
13S. Ceccatelli and M. Aschner (eds.), Methylmercury and Neurotoxicity, 
Current Topics in Neurotoxicity 2, DOI 10.1007/978-1-4614-2383-6_2, 
© Springer Science+Business Media, LLC 2012

  Abstract   Methylmercury neurotoxicity has been gradually recorded over several 
decades. Designs of recent epidemiologic studies have improved to focus their 
assessments in developmental neurotoxicity. The developing brain, due to rapid 
physiologic changes and a protective system under development, is particularly 
vulnerable to the exposure to environmental insults. This chapter aims to systemati-
cally review and discuss the state-of-the-art epidemiological studies published up to 
the present days. We also describe and discuss some of the methodological prob-
lems. For example, the uncertainties (confounding) derived from a situation in 
which an association between an exposure and an outcome is distorted because it is 
mixed with the effect of a confounding variable. A majority of the studies have 
demonstrated that methylmercury exposure is neurotoxic to adults and children, but 
stronger adverse effects would result if negative confounding derived from the 
nutritional factors of seafood is taken into consideration in the data analyses. 
The EU and US decision to take preventive measures occurred at a substantial delay 
following the discovery of these neurotoxic effects.      

   Introduction 

 Scientifi c discoveries about the toxic effects of methylmercury have been gradually 
recorded over several decades, but the recognition of the public health impact of 
methylmercury toxicity has been sluggish, despite the severity of adverse effects. 
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As a result of the inertia, exposed adults and children have suffered as their 
symptoms were not recognized or acknowledged in a timely fashion, and prevention 
was delayed. Imprecision in exposure assessment and other forms of uncertainty 
tended to cause an underestimation of methylmercury toxicity, but the response was 
more often a call for more research rather than intervention. 

 After several major poisoning incidents involving methylmercury had occurred, 
it became evident that while methylmercury toxicity can be serious enough in adults, 
for children, especially those who are prenatally exposed, the effects can be detri-
mental to their development, in particular, in regard to nervous system functions. 
Development of the human fetal brain is the result of complex processes that already 
begin by end of the third week of gestation (Wilson  1980  ) . During the third trimes-
ter, pathways for nervous system functions are being formed, and the brain appears 
to be particularly vulnerable at this stage to the transplacental transfer of neurotoxic 
chemicals, such as metal compounds (Bellinger  2009  ) . The outcome of developmental 
neurotoxicity may not be immediately apparent at birth or during the fi rst few years 
of postnatal development, but defi cits will become evident as the brain matures, and 
such defi cits tend to be long-standing or irreversible dysfunctions (Grandjean and 
Landrigan  2006  ) . 

 The epidemiological evidence suggests that methylmercury exposures are more 
hazardous prenatally than postnatally, as a likely result of the increased vulnerability 
during early development. Still, the adverse effects due to prenatal exposures may 
have been underestimated, as adjustment for protective cofactors, such as essential 
nutrients in fi sh, seems to reveal even greater impacts by developmental neurotoxic-
ity by methylmercury. Thus, as additional cohort studies have been carried out, and 
extended follow-up has taken place, the long-term effects have become better 
understood. Although epidemiologists are often cautious in making conclusions 
about causal relations, methylmercury is an example that such caution in science 
may result in adverse effects on public health due to the lacking use of precaution 
regarding a serious environmental pollutant.  

   Review Strategy 

 The review strategy utilized PubMed literature databases to identify epidemiological 
studies on the effects of environmental exposure to methylmercury and the neu-
robehavioral consequences in children and adults. Language was not specifi ed, 
although English was preferred. The keywords used were exposure, pregnancy, 
prenatal, uterine period, postnatal period, early life, adulthood, methylmercury, 
behavior, neurobehavior, neuropsychological function, cognitive abilities, mental 
health, and neurodevelopment. These terms were fi rst used separately and then, in 
a second step, were combined (e.g., exposure+methylmercury+neurobehavior). 
Otherwise, the search strategy followed the one described in a previous review 
(Grandjean and Landrigan  2006  ) . Reference lists in the articles selected were also 
scrutinized so as to identify older studies that might satisfy the search criteria.  
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   Developmental Neurotoxicity 

 Already in the nineteenth century, the toxic effects of methylmercury compounds in 
adults were documented (Edwards  1865  ) . The clinical picture included sensory 
disturbance of the lower legs, lower arms, and face; visual fi eld constriction 
(“tunnel vision”), deafness, ataxia, and dysarthria; and noted the “unique character 
of their symptoms, which do not resemble those produced by any known disease.” 
For many years, methylmercury poisoning in adults was due to occupational expo-
sures or some ill-advised pharmaceutical uses (Grandjean et al.  2010  ) . However, the 
fi rst reports about neurotoxicity in children exposed to methylmercury during preg-
nancy were published in the 1970s, following two important poisoning incidents 
involving methylmercury poisoning in Japan (1950s) and Iraq (1972) (Amin-Zaki 
et al.  1981 ; Harada  1995  ) . The name Minamata disease was coined after many cases 
of children with severe neurological disease were observed in the Minamata area of 
Kyushu Island, Japan. This poisoning event was caused by an affl uent from an 
acetaldehyde plant, which contaminated the Minamata Bay and affected the local 
fi sh and water supply. The methylmercury was then transmitted to the population, 
including pregnant women mainly through the ingestion of fi sh (Harada  1995  ) . 

 The Iraqi poisoning incident was triggered by the ingestion of bread made with 
wheat that was contaminated by methylmercury fungicide. Similarly to Minamata 
disease, children from affected pregnant women suffered severe neurodevelopment 
impairments (Amin-Zaki et al.  1981  ) . Since then, several environmental studies 
have assessed the effects of methylmercury in developmental neurotoxicity. 
The target populations were primarily children because early-life exposures have 
been found to be more harmful than those occurring during adulthood. The intense 
activation of the neurodevelopment processes during this period of life causes the human 
brain to be like an open window that enhances fast learning, but at the same time it 
is vulnerable to insults of any kind, including methylmercury exposure (Grandjean 
and Landrigan  2006  )  (see Table  2.1 ).  

 Twenty-seven large epidemiological studies (>100 subjects) were conducted 
over the last 30 years: 14 were longitudinal and 13 cross-sectional (see Table  2.1 ). 
Most of the studies were based on communities with high fi sh intakes (Boucher 
et al.  2010 ; Cordier et al.  2002 ; Crump et al.  1998 ; Davidson et al.  1995,   1998, 
  2006b,   2010 ; Debes et al.  2006 ; Despres et al.  2005 ; Grandjean et al.  1995,   1997, 
  1999,   2001 ; Julvez et al.  2010 ; Lynch et al.  2010 ; Marsh et al.  1995 ; McKeown-
Eyssen et al.  1983 ; Murata et al.  1999a,   b,   2004a,   b ; Myers et al.  1995a–  c,   1997, 
  2003 ; Saint-Amour et al.  2006 ; Steuerwald et al.  2000 ; Stokes-Riner et al.  2010 ; 
Strain et al.  2008 ; Suzuki et al.  2010 ; Tavares et al.  2005  ) . A small number of studies 
aimed to assess the neurotoxic effects in populations exposed to comparatively low 
doses. In these cases, the subject samples were representative of general populations 
in the USA and in Poland (Cao et al.  2010 ; Jedrychowski et al.  2007 ; Stewart et al. 
 2003 ; Surkan et al.  2009  ) . The most important cohort studies with the largest sample 
sizes, repeated assessments, and high participation rates at follow-up were based on 
the Seychelles Islands (Davidson et al.  1995,   1998,   2006b,   2010 ; Myers et al.  1995a, 
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  1997,   2003  )  and the Faroe Islands (Debes et al.  2006 ; Grandjean et al.  1997 ; Julvez 
et al.  2010 ; Murata et al.  1999b,   2004a  ) . Both cohort studies began with examinations 
during the children’s uterine life, while most of the neurodevelopment assessments 
occurred between birth and the beginning of school age. The Faroe Islands study 
has also published reports on the functional effects at adolescence (Debes et al. 
 2006 ; Julvez et al.  2010 ; Murata et al.  2004a  ) . Although greater emphasis should be 
placed on prospective studies, the cross-sectional studies showed similar characteristics 
relative to the children’s ages (see Table  2.1 ). 

 The methylmercury exposures in cohort studies were measured by mercury anal-
ysis of biological samples, such as maternal blood and hair sampled during preg-
nancy, at parturition or later on, in cord blood or cord tissue; all of them as indicators 
of prenatal exposure levels. Children’s hair and blood mercury concentrations were 
used to assess postnatal exposures. Cross-sectional studies used maternal hair sam-
ples to estimate background concentrations during pregnancy and children’s hair 
and blood samples to assess current exposures. Twenty-two of the studies focused 
on prenatal exposure as a main objective, whereas postnatal exposure was reported 
in half of the studies. The most common biological sample used was maternal hair 
due to its consistency as a biomarker of toxicity and relatively long-term retention 
(as compared to other biomarkers) as well as its noninvasive collection, easy stor-
age, and transport. However, cord blood measurements were better indicators of 
methylmercury concentrations, as they appeared to be the most sensitive markers of 
methylmercury neurotoxicity as refl ected by the stronger associations of cord blood 
with the outcomes than other mediums, i.e., maternal hair mercury concentration 
(Budtz-Jorgensen et al.  2007  ) . The communities with a higher frequency of fi sh and 
seafood intake, such as the Faroe Islands, Seychelles Islands, Madeira, French 
Guiana, some areas of Peru, Canada, and Brazil, and to a lesser degree Japan and 
New Zealand, reported higher levels of methylmercury concentrations than com-
munities in the USA and Poland, as expected (see Table  2.1 ). In addition, the com-
munities with higher average intakes usually covered a wide range of exposures and 
therefore provided stronger information on the shape of the dose–response curve. 

 Among the youngest children (<6 years), the neurobehavioral outcomes primar-
ily assessed were neurological, cognitive, and motor development. Whereas, for the 
older children, more specifi c neuropsychological functions such as motor speed, 
reaction time, attention, language, visuospatial, and memory functions were 
employed. Some studies also assessed neurophysiologic indicators such as visual 
and auditory evoked potential latencies. The studies utilized a wide array of tests 
and showed substantial variability between the studies so that a common test battery 
could not be identifi ed for meta-analysis purposes. Nevertheless, some tests were 
repeatedly applied, such as Bayley, McCarthy, and WISC Scales. Greater disparity 
was observed in relation to specifi c neuropsychological tests, though versions of the 
Continuous Performance Test and the Finger Tapping Test were fairly common. 
Sixty percent of the studies reported clear negative associations between prenatal 
exposures to methylmercury and neurodevelopment, while 20% reported associa-
tions with exposures assessed postnatally (usually without adjustment for prenatal 
exposure levels). Cohort and cross-sectional studies showed similar percentages of 
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prenatal negative associations. The neuropsychological domains most often 
associated with prenatal methylmercury exposures were attention, language, motor, 
and visuospatial functions. Though less frequently investigated, evoked potentials 
and simple reaction time were consistently affected, as indicated by longer latencies 
at higher exposures. The neurodevelopmental defi cits linked to postnatal exposure 
were less clear, but seemed to indicate a reduction of motor speed (see Table  2.1 ). 

 The covariate adjustments in most of the cases included a large range of socio-
demographical covariates. Some studies also controlled for the effects of other 
environmental contaminants such as polychlorinated biphenyls (PCBs), other 
organochlorine compounds (OCs), and lead. Similar to methylmercury, OCs accu-
mulate in the marine food chain and are known to be neurotoxic as well. However, it 
seems that co-exposure to other neurotoxicants has little effect on the methylmercury-
associated defi cits. Interestingly, negative confounding from protective substance 
has appeared as a much more important problem. Recent studies have analyzed the 
modifi cation of methylmercury effects by controlling for fi sh intake frequencies and 
blood levels of polyunsaturated fatty acids (PUFAs) during pregnancy. PUFAs are 
essential nutrients for the neurodevelopment and have been observed in high con-
centrations in fi sh. The negative associations with prenatal exposure to methylmer-
cury increase in strength when these cofactors were taken into account in multivariate 
models. The most remarkable fi ndings were described by three recent reports from 
the Seychelles study (Lynch et al.  2010 ; Stokes-Riner et al.  2010 ; Strain et al.  2008  ) . 
The fi rst reports that the absence of methylmercury-associated neurotoxicity had 
not been adjusted for the benefi ts associated with fi sh intake, while including adjust-
ment for postnatal methylmercury exposure. A new cohort study in the same com-
munity showed similar levels of hair methylmercury concentration during pregnancy, 
but now reported negative associations to Bayley Motor Scales when the benefi cial 
effects of maternal PUFA levels during pregnancy were taken into account, which 
had not been investigated in the former analyses. The new fi ndings thereby con-
fi rmed an explanation for the absence in the Seychelles of the negative associations 
otherwise found in more than seven different settings: Nutrients from the high fi sh 
intake at the Seychelles may have counterbalanced some of the neurotoxic effects 
due to methylmercury exposure (see Table  2.1 ). 

 In summary, 36 original articles have been published on 27 large epidemiologi-
cal studies on adverse neurotoxic effects in children exposed to environmental 
methylmercury. The majority of the publications describe neurodevelopment 
impairments, particularly when the exposure was measured during uterine life. The 
biological samples used to assess methylmercury were mostly based on maternal 
and child hair, but cord blood samples were also used and seemed to show greater 
sensitivity to methylmercury neurotoxicity. A large range of different neurobehav-
ioral scales and tests were utilized with a low degree of agreement as to a common 
test protocol among the studies. Adjusting the methylmercury effects with regard to 
socio-demographic and nutritional cofactors and other contaminants did not attenu-
ate the results. On the contrary, in some populations, nutrients from fi sh and seafood 
seemed to counterbalance the real extent of developmental neurotoxicity due to 
methylmercury (see Table  2.1 ). Thus, in such cases, some of the neurotoxicity could 
be interpreted as obstructing important benefi cial infl uences of essential nutrients.  
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   Neurotoxicity in Adults 

 Organic mercury compounds were fi rst used in chemical research in the mid-nineteenth 
century, later on as therapeutics, and from the early twentieth century as seed dressings—
all of these uses were associated with adverse effects (Hunter et al.  1940  ) . Soon 
after the fi rst use of di-methylmercury in 1860s, two laboratory technicians in 
London suffered from poisoning and serious central nervous system signs, such as 
paresthesias of the hands, deafness, poor vision, ataxia, and dysarthria (Hunter et al. 
 1940  ) . These symptoms were replicated numerous times later on, e.g., by poisoning 
cases in a factory where fungicidal dusts were manufactured. Severe generalized 
ataxia, dysarthria, and gross constriction of the visual fi elds were present in the 
severe cases, with memory and intelligence apparently being unaffected (Hunter 
et al.  1940  ) . When one of the cases died many years later, a detailed report was 
produced on the pathology of central nervous system damage due to methylmercury 
(Hunter and Russell  1954  ) . Following these case reports, it was obvious that organic 
mercury compounds are very toxic and that they cause neurological signs in adults 
(Von Oettingen  1952  ) . 

 The fi rst large-scale poisonings due to environmental contamination came to the 
forefront in Minamata, Japan, in the 1950s (Harada  1995  ) . In Minamata, the poison-
ing occurred due to long-term exposure (more than 15 years) through the ingestion 
of fi sh contaminated by methylmercury, which was discharged from a local chemi-
cal factory (Harada  1995  ) . Early epidemiological studies pointed to the cause of the 
disease, i.e., contaminated fi sh (Kitamura et al.  1957  ) . In 1971, 3 years after the 
discharge of wastewater was stopped, the fi rst population-based cross-sectional 
study of neurological signs was conducted by doctors at the local university (Tatetsu 
et al.  1972 ; Yorifuji et al.  2008  ) . The investigation demonstrated that residents in the 
high and medium exposure areas manifested paresthesias, ataxia, dysarthria, con-
striction of the visual fi eld, and hearing diffi culties more frequently than those in the 
control area. Although exposure information for the majority of the participants in 
a separate investigation conducted in 1960 is not available, the median hair mercury 
concentration among fi shermen was 30  m g/g in the highly exposed area and 22  m g/g 
in the medium-exposed area (Yorifuji et al.  2009  ) . A 1971 investigation also dem-
onstrated increased prevalence of psychiatric symptoms (e.g., impairment of intel-
ligence and mood and behavioral dysfunction) in the highly exposed area (Yorifuji 
et al.  2011  ) . Moreover, this study suggested that an increased prevalence of neuro-
logical signs, especially perioral paresthesias, was found among residents with hair 
mercury content below 50  m g/g, which had previously been thought to constitute a 
safe limit (Yorifuji et al.  2009  ) . Another study showed that paresthesias remained 
even 30 years after cessation of methylmercury exposure (Ninomiya et al.  2005  ) . 
As noted above, a considerable number of children were born during this period with 
conditions resembling cerebral palsy, the so-called congenital Minamata disease 
patients (Harada  1978  ) . 

 In 1964, a similar incident of methylmercury food poisoning occurred in Niigata, 
Japan. The polluting factory operated in the same way as the facility in Minamata 
and thus discharged methylmercury into the local river. Although the exposed residents 
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manifested neurological signs characteristic of methylmercury poisoning, a follow-up 
study revealed a much larger number of residents having mild symptoms (e.g., only 
paresthesias) (World Health Organization  1976  ) . In Niigata, the mercury content of 
hair samples from 30 initially identifi ed patients ranged from 52 to 570  m g/g 
(Tsubaki  1968,   1972,   1979  ) . 

 Another major poisoning incident occurred in Iraq in the early 1970s (Bakir et al. 
 1973  ) . In this case, the exposure occurred over several months through the con-
sumption of homemade bread made from wheat seed that had been treated with a 
methylmercury fungicide. The exposures were more acute than those at Minamata 
Bay. The residents manifested similar neurological signs characteristic of methyl-
mercury. In general, paresthesias appeared fi rst, followed by ataxia, dysarthria, and 
hearing defects at increasing body burdens (Bakir et al.  1973  ) . The threshold for 
paresthesias in Iraq was thought to be between 240 and 480  m g/L blood (Bakir et al. 
 1973  ) . In another study in Iraq, mild cases of methylmercury poisoning occurred at 
peak hair mercury concentrations as low as 120  m g/g (Shahristani et al.  1976  ) . 

 Based on evidence from Niigata and Iraq, the WHO concluded in 1990 that the 
effects of methylmercury in adults become detectable in the most sensitive individu-
als at blood mercury concentrations of 200–500  m g/L and hair concentrations from 
50 to 120  m g/g (World Health Organization  1976,   1990  ) . However, recent studies of 
chronic exposure to methylmercury in the Amazon (Yokoo et al.  2003  )  and Minamata 
(Yorifuji et al.  2009  )  suggest that exposures below 50  m g/g in hair samples may 
not be innocuous, as also suggested by the National Research Council in 2000 
(National Research Council (U.S.). Committee on the Toxicological Effects of 
Methylmercury  2000  ) . In the Amazon, where gold mining and deforestation lead to 
methylmercury pollution (Dolbec et al.  2000  ) , several studies have shown neurotoxic 
effects in adults below 50  m g/g hair mercury content, with signifi cant dose–effect 
associations between mercury exposure and motor, visual, and/or cognitive func-
tions (Passos and Mergler  2008  ) . For example, Lebel et al.  (  1998  )  targeted 91 adult 
inhabitants whose hair mercury concentration was lesser than 50  m g/g and demon-
strated positive associations of hair mercury concentration with visual contrast 
sensitivity and manual dexterity (Lebel et al.  1998  ) . The same research group also 
showed that increased hair mercury concentrations were associated with diminished 
psychomotor performance as assessed by the Santa Ana manual dexterity test, the 
Grooved Pegboard Fine motor test, and fi nger tapping motor speed test among 84 
subjects whose median hair mercury concentration was 9  m g/g (Dolbec et al.  2000  ) . 
Moreover, Yokoo et al. conducted a cross-sectional study in the Pantanal region of 
Brazil and demonstrated hair mercury concentration was associated with defi cits in 
neurocognitive function (such as attention, fi ne-motor function, learning, and 
memory) in 129 subjects whose hair mercury concentration ranged from 0.56 to 
13.6  m g/g (median: 3.7  m g/g) (Yokoo et al.  2003  ) . Besides, paresthesias were reported 
among Amazonian fi shermen, whose hair mercury concentration was below 20  m g/g 
(Harada et al.  2001  ) . 

 Several studies were conducted in other fi shing populations. Data from a 1977 
cross-sectional study on 302 Quebec Cree adults (Canadian aboriginal population) 
for whom fish is a dietary staple showed hair mercury concentrations from 0.5 
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to 46  m g/g. In a reanalysis of these data, hair mercury was associated with increased 
prevalence of tremor in adults under 40 years of age, but there was no association 
with other outcomes considered (Auger et al.  2005  ) . In Europe, 22 habitual consum-
ers of tuna fi sh at a Mediterranean island (with hair mercury concentration from 1.4 
to 34.5  m g/g) were compared with 22 controls in a cross-sectional design; the blood 
concentration of organic mercury was associated with decreased neurological 
performance in regard to reaction time and motor coordination (Carta et al.  2003  ) . 

 Thus, the possible effects due to low-level exposure to methylmercury in the 
general population are of considerable concern. For example, in a US study, 474 
randomly selected subjects with median blood mercury concentration of 2.1  m g/g 
(range: 0–16  m g/g) did not show any clear mercury-related defi cits on 20 scores 
from 12 neurobehavioral tests (Weil et al.  2005  ) . Further studies are required to 
elucidate the dose–response relationship at low exposure levels. 

 In summary, the evidence so far indicates that methylmercury is highly toxic, 
causing central nervous signs in adults (at higher exposures than those causing devel-
opmental neurotoxicity). High-level exposure, as observed in Minamata and Iraq, 
induces apparent neurological signs, such as paresthesias, ataxia, dysarthria, con-
striction of the visual fi eld, hearing diffi culties, and psychiatric symptoms. The least 
severely affected persons manifest paresthesias as the most persistent neurological 
sign. Moreover, even low-level exposure to methylmercury (e.g., below 50  m g/g of 
mercury in hair samples) can cause more subtle neurotoxic effects and lead to defi cits 
in neurobehavioral or cognitive functions. However, the evidence on the effects of 
methylmercury exposure in the general population is still inconclusive.  

   Uncertainties 

 Confounding refers to a situation in which an association between an exposure and 
an outcome is distorted because it is mixed with the effect of a confounding vari-
able. The confounding variable is related to both the exposure and the outcome, and 
it is not an intermediate step in the causal pathway between the exposure and the 
outcome (Rothman and Greenland  1998  ) . Mercury toxicity might have been over-
estimated due to possible association of mercury intake with exposure to other neu-
rotoxic pollutant(s), nutritional defi ciencies, and other types of residual confounding 
(NIEHS  1998  ) . The best protection against confounding problems is to select a 
study setting where such concerns are unlikely and, if relevant, may be adjusted for 
appropriately. Thus, a homogenous society with limited differences in socioeco-
nomic and cultural factors should be preferred. Although the existence of residual 
confounding can never be fully excluded, careful attention should be paid to the 
inclusion of relevant covariates such that biologically plausible associations between 
methylmercury exposure and adverse effects may be identifi ed without being exag-
gerated or explained away. Confounding is often assumed to occur in the same 
direction as the toxicant exposure, as in the case of multiple risks associated with a 
toxicant exposure. However, the concomitant occurrence of benefi ts and risks from 
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consumption of fi sh and seafood is an example of negative confounding. The exposure 
to methylmercury occurs from fi sh and seafood which are at the same time associated 
with benefi cial nutrients that may counteract the development of mercury toxicity 
(Fig.  2.1 ). In this case, without adjustment for the confounding, both methylmercury 
toxicity and the benefi ts from the nutrients present in fi sh will be underestimated 
(Choi et al.  2008a  ) .  

 Only a small number of studies have examined the effects of both nutrient and 
contaminant intakes at the same time as predictors of developmental outcomes. 
In the fi rst Faroese birth cohort, adjustment for the benefi ts conferred by maternal 
fi sh intake during pregnancy resulted in an increased effect of the prenatal methyl-
mercury exposure as compared to the unadjusted results (Budtz-Jorgensen et al. 
 2007  )  (Table  2.2 ). Similar results were reported in other studies (Oken et al.  2005 ; 

  Fig. 2.1    Negative confounding: fi sh intake (a negative confounder) is positively associated with 
both methylmercury (exposure) and neurodevelopment or cardiovascular health (outcome), and 
the exposure has adverse effects on the outcome. Failure to adjust for fi sh intake would result in 
underestimation of both mercury toxicity and fi sh benefi ts (Choi et al.  2008a,   b  )        

   Table 2.2    Mercury effects on neurobehavioral tests at 7 and 14 years of age, as determined in 
structural equation analysis with covariate adjustment before and after addition of the frequency of 
maternal fi sh dinners during pregnancy (Budtz-Jorgensen et al.  2007  )    

 Age/test group 

 Mercury without adjustment 
for fi sh intake 

 Mutual adjustment 

 Fish intake  Mercury 

 Effect  a    p -value  Effect   p -value  Effect   p -value 

 7 years 
 Motor  −9.74  0.034  25.1  0.010  −12.2  0.0092 
 Verbal  −10.4  0.0018  3.62  0.61  −10.8  0.0017 

 14 years 
 Motor  −7.41  0.033  19.9  0.006  −9.37  0.0082 
 Attention  −8.40  0.029  12.2  0.13  −9.54  0.016 
 Spatial  2.60  0.50  17.3  0.031  1.04  0.79 
 Verbal  −5.97  0.080  9.85  0.16  −6.87  0.049 
 Memory  −2.86  0.39  3.15  0.64  −3.05  0.37 

   a  Effect of true exposure doubling expressed in percent of SD of latent response  
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Strain et al.  2008  ) . These considerations also regard toxicity in adults, as well illus-
trated by epidemiological studies of cardiovascular parameters. When adjusted for 
fatty acid intakes, an increased methylmercury exposure was associated with 
increased risk of acute coronary events and cardiovascular mortality, so that mercury 
seemed to attenuate a protective effect of fi sh intake on cardiovascular health 
(Rissanen et al.  2000 ; Virtanen et al.  2005  ) . Fish and seafood are a good source of 
selenium, a trace mineral that is essential to health and may bind to methylmercury. 
However, selenium generally occurs in substantial surplus in comparison with 
methylmercury, and adjustment for cord-blood selenium concentrations in the Faroe 
Islands did not have any impact on mercury-associated neurobehavioral defi cits 
(Choi et al.  2008b ; Steuerwald et al.  2000  ) .  

 Established predictors such as sex, age, and maternal intelligence may cause 
confounding and should be included in the data analysis to obtain a more precise 
estimate of the mercury effect. Socioeconomic conditions vary substantially between 
three major prospective studies on the neurotoxicity of methylmercury—New 
Zealand (Kjellström et al.  1986,   1989  ) , the Faroe Islands (Debes et al.  2006 ; 
Grandjean et al.  1997  ) , and the Seychelles (Davidson et al.  2006a ; Myers et al. 
 2003  ) —as well as several cross-sectional studies. Within each study, socioeconomic 
differences may also be important and may be associated with mercury exposures 
and therefore should be included in the confounder adjustment. For example, high 
intakes of methylmercury have been reported in certain ethnic groups (Innis et al. 
 2006 ; Schantz et al.  2010  )  and in social strata with a high sushi intake (Hightower 
and Moore  2003  ) . As an additional concern, vulnerability to contaminant effects 
may differ between socioeconomic groups. 

 Other potential confounders include the family and home environment, which 
are documented as important determinants of childhood development (Bellinger 
 2009  ) . In the New Zealand study, low social class and non-English home language 
resulted in reduced scores on some tests, and more than 6 months of breastfeeding 
increased the score on some tests (Kjellström et al.  1989  ) . These variables were 
accounted for in the analysis. Although such covariates may not necessarily cause 
any confounding, adjustment may result in a more precise estimate of the methyl-
mercury toxicity. 

 Exposure to other toxicants should also be considered. The Faroese, e.g., are 
exposed to PCBs from eating whale blubber (Grandjean et al.  1997  ) . However, due 
to the scattered association with mercury, no important impact of PCB exposure on 
the neurotoxicity outcomes was shown from detailed analyses of the Faroes data 
(Budtz-Jorgensen et al.  2010 ; Steuerwald et al.  2000  ) . The relative importance of 
PCB and mercury was assessed in structural equation analysis taking into account 
the imprecision in both variables. The inclusion of PCB exposure attenuated the 
mercury effect, but mercury remained statistically signifi cant, while PCB defi nitely 
was not (Budtz-Jorgensen et al.  2010  ) . In New Zealand and Seychelles, the ocean 
fi sh consumed is unlikely to be contaminated by PCB, and the same would be the 
case with freshwater fi sh in the Amazon Basin (Grandjean et al.  1999  ) .  
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   Discussion 

 Over a century and a half ago, it was discovered that methylmercury is toxic to 
adults. Initial discoveries demonstrated the severe toxicity of acute exposures to this 
organic metal compound. Poisoning events and population-based studies later on 
proved that chronic low-level exposure is also hazardous. Only relatively recently 
exposure limits have been addressed and established by governmental and multina-
tional organizations. For example, the WHO concluded that the effects of methyl-
mercury in adults become detectable in the most sensitive individuals at hair levels 
above 50  m g/g (World Health Organization  1976,   1990  ) . However, recent studies 
suggest that hair levels below 50  m g/g may not at all be innocuous. In 2000, a safe 
limit corresponding to a hair mercury concentration of 1  m g/g was thought to protect 
against developmental toxicity, but additional research was recommended to defi ne 
the lower portion of the dose–response curve (National Research Council (U.S.). 
Committee on the Toxicological Effects of Methylmercury  2000  ) . More recently, the 
validity of this limit has been questioned (Grandjean and Budtz-Jorgensen  2007  ) . 
Still despite these evaluations cited above, the number of sizeable, prospective stud-
ies examining the association between mercury exposure and its neurotoxic effects 
in the general population is insuffi cient to accurately defi ne the shape of the dose–
response curve at low exposures. Although the full implications of these fi ndings are 
not yet clear, they suggest that methylmercury can cause adverse effects in adults in 
the general population, and that methylmercury toxicity must be taken into account 
when evaluating the benefi ts of seafood (Wennberg et al. 2011). 

 Developmental neurotoxicity was fi rst reported in 1952 (Engleson and Herner 
 1952  ) , but despite accumulating evidence, the vulnerability of the developing nervous 
system was not taken into account in risk assessment internationally until relatively 
recently (Grandjean et al.  2010  ) . Based on recent epidemiological studies focusing 
on the neurotoxic consequences of environmental methylmercury exposure in 
children, prenatal methylmercury exposures are more hazardous than postnatal. 
Additionally, when the effects of cofactors, such as maternal fi sh intake during 
pregnancy, are taken into account, the neurotoxicity of methylmercury can be 
explored at lower environmental concentrations. Nevertheless, more cohort studies 
are needed with extended follow-up to better ascertain the long-term effects, espe-
cially the negative consequences of early-life exposures during adolescence and 
adulthood. For example, a Faroe Islands cohort study is followed longitudinally 
and has so far revealed negative impacts of prenatal methylmercury exposure among 
teenagers (see Table  2.1 ) (Debes et al.  2006 ; Julvez et al.  2010 ; Murata et al.  2004a  ) . 
Still, the absence of defi nitive scientifi c evidence is of course not a proper excuse 
for refraining from protecting vulnerable populations against this neurotoxicant. 

 An important hurdle facing researchers in this fi eld is the lack of standardized 
neurobehavioral assessment protocols that comprise specifi c tests and scales sensi-
tive to developmental toxicity independent of cross-cultural infl uences. Although 
no single test may be ideal, the difference in test batteries between studies means 
that meta-analyses cannot be carried out. A lack of comparability between a large 
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number of different tests makes it diffi cult to assess the validity of the outcomes and 
may bias the fi ndings toward type II errors. 

 Another factor that has not been appropriately addressed is the possible gene–
environment interaction caused by relevant heterogeneities. Methylmercury metab-
olism and toxicity may well differ between individuals due to genetic factors, but 
this issue has not so far been considered in the epidemiological studies reviewed. 
Such information is important and necessary in order to better understand the neu-
rotoxic mechanisms and to identify the genetic variants that may increase the meth-
ylmercury vulnerability in exposed populations. 

 Confounding is potentially present in all observational studies, including those 
reviewed here. If a confounding variable is not controlled either in the study design 
or in the analysis phase, the true association between an exposure and a toxic effect 
outcome can be distorted. As stated earlier, most attention is usually paid to con-
founders that affect the outcomes in the same direction as the exposure under study. 
However, the control for negative confounding (opposite effect of the exposure) is 
perhaps just as essential in epidemiological studies of toxic exposures. In the case of 
methylmercury in fi sh and seafood, the negative confounding results from the effects 
of a related but benefi cial parameter—nutrients—originating from the same source. 

 Even if this benefi cial parameter is adjusted for, any imprecision of this con-
founder may cause underestimation of the effects of methylmercury toxicity. 
For example, dietary questionnaires have been used in studies to obtain information 
on the frequency of fi sh and seafood consumption, but crude dietary variables may 
poorly refl ect the true confounder, i.e., essential nutrients from fi sh intake, and this 
imprecision causes an underestimation of the fi sh-adjusted mercury effect (Budtz-
Jorgensen et al.  2007  ) . For this reason, current safe limits for methylmercury expo-
sure may be overly optimistic, as the data on methylmercury toxicity have not been 
adjusted for negative confounding. Future studies should assess both benefi cial and 
adverse effects of fi sh and seafood intake at the same time using reliable exposure 
parameters to separate the opposite impacts on the outcomes including better nutri-
ent data such as the long-chain omega-3 fatty acids.  

   Conclusions 

 The fi rst observed cases of methylmercury poisoning occurred from incautious 
experimental practices almost 150 years ago whereas the fi rst likely cases of devel-
opmental methylmercury poisoning were described in 1952 and subsequently 
reported from Minamata. Hence, the evidence that methylmercury is a developmental 
neurotoxicant has only evolved slowly within a time frame of about 50 years, despite 
shocking, prior documentation of debilitating congenital poisonings from Minamata, 
Japan, and other locations. Although the mothers of the poisoned infants seemingly 
escaped unscathed, the unique vulnerability of the developing human nervous system 
was not accepted by scientifi c committees until recently. Furthermore, scientifi c 
consensus on prenatal vulnerability was hampered by focusing on uncertainties in 
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the evidence, and international agreement on the need for protection against prenatal 
exposures was only reached in 2002. 

 A global assessment project for mercury was assembled in 2002 by the UN 
Environmental Programme based on the available evidence. In 2009, the member 
states arrived at an agreement on mercury pollution abatement. The EU and the US 
have already decided to ban mercury exports, and mercury in thermometers, scientifi c 
instruments, and other products presently is being phased out. However, all of these 
preventive measures occurred at a substantial delay following the discovery of con-
clusive and serious environmental health problems.      
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