Original Research Communications

m

EST. 1928 J

Associations of prenatal methylmercury exposure and maternal
polyunsaturated fatty acid status with neurodevelopmental outcomes
at 7 years of age: results from the Seychelles Child Development

Study Nutrition Cohort 2

JJ Strain,’ Tanzy M Love,’ Alison J Yeates,! Daniel Weller,” Maria S Mulhern,! Emeir M McSorley, Sally W Thurston,’
Gene E Watson,> Daniel Mruzek,? Karin Broberg,3’4 Matthew D Rand,? Juliette Henderson,” Conrad F Shamlaye,5
Gary J Myers,? Philip W Davidson,?> and Edwin van Wijngaarden®

"'Nutrition Innovation Centre for Food & Health, Ulster University, Coleraine, Northern Ireland, United Kingdom; 2School of Medicine and Dentistry, University
of Rochester, Rochester, NY, USA; 3Unit of Metals and Health, Institute of Environmental Medicine, Metals and Health, Karolinska Institute, Stockholm,
Sweden; #Division of Occupational and Environmental Medicine, Laboratory of Medicine, Lund University, Lund, Sweden; and 5Ministry of Health, Victoria,

Mahé, Republic of Seychelles

ABSTRACT

Background: Fish is a primary source of protein and n-3 PUFA
but also contains methylmercury (MeHg), a naturally occurring
neurotoxicant to which, at sufficient exposure levels, the developing
fetal brain is particularly sensitive.

Objectives: To examine the association between prenatal MeHg and
maternal status of n-3 and n-6 PUFA with neurodevelopment, and to
determine whether PUFA might modify prenatal MeHg associations
with neurodevelopment.

Methods: We examined the Seychelles Child Development Study
Nutrition Cohort 2 (NC2) at age 7 y. We used a sophisticated and
extensive neurodevelopmental test battery that addressed 17 specific
outcomes in multiple neurodevelopmental domains: cognition, ex-
ecutive and psychomotor function, language development, behavior,
scholastic achievement, and social communication. Analyses were
undertaken on 1237 mother-child pairs with complete covariate
data (after exclusions) and a measure of at least 1 outcome. We
examined the main and interactive associations of prenatal MeHg
exposure (measured as maternal hair mercury) and prenatal PUFA
status (measured in maternal serum at 28 weeks’ gestation) on
child neurodevelopmental outcomes using linear regression models.
We applied the Bonferroni correction to account for multiple
comparisons and considered P values <0.0029 to be statistically
significant.

Results: Prenatal MeHg exposure and maternal DHA and arachi-
donic acid (20:4n-6) (AA) status were not significantly associated
with any neurodevelopmental outcomes. Findings for 4 outcomes
encompassing executive function, cognition, and linguistic skills
suggested better performance with an increasing maternal n-6:n-
3 PUFA ratio (P values ranging from 0.004 to 0.05), but none
of these associations were significant after adjusting for multiple
comparisons. No significant interaction between MeHg exposure and
PUFA status was present.

Conclusions: Our findings do not support an association between
prenatal MeHg exposure or maternal DHA and AA status with
neurodevelopmental outcomes at age 7 y. The roles of n-6 and n-
3 PUFA in child neurodevelopment need further research.  Am J
Clin Nutr 2021;113:304-313.

Keywords: child neurodevelopment, maternal fish consump-
tion, prenatal methylmercury, polyunsaturated fatty acids, n-6:n-3
ratio

Introduction

Globally, more than 3 billion people depend daily on fish as
their primary source of protein (1). Fish is also the major source
of DHA, a n-3 PUFA and a major component of the developing
brain (2). The fetus acquires DHA and the n-6 PUFA arachidonic
acid (20:4n-6) (AA) from maternal blood, and both are necessary
for normal brain development.

Fish also contain small amounts of methylmercury (MeHg),
which is produced naturally in the environment by microbial
methylation of inorganic mercury. MeHg was probably present
in primordial sea and freshwater food chains (3) long before an-
thropogenic release of Hg into the environment. While MeHg is a
known neurotoxicant at high exposures, associated with poison-
ing episodes, and the fetal brain is especially sensitive (4, 5), there
is substantial uncertainty over whether there are any neurodevel-
opmental consequences of MeHg exposure from consuming fish
with only background concentrations of MeHg (6-9). A recent re-
view of epidemiologic studies of fish consumption and children’s
neurodevelopmental outcomes (studies including sea mammals
were excluded) found no studies reporting an inverse association
(10).
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The Seychelles Child Development Study (SCDS) is a large,
prospective, longitudinal study. The Republic of Seychelles was
selected as the study location because fish consumption there is
very high, consumption does not include sea mammals, and the
average MeHg exposure is about 10 times that of the US (11) and
UK (12) populations. Our earlier studies revealed surprisingly
better scores on neurodevelopmental tests in relation to increasing
prenatal MeHg exposure, and we hypothesized these associations
were related to the unmeasured benefits of nutrition from fish
consumption (13). We reported better neurodevelopmental tests
scores associated with higher n-3 PUFA status in an earlier
nutrition study [Nutrition Cohort 1 (NC1)] and subsequently
hypothesized that they could be sufficiently large to mask any
association with MeHg toxicity if such an association is present
(14, 15). To confirm these earlier findings and identify factors
potentially modifying any MeHg toxicity, we enrolled a cohort
of 1535 mother-child pairs [Nutrition Cohort 2 (NC2)]. We
characterized the cohort for prenatal MeHg exposure, maternal
nutritional status, and developmental outcomes at 20 months of
age. We again found no overall association between prenatal
MeHg and neurodevelopment, but found better test scores with
increasing n-3 PUFA (15). We also reported that there may be
an optimal balance between n-6 and n-3 PUFA (indicated by the
physiological measure of the n-6:n-3 ratio in maternal serum) that
may influence the maternal inflammatory milieu (16) and, in turn,
may influence MeHg neurotoxicity (15). It might be expected
that the relative proportions of n-6 to n-3 PUFA (as indicated
by the maternal n-6:n-3 PUFA ratio) available to the fetus might
affect subsequent neurodevelopment of offspring, as both n-6
and n-3 PUFA compete for the same enzymes in biosynthetic
pathways, transfer across the placenta, and incorporation into
neural membranes (17). In this paper, we reexamined this
cohort for neurodevelopment at 7 years of age to determine
whether these associations persisted using a more sophisticated
and extensive neurodevelopmental test battery.
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Methods

Study population

From 2008-2011, 1522 pregnant women were enrolled during
their first prenatal visit (>14 weeks of gestation). There were
1441 mother-child pairs eligible for follow-up at 7 years of age
after applying the following prespecified exclusion criteria: pre-
or perinatal or childhood death, maternal prenatal complications,
birth weight <1500 g, twin births, and illnesses or injuries
affecting neurodevelopment, such as closed head trauma or
meningitis (Figure 1). The study was reviewed and approved by
the Seychelles Ethics Board and the Research Subjects Review
Board at the University of Rochester. Original power calculations
based on the magnitudes of associations observed for the Bayley
Scales of Infant Development II (BSID-II) Psychomotor Devel-
opmental Index (PDI) at 9 and 30 months of age in our earlier
NCI cohort determined that the sample size needed to detect an
interaction between MeHg and PUFA at 20 months of age in the
NC2 cohort would be 1200 (15). Quality control procedures at all
collaborating study sites are described elsewhere (15).

Prenatal MeHg exposure

Maternal hair samples were collected at delivery to determine
prenatal MeHg exposure. Total mercury was measured by atomic
absorption spectroscopy at the University of Rochester in the
longest hair segment available that reflected exposure throughout
pregnancy. Hair was assumed to grow at a rate of 1.1 cm/mo
(18). Mercury deposited in hair is >80% MeHg and is known
to correlate with the amount of mercury deposited in the infant
brain (18).

Blood sampling and PUFA analysis

As described previously (15), maternal blood was drawn at
the 28-week visit, then aliquoted and stored at —80°C. In total
serum, the extraction of individual PUFAs, including AA, linoleic
acid (18:2n-6) (LA), a-linolenic acid (18:3n-3) (ALA), EPA, and
DHA, was completed and their FAME were prepared using boron
trifluoride methanol according to an adaptation of the Folch et
al. method (19). Individual FAME were detected and quantified
by the gold-standard technique of gas chromatography—mass
spectrometry (7890A-5975C; Agilent Technologies UK Ltd.),
as previously described (8). The PUFA were identified both
by their retention time and corresponding qualifier ions, with
reference to those commercially available fatty acid standards,
and quantified by use of an internal standard (C17:0). The internal
standard was added to the samples to monitor the recovery rate.
All analytic standards were of >99% purity and purchased from
Sigma-Aldrich. An external calibration curve was established to a
range of 0.01-1.5mg/ml and was run daily alongside the quality
control (QC) material to check analytic precision. The average
inter-assay and intra-assay CVs of fatty acids in the QC material
were 8.34% and 5.83%, respectively. Results are presented as
milligrams per milliliter to indicate physiologic quantities.

Dietary assessment

Descriptive data on dietary intake of fish were collected for
1424 NC2 mothers at 28 weeks of gestation using a Fish Use
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1535 mother-child pairs

Strain et al.

Maternal pre- or perinatal complications (n = 3)

1441 eligible mother-child
pairs

94 exclusions:
Pre- or perinatal death (n =9)
Death before 7-year examination (n = 14)

Birthweight <1500g (n = 6)
Head trauma, seizures, or disability before 7-
year examination (n = 28)
Twin births (n = 34)

1237 mother-child pairs
with data on exposure and
one or more developmental

outcomes and covariates

204 model exclusions:
Missing Hg (n = 129)
Missing PUFA (n = 48)
Missing all 7-year tests (n = 40)
Missing maternal IQ (n = 50)

FIGURE 1 Description of exclusions and missing data for the current analysis.

Questionnaire, which recorded the frequency of fish consumption
(meals/week) by women during pregnancy.

Neurodevelopmental assessment

All assessments were conducted at the dedicated Seychelles
Child Development Centre by a team of trained nurses. When
children were about 7 years of age (range, 7.0-7.9 years), they
completed a comprehensive test battery that addressed a range
of neurodevelopmental domains. Children were evaluated on
14 primary neurodevelopmental endpoints using the following
tests: Clinical Evaluation of Language Fundamentals—5 (CELF-
5; 6 endpoints), Kaufman Brief Intelligence Test 2 (KBIT-
2; 2 endpoints), Boston Naming Test (BNT), Trailmaking A,
finger tapping (FT; 2 endpoints), and Woodcock-Johnson Test
of Achievement—III (WJ-III; 2 endpoints). Parents were asked
to complete the following instruments for an additional 3
primary endpoints: Child Behavior Checklist (CBCL), Social
Responsiveness Scale 2 (SRS-2), and the Social Communi-
cation Questionnaire (SCQ). The tests are further described
below.

Language development.

The CELF-5 is a 5-part test of linguistic skills to assess
functions such as comprehension, repetition, naming, and
other receptive and expressive skills. These skills include an
assessment of children’s understanding of linguistic concepts;
the ability to interpret, recall, and execute oral directions of
increasing length and complexity and to remember the names,
characteristics, and order of objects (following directions); the
ability to recall and reproduce sentences (recalling sentences);
comprehension of grammatical rules at the sentence level
(sentence comprehension); and the ability to interpret factual
and inferential information (understanding spoken paragraphs)
(20).

Cognition.

The KBIT-2 is a cognitive test that assesses both verbal and
nonverbal intelligence. The verbal scale assesses knowledge of
words and their meanings, whereas the nonverbal scale assesses
the ability to solve new problems by perceiving relationships and
completing analogies (21).

Executive function.

The BNT total score assesses executive function and is a 60-
item measure of object naming from line drawings. It evaluates
the extent to which subjects have difficulty retrieving the correct
words, names, or numbers from memory. Items are rank ordered
in terms of their ability to be named, reflecting the frequency
or common occurrence of the items (e.g., low-frequency objects
may be more difficult to name than high-frequency objects)
(22). Trailmaking is a measure of psychomotor development
and examines visual attention and task switching. This measure
requires a subject to connect 25 consecutive targets on a sheet of
paper as quickly as possible and is measured by the time taken to
complete the test. Trailmaking A includes only numbers (23).

Psychomotor function.

The FT test is a neuropsychological test that examines
motor functioning: specifically, motor speed and lateralized
coordination. This test determines the average number of taps in
5 consecutive 10-second periods. Test scores were obtained for
the dominant and nondominant hands (23).

Scholastic achievement.

The WIJ-III is a measure of scholastic achievement and
provides scores for academic achievement. We administered
2 subtests: letter-word identification and applied mathematical
problem solving (24).



MeHg exposure, PUFA status, and neurodevelopment 307

Behavior.

The CBCL is a 118-item test designed to assess behavioral
problems and social competencies of children, as reported by
parents. Items are scored on a 3-point scale ranging from not true
to often true of the child (25).

Social communication.

The SRS-2 is a 65-item rating scale that ascertains autistic
symptoms across the entire range of severity occurring in
ordinary social settings. Symptoms are sampled across the
domains of behaviors critical for the diagnosis of autism spectrum
disorders (ASD) by DSM-IV criteria (26). SCQ is a 40-item
parent questionnaire designed to screen for symptoms of ASD
in children. It is based on the Autism Diagnostic Interview, the
most widely accepted interview for making a research diagnosis
of ASD, and has been used internationally to study ASD (27).

Covariates

As in previous analyses of this cohort (15), models were
adjusted for covariates known to be associated with child
neurodevelopment, including maternal age at delivery, child age
at testing, child sex, Hollingshead socioeconomic status, whether
or not both parents were living with the child (family status),
and mother’s cognitive ability (KBIT-2 matrices). Analysis of
CELF-5 outcomes also accounted for interviewer differences,
because preliminary linear models that included the interviewer
as a covariate showed that it was a significant predictor of CELF-
5 outcomes only.

Statistical analysis

We carried out linear regression analyses to evaluate the main
and interactive associations of MeHg and PUFAs on outcomes.
All analyses were specified in an a priori analysis plan developed
before model fitting. In main association models, we used DHA
and AA because these PUFAs are considered to have direct
influences on brain development (28). In the MeHg by PUFA
interaction models, we used total n-3 (comprising the major
quantitative PUFA, ALA, EPA, and DHA), total n-6 (comprising
the major quantitative PUFA, LA, and AA), and the n-6:n-3
ratio because the balance of these PUFAs can influence the
inflammatory response to MeHg toxicity in the developing brain
(29) and, in turn, might modify MeHg toxicity.

We examined the main associations of MeHg and PUFAs on
developmental outcomes with and without adjustment for each
other; only the models with both variables are reported. We
repeated these models while including an interaction between
MeHg and child sex, but only 1 sex interaction was statistically
significant at the conventional level (P < 0.05) and none were
significant after accounting for multiple comparisons. Therefore,
sex-specific associations were not considered further. We next
examined interactions between MeHg and tertiles of total n-3
and total n-6 PUFAs and the n-6:n-3 ratio, in separate models.
The main association models used PUFA as continuous variables,
whereas we used PUFA tertiles in the interaction models for
interpretability, specifically to compare MeHg slopes among
subjects with low, medium, or high PUFA concentrations.

All models were fit using the statistical package R, version
3.6.2 (30). Model assumptions were checked using standard
methods (31), which included graphically checking for linearity
and constant variance and normality of the residuals. No substan-
tial departures from linearity or constant variance were observed.
To improve the model fit, some outcomes were transformed
by either log10, square, or square root, as chosen by Box-Cox
criteria and reported in the tables. After transformations, when
required, there was no evidence of extreme outliers or highly
influential observations.

We report the individual associations and corresponding slope
(beta), SE, and P values. Associations for prenatal MeHg and
maternal PUFA were scaled by the IQR so that the predicted
outcome changes per unit increase in covariates are within
the possible values observed in our data. Therefore, regres-
sion coefficients for MeHg and PUFAs express the expected
change in each outcome when the exposure changes by the
amount of the IQR. We applied the Bonferroni correction to
account for multiple comparisons. We focused on 17 primary
neurodevelopmental outcomes and considered a P value less than
0.05/17 (0.0029) as statistically significant after correction for
multiplicity.

Results

We conducted analyses on 1237 participants with complete
covariate data and a measure of at least 1 outcome (Figure
1). Summary statistics for selected maternal characteristics,
prenatal MeHg and PUFA status, child outcomes, and model
covariates are presented in Table 1. The mean self-reported
maternal fish intake per week in this cohort was 8.6 meals (SD,
4.57).

The main associations between MeHg and child outcomes are
presented in Table 2 for models with DHA and AA (Model
1) and with the n-6:n-3 ratio (Model 2). Prenatal MeHg was
not significantly associated with any outcomes. While increasing
prenatal MeHg exposure was associated (0.0029 < P < 0.05)
with lower (i.e., worse) WI-III letter word scores and lower (i.e.,
better) square root (SCQ total) scores, these associations were not
statistically significant after correction for multiplicity.

Table 3 shows associations between maternal PUFA status
and neurodevelopmental outcomes. Neither DHA nor AA were
significantly associated with any of the outcomes at age 7 y.
Our results suggest that a higher ratio of total n-6 to total n-
3 was associated with higher (i.e., better) BNT scores, total
CELF-5 scores, CELF-5 following directions scores, and KBIT-
2 matrices scores (0.0029 < P < 0.05), but none of these
associations were statistically significant after accounting for
multiple comparisons.

Results from MeHg-PUFA interaction models are presented
in Table 4. Interactions between MeHg and n-3 PUFA tertiles
were suggestive [P = 0.030; 2 degrees of freedom (df) test]
only for the FT test on the nondominant hand. Similarly, inter-
actions between MeHg and n-6 PUFA tertiles were suggestive
(P = 0.032; 2 df test) only for the loglO Trailmaking A time.
However, these interactions were not statistically significant
after accounting for multiplicity. There were also no significant
interactions between MeHg and n-6:n-3 PUFA ratios.

Covariate associations in Supplemental Table 1 show bet-
ter test scores for girls and for participants with a higher
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TABLE 1 Summary statistics for maternal biomarkers, child outcomes at 7 years of age, and model covariates

Variable n Mean (SD) Minimum Median Maximum

Maternal prenatal biomarkers

Hair MeHg, ppm 1237 3.91 (3.47) 0.01 2.89 31.66
Total n-3 PUFA, mg/mL 1237 0.27 (0.09) 0.12 0.27 0.63
Total n-6 PUFA, mg/mL 1237 1.10 (0.29) 0.42 1.09 2.70
n-6:n-3 ratio 1237 4.35(1.64) 1.55 3.95 15.80
DHA, mg/mL 1237 0.18 (0.08) 0.04 0.18 0.52
AA, mg/mL 1237 0.20 (0.08) 0.04 0.21 0.38
Child 7-year outcomes
Trailmaking time A 1132 92.7 (42.1) 27 64 300
BNT total 1229 23.2(5.3) 8 23 45
CELF-5 total 1200 81.7 (16.6) 6 82 135
CELF-5 FD 1224 11.5(4.1) 0 11 24
CELF-5 LC 1231 17.7 (3.0) 0 18 25
CELF-5 RS 1219 26.9 (7.7) 3 26 57
CELF-5 SC 1222 19.5 (4.3) 0 21 26
CELF-5 USP 1215 5.8(3.9) 0 3 18
CBCL total 1218 42.4(24.3) 0 25 191
KBIT-2 word knowledge 1233 20.4 (7.8) 4 22 47
KBIT-2 matrices 1229 17.6 (4.9) 0 16 33
‘WI-III applied problems 1225 23.5(3.7) 0 24 34
WI-III letter word 1224 52.8 (22.4) 2 62 76
FT dominant hand 1222 31.2(5.1) 5 31.2 45.8
FT nondominant hand 1223 27.4 (4.6) 4.2 274 46.4
SCQ total 1227 8.4 (4.3) 0 9 31
SRS-2 total 1235 48.0 (19.3) 6 46 129
Covariates
Child age at testing 7 years 1237 7.4(0.2) 7 73 79
SES at 7 years 1237 33.3(10.8) 8 32 63
Raw maternal KBIT-2 matrices 1237 29.6 (7.0) 4 30 46
Mothers’ age at delivery 1237 27.1(6.3) 16.3 26.1 46.8
Child sex, female 1237 48%
Family status at 7 years
Both parents living with child 1237 52%

Total n-3 PUFA is defined as the sum of a-linolenic acid + EPA 4+ DHA; Total n-6 PUFA is defined as the sum of linoleic acid + AA. Abbreviations:
AA, arachidonic acid; BNT, Boston Naming Test; CBCL, Child Behavior Checklist; CELF-5, Clinical Evaluation of Language Fundamentals-5; FD,
following directions; FT, finger tapping; KBIT-2, Kaufman Brief Intelligence Test 2; LC, linguistic concepts; MeHg, methylmercury; RS, recalling sentences;
SC, sentence comprehension; SES, socioeconomic status; SCQ, Social Communication Questionnaire; SRS-2, Social Responsiveness Scale 2; USP,
understanding spoken paragraphs; WJ-III, Woodcock-Johnson Test of Scholastic Achievement—III.

socioeconomic status, greater maternal intelligence scores, and
older age at testing (P < 0.01 for most of these associations).

Discussion

We studied whether child neurodevelopmental outcomes are
associated with prenatal MeHg exposure or maternal PUFA using
a sophisticated and extensive test battery in the large SCDS
NC2 cohort. Maternal MeHg exposure was not associated with
17 child neurodevelopmental outcomes at 7 years of age in
this cohort. There were also no significant associations with
maternal DHA or AA. Four outcomes encompassing executive
function, cognition, and linguistic skills showed trends of better
performance with an increasing maternal n-6:n-3 PUFA ratio
(0.0029 < P < 0.05). Although these associations were not
significant after adjusting for multiple comparisons, we believe
these findings deserve more careful consideration because they
appear consistently across a broad range of neurodevelopmental
domains. Our analyses did not identify any statistically significant
interaction between maternal MeHg exposure and PUFA status.

In the current assessment, we focused on the n-3 and n-6
PUFA to determine whether the outcome associations with PUFA
observed at 20 months of age in this cohort (15) persisted at 7
years of age. The associations of neurodevelopment with the n-3
PUFA, DHA, and the PUFA interaction with MeHg that we found
at 20 months in this cohort were not present at 7 years of age.
Rather, in the current evaluation we observed multiple suggestive
outcome associations indicative of better child development as
the n-6:n-3 physiological ratio increased (BNT, the total CELF-
5 score, the CELF-5 following directions score, and the KBIT
matrices). These findings would be contrary to our hypothesis
that a greater n-3 status (i.e., lower n-6:n-3 ratio) should offer
protection against early oxidative or inflammatory insults to the
developing brain by MeHg. Our hypothesis had regarded the
n-6:n-3 ratio as an indirect measure of systemic inflammation,
reflecting the potential for greater production of n-6 PUFA-
derived eicosanoids (more proinflammatory than those derived
from n-3 PUFAs) (29) and thus lower protection against any
proinflammatory effects of MeHg. Therefore, it was surprising
that our findings were suggestive of better performance on
several neurodevelopmental tests with increases in the n-6:n-3
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TABLE 2 Prenatal methylmercury exposure in Models 1 and 2 in relation to child neurodevelopmental outcomes at 7 years of age: Seychelles Child

Development Study Nutrition 2 Cohort

MeHg: Model 1! MeHg: Model 22

Outcome n Beta, SE P Beta, SE P

Log, Trailmaking time A 1132 0.01, 0.01 0.26 0.02, 0.01 0.24
Square root, BNT total 1229 0.02, 0.02 0.15 0.02, 0.02 0.16
CELF-5 total 1200 —0.20, 0.49 0.68 —0.25,0.48 0.61
CELF-5 FD 1224 —0.12,0.13 0.35 —0.12,0.13 0.33
CELF-5 LC"2 1231 —-0.71,2.92 0.81 —1.06, 2.90 0.72
CELF-5 RS 1219 —0.09,0.23 0.68 —0.11,0.23 0.64
CELF-5 SC"2 1222 0.52,4.33 0.90 0.32,4.30 0.94
Square root, CELF-5 USP 1215 —0.00, 0.02 0.90 —0.00, 0.02 0.84
Square root, CBCL total 1218 —0.01, 0.05 0.81 —0.01, 0.05 0.80
KBIT-2 word knowledge 1233 —0.28,0.24 0.25 —0.30,0.24 0.22
KBIT-2 matrices 1229 0.07, 0.15 0.63 0.06, 0.15 0.69
WI-III applied problems” 2 1225 0.52, 5.00 0.92 0.32,4.98 0.95
WI-III letter word 1224 —1.36, 0.68 0.05 —1.39, 0.68 0.04
FT dominant hand 1222 0.00, 0.15 0.97 0.01,0.15 0.96
FT nondominant hand 1223 —0.14,0.14 0.33 —0.13,0.14 0.33
Square root, SCQ total 1227 —0.05,0.02 0.04 —0.05,0.02 0.04
Square root, SRS-2 total 1235 —0.01, 0.04 0.86 —0.01, 0.04 0.83

A regression analysis was performed for each outcome separately. Beta indicates the estimated regression coefficients. B and SE values are expressed as
changes in outcomes per IQR increase in exposure (3.75 ppm). The P values have not been adjusted for multiple comparisons. P values are considered
statistically significant when P < 0.0029. Abbreviations: AA, arachidonic acid; BNT, Boston Naming Test; CBCL, Child Behavior Checklist; CELF-5,
Clinical Evaluation of Language Fundamentals—5; FD, following directions; FT, finger tapping; KBIT-2, Kaufman Brief Intelligence Test 2; LC, linguistic
concepts; MeHg, methylmercury; RS, recalling sentences; SC, sentence comprehension; SCQ, Social Communication Questionnaire; Sqrt, SCQ total score;
SRS-2, Social Responsiveness Scale 2; USP, understanding spoken paragraphs; WI-III, Woodcock-Johnson Test of Scholastic Achievement—III.

"Model 1 was adjusted for maternal DHA and AA status, maternal age, maternal 1Q, child age, child sex, Hollingshead socioeconomic status, and family
status. CELF-5 outcomes are also adjusted for interviewer. Effect estimates for covariates are shown in Supplemental Table 1.

2Model 2 was adjusted for maternal n-6:n-3 ratio, maternal age, maternal IQ, child age, child sex, Hollingshead socioeconomic status, and family status.

CELF-5 outcomes are also adjusted for interviewer.

ratio. However, studies in healthy human adults have found that
increased intake of the n-6 PUFAs LA and AA does not increase
the concentrations of many inflammatory markers (32).

At age 20 months we also, unexpectedly, found associations
between lower test scores on the Mental Development Index
(MDI) using the BSID-II and increasing maternal DHA. (15). In
that paper, we suggested that there might be an optimal balance
between the n-6 PUFAs, specifically AA, and the n-3 PUFAs,
specifically DHA. Studies in Tanzania where tribes with differing
fish consumption were studied reported that the relationship
between DHA and AA among those with low DHA status was
positive, but reversed among those with high DHA status in
pregnancy and postpartum (33-35). These studies suggest that
the status of DHA impacts the physiological availability of AA
and vice versa. The placenta is an important organ for the control
of PUFA uptake from the maternal circulation and transfer to the
fetal circulation (36). Ex vivo work points to a general order for
placental uptake of AA > DHA > ALA > LA, but the placental
transfer to the fetus differs and favors DHA > ALA > LA > AA
(37). The placenta is considered to have a minimum requirement
for AA for eicosanoid production. If the maternal AA status
is relatively low, more AA will be retained by the placenta
and could further decrease the amount of AA available for
fetal neurodevelopment. Recently, the importance of a balance
between DHA and AA in infant formula has received much
attention, and a position paper by the European Academy of
Paediatrics and the Child Health Foundation concluded that
AA content should at least equal the DHA content (38). In

populations that eat high amounts of fish, such as that in the
Seychelles, the physiologically active n-6, AA, might become
the limiting PUFA for neurodevelopment, resulting in benefits at
higher n-6 intakes.

Nevertheless, our findings at 7 years of age in NC2 are contrary
to findings in another study, which reported an inverse association
between a high maternal n-6:n-3 ratio (determined in maternal
plasma phospholipids in 4336 women) and the child’s risk of
problem behavior at age 5-6 'y (39). Our findings are also contrary
to other studies that have investigated the maternal dietary n-
6:n-3 ratio and children’s neurodevelopmental outcomes. In
1335 mother-child pairs in the Etude des Déterminants pré- et
postnatals précoces du développement et de la santé de I’ ENfant
(EDEN) mother-child cohort, the maternal dietary n-6:n-3 ratio
during the last trimester of pregnancy, assessed post-delivery
using an FFQ and a portion-size picture booklet, was inversely
correlated with the child’s language development at age 2 y
and with different assessments of development at age 3 y (40).
Similarly, in 960 participants of the Mothers and Children’s
Environmental Health (MOCEH) cohort study, the maternal
dietary n-6:n-3 ratio, assessed by a 1-d 24-h recall, was inversely
associated with both the MDI and the PDI of the Korean Bayley
scales of infant development at age 6 months (41). A further
study investigating children’s intake rather than maternal intake
reported that the dietary n-6:n-3 ratio in 7-9 year old children
(n = 70), assessed by three 24-h diet recalls, was inversely
associated with working memory and planning problems using
a subset of the Cambridge Neurophysiological Test Assessment
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TABLE 3 Maternal PUFA status in Models 1 and 2 in relation to child neurodevelopmental outcomes at 7 years of age: Seychelles Child Development

Study Nutrition 2 Cohort

Model 1! Model 2!
DHA AA n-6:n-3 ratio

Outcome n Beta, SE P Beta, SE P Beta, SE P

Log, trail-making A 1132 0.01, 0.02 0.52 —0.01,0.02 0.77 —0.01, 0.01 0.52
Square root, BNT Total 1229 —0.04,0.03 0.13 0.03, 0.03 0.31 0.03, 0.01 0.05
CELF-5 total 1200 —1.30,0.84 0.12 —0.13,0.79 0.87 0.99, 0.46 0.03
CELF-5 FD 1224 —0.13,0.22 0.56 —0.29,0.20 0.16 0.24,0.12 0.05
CELF-5 LC"2 1231 —8.99,5.01 0.07 2.43,4.67 0.60 4.42,2.70 0.10
CELF-5 RS 1219 —0.24,0.40 0.55 —0.10,0.38 0.79 0.15,0.22 0.48
CELF-5 SC 1222 —5.12,7.43 0.49 —2.93,6.95 0.67 4.84,3.99 0.23
Square root, CELF-5 USP 1215 —0.05,0.04 0.19 0.03, 0.03 0.32 0.01, 0.02 0.45
Square root, CBCL total 1218 0.06, 0.09 0.54 —0.09, 0.09 0.33 —0.04, 0.05 0.48
KBIT-2 word knowledge 1233 —0.54,0.42 0.19 0.25,0.39 0.52 0.29,0.23 0.20
KBIT-2 matrices 1229 —0.48,0.26 0.06 —0.03,0.24 0.90 0.40,0.14 0.004
WI-III applied problems” 2 1225 —0.76, 8.63 0.93 —0.63, 8.08 0.94 —1.88,4.63 0.69
WI-III letter word 1224 —1.19, 1.18 0.32 —0.24,1.11 0.83 1.19, 0.64 0.06
FT dominant hand 1222 —0.08,0.27 0.75 —0.08, 0.25 0.76 0.20,0.14 0.16
FT nondominant hand 1223 —0.15,0.24 0.54 0.04,0.23 0.86 0.20,0.13 0.12
Square root, SCQ total 1227 0.02, 0.04 0.69 —0.02,0.03 0.50 —0.00, 0.02 0.99
Square root, SRS-2 total 1235 0.03, 0.07 0.69 —0.09, 0.06 0.18 —0.01, 0.04 0.85

Regression analysis was performed for each outcome separately. Beta values are estimated regression coefficients. B and SE values are expressed as
changes in outcomes per IQR increase in exposure (DHA: 0.128 mg/mL; AA: 0.11 mg/mL; n-6:n-3 ratio: 1.675). The P values have not been adjusted for
multiple comparisons. P values are considered statistically significant when P < 0.0029. Abbreviations: AA, arachidonic acid; BNT, Boston Naming Test;
CBCL, Child Behavior Checklist; CELF-5, Clinical Evaluation of Language Fundamentals—5; FD, following directions; FT, finger tapping; KBIT-2,
Kaufman Brief Intelligence Test 2; LC, linguistic concepts; MeHg, methylmercury; RS, recalling sentences; SC, sentence comprehension; SCQ, Social
Communication Questionnaire; SRS-2, Social Responsiveness Scale 2; USP, understanding spoken paragraphs; WJ-III, Woodcock-Johnson Test of Scholastic

Achievement-III.

'Models adjusted for prenatal MeHg exposure, maternal age, maternal IQ, child age, child sex, Hollingshead socioeconomic status, and family status.
CELF-5 outcomes are also adjusted for interviewer. Model 1 was adjusted for maternal DHA and AA status; Model 2 was adjusted for maternal n-6:n-3 ratio.

battery (42). The conflicting results regarding maternal n-6 and
n-3 PUFA and offspring neurodevelopment in mothers with high
n-6:n-3 PUFA ratios (dietary or physiological) compared with the
lower n-6:n-3 PUFA ratio that is more representative of mothers
eating high fish intakes (mean 8.6 fish meals per week in the
Seychelles cohort) require further study.

Our study strengths include a cohort enrolled early in
pregnancy specifically to address the complex relationships of
maternal fish consumption, MeHg exposure, and nutritional
status on child neurodevelopment. The cohort size was large
enough to permit prospective investigations of interactions
between maternal MeHg exposure and PUFA status, as well as
of the main associations of both maternal MeHg exposure and
PUFA status with child neurodevelopmental outcomes. Robust
biomarkers of both MeHg exposure and PUFA status were
used to address the relationships, with multiple indices of child
neurodevelopmental outcomes measured by a sophisticated and
extensive neurodevelopmental test battery. Mothers consumed
large quantities of fish, resulting in mean MeHg exposures
about 10 times higher than those in US and UK women. The
population does not consume sea mammals, and exposure to
polychlorinated biphenyls and other toxicants was minimal. The
Seychellois mothers had universal access to free systems of
health care and education and live in a region with limited
industrial development and no local sources of pollution,
providing further natural control for study biases. Confidence in
the robustness of the study design and procedures is strengthened

by the finding that covariates were generally associated with
neurodevelopmental outcomes in the expected direction: that
is, better tests scores were observed for girls and participants
with higher socioeconomic status, greater maternal intelligence
scores, and older age at testing (see Supplemental Table 1).
Finally, the study has been double blind from its inception and
all analyses were prespecified.

Our study limitations are those inherent to all observational
epidemiological studies, which can only identify associations,
not causal relationships. Other limitations include the potential
for measurement error in a 1-time assessment of maternal PUFA
status (our maternal hair Hg measure reflects the entire preg-
nancy) and residual confounding owing to omission of potentially
important covariates such as other fish-related nutrients. Dietary
information from children during follow-up was not considered
in our analyses. Furthermore, missing covariates reduced the
size of the enrolled cohort available for analysis, although the
demographic and exposure characteristics between those with
and without missing covariates were similar (15). Finally, our
study was designed to detect subtle, statistically significant asso-
ciations between exposures and neurodevelopmental outcomes in
otherwise healthy children. Therefore, any associations reported
here are not likely to be clinically meaningful.

In conclusion, we found no significant association be-
tween prenatal MeHg exposure, maternal PUFA status, and
children’s neurodevelopmental outcomes at 7 years of age.
Associations showing trends of better performance on a broad
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range of neurodevelopmental outcomes with an increasing
maternal n-6:n-3 PUFA ratio suggest that relatively higher
maternal status of n-6 PUFA rather than n-3 PUFA might be
more important in optimizing child neurodevelopment in the
Seychelles.
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