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EXECUTIVE SUMMARY 
 
 

This report describes the results of a comprehensive study to estimate the health 
benefits of reducing mercury emissions from coal-fired power plants in the United 
States.  Reductions in mercury emissions from coal-fired power plants are anticipated to 
decrease methylmercury concentrations in fish.  Fish consumption is the primary 
pathway of human exposure to methylmercury, which is a human neurotoxicant and 
possibly a cardiovascular toxicant.  Some babies born to U.S. residents, a population 
sensitive to the neurotoxic effects of methylmercury, are currently exposed to 
intrauterine methylmercury concentrations above the EPA's Reference Dose (RfD).  
(The RfD is considered by some to be an acceptable level of exposure.)  
 

The modeling analysis is based on the assumption that equilibria currently exist 
between deposited mercury and fish methylmercury concentrations and between fish 
methylmercury concentrations and methylmercury exposures to individuals who 
consume these fish.  Changes in the quantity of mercury deposited are assumed to lead 
to linear and proportional changes in fish methylmercury concentrations, assuming no 
other factors change.  In the model, the waters from which fish are caught for human 
consumption are divided into eight regions.  Based on broad regional patterns of 
mercury deposition rates, the continental U.S. is divided into five freshwater regions, the 
Northeast, Mid-Atlantic, Southeast, Midwest, and West.  There are three saltwater 
regions, the Atlantic Coastal, Gulf of Mexico, and All Other Waters.  Each region is 
modeled as an isolated compartment, connected only with the atmospheric 
compartment above.  Thus, in each region, the predicted change in mercury deposition 
rate results in a proportional change in fish methylmercury levels. 
 

Changes in mercury deposition rates associated with reductions in power plant 
mercury emissions are based on regional deposition modeling results from the EPA's 
analysis of the Clear Skies Initiative.  In its analysis, the EPA simulated current mercury 
deposition rates and the changes in these rates that would result if power plants 
reduced their mercury emissions from the current rate of 49 tons per year to either 26 or 
15 tons per year.  We used these predictions to estimate changes in deposition rates for 
the freshwater regions, the Atlantic Coastal Region, and the Gulf of Mexico.  Estimated 
decreases range from approximately 1% to 10%.  The change in deposition rates to the 
All Other Waters region is assumed to be proportional to the change in total global 
emissions that would result from U.S. power plant emissions reductions, which is less 
than 1%. 
 

The model accounts for human exposure through commercially and non-
commercially harvested fish.  Commercial and non-commercial fish consumption rates 
are based on data reported by the U.S. Food and Drug Administration (FDA) and the 
EPA.  Methylmercury concentrations in commercially harvested fish are based on 
published reports of scientists from the FDA.  Using per capita consumption rate data, 
we develop a weighted mean methylmercury concentration for commercial fish.  This 
concentration changes in response to predicted deposition rate changes in the Atlantic 
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Coastal Region, the Gulf of Mexico, and the All Other Waters Region.  Non-
commercially harvested fish are caught in each of the five freshwater regions plus the 
Atlantic Coastal and the Gulf of Mexico Regions.  Current methylmercury concentrations 
are estimated from EPA databases.  In each freshwater region, the mix of species that 
is consumed is based on regional data on the frequencies at which individual species 
are targeted.  For the Atlantic Coastal and the Gulf of Mexico Regions, the mix is 
assumed to be consistent with annual harvest weights for non-commercial marine fish 
published by the National Marine Fisheries Service (NMFS).  The regional populations 
of non-commercial fish consuming populations are estimated using data from NMFS 
and the U.S. Fish and Wildlife Service.  Changes in non-commercial fish concentrations 
under different mercury emissions control scenarios are proportional to changes in 
deposition in each region. 
 

The model accounts for potential changes in two health effects: cognitive abilities 
and cardiovascular events.  We assume that increases in a child's intelligence quotient 
(IQ) that result from decreases in intrauterine methylmercury exposures capture some 
of the neurodevelopmental delays reported in positive epidemiologic studies.  We use a 
recent estimate of the dose-response function that integrates the results of the three 
primary methylmercury epidemiologic studies (from the Faroe Islands, Seychelle 
Islands, and New Zealand).  Using a cost-of-illness approach, we estimate the value of 
a lost IQ point to be approximately $16,500 (year 2000 dollars).  We note that the body 
of scientific evidence that has evaluated the relationship between intrauterine 
methylmercury exposures and childhood neurodevelopmental delays has been 
thoroughly reviewed by the National Academy of Sciences. 
 

Credible epidemiological studies have reported an association between 
methylmercury exposures in males and increased risks of myocardial infarction and 
premature mortality.  The exposed population in a group of these epidemiological 
studies consumed non-fatty freshwater fish.  We use regression coefficients reported in 
these studies to estimate dose-response relationships for premature mortality and non-
fatal myocardial infarction.  We apply these dose-response estimates alternatively to 
males who eat non-fatty freshwater fish and to all fish consumers.  Using a cost-of-
illness approach, we estimate the value of a myocardial infarction to be approximately 
$50,000 (2000$).  Using a willingness-to-pay approach, we estimate the value of a 
premature fatality to be approximately $6,000,000 (2000$).  While the individual 
epidemiological studies have been published in the peer-reviewed literature, the body of 
scientific evidence concerning the relationship between adult methylmercury exposures 
and increases in cases of premature mortality and non-fatal myocardial infarction has 
not been thoroughly reviewed.  Furthermore, this relationship is potentially confounded 
with the cardio-protective effect of fish consumption.  Based on the available data, 
independent scientific bodies evaluating the weight of evidence for fish cardio-protective 
effects have recommended that adults increase their fish consumption. Whether there is 
an increased cardiovascular risk associated with methylmercury exposures is not clear 
at this time.  Thus, we recommend that the predicted benefits associated with 
premature mortality and non-fatal myocardial infarction be viewed with caution. 
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Figure ES-1 describes a range of possible benefits of U.S. power plant mercury 
emissions controls.  The benefits associated with Scenarios 1 and 2 are predicted to 
result when power plants face annual mercury emissions caps of 26 tons and 15 tons, 
respectively.  While the benefits estimates increase from left to right in this figure, our 
confidence that the U.S. population experiences these effects decreases.  For Scenario 
1, the predicted annual benefit associated with IQ increases in the annual birth cohort 
ranges from $75 million (assuming a neurotoxicity threshold equal to RfD) to $194 
million (assuming no threshold). The corresponding annual benefit predictions for 
Scenario 2 are $119 million to $288 million. The monetized benefits associated with 
avoided cardiovascular events and premature mortality are predicted to be much larger 
than the neurotoxicity benefits; however, there are additional uncertainties in the 
external generalization of the results of the epidemiologic studies upon which these 
estimates are based to the U.S. population. If these cardiovascular effects are only 
experienced by male populations that consume non-fatty freshwater fish, then the 
monetized annual benefits are $48 million and $86 million in Scenarios 1 and 2, 
respectively.  If these cardiovascular effects are experienced by the whole U.S. 
population, then the monetized annual benefits are predicted to be $3.3 billion and $4.9 
billion in Scenario 1 and Scenario 2, respectively. 

 
This report highlights numerous mercury research needs.  The following four are 

likely among the most important.  Long-term monitoring studies that measure mercury 
concentrations in environmental media and biota over time are needed to determine the 
extent to which reductions in mercury emissions decrease mercury concentrations in 
the environment and reduce human exposures. Studies that evaluate the atmospheric 
fate of mercury emitted from coal-fired power plants need to be implemented on local, 
regional, and global scales.  Additional studies need to be undertaken to evaluate short-
term and long-term fish consumption rates in the U.S. population; these studies need to 
identify the types of fish consumed and their sources.  Additional studies are needed to 
evaluate the relationship between methylmercury exposures and the development of 
cardiovascular effects; these should include studies of human physiological responses 
to fish fatty acids (the component of fish thought to be cardio-protective) and to 
methylmercury. 
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Figure ES-1 
 

Spectrum of Certainty of Causal Association of Health Effect with Mercury Exposure 
with Estimated Benefit Overlay in  

Millions ($M) and Billions ($B) of Dollars (2000$) 

Spectrum of Health Effect Certainty 

Persistent 
IQ deficits 
from fetal 
exposures 
above 
MeHg RfD 

Persistent IQ 
deficits in all 
children from 
fetal MeHg 
exposures 

Cardiovascular 
effects and 
premature 
mortality in male 
consumers of 
non - fatty 
freshwater fish 
with high MeHg 
levels 

Cardiovascular 
effects and 
premature 
mortality in 
male fish 
consumers 

Cardiovascular 
effects and 
premature 
mortality in all 
fish consumers 

Decreasing Certainty 

Increasing Benefit 

Decreasing Certainty 

Increasing Benefit 

Scenario 1   $75M      $194M                         $48M       $1.5B                                  $ 3.3B 
Scenario 2 $119M      $288M                         $86M       $2.3B                                  $ 4.9 B 
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1. INTRODUCTION AND BACKGROUND 
 
 

In recent years, the U.S. Environmental Protection Agency (EPA) issued final 

regulations mandating the reduction of mercury emissions from municipal waste 

combustors (1995), medical waste incinerators (1997), and hazardous waste 

incinerators (1999).  The impetus for these federal regulations was the plausible 

connection between anthropogenic mercury emissions and potentially harmful 

methylmercury levels in consumable fish.  Despite these recent regulatory actions 

intended to reduce methylmercury levels in fish, concerns about the safety of fish 

consumers persist among U.S. environmental and public health officials.  This concern 

continues because the fetuses of some pregnant women in the U.S., a population 

sensitive to the effects of methylmercury, are exposed to this toxicant above the U.S. 

EPA’s reference dose (RfD)1 (Schober et al., 2003; Mahaffey et al., 2004; U.S. NCHS, 

2003; U.S. EPA, 2001a; NRC, 2000; CDC, 2004).  New federal and state legislation, 

regulation and policies designed to reduce mercury emissions further are being 

pursued.  Some of these policies target coal-fired power plants because they emit over 

35% of total U.S. anthropogenic mercury emissions (Table 1). 

Figure 1 summarizes the results of a global dynamic simulation model for 

mercury (Lamborg et al., 2002).  In this model, anthropogenic mercury emissions (2900 

tons annually) comprise roughly 60% of the total quantity emitted globally (4900 tons).  

Annually, 900 tons of mercury are emitted from aquatic systems and 1100 tons are 

emitted from terrestrial systems; these emissions consist of both re-emitted 
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anthropogenic mercury and mercury naturally present in these environmental media.  

Deposition of atmospheric mercury to land accounts for slightly more than 50% of the 

total deposition; the remainder of the atmospheric mercury deposits to water bodies.  In 

this model, concentrations in compartments of the biosphere (e.g., atmosphere and 

upper levels of the oceans) are predicted to be increasing approximately 1% per year.2   

Estimating the human-health benefits of reductions in mercury emissions from 

U.S. power plants requires accounting for the atmospheric transport and deposition of 

mercury, methylation, uptake and bioconcentration in fish, human consumption, the 

relationships between human exposure to methylmercury and health effects, and the 

valuation of those effects. The remainder of this section provides background 

information on these topics. 

1.1. ATMOSPHERIC MERCURY 

Understanding the transport and deposition of inorganic mercury emitted to the 

atmosphere is fundamental to analyzing the changes in methylmercury exposures that 

may be associated with future mandated mercury emissions reductions.  In the 

environment, mercury exists in two general forms: inorganic forms, which include 

elemental mercury, mercury oxides and mercury salts, and organic forms, which include 

alkylated species such as methylmercury.  Inorganic forms of mercury are released to 

the atmosphere by natural (e.g., off-gassing from surface waters and volcanic 

emissions) and anthropogenic sources (Table 1).  The distribution of mercury in the 

                                                                                                                                                             
1 The EPA defines the RfD to be "an estimate (with uncertainty perhaps spanning an order of magnitude) 
of a daily exposure to the human population (including sensitive subgroups) that is likely to be without an 
appreciable risk of deleterious effects during a lifetime" (U.S. EPA, 1999). 
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environment is dominated by transport during its atmospheric phase.  Although the 

atmospheric chemistry of mercury is extremely complex and incompletely understood, 

most experts agree that mercury emissions can deposit potentially causing problems 

both locally (i.e., close to emissions sources), regionally (i.e., within a few hundred 

kilometres of a source) and globally.  Thus, policy makers are concerned about the 

impacts of local and long-range transport of atmospheric mercury. 

Three different forms of inorganic mercury emissions are typically modeled in 

atmospheric transport models.  These are elemental mercury (Hg0), gas phase divalent 

mercury (HgII) (also referred to as reactive gaseous mercury), and particulate-bound 

divalent mercury (Hgp).  Based on the current understanding of the fate of atmospheric 

mercury (e.g., Petersen et al., 1995; Cohen et al., 2004; Seigneur et al., 2004), HgII and 

Hgp are deposited to the surface of the earth relatively rapidly through wet and dry 

deposition processes.3  Thus, when a mix of Hg0, HgII and Hgp is released from an 

anthropogenic source, HgII and Hgp are thought to deposit locally and regionally around 

the source.  Due to the difficulties in measuring the dry deposition of HgII, estimates of 

its deposition are uncertain and a source of disagreement among modelers and policy 

analysts.  For example, U.S. EPA (1997c, 1998a) predicted that over 80% of the 

mercury that deposited within 50 Km of hypothetical coal-fired power plant was emitted 

                                                                                                                                                             
2 Seigneur et al. (2004) compare four global mercury simulation models, including Lamborg et al. (2002).  
The comparison (see Table 2 in Seigneur et al.) shows Lamborg’s estimate of anthropogenic mercury 
emissions to be 15% higher than those associated with other models.  See Table 1. 
3 HgII and Hgp are readily scavenged by atmospheric precipitation and deposited to the earth through wet 
deposition.  Hgp is dry deposited due to gravitational settling.  Gaseous HgII also can dry deposit.  HgII dry 
deposition velocities appear to depend on both ground cover and weather conditions; a typical deposition 
velocity for HgII is estimated to be 2.9 cm/s (U.S. EPA, 1997a, 1998a).  While the wet deposition of 
mercury and dry deposition of Hgp can be measured in a relatively direct manner, measuring the 
quantities of gaseous HgII that dry deposit is complex and estimates of these deposition rates are less 
certain (Lindberg and Stratton, 1998). 



   

 
 4 

as HgII and Hgp,
4 although the two forms comprised only 50% of the total emitted.  

Others contend that the fraction depositing locally from such sources is much less than 

estimated in EPA’s simulation.  Because these two forms of mercury deposit near 

anthropogenic sources, policy makers need to take into account the local and regional 

nature of impacts of mercury emissions. 

On the other hand, Hg0 is volatile and much less soluble than HgII.  Its estimated 

atmospheric half-life is approximately 1.5 years.  Given this long half-life, emitted Hg0 is 

unlikely to deposit locally; rather, it enters regional and global atmospheric mercury 

pools.  In these regional and global pools, Hg0 slowly converts to HgII and deposits 

(Petersen et al., 1995).  For example, the results of the same U.S. EPA simulation 

described previously (U.S. EPA, 1997c, 1998a) predicted that only 30% of the total 

mercury emitted from all U.S. power plants deposits in the contiguous U.S.  If these 

predictions are accurate, then policy makers also need to consider regional and global 

impacts of this form of emitted mercury.   

To generate as accurate an understanding as possible of the deposition of 

atmospheric mercury, both the U.S. EPA and the Electric Power Research Institute 

(EPRI) have developed models to simulate the long-range transport and deposition of 

atmospheric mercury in the contiguous U.S.5  U.S. EPA used a Lagrangian or trajectory 

model to estimate the fate of emitted mercury in two separate Reports to the U.S. 

Congress (Bullock, 1997; U.S. EPA, 1997c, d, 1998a, b).  Limitations in these earlier 

                                                 
4 Very little Hgp is emitted by power plants; however, roughly 20% of the measured mercury in power 
plant emissions plumes is Hgp (U.S. EPA, 1997b).  When the U.S. EPA simulated the atmospheric fate of 
mercury, they assumed that 20% was bound to particulate matter based on measurements in the 
emission plume. 
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simulation models (e.g., limited treatment of atmospheric mercury chemistry) have led 

both EPA and EPRI to develop regional scale Eulerian or grid-based air quality models 

that simulate long-term deposition fluxes of atmospheric mercury over large geographic 

domains 

In 2002, the U.S. EPA proposed the Clear Skies Initiative (CSI) to reduce power 

plant emissions of mercury through the application of a market-based “cap and trade” 

approach over the next two decades.6  In the analysis of the CSI, the U.S. EPA used 

the Regulatory Modeling System for Aerosols and Deposition (REMSAD) model to 

predict potential changes in mercury deposition associated with changes in power plant 

mercury emissions.  The model predicted annual mercury deposition rates for each 36 x 

36 Km grid cell in the contiguous U.S., the western Atlantic Ocean and the Gulf of 

Mexico. 

The EPA’s CSI simulation included predictions of current mercury deposition 

rates using the 1999 U.S. mercury emissions inventory (U.S. EPA, 2002); in this 

analysis 36% (48.9 tons) of the 136.3 tons of mercury emitted annually by U.S. 

anthropogenic sources was attributed to power plants.7  Separate simulations were 

developed to compare predicted changes in mercury deposition under the CSI at two 

different points in time.  The mercury emissions cap in 2010 for utilities subject to CSI is 

26 tons.  Based on these simulations, in the year 2010, the EPA (U.S. EPA, 2003a, b) 

predicts U.S. anthropogenic mercury emissions to be 104.7 tons; if the CSI is 

                                                                                                                                                             
5 Other groups have also developed regional atmospheric fate models for mercury; for example, see 
Cohen et al. (2004) and Petersen et al. (1995). 
6 In 2005, CSI was reintroduced in the U.S. Congress with a higher first phase cap of 34 TPY of mercury 
emissions in 2010 instead of the 26 TPY cap in the 2002 proposal.  However, all analyses in this report 
are based on 26 TPY cap in 2010. 
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implemented, total U.S. anthropogenic emissions are predicted to be 85.6 tons per year 

because power plant mercury emissions will be 29.8 tons per year (26 tons per year for 

power plants that are subject to CSI).  By 2020, U.S. EPA (2003a,b) predicts annual 

anthropogenic mercury emissions to be 105.7 tons and if the CSI is implemented, total 

annual anthropogenic emissions are predicted to be 79 tons because power plant 

emissions will be at 23.2 tons (power plants that are subject to CSI would emit 18 tons 

in that year assuming no “safety valve.”8)  The mercury emissions cap in 2018 for 

utilities subject to CSI is 15 tons.  In their simulations, the EPA included differences in 

the quantities and species of mercury emitted from power plants using a model that 

predicts the U.S. power sector’s response (including fossil fuel consumption) to 

regulatory and economic changes.  If the CSI is fully implemented, EPA predicts slightly 

more than a 10% decrease in mercury deposition across the U.S., when compared to 

current deposition rates. 

 EPRI (2003) applied the Trace Element Analysis Model (TEAM) to predict the 

changes in mercury deposition in the U.S. under the CSI and predicted notably different 

impacts than were predicted by EPA (2003a).  The TEAM is a regional-scale Eulerian 

model that simulates the atmospheric chemistry of mercury over the North American 

continent using 100 x 100 Km grids.  Changes in coal consumption patterns and 

mercury emissions by the electric power industry under the CSI were modeled.  EPRI 

(2003) predicted that current mercury emissions from power plants account for less than 

8% of the mercury deposited in the U.S.; the model predicts that most deposition is the 

                                                                                                                                                             
7 Recent updates to the inventory estimate that power plants account for approximately 40% of mercury 
emitted from U.S. anthropogenic sources annually. (www.epa.gov/ttn/chief/net (See 1999 NEI data). 
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result of emissions from sources outside the U.S.  The impact of mercury emissions 

changes was analyzed using “transfer coefficients” estimated from the model.  Transfer 

coefficients are model parameters that relate changes in mercury emissions to changes 

in mercury deposition at specific locations.  For example, deposition at a New York 

receptor is most influenced by changes in emissions in New York and New Jersey; 

changes in emissions from the U.S. Midwest influence mercury deposition at the New 

York receptor more than changes in emissions from the South (Figure 2-2 in the EPRI 

report).  Many of the transfer coefficients were estimated for sites monitored by the 

National Atmospheric Deposition Program Mercury Deposition Network (NADP-MDN), 

although this network was designed to measure background mercury concentrations 

and not contributions from local anthropogenic sources.  Based on their analysis of 

transfer coefficients at 19 receptor sites, EPRI (2003) estimates that, with CSI 

regulations in place, there will be a 1.5% (range of 0.1-5.3%) decrease in mercury 

deposition rates across the U.S. by 2020. 

While the predicted mercury deposition rate decreases vary between the two 

models, the TEAM and REMSAD simulations predict similar geographic patterns of 

mercury deposition.  For example, more mercury deposition is predicted in the Eastern 

U.S. than in the Western U.S., with high deposition rates in the Mid-Atlantic and 

Northeast Regions of the U.S.  The EPRI model results suggest significantly smaller 

contributions to overall mercury deposition from power plants than do the EPA models.  

The EPRI report does not detail changes in deposition within the contiguous U.S.; 

                                                                                                                                                             
8 The “safety valve” is a provision of the cap and trade program that allows power plants to meet their 
obligations by purchasing emission allowances at a predetermined cost per ounce of mercury. 
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rather, it averages deposition changes over the entire U.S. and does not explore local 

and regional variability in mercury deposition. 

1.2. BIOACCUMULATION OF METHYLMERCURY 

Following deposition, inorganic mercury enters bodies of water where sulfate-

reducing micro organisms in the water column and in the sediments convert small 

fractions (typically about 1 or 2%) to the form of methylmercury (Hamdy and Noyes, 

1975; Gilmour and Henry, 1991).9  Invertebrates such as zooplankton and insects that 

feed on organisms at the base of the aquatic food web accumulate methylmercury.  

Methylmercury binds to amino acids through sulfhydral bonds and is incorporated into 

muscle protein.  Small fish feed on the contaminated aquatic invertebrates, 

preferentially retain methylmercury, and eventually are eaten by predatory (i.e., 

piscivorous) fish.  Because methylmercury is highly retained in organisms, it rapidly 

bioaccumulates up the food web and as a result, in a body of water, the large predatory 

fish have the highest methylmercury concentrations in their muscle tissues.10  There is a 

great deal of variability in the accumulation of methylmercury in fish across different 

bodies of water.11  Thus, the methylmercury level in a fish depends on geography, 

geochemistry, the age and size of the fish and its position in the food web. 

                                                 
9 Soil microorganisms can also methylate inorganic mercury (St. Louis et al., 1996).  This likely occurs 
primarily in wetlands during anoxic periods.  The mercury methylated by soil microorganisms can be 
transported to a water body. 
10 Inorganic forms of mercury are less efficiently absorbed through the fish gut and more efficiently 
eliminated from fish than methylmercury; consequently they do not bioaccumulate in aquatic organisms to 
the extent that methylmercury does. 
11 The following factors reportedly impact the accumulation of methylmercury in fish: 

• mercury transport into the aquatic system including the fraction of a watershed that consists of 
wetlands (St. Louis et al., 1996),  

• food chain length (i.e., short food chains result in less methylmercury bioaccumulation among 
apex predators) (Cabana and Rasmussen, 1994) 

 



   

 
 9 

 Understanding the fate of mercury entering a water body is fundamental to 

predicting the changes in methylmercury concentrations in fish that may be associated 

with reductions in mercury deposition.  In an analysis of the applications of the primary 

models used to estimate methylmercury bioaccumulation in studies of specific bodies of 

water (Harris et al., 1996; U.S. EPA, 1997a), the Mercury Maps project (U.S. EPA, 

2001d) showed that predicted changes in methylmercury concentrations in fish were 

proportional to changes in mercury entering the water body under steady-state 

assumptions.  If the atmospheric mercury deposition was the dominant source of 

mercury to a water body, then the changes in deposition that might follow mercury 

emission controls would result in proportional changes over time in fish concentrations 

(U.S. EPA, 2001d).  If non-atmospheric sources, such as mines and relic accumulations 

in soil and sediments, are significant sources of inorganic mercury to a body of water, 

then reducing atmospheric deposition of mercury is predicted to result in less than 

proportional (i.e., nonlinear) reductions of fish methylmercury concentrations. 

The model developed in the Mercury Maps project (U.S. EPA, 2001d) was used 

to conduct a national analysis at a watershed level to estimate the percent change in 

mercury deposition needed to remove fish consumption advisories.  U.S. EPA (2001d) 

suggested that by using fish methylmercury concentrations reported in the National 

Listing of Fish and Wildlife Advisories (NLFWA) database (U.S. EPA, 2003d) and 

                                                                                                                                                             
• breadth of lower trophic levels (i.e., dilution of methylmercury across biomass at low end of food 

chain leads to less accumulation among piscivorous species) (Pickhardt et al., 2002) 
• demethylation rates (DisPasquale et al., 2000) 
• nutrient loading (Hammerschmidt and Fitzgerald, 2004) 
• water pH (Brumbaugh et al., 2000) 
• dissolved organic carbon (Brumbaugh et al., 2000) 
• sulfate concentration (Brumbaugh et al., 2000). 
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simulation results from atmospheric mercury models, the Mercury Maps model could be 

used to estimate the change in the number of fresh water bodies with fish consumption 

advisories for freshwater fish, if anthropogenic mercury emissions were reduced. 

The EPRI (2003) analysis also evaluated the impact of reducing power plant 

mercury emissions on fish methylmercury concentrations.  The analysis assumed that a 

linear relationship existed between reductions in mercury deposition and methylmercury 

levels in fish.  All U.S. freshwater fish were assigned to a single model compartment 

and all commercial fish were assigned to a separate model compartment.  

Methylmercury concentrations in freshwater fish were assumed to be in equilibrium with 

mercury deposition across the contiguous U.S. and methylmercury concentrations in 

commercial fish were assumed to be in equilibrium with global mercury deposition.  

Decreases in mercury deposition that resulted from decreased power plant emissions 

were assumed to result in linear and proportional reductions in fish methylmercury 

concentrations.  In the EPRI analysis of the CSI, U.S. exposures to methylmercury from 

fish consumption were predicted to change very little from current exposures. 

1.3. HUMAN EXPOSURE TO METHYLMERCURY  

Humans are exposed to methylmercury primarily through fish consumption (i.e., 

eating the contaminated fish muscle).  Schober et al. (2003) and Mahaffey et al. (2004) 

showed that individuals reporting some fish consumption have higher levels of blood 

mercury and blood methylmercury, respectively, than those who report no fish 

consumption.  Self-reported number of fish meals is a strong predictor of blood mercury 

(Schober et al., 2003) and methylmercury concentrations (Mahaffey et al., 2004).  The 
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magnitude of human methylmercury exposures depends on the fish methylmercury 

levels and the quantity of fish consumed.   

Fish consumed in the U.S. are obtained from two general sources: the U.S. 

commercial seafood market and non-commercial capture by individuals for personal 

consumption or consumption by others known to them (e.g., family members or friends).  

Between 70% and 90% of the U.S. population (roughly, 200 to 250 million individuals) 

consumes seafood from the commercial market (Carrington and Bolger, 2002).  In the 

U.S., this market is comprised of farmed fish and wild fish that have been caught off the 

U.S. coasts or imported from countries around the world.   

Three types of seafood, tuna, shrimp and pollock account for over 45% of the 

mass of fish purchased by U.S. consumers and Table 2 lists the 24 types of seafood, 

which combined account for 92% of the marketed fish (Carrington and Bolger, 2002).  

Based on Carrington and Bolger’s input data, 22 of the top 24 types of fish in commerce 

are wild and captured in marine waters.  Commercial catfish and crawfish, the two 

freshwater species listed among the top 24 species, are typically raised in aquaculture. 

In general, commercial fish consumers are unaware of the origins of the fish they 

consume.  For example, consumers likely do not know the country from which their 

canned tuna was imported.  They also may be unaware of the types of seafood they 

consume; for example, they may not know the types of fish comprising “fish sticks.” 

Most marine fish inhabit upwelling regions of the oceans, nutrient rich estuarine 

waters, or continental shelves (Ryther, 1969).  Policy makers concerned about the 

safety of commercial seafood obtained from marine environments must consider the 

influence of U.S. mercury emissions on methylmercury concentrations in the food webs 
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of the commercial seafood stocks living in these areas of the ocean.  The continental 

shelf adjacent to the North American continent under the Atlantic Ocean is one such 

area of concern; the Gulf of Mexico is another. 

In the U.S., the Food and Drug Administration (FDA) monitors methylmercury 

levels in commercial seafood.  Methylmercury concentrations are typically highest in the 

wild finfish such as shark and swordfish (Figure 2).  Carrington and Bolger (2002) 

developed an exposure model, based on the frequency, quantity and types of seafood 

consumed.  The model predicts changes in methylmercury intake in the general 

population associated with changes in fish consumption patterns.  Table 2 lists per 

capita consumption rates and mean methylmercury concentrations for the commercial 

fish typically consumed in the U.S. (adapted from Carrington and Bolger, 2002).  

Concentrations in fish raised in aquaculture are typically low; these animals are not part 

of the wild food web where methylmercury can accumulate.  Fish meal is a dietary 

component of some fish raised in aquaculture (fish-eating species raised in aquaculture 

include salmon and cod).  Lower trophic level marine species comprise these fish 

meals.12  Shellfish are low trophic level organisms and, in general, have low levels of 

methylmercury.  While many marine species only inhabit and feed in one location, three 

important commercial fish, tuna, shark and swordfish, are migratory.  Thus, the 

methylmercury concentrations of these predatory fish may reflect participation in marine 

food webs at a number of different locations over time. 

                                                 
12 Pauly et al. (1998) reported that, based on global fisheries statistics, the mean trophic level of fish 
caught has declined from 1950.  The decline is a consequence of limited availability of higher trophic level 
species and an increase in the quantity of lower trophic level fish being targeted.  Many of these species 
are used in fish meal and fish oils fed to some aquaculture species. 
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Non-commercial consumers eat fish caught by individual anglers in saltwaters 

and freshwaters.  Unlike the fish consumed from the commercial market, which may be 

caught in different locations, the fish eaten by non-commercial fish consumers are 

typically obtained from a small geographic area.  Recent surveys by the National Marine 

Fisheries Service (NMFS, 2003) and the U.S. Fish and Wildlife Service (U.S. FWS, 

2003) indicate that over 9 million people fish U.S. saltwaters (Table 3).  Based on their 

National Survey of Fishing, Hunting, and Wildlife-Associated Recreation, U.S. FWS 

(2003) estimated that there were 28.4 million freshwater anglers.  If the fish in a 

geographic area have high levels of methylmercury (for example, due to elevated 

mercury deposition rates associated with emissions from local or regional sources), 

then exposures in these fish consumers may be elevated.  U.S. EPA policy makers are 

concerned about elevated methylmercury exposures from consumption of fish caught in 

these potential mercury “hot spots” in marine and freshwater environments. 

Non-commercial fish caught in marine and estuarine waters along the U.S. 

coasts are monitored through the annual National Marine Recreational Fisheries 

Statistics Survey (NMFS, 2003).  Their surveys ascertain the numbers, weights and 

types of fish caught recreationally.  Tables 4 and 5 list the 10 most frequently captured 

fish, based on total mass of fish caught for consumption by recreational anglers in the 

Atlantic Ocean and in the Gulf of Mexico.  The estimated total catch weights of these 10 

types of fish comprise roughly 70% of the estimated total catch weight of all fish caught 

recreationally in the Atlantic and in the Gulf.  The NMFS data are limited to finfish.  U.S. 

EPA (2003a) has compiled methylmercury concentration data for marine species 

targeted for recreational capture. 
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Methylmercury concentrations in U.S. freshwater fish are compiled in the 

National Listing of Fish and Wildlife Advisories (NLFWA) Mercury Fish Tissue Database 

(U.S. EPA, 2003d).  States voluntarily report information to this database, which 

contains approximately 58,000 samples reporting methylmercury concentrations.  In 

addition to the methylmercury concentration, many of the entries include the type of fish, 

its length and weight.  The U.S. FWS does not directly monitor the types of freshwater 

fish individuals consume, but conducts surveys to identify the types of fish anglers 

target and the amount of time they spend targeting specific fish. 

Fish consumption rate data have been collected by several U.S. federal agencies 

depending on the source of the fish.  The FDA has evaluated commercial fish 

consumption rates (Carrington and Bolger, 2002).  Table 2 reports per capita 

consumption rates for selected types of commercial fish based on FDA dietary surveys 

of the U.S. population.  Based on an extensive analysis of NMFS survey data, U.S. EPA 

(1997a) estimated the distribution of finfish consumption rates for Atlantic and Gulf 

recreational anglers.  U.S. EPA (1997a) also reports the distribution of freshwater fish 

consumption rates for U.S. recreational anglers.  These values were based on studies 

of freshwater anglers fishing in the states of Maine, New York and Michigan (U.S. EPA, 

1997a citing Ebert et al., 1993; Connely et al., 1996; West et al., 1989).  Some 

individuals and groups catch and consume large quantities of non-commercial fish.  For 

example, the Columbia River Inter-Tribal Fish Commission Report (1994) describes 

consumption rates among a group of Native Americans who frequently consume large 



   

 
 15 

quantities of fish.13  Policy makers are concerned about methylmercury exposures in 

individuals who either consume high quantities of commercial and non-commercial fish 

or consume contaminated fish. 

1.4. TOXICOKINETICS 

Once ingested, roughly 95% of the methylmercury entering the gastrointestinal 

tract is absorbed.  This compound passes through the lining of the gut to the liver and 

enters the blood stream where it primarily binds red blood cell proteins, quickly 

distributing from blood to the liver, as well as the kidney and skin.  Methylmercury 

appears to pass the adult blood brain barrier by binding to a thiol group on cystiene, 

which is then recognized by a neutral amino acid carrier protein (Aschner, 1989); entry 

into the brain tissues can lead to adult neurotoxicity.  In pregnant females, 

methylmercury can also bind and pass through the placenta tissues; it may also enter 

placental tissues through an active transport process via an amino acid carrier protein.  

Stern and Smith (2003) report that methylmercury levels in cord blood are higher than 

levels in maternal blood; the reason(s) for this observation have not been fully 

explained.  The blood brain barrier does not effectively occlude methylmercury from the 

brain tissue of the fetus.  Entry into these brain tissues likely leads to the neurocognitive 

deficits observed in some children exposed to methylmercury.  The possible 

cardiovascular effects associated with increased methylmercury exposures may result 

from the oxidative properties of mercury in the bloodstream (Salonen et al., 2000). 

                                                 
13 While described as a study of “subsistence” angler consumption (U.S. EPA, 1997b), there is not a 
specific intake quantity or percent of total daily caloric intake or protein intake that results in a 
categorization of “subsistence.” 
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The mean half-life of methylmercury in humans is estimated to be between 47 

and 72 days.  Methylmercury is demethylated and converted back to inorganic forms 

primarily by gut microflora; the liver and brain also demethylate methylmercury.  

Demethylation in the brain may, in effect, trap inorganic mercury in the brain, because 

inorganic mercury passes out of the adult brain more slowly than it enters (if it passes 

out at all).  It is unlikely that the fetus can demethylate methylmercury (Dock et al., 

1994).  Nearly all of the ingested methylmercury (90%) is eventually eliminated as 

inorganic mercury through the feces via the bile and exfoliated gastrointestinal epithelial 

cells.  Methylmercury in the bile can be reabsorbed by the gall bladder and the small 

intestine; this apparent recycling is a factor in the long half-life of methylmercury in the 

body.  Methylmercury also appears to bind sulfhydral groups in amino acids that 

comprise hair (Farris et al., 1993; U.S. EPA, 1997e).  The binding of methylmercury to 

hair is an additional elimination pathway from the body. 

While some researchers have used blood sera and toenails to analyze mercury 

exposure, measures of mercury concentrations in whole blood and hair are the most 

common biomarkers used in analyses of human exposures (Grandjean et al., 1999).  

Blood and hair mercury concentrations can be used to estimate the quantity of 

methylmercury ingested through the “methylmercury 1-compartment model.”  This 

model provides reasonable approximations of intake, blood, and hair mercury levels 

under steady-state conditions. 

d c* b* v / (a* f * Bw)=              (Eq. 1) 
where: 

d = oral dose (µg MeHg/kg-day) 

c = blood concentration (µg/L) 
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b = elimination constant (0.014 day-1) 

v = blood volume (5 L) 

a = gastrointestinal absorption factor (0.95) 

f = fraction of absorbed dose found in blood (0.059) 

Bw = body weight (kg) 

The parameter values above were obtained from U.S. EPA (1997e, 2001a, 2001c).  The 

ratio of hair mercury concentration to blood mercury concentration is typically 

considered to be approximately 250:1 (e.g., 8 µg/L blood = 2 ppm hair) (U.S. EPA, 

2001c).  The mercury hair-to-blood ratio appears to be highly variable across individuals 

and studies. 

1.5. HUMAN HEALTH EFFECTS  

This discussion of mercury health effects focuses on neurological effects14 

observed in children that result from intrauterine methylmercury exposures and adult  

myocardial effects associated with methylmercury exposures through fish consumption.  

The risks of incurring these two effects are quantified in Section 3 of this report and they 

likely account for a large fraction of the total damage to humans that is associated with 

methylmercury exposures.  We also discuss two additional effects that have been 

observed in children and associated with intrauterine methylmercury exposures, 

increased blood pressure and decreased heart rate variability.  We do not quantify 

these risks, because the increased blood pressure does not appear to persist and the 

                                                 
14 In laboratory animal studies, ingested methylmercury binds placental tissue and diffuses across these 
membranes, entering the fetal blood (U.S. EPA, 1997d).  Methylmercury may also be actively transported 
across placental membranes by binding to cystiene.  Methylmercury causes diffuse damage throughout 
the entire developing brain.  When compared to normal brains, affected brains weigh less, have fewer 
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clinical significance of changes in heart rate variability of otherwise healthy children is 

not known.   

The following reported effects associated with intrauterine methylmercury 

exposures and several reported effects associated with adult methylmercury exposures 

are also not addressed in this report.   

• Delays in auditory brainstem evoked potentials that were observed in 
Faroese children at ages 7 and 14 years and associated with intrauterine 
methylmercury exposures are not evaluated because the clinical 
significance of such small delays in these evoked potentials is unknown 
(Murata et al., 1999, 2004).   

• Intrauterine methylmercury exposures have also been associated with 
decreases in muscle tone and reflexes in 2-week-old children (McKeown-
Eyssen et al., 1983), and with decreased neurological optimality scores in 
male offspring at ages 12 and 30 months (Steurwald et al., 2000).  These 
possible effects of intrauterine methylmercury exposures are not 
addressed due to unknown significance of the endpoints in young children 
(e.g., does the effect persist?  does it cause a significant decrease in the 
quality of life?).   

 
• Cordier et al. (2002) reported that decreased leg coordination in males 

between the ages of 5 and 12 years and decreases on a Copying Test, 
which evaluates reasoning and visuospatial organization, in children ages 
5 to 7 years was associated with intrauterine methylmercury exposures.  
We did not model the leg coordination because the significance of such 
decreases is unknown.  We did not evaluate the Copying Test results 
because they would be a component of IQ decreases which are evaluated 
(Section 1.5.1) and because they did not appear to persist. 

 
• Adult neurological effects possibly associated with methylmercury 

exposures through fish consumption have been reported.  These include 
reduced motor control (Mergler and Dolbec, 1998) and reduced function 
on tests of fine motor speed and dexterity (Yokoo et al., 2003) and on 
tests of verbal memory (Yokoo et al., 2003), difficulty with accuracy and 
sharpness of visual fixation and pursuit in dynamic eye movements 
(Beuter and Edwards, 2003) and restricted visual fields (Mergler and 
Dolbec, 1998).  These effects were not modeled because of their unknown 
economic significance and impacts on individuals’ quality of life. 

 
                                                                                                                                                             
cells, and exhibit a less organized structure (Burbacher et al., 1990).  This systematic damage may result 
from brain cell death. 
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1.5.1.  Neurological Decrements Associated with Int rauterine Methylmercury 

Exposures.  The need for increased scientific understanding of the relationship 

between exposures to organic forms of mercury and human neurological decrements 

was initially identified through epidemiologic investigations of poisoning episodes in 

Japan (Harada, 1995) and Iraq (Bakir et al., 1973; Amin-Zaki et al., 1974).  The victims 

were poisoned by methylmercury through consumption of contaminated fish in Japan 

and by an organic mercury compound through consumption of treated seed grain in Iraq 

(summarized in Clarkson, 2002).  Exposures to these high levels of mercury led to 

severe neurological effects in adults, children and fetuses; however, the neurotoxicity 

that was associated with intrauterine exposures (i.e., severe cerebral palsy, delayed 

walking and talking) occurred at lower doses than the doses that resulted in adult 

effects (summary discussions in NRC, 2000; U.S. EPA, 2001b,c).  For example, 

asymptomatic mothers (i.e., mothers in whom no neurological effects were observed) 

bore affected children indicating that the developing fetal nervous system was more 

vulnerable to methylmercury than the mature maternal nervous system. 

While the effects associated with exposures to environmental levels of 

methylmercury in fish continue to be the subject of intensive scientific investigation and 

there have been additional epidemiologic studies of such exposures (U.S. EPA, 2001b), 

epidemiologic studies conducted in New Zealand, the Seychelle Islands and the Faroe 

Islands have been the subject of most recent scientific interest.  All three studies 

evaluated maternal methylmercury exposures during pregnancy and have examined the 

relationship between these exposure measures and pediatric neurological test results in 

the mothers’ children during multiple developmental stages.  The National Research 
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Council (NRC, 2000), which evaluated all three studies, reported that none of the 

studies “appear to have serious flaws.”  Two of the studies, the Faroe Islands and New 

Zealand studies, showed an association between elevated in utero methylmercury 

exposures and adverse neurological outcomes in the offspring (e.g., IQ decreases), 

while the Seychelle Islands study has not reported such associations.  At present, no 

adequate explanation has been offered for the differences in the results between the 

Faroe Islands and New Zealand studies and those found in the Seychelle (NRC, 2000). 

Kjellstrom et al. (1986, 1989) conducted a prospective case-control study in New 

Zealand to examine the neurological development of children who had elevated 

intrauterine methylmercury exposures.  From the 10,930 mother-child pairs enrolled in 

the cohort, 935 mothers who reported eating more than three fish meals per week while 

pregnant were identified.  The fetal exposure measure was the mercury level in 

maternal hair over the entire pregnancy.  The high-exposure group (n=31 children) was 

defined to be women with hair mercury levels greater than 6 mg/kg (or ppm) hair.  Each 

child in this high exposure group was matched with a reference child based on maternal 

ethnicity, the child's age and birth hospital.  The average maternal hair mercury 

concentrations in the high-exposure and reference groups were 8.8 ppm and 1.9 ppm, 

respectively.  At 4 years of age, the children were administered a group of tests (Table 

6).  Based on the Denver Developmental Screening Tests (DDST) results, a statistically 

significant difference existed between the neurological functions of the high-exposure 

and reference group.  Developmental delays (primarily in the motor and language 

domains) were observed in 52% (16/31) of the children in the high-exposure group and 

in 17% (5/30) of the reference group. 
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The second phase of the study, undertaken when the children in the cohort were 

6 years of age, employed additional neuropsychological and scholastic tests (Table 6) 

(Kjelstrom et al., 1989).  Based on the child's gender, and the mother's age, ethnicity, 

residence, smoking status, and residence time in New Zealand, each child (n=61) in the 

high-exposure group was matched with three children whose mothers had lower hair 

mercury concentrations during their pregnancies.  The average maternal hair mercury 

concentrations during pregnancy in members of the two control groups that reported 

frequent fish consumption were less than 3 ppm and between 3 and 6 ppm.  A 

statistically significant association was reported between high maternal mercury 

exposure and decreased test scores on the McCarthy Scale of Children's Abilities in the 

perceptual and motor domains.  Results of the linear multiple regression analyses 

showed significant associations between high maternal mercury exposure and 

decreased performance on three neurological tests.  Kjellstrom and collaborators 

reported no differences in the two groups based on “observed” behavior (i.e., in the 

absence of sophisticated neurological testing).   

Crump et al. (1998) reanalyzed the Kjellstrom et al. (1989) study conducting 

multiple regression analyses on the reported average maternal hair mercury 

concentrations during pregnancy as a continuous variable (i.e., unlike Kjellstrom et al. 

they used the reported values of hair mercury concentrations in their analyses rather 

than as a categorical variable as Kjellstrom had done).  They did not identify a 

statistically significant relationship between maternal hair mercury levels and the 

neuropsychological test scores unless they omitted the single subject whose mother 

had the highest average maternal hair mercury concentration in the cohort, which was 
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over four times higher than the second highest measurement.  The maternal hair 

mercury variable was a statistically significant predictive variable in six tests.  The 

regression coefficients for five of the tests are shown in Table 7. 

The Seychelles Child Development Study (SCDS) examined the effects of low-

dose fetal exposure to methylmercury from maternal fish consumption.  The main 

prospective study consisted of a cohort of 740 mother-infant pairs that were selected 

between 1989 and 1990.  Average maternal hair mercury levels over the entire 

pregnancy (range 0.5 to 26.7 ppm; median = 5.9 ppm) were used as the marker of fetal 

mercury exposure.  The cohort has been evaluated at 6.5, 19, 29, and 66 months of age 

(Marsh et al., 1995; Myers et al., 1995) and 9 years of age (Myers et al., 2003).  The 

main prospective study reports no statistically significant associations between 

environmental prenatal methylmercury exposures (primarily through maternal saltwater 

fish consumption) and adverse neurological outcomes in Seychellois children over a 

9-year period (Myers et al., 2000, 2003; Axtell et al., 2000).15  Myers et al. (2003) 

reported an association with decreased performance in the peg board test with males, 

but noted that, given the total number of tests, this association could have been by 

chance alone.  Table 8 indicates the developmental domain tested and age and type of 

tests conducted in the SCDS.  Based on the results of these studies, it is plausible that 

in utero exposures to environmental concentrations of methylmercury through fish 

consumption are not associated with neurological decrements.  Given the large sample 

size in the main Seychelles cohort, the SCDS appears to have sufficient statistical 

                                                 
15 Myers et al. (1995) noted a statistically significant association between in utero mercury exposure and 
the DDST-R (when the abnormal and questionable scores were combined); however, this association 
was observed in the pilot study only. 
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power to detect neurological effects and reject the null hypothesis.  However, the NAS 

(2000) report cautions that a large epidemiologic study, such as the SCDS, may lack 

adequate power to detect adverse associations if a relatively small number of subjects 

are exposed at levels where effects are likely to be found (i.e., the upper end of the 

exposure distribution).16 

A longitudinal prospective study was conducted in the Faroe Islands to evaluate 

the relationship between maternal methylmercury exposure through seafood 

consumption during pregnancy (including episodic pilot whale consumption) and 

neurodevelopment in the offspring (Grandjean et al., 1995, 1997, 1998, 1999, 2003; 

Dahl et al., 1996; Murata et al., 1999, 2004).  Following a pilot study (Grandjean et al., 

1992), a cohort of 1022 singleton births was assembled during a 21-month period 

between 1986 and 1987.  The exposure measures relevant to intrauterine exposures 

were maternal hair mercury concentrations and cord blood mercury concentrations at 

childbirth.  In the main study (Grandjean et al., 1997), the geometric mean cord blood 

concentration was 22.8 µg/L (interquartile range 13.4-41.3 µg/L) and the geometric 

mean maternal hair mercury concentration was 4.27 µg/g (interquartile range 2.6-7.7 

µg/g).  No mercury-related abnormalities were identified during clinical examination of 

the cohort.  Intrauterine methylmercury exposures were statistically significantly 

associated with decreased scores on a number of neurological tests in the children.  

                                                 
16 The NAS report states “power analyses that are based on total sample size can be misleading if 
adverse effects occur primarily among the most heavily exposed children, who typically comprise a very 
small proportion of the sample.  Although the sample size of 700 children in the SCDS would seem to be 
more than adequate, only about 35 children were exposed at 15 µg/g or higher.  Because multiple 
regression analysis examines associations that are averaged across the entire distribution of exposure, 
associations that hold only for the most highly exposed children can be difficult to detect.  Thus, if adverse 
effects of prenatal MeHg exposure occur primarily in the upper range, the power to detect them will be 
limited…” 
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Table 9 indicates the developmental domain tested, subjects’ ages, and type of tests 

conducted in the Faroe Islands study.  Grandjean et al. (1997) conducted multiple 

regression analyses on the cord blood mercury concentrations.  The cord blood mercury 

concentration was a statistically significant predictive variable in six tests.  The 

regression coefficients for five neuropsychological tests appear in Table 10; the 

coefficients were calculated for those children born to mothers whose hair mercury 

concentrations were less than 10 ppm. 

In summary, NRC (2000) and, more recently, a subset of the committee (Stern et 

al., 2004) have concluded that, based on evidence from two of the three studies, low 

dose in utero exposures to methylmercury likely lead to subtle but measurable 

neurological effects in children.  Because the three studies used different test batteries, 

it is difficult to directly compare their results.  In the future, there may be opportunities to 

evaluate confidence intervals associated with significant and non-significant test results 

at the level of developmental domains across the three studies (see first column in 

Tables 6, 8, and 9 for listing of the domains evaluated in the three studies).  This type of 

evaluation may provide alternative measures of consistencies between the three 

studies.  Additional evaluations of potential confounding effects such as the intake of 

selenium are needed. 

1.5.2.  Myocardial Effects Associated with Adult Me thylmercury Exposures.  In this 

section, we discuss adult myocardial effects associated with methylmercury exposures 

(also, see recent review by Stern, 2004).  While scientific panels have evaluated the 

methylmercury neurologic studies as a group, similar panels have not evaluated the 

group of studies that have examined the relationship between adult methylmercury 



   

 
 25 

intakes and myocardial effects.  Studies conducted by Salonen et al. (1995, 2000), 

Rissanen et al. (2000), and Guallar et al. (2002) suggest that methylmercury exposures 

may be a risk factor for myocardial events and premature deaths.  Studies by 

Tamashiro et al. (1986), Ahlqwist et al. (1999) and Yoshizawa et al. (2002) did not 

observe such a relationship, indicating that it may not exist.  We note that 

cardiovascular diseases have been associated with many other behavioral, genetic, and 

dietary risk factors.  Typically, in adult populations, the primary source of methylmercury 

exposure is consumption of contaminated fish and, in general, the consumption of fish 

and fish oils has been consistently associated with reduced risk of myocardial events 

(e.g., Kromhaut et al., 1985; Daviglus et al., 1997; Hu et al., 2002, see also summary by 

Bouzan et al., in preparation).  For example, the study of Daviglus et al. (1997), which 

examined 1,822 U.S. males over 30 years, showed that, when compared to those 

reporting no fish consumption, individuals who reported consuming 35 or more grams of 

fish per day had roughly a 40% reduced risk of incurring a fatal myocardial event.  The 

strength of this substantial body of evidence on the cardiovascular benefits of fish 

consumption has led to U.S. nutritional recommendations that individuals consume 

multiple fish meals per week (Kris-Etherton et al., 2002).  However, this benefit is not 

observed in every study of fish intake (Curb and Reed, 1985; Vollset et al., 1985, Morris 

et al., 1982; Folsom and Demissie, 2004).  It is plausible that fish contaminants such as 

methylmercury could attenuate the cardiovascular benefits of fish intake.  That is, one 

explanation for the fish consumption studies that show no fish consumption-associated 

cardiovascular benefits or even adverse cardiovascular effects could be that the 

cardiotoxic effect of methylmercury offsets or exceeds the cardioprotective effect of the 
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polyunsaturated fatty acids in fish.  Of course, there may be other contaminants and 

other factors in these studies that lead to these observations.  We note that these 

positive epidemiologic studies appear to be well conducted controlling for many known 

cardiovascular risk factors and the study results appear to be credible. 

Next, we describe the four studies that have shown an association between adult 

methylmercury intakes and myocardial events.  Based on the study by Salonen et al. 

(1995), we develop dose-response relationships between adult methylmercury 

exposures, as measured by hair mercury concentrations and acute myocardial 

infarction (AMI) and all cause mortality (ACM)17 in Section 2.  We also describe the 

studies that do not report a statistically significant association between methylmercury 

and myocardial events. 

 A study of 1,833 males in Eastern Finland, aged 42-60 years, evaluated the 

relationship between methylmercury intake via fish consumption and the incidence of 

AMI and all cause mortality (Salonen et al., 1995).  Upon study entry, the subjects were 

free of cancer, coronary heart disease, stroke and claudication.  Mercury exposures 

were measured using hair and urine mercury concentrations.  Hair mercury 

concentrations reflect long-term average mercury exposures (months) and urinary 

mercury concentrations are influenced strongly by concentrations of inorganic mercury 

in blood, which reflect short durations of exposure (e.g., the past 45 days).  Among the 

study participants, mean fish intake was 46.5 g/day and the mean daily dietary intake of 

methylmercury was estimated to be 7.6 µg/day.  The mean mercury concentration in 

hair was 1.92 ppm and the mean daily urinary excretion rate was 1.18 µg/day.  Table 11 
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provides additional details of these measures.  In this study, the mean and maximum 

follow-up periods were 5 years and 7.75 years for cardiac events and 6 years and 8.75 

years for deaths, respectively. 

 Salonen et al. used Cox proportional hazards models to evaluate the relationship 

between hair mercury levels and AMI and premature death.  They modeled hair 

mercury concentrations as a continuous variable and statistically controlled for a 

number of risk factors of myocardial events (Table 12 lists these for both Cox models 

used).  We use the values estimated in the second model, (which controls for additional 

risk factors associated with myocardial events) and are more likely to estimate the 

isolated effects of methylmercury exposure than those estimated by the first model.  

The second model estimates that for each 1 ppm increase in hair mercury, the 5-year 

risk of non-fatal and fatal AMI increased by 6.8% and the 5-year risk of all cause 

mortality increased by 9.0% (Table 12, see results of the second set of Cox models).  

We note that the observed increase in AMI risks is not statistically significant (p=0.17).   

 Salonen et al. also reported an analysis that compared risks to subjects with hair 

mercury concentrations of 2.0 ppm or more with those that had less than 2.0 ppm.  In 

the group with hair mercury concentrations of 2.0 ppm or more, the authors reported a 

69% (p=0.038) greater risk of fatal or nonfatal AMI and a 93% greater (p=0.007) risk of 

premature death from all causes. 

Based on an additional multivariate analysis of a small subset (n=187), the 

authors reported that mercury levels in the hair and urine were statistically significantly 

associated with immune complexes containing oxidized low density lipoprotein (LDL).  

                                                                                                                                                             
17 All cause mortality (ACM) is an epidemiologic term that refers to all deaths occurring in a study cohort 
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These complexes are believed to be related to adverse myocardial events.  The authors 

posited that the increased incidence of myocardial events may be caused by oxidation 

of serum lipids.  Of the variables analyzed, hair mercury levels were the strongest 

predictor of serum immune complexes containing oxidized LDL.18 

 Two follow-up studies (Salonen et al., 2000; Rissanen et al., 2000) were 

implemented to further analyze these results.  The Salonen et al. (2000) study (n=1014) 

examined the association between the progression of arteriosclerosis, as measured by 

changes in carotid artery thickness over a 4-year period, and hair mercury 

concentration.  Based on the results of a multivariate model, hair mercury concentration 

was a statistically significant predictor of the progression of common carotid artery 

thickening; based on this finding, the follow-up study further supported the possibility 

that methylmercury exposures may oxidize serum lipids. 

 The second follow-up study (n=1871) (Rissanen et al., 2000) evaluated whether 

hair mercury concentrations modified the relationship between acute myocardial events 

and two serum fatty acids derived from α-linoleic and linoleic fatty acids in fish, 

docosahexaenoic acid (DHA, also identified in the biochemical literature as 22:6 n-3) 

and docosapentaenoic acid (DPA, also identified in the biochemical literature as 22:5 

n-6).  Although evaluated, no significant associations were observed between a third 

fish-derived fatty acid, eicosapentaenoic acid, and the risk of acute coronary events. 

The mean hair mercury concentration increased with the proportion of the serum fatty 

                                                                                                                                                             
regardless of the cause of death. 
18 Salonen et al. suggested three possible mechanisms that might explain the association between tissue 
methylmercury levels and increased incidence of myocardial events: 
1.  Mercury could catalyze the formation of free radicals that would lead to oxidized lipids.  
 



   

 
 29 

acids that was comprised of DHA and DPA; this was expected because fish intake is 

the source of all three compounds. 

 To analyze the relationship between the two fatty acids and acute coronary 

events, the cohort was divided into quintiles based on the proportion of serum fatty 

acids comprised of DHA and DPA.  Rissanen et al. used Cox proportional hazards 

models and statistically controlled for a number of factors related to cardiac events 

(Table 13).  Men in the highest quintile of DHA and DPA had a 44% lower risk of acute 

coronary events (95% confidence interval 11%, 65%; p=0.014) when compared to 

subjects in the lowest quintile.  To evaluate whether mercury exposure might modify the 

relationship between fish-derived serum acids and myocardial events, the data were 

stratified based on hair mercury content and a dichotomous analysis was developed 

that compared risks to subjects that had hair mercury concentrations of 2.0 ppm or 

more with those that had less than 2.0 ppm.  Men in the highest quintile for serum DPA 

and DHA and the lower level of hair mercury content had a 67% (p= 0.016) reduced risk 

of acute coronary events, when compared to subjects in the lowest DHA and DPA 

quintiles having hair mercury levels above 2.0 ppm.  Within each quintile, subjects with 

higher hair mercury concentrations had higher risks of acute coronary events, 

suggesting that mercury exposure may attenuate the cardioprotective effects of fish-

derived fatty acids. 

 In a case-control study, Guallar et al. (2002) evaluated the association between 

toenail mercury concentrations, adipose tissue DHA concentrations, and AMI risk in 

                                                                                                                                                             
2.  Due to the affinity of mercury for sulhydrol groups, it could reduce the antioxidative capacity of the 

plasma by binding to proteins such as glutathiols. 
3. When bound to mercury, selenium does not function as a cofactor in peroxide-scavenging enzymes. 
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men of no more than 70 years of age from nine different countries.19  The relationship 

between toenail mercury levels, the biomarker of mercury exposure in this study, and 

blood mercury levels, although assumed to be related in the same manner that hair 

mercury concentrations are related to blood concentrations, is not known.  The cases 

consisted of 684 men having first-time diagnosis of myocardial infarction confirmed by 

electrocardiology and blood enzyme analysis; the controls consisted of 724 age-

matched males, with no history of myocardial infarction and from the same study center 

catchment areas as the cases.  DHA and mercury concentrations were correlated 

(correlation coefficient = 0.34).  Toenail mercury levels among the cases were 15% 

higher than those of the controls after adjustment for DHA levels and coronary risk 

factors (95% confidence interval 5%, 25%); the case-control ratio was 1.10 (95% 

confidence interval 1.03, 1.18).  After adjusting for mercury concentrations, DHA levels 

were inversely associated with risk of AMI; when highest and lowest DHA quintiles were 

compared, the odds ratio (OR) was 0.59 (95% confidence interval 0.3, 1.19; the trend 

test was statistically significant). 

In a follow-up study of the Japanese population poisoned by methylmercury, 

Tamashiro et al. (1986) studied mortality patterns based on death certificates between 

1970 and 1981 for individuals who resided in the section of Minamata that had the 

highest reported number of cases of Minamata disease.20  The frequencies of heart 

                                                 
19 Cases and controls were obtained from each of 9 countries.  The total number of cases and controls 
(i.e., the sum) from any one site numbered no more than 200.  The countries from which cases and 
controls were obtained included Spain, Norway, Russia, Germany, Israel, the Netherlands, Finland, 
Switzerland and the United Kingdom. 
20 Adequate death records were not maintained prior to 1970. 
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disease in the study population were lower than those of the general Japanese 

population.   

In a prospective cohort study, Ahlqwist et al. (1999) examined the association 

between mercury concentrations in blood sera and myocardial infarction, among 1,462 

Swedish women 38 to 60 years of age at recruitment who were followed for up to 25 

years.  Serum mercury concentrations, which disproportionately reflect inorganic 

mercury exposures, were measured at cohort initiation.  No association between serum 

mercury concentrations and myocardial infarctions was found. 

In a prospective nested case-control study, Hallgren et al. (2001) examined the 

relationship between first time myocardial infarction and erythrocyte mercury 

concentrations.  They reported an inverse association between the risk of a first 

myocardial infarction and erythrocyte mercury concentrations and plasma 

polyunsaturated fatty acid concentrations. 

Using a nested case-control design, Yoshizawa et al. (2002) studied the 

association between toenail mercury concentrations and risks of coronary heart disease 

in male health professionals aged 40 to 75 years.  They excluded from the study 

subjects reporting myocardial infarction, angina, coronary artery by-pass surgery, 

stroke, diagnosis of cancer or having a very high or very low daily caloric intake.  Based 

on several different analyses (e.g., odds ratios, multivariate regression), there was no 

statistically significant difference between the mercury levels of cases and controls.  A 

separate multivariate analysis that excluded dentists (due to occupational exposure to 

inorganic mercury) compared the highest and lowest mercury quintiles.  A relative risk 

(RR) of 1.27 (95% confidence interval 0.62, 2.59) was observed, suggesting an 
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association of toenail mercury with risk of coronary heart disease, but the association 

was not statistically significant.  The number of subjects included in this separate 

analysis was roughly half of the total in the main analysis. 

 In summary, this group of studies does not definitively show whether 

methylmercury exposures increase the risk of incurring adverse myocardial events.  The 

evidence that supports the cardioprotective effects of fish consumption, in general, is 

the strongest.  The questions are whether co-exposure to methylmercury attenuates the 

cardiovascular benefit of fish consumption and, if so, under what conditions and by how 

much.  We have noted that some epidemiologic studies that evaluated the relationship 

between fish consumption and cardiovascular effects did not report a positive effect.  

When compared to the body of epidemiologic data indicating that fish consumption may 

reduce the risk of myocardial events (e.g., Daviglus et al., 1997), the epidemiologic 

studies showing an association between methylmercury exposures and cardiovascular 

effects are comprised of a relatively small number of subjects and only three 

independent cohorts.  Only one study evaluated cardiovascular disease and mercury 

exposures in women (Ahlqwist et al., 1999) and this study did not report a statistically 

significant association.  The exposure measure used in this study may be inappropriate 

for inferring whether there is an association between methylmercury intake and fish 

consumption.  Serum levels of mercury, which were used as a measure of exposure in 

this study, may be a biomarker for inorganic mercury exposures rather than exposures 

to methylmercury, which binds to red blood cells (Stern, 2004).  The Tamashiro et al. 

study, which also did not report a statistically significant association, evaluated 

methylmercury poisoning, and the effects of the large methylmercury doses in these 
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individuals may differ substantially from those exposed to typical environmental levels.  

Finally, the Yoshizawa et al. data showed a positive but not statistically significant 

association between toenail mercury concentrations and cardiovascular effects, if 

dentists were not included.   

 In Section 2, we use the regression coefficients of Salonen et al. to estimate 

methylmercury-related risks of AMI and ACM, because the studies appear well-

conducted and the results appear to be credible.  The studies that have evaluated the 

relationship between methylmercury exposures and adult cardiovascular effects have, 

to date, not been subjected as a group to such an independent evaluation.  We are not 

as confident in our external generalization of the AMI and ACM data as we are in our 

external generalization of the neurotoxicity studies.  The neurotoxicity studies have 

been independently evaluated as a group.  The studies reporting the cardiovascular 

benefits of fish consumption have also been subjected as a group to thorough re-

evaluation. 

1.5.3.  Elevated Childhood Blood Pressure and Cardi ac Rhythm Effects 

Associated with In Utero Methylmercury Exposures.  In this section, we review the 

results of the Sorensen et al. (1999) and Grandjean et al. (2004) studies.  We also 

discuss human blood pressure reports from the methylmercury poisoning in Minamata, 

Japan and several relevant rodent bioassays.  Although blood pressure increases in 

children can be detrimental to health, typically these are not as significant as effects in 

adults.  We note that because the increased childhood blood pressure among children 

aged 7 years that was reported by Sorensen et al. (1999) did not persist (Grandjean et 

al., 2004), it is unlikely to be of clinical significance.  Finally, we discuss the association 
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of in utero methylmercury exposures with decreased heart rate variability.  This 

association was first observed in a cohort of children aged 7 years (Sorensen et al., 

1999) and was shown to persist in this cohort Grandjean et al. (2004) until 14 years of 

age.  The clinical significance of this observation in children is not known. 

1.5.3.1.  Childhood Blood Pressure ― In the Faroe Islands birth cohort 

(Grandjean et al., 1995), Sorensen et al. (1999) reported statistically significant 

associations between elevated cord blood mercury levels or maternal hair mercury 

levels and increased diastolic and systolic blood pressures for 7-year-old children  

(n=917).  Obstetrical charts and interviews were used to obtain pregnancy and pertinent 

maternal information.  A single measure of blood pressures was made for each 

7-year-old child in the cohort standardized conditions. 

A series of multiple regression analyses were conducted for maternal and child 

risk factors and elevated blood pressure.  As anticipated, both increasing body weight 

(regression coefficient = 0.54 and 95% CL=0.4, 0.68) and increasing height (regression 

coefficient = 0.25 and 95% CL=0.15, 0.36) were statistically significantly associated with 

increases in diastolic blood pressure (DBP) and systolic blood pressure (SBP).  

Adjusting for body weight and maternal hypertension, the authors report that DBP 

increased on average by 13.9 mmHg (95% CL=7.4, 20.4) as mercury levels increased 

from 1 to 10 µg/L cord blood.  SBP increased on average by 14.6 mmHg (95% CL=8.3, 

20.8) over the same range of mercury levels in cord blood.  These increases were 

observed only in the range of 1 to 10 µg/L; above 10 µg mercury/L cord blood, no 

additional increase in blood pressures was observed and the effect appeared to 

plateau. 
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The mean cord blood mercury concentration among all subjects was 32 µg/L and 

the standard deviation was 29 µg/L; the cord blood concentration was below 10 µg/L in 

145 children.  Birth weight was noted to be a possible effect modifier for the association 

between mercury levels in cord blood and blood pressure.  When the association was 

evaluated in children below the median birth weight (3.7 kg), a cord blood mercury 

increase from 1 to 10 µg/L was associated with an average increase of 24.4 mmHg and 

20.9 mmHg in DBP and SBP, respectively.  Smaller increases in diastolic (6.7 mmHg) 

and systolic (9.6 mmHg) blood pressures were observed in the cohort whose birth 

weights were greater than the median. 

Blood pressure increases were also associated with increasing maternal hair 

mercury concentrations.  Increases from 0.2 to 2 µg/g in hair mercury concentrations 

resulted in a 3.6 mmHg (95% CL=4.3, 11.5) increase in DBP and SBP increased 8.6 

mmHg (95% CL=0.9, 16.2).  Potential maternal risk factors such as smoking, alcohol 

intake, age, weight and height and other potential child risk factors such as breast-

feeding duration and parity did not appear to be significant predictors of the subjects’ 

blood pressures.  The authors also evaluated birth weight, placenta weight, and 

gestational age simultaneously and found that these coefficients were not statistically 

significant predictors for DBP or SBP.  The authors then divided current body weight, 

birth weight and placenta weight into quartiles and found no statistically significant 

effects.  Assessment of mercury exposure using a biomarker such as cord blood 

mercury levels is indicative of fetal exposures over a relatively short time period 

(between 1 and 2 months).  Hair mercury concentrations integrate a broader period of 

exposure than cord blood measures (Grandjean et al., 1999). 
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Blood pressure data were collected again in this cohort at 14 years of age 

(Grandjean et al., 2004).  At that age, no effect of intrauterine mercury exposure was 

observed on systolic or diastolic blood pressure.  Shifts in childhood blood pressure, 

while potentially important, do not appear to be as consequential as those that persist 

into adulthood. 

Other epidemiologic data describe associations between methylmercury 

exposures and hypertension.  Tsubaki and Irukayama (1977) describe a retrospective 

epidemiological study designed to estimate the prevalence of Minamata disease, which 

was caused by exposures to high levels of methylmercury, among residents of three 

Japanese cities around Minamata Bay.  From 1932 to 1968 a factory polluted the bay 

with mercury leading to elevated concentrations of methylmercury in the fish consumed 

by the residents (e.g., marine products from Minamata Bay had 5.61 to 35.7 ppm 

mercury (Harada, 1995)).  Residents in cities of Minamata (n=965), Goshonoura 

(n=1723) and Ine (n=608) were evaluated.  Fish in the Minamata area were the most 

heavily contaminated by methylmercury; those in Goshonoura were considered 

moderately contaminated, and those in Ine were unlikely to be contaminated by the 

factory.  This is supported by the reported frequencies of Minamata disease diagnosis in 

the three cities; in Minamata 28.5% of the individuals examined had Minamata disease, 

compared to 1.8% in Goshonoura, and 0.2% in Ine.  Tables 14 and 15 identify the 

frequencies with which individuals with Minamata disease and those in the control group 

were diagnosed as hypertensive.  In this study, the criteria for a diagnosis of 

hypertension were a SBP greater than 160 mm Hg or a DBP greater than 95 mmHg; 

these criteria are slightly higher than the current criteria for hypertension of 140/90 
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mmHg.  The incidence of hypertension in residents of Minamata and Goshonoura who 

were not diagnosed with Minamata disease is not given.  Discussion of the six 

individuals with congenital Minamata disease (born in Minamata between 1955 and 

1962) did not identify hypertension as a “main symptom.”  While the co-occurrence of 

hypertension and Minamata disease is interesting, these individuals experienced 

methylmercury exposures that were much greater than those occurring through fish 

consumption currently in the U.S. and in the Faroe Islands. 

In the section of Minamata that had the highest reported number of cases of 

Minamata disease, Tamashiro et al. (1986) studied mortality patterns based on death 

certificates between 1970 and 1981.  The frequency at which the cause of death was 

listed as hypertension or hypertensive heart disease did not differ significantly from their 

comparison population that was not exposed to elevated mercury levels.  As noted 

previously, the frequencies of heart disease and cerebral infarction in the study 

population were lower than those of the general Japanese population but the frequency 

of cerebral hemorrhage, a sequela of elevated blood pressure, was significantly higher.  

Adequate death records were not maintained prior to 1970.  Further analyses of the 

Minamata disease cases do not appear to address the incidence of hypertension (e.g., 

Fukuda et al., 1999).21 

                                                 
21 Two relevant studies that evaluated the effect of methylmercury on blood pressure in rodents were 
identified.  Tamashiro et al. (1986) administered methylmercury (2 mg/kg-day) to a 7-week-old 
spontaneously hypertensive strain of rats for 26 days (n=10 males and 10 females).  Relative to untreated 
controls, the SBP of the treated females was significantly higher during weeks 3 and 5 of the 5 week 
experiment.  The blood pressures in the treated males were lower than controls during weeks 3 and 4, 
but only 2 males survived through week 4 and no males survived week 5.  Wakita (1987) administered 
0.5 mg/kg methylmercuric chloride via oral gavage to four groups of male Wistar rats (age and exact 
number of animals (likely n < 8) in each group is unknown) for 23 to 28 days (total dose = 11.5-14 mg/kg), 
120 days (total dose = 60 mg/kg), 180 to 210 days (total dose = 90-105 mg/kg), or 220 to 240 days (total 
dose = 110 to 120 mg/kg).  SBP of the treated animals did not differ from controls (n=9) until after day 60.  
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1.5.3.2.  Childhood Cardiac Rhythms ― Sorensen et al. (1999) also reported 

that heart rate variability decreased with increased in utero methylmercury exposures.  

Specifically, in the children aged 7 years, the variation for the R-R interval was 

decreased (i.e., variability of cardiac electrical impulses was decreased).22  At age 14 

years, the heart rate variability was evaluated again in the same cohort (Grandjean et 

al., 2004).  The autonomic nervous system controls heart rate function through both low 

frequency and high frequency activities.  Both low frequency and high frequency 

activities decreased with increasing intrauterine exposures in a statistically significant 

manner.  Heart rate variability also declined with increasing exposures in a statistically 

significant manner.  While there is clinical significance to these declines in heart rate 

variability among the elderly and those who have suffered a heart attack, the clinical 

significance of such decreases in apparently healthy children remains an active 

research area in pediatric cardiology but is unknown at this time.  Given that the 

decreased heart rate variability persisted until age 14 years, and that this effect is 

prognostic of sudden death from arrhythmia in adults, additional research into this 

possible effect of intrauterine methylmercury is warranted. 

                                                                                                                                                             
After this point the SBP of all treated rats were statically significantly elevated above those in the control 
group.  The last blood pressure measurement of the low dose group occurred at 120 days.  Blood 
pressures were measured to approximately 450 days in the other dose groups and the controls; SBP in 
these groups were also statistically significantly higher than the controls.  Small numbers of experimental 
animals, short study durations, high doses, and inadequate data reporting render further interpretation of 
the relationship of these studies to the association reported by Sorensen difficult.  A series of chronic 
methylmercuric chloride feeding studies did not report blood pressure measures in the treated animals 
(Mitsumori et al., 1983, 1984, 1990).  In conclusion, the bioassay data, like the data from the Minamata 
disease cases, suggest that high levels of methylmercury may be associated with blood pressure 
increases, but neither body of data directly address the issue of fetal methylmercury exposures. 
22 Each heartbeat is a discrete event affected by both sympathetic and parasympathetic influences.  
When the heart beats, electrical impulses are discharged.  Electrocardiography can be used to record 
these electrical discharges as a series of defined waves.  One heart beat consists of a P wave, a QRS 
wave, a T wave, and finally a U wave.  The R-R wave intervals are used to define the period of time 
between sequential heart beats. 
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1.6. REGULATION AND CONTROL OF MERCURY EMISSIONS FR OM POWER 
PLANTS 

 
The proposed CSI, a bill introduced in February 2003 in the U.S. House of 

Representatives (HR 999) and the U.S. Senate (S. 485), would create a mandatory 

program that would reduce power plant emissions of mercury, sulfur dioxide and 

nitrogen oxides.  Under Section 473 of this proposal, mercury emissions from the U.S. 

coal-fired power plants would be reduced in two steps.  In the years 2010 and 2018, 

annual mercury emissions from power plants would be capped under a national market-

based “cap and trade” approach.  The U.S. power plants subjected to CSI are estimated 

to currently emit 49 tons of mercury per year; under CSI they would face a cap of 26 

and 15 tons per year in 2010 and 2018, respectively (U.S. EPA, 2003a).  Other bills that 

would reduce mercury emissions have been introduced to the US Congress and EPA is 

considering regulations under the Clean Air Act as well.23 

1.7. PURPOSE OF REPORT 

Previous studies that evaluated the impact of reducing mercury emissions from 

power plants either did not evaluate the potentially resultant changes in methylmercury 

exposure in the U.S. population (U.S. EPA, 2003b) or, if exposure was evaluated, were 

unable to adequately evaluate differences in sources of fish in U.S. diets (EPRI, 2003).  

Our goals were to characterize the impact that reductions in mercury emissions from 

power plants would have on methylmercury exposures in the U.S. population and to 

                                                 
23 As we note in the Introduction, CSI has been reintroduced in the U.S. Congress in 2005 with a major 
change in mercury control requirements: the first-phase cap in 2010 now is 34 TPY instead of 26 TPY, 
the second-phase cap remains at 15 TPY in 2018.  The analysis in this report, however, is based on the 
2003 version of the CSI. 
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estimate quantitatively the economic benefit of the plausible improvements in the health 

of the U.S. population. 

 

1.8. OVERVIEW OF ANALYSIS 

We investigate five U.S. mercury emissions scenarios.  The first scenario is 

based on current mercury emissions, two scenarios are based on U.S. EPA projections 

of changes in mercury emissions that are projected to occur in 2010 and 2020 under  

current U.S. regulations (taking into account factors such as economic growth), and the 

final two are based on likely emissions if the CSI passes into law.24 

To estimate the change in exposure, we identify eight geographic regions that 

are sources of consumable fish and estimate the quantity of fish from each region that is 

consumed, noting the current population exposures and the size of the consuming 

population.  The impact of decreased mercury emissions from power plants on mercury 

deposition in these regions is estimated and related to decreases in methylmercury 

concentrations in these fish.  Based on data that describe the types of fish consumed 

and current fish consumption rates, we estimate changes in methylmercury exposure in 

the U.S. population. 

Next, we assign monetary estimates to reductions in human health effects 

plausibly associated with exposures to methylmercury through consumption of U.S. 

commercial and non-commercial fish.  The monetary estimates are primarily based on 

                                                 
24 Specifically, the geographic distribution and total mercury emissions, as predicted by U.S. EPA’s 
application of the Integrated Planning Model, were used as inputs to the REMSAD model.  U.S. EPA 
simulated mercury deposition using the REMSAD model.  The Agency used this model to predict current 
atmospheric deposition levels and to project mercury deposition levels corresponding to the two future 
“base case” (without CSI controls) and “control case” (with CSI controls) scenarios for the years 2010 and 
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human capital approaches.  We also estimate these values based on health-related 

quality of life measures.  To estimate the economic impact, we estimate the number of 

children that may incur neurodevelopmental effects of the type that have been observed 

in epidemiologic studies of pregnant women and their children. We note that this is the 

primary health concern associated with methylmercury intake from fish (Grandjean et 

al., 1997; Kjellstrom et al., 1986, 1989).  We also estimate cases of adult myocardial 

infarction and premature death.  These effects are valued using a cost-of-illness and a 

willingness-to-pay approach, respectively. 

Our model for estimating current exposures and the changes in U.S. 

methylmercury exposures and the economic impacts that might result from decreased 

mercury emissions from power plants is presented in Section 2.  In Section 3, the 

results of the modeling effort is presented and in Section 4 these results are discussed.  

                                                                                                                                                             
2020.  The model simulated deposition of elemental, divalent particulate mercury, and gaseous divalent 
mercury at a 36 Km x 36 Km grid resolution for the continental USA and the surrounding waters. 
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2. METHODS 

Figure 3 depicts our conceptual model for estimating the impact of decreases in 

U.S. power plant mercury emissions on methylmercury intake in the U.S. population.  

Mercury emissions sources are divided into two categories: coal-fired power plants and 

all other sources (depicted as ovals).  Mercury emissions from all non-U.S. sources are 

assumed to remain constant.25  The arrows represent the movement of mercury from 

environmental media to fish and fish to humans (depicted as boxes).  Because changes 

in power plant mercury emissions result in spatially varying decreases in the predicted 

quantities of mercury deposited, the sources of wild fish for U.S. consumers are divided 

into eight geographic regions (Figure 4).  In the model, each region is an isolated 

compartment, connected only with the atmospheric compartment.  There are five 

freshwater regions in the contiguous U.S.; these are depicted as a single box in Figure 

3 and geographically in Figure 4.  The boundaries of the five freshwater regions follow. 

1. Northeast Region includes New England and New York State, 
 
2. Mid-Atlantic Region includes the States of Virginia, West Virginia, 

Pennsylvania, New Jersey, Maryland and Delaware, 
 

3. Southeast Region includes the States of Arkansas, Tennessee, and North 
Carolina and the States to the south of these States, 

 
4. Midwest Region includes the States of Kentucky and Missouri and the 

States to their North including Ohio and Minnesota, and 
 

5. West Region includes the States of Texas, Oklahoma, Kansas, Nebraska, 
Iowa and the Dakotas and States to the west in the conterminous U.S. 

 

                                                 
25 While there is evidence that mercury deposition rates are decreasing (Schuster et al., 2002; Slemr et 
al., 2003), the model results of Lamborg et al. (2002) indicate that atmospheric concentrations are 
increasing, suggesting that anthropogenic emissions may be increasing globally. 
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The three saltwater regions are depicted as separate boxes in Figure 3 and also 

geographically in Figure 4. 

1. Atlantic Coastal Region includes the continental shelf adjacent to the 
eastern seaboard of the U.S.  This region is bounded on the west by the 
U.S. coastline from Maine to the eastern coast of Florida and extends east 
200 miles in width from the U.S. coast. 

 
2. Gulf of Mexico Region includes the continental shelf under the Gulf.  This 

region is bounded by a point 50 miles south of Florida extending west to 
Mexico and from that line north to the continental U.S., and, 

 
3. All Other Waters Region includes all other oceans and seas and the parts 

of the Atlantic Ocean not included in the Atlantic Coastal Region. 
 

The model is based on two primary assumptions: 

1. Equilibria exist between total deposited mercury and fish methylmercury 
concentrations and between the fish methylmercury concentrations and 
methylmercury exposures in the individuals who consume these fish. 
 

2. Changes in the total quantity of mercury deposited lead to proportional changes 
in fish methylmercury concentrations26, assuming no other factors change (i.e., 
ceteris paribus). 

 
As a consequence of these two assumptions, changes in mercury deposition 

rates result in proportional changes in human methylmercury intakes, because there are 

no changes in other factors including the regions where fish are captured and types or 

quantities of fish that humans consume. 

The first assumption is implemented, in part, through Equation 2, which is a 

general equation applicable to the commercial and non-commercial fish included in the 

model.  

Cf = Cc  x Df Dcij ij j j     (Eq. 2) 

                                                 
26 U.S. EPA (2001d) and EPRI (2003) invoke a similar assumption. 
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where: 

Cfij   = mean methylmercury concentration in the ith fish type in the jth region 
(µg/g) under an alternate emissions scenario 

 
Ccij   = current mean methylmercury concentration in the ith fish type in the jth 

region (µg/g) 
 
Dfj    = mean annual mercury deposition rate in the jth region (µg/m2/yr) under an 

alternate emissions scenario 
 
Dcj  = current mean annual mercury deposition rate in the jth region (µg/m2/yr) 

The premise of Equation 2 is that separate equilibria exist between the mercury 

deposition rates in each of the eight regions and the mean methylmercury 

concentrations in the different types of fish which inhabit these regions.  Changes in 

mercury emissions lead to changes in mercury deposition rates that are specific to each 

region.  Based on assumption 2, in each region the changes in the methylmercury 

concentrations in each type of fish are proportional to the changes in the mercury 

deposition rates.  Thus, the estimate of alternative mean methylmercury concentration 

in each type of fish in a region is the product of the current mean concentration and the 

ratio of the alternative to current mercury deposition rate. 

2.1. CHANGES IN MERCURY DEPOSITION 

For each region, the changes in mercury deposition that result from additional 

control of U.S. power plant mercury emissions are based on U.S. EPA’s analysis of the 

impacts of the CSI (U.S. EPA, 2003a,b).  Based on REMSAD simulations, the U.S. EPA 

estimated mercury deposition rates corresponding to the following five emissions 

scenarios: current emissions , mercury emissions in 2010 (Baseline 1 ) [this includes 

projected changes in U.S. mercury emissions], mercury emissions in 2010 with a 47% 

reduction in U.S. power plant emissions associated with implementing the CSI 
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(Scenario 1 ), mercury emissions in 2020 (Baseline 2 ), and mercury emissions in 2020 

with a 69% reduction in U.S. power plant emissions associated with implementing the 

CSI (Scenario 2 ) (U.S. EPA, 2003a,b).   

For the five freshwater regions, the Atlantic Coastal Region and the Gulf of 

Mexico Region, we summed all forms of mercury predicted to deposit in each 36 x 36 

Km grid cell under each of the five emissions scenarios (i.e., Current, Baseline 1, 

Scenario 1, Baseline 2, and Scenario 2).  Then, for each grid cell in each region, we 

developed four ratios of mercury deposition.  The total annual mercury deposition 

associated with current emissions, as predicted by EPA’s REMSAD model, was used as 

the denominator in each ratio.  The numerators were the predicted total mercury 

deposited in the grid cell in Baseline 1, Scenario 1, Baseline 2, and Scenario 2, based 

on the appropriate REMSAD simulation modeling.  Thus, the four ratios are Baseline 

1/Current, Scenario 1/Current, Baseline 2/Current, and Scenario 2/Current. 

We assume the waters in the Atlantic Coastal and Gulf of Mexico Regions to be 

well mixed.  There are 539 and 511 REMSAD grid cells in the Atlantic Coastal and the 

Gulf of Mexico Regions, respectively.  For each of these two regions, we estimated the 

mean value of each of the four ratios.  These eight mean ratio values were used in 

subsequent calculations to estimate fish methylmercury concentrations under different 

emissions scenarios. 

For each of the five freshwater regions, using Crystal Ball® (Decisioneering, Inc., 

Denver, CO), we developed unique distributions of these four ratios (i.e., Baseline 

1/Current, Scenario 1/Current, Baseline 2/Current, and Scenario 2/Current); thus, we 

developed a total of 20 unique distributions of these ratios (the product of 5 regions and 
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4 ratios in each region).  A distribution was estimated from the vector of equally-

weighted grid cell values.  In subsequent calculations, by sampling with replacement, 

these distributions are used to estimate the variability of changes in regional freshwater 

fish methylmercury concentrations associated with mercury emissions reductions. 

Because U.S. mercury emissions are transported large distances to reach 

remote areas encompassed by the All Other Waters Region (e.g., Eastern Atlantic 

Ocean and Pacific Ocean), we assume that U.S. anthropogenic emissions become well-

mixed with mercury emitted from other sources in the atmosphere during long-range 

transport.  Under the well-mixed assumption, we assume that the mercury emitted from 

U.S. power plants deposits in these distant areas, at the same rate as the rest of the 

mercury in the atmosphere.  Thus, in the All Other Waters Region, mercury emitted 

from U.S. sources is estimated to contribute to mercury deposition in proportion to its 

contribution to global anthropogenic and natural emissions.  (Current mercury emissions 

from the U.S. utility sector are approximately 1% of total mercury emitted globally and 

total U.S. anthropogenic emissions are roughly 3% [Table 1].)   

2.2. METHYLMERCURY EXPOSURES THROUGH FISH CONSUMPTION  
 
Our model simulates exposures for consumers of fish from the U.S. commercial 

seafood market (Section 2.2.1), the most common source in the U.S., and consumers of 

fish not caught commercially (Section 2.2.2).  The model assumes commercial fish 

consumers obtain their fish from a mix of four sources: the coastal Atlantic, the Gulf of 

Mexico, All Other Waters and aquaculture (or farm-raised fish).27  Non-commercial fish 

                                                 
27 Clearly, there may be regional sources for some commercial fish.  Under these assumptions, the 
variability associated with the consumption of commercial fish from a small region will not be captured in 
this model. 
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consumers are assumed to eat a mix of fish caught in an individual region and a mix of 

commercial fish.  The sizes of the fish-consuming populations are estimated in Section 

2.2.3.28 

2.2.1. Methylmercury Exposures Through Commercial S eafood Consumption.  

Carrington and Bolger (2002) adjusted their simulations of human methylmercury intake 

through commercial seafood consumption to match the distribution of measured U.S. 

blood methylmercury levels (Mahaffey et al., 2004, based on NHANES survey data, 

Table 16).  Given that 70%-90% of the U.S. population consumes commercial fish 

(Carrington and Bolger, 2002), we assume that the distribution of blood methylmercury 

concentrations reported by Mahaffey et al. (2004) is a consequence of commercial fish 

consumption.  Some individuals consume no fish.  These individuals are represented in 

the blood methylmercury distribution reported by Mahaffey et al. (2004).  In the model, 

we assume these individuals (i.e., those that consume no fish) to be in this population. 

Based on assumption 1 (see introduction to Section 2), we assume the reported 

blood methylmercury distribution in U.S. commercial consumers to be in equilibrium with 

the mean methylmercury concentration in commercial fish weighted by per capita 

consumption rates.  This implies that the fish that commercial fish consumers eat are 

well mixed with respect to the types of fish consumed and the regions in which fish are 

caught.  We use Equation 3 to develop a current weighted mean methylmercury 

concentration for commercial fish. 

                                                 
28 The assumption that non-commercial fish consumers eat a mix of the most common types of fish 
caught or targeted for capture reduces the variability in the model.  Some consumers may target specific 
species for consumption (or conversely avoid certain species); methylmercury intakes may vary markedly 
from the weighted means calculated for each region. 
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where: 

Cmc  =  current weighted mean methylmercury concentration for all 
commercial fish (µg/g) 

 
wi   = estimated annual per capita consumption rate of the ith fish type 

(kg/person year)  
 
Cci    = current mean methylmercury concentration of the ith fish type 

Carrington and Bolger (2002) report current per capita consumption data and 

mean methylmercury concentration data for 24 types of commercial fish (Table 2), 

which account for over 90% of the mass of fish in the U.S. commercial market.  We 

assume that the methylmercury concentrations and the per capita consumption rates of 

the remaining 10% of the mass of commercial fish to be similar to those reported by 

Carrington and Bolger. 

Based on the first two assumptions, the estimated annual per capita consumption 

rate of the ith fish type, wi, remains constant over time; thus, Equation 3 can be modified 

to estimate the weighted mean methylmercury concentration for all commercial fish 

under alternative emissions scenarios with corresponding alternative regional mercury 

deposition rates. 
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where: 

Cmf   = weighted mean methylmercury concentration for all commercial 
fish under alternative emissions scenario (µg/g) 
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wi   = estimated annual per capita consumption rate of the ith fish type 
(kg/person year)  

 
Cfi  = mean methylmercury concentration of the ith fish type (µg/g) 

under alternative emissions scenario (See Eq. 5) 
 
In this model, the mean concentration of ith fish type (Cfi) under an alternative 

deposition scenario depends on the change in mercury deposition in the region.  While 

the regional harvest data can be estimated for individual fish types (NMFS, 2002), the 

methylmercury concentration data on commercial fish in each region are not available.  

Only the mean methylmercury concentration data are reported for each type of 

commercial fish.  For an individual type of commercial fish, we used Equation 5 to 

estimate the mean methylmercury concentration in fish under alternative deposition 

scenarios. 
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where: 

Cfi  = mean methylmercury concentration of the ith fish type (µg/g) under 
alternative emissions scenario 

 
Cci  = current mean concentration of the ith fish type (µg/g) 

Qj  = quantity of fish harvested annually from the jth region (kg/yr) 

Dfj    = mercury deposition rate in the jth region in which the fish are captured 
under alternative emissions scenario (µg/m2/yr) 

 
Dcj   = current mercury deposition rate in the jth region in which the fish are 

captured (µg/m2/yr) 
 
In Equation 5, for each region in which commercial fish are captured, we 

calculate, based on mass, the fractional contribution of the individual harvest from each 
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regional source to the total annual quantity of the type of fish harvested (Qj/ ΣQj).  Next, 

the ratio of Df/Dc provides an estimate of the change in the mercury deposition rate in 

the region.  We compute the product of the fractional contribution of the fish caught in 

each region and the ratio of the alternative and current deposition rates.  By summing 

this product across the regions where fish are caught and multiplying by the current 

mean fish methylmercury concentration, an alternative mean methylmercury 

concentration can be estimated for a specific type of fish.   

In this model, commercial fish are obtained from four regions, the coastal 

Atlantic, the Gulf of Mexico, the All Other Waters Region, and aquaculture.  We merged 

the fish raised in aquaculture and those inhabiting All Other Waters into a single group.  

After estimates of Cf are calculated for each fish, Equation 4 is used to estimate the 

change in the weighted mean methylmercury concentration for commercial fish.   

Next, we determine the quantity of each type of commercial fish caught in the 

three saltwater regions.  We assume that the methylmercury concentrations of all fish 

imported into the U.S. are in equilibrium with the mercury deposited in the All Other 

Waters Region.  Because tuna, shark and swordfish are highly migratory and may 

consume prey over broad geographic ranges, their methylmercury concentrations likely 

are influenced by mercury deposition over broad geographic areas.  We assume the 

methylmercury concentrations in these three types of fish to be in equilibrium with 

mercury deposited to the All Other Waters Region.29  Methylmercury concentrations in 

                                                 
29 Some species of tuna and shark do not appear to migrate over broad geographic regions of the 
oceans.  Regional mercury deposition patterns may be important sources of methylmercury in these fish.  
Our model does not incorporate this possible source of local variability. 
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the commercial freshwater species, obtained primarily from aquaculture, are also 

assumed to be in equilibrium with mercury deposited in the All Other Waters Region.30 

We assume that the remaining 19 types of marine fishes that are caught by the 

U.S. domestic fishing fleet in the Atlantic Ocean or the Gulf of Mexico inhabit and feed 

on prey exclusively from the Atlantic Coastal Region or the Gulf of Mexico Region.  

Thus, in the model, the methylmercury concentrations in these fish are in equilibrium 

with mercury deposition in these regions.  We used commercial fish data compiled by  

NMFS for year 2001 (summarized in Table 2) to estimate the fraction (based on mass) 

of each type of fish in the U.S. commercial market that was caught in the Atlantic 

Ocean, the Gulf of Mexico, the Pacific Ocean, the Great Lakes, and imported.  The 

mass of each fish type harvested by the U.S. fishing fleet is reported by NMFS as a 

round weight (i.e., whole fish weight).  NMFS reports imported and exported fish as 

product weights.  To estimate the original whole fish weights of imports and exports, we 

converted the product weights to round weights using product specific conversion 

factors (provided through personal communication by Steve Koplin, NMFS).  We then 

summed the round weights for each product that contained a specific type of fish.  

There are other product codes that likely contain the types of fish analyzed here, but, 

because they do not identify a particular type of fish, they were excluded from the 

calculations contributing to the imprecision in our estimates. 

                                                 
30 We note that aquaculture fish are not part of the wild foodchain.  Protein sources in many farm-raised 
fish diets include fish meal obtained from wild-caught fish.  Meal derived from plant proteins is sometimes 
mixed or substituted, depending on the type of fish.  Methylmercury concentrations in the wild-caught fish 
used in the fish meal depend on the type of fish used and its location.  Because sources of such fish are 
not completely known, we employed a simplifying assumption that the methylmercury concentrations in 
the fish used in fish meal were in equilibrium with mercury deposited in all other waters.  If fed fish meal or 
fish oils, the methylmercury concentrations in these feed sources are likely low because fish meal and 
fish oils are made from low trophic level marine species. 
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 The weights of re-exported fish (i.e., fish imported into the U.S. and then 

exported) were subtracted from the total import weight of the particular type of fish.  

Exports of U.S. caught fish are assumed to be proportional to the fraction of the fish 

type caught by the U.S. fleet in each region.  For example, in 2001, 1.7 million pounds 

of U.S. clams were exported; over 95% of these exported clams were assumed to have 

been collected from the Atlantic and the remainder collected in the Pacific and the Gulf 

of Mexico. 

We assume that the distribution of U.S. blood methylmercury concentrations in 

females of reproductive age (Mahaffey et al., 2004 in Table 16) is in equilibrium with the 

weighted mean methylmercury concentration for commercial fish.31  The blood 

methylmercury concentrations reported in U.S. women of reproductive age are 

assumed to be representative of the concentrations in this U.S. population.  The data of 

Mahaffey et al. consist of commercial fish-consumers and non-fish consumers and are 

assumed to be representative of this population in the model.   

Equation 6 was used to estimate the alternative distribution of U.S. blood 

methylmercury concentrations among commercial seafood consumers; this estimate is 

the product of the ratio of the alternative and the current mean weighted methylmercury 

concentrations in commercial fish (Cmf/Cmc) and the distribution of the current 

methylmercury blood concentration in the U.S. population.  Through an ad hoc 

procedure, we determined that a gamma distribution (scale parameter = 1.28 and shape 

                                                 
31 Implementation of this assumption decreases inter-individual variability in the model results.  While 
some consumers may eat a mix of fish, others may consume a subset of the 24 species (e.g., some may 
consume only tuna or salmon). 
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parameter = 0.65) provided a reasonable fit to the centile data reported by Mahaffey et 

al. 

Bf = Bc* (
Cmf
Cmc

)               (Eq. 6) 

where: 

Cmf  = weighted mean methylmercury concentration in U.S. 
commercial fish under alternative deposition scenario (µg/g) 

 
Cmc  = current weighted mean methylmercury concentration in U.S. 

commercial fish (µg/g) 
 
Bf = blood methylmercury concentration under alternative deposition 

scenario (µg/L) 
 
Bc = current blood methylmercury concentration (µg/L) 

Thus, the projected change in methylmercury concentrations of commercial fish results 

in proportional shifts in the distribution of blood methylmercury concentrations in the 

commercial fish consuming populations.  Hair mercury levels are predicted based on 

blood methylmercury concentrations (see Equation 1). 

Because the NHANES data reported by Mahaffey et al. are specific to U.S. 

females of reproductive age, we estimated male methylmercury exposures by adjusting 

inputs to the methylmercury one-compartment pharmacokinetic model (see Equation 1).  

Using the gamma distribution developed for the blood methylmercury concentrations in 

U.S. females of reproductive age, male blood methylmercury concentrations were 

estimated based on a form of the “methylmercury one-compartment model” (Equation 7) 

(Ginsberg and Toal, 2000; NRC, 1999; U.S. EPA, 2001c).  Between the genders, we 

assume that there are no differences in the mean methylmercury concentrations of the 

commercial fish consumed and in toxicokinetics of methylmercury in the body.  Thus, 
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using the one-compartment model, the differences between the genders’ blood 

methylmercury levels reduce to differences in fish consumption rates, body weight and 

blood volume.  Average values for these differences are shown in Table 17.  We 

assume the elimination constant, the gastrointestinal absorption factor, and the fraction 

of the absorbed methylmercury dose entering the blood to be same for both genders 

(see Equation 1).  

C C X 

E
E x

Bw
Bw

V
V

Bm Bf 

m

f

m

F

m

f

=               (Eq. 7) 

where: 

CBm =  Male blood methylmercury concentration (µg/L) 

CBf =  Female blood methylmercury concentration (µg/L) 

Em =  Male oral exposure (µg/kg-day-1) 

Ef =  Female oral exposure (µg/kg-day-1) 

Vm =  Male blood volume (L) 

Vf =  Female blood volume (L) 

Bwm =  Male body weight (kg) 

Bwf =  Female body weight (kg) 

Using the parameter values reported in Table 17 implies that mean blood 

methylmercury concentration is 4.3% less in males than in females. 

2.2.2.  Methylmercury Exposures Through Consumption  of Non-Commercial 

Seafood.  U.S. residents are also exposed to methylmercury through consumption of 

non-commercial fish.  We estimated the distribution of daily methylmercury intake for 

non-commercial fish consumers in each saltwater region and freshwater region 
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separately.  We assumed “recreational” fish statistics to be a reasonable proxy for non-

commercial fishing.  We assumed that individuals consumed a mix of non-commercial 

fish caught in a specific region.32  We also assume that these non-commercial fish 

consumers eat a mix of commercial fish.  No individuals are assumed to consume non-

commercial fish from more than one region.  For example, no individuals are assumed 

to consume non-commercial marine fish and non-commercial fresh water fish because 

they would be obtained from two different regions. 

2.2.2.1.  Non-commercial Consumers of Marine Fish ― The methylmercury 

intake for non-commercial consumers of marine fish caught in the Atlantic and Gulf was 

estimated in a manner similar to that of the commercial fish intake.  Tables 4 and 5 list 

the mean methylmercury concentrations reported in Atlantic and Gulf fish as reported in   

U.S. EPA (2003c).  We assumed these estimates of the mean concentrations to be 

representative of mean methylmercury concentrations in tissues of fish typically caught 

non-commercially in U.S. saltwaters.  Because the EPA document does not identify the 

sizes or weights of the sampled fish, it is not possible to evaluate whether the reported 

methylmercury concentrations for the fish in this database are representative of fish 

caught and consumed recreationally.  Additionally, there are a small number of samples 

reported for several types of fish.  Equations 4 and 5 were used to estimate mean 

weighted methylmercury concentrations for current conditions and alternative emissions 

scenarios.  To apply these equations, the wi term is a measure of the quantity of each 

fish type harvested non-commercially.  Using the mean methylmercury concentration  

                                                 
32 This assumption, like the similar one employed for commercial fish consumers, reduces the inter-
individual variability captured in this model. 
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data and the estimated mass of the top 10 types of fish caught for consumption by non-

commercial fishers (NMFS, 2002) in Tables 4 and 5, we estimated a current weighted 

mean methylmercury concentration for non-commercial fish in the Atlantic and the Gulf.   

Non-commercial fish consumption rates for Atlantic and Gulf fish are reported 

separately in U.S. EPA (1997a).  Equation 8 is used to estimate the current 

methylmercury intake rates among these consumers.  By substituting the mean 

weighted methylmercury concentration under alternative emissions scenarios into 

Equation 8 (based on results of Equation 5) methylmercury intake rates (Ic) are 

estimated for consumers under these scenarios.  This distribution of methylmercury 

intake rates was converted to mercury hair concentrations using the one-compartment 

pharmacokinetic model (see Equation 1). 

I (CR  x Cmc ) / Bwc F nm=     (Eq. 8) 

where: 

Ic  = oral intake of methylmercury from current fish consumption 
(µg/kg-day) 

 
CRF =  consumption rate of fish (g/day) 

Cmcnm = current weighted mean methylmercury concentration in non-
commercial marine fish (µg/g) 

 
Bw =  body weight (70 kg) 

2.2.2.2.  Non-commercial Consumers of Freshwater Fi sh ―  We estimate 

methylmercury intakes through consumption of non-commercial freshwater fish based 

on a consumption model similar to Equation 8.  

We used data from the National Listing of Fish and Wildlife Advisories (NLFWA) 

Mercury Fish Tissue Database (U.S. EPA, 2003d as of October 31, 2003) to estimate 

methylmercury concentrations in U.S. freshwater fish.  We initially identified a total of 
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57,678 samples in the database that reported methylmercury concentrations. We 

selected sample data that were identified in the database as fillets, skin-on fillets, skin-

off fillets, and composite fillets (NLFWA Sample ID numbers 4, 5, 6, and 7).  Based on 

the fish samples' State of origin, we categorized the sample data by U.S. regions 

(Figure 4). 

We then subdivided the regional data into nine categories corresponding to the 

U.S. FWS data describing the types of fish targeted by anglers.33  Table 18 identifies the 

U.S. FWS category and examples of the types of fish we grouped under each category.  

No steelhead trout were identified in the NLFWA database; consequently, we did not 

use that category.  We also ignored the U.S. FWS categories of “anything” and “other 

type of fish.”  Finally, we assumed that only fish above a certain length were retained for 

consumption following capture.  Samples from fish shorter than the minimum length 

requirements prescribed by the State of Pennsylvania (2003) and samples where fish 

length was not reported were excluded (Table 18).  (Comparison with several other 

state regulations indicates a relatively consistent size restriction across states.)  We 

note that minimum length requirements are not identified for certain types of fish in 

Pennsylvania; we imposed a minimum size of 5 inches for the sample to be considered, 

because people typically do not consume small fish.  We assume that the fish tissue 

methylmercury concentrations reported in the database are typical of those of fish 

captured and consumed. 

                                                 
33 The U.S. FWS (2001) national survey asked anglers to identify the type(s) of fish they targeted during 
their fishing and how much time (in days) they spent targeting particular types of fish.  The survey did not 
evaluate the types of freshwater fish consumed following capture.  They report 12 categories of 
freshwater fish targeted for capture by freshwater anglers (listed in first row of Table 19).   
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Using Crystal Ball®, we developed unique distributions for each type of fish in 

each U.S. Region based on the individual methylmercury concentrations.  For a sample 

size of n, the ith measurement was given a weight of 1/n when developing a distribution.  

Within each U.S. Region, targeting weights were developed for each type of fish.  

For each State in a region, we multiplied the percent days spent fishing in that state by 

the percent days targeting a specific type of fish in each State.  For a given type of fish, 

we summed these products across all the States in the Region to develop target 

weights specific to each type of fish in each region.34   

U.S. EPA (1997a) reports the mean and 95th percentile fish consumption rates 

for recreational freshwater anglers to be 8 and 25 g/day, respectively, based on 

integrating the data reported from studies of freshwater anglers fishing in the states of 

Maine, New York and Michigan (U.S. EPA, 1997a citing Ebert et al., 1993; Connely et 

al., 1996; West et al., 1989).  We assumed that these data were lognormally distributed 

and calculated the standard deviation of these data to be 10.3 g/day.   

Some individuals and groups consume large quantities of fish.  To estimate 

exposures among these high-end consumers, we used information from the Columbia 

River Inter-Tribal Fish Commission Report (1994).  The Report describes consumption 

rates among a group of Native Americans who likely consume fish at the upper end of 

the distribution.35  The mean and 95th percentile fish consumption rates were 59 and  

                                                 
34 This is parameter T in Equation 9. 
35 While described as a study of “subsistence” angler consumption (U.S. EPA, 1997b), there is not a 
quantitative point or percent of total daily caloric intake or protein intake that results in a categorization of 
subsistence. 
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170 g/day, respectively.  We assumed that these data were lognormally distributed and 

calculated a standard deviation of 64 g/day. 

We estimated methylmercury exposures to consumers of non-commercial U.S. 

freshwater fish as the product of the distribution of the weighted fish methylmercury 

concentrations and the distribution of the freshwater fish consumption rate (Equation 9).  

The change in mercury deposition in each region under alternative emissions was 

based on the unique distributions of the four ratios described in Section 2.1.  We 

implemented a Monte Carlo approach using Crystal Ball®.  Each simulation consisted of 

50,000 iterations.   

[ ]
I

CR x T xC x

Bw

F i ik
Df
Dc

i 1

n
L

L

= =
∑

         (Eq. 9) 

where: 

I  = oral intake of methylmercury from fish consumption (µg/kg-day)  

CRF =  fish consumption rate (g/day) 

Ti =  relative target frequency for ith fish type (unitless) 

Cik = methylmercury concentration in the kth randomly selected fish of the ith 
fish type (µg/g) 

 
DfL = future mercury deposition rate of the Lth  randomly selected grid cell 

(µg/m2/yr) 
 
DcL = current mercury deposition rate of the Lth  randomly selected grid cell 

(µg/m2/yr) 
 
Bw = body weight (kg) 

n = n different types of non-commercial freshwater fish routinely targeted in 
a region 
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In each iteration, a single REMSAD model output from a randomly selected grid cell in a 

region was used to estimate the ratio of the future to current mercury deposition rate 

(DfL/DcL).  This ratio was multiplied by the fish methylmercury concentration of a 

randomly selected fish.  We made no attempt to estimate the time needed for a change 

in deposition to result in a change in fish concentrations.  In each of the 50,000 

iterations, each type of fish (n<10) was selected once and weighted based on the 

relative target frequency for that fish type.  The consumption rate data were also 

analyzed using the Monte Carlo approach.   

Thus, each non-commercial freshwater fish consumer is assumed to eat a mix of 

non-commercial fish caught in a specific region.  The methylmercury content of each 

fish in the mix is obtained by randomly sampling fish methylmercury concentrations for 

each type of fish from a given region.  These values are independent of fish 

consumption rates.  Changes in methylmercury concentrations of fish are based on 

randomly sampling from the ratios developed in Section 2.1.  For each of the 

populations of non-commercial fish consumers, the daily methylmercury intake rates 

were converted to changes in blood mercury concentrations using a one-compartment 

methylmercury model (see Equation 1).  The changes in mercury concentration in hair 

were estimated assuming a ratio of hair methylmercury concentration (µg mercury/g 

hair) to steady-state blood methylmercury concentration (µg mercury/L blood) of 0.25:1 

(U.S. EPA, 1997a, 2001a). 

2.2.2.3.  Commercial Fish Consumption Among Those a lso Consuming 

Non-Commercial Fish ― Non-commercial fish consumers are also exposed to 

methylmercury through the consumption of commercial fish.  Connelly et al. (1996) 
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developed estimates of total fish consumption and non-commercial fish consumption 

among Lake Ontario anglers.  They randomly drew a sample of 2,500 names from 

1990-1991 New York fishing license records purchased in six counties bordering Lake 

Ontario.  From the initial sample, 1,202 stated that they intended to fish Lake Ontario in 

1992 and were willing to participate in the study and 853 participated in the final study.  

Table 20 identifies the quantities of total and non-commercial fish consumed.  In the 

Monte Carlo simulation model, non-commercial fish consumers were categorized based 

on the quantity of non-commercial fish they consumed each day.  Total commercial fish 

intake in individuals that consumed less 0.6 g/day was estimated by subtracting the 

daily fish intake value from 8.8 grams/day, the daily intake of total seafood 

corresponding to the lowest category of recreational fish intake.  Individuals consuming 

more than 39.8 grams of non-commercial fish per day were assumed to consume no 

commercial fish.36  The remaining individuals in the simulation, who consumed between 

0.6 and 39.8 grams of non-commercial fish per day were categorized into 1 of 5 groups 

depending on the quantity of recreational fish they consumed; the groups were 0.6-2.2, 

2.2-6.6, 6.6-13.2, 13.2-17.9, and 17.9-39.8 (g/day).  In these groups, total commercial 

fish intake was estimated by subtracting the non-commercial intake from the average of 

the total fish intake values for the same stratum of the population reported by Connoly.  

For example, to predict commercial fish consumption among individuals that consumed 

between 0.6 and 2.2 grams per day of non-commercial fish, the quantity of non-

commercial fish consumed was subtracted from 11.5, the average of 8.8 and 14.1 

grams/day. 

                                                 
36 The value of 39.8 g non-commercial fish/day is the 99th percentile in the Conolly study. 
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2.2.3.  Estimates of Population Size.  This section describes the method used to 

estimate the sizes of the U.S. population consuming non-commercial and commercial 

fish.  Both the U.S. FWS and NMFS have developed estimates of the number of 

recreational fishers in the Gulf of Mexico and the Atlantic Ocean (Table 3).  We 

averaged these two estimates, assumed that 80% of the anglers consumed non-

commercial fish (U.S. EPA, 1997a), and multiplied this value by 2.5 (U.S. EPA, 1997a 

notes that anglers typically share their catch with 1.5 other people, thus, on average, 2.5 

individuals share a catch) to estimate the number of consumers in the Atlantic Coastal 

and Gulf of Mexico Regions. 

In 2001, U.S. FWS estimated that there were 28.4 million freshwater anglers, 

based on their National Survey of Fishing, Hunting, and Wildlife-Associated Recreation.  

Because of our interest in the source of the freshwater fish, rather than freshwater fish 

consumers’ residence state, we estimate the number of freshwater fish consumers in 

each Region as the product of the total population predicted to consume recreationally-

caught fish and the percentage of days fishing (relative to the U.S. total) in each U.S. 

Region (Table 21).  Because roughly 80% of anglers report eating their catch (U.S. 

EPA, 1997a), we adjusted our initial estimates by a factor of 0.8.  Because, on average, 

anglers share their catch with 1.5 additional people, we multiplied the regional estimates 

by 2.5.  We summed the total number of non-commercial fish consumers from each of 

the seven regions and subtracted this from the total U.S. population to estimate the 

population that consumes no fish or only commercial fish. 

The demographic distribution of each population was assumed to be the same as 

the general U.S. population.  We assume that 22% of the non-commercial fish 
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consumers are women of child-bearing age and that 6.2% of these women bear 

children in a given year (U.S. Census Bureau, 2004).  The U.S. population above the 

age of 39 years is at higher risk for adverse myocardial events than the population 

below age 39.  Based on the 2000 Census data (U.S. Census Bureau, 2004), there 

were 55,681,000 males and 63,705,000 females above the age of 39 years in the U.S. 

in 2000; males and females above this age comprise approximately 19.8% and 22.6% 

of the total U.S. population, respectively.  There is no attempt to adjust this annual 

estimate to reflect possible demographic changes (e.g., changes in the fraction of 

women of child-bearing age or birth rate) over time (e.g., 2010 or 2020). 

2.3. NEUROTOXICITY 

Changes in IQ associated with intrauterine methylmercury exposures were 

estimated using Equation 10.  Cohen et al. (submitted) developed a slope estimate of 

-0.7 IQ points per 1 ppm increase in hair mercury concentration.  Cohen et al. used a 

weighting procedure for the neurological test results from the Seychelle Islands, Faroe 

Islands, and New Zealand studies.  In a re-analysis of the New Zealand cohort study 

(Kjellstrom et al., 1989), Crump et al. (1998) reported a decrease of 0.5 IQ points on the 

Wechsler Intelligence Scale for Children-Revised Full Scale IQ for each increase of 1 

ppm methylmercury in average maternal hair during pregnancy.  We note that in the 

analysis by Crump et al., the coefficient for the Wechsler Intelligence Scale for Children-

Revised Full scale IQ was not statistically significant.  At this time, there is not a single 

best estimate of the slope of this dose-response function.  A range of plausible slope 

estimates might include values close to 0 (i.e., essentially no effect) up to values of -1.  

In this analysis an estimate of -0.6 IQ points per 1 ppm increase in hair mercury 
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concentration is used.  We assume that this estimate approximates a central tendency 

value for the slope.  Section 1.5.1 describes the range of neurodevelopmental delays.  

While IQ, a rather blunt neurological assessment tool, would correspond to some of the 

domains identified, other neurodevelopmental delays may not be captured through an 

IQ assessment.   

     IQD = -0.6 IQ points x Hgh           (Eq. 10) 

where: 

IQD = IQ point lost given maternal mercury exposure 

Hgh = maternal hair mercury concentration (ppm) 

Next, we discuss the implications of a toxicity threshold for neurodevelopmental 

effects from methylmercury exposures.  We identify a plausible surrogate value for a 

population toxicity threshold for methylmercury.  The plausible threshold value is used in 

subsequent sections that discuss the human health benefits associated with reducing 

methylmercury exposures. 

The risk functions developed by Cohen et al. and Crump et al. did not use a 

threshold.  This is consistent with a statement made by EPA in the discussion of the 

methylmercury oral reference dose (RfD); U.S. EPA (2001a) noted “no evidence of a 

threshold arose for methylmercury-related neurotoxicity within the range of 

exposures…” of the epidemiologic studies analyzed. 

2.3.1.  Population Toxicity Threshold: Background.  A toxicity threshold for a 

population implies the existence of a contaminant intake rate that is without risk of 

adverse health effects (i.e., “a safe dose” to which any person could be exposed without 

deleterious effects).  The existence of a toxicity threshold implies the following functional 
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form for estimating the risk associated with an oral intake of a contaminant (Equation 

11). 

   If D < T,  P(D) = 0           (Eq. 11) 

    D > T,  P(D) = m x (D – T) 

where: 

P(D) = Probability of effect at dose D 

T = Population toxicity threshold (µg /kg-day) 

D = average dose (µg/kg-day) 

m(*) = slope of the dose-response function observed for the contaminant (per 
µg/kg-day) 

 
We used the same value for m (0.6 IQ points/ppm hair) in both the threshold and non-

threshold analysis.  Other slopes could be developed using other assumptions 

regarding the slope of the dose-response relationship around the threshold. 

RfDs have served as surrogates for, or approximate values of, toxicity 

thresholds.  The RfD is defined as “an estimate (with uncertainty spanning perhaps an 

order of magnitude) of a daily oral dose exposure to the human population (including 

sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects 

during a lifetime” (U.S. EPA, 1988).  Based on this definition, doses at the RfD are not 

necessarily without risk.  Based on the formula for estimating the RfD (Equation 12), the 

RfD is an estimate of a No-Observed-Adverse-Effect Level (NOAEL) that would be 

observed in a well-conducted, chronic epidemiologic study in the most sensitive human 

population (Swartout et al., 1998), assuming that other relevant toxicologic data exist; 

under these conditions, each uncertainty factor (UF) in the RfD equation would be  
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reduced to 1.37  Identification of a NOAEL depends on the background incidence rate in 

the unexposed population, spacing of the dose groups, the number of organisms on 

study, and study quality including identification of a biologically or statistically significant 

LOAEL in the study.  The true value of a population toxicity threshold is likely between a 

study NOAEL and a LOAEL.  A toxicity threshold must be below a LOAEL and it could 

be less than a study NOAEL for a sensitive individual (or for a sensitive subpopulation 

not considered during the development of an RfD). 

     RfD = NOAEL/UF          (Eq. 12) 

2.3.2.  Population Toxicity Threshold for Methylmer cury Exposures.  The U.S. 

EPA’s oral RfD for methylmercury is based on epidemiologic studies conducted in the 

Faroe Islands and New Zealand (U.S. EPA, 2001a; NRC, 2000).  EPA considered the 

continuous tests employed to evaluate the subjects’ neurologic function using a 

benchmark dose (BMD) analysis.  EPA interpreted a child’s neurodevelopmental test 

response to be abnormal, if the test result was below the value associated with the 

score achieved by the 5th percentile of the general population.  Doses corresponding to 

a 5% increase above background in the probability of having a test result below the 5th 

percentile of the general population were identified as the BMD05.  For combinations of 

tests and subgroups within the Faroese cohort, the values reported for BMD05 ranged 

from 41 to 393 ppb mercury in blood.  A benchmark dose lower limit (BMDL05) (the 

lower 95% confidence limit of the BMD05) was calculated for each test in the three  

                                                 
37 The EPA adjusts NOAELS or Lowest Observed Adverse Effect Levels (LOAELs) identified in animal 
bioassays by dividing by the product of 5 different uncertainty factors (UF) that account for 1) differences 
between species, 2) differences within a population, 3) differences between a subchronic and chronic 
study, 4) the use of a study LOAEL instead of a NOAEL, and 5) an insufficient toxicologic database. 
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studies (listed in Table 2 of U.S. EPA, 2001a).  The estimates of the values for the 

BMDL05 converged around average methylmercury intakes of approximately 1 µg/kg-

day.  U.S. EPA’s (2000) draft Benchmark Dose Guidance summarized a series of 

studies showing the BMDL05 for reproductive and developmental toxicity data to 

approximate the NOAEL. 

EPA applied an intraspecies UF of 10 to the BMDL05 when developing the 

methylmercury RfD.  The Agency cited inter-individual toxicokinetic variability 

associated with the relationship between the ingested dose and the cord blood mercury 

concentrations reported in the Faroes.  The Agency also cited possible toxicodynamic 

variability and uncertainty, noting the high degree of homogeneity in the Faroese 

population.  The EPA oral RfD for methylmercury is 0.1 µg/kg-day.38,39 

In the subsequent analysis, we estimate benefits alternatively assuming a 

population toxicity threshold for methylmercury does and does not exist.  The data are 

insufficient to exclude either possibility.  To date, there does not appear to be 

substantial toxicologic evidence of a biological population threshold, but its possibility 

cannot be eliminated. 

                                                 
38 Typically, noncancer environmental human health risk assessments use the hazard quotient (HQ).  The 
HQ compares the dose (D) to the reference dose (RfD), but does not quantify risk HQ = D/RfD.  RfDs are 
derived from a NOAEL, LOAEL, or benchmark dose, with uncertainty factors generally applied to reflect 
data limitations such as uncertainty associated with inter-individual variability.  An HQ of greater than 1 
implies that an individual is exposed above a ‘safe’ level, but does not predict risk or identify a threshold. 
39 One component of the uncertainty factor used to estimate the EPA’s RfD was inter-individual 
toxicokinetic variability associated with the relationship between the ingested dose and the cord blood 
mercury concentration.  The data of Grandjean et al., (1999) describe the relationship between cord blood 
methylmercury concentrations and neurological tests.  Stern and Smith (2003) published a quantitative 
analysis of this relationship showing the ratio of methylmercury concentrations in cord blood to maternal 
blood to be approximately 1.7.  Because the EPA assumed that this ratio was 1, (i.e., maternal blood and 
cord blood methylmercury concentrations are the same), this study suggests RfD should be reduced by a 
factor of 1.7, unless the EPA would modify the UF for inter-individual variability.    
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Based on the EPA’s BMD analysis, a range of plausible population toxicity 

thresholds exists.  The range of values likely extends from 0 µg/kg-day (i.e., no 

apparent threshold) to doses between the BMD05 and the BMDL05.  EPA’s RfD (0.1 

µg/kg-day) is used as a surrogate based on convenience; we note that this value may 

be a conservative (smaller) estimate of a threshold, if one exists. 

Methylmercury is a neurodevelopmental toxicant.  The threshold applies to 

maternal methylmercury intake during pregnancy and for a period of approximately 1.5 

to 3 months prior to conception.  The half-life of methylmercury in human blood is 

reported to be 44 days (Clarkson, 1997); thus, exposures prior to conception could 

affect the developing fetus. 

2.3.3.  Analysis of Risk Assuming Threshold. 

 2.3.3.1.  Estimating Size of Population Above Thre shold ― The number of 

births above the possible neurotoxicity threshold in each population was estimated as 

the product of the number of births in each population and the fraction of females of 

childbearing age in each population above the RfD.  We note that Mahaffey et al. (2004) 

report that roughly 8% of children may be born to women whose methylmercury intake 

exceeds the threshold of 0.1 µg/kg day.   

 2.3.3.2.  Methylmercury Intake Rate in Population Above RfD ― For the 

fraction of each population with an intake rate above the possible threshold (i.e., the 

methylmercury RfD (0.1 µg/kg day), we estimated the conditional daily mean 

methylmercury intake rate.  This rate was converted to a blood mercury concentration 

(see Equation 1) and then a conditional mean hair methylmercury concentration.  Based 

on Equation 11, the average concentration of methylmercury in the hair at the RfD was 
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subtracted from the populations’ conditional mean hair methylmercury concentrations.  

This estimate of incremental (above threshold) concentration was combined with the 

slope in Equation 10 to estimate the IQ loss for the average individual in each annual 

birth cohort.  To estimate the population impact, the average IQ changes per child were 

multiplied by the number of births occurring in a population to women whose 

methylmercury intake exceeded the threshold. 

2.4. DOSE-RESPONSE FOR ACUTE MYOCARDIAL INFARCTION (AMI) AND ALL 
CAUSE MORTALITY (ACM) 

 
The predicted myocardial risks associated with methylmercury exposures should 

be interpreted with caution.  Most of the evidence of such risks is based on observations 

from a single cohort.  Additionally, a great deal of evidence indicates that fish 

consumption in general protects individuals from incurring adverse cardiac events. 

If any of the three cardiotoxic modes of action for methylmercury that were 

proposed by Salonen et al. (1995) are true (see Footnote 13), then myocardial risks 

likely increase with blood mercury concentrations, which in turn are highly influenced by 

fish consumption.  Human studies were not designed to examine whether a dose-

response threshold exists for the effects evaluated.  In Section 2.4.1, we develop dose-

response functions for increased incidence of myocardial infarction and all cause 

mortality.  We use the regression coefficients estimated by Salonen et al. (1995) when 

they modeled risk using the mercury concentration as a continuous variable with the 

statistical controls using the Cox Proportional Hazards model (model 2 in Table 12). 

In Section 2.4.2, we discuss annual background rates of myocardial infarctions 

and deaths in the U.S.  We also discuss the application of the dose-response models 

developed in two ways; first, we assume that the models apply only to males that 
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consume non-fatty freshwater fish (similar to those described by Salonen) and, second, 

we assume that, if any of the three potential mechanisms of action proposed by 

Salonen are true, they could be generalized to and occur in the adult male and female 

population as well.  Thus, we assume the regression coefficients observed in this cohort 

can be externally generalized to the U.S. population despite differences between these 

populations and the types of fish consumed.  We note that, if there is an antagonistic 

relationship between methylmercury and polyunsaturated fatty acids then the slope 

would be less steep for consumers of fish containing higher levels of polyunsaturated 

fatty acids.  We also assume that the myocardial events and the premature deaths 

observed in this Finnish male cohort are related and use the information on the age of 

myocardial events to estimate the age at which a premature death occurred. 

2.4.1.  Estimating the Dose-Response Functions.  Using a Cox Proportional Hazards 

model, Salonen et al. (1995) estimated a relative risk for non-fatal and fatal myocardial 

infarctions to be 1.068 per 1 ppm hair mercury.  The Cox Proportional Hazards Model, 

presented in Equation 13, assumes that changes in levels of the independent variables, 

such as hair mercury concentrations, will produce proportional, time independent, 

changes in the hazard function. 

h(t) h exp( C )o h= β             (Eq. 13) 
where: 

h(t) =  hazard function at time t 

ho =  baseline hazard 

β =  regression coefficient (ppm-1) 

Ch =  exposure measure hair mercury concentration (ppm) 
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The relative risk can then be estimated by the following equation: 

RR
h(t)
h

exp( C )
0

h= = β            (Eq. 14) 

Rearranging, 
 

ln(RR) ln
h(t)
h

C
0

h=








 = β             (Eq. 15) 

Thus, 

β =
ln( )

C

h(t)
h

h

0             (Eq. 16) 

 
When RR = 1.068 and Ch = 1 ppm, then β = 0.066 ppm-1.   

We substitute RAMI for ho and y for h(t).  For a given level of hair mercury, the 

incidence rate of acute myocardial infarctions (AMI) is calculated by the following 

equation: 

y R Xexp( CAMI h= )β             (Eq. 17) 
where: 

y =  incidence rate (yr-1) 

RAMI =  AMI background incidence rate (yr-1) 

Ch =  mean hair mercury concentration (ppm) 

β =  regression coefficient (ppm-1 yr-1) 

We estimate the increased incidence of all cause mortality (ACM) in a similar 

manner.  Using a Cox Proportional Hazards model, Salonen et al. (1995) estimated the 

relative risk for ACM to be 1.09 per 1 ppm increase in hair mercury concentration.  

Using Equation 16, we estimate a value for β of 0.086 ppm-1, when Ch is 1. 

2.4.2.  Applying the Dose-Response Functions.  In this section, we discuss annual 

background rates of myocardial infarctions (RAMI) and death (RACM) in the U.S.  Then, 

we discuss the application of the dose-response models.  
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To avoid double-counting deaths, we include fatal myocardial infarctions with all 

cause mortality, and report separately non-fatal myocardial infarctions.  In 2001, the 

AHA (2004) estimated that there were 865,000 new and recurrent myocardial infarctions 

in the U.S. population.  Given that these myocardial infarctions lead to 184,800 deaths 

in 2001, roughly 21% of all AMI resulted in death.  Specifically, among males, there 

were estimated to be 520,000 new and recurrent myocardial infarctions and these 

resulted in 95,900 deaths (18.44%).  Thus, in males, we estimate the non-fatal AMI by 

reducing the total AMI estimate by 18.44 %.  Among females, there were estimated to 

be 345,000 new and recurrent myocardial infarctions and these resulted in 88,900 

deaths (25.77%).  Thus, we estimate non-fatal AMIs by reducing the total number of 

AMI by 25.77%. 

The average age of a first MI is 65.8 among men and 70.4 among women 

(AHA, 2004).  We make the simplifying assumption that AMI only occur in people above 

age 39. Based on the 2000 Census data (U.S. Census Bureau, 2004), there were 

55,681,000 males and 63,705,000 females above the age of 39 years in the U.S. in 

2000; males and females above this age comprise approximately 19.8% and 22.6% of 

the total U.S. population, respectively.  If all of the estimated 520,000 non-fatal AMI that 

occur annually in males occur in this population group, then the annual background rate 

of AMI in males above 39 years of age is roughly 9 x 10-3.  If all of the estimated 

345,000 non-fatal AMI that occur annually in females occur only in this population 

group, then the annual background rate in females above 39 years of age is roughly 5 x 

10-3. 
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In 2001, life expectancy conditional on living to age 65 (males) and 70 (females) 

was 86 years and 81 years for U.S. females and males, respectively (Arias et al., 2003).  

If we assume that the age of death coincides with the average age of first myocardial 

infarct, then women and men would lose 16 years of life due to increased mortality 

associated with methylmercury.  We emphasize that this is extremely uncertain and 

conducted as a bounding exercise.  We note that the age of the males at the initiation of 

the Salonen cohort was less than 65 years. 

We apply these estimated annual risk coefficients in two ways.  In the first 

approach, we limit the application of the non-fatal AMI and all cause mortality risk 

coefficients to adult males that consume northern pike; this first application is based on 

the discussion of the characteristics of the fish implicated in the diets of Finnish male 

cohort in the Salonen et al. (1995) study.  Like the Finnish fish consumed in the study, 

northern pike are caught in freshwaters and, as Figures 5-7 illustrate, relative to other 

freshwater species, northern pike have low levels of DPA, DHA, and total 

polyunsaturated fatty acids and high concentrations of methylmercury.  As Figures 5-7 

illustrate, other fish may contain low levels of polyunsaturated fatty acids. 

Based on the species targeting information in U.S. FWS (2001), we estimated 

the fraction of the freshwater fish consuming population that consumes northern pike in 

four of the five regions (pike are not listed among the top 10 species sought in the 

Southeastern Region).  We assumed that the frequency at which pike were targeted 

corresponded to the share of the non-commercial freshwater fish-consuming population 

that consumes pike.  Less than 10% of freshwater fishers report targeting northern pike 

in each of the four regions. 
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In a separate application, we assume that the myocardial toxicity and premature 

mortality associated with methylmercury is independent of fish type and polyunsaturated 

fatty acid levels.  We apply the non-fatal AMI and all cause mortality dose response 

estimates to all males and females above the age of 39 years in separate calculations.  

Again, the external generalization of the Salonen data and the resulting application is 

extremely uncertain. 

2.5. VALUING CHANGES IN CHILDREN’S INTELLIGENCE 

Available economic research provides little empirical data for society’s 

willingness to pay (WTP) to avoid a decrease in an infant’s IQ.  Models have been 

developed to address the monetization of a subset of the effects of decreased IQ.  

These effects would represent components of society’s WTP to avoid IQ decreases.  

Employed alone, these monetized effects should underestimate society’s WTP. 

This section estimates the impact of small, permanent changes in IQ on lifetime 

earnings.  This section has four parts.  Section 2.5.1 estimates proportional impact of a 

1 point change in IQ on lifetime earnings.  Section 2.5.2 quantifies average lifetime 

earnings for individuals born in the U.S. in the year 2000.  Section 2.5.3 combines the 

results of Sections 2.5.1 and 2.5.2 to estimate the absolute impact of a 1 point change 

in IQ on lifetime earnings.  Finally, Section 2.5.4 considers the impact of changes in IQ 

on costs associated with remedial education.  This last cost category reflects the impact 

of population shifts in IQ on the proportion of individuals in tail categories of the IQ 

distribution. 

We note several caveats.  First, our results serve as a conservative estimate 

(i.e., likely lower bound) of the total value individuals place on changes in IQ because 
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they may also value such changes independently of their impact on lifetime earnings.  

Second, our application of the results from this analysis to the assessment of 

intrauterine methylmercury exposures makes the implicit assumption that the impact of 

methylmercury on IQ is permanent even though epidemiological evidence of such an 

impact has only been reported in children up to 7 years of age (Grandjean et al., 1997, 

1999).40  Finally, our estimate does not account for the value of uncompensated labor 

(e.g., work in the home and volunteer labor), although it is plausible that the value of 

labor in these sectors could be similarly affected by changes in IQ. 

2.5.1.  Proportional Impact of a One-Point Change i n IQ on Lifetime Earnings.  We 

adapt an existing cost-of-illness model (Schwartz, 1994; Salkever, 1995) to examine the 

influence of small changes in IQ on lifetime earnings.  The original model, which was 

developed as part of an economic assessment of childhood lead exposures, posited 

that an individual’s lifetime earnings (E) are equal to the product of the average wage 

rate (W) and the participation rate (P).  Differentiating this equation with respect to IQ 

yields the relationship, 

dIQ
dP

dIQ
dW

dIQ
dP

W
dIQ
dW

P
dIQ
dE ++=    (Eq. 18) 

             

(The term, dE/dIQ, refers to the change in lifetime earnings with respect to IQ; dW/dIQ 

refers to the change in annual wage rate with respect to IQ; dP/dIQ refers to the change 

in workforce participation rate with respect to IQ.)   

                                                 
40 We note that the recent report from the Faroe Islands cohort presents evidence of neurotoxicity as 
measured by delays in auditory evoked potentials, but does not report results of IQ testing among 
children 14 years of age.  
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Dropping the second order term, 
dIQ
dP

dIQ
dW

, which we assume to be small relative 

to the remaining terms, and rearranging the remaining terms in Equation (18) yields 

    















+=

P
dIQ

dP

W
dIQ

dW
E

dIQ
dE

          (Eq. 19) 

Thus, the change in lifetime earnings equals the product of the present value of 

those earnings (E) and the sum of the proportional change in wages associated with the 

change in IQ and the proportional change in workforce participation associated with a 

change in IQ. 

As illustrated in Figure 8, this model assumes that in utero methylmercury 

exposures affect the wage rate and participation rates both directly and indirectly 

(Schwartz, 1994; Rowe et al., 1995; Salkever, 1995; U.S. EPA, 1997b), via their impact 

on scholastic attainment and the subsequent impact of scholastic attainment on both 

wages and labor force participation.  Salkever (1995) developed parameters to quantify 

these direct and indirect impacts (Table 22). 

Salkever estimated these values from a series of regression analyses using 

information obtained in the National Longitudinal Survey of Youth (NLSY, 1990) and 

data provided by Schwartz (1994).  The NLSY data include annual earned income, 

educational attainment data, and results of intelligence tests that Salkever used as a 

proxy for IQ.  The data are drawn from surveys administered to a random sample of 

U.S. residents. 

Salkever’s model consists of three equations.  The first model equation combines 

the direct and indirect effects of IQ in order to quantify its total proportional impact on 
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labor force participation.  In particular, PSP SIQIQ
P
dIQ

dP
+= , where the first term on the 

right side of the equation represents the direct effect of IQ on labor force participation, 

and the second term represents its indirect effect (i.e., the effect of IQ on the level of 

education attained [Sp]). Similarly, WSW SIQIQ
W

dIQ
dW

+= .41   Substituting the right side 

of these two equations into Equation (19) yields 

   ( ) ( )[ ]PSPWSW SIQIQSIQIQE
dIQ
dE +++=           (Eq. 20) 

Substituting the values from Table 22 into Equation 20 yields E × 1.9% for males 

and E × 3.2% for females.  Using the labor force participation rates for males and 

females, Salkever (1995) estimated a weighted average value of E × 2.4%.  This 

adjustment is used to estimate the influence of IQ point changes on lifetime earnings. 

2.5.2.  Baseline Lifetime Earnings Value (E).  This section estimates the value of E to 

be used in Equation 20 to quantify the impact of changes in IQ on lifetime earnings.  

Grosse (Appendix I in Haddix et al., 2003) estimated average lifetime earnings for each 

age and gender group.  In his analysis, earnings were comprised of two broad 

components: wages/fringe benefits and household production.  Wage estimates were 

based on the Current Population Survey (U.S. Census, 2001 Supplement as cited in 

Grosse, 2003) and included salary income, overtime pay, bonus pay, and self-

employment earnings.  Fringe benefits included health insurance and retirement pay.  

Grosse assumed that the average person worked 250 days per year.  Household 

                                                 
41 Derivative notation is used.  For example IQW refers to the impact of a change in IQ on the proportional change in 
wages.  
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production included a number of activities such as cleaning, cooking, and child care, for 

which individuals are typically not compensated but are known to be valued; he 

assumed that household services need to be performed every day.  Combining the data 

for men and women and using a 3% discount rate, Grosse (2003) estimated the present 

value of labor market earnings over a lifetime of an infant was $692,000 (2000$) (the 

term 2000$ refers to the value of a dollar in the year 2000).  We use this estimate as a 

value of E in Equation 20.  The discounted present value of an infant’s lifetime labor 

market and household production was estimated to total $956,000 (2000$).  As there is 

no evidence to suggest that decreased IQ alters the components of household 

production (although as previously noted it certainly may), we did not include the 

household production in the estimate.  Previously, Rowe et al. (1995) and U.S. EPA 

(1997b) developed estimates of lifetime earnings.  These estimates differ from those 

developed by Grosse because of apparent differences in discounting and annual 

earnings estimates. 

2.5.3.  The Absolute Impact of IQ Changes on Lifeti me Earnings.  This section 

combines the findings from Sections 2.5.1 and 2.5.2 to calculate the impact of a 1 point 

change in IQ on the present value of lifetime earnings (evaluated at the time an 

individual is born).  The product of the proportional change (2.39%) and baseline 

lifetime earnings ($691,830) yields a change of $16,500 (2000$). 

We note that in their studies of lead’s effect on earnings, Schwartz and Salkever 

included a term in their models representing the impact of that metal’s toxicity on 

educational attainment independent of the impact mediated by changes in IQ.  We 
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omitted this term from our model because there is no evidence suggesting that prenatal 

methylmercury exposures reduce educational attainment independent of IQ. 

2.5.4.  Remedial Education Costs and Shifts in the Population IQ Distribution.  

While changes in IQ affect wages earned in a lifetime, they also change the fraction of 

the population that is considered to be mentally handicapped (i.e., individuals having an 

IQ <70).42  We assume that when individuals fall below this threshold, additional 

educational resources are required.  We estimate the cost of a shift in the population IQ 

distribution as the product of the incremental educational cost and the incremental 

probability of having an IQ <70. 

2.5.4.1.  Incremental Probability of IQ <70 ― To estimate this incremental 

probability, we assume that population IQ is normally distributed, and that the change in 

IQ is the same for all members of the population (i.e., the mean of the distribution shifts 

but the variance and other properties of the distribution remain unchanged).  In general, 

the probability that a randomly selected individual has an IQ score less than 70 can be 

expressed in terms of the standard normal deviate Z, which is normally distributed with 

mean zero and standard deviation one.  In particular,  








 −<=<
σ

µ70
ZP70)P(IQ            (Eq. 21) 

where µ is the mean population IQ score and σ is the corresponding standard deviation.  

For the baseline conditions, µ = 100 and σ = 15, so that the proportion of individuals 

with an IQ below 70 is 2.28%.  For a 1 point decrease in mean IQ (µ = 99), this 

                                                 
42 A shift in the IQ of a population would also decrease the number of highly intelligent individuals (e.g., 
the number of individuals with an IQ above 130).  No data were identified that evaluated the economic 
productivity of this group or compared it to the population with IQ sources between 70 and 129, and so 
we make no adjustment for the change in number of people with IQs above 130 
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proportion increases to 2.66%.  Hence, a 1 point decline in mean IQ increases the 

probability that a randomly selected individual will have an IQ less than 70 by 0.38%.  

Similarly, a 1 point increase in mean IQ decreases this probability by 0.33%. 

2.5.4.2.  Incremental Costs Associated with IQ <70 ― We assume that 

individuals with IQ scores below 70 require additional educational resources compared 

to those with IQ scores above 70.  We assume further that these incremental costs are 

approximately equal to the cost of providing part-time special education for children who 

remain in the regular classroom.  U.S. EPA (1997b) applied the GNP price deflator to 

the annual cost of this service, as reported by Kakalik (1981) ($3,064, 1978$), to arrive 

at an annual cost of $6,318 (1990$).  The GNP deflator does not adjust costs based on 

a basket of goods and services, but on the basis of all labor and property supplied by 

U.S. residents.  Using the third quarter 2000 GNP deflator, we estimate the updated 

annual cost of such services to be $7,800 (2000$) (GNP Deflator 1990 = 87 and GNP 

Deflator 2000 = 107.08).  Assuming that compensatory education begins at age 6 and 

continues through age 18 and that the annual discount rate is 3%, the present value of 

the compensatory education is $77,000 (2000$). 

2.5.4.3.  Cost of a One Point Shift in Mean IQ ― Multiplying the incremental 

probability that IQ will be less than 70 (0.38%) resulting from a 1 point drop in mean IQ 

and the present value at birth for compensatory educational costs yields a cost per IQ 

point of $290.  We note that this cost is small compared to the impact on population 

earnings of $16,500 (2000$) (see Section 2.5.3). 
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2.6. HEALTH-RELATED QUALITY OF LIFE MEASURES FOR NE UROLOGICAL 
DECREMENTS 

 
Health-related quality of life measures, such as Disability Adjusted Life Years 

(DALYs) and Quality Adjusted Life Years (QALYs), have been applied to neurological 

effects from methylmercury exposures.  For example, QALYs are utility functions that 

may describe individual preferences for longevity and health-related quality of life 

associated with either temporary or permanent morbid conditions.  The health-related 

quality of life is assigned a quantitative weight described as a utility weight.  The utility 

weight is typically a value between 0 and 1.  A value of 1 represents a perfect health 

state and 0 represents a health state equivalent to dead.  For an individual’s lifetime, the 

product of the utility weights and the duration of time an individual experiences these 

utility weights yields an estimate of an individual’s QALYs.  The value of reducing the 

health decrement associated with lowering in utero methylmercury exposures can be 

measured as the difference in QALYs with and without such a reduction in exposures 

over time (Hammitt, 2002; Pliskin et al., 1980).  In Sections 2.6.1 and 2.6.2, we discuss 

the development of a utility weight for the neurologic decrements associated with 

methylmercury exposures in the New Zealand and Faroe Islands studies and we 

describe an exposure-response function for the health-related quality of life measures. 

2.6.1.  Utility Weight for Health-Related Quality o f Life Associated with 

Neurodevelopmental Toxicity.  In this section, we examine the appropriate utility 

weight for neurological changes associated with methylmercury exposures.  In the 

discussion of the New Zealand and Faroe Islands studies, we noted that the 

investigators reported no differences in the exposed and reference groups based on 

“observed” behaviors (i.e., in the absence of sophisticated neurological testing, the 
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groups were indistinguishable).  In these studies of environmentally relevant 

methylmercury exposures, the neurological effects associated with methylmercury 

exposures, although potentially permanent, appear to be subtle.  These subtle effects 

are the basis of the RfD.  In our literature review, we found no data that describe utility 

weights for the subtle neurologic decrements reported for methylmercury. 

Several studies examined utility weights associated with cognitive decrements.  

Ponce et al. (2000) used QALYs to evaluate neurological effects associated with 

methylmercury exposures.  They evaluated the risk of delayed talking using a dose-

response function based on the Iraqi poisoning episode (Marsh et al., 1987).  If speech 

development was delayed, the utility weight assigned to that health-related quality of life 

was a value of 0.9; the health decrement was 0.1.  This was based on the work of Kind 

et al. (1982).  In our review of Kind et al., we could not identify a description of the 

relevant neurological condition.  Torrance et al. (1996) and Feeney et al. (2002) also 

developed a series of utility weights for cognitive decrements.  Tables 23 and 24 

describe the cognitive decrements associated health-related quality of life and the 

corresponding utility weights.  We note that the descriptions of the health-related quality 

of life for the neurocognitive decrements in these two studies suggest impacts that are 

substantially more severe than those reported by the New Zealand and Faroe Islands 

investigators.  There appear to be no survey-based studies that report utility weights for 

the subtle neurological effects observed in the recent epidemiological literature.  

Although it is not possible to know the results of a study that has not been conducted, 

we assume that in such a study the decrement in the utility weight for the neurological 
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effects associated with in utero methylmercury exposures would be valued at no more 

than 0.01. 

2.6.2.  Exposure-Response Function for Health-Relat ed Quality of Life Weights.  

There are no studies that describe an exposure-response relationship appropriate for 

the health-related quality of life weights.  We assumed that all children born to mothers 

above the RfD would incur a neurodevelopmental effect and that this health effect would 

persist throughout their lives.  We assume these IQ losses to cause similar 

neurodevelopmental effects that would be valued at no more than a utility weight 

decrement of 0.01.  We assume that the life expectancy of children born is 77.2 years 

(CDC/NCHS, 2003).  Combining these values yields an estimated loss of 0.77 QALYs 

for each child born to a mother with exposure above the RfD. 

2.7. VALUING CHANGES ASSOCIATED WITH ADVERSE MYOCAR DIAL EVENTS 
AND ALL CAUSE MORTALITY 

 
Section 2.7 is divided into three subsections.  Section 2.7.1 discusses the costs 

of lost productivity and medical costs associated with a non-fatal and fatal myocardial 

infarct.  Section 2.7.2 discusses the value of a statistical life, an estimate of a group’s 

willingness-to-pay to reduce the risk of death.  Section 2.7.3 discusses the utility 

weights associated with non-fatal and fatal myocardial infarctions. 

2.7.1.  Cost-Of-Illness Estimates For Myocardial In farctions and All Cause 

Mortality.  When a non-fatal myocardial infarct occurs, individuals and societies incur 

medical costs for both urgent and continuing treatment and costs associated with lost 

productivity while the individual convalesces.  Blake et al. (2003), citing an Appendix in 

Gold et al. (1996), estimate the lifetime costs of a myocardial infarction to be between 

$37,030 and $83,290 depending on the age and sex of the case.  These costs, which 
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are discounted at 3%, include hospitalization, physician costs, procedural costs, and 

annual follow-up costs.  As an analytic simplification, we assume that the myocardial 

infarct occurs at ages 65 and 70 in males and females, respectively.  The specific costs 

for a 65-year-old male and a 70-year-old female were estimated to be $46,000 and 

$43,000 (2000$), respectively (Blake et al., 2003). 

 Grosse (2003) estimated the value of a lost day to be $150/day (2000$).  This 

estimate included annual earnings and the value of annual household services; he 

divided these annual estimates by 365 days to estimate loss of a typical day.  For 

simplification, we assume that individuals who survive a myocardial infarct are unable to 

perform these tasks for 6 weeks.  Thus, we estimate the lost productivity associated 

with a non-fatal myocardial infarct to be $6100 (2000$).  For cases of nonfatal 

myocardial infarctions, we sum the medical and lost productivity costs. 

 As a simplification, we assume that the men and women, who are predicted to 

die in the analysis due to methylmercury exposure, die at ages 65 and 70 years, 

respectively.  These are the average ages for first myocardial infarct in the U.S. 

population (AHA, 2004).  For men aged 65 years and women aged 70 years, Grosse 

estimated the present value of earnings and household production, discounted at 3%, to 

be $274,000 and $151,000 (2000$), respectively.  We add the medical costs associated 

with the nonfatal cases (likely an overestimate of medical costs) and use these 

estimates in our cost-of-illness estimate for males and females. 

2.7.2.  Value of a Statistical Life.  The value of a statistical life (VSL) can also be used 

to estimate the value of a fatality.  The VSL is a measure of an individual’s willingness to 

pay to avoid incurring a small change in the risk of dying (Hammitt, 2000).  The EPA 
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currently treats the VSL as independent of age,43 and the societal VSL is the Agency’s 

standard approach to estimating a dollar value of mortality benefits of environmental 

regulations.  In this analysis, we update the VSL to $5.9 million (2000$).  This is based 

on an update of previous EPA estimates of $5.6 million (U.S. EPA, 1997b).  Estimates 

of appropriate values for VSL generally vary between $3 million and $9 million (Mrozek 

and Taylor, 2002; Viscusi and Aldy, 2003). 

2.7.3.  Health-Related Quality of Life Utility Weig hts for Myocardial Infarctions.  In 

this section, we discuss estimates of utility weights for individuals incurring non-fatal 

myocardial infarctions.  Blake et al. (2003) present a utility weight of 0.9 for survivors of 

myocardial infarct.  We assume this decrement of 0.1 to the affected individuals’ utility 

persists.  Given our assumptions about the age at which a heart attack occurs and that 

life expectancy of men aged 65 is 81 years of age and women age 70 is 86 years of 

age, men and women incurring a non-fatal myocardial infarct are estimated to lose 1.6 

QALYs over their remaining lifetimes.  Based on typical life expectancy in the U.S., 

males predicted to die of all cause mortality lose 16 QALYs and females lose 16 

QALYs. 

2.8. SENSITIVITY ANALYSES 

Finally, we developed four sensitivity analyses that were limited in scope.  In the 

first analysis, we evaluate the impact of freshwater fish consumption advisories.  We 

assume that fish consumption advisories are issued for all bodies of water where fish 

methylmercury concentrations exceed 0.3 ppm.  We assume that  

                                                 
43 The EPA Guidelines for Preparing Economic Analyses (U.S. EPA, 2000) suggest that adjusting the 
VSL based on age may be appropriate. 
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freshwater fish consumers are fully compliant with the advisories; that is, non-

commercial fish having a methylmercury concentration above 0.3 ppm are not 

consumed by members of this population. 

In the second, we estimated the distribution of methylmercury intakes among 

non-commercial freshwater fish consumers, assuming that individuals eat only one type 

of fish.  We note that recreational anglers may target specific species for consumption 

and may not consume a representative mix of non-commercial species.  Thus, some 

consumers targeting specific types of fish may have methylmercury intakes well above 

the average.  In this sensitivity analysis, we assume no correlation between species 

consumed and quantity of fish consumed. 

In the third, we evaluate the impact of alternatively doubling or halving the 

decrease in deposition that was predicted in Scenario 1 on methylmercury intakes in 

freshwater fish consumers in a single region.  The Northeast Region was selected for 

the example.  Doubling the decrease might account for a response in fish that is greater 

than linear with respect to mercury deposition or possible underprediction of the 

deposition change associated with the REMSAD modeling.  Halving the predicted 

decrease might account for a less than linear response in fish to decreased mercury 

deposition rates or a possible overestimate of the deposition rate change associated 

with the REMSAD simulation.   

In the fourth sensitivity analysis, we re-evaluate the slope of the relationship 

between neurotoxicity and exposure in the case where a threshold exists.  We 

estimated a slope of -0.6 IQ points per 1 ppm increase in mercury in hair.  This estimate 

is based on three epidemiologic studies in which the reported hair mercury 
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concentrations are generally between 0.5 and 30 ppm (These studies are reviewed in 

Section 1.5.1; see also NRC, 2000).  If there is a threshold below which maternal 

methylmercury exposures have no effect on the developing fetal nervous system, the 

slope of the exposure-response function between the threshold and the maternal hair 

mercury concentration where responses are observed must be larger than if there is no 

threshold.  To evaluate the sensitivity of our results to this possibility, we note that a 

relatively low level of maternal hair mercury at which effects may be observed is 

approximately 3 ppm.  At this level, the estimated effect under the no threshold model is 

a loss of approximately 1.8 IQ points in the affected fetus (i.e., the product of -0.6 IQ 

points/ppm and 3 ppm).  Under an alternative model in which there is a threshold 

around 1.3 ppm hair methylmercury, the slope of the exposure-response function 

between 1.3 and 3 ppm hair methylmercury  must be -1.1 IQ points per increase of 1 

ppm hair methylmercury in order to achieve the same effect (i.e., -1.8 IQ points per 1.7 

ppm increase in hair methylmercury.  We use this alternative slope value in the fourth 

sensitivity analysis. 



   

 
 88 

3.  RESULTS 

This section has six parts.  For each region, Section 3.1 describes the predicted 

current mercury deposition rates and the predicted changes in annual mercury 

deposition rates associated with the alternative emissions. Section 3.2 quantifies both 

the current and predicted changes in fish methylmercury concentrations.  Section 3.3 

describes both the current and the estimated changes in human exposures that are 

predicted to result from the alternative emissions scenarios.  Section 3.4 quantifies the 

decreased risks of IQ point loss, as a consequence of the alternative mercury 

emissions.  Cost-of-illness (COI) and QALY approaches are used to evaluate the 

averted cases.  Section 3.5 quantifies the decreased risks of nonfatal AMI and ACM and 

uses COI, willingness-to-pay, and QALY approaches for valuation of the averted 

outcomes.  Finally, Section 3.6 summarizes the results and provides a summary of the 

limited sensitivity analyses. 

3.1. CHANGES IN ANNUAL MERCURY DEPOSITION RATES IN THE 8 REGIONS 

The alternative emissions scenarios were predicted to result in decreased 

mercury deposition in each Region.  For the All Other Waters Region, the Coastal 

Atlantic Region, and the Gulf of Mexico Region, the predicted changes in annual 

mercury deposition rates are summarized in Table 25.  Table 26 summarizes the 

decreased deposition rates in the five freshwater regions.  Under the alternative 

emissions scenarios, the largest decreases in mercury deposition are predicted in the 

Mid-Atlantic Region (9% and 10% decreases under Scenarios 1 and 2, respectively).  

Modest decreases are predicted for the Northeast, Midwest, and Southeast Regions 

(decreases range from 3% to 6%).  The predicted decreases in the West, Atlantic 



   

 
 89 

Coastal and Gulf of Mexico Regions are relatively small (roughly 1%).  The reported 

standard deviations indicate predicted variability in deposition across grid cells within a 

region.  These estimates of the spread of the predicted changes in deposition are 

highest in the Southeast and Mid-Atlantic regions. 

3.2. CHANGES IN FISH METHYLMERCURY CONCENTRATIONS I N THE 8 
REGIONS 

 
For commercial fish, a weighted mean methylmercury concentration was 

developed by weighting the mean methylmercury concentrations in each of the 24 types 

of fish (Figure 2) by the per capita consumption rates (Table 2).  We calculated a 

weighted mean methylmercury concentration of 0.12 µg/g for current U.S. commercial 

fish.  Figure 9 shows the percent contribution of each commercial fish type to total 

methylmercury in the U.S. market.  The figure shows that, based on the product of the 

methylmercury concentration and the per capita consumption rate, canned tuna, 

pollock, shrimp, cod, halibut and swordfish have the most influence on the weighted 

mean and that the remaining types of fish contribute minimally to the current per capita 

methylmercury intake.  

Table 27 shows the weighted mean methylmercury concentrations in commercial 

fish under current emissions and under each of the baselines and the alternative U.S. 

mercury emissions scenarios.  This estimate was based on weighting mean 

methylmercury concentrations in each of the 24 types of fish by the quantity of the 

individual types of fish harvested from each of the four source waters, (i.e., the Coastal 

Atlantic Ocean, the Gulf of Mexico, All Other Waters and Aquaculture) and the predicted 

change in mercury deposition in each region (Table 25).  
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Decreases of less than 3% are predicted in the weighted mean methylmercury 

concentrations of the commercial fish under the alternative scenarios.  Most 

methylmercury exposures in typical commercial fish consumers (>75%) are a 

consequence of consuming six types of fish, canned tuna, pollock, shrimp, cod, halibut, 

and swordfish.  (For example, based on methylmercury levels in tuna and the per capita 

consumption rate estimates, tuna accounts for 33% of per capita exposure.)  For these 

six types of fish, Figure 10 shows the fractional contributions of the total catch from 

different bodies of water to total marketed quantities (NMFS, 2003).  Mercury 

concentrations in highly migratory fish, 44 like tuna and swordfish, are likely influenced 

by U.S. contributions only to the extent that U.S. emissions influence global atmospheric 

mercury pools, given the atmospheric mixing that likely occurs over the distance that 

U.S. mercury emissions must be transported to deposit into such remote food webs.  

Most pollock are caught in the Pacific Ocean.  Given the prevalence of west-to-east 

atmospheric transport patterns in the U.S., the influence of U.S. power plant mercury 

emissions on pollock methylmercury levels is also likely proportional to the power 

plants’ contribution to global atmospheric mercury pool.  Shrimp and cod are primarily 

imported; thus, U.S. sources likely have a small contribution to methylmercury levels in 

these fish.  Halibut, like pollock, are typically caught in the Pacific.  Roughly 70% of 

marketed marine fish are imported into the U.S. (NMFS, 2003) and, thus, are assumed 

in this model to be harvested from the All Other Waters Region.  The remaining 30% 

                                                 
44 Highly migratory species may consume prey over broad geographic ranges; consequently, we 
assumed that their methylmercury concentrations are influenced by mercury deposition over broad 
geographic areas and participation in foodwebs located in these different geographic areas.  Note that we 
assumed that changes in mean methylmercury concentrations in these highly migratory species are 
based on estimated changes in global emissions as a result of the CSI.  See Chapter 2.  
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are harvested primarily from the U.S. continental shelves that extend roughly 200 miles 

off shore in the Atlantic Ocean, the Pacific Ocean, and the Gulf of Mexico.  The small 

predicted changes in the methylmercury concentrations of most commercial fish result 

from the small influence of U.S. emissions sources on the methylmercury 

concentrations in our model; specifically, the top five sources of methylmercury in the 

diets of commercial seafood consumers per capita are likely influenced very little by 

U.S. mercury emissions.  Figure 10 shows that, of the top 24 types of fish in the U.S. 

market, only clams and scallops are primarily harvested from waters that are likely to be 

heavily influenced by mercury emissions from U.S. sources.  Thus, from a policy 

perspective, changes in U.S. emissions likely exert small changes in deposition rates of 

mercury at sites distant from U.S. shores and in the Pacific Ocean.  Consequently, U.S. 

mercury emissions reductions exert small changes in the methylmercury concentrations 

of most commercial fish and, therefore, small changes in U.S. methylmercury 

exposures.   

For non-commercial marine fish, we again assumed that consumers ate a mix of 

non-commercial marine fish obtained from either the Atlantic or Gulf.  The specific mix 

was weighted by the estimated harvest weights for the top 10 types of fish caught 

recreationally in the Atlantic and Gulf (Tables 4 and 5, respectively).  Table 25 shows 

the predicted change in deposition in the two regions and Table 28 shows the resulting 

predicted changes in the weighted mean methylmercury concentrations of non-

commercial fish in the Atlantic and Gulf regions.  Current fish methylmercury 

concentrations are predicted to be lower in the Atlantic fish than the Gulf fish, based on 
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data in U.S. EPA (2003c).  The predicted decrease in mercury deposition in the Atlantic 

Ocean Region (roughly 1.1% and 1.5% under Scenarios 1 and 2, respectively) is 

greater than the Gulf Region (less than 1% under both scenarios) (see Table 25).  The 

assumption that each consumer eats a mix of 10 fish species results in an 

underestimation of the variability in the predicted intake distribution. 

Summary statistics for each of the types of fish from each of the five U.S. 

freshwater regions are presented in Tables 29-33, including the number of samples of 

each type of fish, the mean fillet methylmercury concentration and fish length.  After 

adjustment for fish size (i.e., excluding fish smaller than are usually eaten), the NLFWA 

fish database is assumed to reasonably depict individual methylmercury concentrations 

of fish in different regions.  Tables 29-33 also identify the assumed consumption 

frequency for each type of fish in each region; these frequencies were estimated from 

the U.S. FWS fish targeting data (see note at bottom of Tables 29-33).  Given the 

assumption that consumers eat a mix of freshwater fish, these consumption frequencies 

were used (factor T in Equation 9) when developing the intake mix for individual Monte 

Carlo iterations in the simulation.  The assumption that each consumer eats a mix of 

eight or nine types of fish results in an underestimate of the likely variability in the 

predicted intake distribution.  Based on the predicted changes in deposition in the five 

freshwater regions (Table 26), the largest decreases in mercury deposition are 

predicted in the Mid-Atlantic Region, under the alternative emissions scenarios.  There 

is very little decrease in the West Region (see discussion in Section 3.1).  
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3.3. CHANGES IN METHYLMERCURY EXPOSURES AMONG FISH CONSUMERS 
IN THE 8 REGIONS  

 
3.3.1.  Population Data.  Table 34 summarizes the estimated sizes of populations 

consuming the fish caught in each region.  The second column identifies the size of the 

angler population that fishes in each region.  The third column identifies the total 

number of consumers of each type of fish including children.  Most individuals in the 

U.S. consume commercial fish.  The size of the population that consumes no fish or 

only commercial fish is estimated by subtracting the non-commercial fish consuming 

population (72.8 million) from the total U.S. population (281 million).  We assume that 

the population demographics of non-commercial fish consumers in each region reflect 

those of the U.S. population.  Specifically, we assumed that 22% of the consumers are 

women of child-bearing age and that roughly 6% of these women give birth each year.  

We also assume that roughly 20% of the individuals in the populations are males over 

39 years of age and 23% are females over 39 years of age (U.S. Census, 2004).   

3.3.2.  Predicted Exposures in General U.S. Populat ion.  The male and female blood 

methylmercury concentrations that are assumed to result from commercial fish intake 

are presented in Table 35.45  We assumed that the distribution of U.S. female blood 

concentrations reported by Mahaffey et al. provides a reasonable estimate of the 

distribution of blood methylmercury concentrations in members of the population that 

consume commercial fish or no fish.  We noted previously that the weighted mean 

methylmercury concentration of the 24 types of fish reported by Carrington and Bolger 

is 0.116 µg/g.  We also noted that the per capita seafood consumption rate for these 24 

                                                 
45 The distribution was fitted using the NHANES analysis published by Mahaffey et al. (2004) (see second 
row of Table 35). 
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types of fish is 13.5 pounds per year, which is roughly 16.8 g/day.  Combining the 

weighted mean fish methylmercury concentration and the daily intake fish rate and 

dividing by the average body weight yields an average daily intake of 0.03 µg/kg-day 

per capita.  Based on Equation 1, the corresponding average blood methylmercury 

concentration is estimated to be 1.56 µg/L.  The mean of the distribution used to fit the 

Mahaffey data was 1.64 µg/L.  Because our calculated mean closely approximates the 

observed U.S. blood methylmercury concentrations reported by Mahaffey et al., it 

provides support for the use of the predicted changes in the weighted mean 

methylmercury concentrations of commercial fish to predict the associated changes in 

the distribution of the blood methylmercury concentration in the U.S. population. 

Using our distribution, which was based on an approximation of the distribution 

reported by Mahaffey et al., tissue methylmercury levels currently exceed the value that 

corresponds to the methylmercury RfD in roughly 8% of U.S. females of reproductive 

age.  Based on the data in Table 17, current U.S. male blood methylmercury 

concentrations are estimated to be 4.3% lower than current levels in females.  Using the 

methylmercury 1-compartment pharmacokinetic model, hair mercury levels were also 

estimated based on the blood methylmercury concentrations.   

In our model, decreases in U.S. emissions resulted in small changes in 

methylmercury exposures.  Table 35 shows that, when compared with estimates for 

Baseline 1 and Baseline 2, female blood methylmercury concentrations in Scenario 1 

and Scenario 2 are predicted to decrease by 0.01 and 0.02 µg methylmercury/L blood, 

respectively.  The fraction of the population exposed above the RfD was predicted to 
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decrease by less than 0.5% and the conditional mean blood methylmercury 

concentration in this group is predicted to decrease by less than 0.05 µg/L.   

3.3.3.  Predicted Exposures in Consumers of Non-com mercial Marine Fish.  Tables 

36 and 37 present the results of the exposure models for non-commercial fish 

consumers in the Atlantic and Gulf Regions.  These estimates are developed for 

consumers that eat a mix of non-commercial fish derived from either the Atlantic or the 

Gulf and a mix of commercial fish. 

Currently, methylmercury from commercial fish is estimated to contribute 

approximately 64% and 55%, respectively, to predicted methylmercury intakes among 

consumers of non-commercial Atlantic and Gulf fish.  The fractional contribution of 

commercial fish is higher among consumers of non-commercial Atlantic fish because 

the estimated weighted mean methylmercury levels in these non-commercial fish are 

30% lower than those in the Gulf.   

Current methylmercury intake in the Atlantic and Gulf populations is predicted to 

exceed the RfD in roughly 6% and 14% of these consumers, respectively.  The high 

percentage of the Gulf population that exceeds the RfD is a consequence of both the 

higher rates of non-commercial fish consumption (relative to non-commercial Atlantic 

consumers as described in U.S. EPA, 1997a) and the higher concentration of 

methylmercury in the tissues of non-commercial Gulf fish (relative to non-commercial 

Atlantic fish) (see Tables 4 and 5).  Some of the exposure variability is not captured 

based on the assumption that non-commercial marine fish consumers eat a mix of non-

commercial species.  Specifically, consumers who primarily eat species with 

methylmercury levels above the estimated weighted mean will have higher 
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methylmercury exposures than the consumers that eat the mix of non-commercial fish 

assumed in the analysis.  Conversely, others may eat a mix of fish that have a lower 

methylmercury concentration than the weighted mean.  The assumption that 

commercial fish consumed by members of these populations contain mean 

methylmercury concentrations also does not fully capture the variability. 

Under the alternative mercury emissions modeled, estimated intake in the 

Atlantic population declines and the fraction of the population that is exposed above the 

RfD also declines.  The fractional contribution of methylmercury from commercial fish 

consumption also is predicted to increase under the alternative emissions.  This is a 

consequence of larger decreases in non-commercial fish methylmercury concentrations 

than commercial fish concentrations under these alternatives.  Table 25 shows that 

under the emissions cases considered (i.e., the two baselines and the two alternative 

scenarios), the predicted decreases in mercury deposition to the Gulf and the Coastal 

Atlantic exceed the predicted change to the All Other Waters Region. 

In the Gulf population, estimated intake and the fraction of the population that is 

exposed above the RfD also decline, but these changes are small.  Because the 

decrease in methylmercury exposure due to commercial fish consumption is less than 

that from non-commercial fish consumption, the fractional contribution of methylmercury 

from commercial fish consumption also increases under the alternative emissions.  

However, the predicted decrease in methylmercury intake among non-commercial fish 

consumers of Gulf fish is smaller than that among the non-commercial Atlantic fish 

consuming population.  This is a consequence of the relatively smaller decreases in the 

Gulf non-commercial fish methylmercury concentrations when compared to those in the 
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Atlantic fish.  Also, non-commercial Gulf consumers eat higher quantities of non-

commercial fish than their Atlantic counterparts.  

3.3.4.  Predicted Exposures in Consumers of Non-com mercial Freshwater Fish.  

Tables 38-42 present the results of the exposure models for non-commercial fish 

consumers in the five freshwater regions simulated.  These estimates are developed for 

consumers that eat a mix of non-commercial fish derived from the freshwaters of the 

region and a mix of commercial fish that reflects per capita consumption rates. 

Based on the use of the Connely et al. (1996) data on rates of commercial fish 

consumption among non-commercial fish consumers, methylmercury from commercial 

fish is estimated to contribute roughly 50% or more to predicted current methylmercury 

intakes among these consumers.  The fractional contribution of commercial fish is 

higher among consumers of less contaminated freshwater fish (e.g., Midwest or West).  

When compared to consumers of non-commercial Atlantic fish, a greater 

percentage of non-commercial freshwater consumers are predicted to exceed the RfD.  

Currently, roughly 21% of the population that consumes fish from the Northeast is 

predicted to exceed the RfD.  Between 12 and 16% of the other freshwater fish 

consuming populations are predicted to exceed the RfD currently.  We note that the 

assumption that non-commercial consumers eat a mix of non-commercial fish likely 

under estimates the variability in population exposures. 

Under the alternative mercury emissions modeled, estimated methylmercury 

intakes in each of these five populations declines and the fraction of the populations that 

is exposed above the RfD also declines.  The fractional contribution of methylmercury 

from commercial fish consumption also increases under the alternative emissions.  This 
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is a consequence of larger decreases in the methylmercury concentrations of the non-

commercial fish, particularly in the Mid-Atlantic and Southeast Regions.  Decreases in 

the Western Regions are relatively small compared to the other regions.  Again, the 

predicted decrease in the methylmercury concentrations of commercial fish is smaller 

than predicted decreases in the non-commercial freshwater fish in each region. 

For the five freshwater regions, we also evaluated high-end fish consumers.  We 

used the data from the fish consumption survey conducted by the Columbia River Inter-

Tribal Fish Commission (1994) as a surrogate for this population.  For current 

exposures and all emissions reduction scenarios considered, methylmercury exposures 

in most consumers with these rates of fish consumption are predicted to exceed the RfD 

(Table 43).  For example, our model predicts that over 80% of this population in the 

Northeast is currently exposed above the RfD.  If the CSI is implemented, over 75% of 

this population will still be exposed above the RfD (see Table 43).  We did not estimate 

the size of this population explicitly, because we found no suitable data to prepare such 

an estimate.  Additional details are provided in Table 43. 

3.4. ESTIMATES OF IN UTERO NEUROTOXICITY RISKS ASSOCIATED WITH 
MATERNAL CONSUMPTION OF METHYLMERCURY IN FISH  

 
In Section 3.4.1, we present the estimated IQ losses associated with in utero 

methylmercury exposures per annual birth cohort in the U.S.  We then estimate the 

costs associated with IQ points lost due to methylmercury exposures; these costs are 

based on a Cost-of-Illness approach.  In Section 3.4.2, we estimate the averted costs 

associated with IQ point gains per annual birth cohort if Scenarios 1 and 2 are 

implemented.  In Section 3.4.3, we present estimates of the QALYs currently lost due to 



   

 
 99 

in utero methylmercury exposures and those losses that may be averted if Scenarios 1 

and 2 are implemented.   

3.4.1.  IQ Points Lost and Associated Costs due to Current Methylmercury 
Exposures. 

 
3.4.1.1.  Current Methylmercury Impacts Using a No Threshold Model ― 

Current methylmercury intakes in pregnant consumers of commercial and non-

commercial fish in each regional population and in the general population cause IQ 

decrements (Tables 44-51).  Assuming no threshold, the model predicts that currently, 

the mean IQ point losses per child range from 0.39 to 0.60 among the consumers of 

non-commercial fish and the mean IQ point loss per child in the population that 

consumes no fish or only commercial fish is 0.25 (Table 51).  When considered as a 

group and using these modeling assumptions, children born to women consuming only 

commercial fish or no fish lose roughly 59% of the total IQ point loss attributable to in 

utero methylmercury exposures in current annual birth cohorts.  Figure 11 shows the 

fractional contribution of each population to the estimated U.S. total IQ point loss.  

Tables 44-51 also show the estimated costs associated with these IQ decrements.  

Table 52 shows that the current total cost per annual birth cohort is estimated to be 

approximately $19.9 billion.  This estimate is based on a cost-of-illness estimate.  Cost-

of-illness estimates are typically not considered valid welfare measures.  Willingness-to-

pay measures for IQ losses were not available, but would likely be significantly greater 

than the cost-of-illness estimate.  

3.4.1.2.  Current Methylmercury Impacts Using a Mod el Threshold of 0.1 

µg/kg-day  ― The estimated current methylmercury intake rates of some pregnant 

consumers of commercial and non-commercial fish in each regional population and in 
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the general population exceed the RfD (Tables 54-61).  Thus, if a neurotoxicity 

threshold of 0.1 µg/kg-day (i.e., the value of the RfD) is assumed, current 

methylmercury intakes in some pregnant consumers of commercial and non-

commercial fish in each regional population and in the population that consumes only 

commercial fish cause IQ decrements.  Assuming the RfD value to be a threshold, 

Tables 54-60 show that the predicted mean IQ point losses per child (i.e., conditional 

mean) range from 0.36 to 0.83 among the consumers of non-commercial fish and Table 

61 shows that the mean IQ point loss per child among affected children in the 

population that consumes only commercial fish is 0.52.46  The mean IQ points lost by 

affected members of each population is greater under the threshold assumption than 

under the no threshold assumption because the conditional mean methylmercury 

exposures of these children are higher than the mean of the children at risk under the 

no threshold assumption.  When considered as a group, children born to women in the 

population that consumes only commercial fish or no fish are estimated to lose roughly 

62% of the total IQ point loss attributable to in utero methylmercury exposures in the 

current annual birth cohorts.  Tables 54-61 show the estimated costs associated with 

these IQ decrements.  The total cost per current birth cohort is estimated to be 

approximately $3.1 billion, roughly 16% of the associated cost of $19.9 billion estimated 

when using the non-threshold model (Table 52).  Under the threshold assumption, these 

costs are borne exclusively by approximately 9% of the babies born in each annual birth 

cohort.  We note that the models employed in the exposure analysis likely 

underestimate variability in population intake. 

                                                 
46 This population is assumed to include individuals that consume only commercial fish and those that 
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3.4.2.  Averted Costs Associated with IQ Point Gain s per Birth Cohort Under 
Alternative Emissions Scenarios 1 and 2. 

 
 3.4.2.1.  Results of No Threshold Model ― In this section, the results of 

Scenario 1 are compared to those of Baseline 1 and the results of Scenario 2 are 

compared to those of Baseline 2.  Based on the model results, under Scenarios 1 and 2 

methylmercury intakes in pregnant consumers of commercial and non-commercial fish 

in each regional population and in the general population will decline but continue to 

cause IQ decrements in children (Tables 44-51).  When compared to Baseline 1 and 

Baseline 2, the mean IQ point losses per child across the entire population under 

Scenarios 1 and 2 are predicted to decrease by roughly 0.003 and 0.004 IQ points, 

respectively.  They decrease from 0.301 to 0.298 between Baseline 1 and Scenario 1 

and from 0.299 to 0.295 between Baseline 2 and Scenario 2.  The decrease in IQ points 

lost is predicted to be highest among non-commercial fish consumers (except in the 

West) and lowest among commercial consumers.  Table 52 summarizes the estimated 

IQ points lost per annual birth cohort in the entire population for each emissions 

scenario.  Rows 2 and 3 of Table 53 show that the predicted incremental gain in 

average IQ between Baseline1 and Scenario1 is associated with a societal benefit of 

approximately $194 million and the societal benefit associated with the predicted 

incremental gain in average IQ between Baseline 2 and Scenario 2 is $288 million.  

(See last two rows in Tables 44-51 for regional benefits summaries of Scenarios 1 and 

2.)  Most of the cost decrease is associated with the decreased IQ point loss in the 

commercial fish consuming population.  Among the non-commercial consumers, most 

                                                                                                                                                             
consume no fish. 
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of the predicted benefit is predicted to occur in the populations that consume Southeast 

or Midwestern non-commercial fish.   

3.4.2.2.  Averted Costs Associated with IQ Point Ga ins per Birth Cohort 

Under Alternative Emissions Scenarios 1 and 2  Using Model Threshold of 0.1 

µg/kg day ― The estimated current methylmercury intake rates of some pregnant 

consumers of commercial and non-commercial fish in each regional population and in 

the population that consumes only commercial fish or no fish are predicted to exceed 

the RfD.  Based on the model results, under Scenarios 1 and 2 methylmercury intakes 

in pregnant consumers of commercial and non-commercial fish in each regional 

population and in the population that consumes only commercial fish or no fish will 

decline resulting in fewer affected individuals in each population; however, 

methylmercury exposures will continue to cause IQ decrements in children (Tables 54-

61) (see summary in Table 52).   

When compared to Baseline 1 and Baseline 2, the mean IQ point gains per child 

under Scenarios 1 and 2 are predicted to be roughly 0.001 and 0.006 IQ points, 

respectively. When compared to the current estimate, under Scenario 2 the mean IQ 

point losses per child are predicted to decrease roughly 0.015 IQ points.  Table 53 

shows that the incremental gain in mean IQ in each annual birth cohort between 

Baseline1 and Scenario 1 is associated with a societal benefit of approximately $75 

million.  The societal benefit associated with mean IQ gain between Baseline 2 and 

Scenario 2 is $119 million.  Most of the societal benefit is associated with the decreased 

IQ point loss in the population that consumes only commercial fish.  Among the non-
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commercial consumers, most of the benefit is predicted to occur in the populations that 

consume Southeast or Midwestern non-commercial fish.  

3.4.3.  IQ Results Considering QALYs.  We estimated QALYs lost by assuming that 

each child born to a mother whose intake exceeded the RfD lost a utility weight of 0.01 

(see Section 2.6), and that this effect would persist throughout the child’s life (life 

expectancy at birth is estimated to be 77.2 years) for a loss of 0.77 QALYs.  We noted 

that both the utility weight and the exposure-response function are quite simple.  The 

results are similar to those in Sections 3.4.2.2.  Currently, children born to commercial 

fish consumers (i.e., the population that eats only commercial fish or no fish) are 

predicted to lose most of the QALYs lost due to in utero methylmercury exposures 

(Table 53).  When compared to Baseline 1, under Scenario 1 the loss of roughly 5700 

QALYs is averted.  When compared to Baseline 2, under Scenario 2 the loss of roughly 

7400 QALYs is averted.  

3.5. COSTS ASSOCIATED WITH ACUTE MYOCARDIAL INFARCT IONS AND ALL 
CAUSE MORTALITY 

 
3.5.1.  Pike Consumers.  If it is appropriate to generalize the Salonen et al. data, then it 

is most plausible that the regression coefficients also apply to consumption of non-fatty 

fish with high methylmercury levels such as pike.  The Salonen data are based on a 

male cohort.  In this report, initially we apply the predicted rate increases for acute 

myocardial infarction and all cause mortality to the male pike consumers in the U.S.  To 

estimate the size of this cohort, we assume that those targeting pike for catch are the 

only consumers.47 

                                                 
47 If methylmercury antagonizes the effects of n-3 fatty acids, then other fish with low to moderate n-3 
concentrations and high methylmercury concentrations may cause cardiovascular effects as well.  Thus, a 
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Table 62 lists the predicted mean daily methylmercury intakes (µg/kg-day) and 

the estimated sizes of the male pike-consuming populations in each of four freshwater 

regions.48  In this part of the analysis we assumed that only males that consumed pike 

were affected by the cardiovascular risk.  The mean daily current methylmercury intakes 

range from approximately 0.05 to 0.07 µg/kg-day.  The blood and hair concentrations 

are estimated using the methylmercury one compartment model (Equation 1). 

The last two columns in Table 62 list the predicted annual changes in the number 

of cases of nonfatal acute myocardial infarctions and premature deaths due to all cause 

mortality, when comparing Baseline 1 to Scenario 1 and Baseline 2 to Scenario 2.  The 

incremental decreases are the result of the change in daily methylmercury intake and 

the size of the affected population.  Given the small sizes of the populations and the 

modest predicted changes in mean methylmercury intakes, annually, 4.5 cases of non-

fatal acute myocardial infarctions and eight premature deaths are predicted to be 

avoided through implementing Scenario 1 in this population.  Under Scenario 2, 

annually, we predict eight cases of non-fatal acute myocardial infarctions and 14.6 

premature deaths to be avoided.  Table 63 lists the annual avoided costs associated 

with these outcomes.  If the VSL estimate is used for premature death, then the annual 

avoided costs are $49 million and $87 million under Scenarios 1 and 2, respectively.  

Most of the benefit is realized by Midwest pike consumers.  Annually, we predict 140 

and 250 QALYs are gained under Scenarios 1 and 2.  Most QALYs gained are the 

result of decreases in premature mortality. 

                                                                                                                                                             
larger population may be affected.  However, they may be affected less severely than the Salonen cohort, 
because they will likely consume higher levels of n-3 fatty acids than the members of the Salonen cohort. 
48 Pike are not among the species routinely targeted by anglers fishing in the Southeastern Region. 
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3.5.2.  Entire U.S. Population.  In the second case, we apply the regression 

coefficients from the Salonen et al. data to consumption of all fish.  We apply them to 

males and females.  We note that this is an extremely uncertain extrapolation, because 

of potential differences between the subjects in the Salonon et al. study and the U.S. 

population and the potential differences in the types of fish consumed.  

Tables 64-71 list the predicted cases of male non-fatal AMI and ACM by region.  

Currently, most cases are predicted to occur in the population that consumes only 

commercial fish or no fish.  Among the non-commercial consumers, most cases are 

predicted to occur among Midwestern and Western consumers.  Table 72 summarizes 

the benefits of Scenarios 1 and 2 in males.  Under Scenario 1, annually, roughly 140 

cases of non-fatal acute myocardial infarctions and 260 premature deaths are predicted 

to be avoided.  Under Scenario 2, annually, roughly 210 cases of non-fatal acute 

myocardial infarctions and 380 premature deaths are predicted to be avoided.  Based 

on the VSL estimate for premature death, the annual avoided costs are predicted to be 

$1.5 billion and $2.3 billion under Scenarios 1 and 2, respectively.  Among males, most 

of the benefit is realized by the population that consumes commercial fish.  Annually, we 

predict 4300 and 6500 QALYs are gained under Scenarios 1 and 2, respectively.  

Nearly 95% of QALYs gained under both scenarios are the result of decreases in 

premature mortality.  

Tables 73-80 list the predicted cases of female non-fatal AMI and ACM by 

region.  Currently, most cases are predicted to occur among commercial consumers in 

the general population.  Among the non-commercial consumers, most cases are 

predicted to occur among Midwestern consumers.  Table 81 summarizes the benefits of 
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Scenarios 1 and 2 in females.  Under Scenario 1, annually, roughly 150 cases of non-

fatal acute myocardial infarctions and 300 premature deaths are avoided.  Under 

Scenario 2, annually, roughly 230 cases of non-fatal acute myocardial infarctions and 

450 premature deaths are avoided.  Based on the VSL estimate for premature death, 

the annual avoided costs are $1.8 billion and $2.6 billion under Scenarios 1 and 2, 

respectively.  Most of the benefit is realized by commercial fish consumers.  Annually, 

we predict 5000 and 7500 QALYs are gained under Scenarios 1 and 2, respectively.  

Over 95% of QALYs gained under both scenarios are the result of decreases in 

premature mortality.  

Table 82 summarizes the predicted annual benefits of Scenarios 1 and 2 in both 

males and females.  Under Scenario 1, annually, roughly 300 cases of non-fatal acute 

myocardial infarctions and 550 premature deaths are predicted to be avoided.  Under 

Scenario 2, annually, roughly 440 cases of non-fatal acute myocardial infarctions and 

830 premature deaths are predicted to be avoided.  Based on the VSL estimate for 

premature death, the annual avoided costs are estimated to be $3.3 billion and $4.9 

billion under Scenarios 1 and 2, respectively.  Most of the benefit is realized by the 

population that consumes commercial fish.  Annually, we predict 9300 and 13,900 

QALYs are gained under Scenarios 1 and 2, respectively (Table 83).  Over 95% of 

QALYs gained under both scenarios are the result of decreases in premature mortality. 

3.6. RESULTS SUMMARY 

Tables 84 and 85 present a summary of the results.  Table 84 summarizes the 

results of Scenario 1 and Scenario 2 in rows 2 and 3.  In rows 4 and 5, Table 84 

integrates the avoided costs associated with a reduction in the neurological effects 
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(assuming no threshold), non-fatal cardiovascular events, and premature fatalities 

related to methylmercury exposures.  Based on the results of this analysis, the potential 

value of the estimated human health benefits varies across a broad range depending on 

the health effects included in the analysis.  If benefits are limited to COI estimates for 

persistent IQ deficits in children exposed above the RfD in utero, then the annual 

benefits of mercury control are predicted to be roughly $75 million and $119 million, in 

Scenarios 1 and 2, respectively.  If these IQ deficits persist and occur in all children 

exposed to methylmercury (i.e., there is no threshold) then the annual benefits of 

mercury control are predicted to be roughly $194 million and $288 million, in Scenarios 

1 and 2, respectively.  If the cardiovascular effects associated with methylmercury are 

limited to males that consume non-fatty freshwater fish, such as pike, then the annual 

benefits of mercury control are predicted to be roughly $48 million and $86 million, in 

Scenarios 1 and 2, respectively.  Finally, if all individuals are at risk for experiencing the 

cardiovascular effects associated with methylmercury, then the annual benefits of 

mercury control are predicted to be roughly $3.3 billion and $4.9 billion, in Scenarios 1 

and 2, respectively.  If the IQ benefits (no threshold) and the cardiovascular benefits for 

the entire population are combined, then, the annual benefits of mercury control are 

predicted to be roughly $3.5 billion and $5.2 billion, in Scenarios 1 and 2, respectively.  

Table 85 summarizes QALY gains associated with the reductions in the health 

effects due to reductions in mercury emissions.  Less than half of these predicted gains 

are associated with decreased neurological effects.  Figure 12 shows that our degree of 

confidence in these event estimates differs.  The neurological effects associated with in 

utero methylmercury exposures are well documented and have been thoroughly 
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evaluated by a number research and advisory groups (e.g., NRC, 2000).  On the other 

hand, while the studies that have evaluated the association of adult methylmercury 

exposures with cardiovascular events and premature mortality appear to be scientifically 

sound and the individual study results appear to be credible, they have not been 

subjected to a rigorous scientific analysis as a group. 

Finally, we estimate the annual benefits (2000$) per ton of power plant mercury 

emissions removed.  Annually, 104.7 tons of mercury are emitted in the U.S. under the 

conditions of Baseline 1.  Under Scenario 1, 19.1 tons of power plant mercury 

emissions are removed and annual U.S. anthropogenic mercury emissions are 

estimated to be 85.6 tons.  Annually, 105.7 tons of mercury are emitted in the U.S. 

under the conditions of Baseline 2.  Under Scenario 2, 26.7 tons of power plant mercury 

emissions are removed and annual U.S. anthropogenic mercury emissions are 

estimated to be 79 tons.  

We use the data in Table 84 to estimate the ratio in terms of dollar benefits per 

ton.  If we assume a neurotoxicity threshold and assume that only neurological benefits 

result, we estimate the annual benefits to be $3.9 million/ton removed and $4.5 

million/ton removed in Scenarios 1 and 2, respectively.  If we limit the benefits to 

neurotoxicity but assume that there is no threshold for neurotoxicity, then we estimate 

the annual benefits to be $10.2 million/ton removed and $10.8 million/ton removed 

under Scenarios 1 and 2, respectively.  If we limit the benefits analysis to male pike 

consumers and neurotoxicity assuming no neurotoxicity threshold, (i.e., a conservative 

external generalization of the Salonen data), we estimate the annual monetized benefits 

associated with Scenario 1 to be approximately $242 million and $375 million under 



   

 
 109 

Scenario 1 and Scenario 2, respectively (see column 4 in Table 84).  These annual 

benefits are estimated to be $12.7 million/ton removed and $14 million/ton removed 

under Scenarios 1 and 2, respectively.  Finally, if we externally generalize the Salonen 

data to the entire U.S. population (benefits presented in column 6 of Table 84) and 

include neurotoxicity assuming no neurotoxicity threshold, the annual benefits are 

estimated to be $182 million/ton removed and $194.5 million/ton removed under 

Scenarios 1 and 2, respectively.  We note that there are likely to be co-benefits of 

controlling power plant mercury emissions; these include reduced emissions of primary 

PM and precursors of secondary PM.  The human health benefits of reducing these 

emissions are not quantified in this analysis.  If we use the QALY results in Table 85, we 

estimate benefits of 300 QALYs/ton removed and 280 QALYs/ton removed based on 

neurotoxicity only in Scenarios 1 and 2, respectively.  In scenarios 1 and 2, we estimate 

benefits to be 790 and 800 QALYs per ton removed, respectively, based on reduced 

neurotoxicity, non-fatal acute myocardial infarctions, and premature mortality. 

3.7. RESULTS OF LIMITED SENSITIVITY ANALYSES 

Sensitivity analyses of risk and economic models are typically conducted to 

quantify the impacts of variability and uncertainty in model parameters on the final 

model outputs.  We did not undertake a comprehensive model sensitivity analysis in this 

report.  We plan to conduct such an analysis.  We conducted four limited sensitivity 

analyses to investigate of several key assumptions. 

In the first limited sensitivity analysis, we investigated methylmercury intakes, if 

freshwater fishing was confined to bodies of water where fish methylmercury levels 

were less than 0.3 ppm.  Under conditions where the U.S. EPA's methylmercury water 
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criterion of 0.3 ppm methylmercury in fish is met, the methylmercury intakes still exceed 

the RfD in more than half of the high-end consumer populations in each region.  This 

result suggests that methylmercury exposures in populations consuming large 

quantities of freshwater fish will still exceed a level considered by some to be 

acceptable.  We note that intakes in the average freshwater fish consuming population 

do not exceed the RfD, if the criterion is met. 

The results of the second limited sensitivity analysis, in which individual 

freshwater fish consumers ate only one type of fish, were indistinguishable from the 

results of the primary analysis. The same fraction of the populations is predicted to 

exceed the RfD in each freshwater region in this sensitivity analysis and in the primary 

analysis. 

The third sensitivity analysis was conducted to evaluate the impact of an 

overprediction or an underprediction of the change in deposition associated with the CSI 

in the Northeast Region.  This region was chosen only as an example to investigate the 

impact of changes in deposition levels in one geographical region.  Table 86 compares 

the predicted IQ point losses per annual birth cohort if deposition rates in the Northeast 

decreased by two times more than predicted in Scenarios 1.  If the decrease is doubled, 

roughly 950 additional IQ points are gained.  If the decrease is halved, then roughly 300 

fewer IQ points are gained in Scenario 1.  The benefits estimate varies from $1.4 million 

(if the estimated deposition rate decrease is halved) to$22.7 million (if the estimated 

deposition rate decrease is doubled).  Consumers of non-commercial fish were 

assumed to eat commercial fish; methylmercury concentrations in the commercial fish 

change vary little across the different mercury emissions cases used in the analysis. 
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In the fourth sensitivity analysis, we developed an alternative estimate of the 

slope of the exposure-response function, if there is a neurotoxicity threshold below 

which the risk is 0.  The results of the fourth limited sensitivity are presented in Table 

87.  The results suggest that substituting the value of -1.1 for the slope of the exposure-

response relationship in the case where a threshold exists increases the IQ point gain 

by roughly a factor of 2.  Under a threshold assumption, the slope value used in the 

sensitivity analysis results in the highest estimate of IQ points lost per annual cohort 

currently.  The average IQ points lost per affected individual ranges from 0.6 to 1.4 IQ 

points across the groups of fish consumers.  The estimated benefits of scenario 1 

increase from an estimated 4,500 IQ points per annual birth cohort to 8,100 IQ points, in 

the case where a threshold exists.  The estimated benefits of scenario 2 increase from 

7,100 IQ points per annual birth cohort to 12,800 IQ points.   

In summary, the results of the first sensitivity analysis indicate that 

methylmercury exposures in most consumers of freshwater fish will not exceed the 

methylmercury RfD, if they consume fish that have a methylmercury concentration 

above the methylmercury criterion.  People who frequently consume large quantities of 

fish may experience exposures to methylmercury above the methylmercury RfD.  The 

second sensitivity analysis highlights a limitation of the approach; specifically, we did 

not identify data that indicated the mix of non-commercial fish that individuals 

consumed.  The alternative assumption used changed neither the predicted mean 

intakes or the fraction of the population predicted whose methylmercury intake rate 

exceeds the RfD.  The third sensitivity analysis highlights the potential impacts of 

changes in the air modeling results on the benefits predicted for a given region.  We 
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have noted the uncertainties in these models, particularly in the prediction of dry 

deposition rates.  This analysis also highlights the potential importance of 

methylmercury exposures from commercial fish consumption to total methylmercury 

intake.  Finally, the fourth sensitivity analysis suggests that, if there is a threshold for the 

neurotoxicity exposure-response function, then the impacts on those fetuses exposed 

above the RfD (we again note that the RfD is used as a surrogate for a neurotoxicity 

threshold) may be quite large (e.g., some populations may lose 1.4 IQ points on 

average). 
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4.  DISCUSSION 

This appears to be the first mercury analysis that attempts to develop multiple 

model compartments for marine fish and freshwater fish on a national level for the U.S.  

This model is used to estimate the impacts of mercury emissions control policies on 

methylmercury intake in different U.S. adult fish-consuming populations and their 

offspring. 

The assumption that there is a proportional relationship between fish 

methylmercury concentrations and deposition rates has been used in previous analyses 

to predict changes in methylmercury concentrations in freshwater fish (U.S. EPA, 

2001d, 2003b; EPRI, 2003) and marine fish (EPRI, 2003).  Limited evidence from field 

studies suggests that decreases in deposition may result in proportional decreases in 

fish methylmercury concentrations in freshwater systems (U.S. EPA, 2003b).  It is not 

known whether studies of changes in mercury deposition to salt water bodies will 

support this assumption or not.  Methylmercury concentrations in yellowfin tuna caught 

between 1971 and 1998 do not appear to have changed over time despite significant 

increases in surface water mercury concentrations in the area where these fish were 

caught (Kraepiel et al., 2003).  It is not known whether these data reflect a general trend 

for marine species or not.  Clearly, if these data reflect a general trend our estimates of 

changes in methylmercury intake rates in the general population may be biased upward 

and the possibility exists that there may be no change in marine fish methylmercury 

concentrations as a result of mercury emissions controls.  Alternatively, the cycling of 

mercury in ocean waters may be significantly slower than such cycles in freshwater 
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systems.  We note that there are no data that can be compared with the Kraepiel data 

set. 

We discuss several additional exposure model assumptions and indicate the 

likely direction of bias. 

1. Although we assume all mercury in fish to be methylmercury, in reality, 
methylmercury is half of the total mercury typically measured in mollusks and 
95% of the total mercury measured in piscivorous species.  Thus, we may 
overestimate the percent decrease in methylmercury intake in commercial fish 
consumers because all of the mercury reported in the fish is not methylated and 
does not contribute to the methylmercury measured in blood.  It is unlikely that 
we overestimate methylmercury intake among non-commercial fish consumers; 
however, because this component of the analysis was limited to finfish intake of 
large freshwater and marine fish that were likely piscivorous and primarily 
contaminated with methylmercury. 

 
2. In the global emissions analysis that was used to estimate changes in mercury 

deposition in the All Other Waters Region, we did not reduce the input of U.S. 
power plant emissions to account for deposition to the Atlantic Coastal Region, 
the Gulf of Mexico Region and the five freshwater regions.  Consequently, we 
overestimate the contribution of power plants to deposition in the All Other 
Waters Region by approximately 12%.  In effect, the fraction of the emitted 
mercury depositing in these other regions is double counted in the All Other 
Waters Region.  Given the small changes predicted in the All Other Waters 
Region, this is unlikely to change the estimate significantly. 

 
3. We assume that mercury deposition is the only source of methylmercury in water 

bodies.  Because there are other potential sources of contamination around 
water bodies, this approach may overestimate reductions in fish methylmercury 
concentrations that may follow emission decreases (U.S. EPA, 2001d); U.S. EPA  
(2001d) identifies several potential sources of mercury to freshwater bodies.  
Also, natural processes such as ocean currents and volatilization of deposited 
mercury from the ocean back into the atmosphere may also transport mercury 
into coastal ocean habitats that can later be methylated.  If this is the case, this 
approach may overestimate impacts of decreased mercury emissions in the 
coastal Atlantic and Gulf regions.  If terrestrial and riverine mercury inputs to 
coastal oceans substantially influence the quantity of methylmercury that 
accumulates in such fish, then decreases in deposition at distant inland points 
that influence riverine concentrations may contribute substantially to decreased 
mercury inputs to coastal marine habitats and this assumption regarding changes 
in deposition to the ocean waters may underestimate changes in fish 
concentrations, because the predicted decreases in mercury deposition rates 
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associated with power plant emissions reductions are generally predicted to be 
larger in terrestrial environments than in marine environments. 

 
4. Based on the REMSAD model results, mercury emitted to the air in the U.S., in 

general, flows from west to east.  Consequently, U.S. power plant mercury 
emissions influence mercury deposition into freshwater regions and the Atlantic 
Coastal region and the Gulf of Mexico region.  We may underestimate impacts of 
mercury emissions reductions in the coastal Pacific region, because we assume 
that fish methylmercury concentrations in the coastal Pacific Ocean are not 
directly affected by decreases in U.S. power plant emissions.  If changes in the 
contributions of riverine mercury to the coastal Pacific Ocean change 
methylmercury levels in the fish along the coastal Pacific, then this assumption 
may result in a significant underestimation of impacts of mercury emissions 
decreases.  Overall, the impact of not evaluating changes in this region is 
believed to have little effect on the results. 

 
5. If changes in fish methylmercury levels are not linear and proportional to changes 

in mercury deposition, but, instead if the changes in fish concentrations are 
greater than linear and proportional, then the primary analysis may 
underestimate impacts of emissions decreases.  Conversely, if this relationship is 
less than linear and proportional, then it may overestimate the impacts of 
emissions control. 

 
6. This analysis does not account for the impact of fish consumption advisories on 

choices of bodies of water fished or choices of sources of fish for consumption.  
Some anglers do not consume fish or consume fewer fish from bodies of water 
under fish consumption advisories.  Thus, the model likely overestimates the 
number of freshwater fish consumers above the RfD.  The first sensitivity 
analysis showed that, if the methylmercury criterion of 0.3 ppm in fish is met only 
populations of high-end freshwater fish consumers are exposed above the RfD. 

 
7. In the analysis (with the exception of the analysis of pike consumption and the 

second sensitivity analysis) we did not address exposures to individuals that 
consumed specific commercial and non-commercial fish.  Our assumption of 
consumers eating a mix of different types of fish is a simplification that reduces 
predicted exposure variability.  The non-commercial freshwater and marine fish 
in the analysis, in general, have higher methylmercury concentrations than the 
commercial fish.  There are several exceptions including commercial shark or 
swordfish. 

 
In addition to the uncertainties associated with our exposure model assumptions, 

other uncertainties are associated with model outputs and other data utilized in the 

analysis.  The accuracy of the results of the REMSAD atmospheric model is uncertain.  
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Despite the advances in scientific research into the chemistry and fate of emitted 

mercury, the atmospheric chemistry and the deposition of mercury, particularly dry 

deposition of HgII, remain uncertain.  If atmospheric transport and deposition processes 

differ substantially from those modeled with REMSAD, then the results of this modeling 

analysis are likely incorrect for the freshwater regions and the Atlantic Coastal and Gulf 

regions.  For example, the atmospheric modeling conducted for the EPRI (2003) 

analysis of the CSI predicts substantially smaller decreases in mercury deposition than 

the REMSAD model results of EPA. 

Our assumption that the REMSAD outputs are, in general, correct given the 

limited comparisons with deposition data led to the structure of the Regions in the 

analysis.  EPRI (2003) modeled mercury deposition to U.S. freshwaters as a single 

compartment (i.e., the continental U.S. was one compartment in the EPRI model); 

however, U.S. EPA (2003b) chose to model deposition at the individual watershed level.  

While we did not want to obscure potential regional differences in mercury deposition, 

we also did not want to base the model on changes in deposition at relatively small 

spatial scales (e.g., the watershed level); thus, to strike a balance, simulation of 

exposure at a regional level was chosen for this analysis.  We also wanted to evaluate 

possible impacts of decreased deposition along the Coast of the Atlantic Ocean and 

Gulf; thus, we included these regions. 

Factors that influence the aquatic chemistry of deposited mercury and the 

bioaccumulation of methylmercury in different aquatic environments are similarly not 

well understood (see footnote 7).  This analysis employed a simple linear relationship; in 

reality, the relationships between deposited mercury and fish methylmercury levels may 
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vary based on a number of chemical and physical factors.  Between saltwaters and 

freshwaters, the relationship between changes in deposited mercury and changes in 

fish methylmercury concentrations may differ.  Although not a focus of this analysis, the 

time scales of mercury cycling in marine environments may differ substantially from 

those of freshwater systems (Lamborg et al., 2003; Kraepiel et al., 2003). 

The fish methylmercury concentrations in the NLFWA database are voluntarily 

reported by the States to the U.S. EPA's Office of Water.  The data quality criteria and 

sampling approaches may vary among the States.  While non-commercial freshwater 

fish that were unlikely to be eaten were excluded, biases in the fish sampling 

approaches used by the States may render this database inconsistent with the types of 

fish caught and consumed by freshwater anglers.  Also, the types of freshwater fish that 

anglers report targeting for capture, used as a surrogate for the types of fish consumed, 

may differ substantially from those actually caught and consumed.  These data 

influence weighted mean methylmercury concentrations in freshwater fish and the 

estimates of the number of fetuses predicted to be exposed to methylmercury above the 

RfD.   

Exposures to high-end consumers of non-commercial freshwater fish were 

simulated using a fish consumption rate distribution based on data from the Columbia 

River Inter-Tribal Fish Commission Report.  We assumed that these individuals 

consumed no commercial fish.  Methylmercury intakes in most of these individuals are 

predicted to exceed the RfD (see Table 43).  Due to a lack of data, we developed no 

estimates of the size of this population.  We assumed that the non-commercial 

freshwater fish consumption rate distribution developed for populations of typical non-
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commercial fish consumers would include these high level consumers.  We note that in 

this distribution, the fish consumption rate was 59 g/day at the 99.4th percentile; thus, 

roughly 0.5% of all non-commercial consumers of freshwater fish consume levels of fish 

above the mean value reported in the Columbia River Inter-Tribal Fish Commission 

Report in our model.  To date, there have been no studies that adequately quantify the 

sizes of high fish consuming populations in the U.S. 

There are additional uncertainties associated with the non-commercial saltwater 

fish data.  When compared to commercial fish, there are fewer methylmercury samples 

of saltwater fishes intended for non-commercial consumption.  There are no indicators 

of fish length or weight so the relevance of the samples compiled by the EPA (2003d) in 

the Mercury in Marine Life database to the non-commercial fish caught and consumed 

in the Atlantic and the Gulf is not known.  Also, the Mercury in Marine Life Database 

does not provide information on the dispersion of the data around the central tendency 

estimates provided.  Finally, intake of methylmercury from shellfish consumption is not 

evaluated. 

Currently, the simulation results predict that roughly 359,000 children are born to 

women with blood methylmercury levels above 5.8 µg/L blood, the value corresponding 

to the EPA's oral RfD.  Our estimate that roughly 9% of the population of U.S. females 

of child-bearing age have blood levels above this value is slightly greater than those 

developed by Mahaffey et al. (2003) based on earlier NHANES data and with recent 

CDC estimates (CDC, 2004).  We developed an approximate distribution of the blood 

methylmercury concentration data reported by Mahaffey et al., (2003) and used this 

distribution as an exposure measure for the population that consumes only commercial 
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fish or no fish.  We note that the distribution developed did not precisely match that 

reported by Mahaffey et al.  Our estimate of median female blood concentration in the 

general population is 0.9 µg/L, which is higher than the median values reported by 

Mahaffey et al. (0.6 µg/L) and by CDC (2004) (0.86 µg/L).  Similarly, our estimate of the 

current 95th percentile blood concentration in this population is 7 µg/L; Mahaffey et al. 

report a 95th percentile value of 6.7 µg/L and CDC (2004) reports a value of 6 µg/L.  

Using our assumptions, we currently estimate that 63% of the women predicted to have 

blood concentrations that exceed the RfD consume commercial fish only (and do not 

consume non-commercial fish); the remainder consume some fish caught non-

commercially and may also consume fish caught commercially. 

Under the decreased mercury emissions scenarios, the predicted decreases in 

methylmercury intake and in the number of fish consumers above the RfD are modest.  

For the commercial fish consuming population, this small change is caused by the large 

fraction (approximately 70%) of the U.S. commercial seafood that is imported and the 

relatively small contribution of U.S. coal-fired power plant mercury emissions to global 

(natural and anthropogenic) emissions under the assumptions used in this model.  We 

assumed that the decrease in methylmercury concentrations in tuna, the most heavily 

consumed saltwater fish in the U.S. commercial market, was linear and proportional to 

the fractional decrease in global emissions.  If the methylmercury concentrations in the 

tuna in the U.S. commercial market reflect changes in mercury deposition off the coast 

of North America, then we predict a slightly greater decrease (of less than 1%) in the 

weighted mean methylmercury concentration of commercial fish than the baseline 

value.  Also, the analysis assumed that the methylmercury levels in freshwater 
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commercial fish were in equilibrium with the All Other Waters Region.  If the decreased 

mercury deposition from other freshwater regions was substituted, it made almost no 

difference in the predicted weighted mean methylmercury concentration predicted in 

commercial fish.  The use of mean methylmercury concentrations in commercial fish 

and the use of a mean weighted average reduced the variability in the predicted 

exposures. 

The predicted decreases in the methylmercury concentrations of fish caught in 

the Atlantic Coastal, Gulf, and the freshwater regions are larger than those in the All 

Other Waters Region.  Thus, the decreases in methylmercury intakes in individuals 

consuming fish from these waters are larger than in those consuming commercial fish 

exclusively. 

Based on our model results, on a per consumer basis, the policies that control 

mercury emissions from U.S. power plants will likely have the largest impact on 

freshwater fish consumers and non-commercial saltwater fish consumers.  This 

simulation indicates that some consumers of these fish have methylmercury intake rates 

above the RfD.  Thus, as a result of these policies, fewer individuals, including those in 

the sensitive population, will be exposed above the RfD.  Other anthropogenic sources 

including some outside the U.S. contribute to deposition of mercury in the U.S.; thus, 

the impact of reducing mercury emissions from a single source or a single country is 

limited.  The effectiveness of U.S. policies for reducing exposures in the majority of the 

population that consumes commercial fish is limited because imported fish serve as the 

primary source of fish to the commercial seafood market and the relatively small 

contribution of U.S. power plant mercury emissions to global mercury emissions. 
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Thus, reduction in U.S. methylmercury exposures may best be accomplished by 

pursuit of both domestic mercury emissions reductions and international reductions in 

emissions.  Global emissions reductions could have a greater impact on U.S. 

commercial fish methylmercury levels and likely reduce methylmercury intake among 

non-U.S. fish consumers globally.  We note that a substantial body of evidence 

(summarized in U.S. EPA, 1997c; Mason et al., 1994; Lamborg et al., 2002; Mason and 

Scheu, 2002) indicates that significant changes in the global mercury cycle have 

occurred as a consequence of historical and current anthropogenic mercury emissions.  

From the mid-eighteenth century until the present, mercury concentrations in the 

biosphere have increased; for example, the mercury concentration in the atmospheric 

compartment is predicted to have increased by a factor of 3 over this period of time 

(Mason et al., 1994; Lamborg et al., 2002; Mason and Scheu, 2002).  The modeling 

results of Lamborg et al. (2002) indicate that mercury concentrations in the biosphere 

continue to increase; for example, their model predicts annual mercury concentration 

increases of 1.4%, 1.5%, and 0.4% in the global atmosphere, mixed layer of the ocean, 

and ocean thermocline region, respectively.  Other data, notably the work of Schuster et 

al. (2002) and Slemr et al. (2003) suggests that global atmospheric levels of Hg have 

been declining since about 1990.  If the quantity of mercury in the biosphere influences 

the quantities in fish globally, then there is additional reason to reduce emissions 

globally. 

Finally, there are a number of significant research needs related to the exposure 

assessment, that, if met, would reduce the uncertainty in future model results. 

1. Long-term monitoring studies that collect mercury concentrations in air, water, 
sediment and fish are needed across the U.S. and around the world.  Such 
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efforts could lead to long-term data records that can be compared to model 
predictions.  Without such studies, it will be difficult to quantify the actual 
environmental responses to a change in U.S. mercury emissions and to evaluate 
the time needed for such responses to manifest. 

 
2. Additional development of atmospheric fate models for mercury is needed, 

including analyses of the chemical reactions that control many of the processes 
in the atmosphere.  Additional research is needed to improve the understanding 
of the fate of atmospheric mercury emissions from coal-fired power plants on 
local, regional, and global scales. 

 
3. Additional development of models for evaluating the fate of aquatic mercury and 

bioaccumulation by fish is needed.  Studies are needed that evaluate the factors 
influencing the response time between changes in deposition and changes in fish 
methylmercury concentrations; these studies should include water bodies of 
different sizes and characteristics (see footnote 7). 

 
4. Simulation models need to be developed that account for factors that might lead 

to regional differences in mercury cycling. 
 

5. Fish methylmercury sampling strategies in freshwaters and saltwaters that are 
designed to collect the types and sizes of fish that non-commercial fish 
consumers eat need to be implemented.  These fish need to be collected from 
the source waters that are fished. 

 
6. Additional studies should be undertaken that identify short-term (peak) and long-

term fish consumption rates among high-end commercial and non-commercial 
fish consumers.  These studies should examine the types of fish these 
individuals are consuming and the sources of these fish.  These studies should 
evaluate the number of individuals in these groups.  Additional studies should be 
undertaken to evaluate consumption rates in pregnant females, females of 
reproductive age, and men. 

 
7. Studies should be undertaken to identify the locations of populations that exhibit 

elevated non-commercial fish consumption rates.  (If many of these populations 
are located in areas of the U.S. that would experience high reductions in mercury 
deposition as a consequence of mercury control policies, then the benefits of 
mercury emissions control would be greater for this population).  

 
8. Additional studies are needed to improve the understanding of the rates and 

types of commercial fish intake among non-commercial fish consumers. 
 
9. The next NHANES survey should collect blood methylmercury concentrations 

and detailed exposure information about sources of fish for consumption and the 
quantities of fish consumed. 
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The analysis of health effects and the associated economic burden has 

numerous limitations and uncertainties.  There may be additional neurotoxic effects 

associated with intrauterine methylmercury exposures that are not captured by IQ 

measures. These were not quantified.  We did not evaluate ecological benefits of 

reducing methylmercury in terrestrial, freshwater, estuarine or marine ecosystems.  

Methylmercury appears to be neurotoxic for most chordates, thus reductions in 

methylmercury levels may improve ecosystem health.  We did not evaluate the benefits 

of mercury emission reductions on recreational fisheries in the U.S.  The control 

technologies that would be employed to reduce mercury emissions from coal-fired 

power plants would likely reduce other emissions such as fine particulate matter and its 

precursors (oxides of nitrogen and sulfur dioxide).  These co-benefits were not 

evaluated.  We also noted that our degree of confidence in these estimates differs 

between the neurotoxic and cardiotoxic effects.  Although there are differences in the 

results of the three primary epidemiologic neurotoxicity studies, the neurological effects 

associated with in utero methylmercury exposures have been thoroughly evaluated by a 

number of research and advisory groups (e.g., NRC, 2000).  As U.S. EPA noted, there 

is no evidence of a threshold for neurotoxicity associated with in utero methylmercury 

exposures; thus, it is plausible that there are neurotoxicity benefits associated with 

reducing methylmercury exposures below the RfD.   

On the other hand, as Figure 12 attempts to illustrate, the studies evaluating the 

association of cardiovascular events with adult methylmercury exposures have, as a 

group, not been as thoroughly evaluated.  While high doses of methylmercury are 

clearly associated with neurological decrements, they have not been repeatedly shown 
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to be associated with adverse cardiac events; in fact, fish consumption, which implies 

some methylmercury exposure, is recommended as protective of cardiovascular 

disease.  Thus, we urge caution in interpreting the results related to monetized benefits 

associated with the cardiovascular endpoint.  Interpretations of these results should 

include a full explanation of the assumptions used to develop the integrated benefit 

estimates. 

The QALY gains and cost-of-illness estimates associated with myocardial 

infarctions and all cause mortality are highly dependent on our assumptions of when 

these events occurred during the course of an individual’s life.  For example, if we 

assume that the myocardial infarctions occurred 5 years earlier, then our present 

estimates of earnings and household production lost would be roughly 45% larger than 

the estimates we currently use for males and females. 

The methylmercury-associated mortality events, if valid for the entire U.S. 

population and valued using the VSL estimate, are likely the most important economic 

consequence of methylmercury exposure.  We note that reported estimates for the VSL 

vary by a wide range.  Mrozek and Taylor (2002) suggest a VSL range of between $1.5 

and $2.5 million (1998$). Viscusi and Aldy (2003) suggest a range between $4 and $9 

million.  Variability in these measures would influence the predicted range of the 

benefits analysis if cardiovascular and premature mortality effects are included in the 

benefits assessment.  

Given the uncertainty surrounding this health effect and the values involved, 

further research is needed to clarify the relationship between adult methylmercury 

exposures and adverse cardiovascular events and premature mortality.  Additional 
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research is needed to determine whether in utero methylmercury exposures alter heart 

rate variability.  If methylmercury exposures change heart rate variability and these 

changes lead to increased incidence of adverse myocardial events, then benefits of 

mercury control are likely substantially underestimated in this analysis. 

If the cardiovascular effects are limited to male consumers of northern pike and 

similar species, then avoided costs associated with IQ are comparable to those 

associated with avoided myocardial infarctions and premature deaths when valued 

using a VSL approach.  The size of the population that is potentially affected by the 

possible cardiovascular toxicity of methylmercury is an important uncertainty. 

The number of QALYs gained due to IQ increases contributes roughly one third 

of the total predicted QALYs gained in each of the two scenarios.  Reductions in non-

fatal myocardial infarctions and premature deaths account for the remainder of the total.  

We note the uncertainty in the utility weight associated with the neurological decrement 

(see Sections 2.6 and 2.6.1).  If this substantially over or under estimates the actual 

utility weight, then the results of this comparison would change.  While it is unlikely that 

the utility weight associated with such neurological decrements is much larger than 0.03 

(a factor of 3 above our current estimate) given the data reviewed in Section 2.6.1, it is 

possible that the utility weight could be much lower than current value (e.g., factor of 

10).  (We note that there may be neurological effects associated with methylmercury 

exposures that are not captured by measures such as IQ and these would increase the 

benefits associated with mercury emissions control).  We also note the uncertainty in 

the identification of when the myocardial infarction or death occurs in the lifespan of an 
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individual could have a large impact on the number of QALYs gained due to reductions 

in methylmercury exposures. 

There are a number of significant research needs related to this risk and benefits 

assessment, that, if met, would reduce the uncertainty in future model results. 

1. Additional analysis is needed of the persistence and magnitude of neurological 
decrements reported in children in the New Zealand and Faroe Islands studies.  
Additional epidemiologic investigations need to evaluate the relationship between 
in utero methylmercury exposures and neurotoxicity, including potential 
confounders and modifying factors that may influence the relationship. 

 
2. Willingness-to-pay studies are needed on neurological decrements, such as IQ 

point loss in children, to improve the economic assessment of benefits of 
decreased methylmercury exposures. 

 
3. Additional epidemiologic studies are needed on the relationship between 

methylmercury exposures in adults and the development of cardiovascular 
effects.  

 
4. If increased cardiovascular effects are observed, then additional studies are 

needed on the physiological responses to fish fatty acid and methylmercury 
exposures.  

 
5. Finally, detailed sensitivity analyses are needed on methylmercury benefits 

studies, such as this one, to identify the effects of factors that are most uncertain. 
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