated with higher
Cd levels. These findings agree with those of previous
studies [31, 38, 41, 43, 44]. The increase in Cd levels with
age is due to the fact that the amount of Cd that the body
can eliminate is limited: as a result, Cd has a half-life >26
years for humans [43]. We also found that a longer edu-
cation is a negative predictor of blood Cd. The reason for
this association is unclear but it was also detected by a
study on never-pregnant Norwegian women [31]. Rice
consumption (which was combined into the grain con-
sumption factor) did not have a large effect on Cd levels
in our model (β= 0.072) when compared to the effect of
smoking (β= 0.220). A review article by Ikeda et al.
reported that rice consumption accounted for 30–40%
of daily Cd intake in non-polluted areas of Japan until
2000 and that the mean Cd content of polished rice is
~50–60 µg/kg, which corresponds to a daily Cd intake
of ~30–60 µg/day [45]. According to this report, daily Cd
intake in non-polluted areas recently decreased to 11.5
and 16.5 µg/day based on urine and blood Cd concentra-
tions, respectively. Daily intake of Cd from wheat is
reported to be one-fifth of that from rice [46]. We com-
bined the consumption of rice with other grains such as
wheat, which may have weakened the effect of rice on
the blood Cd levels in our model. In addition, given that
study areas associated with blood Cd levels in our
study, more detailed investigation into the effect of this

variable on blood Cd levels is warranted. The blood Cd
levels of Japanese pregnant women were low in general.
JECS will examine the effects of low levels of Cd on
children’s health and development.

Manganese

Action levels are not available for Mn. The median blood
Mn level in our participants was 16.1 µg l−1. This is similar
to or slightly higher than the median blood Mn levels in
pregnant Canadian women in 2008–2011 (12.6 µg l−1) [28]
and pregnant Australian women in 2008–2011 (6.81 µg l−1)
[47] but lower than the median Mn levels in pregnant
South Korean women in 2007–2011 (21.3 µg l−1) [48].
The median Mn levels in our study were also lower than
the median Mn levels in pregnant Taiwanese women, as
shown by two studies: Huang et al. reported median Mn
levels of 44.96 µg l−1 in 2010–2011 [25] while Tsai et al.
reported median Mn levels of 47.0 µg l−1 in 2010–2011
[49]. These differences may stem from the different patterns
of food consumption in Japan (e.g., the particular focus on
rice, green tea and vegetables) [50].

The adjusted R2 was also small (0.087) for the Mn
model. Blood Mn levels increase as the gestational age rises
[51]. In this study, the blood Mn level rose 0.448 µg l−1 per
gestational week, which is negligible compared with the
median level of 16.1 µg l−1. No other factors associated
significantly with blood Mn levels. This may be because
Mn is an essential element and its blood level is very well
maintained. The major source of Mn intake is considered
to be food; [50] however, no particular food items were
a major contributor in our model. Currently, there is no
national programme that monitors blood Mn levels in the
general population of Japan. Such a programme is war-
ranted because Mn has been reported to affect children’s
development [6–9].

Selenium

The CDC considers 500 µg l−1 Se to be an action level [40].
Hays et al. calculated the biomonitoring equivalents (BEs)
based on a Chinese cohort study [52]. They presented the
BEs of 480 and 400 µg l−1 in whole blood based on the
Tolerable Upper Intake Level set by the USA National
Academy of Medicine (formerly the Institute of Medicine)
and the ATSDR Minimal Risk Level, respectively. None of
the participants in our study had Se concentrations that
exceeded these levels. The median Se level in our partici-
pants was 178 µg l−1 (169 ng g−1). This is similar to the
median Se levels in pregnant Chinese women from a study
conducted in 2011 (141 ng g−1) [53]. Another study on
pregnant Chinese women reported similar results (median,
131 ng g−1) [19]. Studies conducted in pregnant women in
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the United Kingdom [54] and Australia [47] reported
slightly lower median Se levels of 79.6 and 88.2 µg l−1,
respectively.

Blood Se concentrations increased by 8.97 µg l−1 with
every unit (g dl−1) increase in serum protein. This approa-
ches half the IQR (13.7 µg l−1) in this study but is still small
when compared to the difference (283 µg l−1) between the
95th percentile (217 µg l−1) and the CDC’s action level of
500 µg l−1. Study area and seafood consumption also
associated with blood Se, like Hg. Food is considered to be
a major source of Se intake in Japan [55]. The negative
association with folic acid is puzzling because it has not
been reported in any previous studies. JECS will further
investigate the effect of co-exposure to Se and Hg on
children’s neurodevelopment.

Strength and limitations

The JECS cohort is considered to be representative of the
pregnant women in Japan [2]. We randomly selected the
20,000 samples for this study from the whole cohort of
JECS. This means we can extrapolate our results to preg-
nant Japanese women. However, it may not be possible to
generalise our findings to the non-pregnant adult female
population.

A self-administered questionnaire was used to provide
the covariate variable data, including maternal character-
istics, food consumption and other exposures such as
smoking habits and occupation-related exposures. This
approach may have caused considerable uncertainty, espe-
cially with regard to the food consumption and smoking
habit data, which likely resulted in misclassification. This
may have reduced the coefficient of determination in the
multivariate models.

Conclusion

This study presented the distributions of the Hg, Pb, Cd, Mn
and Se blood concentrations in Japanese pregnant women.
Blood Pb levels have decreased by 5–10-fold over the past
25 years in Japan, as in other developed countries. The main
predictors of the blood level of each element were fish
consumption for Hg, maternal age and non-alcoholic bev-
erage consumption for Pb, maternal age and smoking for
Cd, gestational age at sampling for Mn and serum protein
levels for Se.
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