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Abstract

Previous research has found that women and children living in rural, interior communities in
Suriname have high concentrations of mercury in hair. Freshwater fish from these areas also have
high concentrations of mercury. Artisanal and small-scale gold mining operations in parts of the
country use elemental mercury to extract gold from soils and sediments. Total mercury and
methylmercury concentrations have been determined in hair and blood from pregnant women
across the country. Pregnant women from interior communities have significantly higher
concentrations of both total and methylmercury in hair (median total mercury in hair 3.64 ug/g)
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compared with pregnant women from two urban coastal cities, Paramaribo (0.63 pg/g) and
Nickerie (0.74 pg/g). Total and methylmercury concentrations in blood and hair are highly
correlated (r=0.986, r=0.974) with methylmercury making up 86% of the total in blood and 97%
of the total in hair. Most women in the interior regions rely heavily on local fish as part of their
regular diet, and many live outsides of areas with active ASGM operations. This study
demonstrates that diet and fish consumption largely govern mercury exposures in pregnant women
in Suriname.

Keywords
Mercury; Methylmercury; Gold mining; Fish; Neurodevelopment

Introduction

Exposure to mercury has long been and continues to be a public health problem [1, 2]. The
primary source of exposure to mercury in the general population worldwide is through fish
consumption [1, 3-16]. While fish is an excellent, low-fat source of nutrients including
essential elements (e.g., selenium, iodine), polyunsaturated fatty acids (e.g., omega-3 fatty
acids), and protein, mercury in fish, especially methylmercury in high concentrations, can
negatively impact both physical development and the neurological system [1-3, 5, 17].
Methylmercury is the predominant chemical form of mercury in fish [1, 2, 15]. Several
studies have documented the negative developmental neuropsychological effects that
methylmercury has especially for those exposed pre- and peri-natally [3, 18-22]. The study
by Marsh et al. (1997) and the cohort studies in the Faroe Islands and New Zealand have
been used by health agencies such as the USEPA and WHO to develop reference values and
regulatory limits to protect human health [23-25]. The USEPA has established a reference
dose (RfD) for chronic exposure to methylmercury of 1E — 4 mg/kg/day designed to protect
neurodevelopment during gestation [23, 25]. Under simplifying deterministic assumptions,
this oral daily dose corresponds to a blood methylmercury concentration of 5.8 pg/l and a
hair total mercury concentration of ~1.1 pg/g with the latter being used as an action level by
the USEPA. Methylmercury at a concentration of 5.8 pg/l in cord blood is also used as an
action level by the USEPA and USCDC and is estimated to correspond to a maternal blood
concentration of 3.5 ug/l [26-28]. The WHO has also established a provisional tolerable
daily intake of methylmercury of 2.3E — 4 mg/kg/day, which is similar to the USEPA’s RfD
[24]. Using a fish consumption rate of 0.0175 kg/day, the USEPA has established a
maximum tissue concentration of methylmercury in fish of 0.3 mg/kg [25]. The WHO has
established a maximum tissue concentration of methylmercury in fish of 0.5 mg/kg, which is
again similar to the USEPA’s tissue criterion [24].

Currently, anthropogenic sources account for about 30% of the annual emissions of mercury
to air [29]. Another 10% is natural in origin with the remaining 60% coming from
reemissions of previously released mercury which is thought to derive mostly from
anthropogenic emissions over the last 200 years [29]. Human activities are believed to have
increased total atmospheric mercury concentrations by ~450% over natural levels [15].
Anthropogenic sources of mercury can also be quite varied [2, 30-33]. In many areas, a
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major contributing source of mercury is artisanal and small-scale gold mining (ASGM)
activity, which is estimated to account for about 38% of total global anthropogenic
emissions [15, 34-40]. In many ASGM areas, it remains a common practice to use elemental
mercury in the gold extraction/amalgamation process, and an appreciable amount of the
mercury is subsequently lost to the environment [6, 34-44]. Elemental mercury volatilizes to
the atmosphere where photochemical reactions convert it to inorganic mercury which can
then be redeposited through wet or dry deposition. Both forms can be converted to
methylmercury through reducing reactions carried out by anaerobic bacteria in soils and
sediments. Unlike elemental and inorganic forms of mercury, methylmercury readily enters
the food chain and tends to accumulate in predatory fish, especially large piscivorous fish
that often serve as a primary source of dietary protein for communities [43].

In the Republic of Suriname, South America, there are active ASGM operations in the
eastern and southeastern part of the country [6, 8, 42-44]. High concentrations of mercury
have been found in freshwater fish collected from active ASGM areas [6, 8, 43, 44]. There is
growing concern that residents in these interior regions of Suriname, including those
downwind from ASGM sites, may be at increased risk of exposure to unsafe concentrations
of mercury in fish, which in some areas is their only reliable source of dietary protein [6, 8,
43-45].

This study builds on an initial biomarker project examining concentrations of total mercury
in hair samples from a cohort of women and children in a number of interior villages in
Suriname [6, 8, 46]. Results from that work indicate that residents in many of the interior
villages near ASGM operations or downwind from such activities are indeed exposed to
high levels of mercury [6, 8, 46]. As reported herein, continued biomonitoring of pregnant
women in Suriname supports these previous findings, with high concentrations of total
mercury observed in hair of women from interior sites. In contrast, substantially lower
concentrations are observed in hair from pregnant women from two coastal cities,
Paramaribo and Nickerie. This suggests there are distinct and region-specific sources of
exposure to mercury where closer monitoring of levels and efforts to abate deposition of
mercury into the environment and food chain should be directed. To date, only
concentrations of total mercury in hair have been determined, making more definitive
sourcing of exposure difficult. As an exposure biomarker, total mercury in hair and blood
from humans is mostly methylmercury (usually averaging between 60 and 90% of the total),
especially in the general population that is not exposed occupationally or through some non-
dietary source (e.g., tainted personal care products) to elemental or inorganic mercury [2,
26-28, 47]. Chemically distinguishing both total mercury and methylmercury in
biospecimens such as hair and blood provides a means by which sources of exposure can be
more specifically identified [47]. Based on previous research and knowledge of the dietary
habits of these communities, it is hypothesized that total mercury concentrations in hair and
blood from pregnant women in the interior of Suriname will be elevated and that most of the
total mercury in hair and blood will be methylmercury.
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Materials/subjects and methods

As part of the Caribbean Consortium of Research in Environmental and Occupational Health
research program, 1000 pregnant women and their babies have been recruited from both
coastal and interior sites (Fig. 1) [48]. Inclusion criteria were that women, ages 16-45, were
pregnant and in their first or second trimester. A primary goal of this environmental
epidemiological study is to examine the impact of exposure to Hg, other heavy metals, and
pesticides during pregnancy and early childhood on pediatric neurodevelopment. Samples of
hair, whole blood, serum, urine, and buccal cells are being collected from each participant
and cord blood is collected at birth. Neurodevelopment in children will be assessed at 12, 24,
36, and 48 months of age. This study has been approved by the Institutional Review Board at
Tulane University and the Human Subjects Protection Board in Suriname. All participants
provided written informed consent prior to being involved in this research project. Thus far,
total mercury concentrations in hair have been determined for 505 pregnant women from
Paramaribo, 172 pregnant women from Nickerie, and 130 women from the interior. Sample
sizes were selected based on power analyses designed to detect differences among mercury
exposures on a regional scale as indicated previously. Total mercury concentrations were
determined using cold vapor atomic absorption spectroscopy (CVAAS) as reported
previously [8, 46, 49].

To more conclusively identify the source(s) of exposure to mercury, hair, blood, and urine
from an additional 75 pregnant women, 20 from Paramaribo, 20 from Nickerie, and 35 from
interior sites were analyzed for both total and methylmercury (Fig. 1). Women in the interior
were from Gujaba (7= 12), Djoemoe (7= 3), Palumeu (n7= 8), Coeroeni (n= 1), Tepoe (n=
6), Apetina (n=2), Kwamalasamutu (/7= 1), and Alalaparoe (1 = 2). Gujaba and Djoemoe
are near current ASGM sites while Apetina is ~50 km from the nearest ASGM activity.
There are no current ASGM activities in proximity to the other sites that we are aware of.
Samples sizes were selected based on previous results in women’s hair samples based on
regional data. This study was not designed to examine differences among interior villages
which is part of an ongoing research project. Samples were shipped frozen on dry ice to the
University of Wisconsin—Madison State Laboratory of Hygiene Trace Element Research
Laboratory using a formal chain-of-custody process. Concentrations of total and
methylmercury were determined by cold vapor atomic fluorescence spectrometry (CVAFS)
after standard digestion and distillation protocols [49-55]. Details are provided below
including results from analysis of exogenous vs endogenous total mercury in hair samples
(Supplementary Table S1). Standard reference materials, matrix spikes, and method
duplicates were used for quality assurance and quality control (QA/QC). QA/QC indicators
are provided in Supplementary tables (Tables S2-S4).

Total mercury (HgT) in whole blood was determined by ICP-MS following the HgT
biomonitoring method developed by the CDC [56]. A sub-sample of blood is removed from
the collection vial after thorough homogenization of the collected blood by vortexing, and
diluted (1 part sample + 1 part water + 48 parts diluent) for ICP-MS analysis. The diluent
contains tetramethylammonium hydroxide (TMAH) and Triton X-100 to solubilize blood
components and prevent deposition to the sample introduction system, as well as ammonium
pyrrolidine dithiocarbamate (APDC) and ethyl alcohol to stabilize the metals and blood
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components. The internal standards, rhodium, iridium, and tellurium are added to all blood
and QC samples to correct for variations in instrument response (drift and sample matrix
differences).

Total mercury (HgT) in urine was determined by ICP-MS following the HgT biomonitoring
method developed by the CDC [57]. A sub-sample of urine is removed from the collection
tube after thawing and careful homogenization of the urine in the collection tube by
vortexing, and diluted (1 part sample + 1 part water + 8 parts diluent) for ICP-MS analysis.
Similar to the blood method, the diluent contains TMAH and Triton X-100 to solubilize
organic components of the urine and prevent deposition to the sample introduction system,
as well as APDC and ethyl alcohol to stabilize the metals and urine organics. Rhenium is
added as the internal standard.

Total mercury (HgT) in hair was determined by CVAFS (USEPA, 2002) after digestion of
the hair using the sulfuric/nitric acid digestion protocol described by Pellizzari et al. [49].
Hair samples (50-100 mg) were weighed into Teflon vials and for each sample (and reagent
blank) vial, filled with acetone and allowed to soak for a minimum of 1 min. The acetone
rinse was poured off and the sample allowed to dry completely before addition of the 70%
HNO3/30% H,SO,4 digestion solution. Digestion was performed at 95 °C for 3 h. After
digestion, the samples were oxidized with BrCl and diluted with Type 1 water. A minimum
of 16 h was allowed to pass before analysis. A small aliquot of the digest (50-100 pl) was
added to a bubbler with hydroxylamine hydrochloride and ~80 ml Type 1 water. After
addition of stannous chloride, the sample was purged with Ar, passing through soda lime to
a single gold trap, where the mercury is collected by amalgamation with gold. The amalgam
is thermally decomposed and the mercury carried by Ar to the fluorescence detector.

Methylmercury (MeHg) in hair was determined by USEPA Method 1630 (aqueous phase
ethylation, followed by gas chromatographic separation and CVVAFS detection) [53, 54]. The
MeHg was isolated from the hair using the dilute HNO3 digestion method detailed in
Hammerschmidt and Fitzgerald [52]. Hair samples were weighed into Teflon vials and
digested with nitric acid (20%, ~3.3 M) for 8 h at 60 °C. Analysis was performed within one
week of digestion. A small aliquot of the digest (50-100 ul) was added to a bubbler with 2M
acetate buffer and ~80 ml Type 1 water (final pH ~4.5). Derivatization was performed with
sodium tetraethylborate in KOH. The ethylated Hg species were purged with Ar and
collected on a Tenax trap. The analytes were thermally desorbed from the trap and carried by
Ar to the GC, where the mercury species are separated and then quantified in the
fluorescence detector.

Methylmercury (MeHg) in blood was also determined by USEPA Method 1630 after
digestion of the blood and isolation of the MeHg using the alkaline/alcohol (KOH/CH30OH)
method described by Yu and Chandrasekhar [58]. Blood (100 pl) was delivered by pipette to
polypropylene vials. Digestion was performed with 25% KOH in methanol (mass/mass) at
60 °C for 8 h. Digests were diluted with Type 1 water, and the analysis performed within one
week of digestion. A small aliquot of the digest (50-100 pl) was added to a bubbler with 2

M acetate buffer and ~80 ml Type 1 water (final pH ~4.5). The analysis was completed as
described above for MeHg in hair.
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Both CVAAS and CVAFS are widely accepted analytical methods for quantifying total
mercury concentrations in human samples such as hair. Total mercury concentrations using
the two different methods were analyzed for comparability using samples from the same
women (7= 58).

Statistics and testing were calculated and carried out using Prism ver. 8.0.1 (GraphPad, San
Diego, CA, USA). Data were tested for normality (D’ Agostino and Pearson test) to
determine the appropriate statistical testing to perform (i.e., parametric ANOVA vs non-
parametric Kruskal-Wallis). Differences in methylmercury or total mercury concentrations
among the primary sites, Paramaribo, Nickerie, and the interior were examined using either
ANOVA or the K-W test. When the test indicated there was a significant difference,
multiple comparisons were carried out using Dunn’s correction. Correlations among
methylmercury and total mercury concentrations for both hair and blood samples were
conducted using either the Pearson’s test or the Spearman’s rank test. A pvalue <0.05 was
used to determine statistical significance.

Results and discussion

Total mercury concentrations in hair determined by CVAAS did not pass normality testing (p
< 0.0001). The Kruskal-Wallis test was used for statistical testing. Following K-W testing,
multiple comparisons using Dunn’ s correction were carried out where indicated. Pregnant
women in the interior have significantly higher concentrations of total mercury in hair than
pregnant women from Paramaribo and Nickerie (K-W = 147.0, p< 0.0001, Table 1 and Fig.
2). Total mercury concentrations in hair from pregnant women from Paramaribo and
Nickerie are not significantly different from one another (adjusted o < 0.72). Median
(interquartile range) concentrations of total mercury in hair (ug/g) were 0.64 (0.36-1.09) in
Paramaribo, 0.74 (0.46-1.05) in Nickerie, and 3.64 (2.08-9.24) in the interior.

Total mercury and methylmercury concentrations in hair, blood, and urine determined by
CVAFS also did not pass normality testing (o < 0.0001). Non-parametric correlations
(Spearman’s £) and K—W tests were used for statistical testing. Following K-W testing,
multiple comparisons using Dunn’s correction were carried out where indicated. Table 2
presents the total mercury concentrations in hair, blood, and urine samples, and Table 3
presents the methylmercury concentrations in hair and blood samples. Table 4 shows the
correlations among biological sample types for total mercury measurements. Total mercury
concentrations in urine are modestly correlated with those in hair (r=0.64, Cl 0.48-0.76, p
< 0.0001) and blood (r=0.70, Cl 0.56-0.80, p < 0.0001). Total mercury concentrations in
hair and blood are highly correlated (r=0.83, Cl 0.73-0.89, p < 0.0001). Table 5 shows the
correlations of total mercury and methylmercury concentrations in hair and blood samples as
well as the median fraction of total mercury that is methylmercury. Total mercury and
methylmercury concentrations are highly correlated in both hair (r=0.97, p< 0.0001) and
blood (r=0.99, p < 0.0001). Methylmercury makes up most of the total mercury measured
in hair and blood with median percentages (IQR) of 97.2% (74.7%—-100%) and 85.5%
(74.5%-98.6%), respectively. Consistent with previous work including the CVAAS results
reported above, total mercury concentrations determined by CVAFS in hair from the
additional 35 women in the interior are significantly higher than women in Paramaribo and
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Nickerie (K-W =49.91, p<0.0001, Table 2 and Fig. 3). Total mercury concentrations in
hair from pregnant women from Paramaribo and Nickerie are not significantly different
(adjusted p>0.999). In comparing the two methods (CVAAS vs CVAFS) in a sample of 58
women, results from total mercury analyses are highly correlated and significant (r=0.91,
Cl1 0.85-0.95, p< 0.0001).

Total and methylmercury concentrations in blood are also significantly higher in pregnant
women from interior sites compared with women from Paramaribo and Nickerie (Table 3
and Fig. 4). Median (IQR) concentrations of total mercury in blood (ug/l) are 2.71 (1.96—
5.86) in Paramaribo, 1.91 (1.26-2.51) in Nickerie, and 19.59 (8.27-31.82) in the interior (K-
W =46.79, p<0.0001). Median (IQR) concentrations of methylmercury in blood (ug/l) are
2.52 (1.53-4.95) in Paramaribo, 1.50 (0.97-1.94) in Nickerie, and 13.90 (6.42-25.9) in the
interior (K-W = 47.91, p< 0.0001). For the pregnant women in the interior, these are above
health action levels established by the USEPA and the WHO [23, 24]. Total mercury
concentrations in blood samples from women residing in Paramaribo and Nickerie are
similar to those found in women in the US that live in coastal areas and are relatively heavy
consumers of fish [7, 12, 46].

Total mercury concentrations in blood are significantly elevated in women from the interior
and blood concentrations are highly correlated with total mercury concentrations in hair.
Methylmercury, as opposed to elemental or inorganic mercury, is the primary form of
mercury in these pregnant women making up most of the total mercury measured in blood
and hair. Taken together, the total mercury and methylmercury concentrations in hair and
blood suggest that exposures are mainly from dietary sources. This further supports the
assertion that the majority of pregnant women in this large environmental epidemiological
cohort study are primarily exposed to methylmercury from consuming fish including women
in the interior where fish are contaminated by the ASGM activities in those areas [8, 43, 44].
It should be noted that pregnant women across Suriname consume similar amounts of fish,
but pregnant women from the coastal regions consume mostly marine species while pregnant
women from the interior communities consume almost exclusively local, freshwater species.

Other possible sources of exposure to mercury may include active participation in gold
mining and/or processing, living with or in very close proximity to gold miners and/or
processors, and/or the use of tainted personal care products. Based on the results of this
study, these other sources would appear to be negligible or minor contributors at most. This
is largely because these other sources would be expected to increase the levels of inorganic
mercury in our participants’ biological samples. The strong, significant correlations between
methylmercury (organic) and total mercury (organic + inorganic) in hair and blood samples
in addition to the very high fractions of methylmercury that make up the total mercury
measured do not support high levels of exposure to inorganic mercury in these women.
Because both hair and blood have been evaluated, this suggests that exposures are ongoing
and likely occur throughout most if not all of pregnancy. Blood mercury concentrations
reflect current exposures (days to weeks), while hair mercury concentrations reflect
exposures occurring over weeks to months. A more thorough and detailed assessment of
exposure to mercury would verify this and as such is still warranted to best inform any
future interventions or health advisories.
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The high concentrations of total mercury and now methylmercury seen in women from the
interior remain a concern. A large proportion of women from the interior have mercury
concentrations which are at or above public health action levels, measured in both hair
(88.6% above 1.1 pg/g ranging from 1.14 to 13.0 pg/g) and blood (97.1% above 3.5 pg/l
ranging from 4.47 to 47.9 ug/l). These levels are set to protect developing children from
potentially harmful exposures during gestation and pediatric development [23, 26-28]. While
still debated, some previous longitudinal studies have suggested that exposure to mercury at
these concentrations negatively affects neuropsychological development [11, 18, 20, 21, 59,
60]. This includes the long-running study in the Faroe Islands where concentrations of total
mercury in maternal blood are similar to those found in this study [13]. Women in the Faroe
Islands study, between the ages of 20 and 50 years, had a median concentration of total
mercury in blood of 12.1 ug/l (range 2.6-50.1 ug/l), while women in the interior of
Suriname between the ages of 16 and 45 have a median concentration of total mercury in
blood of 19.6 ug/l (range 2.8-47.9 ug/l). However, dietary sources contributing to mercury
exposures are quite different among these populations with women in the Faroe Islands
getting a substantial amount of their mercury from consuming whale meat and those in
Suriname from freshwater fish [13, 19-21, 60, 61].

Freshwater fish in the interior have high tissue concentrations of mercury likely explaining
our findings that pregnant women consuming these fish have some of the highest body
concentrations [8, 43, 44, 46]. Because there are often few alternative sources of protein,
particularly in the interior, these findings are especially concerning. Infants and children
from these mothers, and the larger cohort, are being evaluated and monitored for
neurodevelopmental endpoints to improve our understanding of adverse risks to children’s
neurodevelopment and the public health implications of such exposures to mercury. For
some interior villages where concentrations of mercury in hair and fish are high, advisories
and outreach efforts are underway.

Based on our current knowledge of mercury toxicity and fetal sensitivity, concentrations of
mercury in pregnant women in the two coastal cities in Suriname, Paramaribo and Nickerie,
are below those that warrant concern and are similar to heavy fish and seafood consumers in
the USA. There are no ASGM operations in these areas with the exception of some gold
processing shops, and women in these areas are not reliant on freshwater fish as their
primary source of protein. These two areas are the largest population centers in Suriname as
well. Assessing exposures to mercury in pregnant women in Suriname continues, and this is
the first study to evaluate such exposures, including total and methylmercury concentrations
in hair and blood, across the entire country. The effect of efforts to reduce mercury
exposures through mitigating mercury use in ASGM operations and through fish
consumption advisories can be objectively evaluated using applied research. Additional
research is underway to more comprehensively examine beneficial and possibly
neuroprotective factors found in locally harvested fish, both freshwater and marine species,
that may counter the negative effects of mercury. These include essential elements such as
selenium and dietary fatty acids such as w-3 polyunsaturated fatty acids. Additional sources
of mercury exposure are also being identified and evaluated (e.g., personal care products for
skin lightening and whitening), which will allow for a more robust, comprehensive risk
analysis and assessment. Incorporating analysis of the stable isotopes of mercury in
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biospecimens and environmental samples would also help in sourcing mercury inputs into
the environment and better elucidate major exposure pathways. Finally, this research
indicates that biomonitoring programs and studies should be developed and implemented
where ASGM operations are active, especially those in the informal sector.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Sites where human subjects (pregnant volunteers) have been recruited for the CCREOH

biomonitoring and health evaluation research project.
Village names are provided for the sites in the interior.
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Fig. 2. Total mercury concentrations in hair from pregnant women in the CCREOH study
determined by CVAAS.

Median (IQR) concentrations are presented. Dotted line represents the USEPA’s health
action threshold. Different letters over bars denote significant differences at p < 0.0001.
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Fig. 3. Total mercury concentrations in hair from pregnant women in the CCREOH study
determined by CVAFS.

Median (IQR) concentrations are presented. Dotted line represents the USEPA’s health
action threshold. Different letters over bars denote significant differences at p < 0.0001.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Wickliffe et al.

Page 16
40 3 407
on
=
§ = 30-
= S
g = 20 b
m
p .8
- &n 104
E a a
E ©
S o
s ) &
o ‘b{‘@ ‘00&\ 3 epo
A & T ¥
A Location Location

Fig. 4. Total mercury (THg) and methylmercury (MeHg) concentrations in blood of pregnant
women presented as medians (IQR).

Dotted line represents the suggested health action threshold [26-28]. Different letters over
bars denote significant differences at p < 0.0001.
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Table 4

Correlation matrix (Spearman’s /) for biological sample types and total mercury concentrations.

Sample type  Urine Hair
Hair 0.643 (0.482-0.762)
Blood 0.703 (0.562-0.805)  0.825 (0.733-0.888)

Confidence intervals (95%) are provided. Correlations are significant at p < 0.0001.
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Table 5

Correlation matrix (Spearman’s /) for total mercury and methylmercury concentrations in hair and blood.

Methylmercury  Total mercury (r) % of total mercury
Hair 0.974 (0.959-0.984)  97.2 (23.3-100)
Blood 0.986 (0.978-0.991)  85.5 (47.3-100)

Confidence intervals (95%) are provided. Median methylmercury percentages, (total range) of total mercury concentrations are shown. Correlations
are significant at p < 0.0001.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2021 February 01.



	Abstract
	Introduction
	Materials/subjects and methods
	Results and discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

