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Abstract

Background Maternal blood total mercury (THg) is a biomarker for prenatal methylmercury (MeHg) exposure. Few studies
have quantified both blood THg and MeHg during pregnancy, and few studies have reported longitudinal trends.
Objectives We analyzed blood THg and MeHg in a cohort of pregnant mothers in Charleston, South Carolina (n = 83), and
investigated whether blood THg or MeHg changed between early and late gestation.

Methods THg and MeHg were analyzed in blood samples from early (12 + 1.7 weeks) and late (35 = 2.2 weeks) gestation.
Results Blood %MeHg (of THg) averaged 63% (range: 10-114%) and 61% (range: 12-117%) during early and late
gestation, respectively. In unadjusted analyses, blood MeHg decreased from early to late pregnancy (paired t-test, p = 0.04),
while THg did not change (paired #-test, p = 0.34). When blood MeHg was normalized by the hematocrit, this decrease was
no longer statistically significant (paired #-test, p = 0.09).

Conclusions In unadjusted analyses, blood MeHg, but not THg, decreased significantly between early and late gestation; this
decrease was due in part to hemodilution. Percent MeHg (of THg) varied by up to one order of magnitude. Results highlight

the importance of Hg speciation in maternal blood samples to assess prenatal MeHg exposure.

Keywords Methylmercury * Prenatal + Speciation - Hemodilution

Introduction

Mercury (Hg) is a global pollutant and potent neurotoxin,
which poses a threat to human health [1]. Methylmercury
(MeHg) is one of the most toxic Hg species, which has the
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ability to cross the placenta and the blood-brain barriers [2].
Maternal blood total Hg (THg) is a biomarker for fetal
MeHg exposure; [3] however, blood THg reflects exposure
to both MeHg and inorganic Hg [4]. Fish tissue is the main
dietary source of MeHg, while dental amalgams are an
important exposure source of inorganic Hg [2]. Hg from
dental amalgams is lower compared to fish tissue Hg [2].
Blood THg is estimated to be >90% MeHg (of THg) [2].
However, this value was based on ingestion of MeHg-
poisoned bread in Iraq between 1971 and 1972 [1]. For
those studies that measured both blood THg and MeHg (or
inorganic Hg) in populations with low-level MeHg expo-
sure, the average proportion of MeHg was <90%, and the
range was wide (Table 1) [5—10]. Percent MeHg (of THg)
averaged 57% among 150 children in Lisbon, Portugal [5],
who participated in a randomized clinical trial involving
dental amalgam restoration [6]. In Greenville, South Car-
olina, USA, %MeHg (of THg) in cord blood among seven
mothers averaged 69% (range: 25-124%, n =7 mothers);
average hair THg concentrations were low, suggesting low
fish consumption [7]. Within a cohort of 148 Swedish
pregnant women, of whom a majority (95%) ingested some
fish, blood %MeHg (of THg) averaged 72% (range for 90%
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Table 1 Studies reporting percent methylmercury (of total mercury) in maternal blood or cord blood

Reference  Location N Matrix THg (pg/L) MeHg (ug/L) IHg %MeHg (of THg)
Mean = 1 SD(range) Mean + 1 SD(range) Mean + 1 SD(range) Mean + 1 SD(range)

This study Charleston, South Carolina, USA 83  Early gestation, maternal blood 0.87 +0.79 (0.02-3.9) 0.58 £0.61 (0.01-2.7) 0.30 + 0.33% (0-2.0) 63 +24 (10-114)

This study Charleston, South Carolina, USA 83  Late gestation, maternal blood  0.79 £0.75 (0.06—4.0) 0.46+0.41 (0.01-2.1) 0.33 +£0.41* (0-2.1) 6122 (12-117)

5-6 Lisbon, Portugal 150 Maternal blood 4.82+231 (1.03-12.0) 2.73+1.52 (0.47-9.12) 4.82+231* (1.03-12.0) 56.6°

7 Greenville, South Carolina, USA 7 Cord blood 0.34 (BDL-0.67) 0.23 (0.061-0.73) 69 (25-124)

8 Sweden 148 Early gestation, maternal blood 0.94° (<BDL-6.8) 0.37° (<BDL-4.2) 72 (22-95)¢

8 Sweden 112 Late gestation, maternal blood 0.73° (<BDL-2.8) 0.32° (<BDL~1.9) Not given

9 Korea 400 Maternal blood 5.27° (5.00-5.57) 4.05° (3.81-4.32) 78.53¢ (77.09-79.97)

10 Baltimore, Maryland, USA 263 Cord blood 1.77 (1.58-1.97) 1.45 (1.26-1.65) 0.43 (0.38-0.48)" 74.6 (71.2-78.1)

IHg Inorganic mercury, MeHg methylmercury, SD standard deviation, THg total mercury
“THg (estimated) = THg—MeHg

PRange not given

“Median

dRange for 90% of the samples

°Geometric mean

f95% confidence interval
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of samples: 22-95%) [8]. Among 263 pregnant women in
Baltimore, Maryland, USA, cord blood %MeHg (of THg)
averaged 74.6% (95% confidence interval: 71.2, 78.1%) [9].
Among 400 Korean adults, who were frequent fish con-
sumers, blood %MeHg (of THg) averaged 79% (range:
77-80%) [10]. In addition to differences in dental amalgams
and dietary Hg sources, variability in %MeHg (of THg)
may reflect local exposure sources, as well as metabolism of
Hg [2].

Important trends regarding public health may be missed
if blood MeHg is not analyzed. For example, in Baltimore,
MD (n=263), in adjusted models, increasing cord blood
MeHg was associated with significantly higher systolic
blood pressure among pregnant mothers, whereas associa-
tions were non-significant and trends differed for cord blood
inorganic Hg (decreasing trend) and cord blood THg
(increasing trend) [9].

We recruited pregnant mothers in Charleston, South
Carolina, and investigated whether blood THg, MeHg, and
inorganic Hg (=THg—MeHg) differed between early and
late gestation. Few studies have reported longitudinal trends
in prenatal MeHg exposure; however, changes in metabo-
lism during pregnancy [11] may influence prenatal MeHg
exposure [7]. We also assessed whether blood THg, MeHg,
or inorganic Hg was associated with seafood consumption
or maternal characteristics, such as race/ethnicity, education
level, and maternal age.

Methods
Enrollment and biomarker collection

Mothers were recruited at the Medical University of South
Carolina in Charleston, South Carolina, a coastal city. A
majority of mothers were enrolled in a double-blind vitamin
D supplementation study, while seven mothers were
enrolled in an observational study concerning Hg metabo-
lism. Eligible mothers were in good general health, between
18 and 45 years old, expecting a singleton birth, and within
14 weeks of the last menstrual period. Mothers provided
written informed consent prior to enrollment. Protocols
were approved by the Institutional Review Board at the
Medical University of South Carolina and approved by
cooperative review at the University of South Carolina. The
vitamin D supplementation study is registered at Clin-
icalTrials.gov (NCT01932788).

Whole blood samples for Hg analyses were collected
from mothers at 12+1.7 weeks gestation (range:
8.2-17 weeks) and 35+2.2 weeks gestation (range:
28-38 weeks) (Becton Dickinson, K,EDTA, Royal Blue).
Vials were frozen at —20 °C, and transported to the Uni-
versity of South Carolina Mercury Lab in a Credo Cube
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(—20°C) (20M, Pelican, MN, USA). Details on Hg ana-
lyses are explained in Section “Hg analyses”.

After collection of the first blood sample, participants in
the vitamin D supplementation study were randomized into
placebo (400 IU) or supplemented (4400 IU) groups. No
associations were observed between vitamin D supple-
mentation status and maternal blood THg or blood MeHg
(Wilcoxon rank-sum, p = 0.66-0.83, n = 83), indicating it
was possible to pool mothers together for this analysis.

From October 2014 to March 2016, a total of 149
mothers were enrolled, including 83 mothers (56%), who
donated blood samples during early and late gestation. In a
post-hoc power analysis, a sample size of 83 provided 0.77
power to detect differences in blood MeHg between early/
late gestation using a two-tailed paired #-test. There were no
differences in age, ethnicity, or blood MeHg (early gestation
only) between mothers who donated just one blood sample
compared to those who donated two blood samples (Wil-
coxon rank-sum or chi-squared test, p =0.22-0.84, n=
142-149).

Food frequency questionnaire

During their second trimester, mothers completed at home
the Block Food Frequency Questionnaire (FFQ) [12], which
was previously utilized in this population [13]. The FFQ
included five questions pertaining to seafood consumption,
including “oysters,” “shellfish like shrimp, scallops, crabs,”
“tuna, tuna salad, tuna casserole,” “fried fish or fish sand-
wich,” and “other fish, not fried.” For each type of food,
there were nine possible responses, ranging from “never” to
“every day,” which were converted to servings per day: 0 =
never or a few times per year, 1/30.5 = once per month, 2.5/
30.5 =two to three times per month, 1/7 = once per week,
2/7 = twice per week, 3.5/7 = three to four times per week,
5.5/7 = five to six times per week, and 1 = every day. Daily
servings of each seafood were summed, providing total
seafood intake. Proportional intake of oysters, shellfish,
fried fish, other fish, and tuna was also determined. Dietary
exposure to MeHg may also occur through rice ingestion
[14-16]. The FFQ included one question regarding rice
ingestion, and servings per day were calculated as described
above.

Other covariates

We considered the covariates listed below, which were
associated with blood Hg in other studies [9, 17-22].
Mothers completed a sociodemographic questionnaire,
including race/ethnicity, maternal age, education level,
parity, and alcohol and tobacco use before and during their
pregnancy. Height and weight were recorded at the first
visit, and weight was recorded at subsequent visits. First
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trimester body mass index (BMI) was calculated, including
underweight (<18.5 kg/m?), normal weight (18.5-24.9 kg/
m?), overweight (25.0-29.9 kg/m?), and obese (>30.0 kg/
m?). Gestational weight gain was classified as below,
within, or above recommended weight gain based on
guidelines from the Institute of Medicine (IOM) of the
National Academies [23]. Antibiotic treatment between the
first and second blood draw was obtained from the medical
record (range: 0—7 times), and categorized (0 times, 1 time,
>2 times). Mothers reported whether they received the flu
vaccine and the date of the vaccine.

Hg analyses

Blood THg was analyzed using the cold digestion method,
following U.S. Environmental Protection Agency (EPA)
Method 1631 [24, 25]. Approximately 0.5 g of thawed
blood was aliquotted into a 40 mL borosilicate vial with a
Teflon-lined cap. Blood was digested in 4 mL of hydro-
chloric acid and 1 mL of nitric acid overnight at room
temperature. Then 1% 0.2 N bromine monochloride (BrCl)
solution was added at least 12 h prior to analysis to oxidize
all Hg to Hg(I). To neutralize BrCl, 0.1 mL of 30%
hydroxylamine hydrochloride was added, followed by 0.1
mL of tin (II) chloride to reduce Hg(Il) to volatile Hg(0).
De-foaming agent (Spectrum brand Antifoam AF) (2% v/v,
1 mL) was added to analysis vials to reduce foaming. THg
concentrations were quantified using cold vapor atomic
fluorescence spectrometry (CVAFS) (MERX-T with Model
IIT Detector, Brooks Rand Instruments, Seattle, WA).

Blood MeHg was analyzed using methods from Liang
et al. [5]. Approximately 0.5g of thawed blood was
weighed into a 50 mL polypropylene tube, and dried in an
oven overnight at 70 °C. Samples were digested in 2 mL of
25% potassium hydroxide:methanol (w/v) for 3 h at 75 °C.
Then 10 mL of dichloromethane (CH,Cl,) and 2mL of
hydrochloric acid were added to each sample. Samples were
shaken for 30 min, then left overnight to complete phase
separation. Approximately 8 mL of the CH,Cl, layer was
transferred to a pre-weighed 50-mL polypropylene tube,
and double-distilled H,O (>18.0 MQ cmfl) was added to
30 mL. Vials were heated in a water bath (60-70 °C) for 1.5
h to evaporate the CH,Cl, layer, and then the volume was
raised to 40 mL using double-distilled H,O. MeHg was
quantified using gas chromatography (GC)-CVAFS,
including ethylation with sodium tetraethylborate, following
U.S. EPA Method 1630 [26] (Model-III Detector, Brooks
Rand Instruments, Seattle, WA).

Results for quality assurance/quality control are sum-
marized in Table S1. Calibration curves were generated
daily with a minimum of five standard points, and r-squared
>0.99. For THg, average percent recoveries for four stan-
dard reference materials (n = 34) and matrix spikes (n = 30)

ranged from 93 to 108%. For MeHg, average percent
recoveries for three standard reference materials (n = 66)
and matrix spikes (n =43) ranged from 81 to 118%. The
average relative standard deviation (100 x standard devia-
tion/mean) between sample replicates was 3.3% for THg (n
=33) and 12% for MeHg (n = 50).

Method detection levels were determined using two EPA
methods [27]. Using 3 x standard deviation of blanks, the
method detection levels were 0.001 and 0.0001 pg/L for
blood THg and MeHg, respectively (THg, n = 14 blanks,
MeHg, n =19 blanks). Alternatively, dividing the lowest
point on the calibration curve by the average mass of blood
analyzed (0.5 g), the method detection levels were 0.01 and
0.002 pg/L for THg and MeHg, respectively. All THg and
MeHg values exceeded the method detection levels,
regardless of the method used to derive these levels.

Seventeen observations out of 166 values (10%) had %
MeHg (of THg) > 100%, which was due in part to analytical
variability, as noted above. Our lab and others have repor-
ted > 100%MeHg (of THg) [7, 16, 28]. We retained 12
observations <117%MeHg (of THg) (Table 1). For five
observations > 125%MeHg (of THg), MeHg concentrations
were imputed using multiple imputation based on the
multivariate normal distribution [29], conditional on
maternal blood THg, the hematocrit, weekly servings of
seafood (for mothers that completed the FFQ), and maternal
characteristics listed in Table 2. We imputed blood MeHg
rather than blood THg because the relative standard
deviation for MeHg was higher (12%) compared to THg
(3.3%) (Table S1). Data were analyzed with and without
imputed observations as a sensitivity analysis, and no dif-
ferences in our results were observed.

Blood inorganic Hg was estimated by subtraction (=THg
—MeHg) [5]. For 12 observations > 100%MeHg (of THg), a
value of O was imputed for inorganic Hg. Prior to the log-
transformation, 0.01 pg/L. was added to all inorganic Hg
concentrations so that observations =0 were not dropped
from the data set.

Blood THg and MeHg were analyzed at the University of
South Carolina Mercury Lab.

Hematocrit

The hematocrit (%) is part of the Complete Blood Count,
and is defined as the ratio between the volume of red blood
cells over the total volume of blood. Data for the hematocrit
was abstracted from the medical record. About 80% of
blood MeHg binds to red blood cells, while inorganic Hg is
more evenly distributed between blood cells and plasma [1].
Plasma volume increases from early to late pregnancy [30],
and may contribute to a dilution effect for blood MeHg [8].
To investigate the effect of hemodilution, blood THg,
MeHg, and inorganic Hg were normalized using an
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Table 2 Maternal characteristics (n = 83 mothers)

Mean = 1 SD
(range) or
n (%)
Age (years) 3054
(18, 42)
First trimester BMI (kg/m?) 29£82
(17, 60)
Weight change (kg)* 9.7+5.6
(=17.7, 23)
Race/ethnicity
African American 32 (39)
Caucasian 31 (37)
Hispanic 20 (24)
Education
<High school 35 (42)
College (some or completed) 31 (37)
Graduate school 17 (20)
Parity
0 28 (34)
1 25 (30)
>2 (range: 2-5) 30 (36)
BMI class®
Underweight or normal weight 29 (35)
Overweight 24 (29)
Obese 29 (35)
IOM weight gain guidelines®
Below 22 (27)
Within 34 (42)
Above 25 (31)
Antibiotic treatment between first/second blood draws
0 times 54 (65)
1 time 16 (19)
>2 times (range: 2—-7) 13 (16)
Flu vaccine
No 59 (71)
Yes 22 (27)
Uncertain 2 (2)
Did you drink alcohol prior to this pregnancy?
No 37 (45)
Yes 46 (55)
Alcohol consumption during pregnancy
No 82 (99)
Yes 1(1)
Were you ever a smoker?
No 65 (78)

equation previously used for blood lead (100 x blood Hg/
hematocrit) [31]. On average the Complete Blood Count
occurred 2.4 weeks before the first blood draw for Hg, and
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Table 2 (continued)

Mean + 1 SD
(range) or
n (%)
Yes 18 (22)
Smoking during pregnancy
No 81 (98)
Yes 2 (2)

BMI body mass index), /IOM Institute of Medicine, n sample size, SD
standard deviation

*Sample size: BMI (n = 82), BMI categorical (n = 82), weight change
(n=281), IOM (n=81)

2.1 weeks later than the second blood draw for Hg (median
=4 weeks for both).

Statistical analyses

Differences in blood Hg between early and late pregnancy
were determined using two-tailed paired r-tests. Bivariate
associations between continuous variables were examined
using Spearman’s correlation. Wilcoxon rank-sum test or
Kruskal-Wallis test was used for comparison between
continuous and categorical variables. To determine asso-
ciations between two categorical variables, a chi-squared
statistic with Fisher’s exact test was used.

The SAS Proc Mixed procedure for repeated measures
was used to model blood Hg by calculating maximum
likelihood estimates for covariates as fixed effects using an
autoregressive covariance matrix. Diagnostics for model fit
included comparison of the Bayesian Information Criterion,
examination of Cook’s distance, and examination of resi-
dual plots to ensure assumptions for residuals were met (no
evidence of non-linearity, constant variance, and normal
distribution). Separate models were fit for blood MeHg,
blood THg, and inorganic Hg. To adjust for positive skew
and normalize the residuals, blood MeHg, THg, and inor-
ganic Hg were log;, transformed. The variable for “time”
(early pregnancy, late pregnancy) was forced into the model
to examine the primary study question of whether blood Hg
changed over the course of the pregnancy, after controlling
for other covariates. Hematocrit was included in the model
to adjust for hemodilution effects, and vitamin D supple-
mentation status was included because most mothers were
enrolled in the vitamin D study (Section “Enrollment and
Biomarker Collection”). Additional variables were assessed
for inclusion in the model one at a time via forward
selection, and were retained in the model if the variable was
statistically significant (p <0.05), or inclusion of the vari-
able modified the beta coefficient for time by >10%, or by
prior association with MeHg exposure (e.g., maternal age).
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Fig. 1 Bivariate scatterplots relating (non-transformed) maternal blood
mercury during early (12+1.7 weeks) (figures a-d) and late (35 =+
2.0 weeks) gestation (figures e-h), including: (a, e) total mercury

Type III sums of squares were used to evaluate the statis-
tical significance of all variables. In instances of multi-
collinearity, the variable that was most predictive of blood
Hg remained in the model.

An alpha-level of 0.05 was used as a guide for statistical
significance for all analyses. Statistical analyses were per-
formed using SAS (Version 9.4, SAS Institute Inc., Cary,
NC, USA), Stata (Version 9.2, College Station, TX, USA),
and the R-platform.

Results
Study population

Maternal characteristics are summarized in Table 2. Edu-
cation level varied significantly by ethnicity (Fisher’s exact
test, p<0.001, n=83), including a higher percentage of
Caucasian mothers (94%) educated at the college or grad-
uate school level, compared to African American (47%) and
Hispanic mothers (13%). A total of 64% of women were
overweight or obese (BMI > 25.0 kg/m?). Only one mother
was underweight (BMI< 18.5kg/m?), and henceforth,
underweight and normal weight mothers were combined.

Blood MeHg (ug/L)
Blood %MeHg (of THg)

Blood MeHg (pg/L)
Blood %MeHg (of THg)

c. r=0.35, p<0.01 d. r=0.16, p=0.14

1

on

° 1 2 ) 4

Blood THg (ng/L

)& Le LS 20

Blood IHg (ug/L)

g. r=0.55, p<0.0001 h. r= -0.08, p=0.45

e

"

>

° 1 2 El 4

Blood IHg (ug/L) Blood THg (Ha/L)

(THg) vs. methylmercury (MeHg), (b, f) THg vs. inorganic mercury
(IHg), (¢, g) MeHg vs. IHg, and (d, h) %MeHg (of THg) vs. THg (n =
83 mothers). Spearman’s rho (r) and p-values are reported

BMI differed significantly by race/ethnicity
(Kruskal-Wallis, p<0.001, n=382), including higher
average BMI for African American mothers (34 kg/mz)
compared to Caucasian and Hispanic mothers (26 kg/m? for
both).

Blood Hg

Descriptive statistics for maternal blood Hg are summarized
in Table 1 and S2. Blood THg, MeHg, and inorganic Hg
were significantly correlated in both early and late preg-
nancy, including THg vs. MeHg [Spearman’s rho: (0.90,
0.93), p<0.0001, n=283], THg vs. inorganic Hg [Spear-
man’s rho: (0.66, 0.80), p <0.0001, n = 83], and MeHg vs.
inorganic Hg [Spearman’s rho: (0.35, 0.55), p<0.01, n=
83] (Fig. la-c,e-g). Conversely, %MeHg (of THg) was not
correlated with THg during early or late gestation (Spear-
man’s tho: (—0.08, 0.16), p = (0.14-0.45), n = 83) (Fig. 1d,
h).

The reference dose for blood THg is based on cord blood
(5.8 ug/L) [2], and the estimated corresponding dose for
maternal blood is 3.5 pg/L [32]. Two blood samples (1.2%)
had THg levels above 3.5 ug/L, and no blood THg con-
centrations exceeded 5.8 pg/L.

SPRINGER NATURE
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Fig. 2 Changes in maternal
blood mercury between early
(12 £ 1.7 weeks) and late (35 +
2.0 weeks) gestation (n =83
mothers), including (a) total
mercury (THg), (b) inorganic
mercury (IHg), (c)
methylmercury (MeHg), and (d)
%MeHg (of THg). p-Values are
reported for two-sided paired ¢-
tests

Blood THg (ug/L)

L5 20

10

a. p=0.33

b. p=0.52

10
\
[

05
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0.0

05

Blood MeHg (pg/L)

0.0

Seafood consumption

A total of 49 mothers completed the FFQ (59%). A higher
percentage of Caucasian mothers (77%) completed the FFQ
compared to African American (53%) and Hispanic mothers
(40%) (Chi-squared, p =0.02, n = 83). Mothers who were
more educated (=some college) (75%) were twice as likely
to complete the FFQ, compared to mothers who had an
education level of high school or less (37%) (Chi-squared,
p <0.01, n = 83). Other covariates in Table 2 did not differ
between mothers who completed the FFQ and those who
did not (Chi-squared or Wilcoxon rank-sum, p = 0.08-0.71,
n=81-83).

Seafood consumption averaged 0.83+0.78 meals/
weekly (range: 0-3.5 meals/weekly). Nine mothers (18%)
did not eat any seafood, and four mothers (8.2%) consumed
seafood >twice/weekly. Of the five categories of seafood,
average proportional intake was highest for shellfish (mean:
35%, median: 33%), then fried fish (mean: 22%, median:
0%), other fish not fried (mean: 21%, median: 6.3%), tuna
(mean: 20%, median: 0%), and oysters (mean: 1.2%,
median: 0%). African American mothers consumed seafood
most frequently (mean: 0.96 meals/weekly, n=17), fol-
lowed by Caucasian mothers (mean: 0.89 meals/weekly, n
=24), and Hispanic mothers (mean: 0.34 meals/weekly, n
= 8); however, differences were not statistically significant
(Kruskal-Wallis, p = 0.06, n = 49).

The number of weekly seafood meals was positively
correlated with blood THg and MeHg concentrations during

SPRINGER NATURE

Blood %MeHg (of THg)

both early and late gestation [Spearman’s rho: (0.42, 0.64),
p<0.01, n=49]. Blood inorganic Hg was not correlated
with seafood ingestion during both early and late gestation
(Spearman’s rho=0.15 and 0.21, respectively, p =0.29
and 0.14, respectively, n = 49).

Rice consumption

Mothers ingested on average 1.7+ 1.7 servings/weekly of
rice (range: 0-7.0 servings/weekly, n=49). Rice con-
sumption differed significantly by ethnicity
(Kruskal-Wallis, p <0.001, n=49), including higher rice
consumption for African-American mothers (mean: 3.0
meals/weekly, n = 17) compared to Caucasian and Hispanic
mothers (mean for both: 1.0 meals/weekly, n =24 and n =
8, respectively). Rice consumption (servings/weekly) was
not correlated with blood THg, MeHg, or inorganic Hg
during early and late gestation [Spearman’s rho: (0.01,
0.18), p=10.21-0.92, n =49].

Changes in blood Hg between early/late gestation

Average blood THg and MeHg concentrations decreased by
9.2 and 21%, respectively, while the average inorganic Hg
concentration increased by 10% (Table 1). Average %
MeHg (of THg) decreased by 2% (Table 1, Fig. 2 and S1).
The average change + 1 SD (late gestation—early gestation)
for blood THg, MeHg, and inorganic Hg was —0.08 +0.75,
—0.11+0.48, and +0.03 £0.44 png/L, respectively, which
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Table 3 Results for the fully adjusted model relating log;y blood mercury (dependent variable) and maternal characteristics using repeated-
measures multivariable regression (n = 81 mothers)

Blood THg
Exp (Beta) (95% CI)

Blood MeHg

Exp (Beta) (95% CI)

Blood IHg*
Exp (Beta) (95% CI)

Time

Early gestation (Referent)

Late gestation 0.98 (0.82, 1.2)
Maternal Age (years) 1.0 (0.97, 1.0)
Hematocrit (%) 1.0 (1.0, 1.1)
Race/ethnicity

African American (Referent)
Caucasian 0.56 (0.36, 0.85)**
Hispanic 0.87 (0.52, 1.5)
Previous alcohol consumption (yes) 2.2 (1.4, 3.3)%**
Vitamin D supplementation (yes) 1.2 (0.82, 1.7)
1IOM recommended weight gain

Inadequate (Referent)
Adequate 0.73 (047, 1.1)
Excessive 0.65 (0.41, 1.0)

(Referent) (Referent)

0.92 (0.78, 1.1) 1.1 (0.77, 1.6)

1.0 (0.97, 1.0) 1.0 (0.96, 1.0)

1.0 (0.98, 1.1) 1.0 (0.94, 1.1)

(Referent) (Referent)

0.57 (0.35, 0.94)* 0.74 (0.44, 1.2)
0.79 (0.42, 1.5) 1.2 (0.64, 2.3)

2.1 (1.3, 3.4)** 2.1 (1.3, 3.4)**
0.99 (0.65, 1.5) 1.2 (0.81, 1.9)

(Referent) (Referent)

0.64 (0.38, 1.1)
0.48 (0.28, 0.83)**

0.85 (0.50, 1.5)
0.88 (0.51, 1.5)

CI confidence interval, Exp exponentiated, GW gestational weeks, /Hg inorganic mercury, /OM Institute of Medicine [23], MeHg methylmercury,

THg total mercury
Hg (estimated) = THg—MeHg
“p<0.05, “p<0.01, "p<0.001

indicated blood MeHg decreased, while blood inorganic Hg
increased slightly. Between early gestation (12 + 1.7 weeks)
and late gestation (35 +2.2 weeks), blood MeHg decreased
significantly (paired #-test, p = 0.04, n = 83), while no sig-
nificant changes were observed for blood THg, inorganic
Hg, or %MeHg (of THg) (2-tailed paired t-test: p =
0.34-0.55, n =283) (Fig. 2 and S1).

The hematocrit decreased on average (=1 SD) from 36 +
3.1 (%) to 35+3.2 (%) between early/late gestation (2-
tailed paired #-test, p <0.001, n = 83). After adjusting blood
Hg for the hematocrit (see Methods, Section “Hematocrit™),
the decrease in blood MeHg was no longer statistically
significant (2-tailed paired r-test, p=0.09, n=383).
Hematocrit-adjusted blood THg did not change from early
to late pregnancy (2-tailed paired #-test, p = 0.66, n = 83).
Hematocrit-adjusted inorganic Hg increased between early
and late gestation; however, this trend remained non-
significant (2-tailed paired t-test, p =0.31, n = 83).

Associations between blood Hg and other covariates

Blood THg and MeHg concentrations were significantly
higher during early and late gestation for mothers who
drank alcohol before becoming pregnant (Wilcoxon rank-
sum, p<0.01, n=_83). Seafood consumption and alcohol
consumption before pregnancy were also correlated (Wil-
coxon rank-sum, p=0.04, n=49), suggesting mothers

who ingested seafood also likely consumed alcohol. Blood
THg and MeHg were also higher for mothers who pre-
viously smoked (during late gestation only) (Wilcoxon
rank-sum test, p<0.05, n=83). As expected, previous
smoking and alcohol consumption were strongly correlated
(Fisher’s exact test, p <0.001, n=83). Blood THg and
MeHg differed by race/ethnicity during both early and late
gestation, including highest average values for African
American mothers, compared to Caucasian and Hispanic
mothers; although differences were not statistically sig-
nificant (Kruskal-Wallis, p =0.07-0.10, n=283). Blood
MeHg during early and late gestation differed significantly
by IOM weight gain (Kruskal-Wallis, p <0.05, n=83),
including higher blood MeHg for mothers who gained
inadequate weight (n=22) compared to mothers who
gained normal (n = 34) or excessive weight (n = 25). Blood
inorganic Hg was not correlated with covariates in Table 2,
aside from previous alcohol consumption during late
gestation; i.e., blood inorganic Hg was higher for mother
who drank alcohol before becoming pregnant (Wilcoxon
rank-sum, p <0.05, n=383), which was similar to blood
THg and MeHg. Additionally, blood inorganic Hg during
late gestation was higher for mothers with more education
(Kruskal-Wallis, p <0.05, n = 83).

Using a mixed model, which adjusted for within-person
variability, some differences were noted between the
unadjusted and adjusted analyses (Table 3). Blood THg and
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blood MeHg (both log;o-transformed) were significantly
higher for African-American mothers compared to Cauca-
sian mothers; however, no significant differences were
observed for other variables. In addition, changes over time
for blood MeHg were no longer significant.

Discussion
Proportional differences in blood MeHg

We observed a wide range in values for the proportion of
MeHg (of blood THg) (range: 10-117%, Table 1), which
may have implications regarding the application of the
MeHg reference dose. Blood THg is estimated to be >90%
MeHg [2]. For those studies that reported %MeHg (of
THg), average values ranged from 57 to 79% [5, 7-10],
including the present study (Table 1). The reference dose
for MeHg is 5.8pug THg/L in cord blood, which was
extrapolated to maternal blood THg (3.5 ug/L) [32]. How-
ever, the corresponding reference dose in maternal blood
may be higher or lower than 3.5 ug/L, depending on the
proportion of MeHg in maternal blood. Assuming the
reference dose in cord blood is 80% MeHg (of THg) (0.8 x
5.8 ug/L THg = 4.6 ug/L MeHg), the corresponding dose in
maternal blood is 2.8 ug/L. MeHg. If maternal blood is also
80% MeHg (of THg), the reference dose remains 3.5 pg/L.
However, in our study, blood %MeHg (of THg) ranged
from 10 to 117%. The corresponding dose for maternal
blood THg may be as low as 2.8 ug/L. [assuming 100%
MeHg (of THg)], or as high as 28 ug/L [assuming 10%
MeHg (of THg)]. Our results suggest the reference dose for
cord blood THg (5.8 ug/L) may be less protective when the
proportion of MeHg is higher in maternal blood compared
to cord blood; however, more studies are needed.

Longitudinal changes in blood MeHg

Longitudinal trends for maternal blood MeHg were pre-
viously reported among pregnant mothers between 12 and
36 weeks gestation in Sweden (n = 112) [8] and between
second trimester and delivery in Canada (n=101) [33].
Similar decreases in average blood MeHg were observed
across all three studies, including this study (i.e., 21%, this
study, 23% in Sweden, and 24% in Canada). Differences
between early/late gestation were also significant in Sweden
(paired r-test, p <0.001) [8] and Canada (Wilcoxon signed
rank, p<0.02) [33]. Women in both the Swedish and
Canadian pregnant cohorts reported reductions in fish con-
sumption frequency during pregnancy, which may have
contributed to decreases in blood MeHg [8, 33]. In our
study, it is uncertain whether mothers reduced fish/shellfish
consumption during pregnancy, because information on
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food frequencies was collected just one time. However, we
were able to test whether hemodilution contributed to this
decrease (Section “Changes in Blood Hg Between Early/
late Gestation”), which was hypothesized as one reason for
the decline in blood MeHg in Canada and Sweden [8, 33].
In our cohort, the decrease in blood MeHg was attenuated
when blood MeHg was normalized by the hematocrit
(paired t-test, p=0.09, n=83), suggesting hemodilution
contributed to lower blood MeHg. Results for blood THg
were less consistent between the three studies, including a
non-significant decrease for the present study (2-tailed
t-test, p = 0.34, n = 83), and a significant decrease in blood
THg in Canada (Wilcoxon signed rank, p <0.01, n=101)
[33], while longitudinal changes for blood THg were not
discussed in the Swedish study [8]. Between the three stu-
dies, unadjusted trends were more consistent for blood
MeHg compared to blood THg.

Racial/ethnic differences in blood Hg

In repeated-measures multivariable regression analyses,
African American mothers had higher blood THg and
MeHg concentrations compared to Caucasian mothers
(Table 3). Results for THg were consistent with other
reports. For U.S. National Health and Nutrition Examina-
tion Survey 1999-2010, non-Hispanic Black women had
higher average blood THg concentrations compared to Non-
Hispanic White women (n = 10,087 women 16-49 years)
[34]. Along the northeast Florida coast (n = 703), African
American women consumed more fish meals per month and
had higher hair THg levels than Caucasian women [35].
Among 258 fishermen in the Savannah River region, Afri-
can Americans consumed more fish meals per month and
larger portion sizes relative to Caucasians [36]. Higher
blood THg may contribute to greater health disparities
among African American mothers [37], which should be
further investigated.

There are some limitations of this study, which are worth
noting. Only 49 mothers (59%) completed the FFQ, which
differed by race/ethnicity, including a lower proportion of
Hispanic mothers (40%) and African American mothers
(53%), compared to Caucasian mothers (77%). Therefore,
the relationship between blood Hg and fish/shellfish con-
sumption may have been biased. However, it is uncertain
the direction of bias because seafood consumption was
highest among African American mothers, and lowest
among Hispanic mothers (Section “Seafood consumption”).
In addition, FFQs were administered one time, and there
was no fish consumption information for participants during
late pregnancy. This may have resulted in an under-
estimation or overestimation of blood Hg relative to fish/
shellfish consumption. Other limitations include the small
sample size, reliance on self-reported data for many



Blood total mercury and methylmercury among pregnant mothers in Charleston, South Carolina, USA 503

demographic characteristics, lack of data on Hg in cord
blood, and estimation of inorganic Hg through subtraction,
which possibly introduced a substantial amount of error in
these estimates.

Despite limitations, there were several strengths. Blood
THg and MeHg were analyzed using CVAFS and GC-
CVAFS, respectively, yielding low method detection levels.
For comparison, the method detection levels using induc-
tively coupled plasma mass spectrometry for blood THg
and MeHg were 0.33 and 0.48 ug/L, respectively [9, 34].
Lower detection levels are important in populations with
low MeHg exposure. The hematocrit was also quantified
and the effect of hemodilution was investigated, which was
not reported in previous longitudinal studies among preg-
nant mothers [8, 33].

In summary, in unadjusted models, blood MeHg
decreased significantly from early to late pregnancy, while
THg and inorganic Hg did not change significantly. Our
results demonstrate that trends in blood THg may not
always accurately reflect blood MeHg, especially in popu-
lations where %MeHg (of THg) is highly variable.
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