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We describe analyses to estimate the global burden of disease associated with methylmercury (MeHg). An intelligence quotient < 70, indicating intellectual disability (ID), was selected as the critical disease, maternal hair
Hg concentration during pregnancy selected as the critical exposure biomarker, and a dose-eﬀect relationship of
an 0.18 point IQ reduction per µg/g increase in maternal hair Hg was assumed, based on a meta-analysis. A
systematic review was conducted to obtain country-speciﬁc data on the distribution of maternal hair Hg concentrations. The country-speciﬁc incidence of MeHg-associated ID was calculated, and a random eﬀects model
was used to impute the incidence for countries for which no exposure data could be found. The global burden of
MeHg-associated ID was quantiﬁed in terms of Disability-Adjusted Life Years (DALYs) using the World Health
Organization (WHO) Global Health Estimates methodology, and presented by 14 subregions. In 2015, the global
total for MeHg-associated cases of ID was 226,655; 210,074 of these cases (93%) were mild cases of ID. The
highest rate of ID (6 cases per 100,000 population) was found in the Americas D subregion. The global DALY
estimate was 1,963,869. The Western Paciﬁc B subregion contributed the most to this total (696,417), although
the Americas D subregion had the greatest rate (54 DALYs per 100,000 population). The burden of disease
associated with MeHg is therefore highly subregion-dependent even in areas that are geographically related. The
priority given to reducing this burden can therefore be expected to vary considerably by subregion depending on
other health needs.

1. Introduction
The neurodevelopmental toxicity of methylmercury (MeHg) is wellknown (Karagas et al., 2012). Neurodevelopmental toxicity is considered to be the most sensitive outcome of methylmercury exposure
and the development in utero the most sensitive period of exposure
(Joint FAO/WHO Expert Committee on Food Additives, 2007). Ingestion is the primary pathway of exposure, and contaminated seafood and
rice are the most important components of the diet with regard to
MeHg.
Recently, the World Health Organization (WHO) published ﬁrstever estimates of the global and regional burden of foodborne disease

(Havelaar et al., 2015). The study showed that the 31 considered
foodborne hazards caused 600 million illnesses, resulting in 420,000
deaths and 33 million Disability-Adjusted Life Years (DALYs). The
burden estimates for the foodborne chemicals however only revealed
the tip of the iceberg, as only three chemicals and toxins could be included, i.e., aﬂatoxins, cassava cyanide, and dioxins (Gibb et al., 2015).
In this paper, we add to this work by quantifying the contribution of
exposure to MeHg to the global burden of disease, expressed as DALYs.
2. Materials and methods
Several inputs were combined to estimate the disease burden

Abbreviations: AFR, African Region; AMR, Region of the Americas; ASGM, Artisanal and small scale gold mining; DALY, Disability-adjusted life year; EMR, Eastern
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WPR, Western Paciﬁc Region
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available). (See Supplementary Tables in Bellinger et al., 2016 for the
raw data).
For countries for which multiple studies provided information, one
study was chosen as most representative. We favored studies with the
following characteristics:

associated with MeHg: the target disease caused by MeHg, the critical
biomarker of exposure, the dose-eﬀect relationship between the target
disease and the critical biomarker concentration, the distribution of the
critical biomarker concentration in the target population of each
country, the incidence of the target disease in each country, disease
features including age at onset, case fatality rate, and duration, and the
disability weight(s) associated with the disease. The rationale for the
decisions reached about each of these inputs is described in the following sections.

1) a nationally-representative sample
2) described how the study sample was drawn from the base population
3) the study sample was not occupationally-exposed to mercury, did
not live in an area likely to be polluted with mercury (i.e., a region
of artisanal gold mining), and was not selected based on clinical
status, i.e., a disease potentially related to MeHg exposure)
4) measured hair mercury concentration; if blood mercury was measured but the study was selected, on the basis of other characteristics, as the most representative study, hair mercury concentration
was estimated from blood mercury concentration using a conversion
factor (250:1) (ATSDR: Toxicological Proﬁle for Mercury, 1999). If
cord blood mercury concentration was measured, it was ﬁrst
transformed to maternal blood concentration using a conversion
factor (1.7:1) (Stern and Smith, 2003)
5) provided information about both the central tendency and variability of the biomarker distribution (e.g., standard deviation, interquartile range, centile values, etc.)
6) provided information speciﬁcally about prenatal mercury exposure.
Priority of subgroups in terms of relevance to prenatal exposure to
mercury: pregnant women, women of reproductive age, adult
women, adult males, children

2.1. Critical disease
The evidence supporting a causal role for MeHg in human health
outcomes varies substantially across organ systems and health endpoints (World Health Organization, 2004). There is robust evidence
that children's cognitive development is the most sensitive endpoint,
and that gestation is the critical exposure window (Rice et al., 2003;
World Health Organization, 2004; ATSDR: Toxicological Proﬁle for
Mercury, 1999). We selected loss of full-scale IQ points as the critical
endpoint with regard to MeHg toxicity. The estimation of a global
burden of disease requires that a disease or diseases be speciﬁed. For
methylmercury, the disease is “intellectual disability” (ID). To estimate
the burden of disease associated with methylmercury, we estimated the
numbers of children whose IQ scores would be expected, as a result of
prenatal MeHg exposure, to fall within the categories of intellectual
disability (ID) speciﬁed in the International Classiﬁcation of Disease9th Revision Clinical Modiﬁcation: mild (IQ 50–69), moderate (IQ
35–49), severe (IQ 20–34), and profound (IQ < 20) (World Health
Organization, 2017).

2.5. Country-speciﬁc incidence of intellectual disability
2.2. Critical biomarker of exposure
In the absence of methylmercury exposure, we assume that IQ
scores in each country have a mean of 100 and a standard deviation of
15. Assuming that 0.18 IQ points are lost per μg/g increase in maternal
hair mercury during pregnancy, we used the distribution of hair mercury concentrations to calculate the percentages of children in each
country whose IQ scores would be shifted, as a result of MeHg exposure,
into the four categories of ID (i.e., mild, moderate, severe, profound).
For most countries, limited data were available on the hair mercury
distribution. Therefore, it was assumed that hair mercury levels were
normally distributed, and the Microsoft Excel function NORMDIST was
used to determine the proportion of the population with hair mercury
levels above speciﬁed levels based on the reported mean and standard
deviation (Poulin and Gibb, 2008). Finally, the incidences of diﬀerent
levels of severity of MeHg-associated ID in a country (i.e., number per
100,000 births) were calculated using birth rate data (www.cia.gov/
library/publications/the-world-factbook/rankorder/2054/html). The
Supplementary Tables in Bellinger et al. (2016) present the data used to
estimate incidence rates.
In line with the WHO estimates of the global burden of foodborne
disease, we aggregated our country-level estimates into global, regional, and subregional estimates. There are six WHO regions, including the African Region (AFR), the Region of the Americas (AMR),
the Eastern Mediterranean Region (EMR), the European Region (EUR),
the South-East Asia Region (SEAR), and the Western Paciﬁc Region
(WPR). Countries within a region are further classiﬁed into subregions
by mortality levels: A: Very low child, very low adult mortality; B. Low
child, low adult mortality; C. Low child, high adult mortality; D High
child, high adult mortality; and E: High child, very high adult mortality
(Ezzati et al., 2002). The countries included in each subregion are
provided in Devleesschauwer et al. (2015).

Mercury has been measured in a variety of biological matrices, including hair, blood (including cord blood), urine, and nails (toenail,
ﬁngernail). The concentration of mercury in hair is the exposure metric
that is most frequently measured in epidemiological and surveillance
studies. Speciation studies have shown that 80–90% of the total mercury in hair is MeHg (National Research Council, 2000), and most
studies report total hair mercury concentrations. We selected maternal
hair mercury concentration during pregnancy or at birth as the critical
biomarker.
2.3. Dose-eﬀect relationship
To relate maternal hair mercury concentration to ID, we selected the
result of a meta-analysis of data from the three major prospective studies of prenatal MeHg exposure and children's cognitive development
(Faroe Islands, Seychelles Islands, New Zealand studies) reported by
Axelrad et al. (2007). This analysis estimated that a child's IQ score
declines 0.18 points (95% CI: -0.38, -0.01) for each µg/g increase in
maternal hair mercury concentration during pregnancy.
2.4. Country-speciﬁc estimates of MeHg exposure
We conducted a systematic review in order to identify studies that
provide data on the distributions of the mercury biomarker concentrations in diﬀerent countries or regions of countries (see Bellinger
et al., 2016, for details of the search process). In the 305 papers identiﬁed, mercury biomarker data (hair or blood) were reported for 80
countries.
We abstracted the following information from each paper: country,
the population sampled (e.g., miners, residents near a mining site,
coastal, urban/rural, subsistence ﬁsherman, general population, etc.),
the biological matrix measured (hair, blood, cord blood), total number
of individuals sampled, age, sex, mercury biomarker concentrations
(including measure of central tendency, dispersion, and range, if

2.6. Imputation
For countries for which no studies could be found that provided
information on population MeHg biomarker concentrations and for
417
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than one third of global DALYs. However, the number of DALYs per
100,000 population was greatest in the AMR D subregion, exceeding by
approximately 8-fold the DALYs per 100,000 population in the subregion with the lowest number (AMR A).

which an incidence rate of MeHg-associated ID could not be calculated,
a log-Normal random eﬀects model was used to impute it, as described
by Devleesschauwer et al. (2015). Brieﬂy, the model was ﬁtted to the
available data, and incidence values for countries with no data were
imputed based on the resulting posterior predictive distributions. For
countries in a subregion where none of the countries had data, the incidence was imputed as 10,000 random draws from a log-Normal distribution reﬂecting a "random" country within a "random" subregion,
with the uncertainty interval describing the variability between and
within regions. For countries in a subregion where at least one of the
other countries had data, the incidence was imputed as 10,000 random
draws from a log-Normal distribution reﬂecting a "random" country
within the concerned subregion, with the uncertainty interval describing the variability within regions.

4. Discussion
The major ﬁndings of these analyses are that, worldwide, prenatal
exposure to MeHg accounts for nearly one quarter of a million incident
cases of intellectual disability each year, with the vast majority being
cases of mild ID (i.e., 50 < IQ < 70). These cases account for nearly 2
million DALYs. To place this in context, in the Global Burden of Disease
(GBD), 2017 study, the global prevalence of developmental intellectual
disability in 2015 was calculated to be approximately 190 million cases,
resulting in nearly 25 million DALYs (GBD 2017 Disease and Injury
Incidence and Prevalence Collaborators, 2018). Estimates for MeHgassociated ID are however not available from the GBD.
The variability among subregions with respect to the total number
of DALYs is substantial with the largest contribution to the DALY total
coming from countries in the WPR B subregion (Cambodia, China, Cook
Islands, Fiji, Kiribati, Lao People's Democratic Republic, Malaysia,
Marshall Islands, Micronesia (Federated States of), Mongolia, Nauru,
Niue, Palau, Papua New Guinea, Philippines, Republic of Korea, Samoa,
Solomon Islands, Tonga, Tuvalu, Vanuatu, Viet Nam). This is however
in part a reﬂection of the size of the population in WPR B. When DALYs
are expressed on a per capita basis, however, it is countries in the AMR
D subregion, consisting of Bolivia, Ecuador, Guatemala, Haiti,
Nicaragua, and Peru, that bear the greatest burden of MeHg-associated
ID.
Our ﬁndings illustrate the importance of conducting the analyses at
the subregion level. For both incident case rate and DALYs, the lowest
and the highest estimates were for subregions of the Americas making
the overall estimates for the Americas region as a whole misleading.
It is important to acknowledge the limitations of estimations of
disease burden. These limitations pertain to assumptions and decisions
made at each step of the estimation process.
The data on mercury biomarker concentration was based on nationally-representative sampling for only three countries (USA,
Republic of Korea, Germany). For some countries large birth cohort
studies were available (New Zealand, Faroe Islands, Seychelles Islands),
and the distributions of hair mercury concentrations in those cohorts
are likely to be good proxies for those that would be obtained in a
nationally-representative sample. For each country, we selected the
study that seemed to provide data most representative of the exposures
within its population, but this was likely more successful for some
countries than for others.
Data on biomarker concentrations in a country's population did not
always include the concentrations speciﬁcally in pregnant women, the
population subgroup of greatest concern with respect to MeHg developmental neurotoxicity. In such cases, it was necessary to rely on proxy
measures of hair concentration during pregnancy that vary in their
suitability, such as hair or blood mercury biomarker concentrations in
all adult women or in adult men. Standard conversion factors were
applied in translating proxy measures into hair mercury concentrations.
These factors necessarily involve some error. Although a ratio of 250:1
is routinely used in risk assessments to convert a hair mercury concentration to a blood mercury concentration, values as high as 344 have
been reported (Yaginuma-Sakurai et al., 2012).
When suitable data for a country were not available, they were
imputed using mercury biomarker concentrations measured in another
country in the same subregion or, failing that, from data at the global
level. An alternative strategy would have been to base the imputation
on a country within the same Global Environmental Monitoring System
(GEMS)/food
consumption
database
(www.who.int/nutrition/
landscape_analysis/nlis_gem_food/en). Although the GEMS classiﬁcation system groups countries with similar consumption patterns, it is

2.7. Disability-adjusted life years
The case fatality rate of ID was assumed to be zero, therefore only
years lived with disability contributed to the DALYs associated with
prenatal MeHg exposure. Years lived with disability for a given health
state are given by the product of the number of incident cases with the
health state's duration and disability weight. In this study, the two
considered health states were mild and moderate ID. The age-of-onset
of MeHg-associated ID was assumed to be zero (i.e., birth), and the
disease was assumed to be life-long; the duration was therefore given by
the life expectancy at age of birth. Life expectancies at birth by country
for the year 2015 were derived from the 2017 revision of the United
Nations World Population Prospects (https://esa.un.org/unpd/wpp/
Download/Standard/Population/). Disability weights reﬂect on a
scale from 0 to 1 the relative reduction in quality of life associated with
the health state. The WHO Global Health Estimates disability weights
for ID were used: 0.127 for mild ID and 0.293 for moderate ID (World
Health Organization, 2017).
The DALY calculations were implemented in a probabilistic framework, using 10,000 Monte Carlo simulations to propagate uncertainty
from the incidence estimation process (Devleesschauwer et al., 2015).
The resulting uncertainty distributions were summarized by their
median and a 95% uncertainty interval deﬁned as the distribution's
2.5th and 97.5th percentile. As for incidence, country-level DALY estimates were aggregated into global, regional, and subregional estimates and presented as such. Population estimates for the year 2015
from the United Nations World Population Prospects 2017 Revision
were used to calculate incidence and DALY rates per 100,000 population.
3. Results
The median estimates of the numbers of incident cases of MeHgassociated ID by each of the 14 considered subregions and the corresponding 95% uncertainty intervals are displayed in Table 1. These
estimates include only mild and moderate ID, as estimates of the
numbers of severe and profound ID associated with MeHg were negligible. Globally, the number of cases of MeHg-associated mild ID greatly
exceeded the number of cases of moderate ID. Within WPR, the number
of mild ID cases exceeded the number of moderate cases by more than
20-fold.
Table 2 presents the median rates per 100,000 population separately for mild ID and moderate ID. Within AMR, the range of the rate
of MeHg-associated intellectual disability was almost an order of
magnitude (0.7 and 6.0 per 100,000 for AMR A and AMR D, respectively). The median rate per 100,000 of mild and moderate ID combined was ≥ 5 cases per 100,000 in AFR D, AMR D, and WPR B.
Table 3 shows the DALYs associated with MeHg-associated ID.
Globally, the median estimate of the total was 1,963,869. As would be
expected from the numbers of incident cases, the WPR B subregion
made the largest contribution to the global total, accounting for more
418
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Table 1
Estimated number of incident cases (median and 95% uncertainty interval) of MeHg-associated intellectual disability (ID) by region and subregion, 2015.
Region

Mild ID

Moderate ID

Total

Africa (AFR)
AFR D
AFR E
America (AMR)
AMR A
AMR B
AMR D
Eastern Mediterranean (EMR)
EMR B
EMR D
Europe (EUR)
EUR A
EUR B
EUR C
Southeast Asia (SEAR)
SEAR B
SEAR D
Western Paciﬁc (WPR)
WPR A
WPR B
World

41,235 (6965–261,750)
21,568 (3858–133,016)
19,654 (3070–128,734)
23,869 (8632–55,527)
2320 (770–5410)
15,700 (5585–35,887)
5677 (2072–15,963)
19,999 (6453–93,035)
4746 (1774–12,565)
15,082 (4207–81,021)
11,174 (4135–29,451)
5828 (2117–13,423)
3166 (1069–13,638)
1901 (688–4396)
22,718 (8023–52,049)
6267 (2095–14,589)
16,468 (5848–38,027)
81,823 (27,961–188,066)
2199 (805–5572)
79,495 (27,218–182,893)
210,074 (78,752–607,928)

4064 (2325–7204)
1993 (1165–3480)
2073 (1161–3727)
1575 (677–3342)
418 (135–994)
919 (392–1956)
239 (134–417)
1887 (1134–3103)
337 (169–651)
1542 (934–2559)
1140 (536–2291)
475 (193–1030)
380 (214–659)
286 (108–641)
3391 (1193–7833)
563 (195–1309)
2829 (997–6526)
3827 (1470–8523)
147 (73–287)
3679 (1395–8237)
16,038 (8435–29,701)

45,306 (9276–268,911)
23,553 (5018–136,462)
21,726 (4230–132,462)
25,482 (9301–58,851)
2740 (912–6362)
16,616 (5983–37,740)
5920 (2209–16,376)
21,939 (7601–96,318)
5102 (1943–13,120)
16,647 (5152–83,474)
12,370 (4671–31,375)
6307 (2298–14,395)
3556 (1286–14,141)
2189 (795–5015)
26,154 (9271–59,646)
6834 (2289–15,832)
19,289 (6913–43,989)
85,643 (29,470–196,380)
2349 (878–5826)
83,168 (28,632–191,203)
226,655 (87,386–633,509)

which such ASGM is common would result in an underestimate. The
number of individuals directly involved in ASGM is 10–15 million
worldwide, including 3 million women and children, mostly in Africa,
Asia, and South America (United Nations Environment Programme,
2013). The number exposed collaterally to MeHg dispersed as a result
of these activities is likely to be many-fold higher.
Impairment of children's cognitive development is generally considered the most sensitive indicator of MeHg toxicity in humans, but it
is possible that a greater burden of disease is associated with some other
endpoint, such as cardiovascular toxicity (Roman et al., 2011).
The method for estimating burden of disease requires that endpoints
be deﬁned categorically rather than dimensionally. In the case of ID, it
is assumed that no burden accrues unless Full-Scale IQ is reduced, as a
result of exposure to MeHg, to a value below 70. For instance, a decrease in IQ from 90 to 89 is detrimental, but it would not be an increase in disease burden simply because it does not increase ID
(IQ < 70). Studies of many chronic disease risk factors, however, show
that, at a population level, burden accrues even at values below those
used to diagnose clinical disease. For example, the positive relationship
between blood pressure and risk of ischemic heart disease is evident
even at systolic and diastolic values below 140 and 90 mmHg, respectively (Lewington et al., 2002). Similarly, it is not only when IQ is reduced to below 70 that an individual's disease burden increases. In costbeneﬁt analyses based on Full-Scale IQ, for example, monetary costs are
assigned to each IQ point lost, regardless of whether the ﬁnal IQ score is
below or above 70 (e.g., Grosse et al., 2002). Our calculations therefore
likely underestimate the true health burden associated with MeHg (Sly
et al., 2016). In a similar vein, Salkever (2014) reports that the IQ
impacts from lead exposure are understated.
For consistency with the WHO estimates of the global burden of
foodborne disease, the disability weights used in this study were
adopted from the WHO Global Health Estimates study (World Health
Organization, 2017). Of note, the disability weights for intellectual
disability in the WHO study are substantially higher than the weights
used in the GBD study (Salomon et al., 2015), i.e., 0.127 vs 0.043 for
mild ID, and 0.293 vs 0.100 for moderate ID. Applying the GBD weights
would thus have resulted in a lower DALY estimate of around 670,000
DALYs.
We assumed that the relationship between maternal hair mercury
concentration and IQ is linear over the entire range of hair mercury
levels, and, furthermore, the same dose-response relationship exists in
all countries. Social factors do not appear to modify this relationship

Table 2
Estimated incidence rates per 100,000 population (median and 95% uncertainty interval) of MeHg-associated intellectual disability (ID) by region and
subregion, 2015.
Region

Mild ID

Moderate ID

Total

Africa (AFR)
AFR D
AFR E
America (AMR)
AMR A
AMR B
AMR D
Eastern Mediterranean (EMR)
EMR B
EMR D
Europe (EUR)
EUR A
EUR B
EUR C
Southeast Asia (SEAR)
SEAR B
SEAR D
Western Paciﬁc (WPR)
WPR A
WPR B
World

4
5
4
2

0.4 (0.2–0.7)
0.4 (0.2–0.7)
0.4 (0.2–0.7)
0.2 (0.07–0.3)
0.1 (0.04–0.3)
0.2 (0.07–0.4)
0.3 (0.1–0.5)
0.3 (0.2–0.5)
0.2 (0.09–0.4)
0.3 (0.2–0.5)
0.1 (0.06–0.3)
0.1 (0.04–0.2)
0.2 (0.09–0.3)
0.1 (0.05–0.3)
0.2 (0.06–0.4)
0.2 (0.06–0.4)
0.2 (0.06–0.4)
0.2 (0.08–0.5)
0.09 (0.04–0.2)
0.2 (0.08–0.5)
0.2 (0.1–0.4)

5
5
4
3

(0.7–26)
(0.8–28)
(0.6–25)
(0.9–6)
0.6 (0.2–1)
3 (1–7)
6 (2–17)
3 (1–14)
3 (1–7)
3 (0.9–17)
1 (0.5–3)
1 (0.5–3)
1 (0.5–6)
0.8 (0.3–2)
1 (0.4–3)
2 (0.6–4)
1 (0.4–2)
4 (1–10)
1 (0.5–3)
5 (2–11)
3 (1–8)

(0.9–27)
(1–29)
(0.8–26)
(0.9–6)
0.7 (0.2–2)
3 (1–7)
6 (2–18)
3 (1–15)
3 (1–7)
4 (1–18)
1 (0.5–3)
1 (0.5–3)
2 (0.5–6)
0.9 (0.3–2)
1 (0.5–3)
2 (0.7–5)
1 (0.4–3)
5 (2–10)
1 (0.5–4)
5 (2–11)
3 (1–9)

based on more than 60 food categories, some of which are informative
with regard to intake of MeHg (e.g., cereal grains and ﬂours, marine
ﬁsh) but most of which are not (e.g., fruiting vegetables, roots and
tubers, milks, sugars). Furthermore, because of the greater number of
clusters within the GEMS classiﬁcation system, there would be a greater
number of clusters without data, increasing the overall uncertainty.
Data for some countries were limited to mercury biomarker concentrations measured in population subgroups suspected of having high
exposures. For example, many of the studies conducted in South
American countries, for example, focused on people living in areas in
which artisanal and small scale gold mining (ASGM) is conducted
(Gibb, O'Leary, 2014). Rather than considering the individuals sampled
to be representative of the entire population, we used data from the
referent groups assembled for these studies or studies of individuals
who, based on geography, were not likely to be impacted directly by
ASGM activities. However, population subgroups exposed to ASGM are
likely to be aﬀected disproportionately by MeHg and a failure to consider them in estimating the burden of disease within a country in
419
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Table 3
Disability-adjusted life years (median and 95% uncertainty interval) due to MeHg-associated intellectual disability (ID) by region and subregion, 2015.
Region

Mild ID

Moderate ID

Total

Total per 100,000 population

Africa (AFR)
AFR D
AFR E
America (AMR)
AMR A
AMR B
AMR D
Eastern Mediterranean (EMR)
EMR B
EMR D
Europe (EUR)
EUR A
EUR B
EUR C
Southeast Asia (SEAR)
SEAR B
SEAR D
Western Paciﬁc (WPR)
WPR A
WPR B
World

326,198 (55,099–2070,622)
170,620 (30,522–1052,252)
155,473 (24,287–1018,378)
188,823 (68,286–439,258)
18,355 (6094–42,797)
124,195 (44,182–283,888)
44,912 (16,392–126,275)
158,207 (51,051–735,969)
37,545 (14,036–99,402)
119,313 (33,282–640,935)
88,394 (32,712–232,978)
46,104 (16,748–106,188)
25,047 (8455–107,889)
15,039 (5444–34,773)
179,718 (63,467–411,747)
49,574 (16,573–115,413)
130,276 (46,265–300,819)
647,277 (221,190–1487,732)
17,396 (6371–44,076)
628,863 (215,311–1446,813)
1661,831 (622,979–4809,130)

74,171 (42,430–131,480)
36,367 (21,263–63,511)
37,837 (21,185–68,028)
28,740 (12,358–60,987)
7622 (2467–18,133)
16,763 (7154–35,695)
4367 (2444–7606)
34,435 (20,698–56,634)
6149 (3079–11,881)
28,138 (17,040–46,695)
20,812 (9776–41,805)
8669 (3520–18,797)
6937 (3903–12,028)
5212 (1977–11,702)
61,891 (21,770–142,960)
10,275 (3554–23,882)
51,638 (18,191–119,101)
69,850 (26,832–155,553)
2691 (1330–5242)
67,149 (25,456–150,333)
292,703 (153,952–542,058)

400,451 (97,400–2201,318)
207,039 (51,846–1115,628)
193,298 (45,455–1086,404)
218,122 (80,867–500,143)
26,034 (8657–60,409)
140,954 (51,496–318,140)
49,314 (18,865–133,611)
193,347 (71,966–792,038)
43,982 (17,145–109,565)
147,995 (50,413–686,425)
109,846 (42,771–268,188)
54,829 (20,202–123,851)
32,227 (12,418–118,158)
20,294 (7453–45,821)
242,356 (85,478–550,758)
59,903 (20,196–138,414)
182,193 (65,567–413,182)
716,868 (248,741–1640,906)
20,145 (7727–48,828)
696,417 (241,240–1592,639)
1963,869 (780,769–5272,924)

40 (10–222)
44 (11–235)
37 (9–210)
22 (8–51)
7 (2–16)
27 (10–61)
54 (21–146)
30 (11–122)
24 (9–60)
32 (11–147)
12 (5–29)
12 (5–28)
14 (5–50)
9 (3–19)
13 (4–29)
17 (6–40)
12 (4–26)
38 (13–88)
12 (5–30)
41 (14–93)
27 (11–72)
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signiﬁcantly (Davidson et al., 1999, 2004), though certain genetic
polymorphisms might (Julvez et al., 2013). Because we lacked countryspeciﬁc data on the distributions of IQ scores, we assumed that the
distributions have the same mean and standard deviation in all countries.
We used the dose-eﬀect relationship reported by Axelrad et al.
(2007) to estimate incidence rates of ID, but recent evidence suggests
that the slope is underestimated unless the potentially beneﬁcial impact
of seafood consumption on child development is taken into account
(Oken et al., 2005, 2008; Budtz-Jorgensen et al., 2007; Strain et al.,
2008; Lederman et al., 2008). Axelrad et al. (2007) did not take negative confounding into account (Choi et al., 2008) so the present
analysis might underestimate the disease burden associated with MeHgassociated ID.
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5. Conclusion
In conclusion, the burden of disease associated with prenatal exposure to MeHg varies considerably from one subregion to another. In
absolute terms, the greatest burden is borne by countries in WPR B,
while the greatest per capita burden is borne by countries in AMR D.
The priority given to reducing this burden in light of other health needs
can be expected to vary considerably by subregion.

References
ATSDR: Toxicological Proﬁle for Mercury, 1999. Atlanta: Agency for Toxic Substances
and Disease Registry.
Axelrad, D.A., Bellinger, D.C., Ryan, L.M., Woodruﬀ, T.J., 2007. Dose-response relationship of prenatal mercury exposure and IQ: an integrative analysis of epidemiologic data. Environ. Health Perspect. 115 (4), 609–615.
Bellinger, D.C., O’Leary, K., Rainis, H., Gibb, H., 2016. Country-speciﬁc estimates of the
incidence of intellectual disability associated with prenatal exposure to methylmercury. Environ. Res. 147, 159–163.
Budtz-Jorgensen, E., Grandjean, P., Weihe, P., 2007. Separation of risks and beneﬁts of
seafood intake. Environ. Health Perspect. 115 (3), 323–327.
Choi, A.L., Cordier, S., Weihe, P., Grandjean, P., 2008. Negative confounding in the
evaluation of toxicity: the case of methylmercury in ﬁsh and seafood. Crit. Rev.
Toxicol. 38 (10), 877–893.
Davidson, P.W., Myers, G.J., Shamlaye, C., Cox, C., Wilding, G.E., 2004. Prenatal exposure to methylmercury and child development: inﬂuence of social factors.
Neurotoxicol Teratol. 26 (4), 553–559.
Davidson, P.W., Myer, G.J., Shamlaye, C., Cox, C., Gao, P., Axtell, C., et al., 1999.
Association between prenatal exposure to methylmercury and developmental outcomes in Seychellois children: eﬀect modiﬁcation by social and environmental factors. Neurotoxicology 120 (5), 833–841.
Devleesschauwer, B., Haagsma, J., Angulo, F.J., Bellinger, D.C., Cole, D., Döpfer, D., et al.,
2015. Methodological framework for World Health Organization estimates of the
global burden of foodborne disease. PLoS One 10 (12), e0142498.
Ezzati, M., Lopez, A.D., Rodgers, A., Vander Hoorn, S., Murray, C.J., 2002. Selected major
risk factors and global and regional burden of disease. Lancet 360, 1347–1360.
GBD Disease and Injury Incidence and Prevalence Collaborators, 2017. Global, regional,
and national incidence, prevalence, and years lived with disability for 354 diseases
and injuries for 195 countries and territories, 1990–2017: a systematic analysis for
the Global Burden of Disease Study 2017. Lancet 392 (10159), 1789–1858.

Acknowledgements
This study was conducted within the context of the Foodborne
Disease Burden Epidemiology Reference Group (FERG) of the World
Health Organization (WHO). The work was done through the in-kind
support of the authors. The authors acknowledge the funding provided
to the FERG by the U.S. Food and Drug Administration, the U.S.
Department of Agriculture, the U.S. Centers for Disease Control and
Prevention, and the governments of Japan and the Netherlands. The
authors alone are responsible for the views expressed in this publication
and they do not necessarily represent the views, decisions or policies of
the World Health Organization or of the partners that have provided
funding to the FERG.
The authors wish to acknowledge the support and guidance provided by the FERG chairman, Dr. Arie H. Havelaar, and by the
Chemicals and Toxins Task Force (CTTF) of the FERG. Members of the
CTTF include, in alphabetical order: Gabriel Adegoke, Reza Afshari,
Janis Baines, Kalpana Balakrishnan, David Bellinger, Philip Michael
420

Environmental Research 170 (2019) 416–421

D.C. Bellinger et al.

Poulin, J., Gibb, H., 2008. Mercury: assessing the environmental burden of disease at
national and local levels. Environmental burden of disease series. World Health
Organization, Geneva.
Rice, D.C., Schoeny, R., Mahaﬀey, K., 2003. Methods and rationale for derivation of a
reference dose for methylmercury by the U.S. EPA. Risk Anal. 23 (1), 107–115.
Roman, H.A., Walsh, T.L., Coull, B.A., Dewailly, É., Guallar, E., Hattis, D., et al., 2011.
Evaluation of the cardiovascular eﬀects of methylmercury exposures: current evidence supports development of a dose-response function for regulatory beneﬁts
analysis. Environ. Health Perspect. 119 (5), 607–614.
Salkever, D.S., 2014. Assessing the IQ-earnings link in environmental lead impacts on
children: have hazard eﬀects been overstated? Environ. Res. 131, 219–230.
Salomon, J.A., Haagsma, J.A., Davis, A., Maertens de Noordhout, C., Polinder, S.,
Havelaar, A.H., et al., 2015. Disability weights for the Global burden of disease 2013
study. Lancet. Health 3 (11), e712–e723.
Sly, P.D., Carpenter, D.O., Van den Berg, M., Stein, R.T., Landrigan, P.J., Brune-Drisse,
M.-N., et al., 2016. Health consequences of environmental exposures: Causal thinking
in global environmental epidemiology. Ann. Glob. Health 82 (1), 3–9.
Stern, A.H., Smith, A.E., 2003. An assessment of the cord blood:maternal blood methylmercury ratio: implications for risk assessment. Environ. Health Perspect. 111 (12),
1465–1470.
Strain, J.J., Davidson, P.W., Bonham, M.P., Duﬀy, E.M., Stokes-Riner, A., Thurston, S.W.,
et al., 2008. Associations of maternal long-chain polyunsaturated fatty acids, methyl
mercury, and infant development in the Seychelles Child development Nutrition
Study. Neurotoxicology 29 (5), 776–782.
United Nations Environment Programme, 2013. Mercury: Time to Act. Available: 〈http://
cwm.unitar.org/cwmplatformscms/site/assets/ﬁles/1254/mercury_timetoact.pdf〉.
(accessed 25 November 2018).
World Health Organization, 2004. Safety Evaluation of Certain Food Additives and
Contaminants. WHO Food Additives Series 52 World Health Organization, Geneva.
World Health Organization, 2017. WHO methods and data sources for global burden of
disease estimates 2000–2015. Global Health Estimates Technical Paper. WHO/HIS/
IER/GHE/2017.1. Available: 〈http://www.who.int/healthinfo/global_burden_
disease/GlobalDALYmethods_2000_2015.pdf〉. (accessed 25 November 2018).
Yaginuma-Sakurai, K., Murata, K., Iwai-Shimada, M., Nakai, K., Kurokawa, N., Tatsuta,
N., et al., 2012. Hair-to-blood ratio and biological half-life of mercury: experimental
study of methylmercury exposure through ﬁsh consumption in humans. J. Toxicol.
Sci. 37 (1), 123–130.

Gibb, H., O'Leary, K.G., 2014. Mercury exposure and health impacts among individuals in
the artisanal and small-scale gold mining community: a comprehensive review.
Environ. Health Perspect. 122 (7), 667–672.
Gibb, H.J., Devleesschauwer, B., Bolger, P.M., Wu, F., Ezendam, J., Cliﬀ, J., et al., 2015.
World health organization estimates of the global and regional disease burden of four
foodborne chemical toxins, 2010: a data synthesis. F1000Res 4, 1393.
Grosse, S.D., Matte, T.D., Schwartz, J., Jackson, R.J., 2002. Economic gains resulting from
the reduction in children's exposure to lead in the United States. Environ. Health
Perspect. 110, 563–569.
Havelaar, A.H., Kirk, M.D., Torgerson, P.R., Gibb, H.J., Hald, T., Lake, R.J., et al., 2015.
World health organization foodborne disease burden Epidemiology reference Group.
World health organization global estimates and regional comparisons of the burden
of foodborne disease in 2010. PLoS Med. 12 (12), e1001923.
Joint FAO/WHO Expert Committee on Food Additives, 2007. Methylmercury (addendum). In: WHO Food Additive Series 58: Safety Evaluations of Certain Food
Additives and Contaminants. Available: 〈apps.who.int/iris/bitstream/handle/
10665/43645/9789241660587_eng.pdf〉. (accessed 25 November 2018).
Julvez, J., Smith, G.D., Golding, J., Ring, S., Pourcain, B.S., Gonzalez, J.R., et al., 2013.
Prenatal methylmercury exposure and genetic predisposition to cognitive deﬁcit at
age 8 years. Epidemiol 24 (5), 643–650.
Karagas, M.R., Choi, A.L., Oken, E., Horvat, M., Schoeny, R., Kamai, E., et al., 2012.
Evidence on the human health eﬀects of low-level methylmercury exposure. Environ.
Health Perspect. 120 (6), 799–806.
Lederman, S.A., Jones, R.L., Caldwell, K.L., Rauh, V., Sheets, S.E., Tang, D., et al., 2008.
Relation between cord blood mercury levels and early child development in a World
Trade Center cohort. Environ. Health Perspect. 116 (8), 1085–1091.
Lewington, S., Clarke, R., Qizilbash, N., Peto, R., Collins, R., 2002. Prospective studies
Collaboration age-speciﬁc relevance of usual blood pressure to vascular mortality: a
meta-analysis of individual data for one million adults in 61 prospective studies.
Lancet 360 (9349), 1903–1913.
National Research Council, 2000. Toxicological Eﬀects of Mercury. Washington, D.C.:
National Academy Press.
Oken, E., Radesky, J.S., Wright, R.O., Bellinger, D.C., Amarasiriwardena, C.J., Kleinman,
K.P., et al., 2008. Maternal ﬁsh intake during pregnancy, blood mercury levels, and
child cognition at age 3 years in a US cohort. Am. J. Epidemiol. 167 (10), 1171–1181.
Oken, E., Wright, R.O., Kleinman, K.P., Bellinger, D., Amarasiriwardena, C.J., Hu, H.,
et al., 2005. Maternal ﬁsh consumption, hair mercury, and infant cognition in a U.S.
Cohort. Environ. Health Perspect. 113 (10), 1376–1380.

421

