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The objective of the present study was to investigate the relationship of 1Q in children with
maternal blood mercury concentration during late pregnancy. The present study is a
component of the Mothers and Children's Environmental Health (MOCEH) study, a multi-
center birth cohort project in Korea that began in 2006. The study cohort consisted of 553
children whose mothers underwent testing for blood mercury during late pregnancy. The
children were given the Korean language version of the Wechsler Preschool and Primary
Scale of Intelligence, revised edition (WPPSI-R) at 60 months of age. Multivariate linear
regression analysis, with adjustment for covariates, was used to assess the relationship
between verbal, performance, and total 1Q in children and blood mercury concentration of
mothers during late pregnancy. The results of multivariate linear regression analysis
indicated that a doubling of blood mercury was associated with the decrease in verbal and
total 1Q by 2.482 (95% confidence interval [Cl], 0.749-4.214) and 2.402 (95% Cl, 0.526-
4.279), respectively, after adjustment. This inverse association remained after further
adjustment for blood lead concentration. Fish intake is an effect modifier of child 1Q. In
conclusion, high maternal blood mercury level is associated with low verbal 1Q in children.
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INTRODUCTION

Mercury is a well-known toxic metal, and exposure can be from natural sources or from
the products or waste of industrial activities in medicine, agriculture, and manufactur-
ing (1). Workers may be exposed by inhalation of elemental or inorganic mercury. Ex-
posure may also arise through dental amalgams, thermometers, batteries, pesticides,
mines, incineration plants, and other sources. Organic mercury from the diet, especial-
ly seafood, is the major source of exposure in the general population (1). Methyl mer-
cury is a potent neurotoxin and its toxicity to the human fetus became evident after the
discovery of congenital Minamata disease, which developed in the fetuses of mothers
exposed to methyl mercury from wastewater (2). Other research reported that mercu-
ry-contaminated bread exposed an Iraqgi population to high doses of methyl mercury,
and had neurotoxic effects on human fetuses (3). However, the effect of low-level mer-
cury exposure from fish consumption on child development remains uncertain. Pre-
natal exposure to mercury can affect long-term child neurodevelopment (4,5), but the
results of epidemiologic studies of such exposures have been inconsistent (6-10). The
present study investigated the effect of low-level blood mercury concentration of moth-
ers during late pregnancy on the IQ levels of their children.

MATERIALS AND METHODS

Subjects

The present study is a component of the Mothers and Children’s Environmental Health
(MOCEH) study, a multi-center prospective birth cohort project of 1,751 pregnant wom-
en that was conducted in Korea from May 2006 to December 2010 (11). The study co-
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hort consisted of 558 children whose mothers underwent test-
ing for blood mercury during late pregnancy. Five babies with
body weight under 2 kg were excluded. All children were tested
using the Korean version of the Wechsler Preschool and Prima-
ry Scale of Intelligence, revised edition (WPPSI-R), at 60 months
of age.

Trained personnel used a detailed questionnaire to interview
the enrolled mothers to obtain information about demograph-
ics, socioeconomic status, characteristics of residence, medical
and reproductive history, exposure to occupational hazards, al-
cohol consumption, nutritional habits, and exposure to second-
hand smoke in the home. Each questionnaire was completed
the same day that the blood sample was collected.

Laboratory testing

Heparinized venous blood samples were obtained from each
mother and child after an overnight fast, with special care taken
to avoid contamination of skin and equipment. Whole blood
samples were frozen and stored at —20°C prior to analysis. For
analysis, samples were allowed to attain room temperature, and
were thoroughly vortexed after thawing. Each 0.1 mL sample
was diluted with 1.8 mL of matrix modifier reagent (containing
Triton™ X-100 [Dow Chemical Company, Midland, MI, USA]
and ammonium phosphate). Blood mercury concentrations
were measured using the gold-amalgam collection method with
a DMA-80 (Milestone, Bergamo, Italy) at the Neodin Medical
Institute, a laboratory certified by the Korean Ministry of Health
and Welfare. Commercial reference materials were used for in-
ternal quality assurance and control (Lyphochek® Whole Blood
Metals Control; Bio-Rad, Hercules, CA, USA). The coefficients
of variation for blood mercury were within 1.59%-4.86% of the
3 reference samples. The Neodin Medical Institute passed the
German External Quality Assessment Scheme of Friedrich-Al-
exander University in the occupational and environmental med-
ical ranges, the Quality Assurance Program operated by the Ko-
rean Occupational Safety and Health Agency, and is certified
by the Korean Ministry of Employment and Labor as a designat-
ed laboratory for analysis of specific chemicals, including heavy
metals and certain organic chemicals. The detection method
had a limit of 0.07 pg/L mercury. Only one sample had a mer-
cury level below this limit, and we considered the level in that
sample to be the detection limit divided by 2.

Korean version of the WPPSI-R (K-WPPSI)

The K-WPPSI (12) is commonly used to measure intelligence in
children aged 3 years to 7 years and 3 months. It provides 12 sub-
test scores and 3 composite scores that represents verbal, per-
formance, and full scale IQ. The verbal subtests cover informa-
tion, comprehension, arithmetic, vocabulary, similarities, and
sentences; the performance subtests cover object assembly, geo-
metric design, block design, mazes, picture completion, and
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animal pegs. The WPPSI scores are standardized for Korean chil-
dren compared with Western countries (12). Experienced per-
sonnel performed all assessments at the hospital. The standard-
ized mean WPPSI-R score was 100 + 15, a score of 89-80 was
classified as low average, 79-70 as borderline, and 69 and below
as indicating intellectual deficiency (13).

Statistical analyses

Student’s t-test was used to identify significant differences in
maternal mercury concentration and IQ in children according
to categorical variables with 2 group. For categorical variables
with 3 groups, 1-way analysis of variance was used. Maternal
mercury concentrations were in right-skewed distribution, so
we transformed maternal mercury concentrations into logarithm
with base 2 to satisfy normal distribution. Log2-transformed
mercury concentrations were determined to be in normal dis-
tribution by comparing a histogram of the maternal mercury
data to a normal probability curve, and with a quantile-quantile
plot (QQ plot) of the standardized data against the standard nor-
mal distribution. Performance, verbal, and total IQ were in nor-
mal distribution. Geometric means (GMs) and geometric stan-
dard deviations (GSDs) of maternal mercury concentrations were
reported as results after performing the statistical testing on the
log-transformed data.

Fish intake was classified into tertiles to show the relationship
between fish intake and mercury concentrations. The cut-off
value of the tertile in fish intake is in line with Canada’s Food
Guide recommending eating at least 2 servings (of 75 g each) of
fish a week (14).

We used regression analyses to show the association of ma-
ternal mercury in late pregnancy with verbal, performance, and
total IQ in 5 years old children after adjustment for sex and birth
weight of the child, maternal age, maternal educational level,
household income, and fish intake for 2 models. The model 1
was adjusted for covariates mentioned above, and model 2 was
adjusted for confounding factors in model 1 and maternal blood
lead in late pregnancy to show the association of maternal blood
mercury with children’s IQ, because lead may affect neurode-
velopment in children. We assessed the fitness of regression mo-
del by the Durbin-Watson test, a test for autocorrelation in the
residuals from a statistical regression analysis. A value ranged
from 1.5 to 2.5 in the Durbin-Watson test statistic means the fit-
ness of the regression model. Household income (USD/month)
and maternal educational level (years) were categorized into
<2,000and = 2,000, and < 12yearsand > 12 years, respective-
ly. Other confounding factors were adjusted as continuous vari-
ables in regression analyses.

We regressed verbal, performance, and total IQ against log2-
transformed maternal blood mercury concentration (a contin-
uous independent variable) to estimate adjusted mean differ-
ences in IQ associated with a doubling of blood mercury. We
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also performed multiple regression analysis (with adjustment
for covariates) for blood mercury tertile and IQ to assess wheth-
er the association between blood mercury and IQ is observed
in all concentration groups or relatively high mercury exposure
group only within subjects. The tertiles of blood mercury con-
centrations in late pregnant women were transformed 2 dum-
my variables; dummy 1 has 1 for 2nd tertile, and 0 for 1st and
3rd tertile, and dummy 2 has 1 for 3rd tertile, and 0 for 1st and
2nd tertile.

We performed the regression analyses for the mercury and
IQ by the tertile classification of fish intake because fish intake
has benefit to neurodevelopment by supply of protein and poly-
unsaturated fatty acids. This regression analyses were done to
show whether the association of maternal blood mercury with
children’s IQ is independent of fish intake.

Ethics statement

Prior to enrolment, all participating mothers provided written
informed consent. The study protocol and consent form were
approved by the Institutional Review Boards of Ewha Womans
University (approval No. 12-07B-15), Dankook University Hos-
pital (2011-09-0340), and Ulsan University Hospital (06-29).

RESULTS

Table 1 shows maternal blood mercury concentrations and ver-
bal, performance, and total IQ of children by various categories.
This univariate analysis indicates that higher maternal blood
mercury concentration was significantly related to low paternal
educational level and more fish intake. None of the variables
were significantly related to performance IQ. However, female
child, higher educational level of parents, higher household in-
come, and low mercury tertile were associated with higher ver-
bal IQ or total IQ.

The results of multivariate linear regression analysis indicat-
ed that a doubling of blood mercury was associated with the
decrease in verbal and total IQ by 2.482 (95% confidence inter-
val [CI], 0.749-4.214) and 2.402 (95% CI, 0.526-4.279), respec-
tively (Model 1, A). This inverse association remained after fur-
ther adjustment for blood lead concentration (Table 2, Model
2). Lead is a potent toxin that alters neurodevelopment, but was
not significantly associated with IQ (data not shown). Compari-
son of the highest and lowest tertiles also indicated the decrease
in verbal IQ (4.339 and 4.305) in model without and with lead
adjustment, respectively. However, prenatal blood mercury con-
centration was not associated with performance IQ. Female chil-

Table 1. Maternal blood mercury concentrations and IQs in children by general characteristics

v Blood mercury, pg/L Verbal 1Q Performance 1Q Total IQ
Aabes GM £ GSD Pvalue Mean = SD Pvalue Mean = SD Pvalue Mean = SD Pvalue
Total 553 3.14 £ 1.66 - 103.5 £ 14.3 - 102.0 £ 16.0 - 103.2 £ 15.0 -
Sex 0.941 0.004 0.108 0.014
Male 294 3.14 £1.60 101.8 £ 13.9 101.0 £ 16.7 101.7 £ 153
Female 259 315 £ 1.72 105.3 £ 14.5 103.2 £ 15.3 104.9 £ 14.6
Educational level of father, yr 0.049 < 0.001 0.105 0.001
<12 128 3.41 £ 1.61 99.2 + 131 100.0 £ 155 99.5 + 14.3
>12 393 3.08 + 1.68 104.7 £ 143 102.7 £16.3 104.4 £ 151
Educational level of mother, yr 0.570 < 0.001 0.058 0.001
<12 132 3.21 £ 1.61 99.1 £ 13.2 99.7 £ 16.7 99.2 + 14.8
>12 404 312 £ 1.67 104.6 £ 14.2 102.8 £ 15.8 1044 £ 148
Household income, USD/mon 0.804 0.006 0.712 0.059
< 2,000 139 311+ 1.51 1004 £ 134 101.6 £ 16.6 1011 £15.0
> 2,000 395 315+ 1.70 104.2 £ 14.2 102.2 £16.0 103.8 £ 149
Maternal age, yr 0.919 0.329 0.614 0.819
<30 243 3.16 £ 1.56 102.7 £ 13.6 102.2 £ 15.7 103.0 £ 14.4
> 30 305 315+ 1.74 1039 £ 147 101.7 £ 16.4 103.3 £ 15.5
Birth weight, g 0.783 0.436 0.401 0.470
1st tertile 184 312 £1.80 102.4 £ 14.6 101.2 £ 16.2 1021 £ 14.9
2nd tertile 184 3.21 £ 1.61 104.3 £ 135 101.6 £ 15.7 103.5 + 145
3rd tertile 185 311 £1.57 103.6 £ 14.7 103.3 £ 16.2 103.9 + 15.6
Fish intake*, g 0.045 0.543 0.932 0.896
1st tertile 148 294 +1.64 103.4 £ 14.5 101.8 £ 14,5 103.0 £ 14.0
2nd tertile 149 317 £1.59 102.0 £ 13.5 1025 + 18.4 1026 £ 16.4
3rd tertile 149 341 £1.79 103.7 £ 14,5 102.3 £ 15.7 1035 £ 15.2
Mercury®, ug/L < 0.001 0.027 0.169 0.024
1st tertile 184 1.87 £ 1.47 104.2 £ 153 102.0 £ 16.6 103.6 £ 16.2
2nd tertile 184 318 £ 1.11 105.0 £ 14.8 103.6 £ 16.2 105.1 £ 151
3rd tertile 185 523 £1.33 101.2 £ 125 100.4 £ 15.2 1009 £ 134

GM = geometric mean, GSD = geometric standard deviation, SD = standard deviation.

*Fish intake: 1st tertile (< 20.5), 2nd tertile (20.5-75.0), 3rd tertile ( > 75.0); Blood mercury level: st tertile (< 2.622), 2nd tertile (2.622-3.829), 3rd tertile (> 3.829).
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Table 2. Beta coefficients and 95% CI of child 1Q in multiple linear regression analysis in children after adjustment of covariates (n = 445)

Beta coefficients (95% Cl)

Response variables Independent variables
Model 1 Model 2
Verbal 1Q A Per doubling of blood mercury —2.482 (-4.214, -0.749)" —2.449 (-4.183, -0.716)"
Birth weight, kg 2.057 (-1.355, 5.469) 2.112 (-1.302, 5.526)
Sex of a baby (vs. male) 3.492 (0.890, 6.094) 3.372 (0.759, 5.984)*
Maternal age 0.151 (-0.228, 0.529) 0.157 (-0.222, 0.535)
Durbin-Watson 2.007 2.002
B Blood mercury tertile* T Reference Reference
T2 —0.203 (-3.438, 3.032) —0.179 (-3.414, 3.056)
T3 —4.339 (-7.546, —1.132)" —4.305 (~7.512, -1.098)"
Birth weight, kg 1.968 (-1.458, 5.394) 2.025 (-1.402, 5.452)
Sex of a baby (vs. male) 3.361 (0.755, 5.968)* 3.234 (0.618, 5.851)"
Maternal age 0.155 (-0.224, 0.534) 0.162 (-0.218, 0.541)
Durbin-Watson 2.020 2.013
Performance 1Q A Per doubling of blood mercury —-1.683 (-3.707, 0.341) —1.706 (-3.733, 0.320)
Birth weight, kg 4.683 (0.696, 8.670)* 4.642 (0.650, 8.634)*
Sex of a baby (vs. male) 2.940 (-0.100, 5.981) 3.029 (-0.026, 6.084)
Maternal age -0.475 (-0.918, —0.033)* —0.480 (~0.923, —-0.037)*
Durbin-Watson 1.991 1.998
B Blood mercury tertile* T Reference Reference
T2 1.500 (—2.286, 5.286) 1.484 (-2.305, 5.273)
T3 —1.611 (-5.364, 2.142) —1.633 (-5.389, 2.124)
Birth weight, kg 4.453 (0.444, 8.462)* 4.416 (0.402, 8.430)*
Sex of a baby (vs. male) 2.752 (—0.298, 5.803) 2.834 (-0.231, 5.899)
Maternal age -0.461 (=0.904, —-0.017)* —0.465 (~0.909, —0.021)*
Durbin-Watson 2.008 2.011
Total 1Q A Per doubling of blood mercury —2.402 (-4.279, —0.526)* —2.395 (—4.274, -0.515)
Birth weight, kg 3.745 (0.049, 7.441) 3.758 (0.056, 7.460)*
Sex of a baby (vs. male) 3.474 (0.655, 6.292)* 3.445 (0.612, 6.278)*
Maternal age —0.162 (-0.573, 0.248) —-0.161 (-0.572, 0.250)
Durbin-Watson 1.975 1.981
B Blood mercury tertile* T Reference Reference
T2 0.965 (—2.542, 4.471) 0.972 (-2.539, 4.482)
T3 —3.449 (-6.925, 0.027) —3.439 (-6.920, 0.041)
Birth weight, kg 3.539 (-0.174, 7.252) 3.556 (—0.163, 7.275)
Sex of a baby (vs. male) 3.276 (0.451,6.101)*F 3.240 (0.400, 6.079)*
Maternal age —0.150 (-0.561, 0.261) —0.148 (-0.560, 0.263)

Durbin-Watson

1.997 1.998

The covariates in Model 1 were: child birth weight and sex, maternal age, maternal educational level, household income, and fish intake. The covariates in Model 2: included all

those from Model 1 plus maternal blood lead.
Cl = confidence interval.

*Blood mercury level: 1st tertile (< 2.622), 2nd tertile (2.622-3.829), 3rd tertile (> 3.829); TP < 0.010; *P < 0.050.

dren had higher verbal and total IQ compared to male children.
Maternal age was also inversely associated with performance
1Q after adjustment for these covariates, whereas birth weight
was also positively associated with performance and total IQ.
These associations remained after further adjustment for blood
lead concentration (Table 2, Model 2). Fish intake was not sig-
nificantly associated with IQ (data not shown).

Following the stratification of fish intake, doubling of blood
mercury was associated with the decrease in verbal and total IQ
by 3.717 and 3.850 in the highest tertile of fish intake, which in-
dicates higher mercury level, only (Table 3). Comparison of the
highest and lowest tertiles of blood mercury also indicated the
decrease in verbal IQ (5.926) in the highest tertile of fish intake
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only (Table 3).
DISCUSSION

The mean blood mercury concentration in the 553 Korean moth-
ers in the present study was 3.14 pg/L. This is lower than that of
Korean women from the general population aged 20 years or
more (3.84 pg/L) (15), but much higher than females in a Natio-
nal Health and Nutrition Examination Survey (NHANES) sam-
ple from the United States (0.845 pg/L) (16). Mercury is ubiqui-
tous in the global environment. In aquatic environments, bac-
teria transform mercury to methyl mercury, and biological mag-
nification leads to higher levels in predatory fish and sea mam-
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Table 3. Beta coefficients and 95% CI of child 1Q in multiple linear regression analysis in children according to stratification of fish intake (n = 445)

Response variables

Independent variables

Beta coefficients (95% Cl)

1st tertile of fish intake*

2nd tertile of fish intake*

3rd tertile of fish intake™

Verbal 1Q Per doubling of blood mercury —0.642 (-3.839, 2.555)
Durbin-Watson 2143
Blood mercury tertile” ™ Reference
T2 0.565 (—5.058, 6.188)
T3 —-3.844 (-9.307, 1.619)
Durbin-Watson 2.006
Performance 1Q Per doubling of blood mercury 0.119 (-3.162, 3.400)
Durbin-Watson 2173
Blood mercury tertile T1 Reference
T2 1.194 (-4.623, 7.010)
T3 0.503 (-5.184, 6.153)
Durbin-Watson 1.864
Total IQ Per doubling of blood mercury —0.278 (-3.463, 2.906)
Durbin-Watson 2.212
Blood mercury tertile" 1k Reference
T2 1.324 (-4.300, 6.948)
T3 —2.063 (—7.527, 3.401)

Durbin-Watson

2.227

—2.543 (-5.852, 0.766)
2.051
Reference
—2.013 (-7.604, 3.578)
—-2.082 (-7.798, 3.633)
1.925
—2.204 (-6.696, 2.289)
2.062
Reference
—0.961 (—8.520, 6.598)
—2.689 (—10.416, 5.038)
1.980
—2.747 (-6.780, 1.286)
2.063
Reference
—1.960 (—8.764, 4.843)
—2.723 (-9.678, 4.231)
2.048

—-3.717 (-6.415, -1.018)*
1.923
Reference
1.104 (-5.105, 7.313)
-5.926 (-11.776, -0.077)°
1.956
—2.959 (-5.975, —0.056)
1.922
Reference
3.209 (-3.712,10.130)
—3.483 (-10.004, 3.308)
2.176
-3.850 (—6.688, —1.012)
1.875
Reference
3.326 (-3.164,9.817)
-5.205 (-11.320, 0.910)
1.947

The covariates in Model 1 were: child birth weight and sex, maternal age, maternal educational level, and household income.

Cl = confidence interval.

*Fish intake: 1st tertile (< 20.5 g), 2nd tertile (20.5-75.0 g), 3rd tertile (> 75.0 g); "Blood mercury level: 1st tertile (< 2.622), 2nd tertile (2.622—3.829), 3rd tertile (> 3.829);

P < 0.010; 5P < 0.050.

mals (1). The large difference in total blood mercury concentra-
tion in Korea and the United States may be explained by the great-
er consumption of seafood in Korea, because seafood is the pri-
mary source of mercury exposure in humans (17).

Both mercury and methyl mercury are neurotoxins, and chil-
dren and developing fetuses are most susceptible to these tox-
ins (1-3). Low-level prenatal exposure to mercury can affect long-
term neurodevelopment of children (4,5). However, the results
of epidemiologic studies of low-level exposure have been incon-
sistent (6-10). A large cohort study started in the mid-1980s in
the Faroe Islands reported an inverse association between pre-
natal methyl mercury exposure and scores on tests of verbal me-
mory, attention, language, and visuospatial perception in 7 years
old children born to mothers with a GM methyl mercury con-
centration of 4,270 ng/g in the hair (4). Moreover, a nested case-
control study within this cohort, which compared children with
high prenatal exposure (maternal hair mercury: 10-20 pug/g) to
those with less exposure (maternal hair mercury < 3 pg/g), show-
ed somewhat lower test scores in the first group, especially in the
domains of motor function, language, and memory (18). These
neuropsychological deficits remained when the children were
retested at 14 years of age (5).

These results contrast with those of the Seychelles Child De-
velopment Study (SCDS), a large cohort study in the Republic
of Seychelles where the mean prenatal methyl mercury level
was 6,900 ng/g due to abundant consumption of seafood. This
study reported no consistent pattern of associations between
prenatal exposure to methyl mercury and cognitive ability of

https://doi.org/10.3346/jkms.2017.32.7.1097

children aged 107 months. This study reported a positive asso-
ciation of blood mercury level with hyperactivity as measured
by the Conners’ Teacher Rating Scale, but the authors attribut-
ed these results to chance (7). In addition, longitudinal data from
the SCDS found no consistent pattern of adverse effects from
prenatal exposure to methyl mercury on child development (10).
Another large cohort study in northeastern Italy reported no as-
sociation between neurodevelopment of children and maternal
hair mercury level in mothers whose mean hair mercury level
was 1.375 ppm (19). In particular, children whose mothers had
mercury levels of at least 2 ppm had full scale, verbal, and per-
formance IQs that were 4-5 points lower than those of children
whose mothers had lower mercury levels, but these differences
were not statistically significant (19). A New Zealand cohort study
found no significant association between maternal hair mercu-
ry concentration during pregnancy and child performance on a
psychological test (20). In the last decade, there have also been
large cohort studies such as the Seychelles study’s new nutrition
2 cohort (21), an update of the British Avon Longitudinal Study
of Parents and Children (ALSPAC) cohort (22), the Spanish In-
fancia y Medio Ambiente (INMA, Environment and Childhood)
cohort (23), and a Mediterranean cohort (24), all of which do
not find consistent evidence of associations between prenatal
mercury exposure and children neurodevelopment.

Fish intake may make the basis for the apparent conflict of
the findings of the Faroe Islands and Seychelles Islands studies.
A woman'’s consumption of seafood may expose her fetus to
nutrients that promote optimal development such as omega-3

http://jkms.org 1101
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fatty acids, as well as methylmercury, and thus, a failure to con-
sider this in the data analysis can result in an underestimate of
the adverse impact of mercury. The existence of such negative
confounding is illustrated by analyses of a birth cohort in Bos-
ton (25) and by a re-analysis of the Faroe Islands data (26). In a
new Seychellois cohort, in which children’s seafood intake was
considered, inverse associations were found between prenatal
methylmercury exposure and infant development (27). The
present study showed that low-level maternal blood mercury
concentration during late pregnancy was inversely associated
with verbal IQ of children after adjustment for covariates includ-
ing fish intake, whereas fish intake was not associated with 1Q
of children (Table 2). In addition, following stratification of the
fish intake, the inverse association between prenatal mercury
concentration and IQ of children was observed in the highest
tertile of fish intake, which indicates higher mercury level (Ta-
ble 3). Thus, fish intake acted as an effect modifier of child IQ in
the present study.

Many previous studies of methyl mercury examined popula-
tions with relatively high levels of exposure due to dietary hab-
its, such as frequent consumption of contaminated fish (4,5,18),
so these results may not be generalizable to women with lower
exposures. The present study showed that low-level maternal
blood mercury concentration during late pregnancy was inverse-
ly associated with verbal IQ of children after adjustment for co-
variates (Table 2). However, maternal blood mercury concen-
tration during late pregnancy was not associated with perfor-
mance IQ. The inverse association between maternal blood mer-
cury and child verbal IQ remained after statistical adjustment
for the concentration of blood lead, another potent neurotoxin.

The blood mercury concentration of mothers in the present
study is lower than reported in other studies, although few stud-
ies used maternal blood mercury concentration as an exposure
marker. For example, Valent et al. (24) found no association be-
tween neurodevelopment in 18-month-old children and meth-
yl mercury concentration in mothers’ blood during pregnancy
(mean blood mercury concentration: 3.14 ng/g; mean hair con-
centration: 1.06 ppm). This blood concentration of mercury is
similar to that of the present study (3.15 pg/L), although children
were tested at 18 months in the previous study, but at 5 years in
the present study. Mothers’ hair in the Faroese birth cohort had
a higher methyl mercury concentration during pregnancy (GM:
4.3 ppm) (4,5,18). Orenstein et al. (28) recently found an adverse
effect of low-level prenatal methyl mercury exposure on child-
hood memory and learning, particularly visual memory, in moth-
ers whose hair had a mean concentration of 0.6 ppm. However,
this cohort was also exposed to polychlorinated biphenyls and
methyl mercury. Taken together, the inconsistencies among
these numerous studies may be due to use of different biologi-
cal samples (umbilical cord blood, maternal blood, or maternal
hair), different levels of exposure, exposure to multiple neuro-
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toxins, measurement of different outcomes at different times,
and the presence of different confounders/effect modifier in-
cluding fish intake (21-24).

Methyl mercury bioaccumulates and crosses the placenta
(1). There have been several mass poisoning incidents of preg-
nant mothers, in which their children developed psychomotor
and cognitive delays even though the mothers remained rela-
tively unaffected (2,3). The domains most affected are memory,
attention, reaction time (psychomotor speed), and language
(4). Verbal IQ, but not performance IQ, was affected in the pres-
ent study, although other studies reported psychomotor and
cognitive deficits. The present results suggest that cognitive func-
tion may be more sensitive to low-level mercury, although this
requires further study.

We also found that maternal age was inversely associated with
performance IQ after adjustment for covariates. Previous stud-
ies showed that older maternal age was associated with increas-
ed risk for educational disabilities (29). In particular, babies con-
ceived by women at old age have higher risk for several adverse
pregnancy outcomes, including fetal death, preterm birth, low
birth weight, certain types of birth defects, and infant mortality
(30). In addition, surviving children of very young or very old
mothers may have an elevated risk for poor cognitive function
(31). Birth weight was also positively associated with performance
and total IQ in the present study. This finding was compatible
with previous studies (32,33). The present finding that female
children had higher verbal and total IQ compared to male chil-
dren was in agreement with those of previous studies (34,35).

This is the first study to document an association between
low-level prenatal mercury exposure and neurodevelopment of
children in an East Asian country with considering fish intake.
These results are particularly relevant for countries that have
significant fish consumption, such as Korea and Japan. A Japa-
nese study reported no significant correlation between child
neurodevelopment at 42 months and cord blood methyl mer-
cury concentration (median concentration: 10.1 ng/g) (36). The
present study contributes to the limited body of literature that
has examined the effect of prenatal low level mercury exposure
on neurodevelopment of children according to the stratifica-
tion of fish intake. If future studies support our finding of an ef-
fect of low level mercury in mothers on neurodevelopment in
children, this will have important public health implications.

The present study had several important strengths. First, a large
and experienced research team performed the experiments and
this enabled good quality-control of neurodevelopmental mea-
surements. Moreover, WPPSI scores have been standardized
for Korean children when compared with Western countries.
Second, assessment of the effect of prenatal exposure to a toxin
requires recruitment of children prenatally and following them
for several years. The birth cohort in the present study was pro-
spective, and this allowed us to assess the correlation between
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prenatal exposure and neurodevelopment. In addition, we at-
tempted to rule out the possibilities of exposure misclassifica-
tion and selection bias, because parents more concerned about
the behavior of their children may have been more likely to vol-
unteer for this study. Third, exposure to low levels of numerous
toxins is inevitable, and adverse effects of methyl mercury and
lead on neurodevelopment are likely (4,5). Thus, the present
study assessed lead and mercury simultaneously, and found
that verbal IQ was inversely associated with mercury, but not
lead. Finally, we showed that fish intake is not a risk factor, but
an effect modifier of child IQ.

This study had several limitations. First, many genetic and
environmental factors can affect neurodevelopment in children.
Factors associated with poor IQ include low socioeconomic sta-
tus, poverty, lack of stimulation in the home (including lack of
maternal warmth and poor maternal education) (37,38) and
iron deficiency (39). Thus, in our study, it was necessary to con-
sider many parameters, including maternal age, child birth wei-
ght, maternal educational level, and household income. The
complexity of neurodevelopment in children is a multifactorial
phenomenon, and there were undoubtedly genetic, social, and
environmental factors that caused residual confounding in our
analysis. Further studies with adjustment for these additional
factors are needed to clarify the causal relationship between ma-
ternal low-level mercury concentration and IQ deficits in chil-
dren. A second limitation is a lack of species analysis of mercu-
ry. Methyl mercury data were not available in the present study.
Methyl mercury is the organic form of mercury that bioaccumu-
lates in fish and enters the human body through the food chain.
Methyl mercury is a more appropriate marker for study of a po-
pulation that has a diet with abundant seafood, rather than oc-
cupational or environmental exposure to inorganic mercury.
We assumed that blood mercury would be a reasonable proxy
for methyl mercury.

In conclusion, the present study showed that verbal IQ of chil-
dren from a population in Korea was negatively associated with
blood mercury concentration of their mothers during late preg-
nancy.
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