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Abstract

Introduction— Prenatal exposure to organic methylmercury (MeHg) from seafood consumption
has been reported to increase children’s blood pressure (BP). A report from the Faroe Islands noted
significantly increased diastolic and systolic BP in 7 year old children as prenatal MeHg exposure
increased. The Faroese diet includes sea mammals that contain MeHg, cadmium, and other pollutants.
We examined this relationship in the Seychelles Islands to determine if it was present in a society
exposed primarily to MeHg from consuming ocean fish.

Methods—We obtained BP at ages 12 and 15 years on children with known prenatal MeHg
exposure enrolled in the Seychelles Child Development Study (SCDS). We examined the association
between prenatal MeHg exposure and BP using longitudinal models and linear regression adjusted
for relevant covariates.

Results—Blood pressure at both ages was associated with BMI, height and maternal hypertension
during pregnancy as expected. No association between prenatal MeHg exposure and BP was present
in girls at either age or in either sex at age 12 years. At age 15 years diastolic BP in boys increased
with increasing prenatal MeHg exposure, while systolic BP was unaffected.

Summary— It is unclear whether the association between prenatal MeHg exposure and diastolic
BP seen in 15 year old boys is of biological significance or if it is a chance finding. However, the
finding is intriguing and deserves further study.
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Introduction

Prenatal exposure to methyl mercury (MeHg) from seafood consumption has been proposed
as a factor that increases blood pressure (BP) in children (Sorensen et al, 1999). An
epidemiologic study of toxic exposures in the Faroe Islands reported an association between
prenatal MeHg exposure and children’s BP at age 7 years. This association was not present
when these children were evaluated at age 14 years (Grandjean et al, 2004). At both ages the
children’s BP was within the normal range. This possible association is important since some
chronic disease are thought to have a prenatal onset and factors that increase blood pressure
increase the risk of developing hypertension and thus cardiac, renal and cerebrovascular
complications (Gillman, 2005; Law et al, 1993).

There are reasons to suspect that prenatal MeHg exposure might affect BP. Postnatal poisoning
of experimental animals with MeHg is associated with hypertension (Wakita, 1987).
Hypertension is a reported complication of postnatal poisoning by other forms of mercury (Hg),
such as inorganic, elemental, and phenyl (Warkany, 1996); (Torres et al, 2000); (Al-Damluji,
1976). Hypertension has occasionally been reported with adult Hg poisoning (Hook et al,
1954; Hunter and Russell, 1954). However, blood pressure elevations were not a prominent
part of the clinical picture following the extensive poisonings in Iraq or Minamata (Harada,
1968; Jalili and Abbasi, 1961; Bakir et al, 1973). In addition, several studies have examined
the relationship between concurrent Hg exposure and BP in adults and found no evidence of
an association (Dorea et al, 2005); (Mozaffarian et al, 2005). However one study found an
adverse association between concurrent Hg exposure and systolic BP in women, only among
non-fish eaters (Vupputuri et al, 2005).

Prenatal exposure to MeHg occurs primarily as a result of maternal fish consumption. Since
fish is a primary source of protein for millions of people worldwide, exposure to small amounts
of MeHg is widespread. In Japan high levels of MeHg and other pollutants were reported in
fish as a result of industrial contamination. One incident occurred in the 1950’s in Minamata,
Japan and the other in the 1960s in Niigata, Japan (Tsubaki and Irukayama, 1977; Tsubaki and
Takahashi, 1986). In both cases, waste water containing pollutants from a chemical plant was
discharged directly into the local waters. At Minamata Hg levels in marine organisms were
reported to be as high as 37.5 ppm (Harada, 1995). That level is nearly 100 times higher than
levels normally present in ocean fish. At Minamata, the Hg levels in the hair of local residents
ranged up to 705 ppm, a value over 700 times higher than the average value in the US. Although
hypertension occurred at a higher than usual rate in Minamata, no relationship to MeHg
exposure was established (Tamashiro et al 1984). Also, in a study of prenatal MeHg poisoning
in Japan (congenital Minamata disease) elevated BP was not present (Oka et al, 2003).

In contrast to Minamata, the ocean surrounding the Seychelles has only background levels of
mercury. Hg levels in fish average 0.3 ppm, a level generally similar to those of commercial
fish in the US. Women of childbearing age in the Seychelles consume fish on average with 12
meals per week and their hair Hg levels average 6.9 ppm (range 1-27, SD 4.5) (Myers et al,
2003). Seychellois women do not consume sea mammals. In comparison, Hg levels among US
women of childbearing age are generally lower. US women have an average of 1 ppb Hg in
blood, with hair Hg levels generally below 1 ppm (Vupputuri et al, 2005).(Schober et al,
2003).

If prenatal MeHg exposure from fish consumption does increase children’s BP, it would have

important public health consequences. Consequently, we examined this relationship in the main
cohort of the Seychelles Child Development Study (SCDS).
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The SCDS is a prospective, observational, double blind investigation of the relationship
between prenatal MeHg exposure from maternal fish consumption and children’s
neurodevelopment (Myers et al, 2003; Davidson et al, 1998). The main cohort of 779 mother
child pairs was enrolled in 1989-1990 when the children were 6 months old. Prenatal MeHg
exposure was measured as total mercury (Hg) in maternal hair growing during pregnancy, a
value that is known to correlate with infant brain levels (Cernichiari et al, 1995). The maternal,
child and family characteristics of this cohort have been reported previously (Shamlaye et al,
1995, Davidson et al, 1998, Myers et al, 2003). Institutional review committees in the Ministry
of Health, Republic of Seychelles and at the University of Rochester approved the study. All
parents provided informed consent. The authors had full access to the data and take
responsibility for its integrity. All authors have read and agree to the manuscript as written.

Evaluations of BP

Exclusions

BP was not part of the prospective design of the study, but was available from routine school
health examinations. School health nurses conduct routine examinations in Kindergarten and
grades 4, 7 and 10. In grades 7 and 10 (ages 12 and 15 years respectively) weight, height and
BP are measured. Participation in this voluntary program was 86% in 2001 and 80% in 2002.
A previous study using data from this program reported a strong association between BMI and
both systolic and diastolic BP among the Seychellois children in four school grades (Chiolero
et al, 2006). The Ministry of Health maintains a database of screening data from which we
extracted the children’s data for those subjects who are part of the SCDS.

Blood pressure was measured by trained school nurses using a validated, automated
sphygmomanometer (Omron, HEM 711AC) (O’Brien et al, 2001). The nurses used a cuff
(pediatric, standard or large) whose bladder encircled at least 80% of the arm circumference
and did not cover the antecubital fossa. The children rested several minutes prior to the BP
measurement and were seated with their arm comfortably resting on a table. Duplicate BP
readings were obtained on the right arm with an interval of at least one minute between readings.
For analysis the average of the duplicate values was used. Weight was measured to 0.1 kg
precision without shoes or heavy garments, using precision electronic scales (Seca 870,
Hamburg, G). Height was measured with fixed stadiometers to 0.5 cm precision. Body mass
index (BMI) was calculated as weight (kg) divided by height (meters) squared.

Atage 12 years, 650 subjects had measurements of both diastolic and systolic BP. Five subjects
were excluded due to missing covariates and one for an implausible height. At age 15 years,
568 subjects had both BP measurements. Seven subjects were excluded due to missing
covariates, one because the weight was implausible, and one who was over 18 years of age.

Statistical Methods

The outcomes for all models were the mean diastolic and mean systolic BP, fit in separate
models. The primary analyses consisted of linear longitudinal models with age at testing coded
as 0 (12 years) or 1 (15 years). These primary models included an age at testing by MeHg
interaction to test the hypothesis that MeHg affects BP differently at the two different ages.
Models without a significant interaction term were next run without the interaction term. For
any model in which the age at testing by MeHg interaction term was significant, linear
regression models were then fit separately for each age. As a subsidiary analysis, the primary
longitudinal models were re-run including a sex by age interaction to account for different
growth rates among males and females during adolescence. For any model in which the overall
MeHg effect was significant, two further subsidiary analyses were fit: (1) a sex-specific model
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to test whether the MeHg effect was present for both sexes; and (2) an additive model that
allowed for a nonlinear relationship between BP and each continuous covariate. A further
subsidiary model was fit for the age-specific linear regression models, which included arandom
effect for school to allow for BP variability across locations. Finally, models reported in detail
in tables in this paper were also rerun (1) with adjustment for SES; and (2) in separate models,
without covariates that might also be considered endpoints, namely BMI, height, birthweight,
and maternal hypertension. SES has been found to be an important predictor of childhood BP
in some studies (Colhoun et al 1998), but SES was missing for over 10% of our sample.

Model assumptions for linear regression were checked using standard regression diagnostics
(Weisberg, 2005). When the assumptions held, they were not further checked in the
longitudinal models. We examined the effects of outliers and influential points (Weisberg,
2005) by fitting linear regression models with and without these points.

All models were adjusted for the following covariates: sex, prenatal MeHg exposure, maternal
hypertension during pregnancy that required medical treatment, birth weight, age at testing,
body mass index (BMI) and height. Maternal hypertension during pregnancy was only recorded
as a dichotomous (yes/no) variable. We adjusted for these covariates because each is known
or believed to be associated with childhood BP, and associations between these covariates and
childhood BP have been reported in the literature (Chiolero et al 2006, Falkner et al 20086,
Hardy et al 2006, Sorensen et al 1999) . Other covariates that have been associated with other
outcomes in the SCDS, such as mother’s 1Q, were not included because there was no reason
to believe that they would affect childhood BP.

Complete data were available on 644 children (313 boys and 331 girls) at age 12 years and 559
children (267 boys and 292 girls) at age 15 years. For the longitudinal models there was
complete data at both ages on 524 children (244 boys and 280 girls). The means and ranges of
the BP measurements and covariates are presented in Table 1.

At age 12 years the correlation between the duplicate systolic readings and the duplicate
diastolic readings was 0.76 and 0.57 respectively while at age 15 years they were 0.76 and 0.67
respectively. As noted previously, the average of the duplicate readings was used for analysis.
The Pearson correlations between average systolic and average diastolic BP at each age and
between BP and MeHg are presented in Table 2. Of note is the change in sign and increased
magnitude of the correlation between MeHg and diastolic BP (column 6) at age 15 versus at
age 12, particularly among boys.

Primary Analysis

The prenatal MeHg by age interaction was significant in the longitudinal model for diastolic
BP (p=0.02), but not systolic BP (Table 3). Increased MeHg exposure was associated with a
greater diastolic BP at age 15 years (p=0.02), but not at age 12 years. There was no association
between MeHg and systolic BP overall or at either age. As expected, BMI, height, and maternal
hypertension were significant predictors of both BP measures (Table 3). Taller children, those
with a higher BMI, and those whose mothers had been treated for hypertension during
pregnancy had significantly higher diastolic and systolic BP on average than their counterparts.
In addition, boys had significantly lower diastolic BP than girls. In this adjusted model,
measurements at age 15 years were associated with a significantly lower diastolic and systolic
BP than measurements at age 12 * . Results from the age-specific linear regression models were
consistent with results from the longitudinal model. Prenatal MeHg exposure was a significant
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predictor only in the model for 15-year diastolic BP. In this model, for each ppm rise in MeHg,
diastolic BP was estimated to rise by 0.18 mm Hg.

Model assumptions appeared to be met in all models, except for some nonlinearities . There
were no influential observations as judged by Cook’s distance (Weisberg, 2005). Most models
had 2—4 outliers, observations whose studentized residual was >3 or < —3. The regression
coefficients were essentially unchanged when outliers were removed.

Subsidiary Analyses

The age by sex interaction was significant only for systolic BP. Boys showed a greater increase
in systolic BP from age 12 to age 15 than girls. Including this interaction had little effect on
the coefficients or SEs for MeHg and was not considered further. When the primary
longitudinal model was adjusted for SES, the coefficient for MeHg changed from —0.03 (p=.
62) to —0.05 (p=.46) for diastolic BP, and from 0.07 (p=.46) to 0.06 (p=.49) for systolic BP.
The coefficient for SES was —0.04 (p=.14) for diastolic BP, and 0.02 (p=.60) for systolic BP.
When the primary longitudinal models were rerun without variables that could be considered
endpoints, for both diastolic and systolic BP the resulting coefficients and p-values for the
remaining terms were similar to what they had been in the original models. In particular, the
coefficient for the MeHg by age interaction changed from 0.20 (p=0.02) to 0.22 (p=0.02) for
diastolic BP, and from 0.03 (p=0.79) to 0.05 (p=0.68) for systolic BP.

The additive model for 15-year diastolic BP showed a significant nonlinear relationship
between MeHg and BP. Under this model, diastolic BP is predicted to increase for exposures
up to about 10 ppm of MeHg, followed by a leveling off of the effect.

To further examine the association between prenatal MeHg exposure and diastolic BP at age
15 years, we fit separate linear regression models by sex. The overall effect of prenatal MeHg
on diastolic BP was significant for boys (p=0.003) but not for girls (p=0.59) (Table 4). For
boys, diastolic BP was predicted to increase by 0.36 mm Hg per 1 ppm increase in prenatal
MeHg exposure. These coefficients and p-values were virtually unchanged when we did not
adjust for BMI, height, maternal hypertension, and birthweight, and were very similar when
we adjusted for SES. SES was not an important predictor for 15-year diastolic BP for either
sex (p=.98 for girls, and p=.33 for boys). A similar pattern of nonlinearity between MeHg and
diastolic BP as noted earlier for both sexes was present for boys only (Figure 1).

The linear regression models for 15-year diastolic BP were rerun with a random school effect.
Schools which were represented by fewer than 10 boys or girls in this sample were pooled into
an “other” category. There were then 10 school categories. The intraclass correlations for these
models were 6% (girls) and 10% (boys), indicating that no more than 10% of the total variability
in 15-year diastolic BP could be explained by location. Schools in which the adjusted average
BP was significantly above or below the average for boys or girls were examined further. These
school effects were not consistent across the two sexes, suggesting that no single school had
consistently higher or consistently lower BP readings than expected.

*Both average diastolic and average systolic BP were higher at age 15 than at age 12. However the age at testing indicator variable was
correlated with the time-dependent covariates, most notably with height (correlation = 0.57). Consequently, the sign of the coefficient
ig[ the age at testing variable switched from positive in an unadjusted model, to negative in the adjusted model reported here.

We tested for nonlinearity between each continuous variable and the outcome using the approximate chi-squared test for the nonlinear
contribution of the nonparametric terms (Chambers and Hastie, 1993) from additive models fit in Splus (Venables and Ripley, 1994).
Results from these models showed that there was a significant departure from linearity between age and diastolic BP at age 12 (p<0.001),
but not age 15. At age 12 there was a linear increase in BP up to about age 12.3 years, followed by an approximately constant relationship
above that age. Because this relationship was so highly non-linear, age in the 12 year diastolic BP model was categorized as above or
below 12.3 years. The relationship between 15-year diastolic BP and MeHg was significantly non-linear, for both sexes together (p=.
013) and for boys only (p=.021). No other covariates in the 15-year diastolic BP models showed a significant departure from linearity.
All covariates in the 12-year diastolic BP model (with both sexes together) were approximately linearly related to the outcome.

Neurotoxicology. Author manuscript; available in PMC 2008 September 1.
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To investigate whether the different effects of MeHg on diastolic BP among boys at the two
ages was due to different subjects at each age, we fit models adjusting for the primary covariates
using only the 244 boys with BP measurements at both ages. Consistent with the previous
results, in these models prenatal MeHg was not associated with diastolic BP elevations at age
12 (p=0.79), but there was an adverse association at age 15 (p=0.002).

Discussion

We found one relationship between BP and prenatal MeHg exposure from fish consumption
in the SCDS main cohort. Prenatal MeHg exposure was associated with increased diastolic BP
in boys at age 15 years. We found no associations between prenatal MeHg exposure in girls
orinsystolic BP in either sex at either age. There is no biological reason to expect an association
only for diastolic pressure, only in boys or only at age 15 years. The single finding of an adverse
relationship between MeHg and diastolic BP in males at age 15 warrants further study, but
does not suggest a consistent association between MeHg and BP.

Our results are generally consistent with results from the Faroe Islands at a comparable age.
They found no associations between prenatal MeHg exposure and BP at age 14 years
(Grandjean et al, 2004). Our subjects did not have BP measured at earlier ages when an adverse
association was reported in the Faroes study. However, the shape of the relationship present
for 15 year diastolic BP in males is similar to the relationship they reported between prenatal
MeHg exposure and BP at age 7 years. In their study, prenatal exposures between 1 and 10 ug/
L (ppg) were associated with higher BP, but the association did not continue at exposures above
10 ug/L (Sorenson et al, 1999).

Differences in the results of the SCDS and the Faroe Islands study could be due to differences
indietand in exposure to pollutants. In the Seychelles, fish consumption accounts for the MeHg
exposure while in the Faroe Islands most of the Hg exposure is from consumption of pilot
whale meat. Pilot whale meat contains higher Hg levels than most fish (up to 3.3 ppm with
half being MeHq) and also has high cadmium levels (Anderson et al, 1987). Cadmium has
been linked to increases in BP (Perry and Erlanger, 1974). In the Faroe Islands whale blubber
is also consumed and it contains contaminants such as polychlorinated biphenyls (PCBs)
(Julshamn et al, 1987). Although the BP changes in the Faroes study were attributed to prenatal
MeHg exposure, the contribution of other pollutants could not be excluded.

The presence of several associations previously reported as risk factors that increase children’s
BP is reassuring and suggests the data is robust enough to find known relationships. For
example there was a strong and generally linear relationship between both diastolic and systolic
BP and BMI, height and maternal hypertension requiring medication during pregnancy at both
ages in both sexes. In addition, taller children and those with a higher BMI had on average
higher BP than their shorter and lighter counterparts, and there was an adverse association
between children’s BP and maternal hypertension requiring medication during pregnancy.
These findings also suggest that autonomic heart functions in the Seychelles children are
similar to those from developed nations. The study has weakness including that the BP
measurement was taken during a routine school physical evaluation. Measuring BP was not
part of the original prospective study design and only part of the cohort was examined.
Although the measurement of BP was carried out in multiple sites by different nurses, the
measurement of BP was standardized and automated. This standardization is likely to minimize
or eliminate any examiner-to-examiner variability in BP measurements, and we found no
evidence that location consistently influenced BP readings. BP measurements are known to
vary non-trivially around their average values and can be influenced by many factors such as
measurement technique, emotional stress, and other circumstances. This would have the effect
of increasing the model uncertainty and thus making it difficult to detect meaningful
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associations, especially if they are small. Future studies could benefit from obtaining more than
two BP readings so as to reduce the measurement error.

In summary, we found only one association present between prenatal MeHg exposure and BP.
Males at age 15 showed a small increase in BP as prenatal exposure increased. No other
associations between prenatal MeHg exposure and BP were present. This finding is intriguing,
but its biological significance, if any, is not clear.
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10
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Effect on 15-year diastolic BP
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Prenatal MeHg in boys

Figure 1.

Partial residual plot from the additive model of diastolic BP among baoys at age 15, showing
the effect of the smoothed term for prenatal MeHg levels. The model also adjusts for maternal
hypertension during pregnancy, and smoothed terms for birth weight, BMI, height, and age.
The dashed lines are 2 times the pointwise standard error curves, and the vertical marks along
the bottom show the distribution of MeHg.
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Table 3
Results of the longitudinal models based on data at both 12 and 15 years of age. All covariates are continuous
except sex, maternal hypertension during pregnancy and age at which BP was measured. The age-specific slopes
for MeHg (last two lines) were obtained from refitting the same model with the MeHg by age interaction
reparameterized.

Diastolic BP (mm Hg) Systolic BP (mm Hg)

Variable Slope (SE) p Slope (SE) p
Sex (boy) —2.25 (.50) <0.001 1.17 (.68) 0.08
MeHg (ppm) -0.03 (.07) 0.62 0.07 (.09) 0.46
Birth weight (kg) -1.13 (.49) 0.02 —0.82 (.67) 0.22
BMI (kg/m?) 0.71 (.06) <0.001 0.89 (.08) <0.001
Height (cm) 0.16 (.03) <0.001 0.45 (.04) <0.001
Maternal hypertension (yes) 2.58 (.91) <0.01 5.59 (1.24) <0.001
Age at testing (15 years) —2.07 (.78) 0.01 —-2.60 (1.01) 0.01
MeHg * age 0.20 (.09) 0.02 0.03 (.11) 0.79
MeHg

12 years —0.03 (.07) 0.62 0.07 (.09) 0.46

15 years 0.17 (.07) 0.02 0.10 (0.10) 0.32

BP=blood pressure, SE = standard error, MeHg=methylmercury, ppm=parts per million, BMI=body mass index.
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Linear regression models for 15-year diastolic blood pressure (mm Hg) by sex. All covariates are continuous

variables except maternal hypertension during pregnancy.

Girls Boys

Variable Slope (SE) p Slope (SE) p
MeHg (ppm) 0.05 (.10) 0.59 0.36 (.12) 0.003
Birth weight (kg) —1.60 (.90) 0.08 -1.21 (1.00) 0.23
BMI (kg/m?) 0.55 (.10) <0.001 0.63 (.16) <0.001
Height (cm) 0.12 (.07) 0.08 0.11 (.07) 0.08
Maternal hypertension (yes) 4.11 (1.59) 0.01 —0.16 (1.82) 0.93
Age at testing (years) 1.45 (1.80) 0.42 1.38 (1.96) 0.48

MeHg=methylmercury, ppm=parts per million, BMI=body mass index
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