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BACKGROUND: The Minamata Convention on Mercury provided a mandate for action against global mercury pollution. However, our knowledge of
mercury exposures is limited because there are many regions and subpopulations with little or no data.

OBJECTIVE: We aimed to increase worldwide understanding of human exposures to mercury by collecting, collating, and analyzing mercury concen-
trations in biomarker samples reported in the published scientific literature.

METHOD: A systematic search of the peer-reviewed scientific literature was performed using three databases. A priori search strategy, eligibility crite-
ria, and data extraction steps were used to identify relevant studies.

RESULTS: We collected 424,858 mercury biomarker measurements from 335,991 individuals represented in 312 articles from 75 countries. General
background populations with insignificant exposures have blood, hair, and urine mercury levels that generally fall under 5 lg=L, 2 lg=g, and 3 lg=L,
respectively. We identified four populations of concern: a) Arctic populations who consume fish and marine mammals; b) tropical riverine commun-
ities (especially Amazonian) who consume fish and in some cases may be exposed to mining; c) coastal and/or small-island communities who sub-
stantially depend on seafood; and d) individuals who either work or reside among artisanal and small-scale gold mining sites.

CONCLUSIONS: This review suggests that all populations worldwide are exposed to some amount of mercury and that there is great variability in expo-
sures within and across countries and regions. There remain many geographic regions and subpopulations with limited data, thus hindering evidence-
based decision making. This type of information is critical in helping understand exposures, particularly in light of certain stipulations in the
Minamata Convention on Mercury. https://doi.org/10.1289/EHP3904

Introduction
Mercury is a pollutant of global concern largely because of its
adverse effects on human health. The current state of knowledge
concerning the human health impacts of mercury has been exten-
sively reviewed by international agencies (IPCS 1990, 2003;
JECFA 2007a, 2007b, 2011; EFSA CONTAM Panel 2012) as
well as by national agencies and other authors (ATSDR 1999;
NRC 2000; U.S. EPA 1997, 2001; Clarkson and Magos 2006;
Eagles-Smith et al. 2018; Ha et al. 2017; Karagas et al. 2012).

All populations worldwide are likely exposed to some amount
of mercury (UNEP/WHO 2008). Human exposures to elemental
and inorganic mercury may occur in occupational settings [e.g.,
in artisanal and small-scale gold mining (ASGM) and dentistry],
from contact with certain products (e.g., dental amalgams, some
skin-lightening creams, broken fluorescent bulbs and other waste
products), and from environmental contamination (Mergler et al.
2007; ATSDR 1999; Clarkson and Magos 2006; UNEP/WHO
2008; Eagles-Smith et al. 2018; Ha et al. 2017). Mercury released
into the environment may be converted by microorganisms to
methylmercury, which bioaccumulates and biomagnifies through

the food web, particularly in aquatic systems (Obrist et al. 2018).
Seafood is the main source of protein for about 1 billion people
worldwide (FAO 2014). Sampling of seafood has found wide-
spread methylmercury contamination (Sioen et al. 2009; GEMS/
Food Contaminants 2018), with some widely consumed predatory
species (e.g., tuna, swordfish, grouper, mackerel) being among the
most highly contaminated (GEMS/Food Contaminants 2018;
Groth 2010). Therefore, for many communities, dietary consump-
tion of contaminated fish, shellfish, and marine mammals is an im-
portant source of exposure. Other foods, such as rice grown in sites
heavily contaminated with mercury, may also represent a source of
exposure for some communities (Rothenberg et al. 2014).

The entry into force of theMinamata Convention onMercury on
16August 2017 signaled the global commitment by governments to
reduce the use and environmental release ofmercury in order to pro-
tect human health and the environment (Article 1) (UNEP 2017).
Notably, Convention Article 16 is titled “Health Aspects,” and
Article 19 (“Research, Development and Monitoring”) emphasizes
a need to focus on vulnerable populations (19.1c) and to follow
harmonized methods (19.1d). Article 22 describes the process
for evaluating the effectiveness of the convention, which
includes monitoring trends in human exposure. The onus is now
on parties to the convention to develop and implement strategies
and programs to identify and protect populations at risk of expo-
sure, particularly vulnerable populations; to set targets for mer-
cury exposure reduction; and to develop means for assessing the
effectiveness of control measures, for example, by monitoring
human exposure to mercury.

Human exposures can be assessed through the measurement
of mercury concentrations in a number of different biological
sample types, and key approaches for mercury biomonitoring
have been reviewed by UNEP/WHO (2008) and the U.S. EPA
(1997). The most commonly used biomarkers are the concentra-
tions of mercury in hair, urine, blood, and cord blood, and their
selection can depend on factors such as the potential source of
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exposure, chemical form, and exposure life stage. Here we briefly
elaborate on these biomarkers.

Analysis of hair is commonly used to assess exposure to meth-
ylmercury, which accounts for 80–90% of the total mercury con-
tent within this matrix (Clarkson and Magos 2006; UNEP/WHO
2008; NRC 2000). Once incorporated, the mercury remains in the
hair, and this biomarker can therefore provide an integrated mea-
surement of internal exposure to methylmercury. Because hair
grows at approximately 1 cm per month, exposure can be tracked
over time by careful sampling. Hair has the advantage that it is easy
to collect and transport, although, based on the authors’ experien-
ces in several countries, there may be cultural objections to taking
hair samples in some communities. In highly contaminated areas,
however, there is a danger of external contamination of the hair,
which can confound interpretation of themeasurements. For exam-
ple, external contamination of hair by elemental mercury has been
demonstrated in ASGM communities (Sherman et al. 2015).
Therefore, when conducting studies in contaminated sites, care is
needed in the interpretation of total mercury levels in hair. In such
settings analyzing the hair for methylmercury rather than totalmer-
cury gives a better measure of dietary exposure (Sherman et al.
2015), especially when coupledwith quality survey instruments.

Urine analysis primarily provides information about exposure
to inorganic and elemental mercury, although in people with high
seafood consumption methylmercury may also contribute to the
mercury content (Sherman et al. 2013). Because the concentra-
tion of the analyte may depend on the dilution of the urine, which
can vary, the measurement of mercury is often expressed in terms
of its concentration per unit of creatinine or in relation to the spe-
cific gravity of the urine sample. Urine is a relatively easy and
noninvasive sample to collect.

Mercury is measured in whole blood and this provides infor-
mation about recent (∼ 1 to 2months) exposures to both methyl-
mercury and inorganic mercury (Clarkson and Magos 2006). In
most communities, the measurement of blood total mercury is an
accepted biomarker for methylmercury exposure because it corre-
lates relatively well to seafood consumption (Sheehan et al.
2014). The use of speciation can provide an indication of poten-
tial mercury sources but requires careful sample preparation and
sophisticated instrumentation. The measurement of mercury in
cord blood provides information about developmental exposure
(UNEP/WHO 2008). Blood collection, storage, and transport
pose certain logistical and financial barriers, however.

Each biomarker can provide pertinent exposure information on
the type ofmercury (organic vs. inorganic) and timeline of exposure
(acute vs. chronic). When multiple biomarker measurements are
taken from a given individual and combined with surveys, a deeper
exposure assessment can be performed. In general, careful measure-
ment ofmercury content in hair and urine offers themost convenient
and cost-effective scheme tomonitor mercury in a given population,
particularly those situated in resource-limited settings (UNEP/
WHO 2008). Although we can conclude that human biomonitoring
of mercury provides reliable information on exposures to mercury
and that it is relatively straightforward (especially compared with
other chemical pollutants), there remain major gaps in our knowl-
edge of mercury exposures around the world. Recent comprehen-
sive reviews of biomonitoring data on mercury exposure among
seafood consumers (Sheehan et al. 2014) and the ASGM sector
(Gibb and O’Leary 2014) as well as a regional assessment across
Europe (Višnjevec et al. 2014) and the Arctic (Donaldson et al.
2016) suggest that there are gaps in data from many geographic
regions and subpopulations. Assessing the effectiveness of the
Minamata Convention on Mercury in terms of its impact on human
exposure tomercurywill, therefore, necessitate worldwide coopera-
tion and coordination tofill these data gaps (Evers et al. 2016).

This study aims to increase the understanding of human expo-
sures to mercury worldwide by collating and analyzing data on
mercury concentrations in biomarker samples by using a system-
atic approach to review published studies. This paper focuses on
biomarkers of mercury exposure in human tissue (i.e., hair, urine,
blood, cord blood) for which there is a reasonably large body of
knowledgewith well-validatedmethods ofmeasurement and inter-
pretation. The impetus for this reviewwas the decision to include a
chapter on human biomonitoring of mercury exposure in the 2018
UN Global Mercury Assessment, an effort that was coordinated
by the World Health Organization (WHO). The 2018 UN Global
Mercury Assessment is being developed at the request of the
Governing Council of the UN Environment Assembly (Decision
27/12), rather than at the request of the Conference of the Parties of
the Minamata Convention. Nevertheless, it is anticipated that the
exposure data collected here will provide a useful foundation for
work to come on assessing the effectiveness of the convention as
well as identifying data gaps requiring attention.

Methods

Search Strategy

A protocol for the search strategy was developed by the authors
prior to conducting the work, and it was refined based on a variety
of external reviews. The protocol was developed through consult-
ing key resources [Preferred reporting items for systematic reviews
and meta-analyses (PRISMA); http://www.prisma-statement.org/;
OHAT 2015] including a recent systematic review concerning
methylmercury exposure from seafood consumption (Sheehan et al.
2014). The protocol defined the biomarkers and study populations
that would be considered, the criteria for selecting studies, and the
data that would be extracted for each study. The protocol was ini-
tially reviewed by the larger group working on the 2018 UN
Global Mercury Assessment project and was later commented on
during an external review of the preliminary draft chapters organ-
ized by the UN Environment Programme (UNEP). This external
review included input from representatives of UN member states
and scientific experts.

We decided to focus our review on data from three key study
types, as follows. National human biomonitoring programs (A):
These programs are usually sponsored and/or operated by gov-
ernment agencies. Longitudinal birth cohort studies (B): These
studies tend to provide high quality data on fetal exposures.
Cross-sectional studies (C): These studies focus on four target
groups a) general background populations, that is, those with no
particular or significant exposure to mercury; b) populations who
are vulnerable because of point source exposures to inorganic or
elemental mercury sources (for this review: populations involved
in the ASGM sector and community members, people living and
working in former mercury-contaminated sites, and dental work-
ers); c) populations who are vulnerable because of relatively high
exposure to methylmercury through their diet (i.e., groups with a
high consumption of fish and other aquatic animals including, for
example, Indigenous Peoples and coastal and island commun-
ities); and d) populations vulnerable because of fetal exposures.
For fetal exposures, we drew on biomarker measurements taken
from the pregnant mother, cord blood at delivery, and measure-
ments in <1-y-old infants. For each included cross-sectional
study, we assigned the population to the most appropriate group
(based on our expert understanding of the study population and
design), realizing that the categories are not mutually exclusive.

The national biomonitoring studies and the birth cohort stud-
ies were initially identified using lists compiled by the UNEP
(2016) and WHO-Europe (2015) that was supplemented by a
search of government websites for relevant data and through an
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outreach effort for the 2018 UN Global Mercury Assessment
involving a web-based consultation with UN Member States and
experts (Figure 1). A systematic electronic literature search was
used to identify the cross-sectional studies (i.e., four target
groups) and helped supplement the identification of other national
biomonitoring studies and birth cohort studies. The electronic lit-
erature search was carried out on three databases (Medline,
Biosis, and Web of Science Core Collection), with the last search
carried out on 23 January 2018 as outlined in the PRISMA flow
diagram (Figure 1). The search strategy included two Boolean
search phrases: #1—“mercury OR methylmercury OR (methyl
AND mercury) OR MeHg”; and #2—“blood OR hair OR urine.”
As an example, the Medline search strategy was as follows:
((“mercury” [MeSH Terms] OR “mercury” [All Fields]) OR
(“methylmercury compounds” [MeSH Terms] OR (“methylmer-
cury” [All Fields] AND “compounds” [All Fields]) OR “methyl-
mercury compounds” [All Fields] OR “methylmercury” [All
Fields])) OR (methyl[All Fields] AND (“mercury”[MeSH Terms]
OR “mercury” [All Fields]))) AND (((“blood” [Subheading] OR
“blood” [All Fields] OR “blood” [MeSH Terms]) OR (“urine”
[Subheading] OR “urine” [All Fields] OR “urine” [MeSH
Terms])) OR (“hair” [MeSHTerms] OR “hair” [All Fields])).

Study Selection Criteria

Data from national biomonitoring programs were expected to be
of good quality because these studies are usually designed to be
nationally or regionally representative (Haines et al. 2017; CDC
2017). Therefore, these studies tend to use random sampling of
an adequate population size and use reference laboratories for
mercury analysis. The studies are also required to have ethical
committee approval. All national biomonitoring programs that
measured mercury in hair, blood, urine, or cord blood were
included (i.e., no exclusion criteria were applied).

Data from longitudinal birth cohort studies were also expected
to be of good quality given that these are resource-intensive, usually
well-designed studies that aim to answer questions about the longer-
term health impacts of early life exposures (Vrijheid et al. 2012). To
be included, however, there had to be at least two discrete sampling
periods, one of which was an exposure biomarker measured during
pregnancy or birth. Studies that did not have these two discrete ex-
posure measures could be considered for inclusion as a cross-
sectional study under the fetal exposures category.

For cross-sectional studies, the studies were identified through
the electronic search (Figure 1). Scientific papers were reviewed
through a two-stage process: first, the title and abstract fields
were searched to ascertain relevancy, and second, the full text
was reviewed on papers that were deemed potentially relevant.
We applied an a priori sample size cutoff (ranging between 50
and 200) that was differentially applied to high-income countries
versus low- and middle-income countries as well as across the
different cross-sectional study types (Table 1). This was in order
to ensure that the studies were more likely to be representative of
the population studied. Because we anticipated fewer studies in
low- and middle-income countries, we reduced the minimum
sample size so as to be able to report at least some data. We then
restricted our search to populations who were sampled in the year
2000 onward because a) it matched the approach used by
Višnjevec et al. (2014) in their assessment of mercury exposures
across Europe; b) it represented an inflection point in the mercury
exposure literature (i.e., number of publications and types of
exposures) as observed by Sheehan et al. (2014); c) it represented
a period in which the quality of analytical approaches to charac-
terize mercury exposure started to increase, based on our profes-
sional judgment; and d) it represented a relatively recent period
with ample data from which an understanding of current global
exposures could be established.

In all cases, to be included, studies had to provide a point esti-
mate of the central tendency and a measure of variation from

Figure 1. PRISMA flow diagram indicating the number of articles that were identified, screened, and included in the current review from the three main study
types. Note: HBM, human biomonitoring of mercury programs; UNEP, UN Environment Programme; WHO-Europe, WHO Regional Office for Europe.
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which an upper bound value could be determined. When a study
was reported upon in multiple articles, we chose the article with
the most complete data set to serve as a representative piece.

Data Extraction and Analysis

For all included studies we extracted the following data: popula-
tion characteristics (age, age group, sex), geography (country,
city or sub-country region, WHO region), mercury exposure
measurements [sample size, mercury biomarker and speciation
information, analytical quality control (including reported detec-
tion limit, accuracy, and precision)], and measures of central
tendency (geometric mean or median or mean) and high-end
(95th or 90th or 75th percentile or maximum value) biomarkers.
Information on fish consumption and proximity to water bodies
was also noted. Papers were also checked for mention of ethical
approval.

To summarize the mercury biomarker data, we adopted the
approach of Sheehan et al. (2014), and thus reported upon two sum-
mary distributions (central and upper) for each biomarker for a
given category by pooling the data across relevant studies. Because
studies often provide multiple measures of central or high-end
exposures, we favored certain measures of central exposures
(geometricmean>median>mean) and high-end (95th>90th>
75th>maximumvalue) as indicated in the brackets in terms of
decreasing order of preference.

We evaluated study quality by examining risk of bias in three
areas based on guidance from the U.S. National Toxicology
Program’s (NTP) Office of Health Assessment and Translation
(OHAT2015): a) Selection Bias (selectionmethod, demographics,
exposure characteristics), b) Exposure Detection Bias (quality of
the methods used to measure the mercury biomarkers), and c)
Statistical andOther Bias (biomarker distribution, reportingHg ex-
posure sources, ethics approval). These were not used to exclude
studies but rather to help understand the state of the science world-
wide from which conclusions could be drawn and recommenda-
tionsmade.

Throughout our report, we refer to total mercury as “mercury”
measurements in a given sample type. We present data on each
biomarker type but to maximize the use of the data, we also con-
verted results across biomarker types by converting between hair
and blood measurements and between cord blood and maternal
blood. For the conversions, there are two notable conventions for
exposures that largely involve methylmercury (applicability to
elemental and inorganic mercury is not known). First, the Joint
Food and Agriculture Organization (FAO) and WHO Expert

Committee on Food Additives (JECFA) established a methylmer-
cury hair-to-blood ratio of 250 that is now commonly used by the
research community (JECFA 2004). Second, cord blood levels
are, on average, 70% higher (ranging from 10% to over 200%
higher) than maternal blood as discussed by Stern and Smith
(2003), and thus a conversion factor of 1.7 was used here.
Although we used these conversions to derive blood mercury
equivalents from hair and cord blood values, we acknowledge on-
going debate in the literature concerning the validity of these
approaches, in particular relating to heterogeneity across individu-
als with respect to influential factors such as sex, age, and ethnicity
(Stern and Smith 2003; Bartell et al. 2000; JECFA 2007a; EFSA
CONTAM panel 2012). In addition, there is a growing awareness
that interindividual differences in the toxicokinetics of mercury
and the resulting biomarker measurements may be influenced by
genetic polymorphisms (Basu et al. 2014) although at this time
such information cannot be put into practice. Nonetheless, bio-
marker conversions facilitate comparability across studies, and
they have been effective at helping derive large, regional biomoni-
toring assessments (e.g., in Europe by Višnjevec et al. 2014; in the
Arctic byDonaldson et al. 2016).

Results

Overview of Studies

In total, we collected 424,858 mercury biomarker measurements
taken from 335,991 individuals represented in 312 articles from
75 countries (Table 2; see also Excel Table S1). For the national
biomonitoring programs, we obtained mercury exposure data
from nine countries (Belgium, Canada, Czech Republic, France,
Germany, Republic of Korea, Slovenia, Sweden, and the United
States) (see Tables S1–S3). The total sample population of these
surveys, which sometimes span multiple years, comprised
121,413 people from whom 192,651 biomarker measurements of
mercury exposure were extracted (see Table S2).

For the birth cohorts, we identified 32 studies (many of which
had multiple sub-cohorts) from 17 countries in which there was
at least one mercury exposure measurement during pregnancy or
birth as well as a follow-up time period in which a mercury
exposure-associated health outcome measurement was taken in
the child (Table 2). The total sample population of these birth
cohort studies was 23,374 mother–child pairs from which 47,699
biomarker measurements were taken.

For the cross-sectional studies, the initial database search
retrieved 9,210 non-duplicate articles from which 265 articles
were deemed eligible for data extraction, as outlined in the

Table 1.Method of identification and criteria for selection of studies.

Study type
Studies identified
by expert panel

Studies identified from
country submissions to
UNEP or WHO-Europe

Studies identified
by electronic search Sampling year Minimum sample size

A. National biomonitoring Yes Yes Yes Any N/A
B. Longitudinal birth
cohort

Yes Yes Yes Any; but a minimum of
2 sampling periods

N/A

C. Cross-sectional studiesa

General populations (HIC) No N/A Yes 2000–present >200
General populations
(LMIC)

Yes N/A Yes 2000–present >100

Vulnerable populations
(HIC)

No N/A Yes 2000–present >100

Vulnerable Populations
(LMIC)

Yes N/A Yes 2000–present >50

Note: All studies provided a point estimate of central tendency (median, geometric mean) and a measure of variation from which an upper bound could be determined. HIC, high-
income countries; LMIC, low- and middle-income countries; N/A, not applicable; UNEP, UN Environment Programme; WHO-Europe, World Health Organization Regional Office
for Europe.
aHIC and LMIC were as categorized by the World Bank (Fantom and Serajuddin 2016).
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PRISMA flow chart (Figure 1) and listed in Excel Table S2. From
these articles, we organized the data into 441 subpopulations from
which we had 184,510 mercury biomarker measurements taken
from 167,830 individuals from 73 countries (see Tables S4 and S5).

In the analysis of the cross-sectional data, we largely exam-
ined the study populations according to three variables (see Table
S4): by WHO geographic region, by population type and source
of exposure (point source, dietary, fetal), and by proximity to
water bodies. This enabled a deeper assessment of key drivers
that may help explain exposure biomarker levels. Briefly, and as
further outlined below (percentages that follow are a fraction of
the number of cross-sectional subpopulations, n=441), most
cross-sectional studies were situated, according to WHO region
classifications, in Europe (29.5%), Western Pacific (28.6%), and
the Americas (25.6%) with far fewer studies from the Eastern
Mediterranean (6.6%), Africa (5.2%), and South-East Asia
(4.5%). Of the population types and sources of exposure, 45.6%
were assigned to the general background group that had no
known significant sources of mercury exposure, 20.4% were
assigned to the fetal exposure group, 17.9% were assigned to the
point source exposures to inorganic or elemental mercury group,
and 16.1% were assigned to the dietary exposure to methylmer-
cury group. In terms of proximity to water bodies, 55.1% of the
groups were situated inland (40.6% with no link to water and
14.5% were associated with inland lakes or rivers), and 38.5%
were associated with marine (oceanic) ecosystems. Finally, the
average sample size across the cross-sectional studies was 249
individuals with a range of 50 to 1,910.

Study Quality

As explained earlier, national biomonitoring and birth cohort studies
were taken to be of good quality. For the cross-sectional studies,
62%of the articles thatwere readwere excluded, with themost com-
mon reasons for exclusion being no study year listed or study was
before year 2000, study already included, and study not relevant (see
the PRISMA diagram in Figure 1 for more information).We did not
attempt to characterize the excluded studies in anymanner.

For the cross-sectional studies, we evaluated study quality by
examining risk of bias in three categories as detailed earlier (below,
percentages are a fraction of the number of cross-sectional subpo-
pulations, n=441). In terms of Selection Bias categories, a) partic-
ipants were randomly selected in 8.6% of the studies (1 study each
from Africa and Eastern Mediterranean; 9 from the Americas; 12
fromWestern Pacific; 15 from Europe); b) both sexes were studied
in 66.4% of the studies, whereas 26.3% focused only on females,
3.0% focused only on males, and 4.3% did not report on a partici-
pant’s sex; c) age was reported in 59.2% of the studies, and of the
remaining studies (180 subpopulations) all but 6 gave some indica-
tion of a participant’s life stage; and d) the studies provided enough
information on sources of mercury exposure for us to assign each
study to one of the four target groups described earlier. In terms of

Exposure Detection Bias categories, the most commonly used
instruments to quantify mercury were “direct” analyzers that com-
bine thermal decomposition of the sample with mercury–gold
amalgamation and atomic absorption detection (32.7%), followed
by atomic absorption spectroscopy (28.8%) and Inductively
coupled plasma mass spectrometry (ICPMS) (22.7%) on digested
samples. Most (72.3%) studies considered analytical quality con-
trol measures by reporting on three key items (accuracy, precision,
and detection limit), whereas 21.3% did not report any quality con-
trol measure taken (although these were carefully read and deemed
appropriate). In terms of Statistical and Other Biases categories,
we note that all studies included needed to have a point estimate of
the central tendency of a mercury biomarker and a measure of vari-
ation from which an upper bound value could be determined. Of
the estimates of central exposure that were retained here, 22.2% of
the biomarker values were geometric means, 26.8% were means,
and 50.6% were medians. Of the estimates of high-end exposure,
25.6% of the biomarker values were 95th percentiles, 6.5% were
90th percentiles, 4.3% were 75th percentiles, 54.1% were maxi-
mum values, and the rest were computed by adding twice the
value of the standard deviation (SD) to the mean. We did not fur-
ther examine a paper’s statistical quality (e.g., biomarker distri-
bution, choice of tests). A food frequency questionnaire (FFQ)
was used to calculate fish intake in 7.9% of the studies, whereas a
crude survey was reported to be used in 13.4% of the studies. The
remaining studies did not gauge fish intake. An evaluation of the
quality of the methods used in studies to assess fish consumption
was outside the scope of this review. In terms of ethical conduct
of research, 16.3% of the studies had no mention of either consent
being obtained from the participants or the study having received
institutional review board (IRB) approval.

General Background Population Group

Blood mercury levels. Data on background exposure in the gen-
eral population were obtained from national biomonitoring stud-
ies and from cross-sectional studies (Table 2). Across the national
biomonitoring studies, the majority of participants had blood mer-
cury levels that fell below 5 lg=L, especially when reviewing the
median (Figure 2) and upper bound values (see Table S3). Blood
mercury levels in both adults and children were higher in the
Republic of Korea than in the other eight countries. These values
were, however, similar to those in neighboring countries (see
WHO Western Pacific region data in Figure 2). In all countries,
blood mercury levels in adults were approximately 2.1-fold higher
than in children (Figure 2; see also Table S3), and this varied
across age groups. For example, median blood mercury levels in
Canadians from the Canadian Health Measures Survey (CHMS),
second cycle (2009–2011), increased with age as follows:
0:21 lg=L for 6- to 11-y-olds, 0:19 lg=L for 12- to 19-y-olds,
0:65 lg=L for 20- to 39-y-olds, 1:0 lg=L for 40- to 59-y-olds, and
1:2 lg=L for 60- to 79-y-olds (Health Canada 2017). Similar

Table 2. Count of studies, countries, individuals, and measurements by the type of population included in this review.

Population type Study type Studies (n) Countries (n) Individuals (n) Biomarker measurements (n)

Background general population National biomonitoring 15 9 121,413 192,651
Cross-sectional 201 53 96,141 101,606

Methylmercury exposure from high consumption of
fish and other aquatic animals

Cross-sectional 71 18 29,751 33,814

Point source exposures to inorganic and elemental
mercury

Cross-sectional 79 28 16,673 22,257

Fetal exposure to methylmercury Birth cohorts 32 17 46,748 47,699
Cross-sectional 90 31 25,265 26,831

TOTALS 312 75 335,991 424,858

Note: Column totals for number of studies and number of countries do not reflect column count data because some cross-sectional studies were broken into multiple population types
(e.g., one article could include data from one or more different population types).
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trends were observed in the United States andKorean national data
sets (Burm et al. 2016; Seo et al. 2015; CDC 2017).

The representative data from these national biomonitoring
programs can be used to gauge temporal trends, especially when
there are two or more comparable sampling periods. For blood
mercury, combining the data from the United States, Canada, and
the Czech Republic into a linear regression model showed annual
decreases of approximately 0:026 lg=L or 2.25% (i.e., over 10 y,
this would be a decrease of 0:26 lg=L or ∼ 22:5%) with median
blood mercury levels leveling around 0:75 lg=L (Figure 3).

From the cross-sectional studies, general background expo-
sures were characterized from 201 subpopulations from 53 coun-
tries that included 52,136 and 39,035mercury biomarker measures
taken in blood and hair, respectively (Table 2; see also Table S4).
The hair mercury values were converted to blood mercury equiva-
lents as described earlier, and from this the pooled central median
blood mercury concentration was 2:2 lg=L [interquartile range
(IQR): 1:0–4:7 lg=L] with the upper bound median value being
9 lg=L (see Excel Table S3). These findings compare well to those
of the national biomonitoring studies in which most bloodmercury
levels were below 5 lg=L.

The cross-sectional data show geographic differences in expo-
sure with pooled central median blood mercury concentrations
being higher in general background populations from the
Western Pacific (3:4 lg=L, IQR 2.2–6.6), Eastern Mediterranean
(3:2 lg=L, IQR 1.0–8.8), and South-East Asia (2:9 lg=L, IQR
2.1–6.5) regions versus those in the Americas (1:7 lg=L, IQR
1.1–2.1), Africa (1:3 lg=L, IQR 0.7–2.8), and Europe (1 lg=L,
IQR 0.6–2.2) (see Excel Table S3). Table S5 provides examples
of reference values for mercury concentrations from different
countries and organizations, which gives some context for the
above results.

Hair mercury levels.Across all studies, the majority of partic-
ipants had hair mercury levels that fell below 2 lg=g (Figure 4).
From the national biomonitoring data, only hair mercury levels in
adults were reported from Belgium and France (total of 2,264 sam-
ples), while values in children were also reported from the Czech
Republic (total of 3,470 samples from 1996 to 2008) (Croes et al.
2014; Dereumeaux et al. 2016; Puklová et al. 2010). Hair mercury
results weremoremeaningful from the cross-sectional studies given
that 69,910measurementswere captured (seeTable S6). The overall
pooled central median mercury concentration from the cross-

Figure 2.Median blood mercury levels across different population groups. In the National Biomonitoring studies (#1; reflect country representative information
on exposures), the gray shaded bar refers to measures in adults, whereas the white shaded bar reflects measures in children. For the Cross-Sectional Studies
(that cover all ages), all data are organized according to WHO geographic region (#2) and Populations Groups (#3) that were set a priori. Under the four main
Population Groups categories, the first bar (black shade) represents the pooled biomarker data from the respective subgroups that follow (indicated in white
shade, and labels prefaced with letters A–D). Subgroups that fall under the Point Sources group (A) include ASGM (individuals engaged in artisanal and
small-scale gold mining); Contaminated Sites (individuals living at contaminated sites); and Dental Workers (individuals exposed from working in dental set-
tings). Subgroups that fall under the Dietary Sources group (B) include Fish Consumer (non-Indigenous or non-Arctic groups that were identified in the study
as being ones who consume relatively high amounts of seafood); Indigenous Peoples (self-identified group by study authors and not including those from the
Arctic and mainly composed of populations from the Amazonian region); and Arctic Population (populations living in the Arctic or Subarctic region).
Subgroups that fall under the Fetus group (C) include General (background population without specific exposures to mercury) and Fish Consumer, see above
under “Dietary Sources.” The General group (D) refers to the background population without specific exposures to mercury. Note: WHO, World Health
Organization. For source data, see Excel Table S3.
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sectional studies was 1:0 lg=g (IQR: 0:5–2:5 lg=g) with the upper
bound median value being 6:2 lg=g. Focusing on hair mercury lev-
els from those categorized as coming from a general background
population (39,035 measures), the overall pooled central median
mercury concentration was 0:7 lg=g (IQR: 0:3–1:7 lg=g) with the
upper bound median value being 4:1 lg=g. As with blood, hair
mercury levels (median values shown) were higher in individuals
sampled from the Western Pacific (1:5 lg=g), Eastern
Mediterranean (1:4 lg=g), and South-East Asia (0:7 lg=g) regions
versus those in the Americas (0:4 lg=g), Europe (0:3 lg=g), and
Africa (0:2 lg=g).

Urinary mercury levels. Urine mercury levels were consistent
across the countries from which national biomonitoring data were
obtained, with a majority of the values falling under 3 lg=L when
reviewing the median (Figure 5) and upper bound values (see
Table S7). Urine mercury levels were higher in adults than in chil-
dren, with many of the children’s values falling below analytical
detection limits. The urine data from national biomonitoring pro-
grams, as with blood, can be used to gauge temporal trends; over
time decreases are observed, particularly when examining the U.S.
NHANES data set in which the population median mercury levels
in adults (>20 y of age) from the latest data set is 50% lower than

that measured 10 y earlier (0:24 lg=L vs. 0:48 lg=L comparing
2013with 2003; Figure 3) (CDC 2017).

For urine measurements from the cross-sectional studies, the
pooled central median mercury concentration in the general popu-
lation was 1:0 lg=L (IQR: 0:6–1:5 lg=L), with the upper bound
median value being 6:1 lg=L (see Table S8). These urine mercury
values corresponded well with the national biomonitoring studies,
with most values falling under 3 lg=L (Figure 5). Compared with
blood, there were fewer urinary mercury data spread across geo-
graphical regions. Some geographic differences were apparent
from the available data, with pooled central median urine mercury
concentrations among those sampled from the general population
being higher in the Eastern Mediterranean (2:8 lg=L, IQR 1.0–
4.4) and Western Pacific (1:4 lg=L, IQR 1.2–1.6) compared with
Europe (0:8 lg=L, IQR 0.5–1.1) and the Americas (0:4 lg=L, IQR
0.3–1.0) (see Table S8).

Target Population Groups

Dietary exposure from consumption of fish and other aquatic
animals. Within the cross-sectional studies, we identified 71 sub-
populations from 18 countries that were specifically studied

Figure 3. Temporal changes in blood (A) and urine (B) mercury levels across national biomonitoring programs in which these measures were taken in multiple
cycles. Median values are reported. For source data, see the respective references listed in Table S1.
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because of concerns associated with the consumption of fish and
other aquatic animals. These studies included 29,751 individuals
fromwhich 33,814 mercury biomarker measures taken. The pooled
central median blood mercury concentration across these studies
was 8:6 lg=L (IQR: 2:9–21:2 lg=L) with the upper bound median
value being 38:6 lg=L (Figure 2; see also Excel Table S3).
Exposures in this group (both the central and upper bound median
group values) were approximately four times higher than in general
background populations. This is not surprising given that the con-
sumption of fish and other aquatic animals (i.e., high consumption
amounts or regular consumption of relatively highly contaminated
items) is widely considered to be the main source of methylmercury
exposure formost populations worldwide.

Populations associated with water bodies tended to have
higher blood mercury (Figure 6; see also Excel Table S3) and
hair mercury (see Table S6) levels. This was a major conclusion
of the systematic review by Sheehan et al. (2014) in which they
analyzed 164 studies from 43 countries to relate seafood con-
sumption and mercury biomarkers. We make a similar observa-
tion here. Whereas groups that were situated inland with no
strong link to water had a central median blood mercury concen-
tration of 1:4 lg=L (IQR: 0:7–2:8 lg=L; 55,088 individuals from

179 subpopulations); inland groups that were linked with rivers
or lakes had 6.7 times higher central median blood mercury con-
centrations (9:1 lg=L, IQR 2.5–20.1; 24,813 individuals from 64
subpopulations). Exposures were also higher in groups associ-
ated with marine ecosystems, with central median blood mer-
cury concentrations being highest among groups situated along
the Arctic (5:7 lg=L, IQR 2.7–11.7), Pacific (5:6 lg=L, IQR
2.2–8.5), Mediterranean (3:4 lg=L, IQR 2.3–5.8), and Atlantic
(2:0 lg=L, IQR 0.9–3.2) seas. Another highly exposed, but rela-
tively understudied, group comprises people living within
Small Island Developing States (SIDS). We found 16 subpopu-
lations from SIDS that included 1,325 individuals, and within
this group the central median blood mercury concentration was
2:6 lg=L (IQR: 2:1–5:6 lg=L), with the upper bound median
value being 8:0 lg=L. The Seychelles is an example of a partic-
ularly well-known SIDS within the mercury research commu-
nity (Strain et al. 2015).

Data fromwithin this section on cross-sectional populations also
provides strong evidence that Indigenous Peoples in many areas of
the world (but especially the Inuit from the Arctic and groupswithin
the Amazonian region) generally experience high exposures tomer-
cury. Many from these communities are reliant upon traditional and

Figure 4.Median hair mercury levels across different population groups. The National Biomonitoring Studies (#1) provide country representative information
on exposures. For the Cross-Sectional Studies, all data are organized according to WHO geographic region (#2) and Populations Groups (#3) that were set a
priori. Under the four main Population Groups categories, the first bar (black shade) represents the pooled biomarker data from the respective subgroups that
follow (indicated in white shade). Subgroups that fall under the Point Sources group include ASGM (individuals engaged in artisanal and small-scale gold min-
ing); Contaminated Sites (individuals living at contaminated sites); and Dental Workers (individuals exposed from working in dental settings). Subgroups that
fall under the Dietary Sources group include Fish Consumer (non-Indigenous or non-Arctic groups that were identified in the study as being ones who consume
relatively high amounts of seafood) and Indigenous Peoples (self-identified group by study authors and mainly composed of populations from the Amazonian
region). Subgroups that fall under the Fetus group include General (background population without specific exposures to mercury) and Fish Consumer, see
above under “Dietary Sources.” The General group refers to the background population without specific exposures to mercury. Note: WHO, World Health
Organization. For source data, see Table S6.
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locally caught foods such as fish and marine mammals for suste-
nance. For example, Cisneros-Montemayor et al. (2016) compiled
data from more than 1,900 coastal Indigenous groups (27 million
people from 87 countries) to show that per capita seafood consump-
tion in these communities is 15 times higher than in non-Indigenous
groups. In addition, such traditional foods also form a strong basis
for the culture, spirituality, recreation, and economy of many of
these communities, and so contamination of food by mercury
presents an issue of environmental justice (Nriagu et al. 2012).

The Inuit in the Arctic are exposed to some of the highest
methylmercury levels globally, largely due to their reliance on
fish and marine mammals as culturally important food staples.
Here we identified 15 Arctic subpopulations from which 7,472
individuals were studied, with the resulting central median blood
mercury concentration being 8:6 lg=L (IQR: 3:6–16:2 lg=L) with
an upper bound median concentration of 70:5 lg=L (Figure 2; see
also Excel Table S3). The Artic Monitoring and Assessment
Program (AMAP) Human Health Report (Donaldson et al. 2016)
is exemplary in its review of several human biomonitoring pro-
grams across the circumpolar region, many of which are large
and complex undertakings. As an example, in Canada as part of
the 2007–2008 International Polar Year study of 2,172 individu-
als, the geometric mean of blood mercury across four study
regions ranged from 2.8 to 12 lg=L, with individual values

ranging from 0.1 to 240 lg=L (Donaldson et al. 2016). In another
example, the Greenlandic Inuit Health and Transition Study of
3,105 participants from all geographic areas and community
sizes (9 towns, 13 villages) reported blood mercury levels to
range from 0.1 to 400 lg=L (Donaldson et al. 2016).

Indigenous Peoples residing within the Amazon have also been
documented to be highly exposed to mercury through both fish
consumption and proximity to gold mining (Berzas Nevado et al.
2010), and thus it is not surprising to find elevated mercury levels
in both blood and urine. Here we identified 46 subpopulations
(from three countries) from which 18,509 individuals (and 20,344
measures) were studied, with the resulting central median blood
mercury concentration being 15:4 lg=L (IQR: 8:7–32:9 lg=L) and
an upper bound median concentration of 83:1 lg=L (IQR: 54.3–
170.3). For urine, the central median urinary mercury concentra-
tion was 7:2 lg=L (IQR: 5:5–10:4 lg=L) with an upper bound me-
dian concentration of 149:0 lg=L (IQR: 63.8–178.8). Exposures to
mercury within this group are approximately 7.5 times higher for
both urine and blood when compared with the general background
populations identified in the cross-sectional studies.

Point source exposures to inorganic and elemental mercury.
In this group, 79 subpopulations from 28 countries were identified,
including 16,673 individuals from which 22,257 mercury bio-
marker measures taken. The pooled central median blood mercury

Figure 5. Median urine mercury levels across different population groups. The National Biomonitoring Studies (#1) provide country representative information
on exposures. For the Cross-Sectional Studies, all data are organized according to WHO geographic region (#2) and Populations Groups (#3) that were set a
priori. Under the four main Population Groups categories, the first bar (black shade) represents the pooled biomarker data from the respective subgroups that
follow (indicated in white shade and labels prefaced with letters A–D). Subgroups that fall under the Point Sources group (A) include ASGM (individuals
engaged in artisanal and small-scale gold mining); Contaminated Sites (individuals living at contaminated sites); and Dental Workers (individuals exposed
from working in dental settings). The Dietary Sources group (B) includes populations who consume relatively high amounts of seafood. The Fetus group (C)
includes populations who are vulnerable because of early life exposures. The General group (D) refers to the background population without specific exposures
to mercury. Note: WHO, World Health Organization. For source data, see Table S7.
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concentration was 6:9 lg=L (IQR: 2:8–12:3 lg=L) with the upper
bound median value being 42:4 lg=L (Figure 2; see also Excel
Table S3). For urine, which is the primary biomarker to gauge inor-
ganic and elemental mercury exposures, the pooled central median
mercury concentration was 4:2 lg=L (IQR: 1:4–10:9 lg=L) with
the upper bound median value being 41:3 lg=L (Figure 5; see also
Table S8). These values are higher than those found in the general
populations, as discussed previously.

Exposures in this group were driven by the ASGM sector
(pooled central median urine concentration was 5:9 lg=L, IQR:
3:0− 14:4 lg=L). For example, the upper bound median urinary
mercury levels among ASGM workers and community members
(188 lg=L, IQR 79–374) is approximately 10- and 20-fold higher
than the same upper measurement calculated from studies based
in the two other “point source” groups (contaminated sites and den-
tal workers, respectively); this value is also 30- and 200-fold higher
than in the general populations (as identified through the cross-
sectional studies), with upper (6:1 lg=L) and central (1:0 lg=L)
bound urinary mercury levels, respectively. The ASGM sector is
rapidly growing worldwide with upward of 15 million miners esti-
mated to be directly involved with mining and potentially 100 mil-
lion people living in ASGM communities (WHO 2016; UNEP
2012). There are a number of public health concerns in ASGM
communities (Basu et al. 2015; WHO 2016) as well as a growing
number of human biomonitoring studies to showcase the highmer-
cury exposures (reviewed by Gibb and O’Leary 2014). Our values
from 3,463 individuals are comparable with an earliermeta-analysis
of data from 1,245 miners (many of which data are included here)
from across Indonesia, Philippines, Tanzania, Zimbabwe, and
Mongolia. This meta-analysis reported median urine mercury val-
ues of 3:6 lg=L (95th percentile 119 lg=L), with maximum values
in excess of 1,000 lg=L (Baeuml et al. 2011).

A number of studies were performed in areas classified as
mercury-contaminated sites. Of the 45 subpopulations identified,
most were based in Europe (18) and Asia-Pacific (17), and most
represented sites with industrial (non-mining) facilities (e.g.,
chlor-alkali industry, waste incinerators, smelters), whereas 8
represented mercury-mining sites. Mercury exposures among this
group was approximately 3- and 1.5 times higher (for urine and
blood mercury, respectively) than in general background popula-
tions (from across all regions) at both the central and upper-
bound levels.

Four subpopulations of dental workers were identified here
(see Excel Table S3). The pooled central median blood mercury
concentration in this group was 3:4 lg=L (IQR: 2:4–12:7 lg=L),
with the upper bound median value being 15:8 lg=L. For urine,
the pooled central median mercury concentration was 1:3 lg=L
(IQR: 1:2–4:8 lg=L), with the upper bound median value being
9:3 lg=L (see Table S8).

Fetal exposures. The presence of methylmercury in fish and
other aquatic animals poses particular risk–benefit dilemmas to
all populations because there are health benefits (e.g., from sele-
nium and polyunsaturated fatty acids), while, conversely, there
may be risks from the same food items because of the amounts of
methylmercury they contain (FAO/WHO 2010). This is espe-
cially true for pregnant women and fetuses, groups that have par-
ticular susceptibility to exposure to mercury (as well as other
chemical pollutants). Not surprisingly, birth cohort studies con-
cerning methylmercury have received tremendous scientific, reg-
ulatory, and societal attention. We identified 32 studies that
included 23,374 mother–child pairs from which 47,699 bio-
marker measurements were taken (see Excel Table S4). Of these
studies, 53% measured mercury in cord blood, 28% measured
mercury in maternal blood during pregnancy, and 59% measured

Figure 6. Box plots of blood mercury levels across different population groups in association with water bodies. The mid bar of the box plot refers to the me-
dian, and the upper and lower boundaries refer to the 75th and 25th percentile values, respectively. Coastal, populations living on the coast of various oceans
from where they might take seafood; Inland, populations living away from coastal regions, either living close to rivers or lakes from where they might take fish
(Inland-River/Lake) or not associated with any water (Inland-No Water); Multiple, studies in which the populations were associated with different categories;
SIDS, Small Island Developing States; Unknown, not enough information was provided in the study to assign a particular location. For source data, see Excel
Table S3.
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mercury in maternal hair. In general, these birth cohort studies
focused on methylmercury exposures.

There are some noteworthy observations from the birth cohort
data set (see Excel Table S4). First, groups consuming large
amounts of seafood (Seychelles, Spain), freshwater fish (Brazil)
and/or marine mammals (Faroe Islands, Inuit communities of the
Arctic) have the highest mercury exposures that often exceed
10 lg=L in cord blood. There has, however, been a decrease in
mercury exposures in the Faroe Islands of nearly 5-fold from
∼ 1987 to ∼ 2008 (blood mercury from 22.3 to 4:6 lg=L), and in
the Seychelles of approximately 2-fold from ∼ 1989 to ∼ 2008
(hair mercury from 5.9 to 2:9 lg=g) (Donaldson et al. 2016;
Strain et al. 2015). Elsewhere, cord blood mercury levels range
between 5 and 10 lg=L across several Mediterranean popula-
tions, are approximately 5 lg=L in Asia, and generally less than
5 lg=L across communities in North America and Europe
(excluding Indigenous Peoples and the Mediterranean).).

We also identified a number of cross-sectional studies in
which cord blood mercury measures as well as other indices of
fetal exposure (e.g., biomarker measures in the pregnant mother,
hair measures in infants) were taken. Specifically, 90 subpopula-
tions were identified from which 18,651 biomarker measures
were taken from 25,265 individuals. The pooled central me-
dian blood mercury concentration in this group was 1:4 lg=L
(IQR: 0:8–2:9 lg=L), with the upper bound median value being
6:2 lg=L (Figure 2; see also Excel Table S3). These values are
generally lower than those reported from the birth cohort stud-
ies, recognizing that the focus of the aforementioned birth
cohorts has often been biased toward studying the most highly
exposed groups.

Discussion
This review suggests that all populations are exposed to some
amount of mercury and that there is great variability in exposures
around the world. We conclude that individuals in select general
background populations worldwide with insignificant exposures
to mercury sources have blood mercury levels that generally fall
below 5 lg=L, hair mercury levels that generally fall below
2 lg=g, and urine mercury levels that fall below 3 lg=L (Figures
2, 4, and 5), although these general background values can vary
across certain geographic regions, as outlined earlier. Further,
there are a number of vulnerable populations with relatively high
mercury exposures, which we discuss below. This type of infor-
mation is critical in helping understand exposures, particularly in
light of the Minamata Convention on Mercury and certain stipu-
lations within the convention text that, for example, can inform
the effectiveness evaluation under Article 22, especially for vul-
nerable populations; gauge changes over geographic space and
time.

Despite a relatively large data set to work from (i.e., 424,858
mercury biomarker measurements taken from 335,991 individu-
als), there remain some challenges. Foremost is that there are a
number of countries and geographic regions for which data are
lacking, including populations residing in SIDS and in Asia and
Africa who are exposed to mercury in their diets and from point-
source emissions (e.g., from ASGM and chlor-alkali industries).
In our review we were able to draw from data from 75 countries,
meaning that most of the world’s 194 countries do not have data
of the required standard. Further, within these 75 countries, and
focusing strictly on the cross-sectional studies as an example,
nearly 50% (48.6%) of the data set in terms of the number of indi-
viduals studied, was represented by 4 countries (in decreasing
order of contribution: Republic of Korea, China, Japan, the
United States). The addition of Brazil, Saudi Arabia, Canada, and
the Russian Federation takes this number to nearly 70% (69.2%).

Other reviews of specific exposure groups have similarly noted
these gaps (Sheehan et al. 2014; Gibb and O’Leary 2014;
Višnjevec et al. 2014; Donaldson et al. 2016). As documented
here, very few countries have national biomonitoring programs
that yield data that is nationally representative.

We were also struck by the general lack of quality in many
studies. For example, many studies did not indicate the year in
which their population was sampled and thus these were not
included. In terms of ethics, 56% of the included studies indicated
having had IRB approval, with 27.2% noting that consent was
obtained (but no indication of IRB approval) and the rest (16.3%)
having neither. We characterized risk of bias in three areas based
on guidance from OHAT (2015) and found a number of issues
across the studies in terms of selection bias (e.g., need more in-
formation on how populations were sampled, including more
randomization and details on exposure sources; need more infor-
mation on age and other demographic variables), exposure detec-
tion bias (e.g., need studies to carefully report on quality control
steps taken including the use of reference materials and participa-
tion in quality assurance programs), and statistical and other
biases (e.g., need studies to have IRB approvals, and for more
detailed exposure surveys, such as FFQs). Moving forward, we
advocate that checklists, such as Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE), be strictly
followed so that observational study findings can be suitably
repurposed to contribute to a larger body of knowledge.

The Minamata Convention is motivated by human health con-
cerns (i.e., Articles 1, 16, and 19) and one means for evaluating
the effectiveness of the convention (Article 22) is to determine
temporal and geographic trends in mercury exposure as reflected
by human biomonitoring data (Evers et al. 2016). The significant
data gaps and problems of data quality identified in this review
highlight the need for more and better studies to be carried out in
a wider range of countries.

There is general agreement concerning the methods to assess
mercury exposure (UNEP/WHO 2008). Measurements of mer-
cury in hair and urine are particularly suitable because they pro-
vide a relatively low-cost and noninvasive scheme to gauge
exposure to the main forms of mercury (Evers et al. 2016).
Further, with some basic training, sampling and handling proce-
dures are easy to implement, and quality assurance programs and
suitable reference materials are also in place to help ensure com-
parability of measurement results. Biomarker measures can be
further improved by also including quality survey instruments
that collect pertinent information on the study population and ex-
posure sources.

Programs to harmonize mercury biomonitoring and to scale
activities across regions are now being pursued. For example, the
DEMOnstration of a study to COordinate and Perform Human
biomonitoring on a European Scale (DEMOCOPHES) project
showed that hair mercury could be measured in 1,799 mother–
child pairs from 17 European countries to yield comparable val-
ues (Castaño et al. 2015). Such an approach is now being realized
across six low- and middle-income countries (China, Ghana,
India, Kyrgyzstan, Mongolia, and the Russian Federation) through
a WHO program that is assessing prenatal exposures (via 3,631
mercury measurements in hair, cord blood, and urine) in women.
This WHO program is being pursued in response to a 2014 World
Health Assembly resolution (WHA67.11) on the role of the WHO
and Ministries of Health in the implementation of the Minamata
Convention on Mercury. The development of harmonized and
standardized biomonitoring programs may enable spatial and tem-
poral trends to be better realized.

Exposure to mercury in vulnerable groups who are sensitive
because of extrinsic (e.g., high exposures) and intrinsic (e.g.,
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genetics) factors remains of utmost concern (Eagles-Smith et al.
2018). In terms of “high exposures,” here we focused our atten-
tion on two key groups: populations exposed to inorganic and
elemental mercury from point sources and populations exposed
to methylmercury from the high consumption of fish and other
aquatic animals. From our work, we identified four populations
of concern for which there exist a relatively robust data set: a)
Arctic populations (mainly Inuit) who consume fish and marine
mammals; b) tropical riverine communities (especially Amazonian)
who consume fish, and in some cases may be exposed to mining
operations; c) coastal and/or small-island communities who rely
substantially on seafood; d) individuals who either work or reside
among ASGM sites. In addition to these identified and relatively
well-studied groups, there are other highly exposed groups for
which there is growing awareness but relatively little data to draw
firm conclusions. These include individuals living in mercury-
contaminated sites, particularly in low- and middle-income coun-
tries (Trasande et al. 2016), consumers of rice from contaminated
sites (Rothenberg et al. 2014), and users of mercury-containing
skin-lightening creams (UNEP/WHO 2008). In addition, there are
certain ecosystems sensitive to mercury loading and methylation,
and these may represent hotspots of biologically available methyl-
mercury that warrant attention for those who consume local aquatic
food items (Evers et al. 2016).

Mercury risk is not just driven by high exposures. There are
concerns about mercury susceptibility during early life, which we
reviewed here. In the birth cohort studies we identified, a range
of health outcomes were measured in the newborn, infant, tod-
dler, or child, including, for example, birth weight, motor func-
tion, and intelligence (see reviews by Ha et al. 2017, Karagas
et al. 2012). We flagged the cohorts in which a methylmercury-
associated health outcome was observed and, in doing so, we
observed that these associations spanned a range of exposures
and were not restricted to the most highly exposed groups or par-
ticular geographic regions (see Excel Table S4). In addition to
susceptibility during certain life stages, there is an increasing
awareness that: a) multiple physiological systems may be tar-
geted by mercury, not just the nervous system (Karagas et al.
2012); b) complex interactions between mercury and other chem-
ical and nonchemical stressors exist, and that understood situa-
tions of mercury exposure and risk are further exacerbated under
the context of global change drivers (Eagles-Smith et al. 2018);
and c) genetic differences in subpopulations can influence expo-
sure biomarkers and exposure–outcome relationships (Basu et al.
2014). Although we do not relate the exposure biomarker levels
to any reference values, we do provide as a resource a summary
table of key reference values for mercury (see Table S5).

The concerns over mercury pollution and human health risks
are firmly established, although there are success stories to be
noted. Through our review, there were some studies that illustrated
that steps to limit mercury exposures—intentional or otherwise—
may be effective. First, the approximately 2-fold reduction in uri-
nary mercury levels measured over the past decade across the U.S.
population is likely due to a combination of the development of
encapsulated amalgams, the increasing use of composite resins,
and the overall awareness of occupational and environmental risks
associated with mercury use. Similar trends have been observed
elsewhere, such as in German children (Link et al. 2007) and
among U.S. dental professionals (Anglen et al. 2015; Goodrich
et al. 2016). Second, across Arctic circumpolar regions, mercury
exposures remain elevated even though these levels have dropped
over the past two decades, probably as a result of local dietary
advisories and changing consumption patterns. According to
Donaldson et al. (2016), these decreases may be a sign that risk
management efforts are having a beneficial effect, but there

remain concerns about changing consumption patterns and how
this may affect indigenous culture, identity and spirituality, rec-
reational opportunities, and human nutrition. In other jurisdic-
tions, there have been cases of decreased mercury exposures as a
result of dietary consumption advisories (e.g., Kirk et al. 2017;
Knobeloch et al. 2011), and we note that decreases have also
been observed in both the Faroe Islands and the Seychelles (see
Excel Table S4). Moving ahead, there is a need to better plan and
coordinate studies so that temporal trends can be gauged, particu-
larly in relationship to an intervention or, more broadly, the
Minamata Convention onMercury.

Conclusion
The motivation for this study was the decision to include a chapter
on human biomonitoring of mercury exposure in the 2018 UN
GlobalMercury Assessment. To achieve this, we aimed to increase
worldwide understanding of human exposures to mercury by col-
lecting, collating, and analyzing mercury concentrations in bio-
marker samples using systemic review methodologies. From this
work we are able to conclude that all populations worldwide are
likely exposed to some amount of mercury and that there is great
variability in exposures within and across countries and regions.
This type of information is critical in helping understand expo-
sures, particularly in light of certain stipulations in the Minamata
Convention on Mercury. Notably, the entry into force of the
Minamata Convention on Mercury in 2017 signaled the global
commitment by governments to take action against mercury in
order to protect human health and the environment (Article 1)
(UNEP 2017). The parties to the convention now have a responsi-
bility to develop schemes to evaluate the effectiveness of the con-
vention (Article 22), which includes monitoring trends in human
populations (vulnerable ones in particular, Article 19.1c) through
harmonized methods (Article 19.1d). The state-of-the-science
review performed here concerning mercury exposures worldwide
results in a database that will be further developed and shared
with the global community through future-planned WHO and
UNEP outreach efforts and thus help to address several conven-
tion articles (e.g., Article 17, Information Exchange; Article 18,
Public Information, Awareness and Education; and Article 19,
Research, Development andMonitoring, among others). In doing
so here, we provide an evidence-based foundation for work to
come on assessing the effectiveness of the convention as well as
for identifying data gaps requiring attention.
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